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Preface

Metallic magnetism has a long history because there have been continuous discov-
eries of many intriguing phenomena and difficulties in their theoretical description.
One of the long-standing problems has been known as the itinerant vs localized
behavior of the magnetism. The ground-state properties of Fe, Co, and Ni such as
magnetization and the T'-linear specific heat at low temperatures, for example, are
explained by the band model, while their finite temperature properties such as the
paramagnetic susceptibility and the large specific heat anomaly at the Curie temper-
ature are explained well by the localized model.

The dual property of metallic magnetism led to two paths in theoretical investiga-
tions. One is to develop the band theory at the ground state taking into account corre-
lation effects on the one electron potential for electrons. There the density functional
theory (DFT) has played an important role. Theoretical improvement of metallic
magnetism at the ground state has been achieved as a part of the developments of
the DFT in the electronic structure calculations.

Another direction of the development has been to take into account the spin fluc-
tuations in order to describe local-moment behaviors of metallic magnetism at fi-
nite temperatures. Theoretical results in this direction until 1980 are summarized in
the book by Moriya (Spin Fluctuations in Itinerant Electron Magnetism (Springer,
Berlin, 1985)). Although spin fluctuation theories have succeeded in describing the
local moment behavior at finite temperatures in metallic magnetism, the underlying
electronic structure related to the magnetism of a certain individual material seems
to be oversimplified. A book which unifies the two paths on the same footing would
be valuable for readers to understand the metallic magnetism.

This book aims to describe the theories of metallic magnetism from both view-
points, namely spin fluctuations and the electronic structure. It attempts to clarify
the magnetism from metals to disordered alloys to amorphous alloys.

The book covers most of the traditional topics of metallic magnetism such as
electron correlation effects on the ferromagnetism, magnetic excitations, as well
as the stability of antiferromagnetism and spin density waves. But it also includes
topics which have been developed in the past three decades. The first is the devel-
opment of the dynamical CPA (coherent potential approximation), which describes
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the dynamical spin and charge fluctuations on the basis of the microscopic electronic
structure within the single-site approximation. In particular, the first-principles dy-
namical CPA has reduced the gap between the spin fluctuation theory and the band
theoretical approach to a large extent, thus allowing the investigation of the relation-
ship between metallic magnetism and electronic structure. We elucidate this theory
in Chap. 3. We also point out in the same chapter that the dynamical CPA is equiv-
alent to the dynamical mean-field theory (DMFT) in the metal-insulator transition.

The second topic is the theory of local environment effects (LEE) in disordered
alloys, which goes beyond the single-site CPA theory of magnetism. In Chap. 8, we
describe the theory and clarify the magnetic behavior in the vicinity of the mag-
netic instability of Fe-Ni, Ni-Mn, and Ni—Cu alloys. This chapter also includes the
molecular dynamics approach, which automatically determines the complex mag-
netic structure in metals and alloys. The third topic is the theoretical development
of magnetism in amorphous metals and alloys. The finite-temperature theory sheds
light on the amorphous magnetism from the viewpoint of spin fluctuations and the
LEE, and clarifies how structural disorder drastically changes the magnetic prop-
erties of metals and alloys. This development is discussed in Chap. 9. Chapter 1
presents an introduction for the readers who are not familiar with the magnetism.

The frustrated system with heavy effective mass (e.g., YMny and LiV,0y) is
not described in this book, because it is still under development. Recent topics on
the spintronics are also omitted for the same reason. Non-local theory of dynamical
spin fluctuations which goes beyond the dynamical CPA is left as a problem of
future concern.

I would like to express my sincere thanks to Professor Peter Fulde, Professor
Matin C. Gutzwiller, and Professor Hiroshi Miwa for their continuous support and
encouragement over 30 years. I would like to thank Professor Takashi Uchida and
Professor Ming Yu for their critical reading of the manuscript as well as their valu-
able comments; Professor Shi-Yu Wu and Professor Sung G. Chung for their valu-
able suggestions for improvement; and Professor Takeo Fujiwara and Professor Mo-
jmir Sob for their kind comments. Dr. M.A.R. Patoary kindly prepared useful figures
to whom I am most indebted. Thanks are also given to Mr. K. Chung for his help in
proofreading the manuscript. Finally, I am grateful to Dr. C. Ascheron, Publishing
Editor of Springer Verlag for his support towards the publication of this book.

Okinawa Y. Kakehashi
July 2012



Contents

1 Introduction to Magnetism . . ... .. ... ............. 1

1.1 Magnetic Moments . . . .. ... ... ... ... ... 1

1.2 BasicHamiltonian . . . . . ... ... ... ... ... 3

1.3 Formation of Atomic Moments . . . . ... ... ......... 6

1.4 Metal and Insulatorin Solids . . . . ... ... ... ....... 11

1.5 Quenching of Orbital Magnetic Moments . . . . . .. .. ... .. 18

1.6 HeisenbergModel . . . . .. ... ... ... oL 19

1.7 Magnetic Structure . . . . . . . ... 22

2 Metallic Magnetism at the Ground State . . . . . ... ... ..... 29

2.1 Band Theory of Ferromagnetism . . . .. ... ... ....... 29

2.2 Electron Correlations on Magnetism . . . . . . ... ....... 36

2.2.1 Stoner Condition in the Correlated Electron System . . . . 36

2.2.2  Stability of Ferromagnetism in the Low Density Limit . . . 37

2.2.3  Gutzwiller Theory of Electron Correlations . . . . . . . .. 40

2.3 Density Functional Approach . . . . . ... ... ... ...... 47

2.3.1 Slater’sBand Theory . . .. ... ... .......... 47

2.3.2 Density Functional Theory . . . ... ... .. ...... 48

2.3.3 Tight-Binding Linear Muffin-Tin Orbitals . . . . . . . .. 53

2.3.4 Ferromagnetism in Transition Metals . . . . . . . ... .. 58

3  Metallic Magnetism at Finite Temperatures . . . . . . ... ... .. 63

3.1 StonerTheory . .. ... ... ... ... ... .. ... 63

3.2 Functional Integral Method . . . . . . . ... ... ... ..... 67

3.3 Single-Site Theory in the Static Approximation. . . . . . . .. .. 74

34 Dynamical CPATheory . . . . .. ... ... ... ... ..... 83

3.5 Dynamical CPA with Harmonic Approximation . . ... ... .. 90

3.6 Dynamical CPA and Dynamical Mean-Field Theory . . . . . . .. 95
3.6.1 The Many-Body CPA and Its Equivalence

to the Dynamical CPA . . . . . . ... ... ... ..... 95

3.6.2 The DMFT and Its Equivalence to the Dynamical CPA . . . 96

vii



viii Contents

3.6.3 The Projection Operator Method CPA and Summary
of Relations . . . .. ... ... ... ... ........
3.7 First-Principles Dynamical CPA and Metallic Magnetism . . . . .

4 Magnetic Excitations . . . . .. ... ... ... ... ...
4.1 Spin Waves in the Local Moment System . . . . . . ... ... ..
4.2 Spin Waves in Itinerant Ferromagnets . . . . . . . . ... ... ..
4.3 Dynamical Susceptibility . . . .. ... ... o000
4.4 Dynamical Susceptibility in the RPA and Spin Wave Excitations . .

5 Spin Fluctuation Theory in Weak Ferromagnets . . . . . . . ... ..
5.1 Free-Energy Formulation of the Stoner Theory . . . . . . ... ..
5.2 Self-Consistent Renormalization Theory . . .. ... ... .. ..

6  Antiferromagnetism and Spin Density Waves . . . . . ... ... ..
6.1 AntiferromagnetisminMetals . . . . . ... ... oo
6.2 Generalized Static Susceptibility and Antiferromagnetism . . . . .
6.3 Molecular Dynamics Theory for Complex Magnetic Structures
6.4 Phenomenological Theory of Magnetic Structure . . . . . . . . ..
6.4.1 Multiple SDW with Commensurate Wave Vectors . . . . .
6.4.2 Multiple SDW with Incommensurate Wave Vectors

7  Magnetism in Dilute Alloys . . . ... ... ..............
7.1 Magnetic Interactions and Spin Glasses in Dilute Alloys . . . . . .
7.2 Magnetic Impurity in Noble Metals . . . . . . ... ... .....

8 Magnetism of Disordered Alloys . . ... ...............
8.1 Slater—Pauling Curves . . . . . . ... ... ... ... ......
8.2 Single-Site Theory of Disordered Alloys . . . ... ... ... ..
8.3 Theory of Local Environment Effects in Magnetic Alloys . . . . .
8.4 Computer Simulations for Disordered Magnetic Alloys . . . . . .

9 Magnetism of Amorphous Metals and Alloys . . .. ... ......
9.1 Introduction to the Amorphous Metallic Magnetism . . . . . . ..
9.2 Amorphous Structure and Electronic Structure . . . . . . . .. ..
9.3 Theory of Amorphous Metallic Magnetism . . . . . ... ... ..
9.4 Magnetism of Amorphous Transition Metals . . . . . ... .. ..

9.4.1 General Survey . .. ... ... ...
9.4.2 Magnetism of Amorphous Fe, Co,andNi. . . . ... ...
9.4.3 Degree of Structural Disorder and Nonunique Magnetism .
9.5 Theory of Magnetism in Amorphous Alloys . . . ... ... ...
9.6 Magnetism of Amorphous Transition Metal Alloys . . . . . . . ..
9.6.1 TM-TM Amorphous Alloys . . . . . .. ... ... ....
9.6.2 The Other TM Alloys . . . . . . ... ... ... .....

Appendix A Equivalence of the CPA Equations (3.83), (3.85),
and 3.89) . . . . ... e

Appendix B Dynamical CPA Based on the Multiple Scattering Theory .



Contents ix
Appendix C Derivation of the Single-Site Spin Fluctuation Theory

from the Dynamical CPA . . . . . . . . ... ... ... ....... 309
Appendix D Expansion of D,,, with Respect to Dynamical Potential . . 313
Appendix E Linear Response Theory . ... ... ............ 319

Appendix F  Isothermal Molecular Dynamics and Canonical
Distribution . . . . . . . ... L 323

Appendix G Recursion Method for Electronic Structure Calculations . 325
Appendix H An Integral in the RKKY Interaction . . . . ... ... .. 329

References . . . . . . . . . . . ... 331



Chapter 1
Introduction to Magnetism

Magnetic properties originate in the spin degrees of freedom of electrons and their
associated motion in solids. We first describe the microscopic magnetic moments of
electrons, and the formation of atomic magnetic moments due to strong Coulomb
interactions in an atom with unfilled shell. Atomic magnetic moments change their
nature when the atoms form a solid. The key to understanding the behavior of mag-
netic moments in solids is the degree of electron localization. We briefly introduce
the concept of the metal and the insulator (i.e., the Mott insulator). Electrons in the
latter are localized on each atom, so that their magnetic properties are described
by the atomic magnetic moments and the magnetic interactions between them. We
present in this chapter only a minimal discussion on the magnetism in insulators.
On the other hand, electrons move from site to site over the entire crystal in metals,
so that the magnetic properties are connected to the whole degrees of freedom of
correlated electrons. Needless to say, the main theme of this book is the magnetism
of metals and alloys. In the last section, we elucidate various magnetic structures in
solids to provide a basic knowledge on magnetism.

1.1 Magnetic Moments

Magnetic moment M in the electromagnetics is defined by the torque N on a magnet
under the magnetic field H as

N=Mx H. (1.
It originates in electrons in the magnet. According to the classical electromagnetics,

the coil-type local current i (r) due to electron motion causes a magnetic moment.
It is given in the CGS-Gauss unit as [1]

M= i/r x i(r)d3x. (1.2)
2c
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2 1 Introduction to Magnetism

Here c is the speed of light. i (r) is the current density of electrons, given by i (r) =
— Y ;ev;8(r —r;) with v; being the velocity of the electron and —e the charge of
the electron at r;. Substituting the expressions into (1.2), we obtain

Mp=-Y -1, (13)

2mec

1

Here m. is the mass of an electron and /; denotes the angular momentum of elec-
tron i. Equation (1.3) indicates that an electron with angular momentum / generates
a magnetic moment,

e

m; = (1.4)

2mec

This is called the orbital magnetic moment for an electron.
According to the quantum mechanics, an electron has its own magnetic moment
called the spin magnetic moment [2]. It is given by

e

mys = —§&e s. (1.5)

2mec

Here s is the spin angular momentum of an electron with spin s = 1/2. The constant
ge = 2.0023 is referred as the g-value of electron. The deviation from 2 is caused by
the interaction with electro-magnetic fields. The spin magnetic moment was found
first experimentally by Stern and Gerlach in 1922, and was established theoretically
in 1928 by Dirac in his relativistic theory of electrons [3]. In the following we as-
sume that g, = 2 for simplicity.

As seen from (1.5), the spin of an electron leads to the magnetic moment

B =0.9274 x 1072 emu. (1.6)

T 2mec
Here £ is the Planck constant divided by 27 . The magnetic moment up denotes the
Bohr magneton, and is often used as a unit of the magnetic moment in atomic scale.

Equations (1.4) and (1.5) indicate that an electron has the following magnetic
moment in the atomic scale.

m=m;+mg=—(+2s)u, (1.7

and the total magnetic moment is given by

M= —<Z(li + 2sl~)uB>. (1.8)
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Here the angular momenta / and s are measured in units of 7 = 1. The /; and s;
at the right-hand-side (r.h.s.) of the above equation should be regarded as quantum
mechanical operators, and (~) means a quantum mechanical expectation value. In
the following, we omit the minus sign at the r.h.s. of (1.8) for convenience bearing
in mind that the real magnetic moments are opposite in direction.

It should be noted that the nuclei in the magnet also have magnetic moments
because they have their own spins. The size of their magnetic moments is however
characterized by the nuclear magneton wy, which is defined by

eh
UN = (1.9

C 2mpe’
Here my, denotes the mass of proton. The nuclear magneton uy is only 1/1800 of the
Bohr magneton up because jun/up = me/mp. Therefore the magnetism in solids

is dominated by the magnetic moments of electrons. In the following equations, we
adopt a unit of up = 1 for simplicity.

1.2 Basic Hamiltonian

Magnetic moments and magnetic properties are governed by the Hamiltonian of
the system. The basic Hamiltonian of electrons in solids is given as follows in the
second quantization.

H=fw*v)(—%v%m(r))w(r)dr

1
+5 f v ()

v (r' )y (r)drdr’

lr—r'|

+ / w*(r)[%wNm X (—iV) - %a}/f(r) dr
—/I/IT(r)(l+2s)1,ﬁ(r)dr~H. (1.10)

Here we have adopted the units me = 1, A =1, and e = 1 for simplicity. ¥ (r) =
(Y4 (r), ¥y (r)) is the electron field operator. v (r) is the one electron potential en-
ergy due to nuclei, and is given by vn(r) = — Y _; Z; /|r — R;|. Z; is the atomic num-
ber of the atom at position R;. H denotes the magnetic field, and o = (0, 0y, 07)
denote the Pauli spin matrices given by

0 1 0 —i 1 0
ze(l O)’ Gy=<l. 0), (IZ=<O _1>. (1.11)

The first term in the Hamiltonian (1.10) consists of the kinetic energy and the
attractive potential due to nuclei, and describes the independent motion of electrons.
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The second term denotes the electron—electron interaction, the third term denotes the
spin—orbit interaction, and the last term is the Zeeman interaction due to magnetic
field. Note that in the above expression we have omitted the diamagnetic term which
is proportional to the square of the magnetic field [2], because we do not consider
the diamagnetism in this book.

In solids, we may express the field operators by means of a basis set of wave-
functions {¢; (r)} as follows.

Vo (r) =Y aigpi(r). (1.12)

Here ¢;(r) are orthonormal basis functions. The suffix i stands for a set of the
atomic position i (quantum number n) and orbital L (momentum k) when we adopt
atomic orbitals (one-electron eigen functions in solids) as the basis functions.

Using the orthonormal basis set, we can express the Hamiltonian (1.10) as fol-
lows.

H= Zgzjamaja + Z Vt]klam jglaka’alo + Hso + Hzeeman- (1.13)
ijo ljklO'O'

Here ¢;; (V;jx) are the matrix elements for the independent electron (the Coulomb
interaction) part of the Hamiltonian (1.10). They are given by

1
&ij = /dw, (r)< V2+UN(")>(P](’) (1.14)

V,,kl—/drdr/ ¢ (1@ (r)e(r )wz(r). w15

lr —r'|

The third and last terms at the r.h.s. of (1.13) are the spin—orbit interaction term
and the Zeeman term, respectively.

Hso = Z {iajya;raajy, (1.16)
iajy
Hieeman = — Y _ (L +28)iajyaj,a;y - H. (1.17)
iajy

Here the spin—orbit interaction matrix elements ¢y, are given by

Cinjy = /dr ®; (r)[ Vou(r) x (—IV)}p, (r) - (ay- (1.18)
In molecules and solids, atomic orbitals are often useful as the basis functions.

o™ () = it (Ir = Ril) Yim (r = Ry). (1.19)

Here ¢;,; (Jr — R;|) is a radial wave function for an atom located at R;, the subscripts
n and / denote the principal quantum number and the azimuthal quantum number,
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respectively. Y, (r — R;) is the spherical harmonics located at atom R;, and m
denotes the magnetic quantum number.

In the application to solids, it is convenient to make use of real functions { P}, }
instead of complex basis functions {Y},,}. The former called the cubic harmonics
are constructed by linear combinations of spherical harmonics. Defining the orbital
L = (I, v), the atomic functions for solids are written as follows.

Qint. (1) = Gint (Ir — Ril) Poo(r — R;). (1.20)

The cubic harmonics are constructed to yield the irreducible representation for
the cubic symmetry of the point group in crystal. The s (I = 0) function belonging
to the A, representation for the cubic point symmetry is a constant function.

1
Py, (r) =Yoo = ——. (1.21)

Vi

The p (I = 1) functions belonging to the Ty, representation are defined as follows.

1 3 x
Ptmol(r)zﬁ(_yll"'yl,—l): o (1.22)
i 3y
P, p(r) = E(Y” tr-D = (1.23)

3z
P,lu,,(r)zYm:,/E;. (1.24)

The d (I = 2) orbitals form the Ey (dy) and 15, (de) representations. The d
functions belonging to the E,; representation are given by

5 1372 —r2
P, (r)= Yzo—\/azi (1.25)

3 —
P, (r) = 7(Y22+Y2 )= ,/ \/_x y (1.26)

The remaining d (I = 2) functions belonging to the T3, representation are given by

] 5
Pryy, (r) = %(Yzl + Y2 1) Z‘/Eﬁ%’ (1.27)
1
Ptzgn(r)zﬁ(_yzl+Y2,,1)=‘/ f”, (1.28)

i 5 X
Pry (1) = —5(-Yn+ V20 = | Eﬁr_i' (1.29)



6 1 Introduction to Magnetism

%% ’;ﬁ

d3z2.r2 dx2.y2

Fig. 1.1 Atomic orbitals from s to d symmetry. The sign of wave functions is shown by + and —
in the figure

The angular dependence of the cubic harmonics is shown in Fig. 1.1. The spatial
distribution of the atomic wave functions governs the electron hoppings in solids,
thus determining the electronic and magnetic properties of solids.

1.3 Formation of Atomic Moments

The electronic structure and related properties of an atom may be understood by an
independent-electron picture. The spin—orbit interaction in the Hamiltonian (1.13) is
smaller than the Coulomb interaction in the ‘light’ elements such as the 3d transition
metals. We first neglect the former, and treat the latter by means of the following
approximation.

oot T T T T
aiaaja/aka/alo = <aiaala>a}a/ak0/ + aiaala(a}(ﬂaka/>
il i il T
- <aiaak0/>aja’al‘7 B aiaak0/<aja’al‘7>
Tt
— (ai'aajg,akgralg>. (1.30)

Here the average ( ) is taken with respect to an independent particle system which
will be chosen later. Note that the two particle operator has been decoupled so that
(1.30) exactly holds true when we take the average. This is called the Hartree—Fock
approximation.

In the Hartree—Fock approximation, the Hamiltonian (1.13) is reduced to

1 .
H = Zhijaajgaja —3 Z (Vijk — Vijlkfscra’)(ajgala)<a;-0/aka/>~ (L.31)

ijo ijkloo’
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Here h;js is given as follows.

hije = f ¢Z;(r>(—%v2+vN(r)+ / ar 20 )s%(r)

lr—r'|

Fo
WeTWo®) - (). (1.32)

lr—r'|

— / dr erpjg r)

The Hartree—Fock one-electron wave functions {¢;, ()} are determined by solv-
ing the following self-consistent equations.

(—%v2+vN<r)+/dr’ n(r ”)go,-a(r)

lr —r|

0% (Fpio (1)
- Z<n,-g>/dr T Pie (1) = sioio 1), (1.33)
J

Here ¢;, is the Hartree—Fock energy eigen value. When we apply the Hartree—Fock
independent particle Hamiltonian in the average ( ), (nj,) is given by the Fermi dis-
tribution function f(¢;5) and (n(r)) = Zja f(g./o)‘/’70 (r)pjo (r) denotes a charge
density in the Hartree—Fock approximation. The third term at the 1.h.s. of (1.33)
gives the electrostatic potential due to electrons. The last term also originates in
the Coulomb interaction, but the wave functions have been exchanged due to the
anti-symmetric property of the Slater determinant. It is referred as the exchange po-
tential. The Hartree—Fock wave function is the best Slater determinant at the ground
state according to the variational principle [4].

Taking the Hartree—Fock wavefunctions as the basis functions, one can express
the Hartree—Fock Hamiltonian (1.31) as follows.

1
H =3 eionic =5 ) Vijji = Vijijboo!) tia) o). (1.34)
io

ijoo’

Here V;jj; (V;ji;) is known as the Coulomb integral (exchange integral). (Note that
Vijx should more precisely be V4 js/ko710-) The second term at the r.h.s. is to elim-
inate the double counting of Coulomb interaction in the Hartree—Fock one-electron
energy.

The exchange potential in the Hartree—Fock equation (1.33) is nonlocal. Slater
proposed an approximate local exchange potential, using the free-electron wave
functions. It is given as follows [4].

3\ 1/3
vexa(r>=—3<—> ne (r)'/3, (1.35)
4

where n, (r) is the electron density with spin o.
The effective potential in the Hartree—Fock self-consistent equation is spherical
in the atomic system when we apply the potential (1.35). We can express the atomic
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wave function for an electron as

Onimo (1) = Pnio () Yim (). (1.36)

Here ¢, (r) is the radial wave function, and Y;,, () is the spherical harmonics. n,
[, and m denote the principal quantum number, the azimuthal quantum number, and
the magnetic quantum number, respectively. Orbitals / =0, 1, 2,3, ... are called s,
p, d, f, ..., respectively. The nl shells are therefore written as ns, np, nd, nf, etc. In
each shell, there are 2/ + 1 degenerate orbitals.

With the use of the Hartree—Fock atomic orbitals, a many electron state of an
atom is expressed in the form of the Slater determinant. The ground-state electronic
structure of an atom is constructed according to the Pauli principle. For example,
in the case of Ar, we have the ground state 1s22s>2p®3s23p®. Since the outermost
electron shell of Ar is closed, the magnetic moment of Ar vanishes.

For an atom with an unfilled shell, the magnetic moment may appear. Since the
total number of electrons (), the total spin (S), and the total orbital moment (L) of
an atom commute with the Hamiltonian, the eigen function ¥ should be specified by
the set (NLM SMs): W (N LM SMs), where L (S) and M (M;) denote the magnitude
and z component of orbital moment L (spin S), respectively. The eigen energy,
on the other hand, should depend only on N, L, and S because of the rotational
symmetry: E4(NLS).

The ground state of electrons in an atom should be obtained by minimizing the
Coulomb energy. The Coulomb interaction of the Hamiltonian for the unfilled shell
is written as follows according to (1.13).

1
Z <va’ - EJW’>nvnv’ -2 Z JyovSy - 8y

v>v/ v>v/

Hcoulomb = Z Upnprny +
v
(1.37)

Here v denotes an orbital Im (m = —I...1). n, (s,) denotes the charge (spin) density
operator for electrons in the orbital v. We have taken into account the Hartree—Fock
Coulomb and exchange interactions, U,,,y = V,,,,,, and J,,y = V7, and omitted
the other types of interactions. The first term at the r.h.s. of (1.37) denotes the intra-
orbital Coulomb interaction, the second term expresses the inter-orbital interaction,
and the third term the exchange interaction between the spins on different orbitals.
Note that U,,, > U,,»(v # V") > J,,» > 0. Typical values of Coulomb interactions
are U,, ~20eV, Uy, — U,y = 2¢eV, and J,,y = 0.9 eV for 3d transition-metal
elements [5]. Note that N stands for the total number of electrons in the unfilled
shell when the Hamiltonian (1.37) is applied.

The intra-orbital Coulomb interaction (i.e., the first term at the r.h.s. of (1.37))
acts to reduce the doubly occupied states on the same orbital so that it creates active
spins on the orbitals of an unfilled shell. The third term in (1.37) aligns the active
spins on the orbitals because J,,» > 0. These effects suggest that the magnitude of
the total spin S is maximized at the ground state. This is known as Hund’s first rule,
and therefore J,,s are often called the Hund-rule couplings. On the other hand, the
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second term in (1.37) is the energy associated with the configuration of electrons
on different orbitals. One might expect that such an interaction energy is reduced
when electrons move around the nucleus in the same direction avoiding each other.
Thus we expect that the magnitude of the total angular momentum L should be
maximized at the ground state under the maximum magnitude of total spin. This is
referred as Hund’s second rule. The first and second Hund rules are verified by the
full Hartree—Fock numerical calculations.

The maximum S and L at the ground state are obtained by using the Pauli
principle and the Hund rule, especially from the conditions S = M (Max) and
L = M (Max) under the maximum § that corresponds to the state W (NLLSS):

N

> for N <2l +1,

S=141+2-N (1.38)
——— forN>20+1,

L INQI+1—N) for N <2/ +1, (139)
I(N=21—1)4l+2—N) forN>2[+1.

The ground state W (NLMSM;) is (2L + 1)(2S + 1)-fold degenerate. The mul-
tiplet is written as 25+l J where L takes S, P, D, F, G, H,... according to
L=0,1,2,3,4,5,...,and J (= |L £ §]) is the total angular momentum. These
properties are summarized in Fig. 1.2 for 3d transition metal atoms.

The value of J at the ground state is determined by the spin—orbit interaction.
The spin—orbit interaction (1.16) in the atomic system can be written as

Hso= Y tu Doy (ay@yayy. (1.40)
vav'y
Here
1 [ 2dV
Cnl = —/ | @i (r)|"==rdr > 0. (1.41)
2 0 dr

Assume that the ground state is determined by the Hund rule, and the temperature
is such that the corresponding thermal energy is much lower than that of the first ex-
cited state of the Coulomb interaction, i.e., the Hund-rule coupling Jy: kg7 < Jy.
Here Jy is an average value of {J,,/}, and kg denotes Boltzmann’s constant. More-
over the spin—orbit interaction energy is much smaller than Jg in 3d transition
metals. In this case, we can neglect all the excited state of the Coulomb interac-
tions, and limit the states to the (2L + 1)(2S + 1) dimensional Hund-rule subspace:
{W(NLMSMjy)}. We can then verify the following relation in the subspace.

(¥ (NLMSMy)|Hso|¥ (NLM'SM}))
=MNLS)(W(NLMSMy)|L - S|w (NLM'SM)). (1.42)
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N1 2 3 4 5 6 7

: F 4+ H W
I s
_‘_

10

S 1/2 1 32 2 502 2 32
L 2 3 3 2 0 2 3 3 2
J=IL*SI| 3/2 2 32 0 52 4 92 4 5/2

IR R
cecoFXTXTFF

GS 2D:;/z 3Fz 4Fa/z 5Do 685/2 5D4 4F9/2 3F4 2Ds/z 1So

A (eV) | 0.014 0.013 0.011 0.007 0.00 -0.012 -0.022 —0.042 -0.105 0.00
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v cr®* Mn Fe Co%* Ni cu®** zn

3+ Mn3+ Fe3+ Co

sct T
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4+
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\' cr*  Mn

Fig. 1.2 The ground state of atoms with 3d unfilled shell. N and m, denote the d electron number
and the orbital magnetic quantum number, respectively. Electron configuration for each N in the
upper row of the figure shows the state ¥ (NLLSS) leading to the total spin S and the orbital
angular momentum L at the ground state. J denotes the total angular momentum. The ground
state multiplets (GS) are expressed as 257! L ;. The experimental values of the spin—orbit coupling
constant A are given. Examples of the 3d transition metal ions are also given in the bottom row

Thus we have an effective Hamiltonian for the spin—orbit interaction in the Hund-
rule subspace as follows.
Hso =M(NLS)L - S. (1.43)

The coefficient L(N LS) is obtained by comparing the diagonal matrix element of
Hgo for the state ¥ (N LLSS) obtained from (1.40) with that of the r.h.s. of (1.43).

% for N <2/ +1,

ANLS) =N : (1.44)
" forN>20+1.
H+2-N

Because ¢, > 0, A(NLS) >0 for N <2/ + 1 and A(NLS) <O for N > 2] + 1.
Thus, J = |L — S| isrealized for N <2/ + 1,and J = |L + S| for N > 2] 4 1 at the
ground state among possible states J = |L+ S|, |L+ S — 1], ..., |L — §|. Therefore
J = |L — S| is the ground-state in the light transition-metal elements and the light
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rare-earth elements, and J = |L + S| is the ground state in the heavy transition-
metal elements and the heavy rare-earth elements. Note that the typical value of the
spin—orbit coupling is only one tenth of the Hund rule coupling (Jg ~ 1 eV) in the
case of 3d transition metal ions as shown in Fig. 1.2. When the spin—orbit coupling
is significant as in the rare-earth atoms, the ground-state should be (2J + 1)-fold
degenerate instead of (25 + 1)(2L + 1) fold.

Tons such as Ti?*, V3*_ and Cr*t, for example, have two electrons in the d shell
(see the N =2 column in Fig. 1.2). The Hund rule tells us that the total spin and
orbital angular momenta at the ground state are S = 1 and L = 3, respectively. Be-
cause the spin—orbit coupling A > 0 in the light atoms, the total angular momentum
at the ground state is given by J = 3 — 1. Thus we have the ground-state multiplet
3F, according to the notation 25*1L ;. In the same way, the ion Co?T has 7 elec-
trons in the d shell. According to the Hund rule, we find the ground-state spin and
orbital momenta S = 3/2 and L = 3, respectively. Because the spin—orbit coupling
A < 0 in the heavy atoms, the total angular momentum is given by J = 9/2. Thus
we obtain the ground-state multiplet *Fg /2 for Co”* ion.

When the external magnetic field H is applied to the atoms, the energy due to the
magnetic field is given by —g;upJ; H. Here g; is Landé’s g factor and is given by
g7 =3/24+[S(S+1)—L(L+1)]/2J(J + 1). The susceptibility which is defined
by the induced magnetization divided by H is then given by

I+ 1)

1.45
3kgT ( )

The above temperature dependence is referred as the Curie law, and C =
g% MZBJ (J + 1)/3kp is called the Curie constant. The observation of the Curie law
in the susceptibility measurement is regarded as an indication of the existence of
local magnetic moments.

1.4 Metal and Insulator in Solids

When atoms form a solid, electrons in the outermost shell of atoms start to hop from
atom to atom via overlap between atomic orbitals. The question then is whether
electrons tend to remain in each atom or to itinerate in the solid. In the case of the
former, atomic magnetic moments are well defined in solids and their properties are
expected to be explained from the atomic point of view. In the case of the latter,
magnetic properties may be quite different from those expected from atomic ones
and one has to start from the itinerant limit in order to explain their magnetism.
Whether electrons in solids are movable or not is governed by the detailed bal-
ance between the energy gain due to electron hopping and the loss of Coulomb in-
teraction. The simplest example may be the case of the hydrogen molecule H,. Ac-
cording to the molecular orbital picture, the 1s atomic orbitals split into the bonding
state with energy &9 — |¢| and the anti-bonding state with energy g + |¢| when hy-
drogen atoms form a molecule. Here ¢y denotes the atomic ground state, and ¢ is the
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electron hopping integral which is defined by atomic potential v(r) and wave func-
tion ¢(r) as t = f(p(r — R)v(r — R)p(r)dr. The bonding orbital is occupied by
two electrons according to the Pauli principle. It leads to the total energy gain 2|¢|.
This is the covalent bond in the hydrogen molecule. In this state, electrons hop from
one atom to another, and thus they are movable. The covalent bond is stabilized by
the kinetic energy gain of independent electrons. It consists of the polarized state in
which the 1s orbital of an atom is doubly occupied and the orbital of another atom
is unoccupied, and the neutral state in which each atomic orbital is occupied by an
electron.

When the Coulomb interaction between electrons are taken into account, the
covalent bonding state is not necessarily stable because it contains the polariza-
tion state with double occupancy on an atomic orbital. Assume that the loss of
the intraatomic Coulomb interaction energy in the covalent bonding state is given
by U, and consider the neutral-atom state as the state in which each electron is
localized on an atom. The total energy in the covalent bonding state is given by
E(covalent) = 2¢g — 2|t| 4+ U, while the energy in the neutral atom state is given
by E(neutral) = 2¢g. Thus, the neutral atom state is realized when the following
condition is satisfied.

21t < U. (1.46)

This condition is satisfied when the interatomic distance goes to infinity because |z|
goes to zero. Thus the neutral atom state in which electrons are localized on each
atom and each atom has a well defined local magnetic moment s = 1/2 is realized
in the atomic limit.

In solids, we expect the same behavior as found in the hydrogen molecule. Let us
consider the behavior of electrons when atoms form a solid. Electrons in solids move
in a potential obtained by a superposition of the atomic potentials ), v(r — R;).
Here v(r — R;) denotes the atomic potential on site i. When we adopt the atomic
orbitals {¢;, (r — R;)} as the basis functions and assume the orthogonality between
the orbitals, the Hamiltonian for electrons on the outermost shells in solids may be
obtained from (1.13) as

H = Hy + Hcoulomb, (1.47)
HO_ZglUnlU—i_ Ztlv]v/awga]vaa (1.48)
ivjv/
Hcoulomb = Z Uzvvannle + Z Z( ivy — zvv/>nivniv/
i v>y

=2) ) JiwwsSiv - Siv. (1.49)

i v>V

Here ¢;,, is the atomic level for the orbital v of site i, and #;,;,/ the transfer integral
between the orbital v at site i and the orbital v’ at site j. The latter is expressed in
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the two-center approximation as
tivjy = / ¢, (r — R)v(r — Ry (r — Rj)dr. (1.50)

Note that we have taken into account in Hcoylomp Only the intra-atomic Coulomb
interactions and omitted the inter-site Coulomb interaction contributions for sim-
plicity.

It is not easy to treat the electrons in solids described by the Hamiltonian (1.47)
because both the electron hoppings and the Coulomb repulsions have to be taken
into consideration. In order to discuss both the itinerant and localized behaviors of
electrons in solids, we can consider a simpler Hamiltonian consisting of one orbital
per site as follows.

HZZSO”I'U +thjafgajo +ZUni¢n,-¢. (1.51)
io

ijo i

Here ¢, #;j, and U denote the atomic level, the transfer integral between sites i
and j, and the intra-atomic Coulomb interaction energy, respectively. The Hamilto-
nian (1.51) is known as the Hubbard model, and was proposed by Gutzwiller and
Hubbard independently [6—10].

The Hubbard model (1.51) is the simplest Hamiltonian which describes the
motion of interacting electrons in solids. Nevertheless it describes the localiza-
tion of electrons as well as their itinerant behavior in solids. Let us consider the
atomic limit of the model. For an atom, we have 4 atomic states: the empty state
(ny =0,n =0), the single electron states (ny =1,n, =0) and (ny =0,n =1),
and the doubly occupied state (n4 =1,n = 1). Associated energies are given as 0,
€0, €0, and 2e9 + U, respectively. An unfilled shell with spin § = 1/2 appears only
for the n = 1 state. Note that there is no Hund’s rule arrangement for spin in this
case.

In the atomic limit for a solid where #;; = 0, electron number n; on each atom is
no longer constant, though the total number of electrons N is given; N =), njo.
The eigenstates are given by |¥) = |[{n;}), i.e., a set of the electron numbers with
spin o on site i. The eigenenergy for the state is given by

E({nic}) = Z(soni +Unjyn;y). (1.52)

1

It should be noted that the energy of the system increases by U when the number
of doubly occupied states D is increased by one. The ground-state energy Eq of the
atomic limit is obtained by minimizing the energy with respect to the number of
double occupancy in solid. Assume that the number of lattice points is given by L.
When N < L, the ground-state energy is obtained as Eg = 9N by choosing D = 0.
Magnetic moments on the sites with an electron are active in this case as shown in
Fig. 1.3. Because there are L!/N!(L — N)! electron configurations on the L lattice
points, the ground state is RV /N!(L — N)!]-fold degenerate.
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Fig. 1.3 Electron configurations for less than half filling (upper figure) and for more than half
filling (lower figure) in the atomic limit

At half filling, all the atoms are occupied by an electron so that spin de-
grees of freedom by 2V remain; the degenerated wave functions are given by
|1s1;1s2; 153, ...) when the wave function |{n;,}) is written as |ns51;1n252,1353;...)
by using the charge n; = n;4 +n;| and the spin s;; = (n;y —n;)/2.

When the electron number N is larger than L, it is no longer possible to keep
D = 0; the minimum value of D is given by D = N — L. The ground state energy is
then givenby Eg = eg N + U (N — L). The ground state is [22L—NL!/(2L —N)I(N—
L)!]-fold degenerate because there are L!/(2L — N)!(N — L)! configurations for
choosing 2L — N (< L) sites with the single electron from L lattice sites and there
are 22L~N spin degrees of freedom for each configuration. Note that the spins on
2L — N sites are active in this case.

Let us consider the case that electron hopping 7;; is small but finite. When N # L,
electrons are mobile at T = 0 because electrons can move from site to site without
increasing the double occupation number D. Thus the system is a metal. However,
at half-filling, electron hopping creates a doubly occupied state, thus creating a finite
excitation energy by the amount of Coulomb interaction energy U. Therefore elec-
trons cannot move under the infinitesimal electric field. We have then an insulator
with local magnetic moments at each site in this case.

When there is no Coulomb interaction (U = 0), on the other hand, electrons are
generally itinerant. The Hamiltonian is given as

HZZ(HO)ija;aja- (1.53)

ijo

Here (H);; = €0d;j +t;;(1 — &;;). The noninteracting Hamiltonian is diagonalized
by a unitary transformation a;s =) ako (ilk) (a;fa = aZU (i|k)*) so that

H= Zsknkg, (1.54)
ko

where g =), ) (kli)(Ho);j{Jl|k) is an eigen value for the tight-binding one-electron
Hamiltonian matrix H, and the set {(j|k)} (j =1, ..., L) is the eigen vector for &.
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The eigen states for noninteracting Hamiltonian H are given by |¥) = |{nis}),
i.e., a set of electrons with momentum k and spin o. The eigenenergy is given by

E({nio}) Zeknko, (1.55)

where the c-number 7y, takes on the value of 0 or 1. The ground state is obtained
by putting electrons on the energy levels from the bottom to the Fermi level g
according to the Pauli principle,

£k <EF
o) = []_[ a,ﬂ,]m (1.56)

so that the ground-state energy is given by

£k <EF

o({nke ) = Z k.- (1.57)
Alternatively, defining the density of states per atom per spin as
()= + Y 8te — e0) (1.58)
&) =— £ — k), .
o I k k
we can express the ground-state energy per atom as

Ey =2/‘€F ep(e)de. (1.59)

—00

A non-interacting electron system is in general metallic unless the electrons in
the atom form a closed shell. The electrons in such systems are mobile. This is
because one can add an electron at the energy level just above the Fermi level by
applying infinitesimal electric field. Note that spins of itinerant electrons are also
mobile. We may expect that there is a transition from metal to insulator at half
filling when the intra-atomic Coulomb interaction is increased. Assume that there
is a band for a non-interacting system whose band width is W. The center of the
gravity of the noninteracting band is assumed to be located at 9. When the Coulomb
interaction U is increased, each atom tends to be occupied by one electron, and
electron hopping to neighboring sites tends to be suppressed in order to reduce the
on-site Coulomb interaction energy. In the strongly correlated region, an electron
should have a potential g + U on a site having an opposite-spin electron because
of the increment of the Coulomb interaction energy due to double occupation, while
an electron has a potential g on an empty site. We then expect one more band with
the band width of order of W around ¢y 4+ U. The density of states as excitation
spectrum is expected to split into two bands at U, ~ W (see Fig. 1.4). The formation
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Fig. 1.4 The upper and
lower Hubbard bands created
by on-site Coulomb
interaction U

80+U —

Fig. 1.5 NaCl type structure
in NiO

of a gap at the Fermi level implies the existence of an insulator. The insulating state
therefore may be realized by the electron correlations when

U>Ww. (1.60)

This is Hubbard’s alloy analogy picture to the metal-insulator transition [9, 10].
The metal-insulator transition due to electron correlations as mentioned above is
commonly known as the Mott transition. The split bands are named the upper and
lower Hubbard bands, respectively. The insulator caused by the electron correlations
is referred as the Mott insulator.

The concept of the Mott insulator was first proposed by Mott [11]. He consid-
ered the case of NiO. NiO has the NaCl structure in which Ni—O chain network is
formed along [100] direction (see Fig. 1.5). The electronic configuration of the Ni28
(0%) atom is given by 1s>2s22p©3s23p®3d¥4s? (1s22s22p*). The oxygen atoms are
considered to form a closed shell in the compound taking electrons from Ni atoms,
so that we have

Ni2T:  1s22s22p%3s23p03d® O 7:  1s22s%2p°.

In this case, the Fermi level should be on the d bands in the crystalline system, and
we can expect a metal because the 5-fold d bands overlap each other in general (see
Fig. 1.6).
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Fig. 1.6 Density of states for 100 T T T T
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Experimental results however indicate that NiO is an insulator. To clarify the
insulating behavior, Mott considered the electron hopping on the NiO network. Let
us estimate an excitation energy AE, when an electron moves to the neighboring
Ni?* site. This process is similar to an excitation of the H molecule to a polarized
state.

(Ni**0*7), — Ni*T0*” + Nit0*".

Assume that the intra-atomic Coulomb interaction is given by >, >~ woven U~
niye Ny for simplicity. There an electron is coupled to the remaining 7 electrons
via the on-site Coulomb interaction. After the hopping, the electron is coupled to 8
electrons at the neighboring site, so that the Coulomb interaction is increased by U.
On the other hand, the kinetic energy gain due to electron hopping at Ni3* and Ni2*
sites may be given by

2z|t| ~ W, (1.61)

because electrons in surrounding Ni sites can enter into the Ni** ions and the elec-
trons in Ni’T ions can jump to the surrounding Ni sites. Here z is the number of Ni
nearest neighbors, and ¢ is an effective electron hopping between Ni atoms. Note
that |#| corresponds to an energy gain for the formation of the bonding state due to
electron hopping in the H, molecule, while U corresponds to the Coulomb energy
loss in the polarized state. The excitation energy of an electron hopping is therefore
given by

AEg~U —W. (1.62)

Thus, we again have the same criterion for the formation of the Mott insulator (1.60)
from the condition AEg > 0.

The magnetic materials in the insulator are considered to be the Mott-type insu-
lator in which the atomic magnetic moments are built up in the unfilled shell. CrO,
and CrBrj are typical ferromagnetic insulators, while MnO, FeO, CoO, and NiO
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are known as antiferromagnetic insulators in which the atomic magnetic moments
change their direction alternatively from site to site.

On the other hand, there are many magnetic metals where the polarized electrons
are mobile. These materials are referred as the metallic magnets or itinerant electron
magnets. The magnetic properties of these systems are known as the metallic mag-
netism or itinerant magnetism. Fe, Co, and Ni are typical examples of the metallic
ferromagnet, while Cr and Mn alloys show the antiferromagnetism. We describe in
this book the itinerant magnetism of metals and alloys.

1.5 Quenching of Orbital Magnetic Moments

The expectation value of the total orbital magnetic moment (M) = (L) is usu-
ally quenched in the crystalline system due to the crystalline potential of electrons.
Let us consider the case where the spin—orbit interactions are negligible as in the
3d transition metals, and that the magnetic field is not applied. Moreover we may
assume in solids that the ground state is nondegenerate. One can then choose the
ground-state wave function to be real;, ¥* = V.

The angular momentum (L) is real because it is a physical quantity:

(Ly={(L)*. (1.63)
Using the relation ¥* = ¥, the r.h.s. of the above equation is written as
(LY = —(¥|L|W). (1.64)
Therefore (1.63) indicates that
(L)=0. (1.65)

Thus, one can expect in metals with sufficiently small spin—orbit interactions that
only spin magnetic moments contribute to the magnetization.

(M) = (28). (1.66)

This is referred as the quenching of orbital magnetic moments.

In the atomic system, electrons are bound by the nuclei, and the orbital angular
momentum is finite in general according to Hund’s second rule. In the crystalline
system, the Coulomb energy gain leading to Hund’s second rule is not expected be-
cause electrons can hop to the neighboring sites to reduce the Coulomb energy, and
electrons can move turning around to right and left (see Fig. 1.7). It may lead to
(L) = 0. This is a physical reason for the quenching of orbital moments in solids. In
the 3d transition metals and alloys which we will discuss, the orbital magnetic mo-
ments are usually quenched. In the system with a large spin—orbit coupling such as
the rare-earth metals or the system with a strong magnetic field, the orbital moments
remain.
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Fig. 1.7 Concept of orbital
magnetic moments in atom
(L # 0: left) and solids

(L =0: right) _
- e

1.6 Heisenberg Model

In the insulator, magnetic behaviors are often described by a simple Hamiltonian
known as the Heisenberg model. We briefly discuss the Hamiltonian and related
properties of the insulator magnetism in this section.

Let us consider the hydrogen molecule. We assume one orbital for each hydrogen
atom, ¢ for atom 1 and ¢, for atom 2, and neglect the overlap integrals for simplic-
ity, i.e., {¢1]|¢2) = 0. The Hamiltonian for the hydrogen molecule is obtained from
(1.13) as we derived (1.47).

; 1
H= Zsonm +Ztl’jait7ajg +ZU’”T”"¢ + <K — §J>n1n2 —2Js1 - 82.

io ijo i
(1.67)
Here K and J denote the intersite Coulomb and exchange integrals given by
* r * r/ r/ r
K:/drdr’ i ( )(02|(r 1¢rz/(| )i ( )’ (168)
* r * r/ r/ r
J:/drdr’ i ( )¢2|(r iw;/(' )e2(r) (169)

In the atomic subspace where n; = ny = 1 and the electron hopping is sup-
pressed, the Hamiltonian (1.67) reduces as follows.

1
H=280+K—§J—2JS1‘Sz. (1.70)

It is diagonalized with the use of the total spin S (in the representation of § and
S;) as

H=20+K-J[S(S+1)—1]. (1.71)

Therefore the hydrogen molecule has the energy 29 + K — J for the triplet state
and 2e9 + K + J for the singlet state when the inter-site atomic distance is large.
This is the Heitler—London theory for the hydrogen molecule.

The last term in (1.70) denotes an interaction between the atomic spins s and §5.
In general, the following Hamiltonian showing the interactions between atomic
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spins {S;} is known as the Heisenberg model.

H==>"1J;Si- S, (1.72)
)

The interaction J;; = 2J in the Heitler—London theory is the inter-site exchange
integral due to the Coulomb interaction. This coupling in the Heisenberg model
is referred as the direct exchange interaction. The direct exchange interaction is
generally positive in sign (i.e., ferromagnetic).

Another type of the Heisenberg model with effective exchange coupling is pos-
sible in the insulator. In order to derive the effective Hamiltonian, we first derive
the perturbative effective Hamiltonian from a more general point of view [13]. The
effective Hamiltonian is constructed such that it yields the same energy eigen values
in a subspace as in the original Hamiltonian acting on the full Hilbert space.

Let us consider a subspace &2 spanned by a set of states {|s)}, and introduce a
projection operator P =) |s)(s| which projects any state onto subspace &?. The
projection operator which chooses the complementary subspace 2 is defined by
Q=1—P.Notethat P2=P, 0>=Q,and PQ = QP =0.

The eigen value problem of the original Hamiltonian H is written as

(H — E)y =0. (1.73)

Inserting the identity 1 = P + Q into the above equation as (P + Q)(H — E)(P +
0)v¥ =0 and multiplying P from the 1.h.s. of the equation, we obtain

[(PHP —E)P+ PHQ]y =0. (1.74)
In the same way, we can derive the following equation

[QHP +(QHQ — E)Q]y =0. (1.75)

In (1.74) and (1.75), the wave function 1 is separated into two components be-
longing to different subspaces, Py and Q1. From both equations, one can elim-
inate the wave function Qv that leads to the eigenvalue equation in subspace 2,
namely,

[PHP - PHQ(QHQ — E)"'QHP]Py = EPY. (1.76)

The above equation indicates that the following Hamiltonian H,(E) acting on the
wave function P in the subspace & is regarded as an effective Hamiltonian which
yields the same eigen value E as in the original Hamiltonian H, where

Hy(E)=PHP — PHQ(QHQ — E)"'QHP. (1.77)

The effective Hamiltonian depends on the energy which should be obtained self-
consistently. Taking the subspace spanned by a subset of the eigenfunctions of an
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unperturbed Hamiltonian, one can derive the effective Hamiltonian which is cor-
rect up to the second order of the interaction Hamiltonian. Assume that the Hamil-
tonian consists of a noninteracting part Hyp and an interaction part Hj such that
H = Hy + Hi. The eigenvalues {E,?} and eigenfunctions {¢y} for Hy are assumed to
be known. We define the subspace &7 spanned by a part of {|¢x)}. The projection op-
erator is then defined by P = Zf |@u){®.|. We have the relation QH P = QH; P,
and thus obtain the effective Hamiltonian which is correct up to the second order
in interaction, after having replaced the Hamiltonian H and the energy E in the
denominator of (1.77) with the zeroth-order ones, Hy and E 0 e,

H,=PHP — PHQ(QHyQ — EY) ' QH;P. (1.78)

The effective Hamiltonian depends on the eigen state k explicitly. Therefore we
rewrite the second term as follows.

7 2
(QHoQ — E)) ' QHiP =3 Y (EY — E}) ™' I0) (v Hily) (Sl be)-
nw v
(1.79)

Thus the perturbative Hamiltonian (1.78) is expressed as follows.
0 0y~—1
szPHP—PHIQ(EQ—EP) OH;P. (1.80)

Here E% (E%) denotes the eigenvalues belonging to subspace &2 (2). The eigen
value equation for the perturbative effective Hamiltonian is then given by

Hy Py = E Py, (1.81)

We can derive the effective Heisenberg model in the strong Coulomb interac-
tion regime at half-filling using the formula (1.80). Let us consider the Hubbard
model (1.51). As found in Sect. 1.4, the ground state of the atomic limit at half-
filling is specified by {n; = 1} states. The ground state is 2L-fold degenerate, L
being the number of sites. We start from the ground state in the atomic limit at
half filling, i.e., the {n; = 1} states, and define the subspace & from them. The
complementary subspace 2 consists of the subspace containing empty states and
the subspace containing the doubly occupied states. In the strongly correlated re-
gion, the electron hopping rate |t;;| is much smaller than the Coulomb interac-
tion strength U, so that the Hamiltonian H is separated into the atomic state
Ho =3, €onic + »_; Uniyn;y and the ‘interaction” term Hy =}, tjal_aj,.
The first term at the r.h.s. of (1.80) is given by PLgoP. In the calculations of
the second term, we have Q HiP = ZUU tijaj_aang because aj'(raj(,P belong to
the space 2. Moreover, E % — E(I), = U when it is operated on the single doubly-
occupied state Q Hy P. Thus we obtain the expression for the second term at the r.h.s.
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of (1.80) as follows.

YU pa) aryralaja P (1.82)

PHQ(EY —EY) 'oHP= )
ijkloo’

Among the summation at the r.h.s. of (1.82) only the k =i and [ = j terms
remain. Rearranging the creation and annihilation operators, we obtain the relation.

. 1
Za}d,aigfai‘aajg =nj = ninj = 25 -8;. (1.83)

oo’
Substituting the above relation into (1.82), we obtain the following effective Hamil-
tonian.

|2

j— 41t
HP=P|:L<80—§Z|%)+Z |l‘]’| si-sji|P. (1.84)
j

@.J)

Apart from the constant term, we arrive at the following effective Heisenberg model
in the strong Coulomb interaction regime at half filling, which operates on the sub-
space Z.

H==>"Jjsi s (1.85)
@,J)
Here
41:;1%
=== (1.86)

The effective exchange integral (1.86) is known as the super exchange interaction
because it is caused by a virtual exchange of electrons belonging to different atoms
via transfer integrals. The super exchange interaction is antiferromagnetic, while the
direct exchange interaction (1.69) is ferromagnetic. Note that the subspace on which
the Hamiltonian (1.85) acts is given by {P|nis1;, n252;,...)} = {|1s1z, Lsaz, .. )}
This can be simplified as {|s1;, s2;, . ..)}. In many magnetic insulators, anions are
often located between the magnetic ions. In such a case, the super exchange interac-
tion becomes dominant. The Heisenberg model (1.85) is not justified in the metallic
system where the band width W ~ U. Nevertheless, we often find the same type of
the intersite magnetic interactions, which are useful for qualitative understanding of
the magnetism (see Sects. 6.4 and 8.3 for examples).

1.7 Magnetic Structure

Magnetic materials have their microscopic structure for arrangement of atomic mag-
netic moments. This is called the magnetic structure. The structure characterizes the
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magnetic property as well as the electronic structure. In this section, we introduce
the Fourier representation of the magnetic structure and explain briefly the magnetic
structures in solids.

The magnetic structure is characterized by the magnetic moment density which
is given by

M(r) = (" (r)ymy (r)). (1.87)

Here v (r) = (Y4 (r), ¥ (r)) is the field operator of electrons. m denotes the mag-
netic moment for an electron as given by (1.7).

In a crystalline system, we may divide the space into the Wigner—Seitz cells for
each atom. Then we can define a magnetic moment of atom i as follows.

m; = fM(r) d’x. (1.88)

Here the integration is over the Wigner—Seitz cell belonging to atom i. In a non-
crystalline system we may adopt the Voronoi polyhedra instead of the Wigner—Seitz
cells.

In the case of the crystalline system, the atomic position R; is expressed by using
the primitive translational vectors a, b, ¢ as

R;=l1a + b+ I3c. (1.89)

The atomic magnetic moment is expanded with use of the Fourier lattice series as
follows.

mp = m(g)e R (1.90)
q

Here ¢ is the wave vector in the first Brillouin zone. The Fourier components of the
magnetic moments are given as

1 .
m(g) =) me T, (1.91)
1

L being the number of lattice points. Note that m(—q) = m(q)* because m; are
real. Moreover we assumed that there is only one atom per unit cell. When there are
more than one atom per unit cell, we have to add the atomic position in a unit cell
;. to (1.89). Accordingly, the magnetic moments (1.90) and (1.91) are specified by
the type of atom A as mlm (m™(q)). Hereafter we consider the crystalline system
with one magnetic atom per unit cell.

The microscopic magnetic structure of magnetic materials is specified by a set of
{m;} or {m(q)}. The simplest structure is that all of the atomic magnetic moments
have the same direction. It is realized when all the Fourier components vanish except
m(q = 0) = m, and is known as the ferromagnetic structure (see Fig. 1.8). Typical
transition metals such as Fe, Co, and Ni exhibit the ferromagnetism.
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Fig. 1.8 Ferromagnetic
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The antiferromagnetic structure (AF) is defined by alternative arrangement of the
atomic magnetic moments along a direction, e.g., the z direction (see Fig. 1.9). It is
specified by a set, m(+ Q) = mkexp (ia) and m(q # + Q) =0, where Q consists
of half a reciprocal lattice vectors, and k denotes a unit vector along the z axis, and
o denotes a phase of the structure. In the case o« = 0, we have

m; =mkcos(Q - Ry). (1.92)

When the position R; moves along Q vector, Q - R; changes by m. Accordingly,
the magnetic moment m; changes its sign.

The AF structure on the simple cubic lattice as shown in Fig. 1.10(a) is expressed
by the wave vector Q@ = (K1 + K>+ K3)/2 = (1,1, 1)7/a, a being the lattice con-
stant. The AF structure on the body-centered cubic lattice as shown in Fig. 1.10(b)
is expressed by the wave vector Q@ = (— K| + K> + K3)/2 = (0,0, 1)27/a. In the
case of the face-centered cubic lattice (fcc) structure, two kinds of AF structures are
known. The AF structure of the first-kind as shown in Fig. 1.10(c) is described by a
wave vector Q = (K> + K3)/2 = (0,0, 1)27/a. The atomic moment alternatively
changes the direction with a translation by (0, 0, 1)a/2. It is also possible to change
direction alternatively along (1 1 1) axis. This is referred as the AF structure of the
second-kind, and is characterized by Q = (K1 4+ K2 + K3)/2= (1,1, 1)wr/a (see
Fig. 1.11). Cr with 1 at% Mn on the bcc lattice shows the AF structure, and y-Mn
on the fcc lattice shows the AF structure of the first-kind according to the neutron
diffraction experiments.

It should be noted that the network consisting of the up-spin atoms (or the down-
spin atoms) forms a lattice referred as the sublattice. There are two sublattices in
the antiferromagnetic structures shown in Fig. 1.10. Each sublattice forms the fcc
lattice with the lattice constant 2a in the case of the sc structure (Fig. 1.10(a)), the
sc lattice with the lattice constant a in the case of the bcc structure (Fig. 1.10(b)),
and the simple tetragonal structure with the lattice constants a/~/2 and a in the case
of the fcc structure (Fig. 1.10(c)), respectively.

The sinusoidal spin density wave (SDW) structure is expressed by

m;=mksin(Q - R; + @), (1.93)

where @ vector is neither equal to 0 nor to the AF wave vectors. The magnetic
moment sinusoidally changes with a period A = 27/| Q| along the Q direction (see
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Fig. 1.10 Antiferromagnetic arrangements on the simple cubic lattice (a), body-centered cubic
lattice (b), and face-centered cubic lattice (¢). The lattice constants are shown by a

Fig. 1.11 The
antiferromagnetic structure of
the second-kind on the
face-centered cubic lattice

Fig. 1.12 Spin density wave ~ __.-""f7"
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Fig. 1.12). Note that the period is not necessarily commensurate with the lattice
spacing in general. Cr is a well-known example of the SDW.

It is also possible that the magnetic moment rotates with a translation (see
Fig. 1.13). This is known as the helical structure, and is expressed as

m;=mlejcos(Q- R, +a)+esin(Q- R +a)]. (1.94)

Here e and e; are the unit vectors being orthogonal to each other. The magnetic
moment with amplitude m rotates on the e;—e; plane with the translation along the
Q vector.

The above expression (1.94) can also be written as

m;=m(Q)e' 2R + m(Q)re R (1.95)
with
m .
m(Q) =~ (e1 —ie)e’™. (1.96)
It indicates that the helical structure is specified by the Q vector and the condition

m(Q)> =0. (1.97)
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Fig. 1.13 Helical structure (left) and conical structure (right)

Fig. 1.14 2 Q multiple-
spin-density wave structure

It is known from the neutron experiments that Au,Mn, MnO;, CrO», Eu, Tb, Dy,
Ho etc. show the helical structure.

So far the magnetic structures are characterized by only one @ vector. One can
also consider the helical type structure with the bulk magnetization as follows.

my=m:k+m(icos(Q-R;+a)+ jsin(Q- R +a)). (1.98)
The above expression is alternatively written as
m;=mk+m(Q)e 2R + m(Q)e 2R, (1.99)
with
m(Q)* =0. (1.100)
This is referred as the conical magnetic structure (see Fig. 1.13). The magnetic mo-

ment rotates for example on the x—y plane when the moment translates along the
direction of Q.
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Fig. 1.15 3 Q multiple-
spin-density wave structure

One can also consider a magnetic structure consisting of two wave vectors, Q;
and Q,. For example, we can consider a structure such as

m; =m(Q1)eiQ1'R’ +m(Q2)eiQ2'R’ +c.c. (1.101)
Assuming that m( Q) =myi/2 and m(Q,) = m, j/2, we have
my=myicos(Qy-R;) +myjcos(Q,- Ry). (1.102)

This is known as a double @ multiple SDW (2 Q-MSDW) (see Fig. 1.14). In the
case of the fcc lattice, we may consider the wave vectors @ = (1,0,0)27 /a and
0, =1(0,1,0)27/a. Then the x(y) component changes the sign with a translation
R;=(1,0,0)a/2 (R> = (0, 1,0)a/2) as shown in Fig. 1.14.

We can also consider the magnetic structure consisting of three wave vectors
01, O, and Qs3, which is the so-called triple Q multiple SDW (3 Q-MSDW). For
example, we have a 3 Q-MSDW such that

my=myicos(Q - R;))+myjcos(Q, - R;)+mzkcos(Qs - R;), (1.103)

with @, =(1,0,0)2%/a, @, =(0,1,0)27/a, and Q5 = (0,0, 1)27/a. Each com-
ponent changes sign after the translation by a/2 along the same direction as shown
in Fig. 1.15.

In the substitutional disordered alloys, we have more complicated structures
which cannot be described by a small number of wave vectors. When we take a
configurational average of the atomic magnetic moments, we can define the aver-
age magnetization [m;].. Here [~]; denotes the configurational average. In some

S n s uy

Fig. 1.16 Spin glass arrangement
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cases, an ordered state with randomly oriented magnetic moments referred as the
spin glass (SG) appears (see Fig. 1.16). The SG is considered to be characterized by
the condition such that

[mlc=0 and [m}] =0. (1.104)

The disordered dilute alloys such as Cuj_,Mny (x <0.1) and Au;_,Fe, (x <0.1)
are known to show a SG at low temperatures (see Sect. 7.1).

Experimentally most magnetic structures of crystalline systems are determined
by the neutron elastic scattering experiments. The readers who are interested in the
experimental determination of the magnetic structure are recommended to refer to
the books by Marshall and Lovesey [14, 15].



Chapter 2
Metallic Magnetism at the Ground State

We deal with the ferromagnetism in metals at the ground state in this chapter. The
stability of ferromagnetism is one of the fundamental problems in magnetism. Since
the spin polarization is carried out by itinerant electrons in metals, we start from
the band model to consider the stability. The Hartree—Fock approximation overes-
timates the magnetic energy gain due to spin polarization. We clarify the effects
of electron correlations on the ferromagnetic instability by using the low density
approximation and the Gutzwiller variational theory. These theories lead to the no-
tion of an effective Coulomb interaction. The density functional theory (DFT) pro-
vides us with a quantitative description of the ground-state magnetism in metals. We
present the band theory of ferromagnetism based on the DFT in the second half of
the chapter, and discuss quantitative aspects of the ferromagnetism of 3d transition
metals at the ground state.

2.1 Band Theory of Ferromagnetism

When atoms form a solid, most of the elements on the periodic table lose the atomic
magnetic moments and show a simple paramagnetism. Only a few metals such as
Fe, Co, and Ni in 3d transition metal series and heavy rare earth metals from Gd to
Tm show the ferromagnetism. In the case of the rare-earth system, the 4f orbitals are
well localized so that the atomic magnetic moment on each atom remains. The ferro-
magnetism of rare-earth metals is realized by the ferromagnetic couplings between
these atomic magnetic moments [16]. On the other hand, in the 3d metal system,
electrons in the 3d unfilled shell are considered to be itinerant and to form bands
near the Fermi level. In fact, the atomic moment model does not explain the experi-
mental observations that the ground-state magnetizations of Fe, Co, and Ni show the
non-integer values of 2.2, 1.7, and 0.6 up per atom, respectively. The Sommerfeld
coefficients of specific heat show large values of 5-7 mJ/K? mol in these ferro-
magnets, indicating the formation of narrow d bands. The ferromagnetism in 3d
transition metals is therefore considered to be caused by the 3d itinerant electrons.

Y. Kakehashi, Modern Theory of Magnetism in Metals and Alloys, 29
Springer Series in Solid-State Sciences 175, DOI 10.1007/978-3-642-33401-6_2,
© Springer-Verlag Berlin Heidelberg 2012
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Fig. 2.1 Spin polarization in Er
bands
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A way to clarify the origin of the itinerant magnetism at the ground state is to
start from the band limit and to take into account the electron—electron interactions.
Let us consider the ferromagnetism in metals, and assume that the itinerant band
electrons are polarized. The polarization gives the magnetization per atom as (m) =
(n4) — (n}). Here (ns) denotes the average number of electrons with spin o per
atom. The spontaneous spin polarization cannot be explained without the Coulomb
interaction. Let us assume that the down-spin electrons in a small energy range [ef —
A, ef] just below the Fermi level eg move to the up-spin band on the Fermi level as
shown in Fig. 2.1. The number of moved electrons § N is given by 6N = A - Lp(0),
where p(0) is the density of states (DOS) per atom and per spin at the Fermi level
in the paramagnetic state. L denotes the number of lattice points. Therefore, we
have the energy width A as A =8N /Lp(0). The change of the band energy AE is
given by

(BN)?

AE;=A-§N = >
Lp(0)

2.1)

Thus the ferromagnetic spin polarization in the noninteracting system always in-
creases the energy irrespective of details of the band structure.

One needs the intraatomic Coulomb interaction U to stabilize the ferromag-
netism. In order to understand the mechanism, we consider the energy change A E;
of Coulomb interactions due to small polarization 26 N. Consider the single band
model with the intra-atomic Coulomb interaction U. In a mean-field approxima-
tion, the intra-atomic Coulomb interaction energy may be given by

LU(n4ny)~LU(ns)(ny). (2.2)
Then, the Coulomb energy change is given by

SN\ ?
AEy~—LU( ) <0, (2.3)
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The total energy change AE = AE| + AE» is given by

2
AE ~ (L - U) N (2.4)
p(0) L

Therefore the ferromagnetism is stabilized when AE <0, i.e.,

p(0O)U > 1. 2.5

The above condition for the appearance of the ferromagnetism is called the
Stoner condition. The ferromagnetism is stabilized when the energy gain of the
Coulomb interaction due to small spin polarization overcomes the band energy loss.
In the case of the single band model, the spin polarized state can be stabilized by
reducing the double occupancy (nqn ).

The Stoner criterion and the magnetization are obtained by the Hartree—Fock
approximation more clearly. Let us consider first the single band for a qualitative
argument, and adopt the Hubbard model (1.51). In the Hartree—Fock approximation,
the interaction term is decoupled as

UnT}u%U(nT(}u)—l—(n¢)n¢—(nT)(n¢)). (2.6)

The approximation neglects the fluctuation term Udn4én . Here dny =ns — (ns).
Using the approximation, we obtain the Hartree-Fock Hamiltonian as follows.

H= 2(80 + U(ni—o))nis + Ztija;:,ajo — Z Ulniy)(niy). 2.7)
io ijo i
Here U (n;_,) is the Hartree—Fock potential for an electron with spin o.
The total energy in the Hartree—Fock approximation is given by

E=Zeo<ni>+<Zzija,i,aja>+ZU<ni¢><n,-¢>. (2.8)

ijo
At the ground state, the energy is written as

E=) elnio) +LU(np)iny). 2.9)
k

Here ¢ is the band energy obtained by diagonalizing the noninteracting Hamilto-
nian matrix (Ho);;j = &08;; + ;j(1 — 8;;). nxs is the electron occupation number
for an electron with momentum & and spin o, and (ns) = >, (nks)/L. The first
(second) term at the r.h.s. of (2.9) is the kinetic energy E (interaction energy E3)
discussed in (2.1) and (2.3).

When the potential is spatially uniform, one can obtain a self-consistent equa-
tion for the average electron number using the Hartree—Fock Hamiltonian (2.7) as
follows.

(nig) = / do [(@)p° (0 = Uni—g) + ). (2.10)
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Here f(w) =1/ (eP® 4+ 1) is the Fermi distribution function, B being the inverse
temperature. p°(w) is the DOS per atom per spin for the noninteracting Hamilto-
nian, and u denotes the Fermi level.

The above equations are expressed by the local charge (n) =) (nis) and mag-
netization (m) =) __ o (n;s) as follows.

(n):;/dwf(w)po<w—%U(n)-i-%U(m)G-i-M), 2.11)
(m)=;U/da)f(a))po(a)—%U(n)—l—%U(m}a—i—u). (2.12)

The first equation determines the Fermi level © when the electron number 7 is given,
while the second one determines the magnetization (m) self-consistently.

In the same way one can also express the Hartree—Fock energy per atom as fol-
lows.

E/L = u(n) +/da)f(a))a);po<w— %U(n) + %U(;n)a +u)

— iu(<n>2 — (m)?). (2.13)
Here we omitted the site suffix for simplicity assuming uniform charge and spin
polarization.

Appearance of the ferromagnetism may be characterized by an instability of the
paramagnetic state. The latter is obtained from the uniform susceptibility. Let us ap-
ply an infinitesimal magnetic field #. We then have additional potential —ho in the
Hartree—Fock self-consistent equations. The uniform paramagnetic spin susceptibil-
ity x is given by x = [d(m)/dh],—o. Using (2.12) with additional potential —ho,
we obtain the Hartree—Fock susceptibility at the ground state as follows.

2p(0)

XZW- (2.14)

Here p(0) is the DOS per atom per spin at the Fermi level in the nonmagnetic
state. When p(0)U = 1, the susceptibility diverges, and we again obtain the Stoner
condition (2.5).

In order to obtain the magnetization we have to solve the self-consistent equa-
tions (2.11) and (2.12). There are two types of the ferromagnetism in general. When
the Coulomb interaction strength is large enough, we can expect that the up-spin
band is below the Fermi level so that the magnetization is not changed by the mag-
netic field. Another case is that holes remain in the up-spin band so that both the
up and down bands are laid on the Fermi level as shown in Fig. 2.2. The former is
called the complete ferromagnetism or the strong ferromagnetism, while the latter
is called the incomplete ferromagnetism or the weak ferromagnetism.
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Fig. 2.2 The strong (left) and weak (right) ferromagnets

To describe the ferromagnetism in 3d transition metals in more detail, we have to
take into account five d orbitals. The Hartree—Fock approximation to the degenerate-
band Hamiltonian (1.47) yields the following effective Hamiltonian (see (1.34)).

H= ZSiLcrniLa + Z tiLjL/al'TLaajL’a — (H1), (2.15)
iLo iLjL'
1 O 1
(H1) ZZ ZZUmmO/liL) + EZ Unim' — EJmm/ (niL)(nir)
i m mm’
S U i) = 5 By i) omi1) (2.16)
- - mip) — = H{mip)(mip) | .
4 - mm\M L 4 . mm iL iL
mm

Here L (L) denotes the atomic orbital Im (Im') with [ = 2. &;1, is the atomic level
with the Hartree—Fock potential, and is given by

1
fiLo =&iL — 5 (Umm (miL) + ) Jmm’("”iL/))Gv 2.17)
m'#m
0 1 1
ei =¢p =+ Unmlnic) + 3\ Un = 5 dmm ) (ni12)- (2.18)
m'#m

Note that 82 is the atomic level and we have introduced the chemical potential for
convenience.
The local charge and magnetization for orbital L are given by

(nL) =Y (nLo), (2.19)

(mp) =Y o(nLo), (2.20)
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and
(nre) =/da)f(w),0L(,(a)). (2.21)

‘We have omitted the site indices i in the above expressions for simplicity. pr (w)
is the Hartree—Fock DOS for orbital L and spin o.

pLo@) =Y _[GLIK)|*8(@ — ko). (2.22)
k

Here &, is the eigen value for the Hamiltonian matrix (Ho); LjL’ = €Ls0ij0r1 +
tirjr» and (i L|k) is the overlap integral between the local orbital i L and the one-
electron eigen state k.

For simplicity, we neglect in the following the orbital dependence of the Coulomb
and exchange integrals as

Upnm' = U8y + U1 (1 = 8,), (223)
Jom' = J (1 = Sum?). (2.24)
Here Uy (U) is the average intraorbital (interorbital) Coulomb interaction and J is

the average exchange interaction. Moreover we assume that the orbitals form a basis
set of the irreducible representation of point symmetry. We have then

1
SiLo = €L — E[Uo(mr) + J((m) — (mr))]o. (2.25)
0 1 1
s =gy —n+5Uolnr) + (U1 —51>(<n> —(nr)). (2.26)

Here (nr) ({mr)) denotes the average electron number of orbital L, i.e., (nz) (mag-
netic moment (my )) belonging to the point symmetry representation I”. Moreover,
(n) =3 pdrinr) ((m) =) dr(mr)) denotes the total charge (magnetization)
on a site, and d is the number of orbitals belonging to the point symmetry I".

When all the magnetic moments on each orbital are assumed to make the same
contribution, we have (mr) = (m)/D, with D =) dr being the number of or-
bital degeneracy. In this case, the atomic level is given by

1 -
ELo =& — EJ(m)U — ho, 2.27)
and

- 1 1
J=—=U 1——)J. 2.28
D o-l-( D) (2.28)
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We added the magnetic field & for convenience. The average electron number is then
given by

(nLo) =/dw f(w)pL (w + %f(m)o —i—ha). (2.29)

Here pr (w) is the DOS for orbital L per spin in the nonmagnetic state. Taking the
same step as in the single band case, we obtain the uniform susceptibility as
2p(0)

= 2.30
X Y (2.30)

Here p(0) = ) drpr(0) is the DOS per atom per spin, and J is the effective
exchange interaction given by (2.28).

When there is only one symmetry band I” on the Fermi level and the other bands
are below it, we have the atomic level (2.27) in which the effective exchange inter-
action J has been replaced by

-1 1
J=—1U 1——|)J. 2.31
a o + ( dp) (2.31)
Therefore we have again the same form of susceptibility (2.30).

The susceptibility (2.30) indicates that the Stoner condition to the degenerate-
band system is given by

p(0)J > 1. (2.32)

As seen from (2.28) and (2.31), the intraorbital Coulomb interaction Uy which is
much larger than J remains in the effective exchange interaction J even in the
degenerate bands system in the Hartree-Fock approximation. According to the
Hartree—Fock atomic calculations, the intra- and inter-orbital Coulomb interactions
in Fe are Uy = 25 eV and J = 0.9 eV, respectively [5]. Using (2.28), we obtain
J = 5.8 eV. The band width of Fe is estimated from a band calculation as W ~ 5 eV
[17], and consequently we expect p(0) ~ 1 assuming a rectangular DOS. There-
fore we expect that p(0)J ~ 6, and the Stoner condition (2.32) explains the fer-
romagnetism of Fe. The same arguments are also possible for Ni. There we have
Up =28 eV and J = 1.0 eV, respectively. Using (2.31) in this case, we obtain
J =10eV. The band width of Ni is estimated to be W ~ 4 eV, and thus p(0) ~ 0.75
assuming a rectangular DOS consisting of the #;; bands at the Fermi level. We have
then ,o(O)f ~ 10, which is consistent with the ferromagnetism in Ni. However the
Stoner condition in the Hartree—Fock approximation (2.32) also predicts the ferro-
magnetism for the nonmagnetic transition metals. For example, in the case of Ti
we have Up = 18 eV and J = 0.6 eV, and thus we obtain J=10eV using (2.28).
The band width of Ti is estimated to be W & 5.5 eV, and thus p(0) ~ 0.9. We have
then /o(O)J~ ~ 4 for Ti, which satisfies again the Stoner condition (2.32). The in-
consistency suggests strong electron correlations in transition metals, which are not
described by the Hartree—Fock approximation.
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2.2 Electron Correlations on Magnetism

2.2.1 Stoner Condition in the Correlated Electron System

The Hartree—Fock approximation used in the last section for explaining the ferro-
magnetism takes into account the effects of electron—electron interactions only via
the Hartree—Fock potential. The fluctuations neglected in the approximation in gen-
eral tend to destroy the ordered state realized by the mean-field approximation. The
effects of correlated motion of electrons leading to quantum fluctuations, which are
not described by the Hartree—Fock approximation, are called electron correlations.

As mentioned before in the physics of metal—insulator transition (see Sect. 1.4),
electron correlations suppress electron hopping when the on-site Coulomb interac-
tion U is large. In a simple approximation, the electron hopping energy might be
renormalized as follows.

<Zt,'ja;rgajg>=q<Zt,~jalTaajg> . (2.33)
ijo ijo 0

Here ¢ is a phenomenological band-narrowing factor (<1), and (~)¢ denotes the
Hartree—Fock average. Moreover, electron correlations reduce the double occupa-
tion number (n4n ) on each site. We may express it as

(nTn¢) =r(n¢n¢)o. (2.34)

Here r is a phenomenological reduction factor (<1). The total energy is then ex-
pressed as

E=Y eo(n)+ q<2tijajaa,-ﬂ> +r Y Unipniy)o. (2.35)
i 0 i

ijo

One can examine the stability of the ferromagnetism taking the same steps as in
the Hartree—Fock approximation (see (2.1-2.5)). When there is an infinitesimal spin
polarization on the Fermi level, the change in the kinetic energy A E| is given by

SN)?
Elzq( ) > (2.36)
Lp(0)
On the other hand, the change in the interaction energy is given as
SN\
AE,=—rLU T < 0. (2.37)

Thus the condition (2.5) for the spin polarization (AE = AE| + AE, < 0) is mod-
ified as

0(0) Uegr > 1. (2.38)
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Here Uesr denotes an effective Coulomb interaction defined by

ru
Uetf = e (2.39)

Needless to say, it is not possible to conclude whether or not electron correlations
stabilize the ferromagnetism, without knowing the band narrowing factor g and the
reduction rate of the double occupancy r. In the following subsections we introduce
two types of theories of electron correlations at the ground state which provide us
with the correlation factors ¢ and r.

2.2.2 Stability of Ferromagnetism in the Low Density Limit

In the low density limit, electron correlations between two particles become dom-

inant. In this subsection, we consider the correlation energy in the two electron

system, and derive the effective Coulomb interaction in the low density limit [18].
Let us adopt the single-band Hubbard model (1.51) on a lattice.

H = Hy + H.. (2.40)

The noninteracting Hamiltonian Hy and the on-site Coulomb interaction Hj are ex-
pressed in the momentum representation as follows.

Ho=Y) exno, (2.41)
ko
=2 I 2.42
1= i Z ak+qgak/,q,(,ak’—aako~ (2.42)
kk'qo

Here ¢ is the one electron energy eigen value for the noninteracting Hamiltonian
matrix (Ho);; = €0d;j + t;;(1 — §;;), and ny, is the electron occupation number
operator for an electron with momentum k and spin o. The creation (annihilation)
operator in the momentum representation are defined by azg =), a;fg (k|i)* (ake =
> i aio (kli)), where (k|i) = exp(ik - R)/VL.

We now consider the two-electron state |kjo1kz07) in a solid such that

+ |
koo

kio1ka02) = aj , af  10). (2.43)

Note that the creation operator at the r.h.s. of the equation is ordered so that

the two electron states are orthogonal to each other; (klmkgoglk; olkéaz) =

2,(1,(/1 SGIGI/(S,Q,(& 8(,205. Applying the Hamiltonian (2.40) to the two electron state, we
n

H|kyo1 kpo2) = (e, + &k,) k101 kp02)

U

+ Z(So|—022q:|kl +qo1ky —qoa). (2.44)
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When o1 = 07, we have Hilkjo1 kpo1) = 0. Thus |k101 kao1) becomes the eigen
state with no correlations.

Hlkyo1 kaot) = (ex, + €xy) k101 k2o1). (2.45)

The result is based on the Pauli principle that two electrons with the same spin
cannot occupy the same site, so that there is no on-site Coulomb repulsion energy.

When o1 = —o07, the interaction term in (2.44) remains. In this case, we introduce
the triplet and singlet states defined by

1
lkik2) = —=(lk1 T ka {) £ k1 | k2 1)). (2.46)
it M)
Note that {|k k2)} are orthogonal to each other; (kikz|kjk) = 6, K Skt Applying
the Hamiltonian (2.40) onto the state {|k1 k»)} and adopting (2.44), we obtain

U
Hlkika) = (et + ) ki ko) + = 3 Ikt + g ko — q). (2.47)
q

The above equation indicates that the singlet (triplet) state |k k2) is scattered into

{lki + g k2 — q)}.
In order to solve the energy eigen value equation, we assume that the eigen state
is given as

W)=Y I(kika) ki ka). (2.48)
kika

The eigen states are classified by the total spin states. The triplet states correspond
to the ferromagnetic state, while the singlet state corresponds to the nonmagnetic
state. Note that |k k1) = F|k1 k2). Thus one can verify that I"(kyky) = — 1" (k1k2)
for the triplet state and I"(kpk;) = I"(k1ky) for the singlet state. Substituting the
wave function (2.48) into the eigen value equation

H|Y)=E¥), (2.49)

we obtain

U
ety + e, — EYC(kiko) + Y Iki+qky—q)=0. (2.50)
q

In the case of the triplet state, we can verify that ¢ I (ki +q k2 — q) = 0 using the
relation I"(kpk1) = —I"(k1k3). Thus there is no Coulomb energy contribution to the
triplet state.

E(kiky : triplet) = &g, + &k, 2.51)
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Next we consider the solution for the singlet state. Starting from the singlet state
|k1 k2), we take into account the scatterings due to Coulomb interactions. Putting
I' (k1k2) = 1 and defining the Coulomb energy contribution as

AE(ki ko) = E — e — &ky, (2.52)

we obtain from (2.50) the following energy.
U ’
AE( ko) = — 1+2q: I'tki+qky—q) ). (2.53)

The equation for I" (k1 + g ko — q) at the r.h.s. of the above equation is obtained
from (2.50) as

U
(8k1+q + ky—gq — EY[ (ki +qky—q) + Z(l + Z F(lq + K ky —k”)) -0

k//#o
(2.54)

Dividing the above equation by (&x,+4 + €x,—¢ — E) and taking summation with
respect to ¢, we obtain

! UG (kikz)
Ik kh—q¢q)=——-—"-"—, 2.55
Xq: ki+ake =0 =Gk (2:55)
where
G(kika) ! > ! (2.56)
1K) = — . .
L 7 Eky+q T Eky—g — Eky — Eky — AE(k1k2)
Substituting (2.55) into (2.53), we obtain the interaction energy as follows.
AEk k)—U ! (2.57)
YT T 1Y UGk :
Alternatively,
1
E =gy +ér, + (2.58)

L1+UGkiky)

The above result indicates that the Coulomb interaction U has been renormal-
ized by the electron—electron scatterings as U /(1 + U G (k1k3)), since the Hartree—
Fock energy in the singlet state is given by &, + &, + U/L. We then find the
band narrowing factor ¢ = 1 and the renormalization factor of Coulomb energy
r =1/(1 + UG(k1k2)). Note that there is no band narrowing in the low density
limit because there is no electron on the surrounding sites which interrupts the mo-
tion of an electron. In conclusion, multiple scatterings of two electrons yield the
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Fig. 2.3 Effective Coulomb
interaction Uset OF
U =U/(1+U/W) asa

function of U, where W is the
band width. Upye is defined WrP--"----"A--------
by the Hartree—Fock value ' Uet
Ubare = U

following effective Coulomb interaction U'.

U

Ustp= — .
I UGKk k)

(2.59)
In the quantity G (k1k7), we may omit A E (k1 k) in the denominator because AE ~
O(1/L). MOTeover &g, +q ~+ &k,—q — €k, — Ek, 18 of order of the band width W. Thus
we obtain

U
1+U.
w

Uetr ~

(2.60)

Since dUef/dU = 1/(1 + U/ W)? > 0, the effective Coulomb interaction U
monotonically increases with increasing U, but it is saturated to W as shown in
Fig. 2.3. Consequently, the effective Coulomb interaction cannot exceed the band
width, and the Stoner condition (2.38) is not satisfied irrespective of U for a moder-
ate band with the band width W because p(0) ~ W.

,O(O)Ueffgi'w=1. (2.61)
w
The result indicates that the ferromagnetism is suppressed by electron correlations.
Only for the system with large DOS at the Fermi level p(0), the ferromagnetism is
possible.

Nickel which has about 9 d-electrons per atom is regarded as a low density sys-
tem according to the hole picture. The ferromagnetism of Ni is considered to be
stabilized by this mechanism because of the high density of states at the Fermi level
(see Fig. 2.6).

2.2.3 Gutzwiller Theory of Electron Correlations

When electron number is increased, one cannot apply the low density approxima-
tion. In this subsection, we introduce the Gutzwiller variational method for electron
correlations at the ground state [6—8], which is useful for any electron density.
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The Hartree—Fock ground state is expressed by an independent particle state as
follows.

Ny N,
¢) = <ﬂ a,'lg) (]"[ a ¢) 0). (2.62)

k k

Here N, denotes the total electron number for spin . Making use of a unitary
transformation such as ak - Z, i€ eikRi / /L, we obtain the wavefunction in the
real space representation as follows.

Ny
1 . 1
|¢) _ Z det(_etk[-Rl(j))det< zk Rm(/)) (Hal(l)T> (Hal(iN)'O)'
) VL \/_ i

(2.63)

Here L denotes the number of lattice. k; is a momentum of the i-th electron below
the Fermi level. A set of sites (/(1),1(2),...,I(Ny)) ((m(1),m(2),...,m(N})))
denote a configuration of electrons with up (down) spin on the lattice, and
(Riq1y, Ri2), - - - Ri(ny)) denote the positions of the sites. The determinants are
defined for the matrices whose (i, j) element is given by (1/ VL) exp(ik; - Ry(j)
and (1/ VL) exp(ik; - R,,(j)), respectively. Furthermore, ZC( Ny.N,) Means the sum
over all the configurations of electrons on a lattice when electron numbers of up
and down spins are given. It should be noted that the {{(i)} ({m(i)}) are ordered as
(1) <I(2) <---<I(Ny) (m(1) <m(2) < --- <m(Ny)) in the Fock space.

In the Hartree—Fock wavefunction, doubly occupied sites appear irrespective of
the Coulomb interaction strength U in various electron configurations on a lattice.
Such a state with doubly occupied sites causes a loss of Coulomb interaction energy.
In the correlated electron system, the probability amplitudes of doubly occupied
states must be reduced to decrease the total energy. In order to describe the on-site
electron correlations, Gutzwiller introduced a correlated wavefunction as follows.

L
W) = [l_[(l —(1- g)ni¢ni¢):||¢)- (2.64)

i

Here n;4n; is a projection operator that chooses the doubly occupied state on site
i, and g is a variational parameter controlling the amplitudes of doubly occupied
states in the Hartree—Fock wavefunction. Note that the g = 1 state corresponds to
an uncorrelated state, and the g = 0 state corresponds to the atomic state in which
all the doubly occupied states have been removed.

Substituting (2.63) into the Gutzwiller wave function (2.64), we obtain the real-
space representation as follows.
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Ny
1 . 1 . -
V) = E gD E det(—e'k['R”/))det(—e’k’uRm(j))(l |az'(i)¢)
VL VL ;

D C(D, Ny, Ny)

Ny
x (]‘[ at ¢) |0). (2.65)

Here D is the number of doubly occupied sites, and C(D, Ny, N) denotes the
electron configurations on a lattice when D, N4, and N are given.

The energy for the Hubbard Hamiltonian (1.51) with g9 = 0 is then given as
follows.

Y io 11 (W lal, ajo W) + U@ Y nigniy |9)

Ee)= : (2.66)
(Pv)
Each term at the r.h.s. is given as follows.
Ry Ry - Riwvy
T T (oo T
R R ... R
D C(D,Nt,Ny) i M@ 1(Ny)
R R ... R
X | wy (R — R’) Rm(l) Rm(2) Rm(NU ’ (2.67)
m(1) m(2) m(N,)
<l]/ ZniTnii lI/>
i
Ry Ry - Ry
=20 X <WT(R—R/) )
R R ... R
D C(D,Ny,Ny) 1(1) 1(2) I(N})
R 1 R ) ... R
g <wi (R=R)| g R . R'"(N”> : (2.68)
m(1) m(2) m(Ny)
Here the function w, (R — R’) is defined by
1 &
_R)=_— ikn-(R—R')

wo (R—R') = ;e : (2.69)

The Gutzwiller overlap function with w, (R — R’) in (2.67) and (2.68) is defined by

SOy fOry2) oo f(x, )
X1 X .- xn> _[fG2,y) fl2,y2) - f(x2, 90) . (2.70)
yl y2 oo yn oo oo o oo oo

<f(x,y)
fOn, ) [, y2) o0 f(Xa, yn)

In order to calculate the electron hopping term in the numerator of (2.66), we
classify the configuration C(D, N4, N) into 4 parts according to the 4 electron
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configurations on sites i and j; C(D, Ny, N,,it= j1=0), C(D, Ny, N, it=
0, jt=1), C(D, Ny, Ny, it=1, jt=0), and C(D, Ny, Ny,it= j+=1). When
the electron hopping operator a;f 1ajt is applied to ¥, the configuration C(D, Ny,
N,,i1=0, j?=1) remains among 4 types of configurations. The number of doubly
occupied states in each configuration of al.T NG 41¥) can changes from D according
to the configuration of the down spin electrons on sites i and j. When we express
the configuration as (i, j) = (iI ﬁ ), the number of the doubly occupied states of
aiTTajH\I/) is given by D for (i, j) = (8(1)), D — 1 for (i, j) = (8 }), D + 1 for
i, j) = ((1)(1)), and D for (i, j) = ((1) i) We therefore obtain

(]aiajr|@)

o OV VRS DD »

c(p.vpnvLan=(0p)) P c(p. v NLGp=(01))
+Z g2D+l Z +Z g2D Z
D c(p.vnpan=(01) P c(p.nnan=(01))
(=l J o)
(il R R

The configuration in the above expression (2.71), for example, C (D, Ny, Ny, (@, ))
= (8 (1))) means the electron configuration when D, N +,and N are given, and there
is no electron on site i, but site j is occupied by an up-spin electron.

The difficulty in the Gutzwiller variational method is how to take the sums with
respect to the electron configurations in each term of the energy containing the over-
lap functions of wy (R — R’). Gutzwiller replaced these overlap functions with their
average values. This is called the Gutzwiller approximation. For example, in the

calculation of the norm (¥ |¥), we make the following approximation.

EOIEDY [ 1 2 2 ]

C(D,Ny,Ny) (ZDZC(D»NT’M)) D C(D,Ny,N))
x (wi(R - R) Riy Ry -+ Rivy
Riqy Ry -+ Ruwy

Rnay Rm@) -+ Rmwvy
Rnay Rme -+ Rmwnp)’

2.72)

x (M(R - k)
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We then obtain

Wo(g)

(W|¥) ~ Woll)

(Blo). (2.73)

Here (¢|¢p) = 1. Wy(g) is a sum over all configurations of correlation weight g?P
for double occupation number. It is defined by

Wo =) > ¢* (2.74)

D C(D, NT’Nl)

In the same way, we obtain

i WlT(g)
o ~ 2¢(g) o
(Wlnirni |¥) War (1) (Plnirniy|@). (2.76)

Here

Wir(@ =) > P+ > 3 el

D (D, Ny, Ny, G, )= (00)) b c(p.vyoNy )= (01))

DD S o DD D
D c(D Ny NG )= (10)) b c(D Ny, Ny (@i, ))= (1}))
.77)

M=), » D& (2.78)

D C(D,Ny,N))

The weighting functions Wy(g), W1(g), and W»(g) are expressed by the follow-
ing type of the hypergeometric functions.

F(a =Ny, B—Ny, L—N+y; g%

= (L—N+y-DWa—=Ny+D—DI(B—N +D—1)!g?’ 2.79)
_D:O D(L—N+y+D—-Dla—Ny—DI(B-=N, —1)! =

Here N is the total number of electrons. «, 8, and y are integers of order of 1. In
the evaluation of the sums over D in these functions, we can adopt the maximum
term approximation because D is a macroscopic variable. The weights for each D
term is proportional to

(@—=Ny+D—-DI(B—N,+D—1)g*
D(L—N+y+D-—1)!

(2.80)
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The representative value of D that maximizes the above factor is given by

» D(L—N;+ D)
& T (N:—D)N, - D)’

2.81)

By making use of the representative value D, we can express the total energy as
follows.

Ny
E@®=) 4o <Z sk> +UD. (2.82)
[ k

Here the band narrowing factor ¢, is given as

(V(Ng = D)WL =N+ D)+ /D(N_, — D))’
NJ(L_NU) .

(2.83)

9o

In the nonmagnetic state at half-filling (N = L), the energy per site is simplified
as follows.

e(g) =—qlev| + Ud. (2.84)
Here
1
q= 16(5 — d)d, (2.85)
d
8= , (2.86)
7—d

and d = D/L denotes the double occupation number per site. €}, is the band energy
per site, and is given by the noninteracting density of states per atom and per spin
p(e) =LY, 8(e — &) as follows.

0
&y = 2/ ep(e)de. (2.87)
—0oQ
Minimizing the energy (2.84) with respect to g (i.e., d), we obtain
UZ
=1-—, 2.88
q Uz (2.88)
1 U
d=—-|1-—, 2.89
(-2 o)
and
U
""u
g= af (2.90)
U
1+ —
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Here U, = 8|ep| is a critical Coulomb interaction at which ¢ and d vanish. The
ground-state energy is given by

! Ul 1 AN 291
£g)=—3 c( Uc>' (2.91)
When U > U, there is another solution: g = 0 or d = 0 which yields the minimum
energy £(g) = 0. Note that electrons are completely localized at U = U.; g =d = 0.
This implies that the metal-insulator transition occurs at U = U..

Equation (2.89) means that the rate of double occupation r =d/({n4)o{n)o) is
given by

r=1-— 2 (2.92)
Ue

By making use of (2.88) and (2.92), we obtain the effective Coulomb interaction for
the ferromagnetic instability which is defined by (2.39), i.e., Uesr =rU/q.

U
1 v

+ U.

Since U, = 2W for the rectangular DOS with the band width W, the expression
above is essentially the same as the effective Coulomb interaction (2.60) in the low
density approximation. We therefore again find that the electron correlations sup-
press the ferromagnetism in the case of usual electron density as well.

In the above analysis, we omitted the polarization via g, and r. More detailed
calculations of spin susceptibility yield [19]

Uefr = (2.93)

m*

2,O(O)m—
=" (2.94)
1 — p(0)Uesr

Here m*/me = q’l is the effective mass of electrons and Ueff is defined by

U (1 + v )
- 2 U
Uetr = Ue/ . (2.95)

Note that the susceptibility diverges at the metal-insulator point U = U, via effec-
tive mass due to the formation of the atomic state with spin s = 1/2 in the Gutzwiller
approximation. The effective Coulomb interaction Ueff is associated with the forma-
tion of the ferromagnetism via the denominator in (2.94), and is essentially the same
as Uefr given by (2.93).

The theory mentioned above is based on the single band model. More realistic
calculations on the stability of the ferromagnetism have been made on the basis of
the five d band model and the local ansatz variational method; the latter takes into
account the on-site Hund’s rule correlations as well as the density correlations [20].
The degeneracy of the bands in general increases the channel of electron hopping,
so that the correlation effects tend to be reduced. The effective Coulomb interac-
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tions for the stability of the ferromagnetism are typically reduced by 3040 % as
compared with the bare values in the case of 3d transition metals. One of the im-
portant results of the theory is that the energy difference between the ferromagnetic
state and the nonmagnetic state is much reduced by electron correlations. In case
of Fe, for example, the difference is 0.56 eV per atom in the Hartree—Fock theory,
reduced to 0.22 eV when the density correlations are taken into account, and re-
duced even further to 0.15 eV when both density and spin correlations are taken
into account [21].

2.3 Density Functional Approach
2.3.1 Slater’s Band Theory

Towards a realistic description of magnetic properties in metals and alloys, it is
desirable to calculate one electron state in solids quantitatively. A reasonable one
electron state may be the Hartree—Fock wave function. As we have mentioned in
Sect. 1.3, the wavefunctions are determined by the following Hartree—Fock self-
consistent equation at the ground state.

<_lv2+uN(r)+/dr/ n(r) )(pig(r)
2 =

occ

, P 0'( rio (r')
B Z f ]ﬁ%o(r) =¢ioPic(r).  (2.96)

Here ¢;, is the Hartree—Fock one-electron energy eigen value. ZOCC denotes a sum-
mation over occupied Hartree—Fock orbital {j}, and n(r) = Z;’ff 9%, (Ngjo (r) de-
notes a charge density in the Hartree—-Fock approximation. The third term at the
Lh.s. expresses the electrostatic potential due to electrons. The last term called the
exchange potential originates in the Coulomb interaction and the anti-symmetric
property of the Slater determinant. The Hartree—Fock total energy is given by
occe 1
(Hur) = ZSZU —5 > Vijji = Vijijbao) (hio )1 o). (2.97)
ijoo’
Here V;jj; (Vijij) is the Coulomb (exchange) energy integral.
Because of the exchange potential, the self-consistent equation is non-linear, so

that it is not easy to solve the equation in solids. In order to simplify the exchange
term, Slater rewrote it as

— (reic (r)

_Z/d /ch i 0o (r)

— Wi (X pic (Kl (g6 (1)
Zf ’ * J, Gio (F). (2.98)
@i (P @i (r)|r —r'|
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The term [~] at the r.h.s. of the above equation is regarded as an effective potential.
Slater [4] took an average of the effective potential with respect to the orbital i with
aweight ¢ (r)eic(r)/ Q] ¢t (r)gis (r)), so that the exchange term is written as

occ

<ch,(” Niq (r') , Rexo (1, 1))
—Zf 4¢ja<r)~—/d T gia (), (299)

'l lr —r'|

3P Y0 0, ()0 ()0, (1) i (1)
50, (Do 1)

fexo (r.r') = (2.100)

The Hartree—Fock equation is then reduced to a linear equation as follows.

<—%V2 + oN(r) +/ |<:z(r )>| + ol (r)><pio(r) = &g Pio (). (2.101)

Here vé?}js) (r) is the Hartree—Fock—Slater exchange potential defined by
HFS  exo (P, 1)
éxa )(l‘) = _/dr T:,G_ | : (2.102)

Slater simplified further the potential by using the free electron wave functions
as follows [4].

3 1/3
Uexa(")=—3(—> na(r)1/3 (2.103)
4r

where n, (r) is the electron density for spin o. For more practical use, Slater pro-
posed the following potential with an adjustable parameter .

3\ 1/3
Vxao (F) = —3a<—) ne ()3, (2.104)
4

This is known as the Xo potential. Numerical calculations suggest that « = 1/2-2/3
is suitable for explaining various experiments.

2.3.2 Density Functional Theory

As discussed before, the orthodox approach to the electronic structure and mag-
netism in solids may be to first apply the Hartree-Fock theory leading to the best
one electron wavefunction at the ground state, and then taking into account the cor-
relation corrections. This scheme however seems to be inconvenient for quantitative
calculations, firstly because the Hartree—Fock equation is too complicated due to
nonlinear exchange potentials, secondly because the Hartree—Fock approximation



2.3 Density Functional Approach 49

is not necessarily a good starting point to describe the magnetism as mentioned
before in Sect. 2.2.

We have discussed a simplified Hartree—Fock—Slater potential for practical use
of the Hartree—Fock approach in the last subsection. Kohn, Sham, and Hohenberg
proposed the density functional theory (DFT) which justifies Slater’s idea for the
exchange potential [22-25]. The theory allows us to include electron correlations in
solids in a simple manner.

The DFT is based on the Hohenberg—Kohn theorem [22, 24]. It states that the
ground state energy E is given by the minimization of a density functional E[n]:

Eo < E[n], (2.105)

E[n] = Fln]+ / vext(r)n(r)dr, (2.106)

Fn] =(&"(T + Veo) @), (2.107)
_ Z

Vet () = — Y TR (2.108)

/

Here n(r) is an electron density. T (Vee) is the kinetic energy (electron—electron
interactions). lP,;“i“ is the wave function that minimizes the energy under a given
density n(r), and vex (r) is the electron-nuclear interaction as an external field. Note
that the energy of the electron system F[r] is a universal functional which does not
depend on vex(r).

In order to verify the inequality in (2.105), let us express the ground state en-
ergy as

Eo = Miny, ((wy(f + Veo) |¥) + / Vext (M) (1) dr). (2.109)

Here Minjy; means to choose from possible Fermion wave functions {¥}, the
ground-state wavefunction that minimizes the total energy. When the N electron
Hilbert space is partitioned by the wave functions with the same density n, the above
expression is written as follows (see Fig. 2.4).

Eo =Miny, (Min{m}(w](f + Veo) |¥) + / Vext (F)n(r) dr). (2.110)

The notation Minyy |,; means to minimize the following term by choosing a wave-
function among those which yield the same density n. The first term at the r.h.s. of
(2.110) is given by F[n], which is defined by (2.107), thus the above equation leads
to the inequality (2.105).

Kohn and Sham [23] assumed that the many-body electron density is reproduced
by the density of noninteracting electrons with an effective potential v(r), and wrote



50 2 Metallic Magnetism at the Ground State

Fig. 2.4 The N electron
Hilbert space is partitioned by -
the wave functions with the

same density n

1\

the energy F[n] as follows.

Fln] =Ts[n]+%/w

r=r

~

drdr’ + Excln]. (2.111)
The first term T[n] at the r.h.s. is a kinetic energy for a noninteracting system
— 1 v2
2

Here n(r) = Y 7 |¢; (r)|? is a density of noninteracting electrons, and v; (r) is a
one-electron eigen function for the eigen value ¢;.

occ

Ty[n] = Z(wi

i

occ

¢i>=25,- —/v(r)n(r)dr. (2.112)

<—%V2 +v(r))1//,~(r) =& yi(r). (2.113)

It should be noted that the kinetic energy Ts[n] is not identical with T'[n] =
(W|T|¥); Tg[n] — T[n] has been included in the exchange correlation energy
Exc[n]. The electron number is given by

/n(r) dr=N. (2.114)

When the universal functional Exc[n] is assumed to be known, one can deter-
mine the effective potential v(r) from the variational principle.

8(E[n] — uN) =0, (2.115)

where p is the chemical potential. Substituting (2.106) and (2.111) into the above
equation and taking the variation, we obtain

U(r)zvext(r)+/%—vac(r)—ﬂ, (2.116)

and the exchange-correlation potential vx:(r) is defined by

SEXC
sn(r)

Uy (F) = 2.117)
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Equations (2.113) and (2.116) are referred as the Kohn—Sham equations. Using
(2.116), the total energy is given by

occe

Bnl=3 e 3 [P drar + Exclint— [ oetryneydr + .

Ir —
(2.118)

The Kohn—Sham theory provides us with a method to calculate the density and
the total energy of correlated electron system by solving one-electron Schrodinger
equation once we know a universal exchange-correlation energy Excl[n].

The Hohenberg—Kohn—Sham method can be extended to the spin polarized case.
In this case, we introduce a magnetic field H (r) coupled to the spin density m(r).
The energy becomes a functional of the charge and spin densities: E[n, m], and

Eo < E[n, m], (2.119)
En,m]l=F[n,m]+ /(vexl(r)n(r) —m(r) - H(r)) dr. (2.120)

The universal functional F[n, m] in the Kohn—Sham method is expressed as

n(ryn(r’) p
Fln,m] = T[n,m] + - /Ir |drdr + Excln,m].  (2.121)

Introducing the wave function v (r) = (Y4 (r), ¥« (r)) and the spin dependent
potential A(r) = (A (r), Ay(r), A,(r)), the Kohn—Sham one-electron eigen value
equation is given by

<—%V2+v(r) —A(r)~a)1pk(r):8k1//k(r). (2.122)

The charge and spin densities are obtained by n(r) = 3 o< [, (r)|* and m(r) =
Y roo Vi (1) (0) oo Yro' (1), respectively. The potentlals obtained by the varia-
tional principles are given by (2.116) and

A(r) = Axc(r) + H(r). (2.123)
The exchange correlation potentials vi(r) and Ax.(r) are defined by

_ 5Exc[n,m] _ 5Exc[n,m]
Uxe(r) = o) A (r) = —sme) (2.124)

The ground-state energy in the Kohn—Sham scheme is then given by

occ

Eln,m] = Zsk——/wd dr’' + Excln, m]

lr—r|

- / (vxe(P)n(r) — Axe(r) - m(r)) dr + uN. (2.125)
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Actual expressions of the exchange correlation potentials have been obtained by
many investigators. The simplest way is to assume that the exchange correlation en-
ergy is a function of the electron densities and adopt an approximate form obtained
from the homogeneous electron gas system.

Excln]= / n(ryex(n(r)). (2.126)

Here 4. (n(r)) is the exchange correlation energy per electron for a homogeneous
electron gas. This is called the Local Density Approximation (LDA). The LDA is
referred as the Local Spin Density Approximation (LSDA) when spin polarization
is taken into account.

The exchange-correlation energy exc(n) consists of the exchange energy part
&x(n) and the correlation part e.(n); exc(n) = ex(n) + c(n). The exchange energy
in the electron gas is given by

330\
ex(n)=——(—”> . (2.127)
4\
This yields the exchange potential in the paramagnetic state.
3n\'? 0611
vE(n) = —(—") =— [a.u.]. (2.128)
T rs

where rg denotes a radius for the sphere with the volume per electron, i.e., rg =
(47n/3)~1/3. When the correlation term is neglected, the potential reduces to the
Slater exchange potential (2.103) with the difference by a factor « =2/3.

Barth and Hedin [26] proposed the exchange correlation potential with use of
the result of the random phase approximation for electron gas. Assuming the fer-
romagnetic spin polarization, the potential vi(r) = vy (r) — A;(r)o is given as
follows.

viS(r) =i (r) +vo(r). (2.129)

The exchange part is given by

vEi(r) = vp + (vE — u,lj)f(”—”) (2.130)
n

Here vf = —0.770/r; is the exchange potential for the complete polarization state

(ny =n) and the function f(x) is defined by
1 _
FO) ==+ =0t 271, (2.131)

Note that f(1/2) = 0 in the paramagnetic state and f(0) = 1 in the complete ferro-
magnetic state.
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Fig. 2.5 Exchange and correlation energies (Agx = ex — af and Ag;. = &c — sf) per electron as a
function of spin polarization { = (ny —n)/n (case of ry = 2) [27]. VWN: Ag. by Vosko et al.,
GL: Ag. by Gunnarsson et al.

The correlation potential v (r) is expressed as

ve (r) =vF + (o — ui’)f(”—”). (2.132)

The correlation potentials in the paramagnetic and ferromagnetic states are de-
fined by

C

0504 0254
va_@lrI(H@), vF——0051n<1+E). (2.133)

rs rs

Figure 2.5 shows the energy gain of correlation energy per electron as a func-
tion of spin polarization { = (ny — ny)/n. As expected from our discussions in
the previous sections, the spin polarization is caused by the exchange energy gain,
but the correlation energy acts to suppress polarization. This is the same physics as
discussed in the last subsection. It should be noted that in the local orbital represen-
tation the on-site Coulomb interaction was very large (~20 eV). In the LSDA based
on the homogeneous electron gas the contribution from the Coulomb integral on the
same orbital is negligible because the wave functions for electron gas are extended
over the crystal.

2.3.3 Tight-Binding Linear Muffin-Tin Orbitals

In the LDA scheme, calculations of the ground-state properties in solids are reduced
to an eigen-value problem for one electron Hamiltonian H = —V?/2+v(r) as given
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by (2.113):

Hi(r) = ¢&ii(r). (2.134)

Among various methods to solve the eigen value equation in solids, the Tight-
Binding Linear Muffin-Tin Orbital (TB-LMTO) method [28-30] is compatible with
the tight-binding model which has been used in the previous sections, and allows us
the first-principles calculations of the Hamiltonian matrix elements in real space. In
this subsection, we describe the TB-LMTO method for electronic structure calcula-
tions.

The basic idea of the TB-LMTO method is found in the one electron eigen value
problem of a hydrogen molecule. The eigen states are approximately given by a
linear combination of atomic orbitals ¢ () at the origin and ¢(r — R) at another
position of hydrogen atom R.

¢B(r) =¢(r) +¢(r — R), (2.135)
wa(r) =¢(r) —o(r — R). (2.136)

Here ¢p(r) (pa(r)) is the bonding (antibonding) orbital of the hydrogen molecule
leading to the eigen value Ep (Ej4). Solving the above equations with respect to
¢(r) and ¢(r — R), we can express the atomic orbitals as

1
o(r) = 5(¢B(r) + ga(r)), (2.137)

1
p(r—R) = §(¢B(r) — pa(r)). (2.138)

We introduce here an energy-dependent wave function for the hydrogen molecule
@g (r) such that Hpg (r) = E@g(r) where H is the one-electron Hamiltonian of the
molecule, and rewrite the above equations as

@(r) = @, (r) + c19g,(r), (2.139)
p(r — R) >~ c29p,(r). (2.140)

Here Ey is an energy such that Eg < Eg < Ea, and ¢g,(r) = dpg,(r)/0E. The
above expressions of atomic orbitals suggest that the atomic orbitals as the basis
functions for solids can be expressed by a linear combination of the energy depen-
dent wave functions ¢g, (r) and their derivatives ¢g, (r).

Let us assume that the crystalline potential consists of the spherical potentials
centered at each nucleus and the flat potential in the interstitial region. The former
potentials are called the muffin-tin (MT) potentials. We then define the following
atomic orbital on site i and orbital L = (I, m) as a basis function of solid.

Xy (r—R) =@i(r = R)+ X, (r = R)+ )¢5, (r = R)KS,, . (2.141)
jr
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@i (r — R) =¢i(r — R) + ¢ir (r — Ri)oj. (2.142)

The wave functions 7 (r — R;) are called the LMTO. Here the spin part has been
omitted for simplicity. The atomic wave function ¢;1 (r — R;) is defined to satisfy
the Schrédinger equation with an energy E,;; inside the MT sphere i with radius
sir; (H — Eyip)eir (r — R;) =0, and vanishes outside the sphere i. Because of the
spherical potential inside the MT sphere, it is written as @; 1 (r) = ¢z (Eyip, r)YL (F)
using the cubic harmonics Yy (7). ¢; 1 (E, r) is determined by the radial Schrédinger
equation with energy E. The energy E,;r is usually chosen to be the center of the
gravity of energy eigen values below the Fermi level for each orbital. Note that ¢;1,’s
are normalized in the MT sphere as {(;z | 1/) =8;;0L1’.

The second term at the r.h.s. of (2.141), i.e., X,?L(r — R;) is an atomic wave
function for the interstitial region that satisfies the Schrodinger equation in the in-
terstitial region; (V2 + k) X,-i 1 =0 with k = 0, so that the function is expressed by
the irregular solution of the Laplace equation as follows.

Ir — Ri|

SiR

—I-1
fo(r—Ri)=KiL(r—Ri)=< ) YL(r—Rp).  (2.143)

The wave function X{ . (r — R;) inside the MT spheres is defined to be zero.

Inside each MT sphere (j # i), the basis wave function is described by the
third term at the rh.s. of (2.141) where ¢ (r — R;) is defined by (2.142).
@i (r — R;) is the energy derivative of ;1 (r — R;) at E,;;; @i (r — R;) = [0¢; (r —
R;)/9E]g=E,;,,and (¢;1|¢j1/) = 0. Note that the wave function ¢7; (r — R;) de-
scribing the tails of the LMTO contains an arbitrary parameters o7, which allows us
to control the localization of the basis function.

The coefficients h‘; ;7 10 the tail part of (2.141) are determined so that the wave

function Xii 1 (r — R;) in the interstitial region is smoothly connected to those inside
the MT spheres. This can be performed by using an envelope function

KX —R)=KiL(r—R) =) J5(r—R)SS,  (2.144)
jL

which smoothly connects the interstitial wave function X,-i 1 (r — R;) inside all the

MT spheres. J{; is a linear combination of the regular solution J;z and the irregular
solution K of the Laplace equation being defined by

Jipr—Ri)=JiL(r — R;) — Kir.(r — Ri)a;L. (2.145)

The matrix S"‘L .1, In (2.144) is the so-called screened structure constant which is
expressed by the canomcal structure constant S;; ;7 as

o =[sa —th)_l]iLjL,. (2.146)
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Here §;p ;1 is given by

r —R;| —I-1'—1 . o
SjL/iL = VAT grm' Im T Yl-‘,—l’m’ (Ri — Rj),

w

200" — !
I+1 /—
grm'im = (=) 1)“(21,_1)”Clml’m’l”m”a (2.147)

Cim 1w 1wy being the Gaunt coefficient, and s, is an arbitrary length such as the
average Wigner—Seitz radius of the lattice.

The parameters «;; screen the structure constant S“ /1 s seen from (2.146).
With the use of the matching condition on each mufﬁn tin sphere, we obtain the
relation between «; 7 and 01 7 via (pl 7 as

_ Gir/sw)* ™ D) -1
T R ST e (2.148)

Alternatively o, is expressed by a; as

oo — witl). ¢} —wir{K, pleis (2.149)
ik wir{J, 9} —wir{K, p}oir’ '

Here wjy {a, b} is the Wronskian defined by

wir{a, b} = siraiL (siR)biL (sir)[D{biL} — Diair}],
Dfa} =sira’(sir)/a(sir). (2.150)

Finally the tail function /¢ i is obtained from the global matching between
and K7 on the muffin-tin spheres

w;{K, ¢} 2 2
h?L]L’:_W‘SiﬂsLL"F gwiL{J,go}SleL,w]L/{J L0} )

Sw

(2.151)

According to (2.148), the choice 0f; = 0 corresponds to the choice of ;1 = ;1
such that

 Gir/sw)?t! Dig)—1
L= 50i+ 1) Dl +i+1 2.152)

The choice of «;; = y;r is called the nearly orthogonal representation (or
y -representation) because in this case the MTO’s become orthogonal to each other
up to the second order in hl LiL Andersen et al. [28] showed that the follow-
ing choice of «;; yields well locahzed basis set {le"L (r — R))}; a;s = 0.34850,
aip = 0.05303, ajq = 0.010714, and o;;(>3) = 0.0. The MTO’s with such a set of
{a;r} are called the TB-LMTO.
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In the atomic sphere approximation (ASA) in which the Wigner—Seitz cells are
replaced by the atomic spheres with the same volume, the interstitial region disap-
pear, so that the basis function reduces to

Xt =R =@i(r —R)+) ¢S, r = RIS (2153)
JL
In the y representation, we have
X —R)=¢i(r —R)+ ) ¢jr—RHI,, . (2.154)
i
The coefficients h?‘Lj ;. and of; are parameterized by the position poten-
tial parameter ¢, defined by ¢ = (x{;|H|x7 ), and the parameter AY =
—(2/sw) ' Pw; {J%, @} as follows.

h;'ijL’ = (¢, = EviL)ijL + (A?L)l/2 qujL/(A(}lL/)l/zv (2.155)

_ ViL — %L
AY + (vip —oip)(cy — Evip)

oY = (2.156)

In the next step, we construct the Hamiltonian matrix. Using the basis set of y
representation (2.154), we obtain the matrix elements of the Hamiltonian H;y ;-
and overlap integral O;;;’ as follows.

Y —(vY yN_pY Y 14 Y Y
Hy i = (XiL|H‘XjL/> =hip i+ EviLdijrr + ZhiLkL” Evkr Diprlgrr s
kL//
(2.157)
Yo YV Y Vs ¥ Y v
OiLjL/ - <XiL|XjL/) - 8lj8LL/ + ZhiLkL//pkL//hkLujL/- (2158)
kL//
Here p!; = (¢% ) = (¢ir|¢i). In the matrix form, they are written as

HY =hY + E,+hVE,p"h", (2.159)

0 =I1+h"p'h". (2.160)

Similarly, the matrix elements of the Hamiltonian H,;;;- and overlap integral
O;pj1 in the o representation are given as follows.

HY = (I+h%")h* + (I + h%0%)E, (I +0"h*) +h*E,p*h®, (2.161)
0% = (I +h%0®)(I + 0®h®) + h® p*h*. (2.162)

Note that we can switch the basis set {x*} into the set {x”} via the following
relations,

=3 e [+ o) ] Ly (2.163)
ir
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and
B =0 (1 +0"h®) " = h® — h%0"h" + --- . (2.164)

Using the above expressions, the Hamiltonian in the completely orthogonal rep-
resentation is given by

H=0""'"2HgY 071> =0~ 12g*0*~/2. (2.165)

The Hamiltonian matrix element in this representation is given as follows to the
second orderin E — E ;[ .

Hipjr = EviLdijdrp + hz-/Lij =Evirdijérr +hip — (haoaha)iLjL/'

(2.166)

Thus, the Hamiltonian in the nearly orthogonal basis set has the same form as
Slater’s two-center tight-binding Hamiltonian [31].

Hipjr = ¢€ipdijdpr + tipjr (1 —8i;0L17). (2.167)

HereeiL:Ev,-L—i—hg’LiL and tj;p =h =h
first-principles TB-LMTO Hamiltonian.
In the actual band calculations, we solve the eigen value equation in the o repre-

sentation.

E/LjL’ ?LjL’ — (h"‘o"‘h“),-LjL/.This is the

ZHiD‘LjL,ujL/(k) =en(k) Y Ofy i jrr (). (2.168)
L L

Here ¢, (k) is the energy eigen value for the momentum k and the quantum num-
ber n. u;r (k) is the eigen vector in the « representation. The self-consistent cal-
culations of potential are also possible by recalculating the charge (as well as spin)
density within the atomic sphere after we obtain eigen values and the wave functions
in the atomic sphere.

2.3.4 Ferromagnetism in Transition Metals

Using the TB-LMTO and ASA, one can obtain the effective exchange energy pa-
rameter called the Stoner parameter. Let us assume that one-electron energy eigen
values for spin o are given by &, (k). The exchange splitting for the electron with
quantum number (n, k) is given by Ag,, (k) = &, (k) — &,4 (k). The average ex-
change splitting near the Fermi level is therefore given by

ep<éns (k)<ep+A

1
M Npena 2

nk

Agys (k). (2.169)
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Here N is the number of atoms. p(ef) is the total DOS per atom per spin at the
Fermi level, and A is an infinitesimal width of energy at the Fermi level.

The exchange splitting is caused by the exchange correlation potential v}°(r) =
8Exc/dns (r). In the LDA, the exchange correlation potential has the form Exc =
fSR néexe(n, m)dr. Defining G(n, m) by

G(n,m) =nex(n,m), (2.170)
the exchange correlation potential is given as follows for a small polarization m(r).
vi(r) =G, (n,0)+ G, (n,0)mo. (2.171)

Here G/, (n,m) =9G/dn and G, (n,m) = 82G/dm?. Then we obtain the splitting
Agys (k) as

Atno (k) = =2, (k)| G} (1, 0ym () |1 (K). (2.172)
Substituting Ag, (k) from (2.172) into (2.169) and using the ASA, we obtain
1 pi1 (€F)
Ae = — Limi—————, 2.173
& N Z il mj o(er) ( )

il
m;(r)

1

SR
I =— / 2G (n,0) bi1(ep, r)*ridr. (2.174)
0

Here m;(m;(r)) is the magnetic moment (the spin density) on site i. p;;(¢f) is the

partial DOS for the orbital / per spin in the nonmagnetic state, and is defined by

it (€F) = D D i XiL |¥n (K))S (e — &n (k) (Y (k)| xiL). The Stoner parameter I;
on site i may be defined by

1
As = NZIimi. (2.175)
L
Comparing (2.175) with (2.173), we find

pil (6F)
L=Y"1 . 2.176
;’mm (2176

This is the exchange energy parameter derived from the DFT-LDA theory, i.e., the
Stoner parameter.

The spin density m; (r) on site i in (2.174) is given by m; (r) =n;y (r) —n; (),
and each n;4 (1) is given by

1 éF
mo )= g [ de e 1 pue o) 2.177)
1

For small polarization, we have a polarized wave function ¢, (e,r) = ¢ij(e +
Aeo/2,r) and the polarized DOS pjis(e) = pii(e + Aeo/2) according to the
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Table 2.1 Stoner parameters
and Stoner criterions in
transition metals [32]

Metal \% Fe Co Ni Pd Pt

I(V) 080 092 099 101 070 063
o) 0.9 1.6 1.7 2.1 0.8 0.5

Schrodinger equation with constant exchange splitting Ae. We therefore obtain the
magnetization m; (r) = nij4 (r) — n; (r) from (2.177) as follows.

m;(r) 1 5 i1 (€F)
=— > ¢iuler,r)"———. (2.178)
mi 4w Xl: ’ pi (€F)
Here p; (¢) is the local DOS per spin on site i.

Substituting (2.178) into (2.174), we obtain

SiR ] il
I = Z[ /0 E(—z(;;;, (n,0))pir (er, r)*pur (eF, r)2r2dr:| ’;);(—g). (2.179)
l/

In transition metals, the d component is dominant in the total DOS at the Fermi
level, so that we obtain

1 R " 4.2
IZ_Z/ G/ (n,0)i (g, r)*rdr. (2.180)
0

The Stoner condition for the ferromagnetism in the LDA-DFT is therefore given by
plep)l > 1. (2.181)

Here p(¢eF) is the total DOS per atom per spin.

Gunnarsson calculated the Stoner parameters of transition metals [32]. The re-
sults are presented in Table 2.1. Calculated Stoner parameters for Fe, Co, and Ni
are 0.92, 0.99, and 1.01 eV, respectively. These values are close to the exchange en-
ergy parameters in atoms obtained by the Hatree—Fock calculations: 0.88, 0.94, and
0.99 eV, but they are much smaller than the effective exchange energy parameters in
the Hatree—Fock approximation J= Uo/5+4J/5 (see (2.28)):5.7,6.0, and 6.4 eV,
respectively, according to the Hatree—Fock atomic calculations. The discrepancy is
due to a large intra-atomic Coulomb interaction energy between the same orbitals
(Up ~ 20 eV). The Hartree—Fock approximation is not a good starting point for
such a condition. The electron correlations reduce this to Uegr ~ W as discussed in
Sect. 2.2, so that one can expect that the effective J becomes comparable to those
obtained from the DFT-LDA. It should be noted that the intra-orbital Coulomb in-
teractions are negligible in the free electron gas, so that the large Uy term as found
in the atomic calculations does not appear in the DFT-LDA scheme.

The densities of states (DOS) in the paramagnetic state of 3d transition metals
are presented in Fig. 2.6. The bcc DOS is characterized by a two-peak structure
and a deep valley between the main peaks. The Fermi level of V is near the top of
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Fig. 2.6 Densities of states of bce Fe (solid curve) and fcc Ni (dotted curve). The Fermi levels of
bee V, bee Cr, fece Mn, and fec Co are shown by the arrows

Table 2.2 Theory vs. experiment of the ground-state magnetizations M for Fe, Co, and Ni [34].
Theoretical results are the spin contribution to the magnetizations calculated at the experimental
lattice constant. The values in the parentheses in the experimental data denote the spin contribution

M (up) Fe Co Ni
LDA 2.15 1.51 0.59
Expt. 2.22 (2.12) 1.74 (1.71) 0.62 (0.60)

the second peak. The Fermi level of Cr is near the bottom of the valley. The Fermi
level of the bee Fe is located on the main peak, so that bcc Fe is favorable to the
ferromagnetism. The fcc DOS is characterized by a high DOS in the main peak,
which is caused by the tp¢ d bands. The Fermi level of the fcc Ni is on the peak, and
thus it is favorable for the strong ferromagnetism.

The Stoner parameters as well as the DOS at the Fermi level obtained by the
LSDA explain the ferromagnetism in bcc Fe, Co, and Ni, and the paramagnetism
in V, Pd, and Pt as shown in Table 2.1. Janak [33] performed the spin susceptibility
calculations for 32 metallic elements from Li to In on the basis of the DFT-LDA,
and demonstrated that the other elements do not satisfy the Stoner criterion as they
should.

Moruzzi et al. [34] calculated the ground-state magnetization of transition-metal
ferromagnets. As shown in Table 2.2, the LDA quantitatively explains the ground-
state magnetization in Fe, Co, and Ni. The LDA, however, does not explain the crys-
tal structure of Fe correctly; the nonmagnetic fcc structure is stabilized for Fe in the
LDA. Perdew et al. [35-37] developed a method which self-consistently takes into
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account the gradient terms of the spin and charge densities being neglected in the
LDA. The method called the generalized gradient approximation (GGA) improves
the structural properties of solids. The GGA yields the ground-state magnetizations
2.17 up for bee Fe, 1.66 upg for fcc Co, and 0.66 upg for Ni at calculated lattice
constants [38]. The ground-state magnetization in Ni is somewhat overestimated. In
general the GGA enhances the magnetization as compared with the LDA.



Chapter 3
Metallic Magnetism at Finite Temperatures

When temperature is elevated, various excited states of electrons appear in the
ensemble average of magnetic moments. In this chapter, we present the theories
of metallic ferromagnetism at finite temperatures. We first deal with the finite-
temperature ferromagnetism by means of the Hartree—Fock approximation called
the Stoner theory, and point out that the theory overestimates the Curie temperature
due to the lack of spin fluctuations. The single-site spin fluctuation theory (SSF) de-
scribes thermal spin fluctuations, and significantly improves the Stoner theory. We
introduce in Sect. 3.2 the functional integral method (FIM) which describes spin
fluctuations at finite temperatures with use of the auxiliary exchange fields, and de-
rive the SSF in Sect. 3.3 on the basis of the FIM. The SSF yields the Curie—Weiss
susceptibility, and explains various properties of metallic magnetism at finite tem-
peratures qualitatively. But dynamical spin and charge fluctuations are not taken
into account in the theory because it is based on the high temperature approxima-
tion called the static approximation. We present the dynamical CPA in Sects. 3.4
and 3.5, which completely takes into account the dynamical spin as well as charge
fluctuations at finite temperatures within the single-site approximation. We discuss
the dynamical effects on the metallic magnetism. The dynamical CPA is an exten-
sion of the SSF to the dynamical case, and equivalent to the dynamical mean field
theory in the metal—-insulator transition. This equivalence is discussed in Sect. 3.6. In
the last section, we extend the theory to the first-principles dynamical CPA and dis-
cuss the quantitative aspects of the finite-temperature magnetism in Fe, Co, and Ni.

3.1 Stoner Theory

The Hartree—Fock—Stoner theory is useful to understand the origin of the ferromag-
netism at the ground state in itinerant-electron system. The Stoner condition (2.5)
shows that the ferromagnetism is caused by a balance between the energy gain due
to Coulomb interaction and the band energy loss of electrons via the Fermi level,
though electron correlations play a significant role in its stabilization. We will dis-
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64 3 Metallic Magnetism at Finite Temperatures
cuss in this section the Stoner theory at finite temperatures to understand the nature
of the mean-field theory of magnetism.

Finite-temperature properties of the Stoner theory are obtained from the self-

consistent equations (2.11) for average charge n per atom and (2.12) for magnetiza-
tion m per atom.

n:Z/dwf(a))p(a)+A~a+A,u), (3.1)

m:Za/da)f(w),o(w—i—A-o—}—A,u). (3.2)

Here we introduced the Hartree—Fock density of states (DOS) in the nonmagnetic
state as p(w) = p*(w — Un/2 + ¢p), the exchange potential A = Um/2 + h, and
the change of chemical potential Au due to spin polarization. e and / denote the
Fermi level in the nonmagnetic state and the uniform magnetic field, respectively.
Note that the DOS p(w) satisfies the following relation by definition.

n :/da)f(a))Zp(a)). (3.3)

In the weak ferromagnetic limit (A « 1), we can obtain the explicit expressions
of magnetization and susceptibility in the Stoner theory as follows. Let us take the
difference between (3.1) and (3.3) to obtain Apu.

/dwf(w)Z[,o(w+A-o+A,u)—p(w)]:O. 3.4
o
Expanding the above equation with respect to small A, we obtain A as follows.
— A2 2 €\ A2
Ap=aA®(1+\a"+3b+— A +---|. (3.5)
a

The coefficients a, b, and ¢ are defined as

_ @ __ 1 3
a= > do f(w)p*” (w), b= do f(w)p" (W),
ago 6ag
: 3.6)
— _ (€]
c= 2440 do f(w)p"" (w).

Here p®™ (w) means that p™ (w) = 3" p(w)/de", and the coefficient ag is defined
by

a0 = / do f(@)p" (). 3.7)
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In the same way, (3.2) is expressed as
mzfdwf(w)za[p(erA.o+Au)—p(w)]. (3.8)
o

Expanding the r.h.s. of the above equation with respect to small A and Au, and
substituting the relation (3.5) into the equation, we obtain

m=2a0A[1 — (2a*> + b) A* +---]. (3.9)

At T =0, we have ag = p, a = —pV/2p, and b = —p® /6p, where p, pV,
and p(z) stand for p(0), ,0(1) (0), and ,0(2) (0) at T =0, respectively. When & = 0 and
T =0, (3.9) yields the ground state magnetization,

_ [8U—1
m(0) = R (3.10)

Here F1 = (0" /p)? — p@/3p.
The paramagnetic susceptibility is obtained by taking the linear term in A at the
r.h.s. of (3.9).

2ao(T)

*D =

(3.11)
At T =0, we have ag = p, thus (3.11) reduces to (2.14), the susceptibility in the
Hartree—Fock approximation at the ground state.

At finite temperatures, we may adopt the low temperature expansion for the
Fermi distribution function because here we are considering very weak ferromag-
netism. Furthermore it should be noted that p(w), the DOS in the nonmagnetic
state, depends on temperature 7 via Aef, the change of g due to temperature. Here
we express its temperature dependence explicitly as p(w, T'). The change Aer and
p(w, T) are determined by (3.3) as

2 M
Aep=-2_12P " (3.12)
6 P
2 (1)
p(, T) = p(,0) — p“)(w,m%ﬂp— T (3.13)

Then ao(T) defined by (3.7) is expanded as

2
ao(T)=/da) (—M)p(w, T):p[l— ”—RT2+-~~]. (3.14)
Jw 6

Here

(H\2 (2)
R= (p—> _r (3.15)
o o
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The Curie temperature is obtained from the condition that the denominator in
(3.11) vanishes, ag(Tc)U = 1. With use of (3.14), it is given as

_ [60U-1)
Te = YT (3.16)

Note that 0 < pU — 1 <« 1 because we are considering the very weak ferromag-
netism. Therefore, we may replace pU in the denominator of the above expression
by one. Substituting (3.14) into (3.11) and using the expression of Tc, we obtain

7 R(pU)?

7y ' =
x(T) 2p

(1% - 13). (3.17)
The inverse susceptibility in the Stoner theory is proportional to T — T¢ near Tc,
i.e., the susceptibility follows the Curie—Weiss law. But it deviates from it at higher
temperatures.

The magnetization at finite temperatures is obtained from (3.9):

m(A+2Bm* +---) =0, (3.18)

with
Az ZS‘S’U = % (3.19)
B= 31—2(2a2 +b)U°. (3.20)

Solving (3.18), we obtain

T)= AM) 3.21
) =[5z (3:21)

Substituting (3.17) of x(T') into A(T') and replacing B(T) with B(0) in the above
expression, we reach

7\2
m(T) = m(0) 1—(—). (3.22)
Ic

Here m(0) is given by (3.10).

The temperature dependence of magnetization and susceptibility in the very
weak ferromagnet, which is based on the Stoner theory is summarized in (3.22)
and (3.17), respectively. The change of the magnetization Am(T) = m(T) — m(0)
follows the T2 law at low temperatures. In the actual transition metals, we have an
additional term being proportional to T3/2. This is explained by the spin wave ex-
citations as will be discussed in Sect. 4.2. Near T¢, the magnetization vanishes as
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Table 3.1 The LDA+Stoner

theory vs. experiment of the ~ Metal Fe Co Ni

Curie temperatures for Fe,

Co, and Ni [39, 40] LDA+Stoner Tc (K) 6000 4000 2900
Expt. Tc (K) 1040 1390 630

(Tc — T)'/2. This is characteristic of the mean-field theory (see also the Ginzburg—
Landau theory in Sect. 6.4). However the 72 dependence of the inverse susceptibil-
ity in (3.17) seems to be inconsistent with the experimental data of weak ferromag-
nets which indicate the Curie—Weiss law in a wide range of temperature. It suggests
that one has to take into account the spin fluctuations neglected in the Stoner theory.

In the above analysis, we assumed a very weak ferromagnetism where
0 < pU — 1, m < 1. When the magnetization is large, we have to solve (3.1) and
(3.2) self-consistently. In the realistic calculations, one can adopt the tight-binding
LMTO Hamiltonian (2.167) and the first-principles Stoner parameter / (2.180) ob-
tained by the DFT-LDA theory in Sect. 2.3.4. The Stoner model is then described
by the following Hamiltonian.

1 1
H= Z(&L — Elm : 051d>niLa + Z tiLjL’alTLdajL’o- + Zlmz' (3.23)
iLo iLjL'o

Gunnarsson et al. [39, 40] calculated the Curie temperatures of Fe, Co, and Ni on
the basis of the Stoner theory and the DFT-LDA Stoner parameters. The results are
presented in Table 3.1. Calculated values are overestimated by a factor of 3-6 as
compared with the experimental result. This is because the Stoner theory does not
take into account the spin fluctuations at finite temperatures. The spin fluctuations
reduce the magnetic energy and produce the magnetic entropy at finite temperatures.
We will present the theory at finite temperatures in the following sections.

3.2 Functional Integral Method

We have discussed that the Hartree—Fock type independent-particle approximation
overestimates magnetic energy and underestimates magnetic entropy because it ne-
glects charge and spin fluctuations. The approximation therefore overestimates the
Curie temperatures as well as the magnetic order. Figure 3.1 shows various pictures
of spin fluctuations in metallic magnetism. In the Hartree—Fock—Stoner theory (top
panel), the magnetic moments on each site show no spin fluctuations with increasing
temperature. The moments uniformly decrease only via Fermi distribution function
due to single-particle excitations of independent electrons with exchange splitting.
In the local moment system (middle panel), the amplitudes of local moments on each
site are well defined, but the transverse spin fluctuations take place with increasing
temperatures. In the metallic systems, in general, one can expect fluctuations in
both the amplitude and the direction as shown in the bottom panel of Fig. 3.1. One
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Fig. 3.1 The Hartree—
Fock—Stoner picture (top),
local-moment picture
(middle), and the
spin-fluctuations expected in
the metallic system (bottom)

has to explicitly take into account the spin fluctuations mentioned above to reduce
the magnetic energy and to describe the magnetic entropy. The functional integral
method is a suitable technique for this purpose, because auxiliary exchange fields
introduced in the method can describe spin fluctuations in a simple way [41, 42].
In the functional integral method we transform the two-body interactions into a
time-dependent random potential using the Hubbard—Stratonovich transformation.

A0’ :,/é/dg e AEP+2408 (3.24)
T

Here O is an operator, and A denotes an interaction strength.

Let us consider the Hubbard model (1.51) for simplicity. We divide the Hamilto-
nian into two parts, the noninteracting Hamiltonian Hy and the interaction part Hj,
as follows.

H = Hy + H;j, (3.25)
Ho= " tija} a;j,. (3.26)
i,j,0
Hi=Y (e0— wnig + »_ Unipniy. (3.27)

i,0 i

Here &g and #;; are the atomic level and the transfer integrals between sites i and j,
respectively. U denotes the intraatomic Coulomb interaction energy parameter on
each site. The chemical potential x has been inserted for convenience.

It should be noted that there are various representations of the interaction part
because of the Pauli principle nl.Z(7 =n;,. For example,

1
nipn;| = Z(nlz — mlz), (3.28)
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1

—_—

nigniy = i = Em?, (3.29)
or using the relation s)% = 5)2, = szz, we have
1 1
nipn|, = Enl‘ — gmlz (3.30)

Here m; = 2s; is the spin magnetic moment on site i, and m; = m;,. Among various
forms of interactions, we adopt the form (3.28) in the following, because in this case
the simplest approximation to the functional integral method, which is called the
static approximation yields the Hatree—Fock approximation at the ground state.
The free energy % is expressed in the interaction representation as follows [43].

_ B
e B¥ :Tr(e_ﬂHoﬁexp<—/ HI(T)dT)>- (3.3D)
0

Here B denotes the inverse temperature (i.e., 1/kg7T, kg being the Boltzmann con-
stant), .7 denotes the time-ordered product (T product), and Hj is the interac-
tion (3.27). Note that the interactions H(t,) and H(t, ) between different times
commute each other under .7 product, because they are the Bose type operators
consisting of the even products of creation and annihilation operators. Discretizing
the integral with respect to time 7, we have the following relation under .7 product.

p N N
exp<—/0 Hi(7) df) = exp|: ZZ €0~ M)ni”(rn)]
—1i=1

Xnnexp[ ph ,(n)+”ﬂ %(rn)]. (3.32)

n=1li=1

Here N’ is the number of segments of time interval [0, 8].
Applying the Hubbard—Stratonivich transformation (3.24) to the above interac-
tion terms of niz(r,,) (mlz(rn)) at each time T1,,, we reach

N
e 7 = / |:l_[5§i(7)577i(7):|zo[§»77]
i=1
1Yk
xexp|:—ZU§/O dr{nf(r)+$l~2(t)}i|. (3.33)

Here the functional integral f 6& () for the auxiliary field £(7) is defined by

U dé(, v
fag(r) []—[,/ﬂ 5(”} N’ — o0), (3.34)
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and ZO[£, 7] is the partition function for noninteracting electrons under time-
dependent random fields £(7) and 5 (7).

B
Zo[s, n]= Tr(ﬂ expl:—/o dt H(r, &(1), n(r))i|>. (3.35)

Note that H(t,&(t), n(r)) denotes the one-electron Hamiltonian in the random
charge and exchange fields, which is defined by

H(z,&(0),n(0) = Y vio (& (D), 0 (D)nio (1) + Y tija;, (D)ajo (x),  (3.36)

io i,j,O'
where the time-dependent potential v;, (&;(7), n; (7)) is defined by
1 1
Vio (& (2), i (v)) = €0 — n F i EUm (v) — EU&' (7)o (3.37)

Defining the energy functional E[§, n] by
1 0 u P 2 2
E[§,n]= —Ean (5. n] +Z@[0 dr {n; () + £ (D)}, (3.38)

the free energy % given by (3.33) is expressed as follows.

= ——ln/|:1_[8§,877i| —PEL.m], (3.39)

In order to obtain a more explicit form of the partition function Z°[&, 5], we
separate the time-dependent Hamiltonian (3.36) as follows.

H}»(T’Ev 77) = HO(T)+)‘H1(T1 gv ’7) (340)

Here we defined Hp(tr) by the second term at the r.h.s. of (3.36), and defined
Hi(t,&,n) by the first term. We introduced arbitrary interaction strength param-
eter A for convenience. Then the logarithmic derivative of the partition function is

: A
expressed by a Green function G o (t, t') as follows.

Z/ dt vje(T)G, (r.77), (3.41)

BanO

where T means 1 plus an infinitesimal positive number. The Green function for
the time-dependent potentials v;, (7) is defined by

B " "
Tr(yaio(f)aja (r/)e_fo Hy(x")dr )

Gl (¥ =

ijo

. (3.42)
Tr(F e Jo Hx)dr"y
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The Green function is obtained by solving the following Dyson equation [43, 44].

Glio (1. 7) = gijo (v = 7)
B
—l—/ dr"Zg,-k(, (t — ") Avko (77) Grjo (77, T').  (3.43)
0 k

Here g;jo (t — 7’) is the Green function for noninteracting Hamiltonian Hy. The
Dyson equation is solved in the matrix form as follows.

Gr=(g" =), (3.44)
where (Gk)imﬁ/a/ = Gl?‘jd (1, t)844/. Substituting the expression into (3.41) and
integrating it with respect to A from O to 1, we obtain

In 2% =1n Z3 4 SpIn(1 — vg). (3.45)

Here Zg is the partition function for the noninteracting system Hp, and Sp means a
trace over site, time, and spin. Substituting (3.45) into (3.38), we obtain

1
Elg.m = —5(InZ§ +Splng + Spin(s ™" ~v))

U r#
+Xi:@/0 dt {n?(v) + 82 (0)}. (3.46)

Equations (3.39) and (3.46) indicate that the statistical mechanics of two-body inter-
action have been transformed into those of classical integrals of determinants with
infinite dimensions.

Note that the Green function (3.42) for the time-dependent dynamical poten-
tials v;, (7) differs from the temperature Green function for the interacting Hamil-
tonian (3.25). The latter is defined by

Gojor (v = 7') = =T anio (Dafy ;. (7). (3.47)

Here ay;s (1) (aITIiU(t)) is the Heisenberg representation of the annihilation (cre-
ation) operator of an electron on site i with spin o; agis(r) = e Kgjpe ™K
(alT_h.<7 (r) = eTKaJ_Je_TK), where K = H — uN, u being the chemical potential.
We can prove that the temperature Green function is given by the Green function
(3.42) as

/|:1_[5$i3ni:|Gina/(‘[’ f/)e_ﬂE[gsﬂ]
i
/ [H8§i8ni:|e—ﬂE[S,n]
i

To prove the above relation, we express the temperature Green function (3.47) with
use of the interaction representation as follows.

Gojo (1 —7') =(Gigjor (1. 7)) = . (3.48)

e_ﬁ’?%aﬁ,/(t — t’) = —Tr(ﬂa,-g (1.')5120,(7:/)6_[0‘g HI(’H)dt”). (3.49)
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Since terms with different times in the integral of Hy(t”) at the r.h.s. commute
each other under .7 product, we can apply the Hubbard—Stratonovich transforma-
tion (3.24) discretizing the integral as (3.32), so that we obtain the formula (3.48).

The charge and magnetic moment on site i are obtained by taking the derivatives
of (3.39) with respect to the atomic level 8? and the local magnetic field 4; on site i
as 0.7 /3¢ and —3.F /dh;.

p
<nf>=z<%/0 dTGiio(T,T+)>, (3.50)

o

B
(mi) = 20<é/ dt Giio (t, r+)>. (3.51)
0

o

The average (~) at the r.h.s. of (3.50) and (3.51) is defined by a thermal average
with respect of the energy functional E[£&, n].

f []‘[6&6m}(~)e—m~"]

(~) = . (3.52)

f|:1_[ 551‘5771']6_“[5’”]

We can obtain alternative expressions with use of the auxiliary fields. To de-
rive the expressions, we write the local charge as (n;) = (dE[§, 77]/88?). Since

5? appears in the energy E[&, n] via the time-dependent energy &;(t) = 8? — W F
Uin;(t)/2 according to (3.38), we take the derivative for every time segment T,, as

0
(n;) = Z( To o Ele n]>- (3.53)

We can rewrite d E /d¢; (t,) in the above equation using d E /dn; (t,) via the relation
AE /0n;(ty) = Fi(U/2)dE /d¢i(t,) + (At/2B)Un;(t,). By integration by parts,
we obtain an alternative expression as follows.

(ni) = (£in;). (3.54)

For the local magnetic moment, we make use of the time-dependent magnetic field
hi(ty) = U&;(1,)/2 + h; instead of the time-dependent energy &;(t,). Taking the
same steps, we obtain the following formula.

(mi) = (&). (3.53)

Here &; and n; are the time-averaged static field variables defined by

L7 d L7 d 3.56
SZ_EA & (t)dr, 771—5/0 ni(r)dr. (3.56)

The results (3.54) and (3.55) indicate that the averages of the zero frequency
components of the charge and exchange fields determine local charge and magneti-
zation on the same site. In particular, (3.55) suggests that a ‘magnetic moment’ &;
on site i thermally fluctuates as shown in the bottom panel of Fig. 3.1.
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In the functional integral method, one has to evaluate the energy functional
E[&, n] (i.e., (3.46)) first, and then perform the functional integrals as found in (3.39)
and (3.52). In order to obtain the free energy describing spin fluctuations, we make
use of the time-averaged static variables (3.56). Using the identity

1 8
1=/d§i5<§'i—E/O Ei(f)df>
/ / B
:[ ﬁ—:déi/dxi exp|:—2m'xi i—;j(& — %/O gi(r)dr>i|, (3.57)

one can express the free energy (3.32) by means of the static variables &; and 7; as
follows.

N BU N
e P = / [EE(J&M} / |:l_[8§i('f)57li(f)dxi dyf]ZO[E"ﬂ

i=1

XeXp[Z<—%U/O &(0)dt +ix; ﬂﬂnU/O (Si(f)_";:i)df>:|

i=1

al 1 p /BrU [P
Xexp[;<_ZU/0 ni(0)?dt + iy, ﬁﬁn /(;(m(ﬂ-m)dr):|.
(3.58)

The simplest approximation is to replace the time-dependent fields &;(r) and
ni(r) in the Hamiltonian of Zo[g,n] with the static ones, i.e., & and n;, as
H(t,&(t),n(r)) — H(z,&,n). This is called the static approximation. The par-
tition function (3.35) then reduces to the following form.

Z5(&,n) = Tr(exp[—BHq(E. 1)]). (3.59)
and
Hy(5,m) =Y Vig (&, 0)Mio + Y 1ija}, 50 (3.60)
i i,j,0

Here v;s (§;, n;) is a random static potential (3.37) in which the dynamical-field
variables &; (t) and 7n; () have been replaced by the static ones.

1 1
Vio (&i»mi) =0 — p F 5iUni = SU§io. (3.61)

The remaining functional integrals can be performed with use of the Gaussian
integrals, and we obtain the following expression for the free energy Z in the
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static approximation.

N U U N
/[l_[ /i—nd&,/ﬁ—ndm}zg(&n)GXP[—Z Z (nf +¢ }
i=1 i=1

(3.62)

>_a

Here th (&, n) is the partition function (3.59) for the Hamiltonian Hg with the ran-
dom static potential v;, (&;, n;). The free energy (3.62) is also written as follows.

Fy = —%ln/[n,/ﬁ—:déi,/i—:dni}e_ﬂES‘@’”), (3.63)

N
Eq(§,m) = —p~ ' InTr(e PHaEm) 1 Z (n? + &) (3.64)

4>|~

Needless to say, the static approximation is exact in the noninteracting limit.
It is also exact in the atomic limit because the Hamiltonian Hy commutes with
the interaction Hj there, so that the replacement H(t, (1), n(tr)) — H(r,&,n) is
justified. Also, the approximation becomes exact in the high temperature limit where
the time interval [0, 8] becomes zero. At T = 0, on the other hand, one can take the
saddle point of E (&, n) to calculate the free energy. The ground state energy is then
given by

1
(H) =N + (Ha(€* 0o + 7U Z(n,*2 +&). (3.65)

Here ((~))p means the average with respect to the Hamiltonian Hg (£*, n*) at
T =0. The saddle point values & and 5} are determined from the conditions,
0Ey/0& =0and 0Eg/dn; =0, i.e.,

g =(mio(E5 . n%),  Finf = (n)o(&*, n%). (3.66)

These coupled equations for £ and n} are nothing but the Hartree—Fock equations,
and the potential v;, (§*, n*) reduces to the Hartree—Fock one, g9 — . + U (n;)o/2 —
U (m;)po /2. Therefore, the energy (3.65) is identical with the Hartree—Fock energy
at the ground state.

3.3 Single-Site Theory in the Static Approximation

The static approximation to the functional integral method yields a physical picture
of spin fluctuations as indicated in Fig. 3.1, though it is a rather crude approxi-
mation at low temperatures. In this section we present a single-site theory of spin
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fluctuations based on the static approximation, which is known as the single-site
spin fluctuation theory (SSF) [45-49].

We adopt here the saddle point approximation to the charge fields, §; = Fin; =
(ni)o(&, i), and express the free energy (3.63) and the energy potential (3.64) as

follows.
y_——l []‘[,/ d$:| —PE«®) (3.67)

Eg(§) = f de f(w); Im Tr[In(z — Hy)] + ZU Y-8 Ge®

Here z = w + 1§, § being the infinitesimal positive number. Hy; is the one-electron
Hamiltonian matrix defined by

(Hoiojor = [vie (€)8ij + tij (1 — 8ij) 800 (3.69)

The random static potential is now given by

1 1
Vi (§) = &0 — p+ SUL(E) — SU&io, (3.70)

and ¢; (&) = (n;)o(€) denotes the Hartree—Fock charge on site i when the random
exchange fields {&;} are given.

The Hamiltonian matrix H in (3.68) consists of the random potential (v);q o' =
Vis8ij8so and the transfer integral matrix (¢);q jo’ = ij8g0/; Hst = v +1. In order to
reduce the number of integrations in the free energy (3.67), we introduce an energy-
dependent complex potential called the coherent potential X, (z) into the potential
part as Hy = X + t 4 8v. v denotes a scattering potential from a medium X;
Sv=v— 2.

The energy (3.68) is then expressed as follows.

Eq(&)=F +/dcu f(w)%ImTr[ln(l — (Své)] + %U Z(SZZ _ CiZ)_ (3.71)

Here .7 is the coherent part of the free energy given by

= /dw f(a))%lmTr[ln(z -r-n] (3.72)

The second term at the r.h.s. of (3.71) is a contribution from the scattering potential
Sv. The coherent Green function G is defined by

(Gigjor =[G =2 =07"];,,,8i800"- (3.73)

The last term of the r.h.s. of (3.71) is the Gaussian contribution to the free energy.
In order to expand the second term in (3.71) with respect to sites, we divide the
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Green function G into the diagonal part F' and the off-diagonal F’ as follows.

G=F+F, (3.74)

where
(Figjo! = Fio (2)8ij800r =[(2 = £ =)', . 8ij850, (3.75)
(F)igjor = Gicjo (1 = 8850 (3.76)

We can then expand the energy (3.71) with respect to the site as follows.

E) =7+ Ei(&)+AE®). (3.77)

The second term at the r.h.s. of (3.77) consists of the single-site energies on each
site.

1 1
Ei(&) = / do f@)—Im Y In(1 = 8vi0(z,§) Fio (2)) + U (62 = &7). B.78)

Here

8vig (2, 8) = vig (§) — X5 (2). (3.79)

The last term in (3.77) describes the inter-site interaction.
1 !
AEE)= | do f(0)=ImTr[In(1 —7F")]. (3.80)
T
Here 7 is the single-site ¢ matrix for the scattering Sv.
i=(0—8vF) 'sv. (3.81)

In the single-site approximation (SSA), we neglect the last term in (3.77), and obtain
the free energy as follows.

5 |BU (&
Fssa=F —p~ Zln/ i—nd&- e PEG), (3.82)

The coherent potential X5 (z) is determined so that the contribution from the
inter-site corrections (3.80) becomes as small as possible. This implies that

o) = (21 \ g (3.83)
e 1 —évis Fis o ’
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Here the average (~) means a classical average with respect to the impurity energy

E;(§).

(3.84)
/ [PU s, e—BE@)
Equation (3.83) is equivalent to the following condition (see Appendix A).
(G (2,8)) = Fig (2). (3.85)
Here
GV (6 = ! 3.86
io (2, 8) = (3.86)

Fie ()71 = 8vi6(2,6)

The function Gf’a) (z, &) is an on-site Green function for a system with an impu-
rity potential v;, embedded in an effective medium X, (z), whose Hamiltonian is
given by

(HY@) ), = [vio @ §)8ij + Zo (1 = 8i)]8j0 + 1 (1 = 8. (3.87)

The coherent Green function Fj, (z) is defined by (3.75), and expressed by the den-
sity of states p(¢) for the noninteracting Hamiltonian 7;; as

: . p(e)de
R = [ 05— (3.88)

The form is known as the Lehmann representation of the Green function.

The single-site approximation with use of a site-diagonal effective potential
Y5 (z) is known as the coherent potential approximation (CPA), and (3.83) and
(3.85) are called the CPA equation. These equations are also verified to be equiva-
lent to the stationary condition of the free energy (3.82) with respect to the coherent
potential (see Appendix A).

STssa

8%5(2) (389

The CPA was first introduced as a method to treat the electronic structure of dis-
ordered alloys [50, 51], which will be discussed in more detail in Sect. 8.2. The
schematic picture of the CPA equation is given in Fig. 3.2. We have replaced the
random potentials {v;,} of the one-electron Hamiltonian Hy (i.e., (3.69)) with the
coherent potential X (z) at the surrounding sites in order to reduce the number of
field variables. We then have an impurity system described by an effective Hamil-
tonian (3.87), and obtain the impurity Green function (3.86). The Lh.s. in Fig. 3.2
shows the thermal average of such a system. On the other hand, we can consider
a coherent system in which all the random potentials are replaced by the coherent
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Fig. 3.2 Physical picture for the coherent potential approximation (CPA). The left-hand side
(L.h.s.) shows an impurity system with a random potential v;, on site i, which is embedded in
the effective potential X . The right-hand side shows a uniform system with the effective potential
only. When the average is taken at the L.h.s. with respect to a random potential v, it should be
identical with the r.h.s

ones, as shown at the r.h.s. in Fig. 3.2. We then obtain the coherent Green function
(3.88). The CPA equation (3.85) indicates that these states should be identical when
the effective medium is chosen to be best.

One can rederive the formula (3.54) of local charge on site i from the single-site
free energy (3.82) by using the stationary conditions (3.89) and 0 E; (&;)/9¢; =0, as
well as the relations (n;) = Bﬁss/\/as?.

(ni) = (& &), (3.90)
Gi(8) =/dw f(w) Zpia(w, £). (3.91)
o

Here piqs (w, €) is the single-site density of states (DOS) given by
pia (@, §) = —% mG)(z,8). (3.92)
In the same way, we can rederive the formula (3.55) of the local magnetic moment

on site i using the relation (m;) = —9.%gsa/0h;.

(mi) = (&). (3.93)

The average at the r.h.s. is now taken with respect to the single-site energy E;(&;)
(see (3.84)). Equation (3.93) indicates that the magnetic moment at finite tempera-
tures is determined by a thermal average of a flexible local moment &; with respect
to the energy potential E; (§).

The amplitude of local moment is obtained from the relations (miz) = (n;) —
2(1’1,’T}’l[¢) and (nmnw) = 83255A/3U,' [52].

(m?) = (n;) — 1((42@» _ €+ i). (3.94)
1 2 l 1 ﬁU
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The second term at the r.h.s. of the equation shows that the amplitude of local mo-
ment is flexible and can vary with elevated temperature.

The entropy S per atom is also obtained from the relation S = —3.%ssa /07T /L,
where L denotes the number of atoms [52].

S= —/dw,a(w)[(l — f(@)In(1 — f(®) + f(@)In f(»)]

U 1
+1nf /i_ndge—ﬂ(Ei(@—(E,-(s)))_E. (3.95)

Here p(w) is the DOS per atom for the coherent state, which is given by p(w) =
—7~1Im Y - Fio (z). The first term expresses an entropy for the independent par-
ticle system. This is essentially the same as in the Stoner theory. The second term
causes a magnetic entropy associated with the local magnetic moment &. The last
term is a constant which originates in the prefactor /8U /4w of the integral. The en-
ergy per atom in the SSA is obtained from the relation (H — uN) = Fssa+p'S as

1 2
(H)=un+ f dow f(w)wp(w) — ZU<<<:,-2<5)> —(EH + ,Tv)' (3.96)

Here n is the electron number per atom. The energy in the static approximation
has the same form as the Hartree—Fock one (2.13), though the DOS p(w) and the
amplitude (Siz) shows a strong temperature dependence.

It should be noted that the coherent potential ¥ (z) and the chemical potential
w are self-consistently determined in the single-site theory of spin fluctuations by
means of the CPA equation (3.85) and the condition (3.90) for a given charge n.
The noninteracting DOS p(¢) for the Hamiltonian matrix #;; is assumed to be given
in the theory. We first assume X, and u, and calculate the coherent Green func-
tion (3.88). Then we obtain the Hartree—Fock charge ¢; (&) for each £ solving the
self-consistent equations (3.70) and (3.91). Using these solutions, we can calculate
the energy potential E; (&) according to (3.78), therefore the 1.h.s. of the CPA equa-
tion (3.85) taking the thermal average with respect to E; (§). When the CPA equation
(3.85) is not satisfied, we may renew the coherent potential, for example, using the
following equation.

0 _F
(G, (z,6)) Fm(z)} . (3.97)
old

Zénew) (Z) — Z((TOld) (Z) _ [ (l)
(G (z.8)) Fio (2)

The above equation was found in the averaged ¢-matrix approximation to the CPA
[51] (see also Appendix B). The renewed potential Z‘f,ﬂew) (z) improves the self-
consistency, and after several iterations we may find the CPA solution X, (z) for
each z. Next we calculate the average charge according to (3.90). When the ob-
tained charge is not consistent with the given charge n, we can renew the chemical
potential w, for example, by using Newton’s method, and return to the beginning of
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Fig. 3.3 Energy potential curves AE;(§) = E;(§) — E;(0) calculated at half-filling for
U/W =0.5,1.0,1.5,2.0 in the paramagnetic state at 7/ W = 0.06 [53], where W denotes a half
the band width. Semi-elliptical model density of states p(¢) = 2+/W?2 — &2 /7 W? is assumed for
noninteracting electrons

the procedure mentioned above. When the self-consistency for both X, (z) and u is
achieved, we can calculate various physical quantities.

The basic behavior of local magnetic moments is determined by the single-
site energy E;(£) (see (3.78)). Let us consider the paramagnetic state at half-
filling, where ¢;(§) = 1 irrespective of £&. When £ is small, we have E;(§) =
E; (0) + A$2/2. For small U, the Gaussian term in E;(£) (i.e., the second term at
the r.h.s. of (3.78)) is dominant because it is proportional to U, so that A > 0, while
A < 0 for large U because the kinetic energy term (i.e., the first term at the r.h.s. of
(3.78)) decreases as & increases and its magnitude is proportional to U?. When &
is large, the Gaussian part again becomes dominant. Therefore E;(£) shows a sin-
gle minimum structure for small U, while it shows a double-minimum structure for
large U as shown in Fig. 3.3.

When the system shows a single minimum structure in energy potential E; (&)
(see the curve for U/W = 0.5 in Fig. 3.3), the magnetic moment & vanishes at
T = 0. In this case, it may appear with the polarization of the effective medium.
The magnetic moment fluctuates around the minimum point with elevating tem-
perature. When the system shows a double-minimum structure (see the curves for
U/W =1.5and U/W = 2.0 in Fig. 3.3), the magnetic moment given by the con-
dition 0 E;(&;)/0& = 0 appears at T = 0, and thermally fluctuates between the two
minima. In this case, large spin fluctuations which changes their direction are pos-
sible. Accordingly, the magnetic entropy of In2 occurs. We call such a system the
local moment system.

Various model calculations for the ferromagnetism have been performed with
use of the single-site theory in the static approximation. In the single-site the-
ory, the ferromagnetism is defined as a polarized state of the effective medium;
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Fig. 3.4 Energy potential curves AE;(§) = E;(§) — E;(0) calculated at a temperature below
(solid curve) and above (dashed curve) the Curie temperature for n = 1.44 and 2U/W = 2.29
(‘bee Fe’) [54], W being a width of the model band shown in the inset

24(z) # X (). The ferromagnetic solution is usually found in the system with
non-half-filled bands and a large Coulomb interaction. Figure 3.4 shows a numeri-
cal example for electron number n = 1.44 which corresponds to bcc Fe when elec-
tron number # is multiplied by 5 (number of d orbitals) [54]. In the paramagnetic
state, we have double minima in energy curve E;(§). Below the Curie tempera-
ture ¢, we have an energy-dependent molecular field X4 (z) — X' (z), consequently
the energy potential curve becomes asymmetric as shown by the solid curve in the
figure, and the ferromagnetism with the magnetization at the minimum is stabi-
lized.

Figure 3.5 shows another example of the energy potential curves for a system
with n = 1.8 on the fcc lattice, which might correspond to fcc Ni. In this case, we
find the single minimum structure both above and below Tc. With the appearance
of the energy-dependent molecular field ¥4 (z) — X (z), the minimum point shifts
to the positive region of £, and the ferromagnetism is realized.

Temperature dependence of calculated magnetic moments is presented in
Fig. 3.6. In the case of n = 1.44 and 2U/ W = 2.29 (‘bce Fe’), the ground-state mag-
netization is mg = 0.511 (= 2.56/5) up. With increasing temperature the magneti-
zation decreases and vanishes at 7c/ W = 0.0253 (7¢ = 900 K for W = 0.45 Ry). In
the case of n = 1.80 and 2U /W = 3.43 (‘fcc Ni’), we obtain the ground-state mag-
netization mo = 0.146 (= 0.73/5) up and the Curie temperature Tc/ W = 0.0192
(Tc =530 K for W = 0.35 Ry). In both cases, we find the paramagnetic suscep-
tibilities which follow the Curie—Weiss law, x = (mgff/ 3)/(T — Tc). Here the ef-
fective Bohr magneton numbers are obtained as meg = 1.75mg for ‘bec Fe’ and
megr = 3.20mg for ‘fcc Ni’, respectively, while the experimental data indicate that
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Fig. 3.5 Energy potential curves AE; (&) calculated below (solid curve) and above (dashed curve)
the Curie temperature for n = 1.80 and 2U /W = 3.43 (‘fcc Ni’) [54]. The inset shows the model
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Fig. 3.6 Magnetization vs. temperature curves, inverse susceptibilities, amplitudes of local
moments for ‘bec Fe’: n = 1.44, 2U/W = 2.29 (solid curves), and for ‘fcc Ni’: n = 1.80,
2U /W =3.43 (dotted curves) [54]

metr = 1.44mq for bee Fe and megr = 2.68m for fcc Ni. These results show that the
SSF qualitatively explains the metallic ferromagnetism, and significantly improve
the Hartree—Fock results.
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3.4 Dynamical CPA Theory

The single-site theory of spin fluctuations (SSF) discussed in the last section is based
on the static approximation, i.e., the high-temperature approximation. The theory
reduces to the Hartree—Fock approximation at the ground state and thus it does not
take into account electron correlations at zero temperature. More important is that
it does not describe the Fermi liquid state as found in metals and alloys at low
temperatures. It is also expected that the dynamical spin fluctuations which are not
taken into account further reduce the magnetization and the Curie temperature. In
order to overcome these difficulties, we extend here the theory to the dynamical
case [54-57]. The theory is called the dynamical coherent-potential approximation
(CPA).

We introduced the energy dependent effective medium X, (z) to the static energy
potential (3.68) in the SSF. In the dynamical CPA, we introduce a time-dependent
effective medium X' defined by

(D)irajrior = Zia (T = 781800, (3.98)
and insert it into the potential part of the energy functional (3.46) as follows.
Spin(g™' —v) =SpIn(g™" — ¥ — 8v) =SpInG~' + SpIn(1 — $vG). (3.99)
Here v = v — ¥, and the coherent Green function is defined by
(Girojror =[(7" - Z)_l]iwj,/(,5aa'- (3.100)

The energy functional E[£, ] (see (3.46)) is then divided into the coherent part and
the remaining correction term as

E[E, )= —é[ln Zo+SpIn(1 — §vG)]
U rf
+Z@ / dt (n(v) + E(0)). (3.101)
i 0

The partition function Zy is defined by In Zo=In Zg 4+ SpIn(1 — Xg).
Defining the diagonal coherent Green function F and the off-diagonal F’ as

G=F+F, (3.102)

—1 —1 ~
(F)irojr’a’ = [(g - 2) ]irair’a’ = (G)irair’osij&fa’» (3.103)
(F)izojrrer = Gizajera (1 = 8ij)8507, (3.104)

one can expand the scattering potential dv in the energy functional with respect to
sites as follows.

E[&nl=Z[Z]+ ) Eil&, nil+ AE[E, n]. (3.105)
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Here the first term at the r.h.s. of the above equation is the coherent part of the free
energy defined by

FZ1=—B'nZy=—p""InZ) - p~'SpIn(1 — Zg). (3.106)

The impurity contribution to the energy functional is given by

B
Ei[éi,m]Z—ﬁ_ltrln(l—805F1)+% f dt (nf(v) + &), (3.107)
0

where tr means a trace over time and spin, and we used the notation (F;);y/o =
(F)itoir'o 1 used. The last term in (3.105) is the off-diagonal contribution to the
energy functional, which is given by

AE[E,n]=—p"'SpIn(1 —7F’). (3.108)
Here 7 is the single-site ¢ matrix defined by
f=(1-8vF) 'sv. (3.109)
Substituting (3.105) into (3.39), we obtain the following expression of the free
energy.

N 1 1
F=Z[3]— § Eln/(sgiame—“i[m] — Eln(e_ﬂAE)O. (3.110)
i

Here (~)¢ means the single-site average with respect to its energy functionals.

/ |:1_[ 8Ei5ﬂii| (N)e_ﬁ > Eil&inil
"= i : 3.111)

/[H BEiSm]e_ﬁ > Eil&inil
i

The single-site approximation (SSA) is to neglect the inter-site term (the last
term) in the free energy expansion (3.110). We choose the effective medium so that
the corrections from the last term becomes minimum. As expected from (3.108), the
condition is given by (7)o = 0; that is,

(t;) =0. (3.112)
Here (~) stands for the single-site average as
/asiam(,\,)e—ﬁEi[&»m]

(~) = . (3.113)
/5&.5,71.6—/55151'[&,7/1']

The matrix # in (3.112) denotes the single-site ¢ matrix due to a local poten-
tial Sv;.

i = (1 —8v; Fy) " 'sv;, (3.114)
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and

(Bvi)roror = ATdVis (7:1 T/)Afao'o"
= At (Vi (1)8(t — ') — Zio (t — 7')) Até50. (3.115)
Here At = /N, N being the number of mesh in the time interval [0, 8]. Equa-
tion (3.112) means that the single-site r matrix due to the scattering potential from

the effective medium should vanishes in average.
One can rewrite the condition (3.112) as

(F'—sv)™hy =F,. (3.116)

Equations (3.112) and (3.116) are referred as the dynamical CPA equation. The r.h.s.
of (3.116) is the diagonal part of the coherent Green function, i.e., (3.103). The Lh.s.
is an impurity Green function for the system with impurity potential v; embedded
in the effective medium X'. One can verify the fact as follows. The Hamiltonian in
the interaction representation is given by

. - B
HD(t)=H(r) + 2/ dt’aiTU(t){v,-a(t)S(r — 1) = Zio(t — ) }ais (7).
— Jo
(3.117)

Here H () is the time-dependent Hamiltonian for the coherent potential.
3 : r T / /
H () = Ho(v) + § dt'a; (1) Zis (t — 7')ais (7). (3.118)
. 0
1o

The impurity Green function for the Hamiltonian H) () is defined as follows
(see (3.42)).

B i ” 7
| Tr(Taje (D)a), (t)e o HOEDd

GY
B i " ”
Te(TeJy HOGd"y

jlo (T’ T/) =

(3.119)

The Dyson equation for the Green function Gg.ilL (z, ) is given by [43, 44]

. B
G;ll)g(l', ) =gjio (v —7) —l—](; dridm Zgjkg(r -1
X

X { Sk (11 — 1) + 8vio (11, )81k | G} (2, 7). (3.120)
The above equation yields the following solution in the matrix representation.

GO =(F ' —su)7". (3.121)
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This is identical with the inside of the average at the 1.h.s. of (3.116). Therefore the
CPA equation (3.116) is expressed as

(G =F;. (3.122)

The dynamical CPA equations (3.112) and (3.122) have the same form as (3.83)
and (3.85) in the static approximation. Thus the physical picture of the dynamical
CPA equation is the same as given in Fig. 3.2. We have replaced the dynamical
potentials {v;,} with dynamical coherent potential X' at the surrounding sites in
order to reduce the number of field variables. We have then an impurity system
described by an effective Hamiltonian (3.117), thereby obtaining the impurity Green
function (3.121). The Lh.s. in Fig. 3.2 shows such a system. On the other hand, we
can consider a coherent system in which all dynamical potentials have been replaced
by coherent ones as shown at the r.h.s. in Fig. 3.2. Corresponding Green function is
the coherent Green function (3.103). The CPA equation (3.122) indicates that these
states should be identical when the effective medium is chosen to be best.

The free energy in the dynamical CPA is obtained from (3.110) as follows.

" 1
Feea=F[Z]-) 3 1n/55,-5nie*ﬂEf[ff»"f]. (3.123)
i

One can verify that the dynamical CPA equations (3.112) and (3.122) are also equiv-
alent to the following stationary condition for the CPA free energy.

8 cpa

T =0 (3.124)

In order to verify the above relation, we express the functional derivative of
8.Fcpa/8 Xne (T —T') as

8.Fcpa _ < ) <j n Z Eil&:, 77i]>>' (3.125)

86 (t — 1) B 8 (t—1')

Substituting (3.106) and (3.107) into (3.125), we obtain

8.Fcpa -1 -1
ST —1) —B " —(F)ereo + [Fa(1 =80, F) '],

— Ztr[(l - 5v-F~)_16v~L]> (3.126)
i e "5 (t—1) | '

Here tr means taking the trace over time and spin. The first and the second terms at
the r.h.s. of the above equation are written by the single-site #-matrix on site n, so
that we obtain

SFcea . . SF;
B [Fulin) Fu),ry — Ztr[(zgﬁm = t/)]. (3.127)
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Using the CPA condition (3.112), we reach (3.124).
The formulae (3.50), (3.51), (3.54), and (3.55) of the local charge and mag-

netic moment on site i can be rederived by taking the derivatives 9.%cpa/ 38? and

—0.%cpa/0h;, after having introduced a site-dependent atomic level 8? and a mag-
netic field k; acting on site i. The Green function G;, (1, t) in (3.50) and (3.51),
however, should be replaced by the coherent F;;, (t, T™).

p
(i) =Z%fo dt Fiio (v, 7%), (3.128)

B
(m;) :Zo%/ dt Fiio (z, ). (3.129)
= 0

In actual calculations of physical quantities, the Fourier representation is more
convenient. The Green function for noninteracting Hamiltonian Hy is expressed as

1 ) o
gijo (T —7') = B Zgijo(lwl)e fon(@=1), (3.130)
]

Here w; is the Matsubara frequency for the anti-periodic function, w; = (2[4 1) /8.
The Fourier transform g;;, (iw;) is obtained as

A,
gija(iwl)=zw. (3.131)

iw] — &
. ] k

In the same way, the Fourier representations of the coherent Green function and the
coherent potential are given as follows.

1 o (et
Fig(t—1)= 5 > Figlimp)e ), (3.132)
1

1 S
Zip(t—7) = i D Sigliwp)e ), (3.133)
1

Here Fj, (iwy) is given by (3.88) with z = iw; and X, (iw;) should be determined
by the dynamical CPA equation.

For the field variables associated with the dynamical potential, it is suitable to
adopt the Fourier transform as the periodic function (i.e., v(r < 0) = v(r + B)).

E(r)=) &liw)e T, (3.134)
1

where w; = 2/7/B. The dynamical potential is therefore expressed as

vi (1) = Zvi (iwp)e 1, (3.135)
1
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Here the Fourier representation of the potential is given by

1
Vi (iwr) = (g0 — 1)810 — 5U{j:in,(iwl) +&j(iwpa}. (3.136)

The free energy in the Fourier representation has the same form as (3.123):

g 1
Fopa = F[X] — Z 3 lnf 8&;8m; e PEILE M (3.137)
i

The coherent part Z[X] defined by (3.106) is now given by

Z[X] = _% Intr(e#Ho) — %Spln(l —Xg)

1 . .
= Z In{ioy — & — Zg(iwy)}. (3.138)
k,l,o

Here Sp stands for a trace over site, frequency, and spin. The functional integral in
(3.137) is given by

_ [ |BY 1Y e
fag _/ = dg(O)L]J S s(lwl)}, (3.139)

where d2&(iw)) = dRe&(iwy) dImE (iwy).
The energy functional defined by (3.107) is expressed in the frequency represen-
tation as follows.

1 1
mwhmh=—guma—awﬂ)+ZU§:Hmawn”+kmwnP} (3.140)
!

Here tr stands for a trace over frequency and spin. It should be noted that §v; is not
diagonal in the frequency representation because it contains the Fourier transform
of the time dependent potential.

(3Ui)ilojma’ = Svio(iwlsiwm)aijfsaa’» (3.141)
i (lwy, iwp) = Vig(io] — ion) — Xig ((0)dim. (3.142)

The Fourier transform of the dynamical CPA equation (3.122) is given by
(G (i, i) = Fio(iw)), (3.143)

G\ o, i) = [(F' —6v;) '] (3.144)

lolo*

The stationary condition (3.124), which is equivalent to the dynamical CPA equa-
tion, is expressed in the frequency representation as follows.

8 a7
_OFcea ), (3.145)
X5 (iwp)
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The dynamical CPA is also obtained from the Dyson equation (3.43) for a time-
dependent Green function by making use of the multiple scattering theory (see Ap-
pendix B). The dynamical CPA completely takes into account the single-site spin
and charge fluctuations. Thus the theory is the best single-site approximation. As
will be shown in Sect. 3.6, the dynamical CPA is equivalent to the many-body CPA
in the disordered alloys [61], the dynamical mean-field theory (DMFT) in the metal—
insulator transition [62, 63], and the projection operator method CPA in the excita-
tion problem [64].

When we approximate the dynamical potential with the static one: v, (iw; —
iwm) = vig (0)81,, we can perform the integration with respect to the dynami-
cal variables {£(iwy), n(iw;)}(I # 0) using the Gaussian integrals. The free energy
(3.137) then reduces to

- _ [BU . [BU _sp
Fopa=-Z[Z]1-B IZm/ ’i—ﬂdéi 'Z—ndnie PEGim) - (3.146)
i

and
1
EiGi,n)=—p"trin(1 - 8v;(0)F;) + ZU(S,»Z +1?). (3.147)
Here (8v; (0)iomo’ = (Wio (0) — Xy (iw1))d1mbsor- & = &i(0) and n; = n; (0) are the
static field variables defined by (3.56).
When all the sites are equivalent to each other one can omit the subscript i.

Making use of the saddle-point approximation to the charge field (0 E;/dn; = 0),
we obtain the free energy per atom in the static approximation as follows.

Fcpa = F[X]— B! ln/‘/% dg e PEE) (3.148)

Here Zcpa (%) now denotes the free energy (coherent free energy) per site, and the
static energy potential is expressed as follows.

1
Ei®) =—p"" Y _In(1 = bvg iwr, ) Fo (fon) + JU (82 = £2(9)). (3.149)

lo

Here dv, (iwy, €) is defined by (3.79), and

1 i,
§(€)=EZG§£(zwz,s). (3.150)
lo

The static Green function Gl(;) (z, &) is defined by (3.86). In the same approximation,
the dynamical CPA equation (3.143) reduces to the static one as

(G (iwy, §)) = Fig(iay). (3.151)
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The frequency sums in (3.149) and (3.150) can be transformed into the integrals
on the real axis of the complex z plane, so that one can verify that the free energy
(3.148), the energy potential (3.149), the self-consistent equation for the charge field
(3.150) and the CPA equation (3.151) are identical with those obtained in the single-
site spin fluctuation theory (SSF) presented in the last section (see (3.82), (3.78),
(3.91), and (3.85)). That is, the dynamical CPA reduces to the SSF when the static
approximation is made. The derivation is given in Appendix C.

3.5 Dynamical CPA with Harmonic Approximation

We have seen in Sect. 3.3 that the single-site theory based on the static approxi-
mation (i.e., SSF) describes well the high temperature properties of metallic mag-
netism. Thus it is reasonable to take into account the dynamical corrections starting
from the static limit, i.e., from the high temperature limit. In this section we present
such an approach based on the harmonic approximation [54].

We assume that all the sites are equivalent, and express the free energy (3.137)

as follows.
~ U
Fem=% —p! ln/ N i— dg e PEE) (3.152)
1

Here we omitted the site indices for simplicity. Zcpa (.Z) denotes the free energy
(coherent part of the free energy) per site. The effective potential E¢(§) projected
onto the static field variable & is defined by
= BU U
e PE®) — / |:l_[ ik d*&(ier) pu dzn(iwl):|eﬁE[5’"]. (3.153)
2w

2
=1

Note that we have taken the saddle point n* for static charge field n = n(0) for
simplicity.

In order to start from the static limit, we divide the dynamical potential (3.136)
into the static part vy and the dynamical part v as v = vg + v, where

(Vo) 1omo’ = Vig (0)8imbg07 s (3.154)
Miome’ = (Uia (o) — iwm) — Vig (0)81171)8(1(1/- (3.155)

Accordingly, the first term in the single-site energy functional (3.140) can be divided
into two parts as follows.

trln(1 — 8vF) = trln(1 — SvoF) + trIn(l — ). (3.156)

Here §vg = vg — X, and the static Green function g is defined by

~ — -1 ~ .
@iome’ = [(g - UO) ]lama’ = 8o ({w1)0imdsos (3.157)



3.5 Dynamical CPA with Harmonic Approximation 91

Zo i) = (Folion) ™" — v, (i, £)) . (3.158)

Here §v, (iwy, &) is defined by (3.79). Note that the diagonal part g, (iwy;) is identical
with (3.86) with z = iwy.

Substituting the single-site energy functional (3.140) with the relation (3.156)
into (3.153), we can divide the effective potential into two parts as follows.

Eeft(§) = Est(§) + Eayn(8). (3.159)

The first term Eg(£) is the static energy potential given by (3.149). The second term
is the dynamical contribution Egy,(§) given by

00 U U
o~ BEayn(®) :/[Di—nd2§(iwz)ﬁ dzn(iwz)}ml%

27

U o
—’% D (€G> + niiop)
=1

X €

(3.160)

Here we used the relation trin(1 — vg) = Indet(1 — vg). The determinant D, is
defined by

Do = det[81m — Vg (i) — iom) o (iom)]. (3.161)

The r.h.s. of (3.160) is a Gaussian average of Dy D with respect to the dynamical
variables {£(iw;), n(iw;)}. Thus we express the dynamical contribution as

e~ BEayn(®) =D, D;. (3.162)

Here the upper bar denotes the Gaussian average.

It should be noted that the dynamical CPA equation (3.143) is obtained from the
stationary condition (3.145) and the free energy (3.152). Making use of the station-
ary condition, we find that the dynamical Green function (3.144) is obtained from
the dynamical part of the effective potential as follows.

5Edyn é) >
eff.

S L A (3.163)
ko ()8 Xs(iwy)

(G iy, iwn)) = <§a(z‘wz> - B
Here ks (iw)) =1 — Fy, (ia)l)_zéF(r (iw) /8 X4 (i) and the average (~)fr at the
r.h.s. denotes a classical average with respect to the effective potential Eqg(£).

In this reformulation of the dynamical CPA with the use of the effective potential,
the problem reduces to how to obtain the dynamical contribution Egy,(§) in (3.162)
and (3.163). In order to calculate the dynamical contribution, we expand here the
determinant with respect to the frequency modes of the dynamical potential vy (i)
as follows.

Do=14Y (Do =1+ Y (Dyyo—Dyo —Dyg+ D)+,  (3.164)
v

)
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D,y = det[glm - (ﬁo (i@v)81—m,v + Vo (iw—u)(sl—m,—v)ga (iwm)]» (3.165)
Dy = det[slm - (ﬁcr ()8 —m,y + Vs (iwfu)(slfmﬁv)ga (iwm)
- (i}a ({wy)81—m,v + Vo (iw—v’)al—m,—v’)go' (ia)m)} (3.166)

The first term in (3.164) corresponds to the zeroth approximation (i.e. the static
approximation), the second term expresses the independent scattering due to each
dynamical potential v, (iw,), and the higher order terms express the mode-mode
couplings. We neglect here the mode-mode coupling terms and only take into ac-
count the independent frequency terms. This is known as the harmonic approxima-
tion (HA) [58, 59].

The approximation is exact up to the second order of U in the weak Coulomb
interaction region. Numerical studies also indicate that it describes well the strong
Coulomb interaction limit [60]. The approximation is independent of the Coulomb
interaction strength, so that the HA is considered to be suitable for description of
the intermediate region.

The determinant D, can be expanded with respect to the dynamical potential as

Dwzgm@ﬂﬁﬂ(\))ﬁ(,(—v)) (8;—]}) B™. (3.167)

Here we adopted a simplified notation v, (V) = vy (wy). B,Efl,) consists of a linear
combination of 2n products of the static Green function (see Appendix D).

Because D, = 1 and Dy, D,y = Dy D,y = 1 for v/ # v, we obtain from
(3.162) the dynamical part of effective potential in the harmonic approximation as

1 X

v=1

Here D,y D, is calculated by using the Gaussian integrals as follows.

00 . 21
- N l I l
DUTDWZZUzI(%> BYBY. (3.169)
=0

Substituting (3.168) into (3.163), we obtain the impurity Green function as

o 8(DyyDy))
Z%l

. — ko (i) Ty (i)
(GO (wn,im))=(gs (i) +—— . (3.170)
1+ Dy Dy — ' et
v=1

In the actual calculations of D, D, |, we make use of the exact expression up
to 2/-th order. For higher orders, we adopt an asymptotic approximation, which is
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exact in the high frequency limit [54].

1 . 2n o] . 2n

- _ 2n ! (n) p(n) 2n ! p(n) 5 (n)

DyiDyy =Y U (27“)) BYBY) + > U (2m) BYBY. (3171
n=0 n=Il+1

Here ESZ) denotes the coefficient BSZ) in the asymptotic approximation.

The local charge and moment in the harmonic approximation are derived from
the free energy (3.152) as

(n) ={C®) g (3.172)
(m) = (&)ett- (3.173)

The above expressions are consistent with the general formula, (3.54) and (3.55).
Note that ¢ (€), the electron number under static exchange field &, is not defined by
(3.150) now. Instead it is given by the impurity Green function for the dynamical
potential (3.170) as

L) = %ZGS)(iwz,iwz). (3.174)

lo

The expression of the amplitude of local moment is obtained with use of the relation
(nisniy) = 0.%cpa/0U.

1 2 2 8Edyn(‘f)
(€)7o

Here [~], means to take the derivative fixing the static potential v, (0).

The harmonic approximation (HA) takes into account the dynamical contribu-
tions successively starting from the high temperature limit (i.e., the static limit). Fig-
ure 3.7 shows examples of effective potentials in the paramagnetic ‘bcc Fe’, which
are calculated by means of the dynamical CPA 4+ HA and the same model DOS
as in the static case (see Fig. 3.4). The potential curve in the static approximation
shows a double-minimum structure, and hardly depends on the temperature. The
dynamical corrections are small at high temperatures (see the dot-dashed curve),
so that the effective potential is close to the static one. The dynamical corrections
increase with decreasing temperature, and become significant near the Curie tem-
perature Tc as shown by dotted curve, so that the effective potential shows a single
minimum at £ = 0, indicating a disappearance of ‘local moment’. The same fea-
ture is obtained below Tc. This indicates that the thermodynamics of the metallic
ferromagnets in the intermediate region of the Coulomb interaction are dominated
by the quantum fluctuations rather than the thermal spin fluctuations, though the
orbital degeneracy plays an important role in the real system as will be discussed
in Sect. 3.7.

The dynamical effects strongly influence the magnetic properties. Figure 3.8
shows the result of model calculations for temperature variation of magnetic mo-
ments and susceptibility for ‘bec Fe’. Both the static and dynamical CPA lead to the

1
(m?) = () = 6@} +



94 3 Metallic Magnetism at Finite Temperatures

0.06

0.04

0.02

2E /W

-0.02

-0.04

-1 -0.5 0 0.5 1
£ (up)

Fig. 3.7 Effective potentials of the paramagnetic ‘bcc Fe’ calculated with use of the dynamical
CPA + HA and the model DOS given in Fig. 3.4 [54]. W denotes the d band width for noninteract-
ing system. The static contribution (dotted curve) has double minima. The dynamical correction is
small at 7/ Tc = 24 (dot-dashed curve), while it is significant at T/ Tc = 2.4 (thin dotted curve),
so that the total effective potential (solid curve) shows a single minimum structure
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Fig. 3.8 Magnetization vs. temperature curves, inverse susceptibility curves, and the amplitude of
local moment of ‘bee Fe’ calculated with use of the model DOS given in Fig. 3.4 [54]. Solid curves
(dotted curves): the results obtained by the dynamical CPA + HA (the static approximation)

Curie—Weiss susceptibility. The Curie temperature, however, is reduced by a factor
of two due to dynamical spin and charge fluctuations.
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3.6 Dynamical CPA and Dynamical Mean-Field Theory

The dynamical CPA presented in Sects. 3.4 and 3.5 is equivalent to some single-
site theories of electron correlations. We clarify in this section the basic ideas of
these theories, i.e., the many-body CPA (MB-CPA) in the disordered alloys [61],
the dynamical mean-field theory (DMFT) in the metal—insulator transition [62, 63],
and the projection operator method CPA (PM-CPA) in the excitation problem [64],
and verify that the dynamical CPA is equivalent to these theories.

3.6.1 The Many-Body CPA and Its Equivalence to the Dynamical
CPA

The many-body CPA (MB-CPA) is an extension of the CPA in disordered alloys to
the correlated electron system. The theory has been applied to the Ni-based alloys to
elucidate the electron-correlation effects on magnetism [61]. To clarify the relation
of the MB-CPA to the dynamical CPA, we consider here a pure metal and adopt the
Hubbard model with an intra-atomic Coulomb interaction. The theory starts from
the temperature Green function in the interaction representation as

Yo(t—1') = —z! Tr[ﬂa,-a(t)a; (7:/)6:’f0‘g H(t”)d’”]. (3.176)

Here Z denotes the partition function of the system.

The Hamiltonian H(7) in the interaction representation is approximated by an
effective Hamiltonian H (1), i.e., (3.118) with the time-dependent coherent potential
Yig(t — ')

3 B
H(t) = Hy(7) + Z/O dt'al (1) Zio (v — ') aio (7). (3.177)

Note that we defined here the noninteracting Hamiltonian as Hy = Zid egnm +
ZUG tija;ajg, and 82 =g — i, so that the interaction is given by Hj =
> i Unjyn;,. The diagonal Green function F;;(t — t’) for H(t) is given as fol-
lows according to the Dyson equation.

Fig (T - ‘L'/) = [(g_l - 2)_1]irair/o' (3.178)

Here g;js (t — 7’) is the Green function for the noninteracting Hamiltonian Hp.
To find the best coherent potential, we consider an impurity Hamiltonian embed-
ded in the effective medium as follows.

. - B
HO(t)=H(z) - / dt’ Za;a(r)xm (t = )aio (t') + Unip (0)ni (7).
O o

(3.179)
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Fig. 3.9 Schematic picture
showing the many-body CPA.
The left-hand side shows an
impurity with a real Coulomb @ f—
interaction U; on site i and

the surrounding effective 5 5
potential X;. The right-hand
side shows a uniform system
with the effective potential Qo F
only

Here the coherent potential on site i has been replaced by the real Coulomb inter-
action Un;4(7)n; ) (7). Note that (3.179) corresponds to (3.117) in the dynamical
CPA, but the time-dependent random potential v;, (7) has been replaced by the real
interaction Hi(t) in the MB-CPA (see Fig. 3.9). The on-site Green function for the
impurity system is given by

G (¢ ') =~ 27 T Taig (Dal, ()e b O] 3180)

Here Z; denotes the partition function of the system.
The coherent potential in the many-body CPA is determined so that the diagonal
impurity Green function agrees with the coherent Green function (see Fig. 3.9).

G (t —1') = Fio (v = 7). (3.181)

Note that the impurity Green function gl(;) (t — 7’) has to be obtained separately by
using one of the many-body techniques.

In order to clarify the equivalence of the MB-CPA to the dynamical CPA, we
discretize the integral of H® (r”) in (3.180) as in (3.32), and apply the Hubbard—
Stratonovich transformation (3.24) directly to the impurity Green function (3.180).
We obtain then the following relation.

g 1) = (G (&, n, 1. 7). (3.182)
Here Gl(;) (&, 7n, T, ') is identical with the diagonal part of the time-dependent Green
function (3.119) in the dynamical CPA. The above relation indicates that the CPA
equation (3.181) in the many-body CPA is identical with the CPA equation (3.122)
in the dynamical CPA. Thus the many-body CPA is equivalent to the dynamical
CPA.

3.6.2 The DMFT and Its Equivalence to the Dynamical CPA

The dynamical mean field theory (DMFT) was developed to clarify the metal—
insulator transition in infinite dimensions, and has extensively been applied to vari-
ous problems in strongly correlated electron systems [62, 63]. It is equivalent to the
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MB-CPA thus to the dynamical CPA as well. In order to introduce the DMFT and
to prove its equivalence to the MB-CPA, we employ the temperature Green function
which is expressed by the path integral method as follows [65].

Go(t—1') = —z—lf []‘[ @a}fo@ajg]e_sam(r)afo(r), (3.183)

jo
p B]
S = /0 dt [; “?”(T)<E — u)aw(r) + H({a*}{a}):|. (3.184)

Here Z denotes the partition function to the action S. The Hamiltonian operator
H ({a*}{a}) in the action § is defined by the same form as the original Hamiltonian
in the interaction representation, though a_ and a;, are now the Grassmann vari-
ables being conjugate to the creation and annihilation operators on the same site.
Da} Dais (= I—[Qil da} (t,)dais(t,)) denotes the path integrals for these vari-
ables.

It is well-known that the Feynman diagram rule obtained in the path integral
formulation is exactly the same as in the usual Green function technique [65], so
that we can derive the same Dyson equation as follows.

Gijo (v, ') = 8ijo (r = ')

B B )
+/ dn/ deZgika(T — 1) Zio (11 — 2)%Gjo (12, T').
0 0 o
(3.185)

Here gijs(t — ') is the Green function for the noninteracting Hamiltonian Hy.
Xijo(t — 1') denotes the self-energy which should be obtained from the Feynman
diagrams.

Furthermore, we note that the same Dyson equation (3.185) is also obtained from
the following effective action according to the diagrammatic technique.

B
s =/O dt [ga%(r)<% - M)aia(l’) + H’({a*}{a})], (3.186)
H'({a*Ha}) = Ho({a* (x)Ha(1)})

p
+ Z/O dv' al (1) ijo (v — )aje (7). (3.187)

ijo

The DMFT has been developed in infinite dimensions [62]. There, the hopping
integrals |#;;] on the hyper-cubic lattice for example are scaled as ||/ V/2d, so that
the band width becomes finite for any dimensions d. Accordingly, the off-diagonal
Green function in the noninteracting system becomes of order of 1/+/2d. Since the
Feynman diagrams to the off-diagonal self-energy have at least three electron in-
ternal lines between the different sites, the contribution from all the off-diagonal
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self-energy diagrams to the Dyson equation becomes of order of 2d(1/+/2d)? =
1/+/2d. Therefore the contribution from the off-diagonal self-energy X jo (fwy)
(i # j) vanishes in the limit d = oo [66].

The DMFT determines the site-diagonal self-energy (or the momentum indepen-
dent self-energy) X, (iw;) by using the following diagonal Green function in the
path integral representation.

40 (=) =20 [ |20t 700 e Sao iy (), G189
B B .
Y
0 0 o

B
+/ dt UniT(T)niL(T)- (3.189)
0

Here njs (1) = alf“g(r)a,-g(t). S; is an impurity action with an effective field and
the local Coulomb interaction. Z®) denotes the partition function to the action S;.
Qa;‘O Yais denotes the path integrals for these variables. Féi)(r —1/) in (3.189)
is called the Weiss-field function. According to the Dyson equation of the Green
function (3.188), it is given in the Fourier representation as follows.

FO o)™ = o) + 42 (o)~ (3.190)

Since the site-diagonal Green function %l(;) (iwy) should be equal to the average
of the Green function of the momentum representation (1/(i«w; — 82 —Xs(w)) —
£r)), we have the relation,

N oL )de
g0 =/ pe , 3.191
o U= | 0 s e — ¢ 191

where p(¢) is the one-electron density of states for #;;. This means that
i — &) — Xy (i) = R[GS ()] (3.192)

Here R denotes the reciprocal function to the Hilbert transform (i.e., x = R[y] when
y= fds p(e)/(x — ¢)). Eliminating X, (iew;) from (3.190) and (3.192), we obtain
the expression of the Weiss function by means of the impurity Green function as

FOGw) ™ =iw—e) + 9P~ = R[G ()] (3.193)

Equations (3.188), (3.189), and (3.193) form the self-consistent equations in the
DMEFT. Note that the Green function (3.188) for an impurity action has to be solved
by using one of the many-body theories (e.g., the quantum Monte-Carlo method
[62] and the numerical renormalization group method [67]).
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In order to clarify the relation between the DMFT and the MB-CPA, we note that
the Green function (3.183) and the Hamiltonian H ({a*}{a}) in the action S, i.e.,
(3.184), have the same form as those in the interaction representation in the Fock
space (see (3.176)). Thus we can construct the MB-CPA using the path integral
method taking the same steps as in the original MB-CPA. To realize it, we approx-
imate the self-energy X, (t — ') in (3.187) by the diagonal X, (t — '), and
consider the following coherent action with the effective Hamiltonian H({a*}{a}).

- B 9 -
S = /0 dt [; aj, (T)<$ — u)a,-g (1) + H({a*}{a})i|, (3.194)

- B
A (ta*}{a}) = Ho(fa*(0)}a(0)}) + Z/ dv' aly (1) Zio (v — ') aio (7).
— Jo
1o
(3.195)
Note that the Hamiltonian H ({a*Ha}) is the same as (3.177) in which the cre-
ation and the annihilation operators have been replaced by their conjugate variables

a’ (t) and a,-o~(t).
The action S describes the r.h.s. of Fig. 3.9, and its Green function is given by

Fio(t—7)=-2"" /[]—[ @a;’fggajg}e_gaia(r)afg (r),  (3.196)

jo

where Z is the partition function to action S. The Green function Fj, (7 — ') is
identical to the one obtained from the Hamiltonian (3.177) because both satisfy the
same Dyson equation (3.178).

The impurity action describing the L.h.s. of Fig. 3.9 is expressed as

; B .
§O = /0 dt [Z@;(ﬂ(% - u)aig(r) + H(’)({a*}{a})i|, (3.197)

. - B
H(’)({a*}{a}) = H({a*}{a}) — /0 dt’ Za;‘:, (1) Zio (t — ) ais (7))
+ Vs, (Daf, (Dagy (Daig (o). (3.198)

The impurity Green function of effective action S is given by

gD (x = 1) =—z® /[]‘[ @a;’;,@ajg}e—s(”am(r)a;; (t)), (3.199)

jo
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where Z() is the partition function to action S¢). The impurity Green function sat-
isfies the following Dyson equation.

G (1 =) =F)(t =)
; ; i) (i)
+/ dn/ duy F,) (1 — 1) Ajg (11 — )9, (12 — T').
0 0
(3.200)

Here A;s (t — 1') is the self—ener_gy for the impurity Hamiltonian (3.198).
The cavity Green function Fl.((;) (tr — 7’) in (3.200) is defined by

FO(—)=-70" f[]_[ @a;‘a@aja]e_g(i)aia(f)afg (r'),  (3.201)

jo

. B .
§® =/0 dr[za;fa(r)<% - ;L)a,-g(r) + H(’)({a*}{a})]. (3.202)

io
Here Z) is the partition function for action S©, and H® ({a*}{a}) is the cavity

Hamiltonian defined by the first two terms at the r.h.s. of (3.198). The Green function
satisfies the Dyson equation.

F (v =)= Fio(t = 7)

p p .
—/ dn/ ATy Fig (T = 11) ig (11 — ) Fy) (2 = 7).
0 0

(3.203)
In the Fourier representation it is expressed as
F o)™ = Figio)™ + o (ia)). (3.204)
The CPA equation corresponding to Fig. 3.9 is then given by
G (v —1') = Fio (v = 7). (3.205)

The impurity Green function in (3.199) is identical with that of the original MB-
CPA, i.e., (3.180), because the path integral method to the Green function leads to
the same Feynman diagram scheme as in the usual Green function method, and the
same unperturbed Green function and the same Coulomb matrix elements appear
there. This means that the CPA equation (3.205) derived by the path integral formu-
lation is identical with the CPA equation (3.181) in the MB-CPA.

Let us rewrite the self-consistent equations for the MB-CPA based on the path
integral method. The impurity Green function %l(;) (tr —1’) given by (3.199) can also
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be expressed by an effective local action S; as follows.

Gz — 1) = —zO! / []‘[ 9a, @aig}es’aig(r)afa/(t’), (3.206)

zZO = f []‘[ @a?;@aia}e_s". (3.207)

Here S; is defined by

oS = / [Hn@a;z@aja}e—s(”. (3.208)

j#i o
Alternatively,
Si=§(i)_/0 dt’ Zaw(t)Em( )a,g(t/)+/oﬁdr Uinir (D)n; | (),
(3.209)
e = / []‘[]‘[.@a;o@ajg]e—i. (3.210)

j#i o

The path integral at the r.h.s. of (3.210) can be performed exactly by using the
Gaussian formula after the Fourier transform of the Grassmann variables, so that we
obtain an explicit form of the local effective action S; as

Si = —é > ag, (o) [ Fio i0) ™ + o (i) aio (iwn)

lo

B
+/ dt Uinjy (t)n; | (T). (3.211)
0
Heye we have omitted the constant term, which is canceled by the same factor in
Z® in (3.206).

Using the Dyson equation (3.204), the action (3.211) reduces to the following
form.

B B i
[ [ S o)
0 0 o

B
+ f dr Uiniy (T)ni | (1), (3.212)
0
Here (Fl.(i)_l)w(r — 7') is defined by

(FO™N, (=) Z FD (i~ le =), (3.213)

oo
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When the coherent potential is site-independent and all the sites are crystallo-
graphically equivalent, the frequency representation of the CPA equation (3.205)
can be simplified as

D (iw)) = Fy(ioy). (3.214)
Here the subscript i has been omitted for simplicity. The r.h.s. of (3.214) is given by

p(e)de

Fa(iwl)Z/lwl o a— (3.215)

Introducing the reciprocal function R[F'] of the Hilbert transform, we can rewrite
(3.215) as

ooy =iw — 0 — R[9 (iwp)]. (3.216)

From (3.204), (3.214), and (3.216), we can express the cavity Green function by
means of the impurity Green function %él) (iwy) as follows.

FOlGon™ =ior — &0 + 9D (o™ — R[ZD (i) ] (3.217)

Equations (3.206), (3.212), and (3.217) form the self-consistent equations in the
MB-CPA, and are identical with (3.188), (3.189), and (3.193) in the DMFT. Thus
we have verified the equivalence between the DMFT and the MB-CPA.

3.6.3 The Projection Operator Method CPA and Summary
of Relations

The MB-CPA and DMFT are based on the temperature Green function. These ap-
proaches often require the numerical analytic continuation on the complex energy
plane for the calculation of the single-particle excitation spectra. The projection op-
erator method CPA (PM-CPA) [64] is a single-site theory based on the retarded
Green function, and is equivalent to the theories mentioned above.

The retarded Green function GR . ,(t —t') is defined by

ioj (r/(
G ot = 1) = =i0(t — ') [anio (1), @y, ()], ) (3.218)

Here 6(t) is the step function, an (1) (agis (1)) is the creation (annihilation) oper-
ator in the Heisenberg representation which is defined by aH o ()= et T e iH!
(anio (1) = e'fla;peHN) and [, ]+ denotes the anticomutator between the Fermlon
operators. The average (~) is taken over the grand canonical ensemble. Note that
the Heisenberg representation of operator A is expressed by means of the Liou-
ville operator L as A(z) =exp(iLt)A. The Liouville operator L is a super-operator

defined by LA =[H, A]_, where [, ]_ is the commutator between operators.
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The PM-CPA starts from the Fourier transform of the retarded Green function
with the projection technique [68]. By making use of a Laplace transform, the
Fourier transform of (3.218) is expressed by an inner-product in the operator space
as follows.

Gr,(2) = (

Here z = w + i§ with § being an infinitesimal positive number. The inner product
between the operators A and B is defined by (A|B) = ([AT, B]y).

A basic idea of the PM-CPA is to approximate the Liouville operator by means of
an energy dependent effective Liouville operator L(z). It is defined for an operator
A as

L
e (3.219)

L)A=[H(), A]_, (3.220)

H(z)=Ho+ ) 6 @nig- (3.221)

io

Here X, (z) is a coherent potential or a single-site self-energy.
The coherent potential is determined as follows. We introduce a Liouville opera-
tor LY (z) for an impurity system such that

LY)A=[H"(2), A] . (3.222)

HY@)=H@) =Y Zo(@nig + Unigniy. (3.223)

o

According to the equation of motion we obtain the diagonal Green function for the
Liouville operator L9 (z) as

9@ = (Fr @™ = AP @) + Z,2) (3.224)

Here Fj (z) is the diagonal coherent Green function defined by (3.215) in which i«
has been replaced by z. A(l) (z) is the self-energy for the impurity system consisting
of the Hartree—Fock potential and the reduced memory function G (z)

AD @) =Uni_g) + UG (2), (3.225)

Glo=(Al |- @) 'a)). (3.226)
Note that the operator space of the memory function has been expanded from {Iaja)}
to {|AT )= |a N g)} where 6n;_s =nj_s — (nj_s). The Liouville operator
L(l)(z) is defined by L (z) QL(’)(z)Q with use of the projection operator Q =
l—Pand P=)_ j |a1.0)(a /.0|. L(l)(z) operates on the operator space orthogonal to

the original space {|aj.g)}.
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Fig. 3.10 Schematic diagram
showing the equivalence
among the many-body CPA
(MB-CPA), the dynamical
CPA (Dyn. CPA), the
dynamical mean-field theory
(DMFT), and the projection H H

MB-CPA | ——

operator method CPA
(PM-CPA)

The coherent potential or the energy dependent Liouville operator is determined
from the CPA equation (see Fig. 3.9)

9 (2) = Fy(2). (3.227)

or equivalently Af,i )(z) = Y;(z). The CPA equation (3.227) in the PM-CPA has
the same form as the one obtained from an analytic continuation of the tempera-
ture Green function in the MB-CPA (see (3.214)). Thus it is essentially the same
as the MB-CPA when a suitable single-site approximation has been made for the
static averages in the self-energy (3.225). (Note that the projection method treats
the dynamics and the static averages independently.) The PM-CPA is extended to
the nonlocal case [69].

Figure 3.10 summarizes the relation among various single-site theories. The
dynamical CPA, the MB-CPA in disordered alloys, and the DMFT in the metal—
insulator transition are equivalent. The single-site spin fluctuation theory (SSF) [45—
49] is obtained from the dynamical CPA as a high-temperature approximation, and
the variational approach (VA) [52], which makes use of an effective potential ob-
tained by a variational energy at low temperatures, is an adiabatic approximation
to the dynamical CPA. The three equivalent theories are based on the temperature
Green function. The PM-CPA in the excitation problem is based on the retarded
Green function, and also equivalent to them. These relations imply that the single-
site theories developed in the magnetism and those developed in the strongly corre-
lated electron system are unified.

3.7 First-Principles Dynamical CPA and Metallic Magnetism

The dynamical CPA theory presented in Sects. 3.4 and 3.5 is based on the single-
band Hubbard model. We have to take into account the realistic band structure and
associated inter-orbital Coulomb interactions in order to compare theoretical results
with experimental data and to discuss quantitative aspects of the theory. In the case
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of transition metals and their alloys, electrons on the five d orbitals are responsi-
ble for the magnetism. The orbital degeneracy increases the degree of freedom on
electron motion and causes different types of Coulomb interactions. Especially, the
intraatomic exchange interaction parallels the spins on an atom and tends to form
an atomic magnetic moment as well as associated magnetic entropy. The transverse
spin fluctuations as shown in Fig. 3.1 are also realized. We introduce in this section
a realistic model Hamiltonian obtained by the first-principles local density approx-
imation (LDA) band theory [70], and outline the dynamical CPA applied to the
realistic Hamiltonian [71, 72]. We will also discuss the ferromagnetism of Fe, Co,
and Ni at finite temperatures on the basis of the realistic theory.
We apply here the following tight-binding model Hamiltonian.

H = Hy + Hi. (3.228)

The Hamiltonian for noninteracting system Hy is given by

05 0 i
Ho = ZSiL”iLU + Z tiLjL/aiL(fajL/O" (3.229)
iLo iLjL'o

Here e?L is the atomic level on site i and orbital L(= Im) for the noninteracting

system. tl.OLj 1% is the transfer integral between i L and jL'. aiT Lo (@iLo) is the creation
(annihilation) operator for an electron with orbital L and spin o onsite i, and ii; , =
aj 1.o8iLo 18 a charge density operator. We added the hat sign on the charge and spin
density operators in this section in order to distinguish these operators with those in
the density functional theory (DFT).

In the transition metal system, for example, the 3d electrons form narrow bands
as compared with the 4s and 4p electron bands. The 4s—4p electrons behave like free
electrons, and may screen the Coulomb interactions between 3d electrons. Therefore
we may apply the following interaction Hp consisting of the intra-atomic Coulomb
interactions between d electrons.

Hi=) [Z Uoitmtfiim |, +
m

i

I\, .
Z (U] - §J>nilmnilm/

m>m’

— Y Jdim '§ilm/:|~ (3.230)

m>m’

Here Up (U7) and J are the intra-orbital (inter-orbital) Coulomb interaction and the
exchange interaction, respectively. 717, (Si1n,) with [ = 2 is the charge (spin) density
operator for d electrons on site i and orbital m, which is defined by 21 = Y fitmo
Sitm = Zay a,.TLa (0/2)ayaiLy), o being the Pauli spin matrices.

As shown earlier in Sect. 2.3.3, we can derive the first-principles tight-binding
(TB) Hamiltonian on the basis of the LDA to the DFT and the tight-binding linear
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muffin-tin orbital (TB-LMTO) method. The Hamiltonian is written as (see (2.167))

Hipa = Z HiLjL’a,TL(,ajL’a, (3.231)
iLjL'c

(lvz (r)
3 —|—vr>

Here x;1’s are the nearly orthogonal basis functions for orbital L on site i. v(r)
is a LDA potential, ;7 is an atomic level, and f;7;/ is a transfer integral between
orbitals ;7 and x;z’.

When we construct the tight-binding parameters for noninteracting system from
the TB-LMTO LDA Hamiltonian, we have to take into account the fact that the one-
electron Hamiltonian (3.232), especially the atomic level ¢;;, contains the effects
of strong intraatomic Coulomb interactions. We therefore subtract the contribution
of electron—electron interactions from the LDA Hamiltonian (3.232) via the relation
(Ho) = E1pa — EED A- Here ELpa is the ground-state energy in the LDA, and EED A
is a LDA functional to the intra-atomic Coulomb interactions. The atomic level e?L
for the noninteracting system is then obtained from the relation [63],

Hipjp = <XiL XjL> =& 180+t (3.232)

o _ 9ELDA IE A
&L BV

_ . (3.233)
oniLe 0n;iLs

Here n;1, is the charge density at the ground state. For the transfer integral, we
adopt the approximation tl.OLj 1o = tiLj1 expecting small corrections.

Several forms of EED A have been proposed. Among them, we adopt here the
Hartree—Fock type form [70], since we are considering an itinerant electron system
where the ratio of the Coulomb interaction to the d band width is not larger than
one.

Elps = % Y Unjanja+ % ZZ’Z(U—BnMnM. (3.234)

j mm'c j mm' ©

Here njg =Y .5 Mjimo/2(20 + 1) with [ = 2. U and J are the orbital-averaged
Coulomb and exchange interactions defined by

_ 1
U=——= Unm- (3.235)
2 mm
Q@ +1)% 4~

1 ’
w-J)= mmim; Unm' = Jmm'), (3.236)

where U,y and J,,,, are orbital dependent intra-atomic Coulomb and exchange
integrals for d electrons. From (3.233) and (3.234), we obtain the atomic level e?L
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for the noninteracting system as

o _oo (1o g Y1 \7
g1 =&iL [(l 200+ ])>U 2 (1 o+ 1)>Ji|nd(312. (3.237)

Note that n; denotes the total d electron number per atom.

The Coulomb and exchange energy parameters, U and J, may be obtained by
the following steps. We introduce an orbital dependent energy functional Eppa+u
as follows.

Erpa+u = ELpa + Eu — Epy. (3.238)

Here E1pa is the LDA total energy, EED  is the Hartree—Fock type LDA contribu-
tion given by (3.234), and Ey is the orbital-dependent contribution due to d elec-
trons, which is given by

Ey= % Z Z vnjdm(fnjdm/gf/ + % Z Z/ Z(ﬁ - 7)njdmrrnjdm’cr- (3.239)

Jj mm'o j mm’ ©

Note that Eppa4u reduces to the original LDA energy when 7 jgpe =njq4.
The variational principle § Ey pa+u — 6N = 0 yields the Kohn—Sham poten-
tial as

Vdmo (r) = vLpA(r) — o + Zv(njdm’—o —nj)

m

+ 3T = D jams — ). (3.240)

Here vp pa (7) is the LDA potential given by (2.116). A method to take into account
the orbital dependence of the LDA potential with use of the intra-atomic Coulomb
interactions is called the LDA + U method [63]. The above potential suggests that
the following atomic levels in the TB-LMTO (see (2.167)) are orbital dependent,

1V2+
_5 Vo (1)

and 88jLT/8njL’¢ = agjL¢/8”jL’T = U, BSjLT/anjL/T = 88jL¢/8njL’¢ =
U — J)(1 = 8y for 1 =2.

For the evaluation of U and J, we remove the charge transfer between the d
orbitals and the other orbitals, and change the d electron number # j4;,s or the spin
density m jgm =N jmt — Njm| S 0N jame’ OF M jqm. Then we can calculate the self-
consistent change of the LDA atomic level as {§¢€jimo}. The U and J, which are
screened by the other electrons, may be obtained as

€jLo :<XjLo ijo>, (3.241)

_ o0&
U = 2tidmt (3.242)

8njdm’¢
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8(&jamt — €jdm])
Smjdm/

T (3.243)

The method mentioned above to obtain U and J is known as the constraint
LDA [70]. The intraatomic Coulomb and exchange interaction energy parameters
Uy, U1, and J in the Hamiltonian (3.228) are obtained from U and J in the LDA +U
via the relations: Uy = U + 8J/5, U =U-— 2J/5 and J = J, where we adopted
the relation Uy = Uy + 2J obtained from the rotational invariance.

We can apply the dynamical CPA to the first-principles model Hamiltonian
(3.228). The Hubbard-Stratonovich transformation (3.24) is then extended as fol-
lows.

[det A
eme’am mm’ Gm’ eM /[ndxnl]e me’(xm mm! Xm! — 2a, A mmfxml) (3244)
T

Here {a,, } are the Bose-type operators which commute each other. A, isa M x M
matrix, and {x,,} are auxiliary field variables.

Discretizing the time in the free energy in the interaction representation
(see (3.31)) and applying the Hubbard—Stratonovich transformation (3.244) to the
Bose-type operators at each time under the 7 -product, one can obtain the functional
integral form of the free energy to the Hamiltonian (3.228) as follows.

N 2i+1

e 7 = /|:l_[ 1_[ agzm(r)agtm(f)}zo(s(f) ;(‘L'))

i=lm=1

xexp[——zz f dr(;mmA,mm/zm (1)

L mm

xyz
+ Zézm(x(f)Blmm éim’a(f)):|~ (3245)

Here ¢;, (7) and &;,,(7) denote the time-dependent charge and exchange fields act-
ing on site i and orbital m. Z0(&(v), (7)) isa partition function given by (3.35) in
which the Hamiltonian H (t, £(t), n(t)) has been replaced by

1
H(r.&(n). ~it(0) = ZI:(E?L —HhT3 ZiAimm/Eim/(t)rSzz)ﬁiL(t)
iL ~
B Z( Z Btmm Eima(T) + h?[m>512rfigL (r)]

+ Y Ginral (016 (@) (3.246)
iLjiL'c
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Here A;,,,y and BY

tmm

elements defined by

, (¢ =x,y, z) are the Coulomb and exchange energy matrix

Aimm = U08mm' + QU1 — J)(A = Spm')s (3.247)
Bl = (1= 8um) (@ =x,), (3.248)
Bizmm’ = Uobpmm' + J (1 = Spum). (3.249)

We express in the next step the free energy with use of the Matsubara frequen-
cies, introduce the coherent potential (X);rnojrno’ = Lo (@n)8ij8110nn 0507,
and make the single-site approximation in order to reduce the number of variables.
Neglecting the out-of-phase thermal spin fluctuations between different orbitals on
a site, we obtain the free energy per site as follows.

J,
Pl dsa]eﬂEef"@). (3.250)
47

cgpr:ji—,B1111/|:1_[

Here & =), &imq is the static exchange field. The effective exchange energy pa-
rameters are defined by J, = Jy, = J| =[1—1/(2l+ D1J, J, = Up/ (2l + 1)+ J .
The effective potential consists of the static part and the dynamical part; Ecg(§) =
Es(&) + Egyn(§). The former is given by

1
Eqw(§) = “3 Z ln[(l —8vp4(0) Frp(iwn)) (1 — Svzy (0)Fry (iwy))

mn

1.
- ZJJZ_EJZ_FLT(iwn)FLi(iwn)}

1 - -
+3 |:—(U0 —2U + )Y AL (€)= QU — D (€)* + TiET + stf].

(3.251)

Here 6v14(0) = v (0) — Y16 (iwy), and v, (0) is the static potential for elec-
trons with orbital L and spin o. Fp,(iw,) denotes the coherent Green function
for orbital L and spin o. The charge densities, 717 (§) and n;(¢) are defined by
np (&) =) ,nrs(&) and n;(§) =), iip (), respectively. Note that the spin-flip
contributions as well as the inter-orbital contributions characterized by the param-
eters 2U; — J and J| now appear in the energy expression. Equation (3.251) is an
extension of the static potential (3.149) to the degenerate case.
The dynamical contribution to the effective potential is given by

e_ﬂEdyn &)

. 00 ‘32l+1 det B . 1321+1 det A ]
=D= / 1_[ |:{l_[ (271)—21“ 1_[ dzg’”“(lw")}(zn)—ﬂﬂ Hdzfm(lwn):|
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x D CXP[—g Z Z <§:1 (iwn) A S (L)

n#0 mm’

+ Zg;rkla(iwn)Bf,im’Em’a(iwn)>i|, (3252)
and

D= det(annfswawf =D Oraor iy — iwn/)gwugwiwnf)). (3.253)

o

Here ¢, (iw,) (Ema(iwy)) denotes the dynamical charge (exchange) field for or-
bital m. The matrices A’ and B}y , (¢ = x, Yy, z) have been defined by (3.247),
(3.248), and (3.249). ¥} 4 (iw, —iw,) is the dynamical potential, and g; ;¢ (iw;,)
is the Green function in the static approximation.

The dynamical CPA equation is obtained from the stationary condition of the free
energy 8.%cpa /8 XiLs (iwy) = 0 as follows.

(G (iwn)) = Fro (i), (3.254)

8D,
Z Ko (iwn)8 X s (iwy,) >
(3.255)
eff

(G (iwn)) = ZLoLo (i0n) + —
Lo L@ <8LL Lo, 1+Z(Du—1)

Here (G(Li; (iwy)) is the Green function with an impurity dynamical potential em-
bedded in the effective medium. D, is the determinant for the scattering matrix
due to dynamical potential vy ;4 (Liw,). ke (iowy) =1 — Fro (iwp) 2Hpo (iwp)
and Hy, (iwp) =6F L6 (iwy) /8 X6 (iwy). The average (~)cfr at the r.h.s. of (3.255)
denotes a classical average with respect to the effective potential Eeg(£).

The local charge and magnetic moment are derived from the free energy (3.250)
as follows.

1
(L) =2 Y Frolion), (3.256)
(i3 ) = %ZGFLU(iwn). (3.257)

In particular, the [ = 2 components of local charge and magnetic moment (i.e.,
() =73, (ar) and (m;) =", (my)) are expressed as

() = (11(&))efts (3.258)
() = (§)efr- (3.259)
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Fig. 3.11 Effective potential
for bee Fe at the temperature
T/Tc = 0.5 on the £,—&, Eei(S) (Ry)

plane [72]
0.01
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The last expression of magnetic moment indicates a physical picture as shown in
Fig. 3.1 that both the longitudinal and transverse components of local moments
fluctuate in the metallic system with elevating temperature.

Typical Coulomb and exchange interactions calculated by the LDA + U con-
straint method are reported to be U = 0.17 Ry and J = 0.066 Ry for bcc Fe, and
U =0.22 Ry and J = 0.066 Ry for fcc Ni [73]. These values considerably de-
pend on the method of calculations. Recent calculations based on the random phase
approximation report that the exchange interaction energy parameters can be re-
duced by 30 % irrespective of transition metal elements [74]. According to the full
Hartree—Fock calculations for solids, on the other hand, the averaged bare Coulomb
and exchange interactions are 1.55 Ry and 0.060 Ry (1.66 Ry and 0.065 Ry) for
bee Fe (fee Ni) [75]. The results imply that the LDA 4 U Coulomb interaction en-
ergy parameters are screened by 4s—4p electrons by a factor of five or ten, while the
screening on the exchange interactions is negligible.

Figure 3.11 shows the effective potential of ferromagnetic Fe calculated by the
first-principles dynamical CPA. We adopted here the interaction energy parameters,
U =0.17 Ry and J = 0.066 Ry. Dynamical corrections are taken into account up to
the 4-th orders in Coulomb interaction strength in the calculations. The dynamical
potential Egy, (&) acts to reduce the longitudinal amplitude of magnetic moments
and enhance the transverse spin fluctuations. The calculated potential for ferromag-
netic Fe has a double minimum structure. This implies that the local magnetic mo-
ments of Fe show large thermal spin fluctuations which change the magnetic mo-
ments in direction. The behavior differs from the case of the single-band model
where quantum spin fluctuations are more significant so that the potential shows a
single minimum structure (see Fig. 3.7).

The magnetization vs. temperature curves of Fe are presented in Fig. 3.12. Ob-
tained ground-state magnetization 2.58 up is considerably larger than the experi-
mental value 2.22 up. Calculated Curie temperatures are summarized in Table 3.2.
The Curie temperature in the Hartree—Fock approximation is 12200 K. The static
approximation reduces T¢ by a factor of 6. Dynamical corrections in the HA further



112 3 Metallic Magnetism at Finite Temperatures

<m2>1/2

M (Up)

0 500 1 OdO 1500 2000 2500 3000

T(K)

Fig. 3.12 Magnetization vs. temperature curves (M — T'), inverse susceptibilities (x~1, and
the amplitudes of local magnetic moments ((m?)'/2) for bee Fe in the dynamical CPA (solid
curves) [72]. The magnetizations calculated by the DMFT without transverse spin fluctuations
are shown by open squares [73]. Experimental M — T curve is shown by + points [76]

reduce Tc and yield Tc = 1930 K [72]. The DMFT calculations without transverse
spin fluctuations also yield approximately the same value 7= 1900 K [73]. These
values are still higher than the experimental value (1040 K) by a factor of 1.8. The
first-principles dynamical CPA also overestimates the Curie temperature of fcc Co
by a factor of 1.8 as found on Table 3.2.

The inverse susceptibility above T¢ follows the Curie—Weiss law. The dynamical
CPA yields the effective Bohr magneton number 3.0 g, which agrees with the ex-
perimental value 3.2 ug [77]. The amplitudes of local magnetic moments (m?>)!/2
show a weak temperature dependence and take a value 3.1 ug at 2000 K; the calcu-
lated effective Bohr magneton number approximately agrees with the amplitude of
local moment, so that the Rhodes—Wohlfarth ratio (mg/ (mz) 1/2yis 1in agreement
with the experimental fact.

An alternative example of ferromagnetic metals is the fcc Ni. The effective po-
tential for Ni shows a single minimum in both the ferro- and para- magnetic states as
shown in Fig. 3.13. It indicates small thermal spin fluctuations around the equilib-
rium point. The dynamical contribution to the effective potential acts as an effective
magnetic field which weakens the spin polarization. Calculated ground-state magne-
tization 0.63 up is close to the experimental value 0.62 ug. Here the Coulomb and
exchange energy parameters are chosen to be U = 0.22 Ry and J = 0.066 Ry. The
magnetization vs. temperature curve is presented in Fig. 3.14. We find the Curie tem-
perature 7c = 620 K. As summarized in Table 3.2, calculated Curie temperatures of
Ni in the Hartree—Fock approximation is 4940 K, the static approximation reduces
Tc by a factor of 3 or 4 (1420 K), and the first-principles dynamical CPA with use
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Fig. 3.13 Effective potential
of Niat 7/Tc = 0.8 [72]

Eex(E) (Ry)

0.01

of the HA yields Tc = 620 K [72], being in good agreement with the experimental
value 630 K.

The calculated inverse susceptibility for Ni follows the Curie-Weiss law, and
shows an upward convexity in the high-temperature region, being in agreement
with the experimental data. The effective Bohr magneton number calculated at
T ~ 2000 K is 1.6 up in the dynamical CPA. The result is in good agreement
with the experimental value 1.6 up [81]. Calculated amplitude of local moment
(m?)1/2 slightly increases with increasing temperature and takes a value 1.97 up
at 1000 K, which is larger than 1.27 up, the value in the local moment model.
Note that the d electron number in the metallic state is nqg = 8.7 because of the hy-

25

M (up)

0 500 I 1000 1500 2000

T (K)

Fig. 3.14 Magnetization vs. temperature curves (M — T'), inverse susceptibilities ( x~ 1), and the
amplitude of local magnetic moments ({(m?>)!/?) for Ni in the dynamical CPA [72]. Experimental
data of magnetization curve are shown by + [82]. The magnetizations calculated by the DMFT
without transverse spin fluctuations are shown by open squares [73]
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Fig. 3.15 Effective Bohr magneton numbers in various 3d transition metal alloys as a function of
conduction electron number per atom. Large closed circles show the theoretical values of Fe, Co,
and Ni obtained by the dynamical CPA [72]

Table 3.2 Curie temperatures Tc for Fe, Co, and Ni calculated by the Hartree—Fock approxima-
tion (HF), the dynamical CPA with static approximation (SA), and the dynamical CPA with the
harmonic approximation (HA) [72]. The experimental data (Expt.) are shown on the bottom line
[78-80]

Tc (K) Fe Co Ni

HF 12200 12100 4940
SA 2070 3160 1420
HA 1930 2550 620
Expt. 1040 1388 630

bridization of the d bands with the sp bands. It is smaller than ng = 9.4 expected
from a d-band model with strong ferromagnetism. The amplitude of the local mag-
netic moment is therefore larger than the value expected from the local moment
model, 1.27up (= /M (0)(M(0) + 2), where M (0) is the ground-state magnetiza-
tion 0.62 up).

Although the quantitative agreement of T¢ is not obtained in the single-site the-
ory, the paramagnetic susceptibilities at high temperatures are quantitatively de-
scribed by the first-principles dynamical CPA. Experimental data of effective Bohr
magneton numbers in 3d transition metal alloys continuously change with the con-
duction electron number per atom as shown in Fig. 3.15. Calculated effective Bohr
magneton numbers, 3.0 ug (Fe), 3.0 up (Co), and 1.6 up (Ni) are in the experi-
mental data.



Chapter 4
Magnetic Excitations

The ferromagnetic ground state is excited by applying a time-dependent magnetic
field or elevating temperature. These excited states are observed by various exper-
imental methods such as neutron scattering and nuclear magnetic resonance tech-
niques. Here we consider the low-energy excitations from the ferromagnetic ground
state in both metals and insulators. We introduce first the spin wave excitations in
the local moment system which are instructive for understanding the nature of the
excitations. Next, we will show that itinerant electron ferromagnets cause the same
type of collective excitations, as well as the spin-flip excitations of each electron
called the Stoner excitations. Finally, we introduce the dynamical susceptibility in
order to generalize the theory of magnetic excitations, and treat the same topics with
use of the susceptibility in the random phase approximation (RPA).

4.1 Spin Waves in the Local Moment System

We consider in this section the local moment system described by the Heisenberg
model, and clarify the basic concept of spin waves as low-energy excitations.

In the atomic system with n electrons in the unfilled shell, the atomic moment is
built up according to the Hund rule (see Sect. 1.3). It consists of the spin magnetic
moment with spin § and its z component M, as well as the orbital moment with
the angular momentum L and its z component My . In the crystalline system in
which the spin-orbit interaction is negligible, the crystal field removes the orbital
degeneracy, so that the orbital moments are quenched (see Sect. 1.5). We may then
express the magnetic states of the insulator by means of a set of {M;}, where M;
denotes the z component of the spin of magnetic ion i. The atomic spin on site i is
given by

1
$i=5 D o @)aa'tima’, 4.1
moo’
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where ajm » (@ims) denotes the creation (annihilation) operator for an electron on
orbital m in the unfilled shell. The eigen states |SM;) of Sl-2 and S;, are defined by
SiISM;) = S(S+ 1)|SM;) and S;;|SM;) = M;|SM;). M; takes 25 + 1 values from
—StoS.

We assume that the ferromagnetic state of the insulator is expressed by a Heisen-

berg model as follows.

NN NN 1
2 + ¢o— - ot
H=-2J)8;-8=-2J Z[Siz +5 (5757 + 575 )]. 4.2)
(i.)) i.J)

Here the sum is taken with respect to the nearest-neighbor (NN) pairs for simplicity.
Sl.jE (= Six £i8;y) are the raising and lowering operators of spin on atom i, satisfying
the relation Sl.i|SM,') =SS +1)— M;(M; £1)|S M; +1). Note that J > 0 since
we assume the ferromagnetic ground state.

As in the case of the Hund-rule coupling, the magnitude of total spin Sy =
Zi S; should be maximized at the ground state: Sy, = N S. Here N is the number
of magnetic ions. The ground state wave function is therefore given by

Yy = |{Mi = S}). 4.3)

The state ¥ is in fact verified to be the ground state, and its energy is given by
Eo = —NJzS? where z is the number of the nearest neighbors.

HYy = EgY). 4.4)

Note that the ground-state energy E( agrees with what is expected from the classical
Heisenberg model.

The low-energy excitations from the ground state may be created by the one-spin
flipped states defined by

1
T V2

Note that these states are orthogonal to the ground state; (i|¥y) = 0, and are also
orthogonal to each other; (i|j) = §;;. The Hamiltonian is diagonalized in the sub-
space {|i)}. In fact, we can verify that

li) STW=I1S,....5, M;i=S—1,5,...). (4.5)

NN of i
Hli)= (-NJzS8* +2Jz8)li) =278 > D). (4.6)
1
Therefore we have
(ilH|j)=(Eo+2Jz8)8;; —2J;;S. 4.7

Here we have defined J;; as J;; = J for the NN pair (7, j), and otherwise J;; = 0.
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Since (4.7) is the same type of Hamiltonian matrix as the one-electron tight-
binding model (1.53), we can diagonalize it with use of the Bloch wave function |k)
as follows.

—ik-R;

f Z e Ry, (4.8)
and
H |k) = (Eo + wi) k). 4.9)
Here wy is the eigen value for excited states,
wx =2Jz8(1 =y (k)), (4.10)

and y (k) =z7! ZII\IN exp(ik - R ;). The excitation energy wy is known as the spin
wave energy because the dynamics associated with the excitations form a wave of
transverse spin components. Note that wy — 0 as k approaches 0, so that the exci-
tation energy approaches the ground state energy.

The eigen state |k) is obtained from the ground state ¥y by applying the spin-flip
operator S, as follows.

1
k) = 75 S, Yo, 4.11)
where
1 ,
S =—=> e kRigo, (4.12)
/ J
N5

Let us verify that the dynamics associated with low-energy excitation are spin
waves. In the Heisenberg representation, the spin dynamics is determined by the
equation of motion as follows.

L dSy _
ld—;‘ =[s;, H]. (4.13)

For a low energy state ¥y such as the ground state, we have [S,, H]¥p =
—wy S, Wp. We have then

45 S, 4.14)
i o X —wy .

Thus,

S (1) =S (0) e’ = \/Lﬁ > ST Ok kT, (4.15)
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Fig. 4.1 Spin-wave motion associated with the low-energy excitations in the local moment system
In the real space, this means that
1 .
ST =—=)_ S; (0)e'*RiteD, (4.16)
Jj N7 k
N k

Since Sj_ = Sjx —iSjy, we obtain

1
Siy(t)=— S, (0)cos(k - R; + wyt),
J \/ﬁik: k J
1 “4.17)
Siv(t) =———= S, (0)sin(k - R; + wyt).
JY WX]{: k J

Thus the motion of spins associated with low-energy excitations in the ferromagnets
behaves as a wave of transverse spins (see Fig. 4.1).

4.2 Spin Waves in Itinerant Ferromagnets

The spin wave excitations are also possible in the itinerant ferromagnets. We exam-
ine in this section the low-energy magnetic excitations in itinerant electron systems.
We adopt the Hubbard model (1.51) in the following:

H:ZEonig-i-Zt,'jaLaja—I—ZUnl-Tnii' (4.18)
io

ijo i

We assume that the ground state is ferromagnetic, and that it is approximately de-
scribed by the Hartree—Fock wave function ¥, for simplicity.

Wy = |:Ha;{| []‘[a,ﬂ 10). (4.19)
k k

The Hartree—Fock ground state ¥y and the ground-state energy E( then approx-
imately satisfy the following equation as previously discussed in Sect. 2.1.

H Yy~ EgY. 4.20)
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Here

occ

1
Eo=Y &k — ZNU((n)(Z) — (m)3). (4.21)
ko

Here ey = 0+ U (n)o/2 — U (m)oo /2 + ¢ is the Hatree—Fock one-electron energy,
¢i being the eigenvalue for the transfer integral matrix #;;. N denotes the number of
lattice points.

As in the local moment case, we may introduce the spin-flip operator S;” = S; —

iSiy = aLaiT- In the momentum representation, it is written as
1 . 1 .
ST =— Zelq-Rf S, =— Ze’q-Rr‘ Z S, (4.22)
qk
ﬁ q N q k
Here S is given by S = Yk Sq_k /+/N, and Sq_k is the spin-flip operator defined by

Soe = a,i'ﬂlam. (4.23)

Since S, Wo described a spin-wave excited state in the case of the insulator model
(see (4.11)), we assume here that the low energy excitations in the itinerant system
are described by a superposition of the spin-flip states {Sq_k Yy} as follows.

W= S Y. (4.24)
k

The eigen value equation is written as
HY, = (Ey+ wg)¥y. (4.25)

Here {c;} and wy are coefficients and excitation energy to be determined. Note that
('1/0|Sq_k ¥p) =0 and (S‘;k,‘lf()wq_k Vo) = ngy (1 — nggqy )84 ki - Here nyg is the
electron occupation number for an electron with momentum k and spin o.

In order to examine the excited states, we express the Hamiltonian in the mo-
mentum representation as follows.

H = Hy + H;j, (4.26)
Hy=)_ &{nio, (4.27)
ko
Hi = E Z al al Q' Ay o - (4.28)
2N k1+qo “ky—qo’ " k2 1
kikyqoo’

Here 8](3 = go + & is the one-electron energy for the noninteracting Hamiltonian.
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In the calculation of H ¥, at the Lh.s. of (4.25), we have
HS, W= ([H, S, ]+ S, H)%. (4.29)

In the second term at the rh.s. of the above equation, we may adopt (4.20);
S HYo ~ EOS ;. The commutation relation [H, S ] in the first term at the

r. h S. 18 obtamed as follows by using (4.27) for Hy and (4 28) for Hj, respectively.

[Ho, S;]= (s — €2) Spi (4.30)

1Y i i Pt
[Hl, qu] = N Z (ak+q+q,ia,é,_q,g,ak/(,/am - ak_i_qiak,_q,g,ak/oxak,q/T).
qulo./
4.31)

The interaction part [Hj, Sq_k] expands the Hilbert space when it is applied to
the ground state ¥,. We take the diagonal part among the k" scattering terms, and
neglect the other terms that expand the space. This is called the Random Phase
Approximation (RPA). For example,

f i ~ N i
Z Utrg+q') (Z ak’—q’Tale>akT o~ Z U | Fk1 T+ 1Ok 0
q/ k/ q/

= —njy <Z Sq_k,) &, (4.32)
k/

taking only one term k" = k + ¢’ among various k' terms, which is conjugate
with ayy. Here ny, is the electron occupation number at the ground state.
Making use of the RPA, we obtain

HS, W= (ek+q &) S %o

+ N Z("k’T — i 4q) S W0

- —(nkT — Ntq)) Z S, %0 + EoS; %o. (4.33)

Substituting the wave function (4.24) into the eigen value equation (4.25)
and applying the above relation (4.33) as well as the orthogonality relation
(S o lI/ol © W0) =ngy (1 — ngyg))dkw, we obtain the eigen value equation for {c}
as follows.

('Sl(c)-l-q - 81(3 + U{m) — wq Ck = Z(”k% — R yg | CK (4.34)
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Fig. 4.2 Stoner excitations
Wgk = Ektq| — Ekp 1N

itinerant electron system
k+qy

—

T

(1) Stoner excitations
Equation (4.34) has the simple solutions ¢ # 0 and ¢, = O for the other k’, which
correspond to individual electron excitations. The wave function is given by
Wi = S, %o = aj ., axr . (4.35)
The excitation energy as the eigen value is given by
wgk =61y, — &)+ U(m) =e114) — exy., (4.36)

where ¢i, is the Hartree—Fock one-electron energy for o spin electron.

This is an individual excitation which excites one electron from k 1 to k + ¢ |,
and is known as the Stoner excitation (see Fig. 4.2). Stoner excitations wy yield the
exchange splitting w,—o = A = U{m) at ¢ =0, and form a band for a given g # 0.
In the free-electron model band, we have

h h
5, (F2keq +6%) + A < og < - (2keq +47) + A (4.37)

The region of the Stoner excitations as a function of g is schematically shown in
Fig. 4.3 by hatched lines.

(2) Spin wave excitations

There are alternative solutions of low energy excitations with {c; # 0} in the
eigen value equation (4.34). After having divided the eigenvalue equation (4.34)
by (82+q — 82 + U{m) — wy), we multiply ng4 — ng44, and sum up the equation
with respect to k. We then find the equation for excitation energy w, as follows.

4 Nkt — Mitq)
1=— . (4.38)
N Xk: s,?+q —8](3+U(m) —wy

There are many solutions in the case of the strong ferromagnet (large U and
nis = 1), because 82+q — 82 + U (m) > 0 and we have each solution between neigh-
boring zero points of the denominator. These solutions correspond to the Stoner
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Fig. 4.3 Spin wave ®
excitations (thick line which

starts from wy—o = 0) and

Stoner excitations (hatched

region) as a function of the

wave vector ¢ in itinerant A
electron system

excitations. However, we have one more solution below the Stoner continuum solu-
tions as shown in Fig. 4.3. This solution w, satisfies Ehrg — &k T U(m) > w,, and

wy —> 0 as g goes to zero, as verified from (4.38). For small ¢, 82+q — 82 — wy
is small as compared with A(= U (m)). Thus expanding the r.h.s. of (4.38) with
respect to 82 +q 52 — wy, we obtain the solution for small g as

1
a)q = W ; (nkT — nk+q¢)(8]({)+q — 82) (439)

For the system with cubic symmetry, we obtain
wy = Dg?, (4.40)

D= > iy + )828" (4.41)
= — n n —_—. .
am =TT Ty

This is the same dispersion as the one found in the spin wave in the Heisenberg
model. The coefficient D is called the spin wave stiffness constant.
The wave function for w, = Dgq? is obtained by substituting the eigenvalue into

(4.34) and expanding the coefficients ¢ as cx = c,(co) + c,(cl) + c,(cz) + .- according

0)
k

to the magnitude of ¢g. Up to the first order, we have ¢, * = 0 and c,(cl) = const. Thus

we obtain
v, = Sq’ . (4.42)

This is the same form as the wave function of the spin wave in the Heisenberg model
(see (4.11)). In the spin-wave excited state ¥, total magnetization is reduced by two
in unit of the effective Bohr magneton number as compared with that in the ground
state.

Taking the same steps as in the spin wave of the Heisenberg model, we can verify
that the motions of transverse spins associated with such low energy excitations are
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given as follows (see (4.17)).

S; (t)——l > 8, (0)cos(q - Rj + wyt)
Ja\l) = 77— CAR qt)>
N|q|<qc !
(4.43)
1 _ .
Sjy(z)z—ﬁ > S, 0)sin(g - Rj + wgh).

lg1<qc

Here we introduced a cut-off frequency ¢q., below which the spin wave excitation
energy wy = Dgq? is obtained. In conclusion, the spin-wave excitations exist in the
long-wave limit even in the itinerant-electron ferromagnet. They correspond to the
corrective motion given by (4.43).

It should be noted that the Stoner excitations are included in the eigen states
of the Hartree—Fock Hamiltonian (2.7). Associated temperature dependence of the
magnetization is obtained from the self-consistent equations (2.11) and (2.12), or
(3.1) and (3.2). At low temperatures, one can obtain the temperature dependence of
the magnetization per atom as follows solving the self-consistent equations.

72 ol p p“)p_l

3 pl+p)-U

SE (4.44)

Here p, (,0(, )) denotes the density of states (DOS) at the Fermi level in the ferro-
magnetic ground state (the first derivative of the DOS at the Fermi level). The above
expression indicates that the Stoner excitations yield the temperature variations be-
ing proportional to 72. The same conclusion is also verified from (3.22) for the
weak ferromagnet.

In the spin wave excitations in the strong ferromagnets, we have the eigen-value
equation (4.25) with the energy w,; = Dgq? and the excited state Yy = S, ¥ for
small |q| < g¢. The equation is written as [H, S q W =wy S " Yp. It implies that the
following commutation relations are satisfied for low-energy excited states in the
strong ferromagnets.

[H, S;] ~ Wy S, (4.45)

Then we can find the higher excited states ¥,,; = (Sq_)" ¥y such that H ¥,,; = (Eo +
nwq)¥ng. These are the higher-order excited states of spin waves called magnon ex-
citations, and the associated magnetization is reduced as M; ¥,,; = (Mo — 2n)W),.
Here M denotes the ground-state magnetization. We can generalize these results as

lgl<gc
w({ng}) = (Eo+ > nqwq) ¥ ({ng)), (4.46)

q

lg1<qc
w({ng)) = (M0—2 > nq> ({ng}). (4.47)
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Here the spin-wave excited states are given by

¥ (ing)) = ['qﬁc(st,-)"q}%. @49)

q

Associated temperature dependence of the magnetization is calculated from
(4.47) as

lg1<qc
(M)y=Mo—2 ) (ng). (4.49)
q

Here the thermal average of the magnon number (n,) is obtained as (n,) =
1/(eP®s —1). Thus we find the magnetization per atom m(T) = (M) /L as follows.

2 _(3\( T\
TY=m@0)— =¢| = || — 4.50
m(T) =m(0) 2§<2)(nD) + (4.50)
Here (2 is the volume of the unit cell and we used the relation w, = Dqg?*. :(3/2) is
Riemann’s ¢ function defined by

% x2 VT e 1 3
n=1

Note that the spin wave excitations are not included in the single-site theory
presented in Chap. 3, but govern the temperature dependence of the magnetization
in the low temperature limit since the spin wave excitations yield the 73/ law while
the Stoner excitations yield the T2 law, as seen from (4.50) and (4.44).

4.3 Dynamical Susceptibility

Magnetic excitations are described by the dynamical susceptibility. This implies
that one can describe the excitations discussed in the last section by means of the
susceptibility. In this section we introduce dynamical susceptibility on the basis of
the linear response theory and clarify its properties.

Let us assume that the system is perturbed by a time-dependent force F (¢), whose
interaction is given by

Hi(t) = —AF (). 4.52)

Here A is an operator of a physical quantity. According to the linear response theory
[83], the linear change of the physical quantity (B)(¢) due to the external time-
dependent perturbation Hj(¢) is expressed as follows (see Appendix E).

t
AB(t) =/ xpa(t —t')F(t')dr. (4.53)

o]
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The linear response function xp4 (¢) is given by a time correlation function at equi-
librium state as follows.

i
xBa(t) = ﬁ([BH(f), A]). (4.54)
Here By () is the Heisenberg representation of the physical quantity B, i.e., By(t) =
exp(iHt/h) Bexp(—iHt/h).

We consider here the response of the magnetic moments m; on site i under the
time-dependent magnetic fields {/;(¢)}. The interaction (4.52) is then given by

Hi(t)y==Y mj hj(). (4.55)
J
The response (4.53) of the magnetic moment on site i is given by
Amig(t) = Z / peid hjy () dt'. (4.56)
The response function Xf}’/ ) (a,y =x,y, z) is given by

X ()= —<[mHm<r), mjyl). (4.57)
When we apply the magnetic field oscillating with a frequency w as
hj(r) =hje @) (4.58)
we have the following response from (4.56).

Amig(t) = Z X (@+is)hjy g i@t (4.59)
Jv
Here s is the positive-definite infinitesimal number. It implies that we apply the

infinitesimally small field at # = —o0, and increase it continuously up to t = 0. The
response function x;;” (w +is) is given as

0
X @+ is) = fo X (0@ gy, (4.60)

The magnetic field and the magnetic moments are expressed by the Fourier lattice
series as follows.

hj=Y hig w)e'"®, (4.61)
q

Ami(t) =" Am(q.w)e'@Ri=oD, (4.62)
q
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Substituting the above expressions into (4.59), we obtain the linear response in
Fourier representation as follows.

Amg(q.0) = x*7 (g, 0+is)h,(q, o). (4.63)
14

Here we assumed the translational symmetry of the system in the equilibrium state.
The response function x“” (q, w + is) is defined as

X (g, w+is) =szy(w+is)e*i‘1'(Rf*Rf), (4.64)

1

Substituting (4.60) with (4.57) into (4.64), we obtain

X“V(q,w+is)=L%/() ([mua(q. 1), m, (—g)])e @) ar. (4.65)

Here L is the number of lattice points. The operator m(q) is the Fourier component
of the local magnetic moment m;.

1 _—
ma(q) = > “mige 4R (4.66)
i

The response function x*Y(q,® + is) is called the dynamical susceptibility and
determines the linear response to the time-dependent perturbation

Hi(t)=—LY my(—q)hy(q,w)e @+ (4.67)
Y

Here h, (g, ®) is the Fourier transform of the magnetic field h; .
1 —ig-R:
hy(q,a))=th,~ye iq-R;, (4.68)
L

It should be noted that the interaction Hp(¢) can be written by the spin-flip mag-
netic moments mlﬂE =m;y £ im;y, and conjugate magnetic fields hljE = hjx L ih;y as
follows.

1
Hy(1) = —LZ[E(mﬂ—q)h(q,w) +m™(—q)h*(q. )
q

+m;(—q)h,(q, a))i| g @it (4.69)

Here mi(q) and hi(q,a)) are the Fourier transform of mli and hli, respec-

tively. The interaction (4.69) indicates that we can introduce a transverse response



4.3 Dynamical Susceptibility 127

Am* (g, w) to the time-dependent magnetic field h* (g, w)exp(—i(w+is)), instead
of Amy(q, ) (¢ = x,y). The linear response relation is then written as follows.

Am*(q.0) =Y x*F(q.0+is)h*(q. 0). (4.70)
v

The transverse dynamical susceptibility x*F (g, w + is) is given by

xEF (g, w+is) = L%/Ooo<[m§(q,t), mT(—q)])e" @t ar. 4.71)

The dynamical susceptibilities describe magnetic excitations. In order to under-
stand the properties of x ~ (g, @ +is), for example, we express the time correlation
function in (4.71) with use of the eigenstates |«) and eigenvalues E,, of the Hamil-
tonian H. The dynamical susceptibility is then given as follows.

e P lylm™@lo)l*  KylmT(=g)le)?
Z \ho+is+E,—Ey, ho+is—E,+Ey)

(4.72)

X_+(q,a)+is) =L Z
ay

Here g is the inverse temperature and Z denotes the partition function of the system.
The spin-flip magnetic moment m ™~ (q) is expressed as

2 ¥ 2
— _ i _ —
mo@)= 7Y g a =7 ) Sy (4.73)
k k
In the same way, m™ (q) is given by
) =2Yd! _ 2yt 4.74
" (q)_zzak+qTak¢—ZZ ak* (4.74)
k k

Note that the spin-flip operator Sq_k has been introduced by (4.23), and S;k is defined
+ T
by qu = Gy g1 Ok -
The expression (4.72) indicates that the poles of x ~ (g, —w — is) give the exci-

tation energies associated with the spin-flip processes {S;k}. The imaginary part of
dynamical susceptibility describes the excitation spectra. In fact,

ImX*Jr(q,w—l—is):%(,///f(q,w)—%_(q,—w)). (4.75)
Here
+ e Pl L2
M (q,w)zz7|(y|m*(q)'|a)| 8(0 — wyq), (4.76)

ay
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—BEq
Mqo)=Y |

ay

(v |m~ @) — wya), (4.77)

and wyq = (Ey — Eg)/h.
We can verify the following relation by regarding exp(—BE,) as exp(—B8E, +
B(E, — Ey)) in (4.77).

M_(q,0) =P 0*(q, —w). (4.78)

Substituting the above relation into (4.75), we find that
-+ ; nL —Bhow\ g+
Im x (q,w+zs)=7(1—e )4 (g, ). (4.79)

This relation is known as the fluctuation-dissipation theorem. The same relation
holds true for the other susceptibilities x*¥ (¢, w + is) (&, y = x, y, z), where the
correlation function .Z* (q, ) at the r.h.s. of (4.79) should be replaced by

e PEx
M (q0)=) — il @p)vlmy (—@|us @ = @u).  (4.80)

v

The following static spin fluctuation is also expressed by the dynamical suscep-
tibility.
+ _ e_ﬂEa _ 2 _ 4 2
([ @, m™—ol) =3 ——(llrIm~ o)+ [y |m~ (=)"|e][").
ay
(4.81)

In fact, the r.h.s. is expressed by .Z_(—q, w) and ///f(—q, w) as follows.

([m* (@, m_(—q)]+)=/

e9]

do (M- (—q,0)+ M (—q, ). (4.82)

Making use of the relation (4.78) and the fluctuation-dissipation theorem (4.79), we
obtain the relation between the static spin correlation function and the dynamical
susceptibility as follows.

@ -ol)= [

]

Bho .
dow cothTImX (—q,w+1is). (4.83)
o

Finally, let us examine the static limit of the dynamical susceptibility. The rela-
tion (4.70) for ¢ = 0 and @ = 0 is expressed as follows.

Am(0,0) — i Am,(0,0) = x (0, O)%(hx(o, 0) —i(hy(0,0). (4.84)

In the static limit (w — 0), x~ T(q,0) is real according to the fluctuation dis-
sipation theorem (4.79). Moreover in the limit ¢ — 0, Amy(g = 0, = 0) and
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hy(q =0, w =0) are real (see (4.61) and (4.62)). Thus (4.84) yields the following
identity.

1
x*(0,0) = x*¥(0,0) = 5)(’*(0, 0). (4.85)

The dynamical susceptibilities are measured directly by means of the neutron
magnetic scattering. The neutron has no charge but does have the spin s, = 1/2 and
the magnetic moment u,, = 1.913u,0,, where u, is the nuclear magneton num-
ber defined by u, = eh/2mgc. mo denotes the mass of neutron, and approximately
equals that of proton my, (mo = 1.00138my). o, denotes the Pauli spin matrix for a
neutron. When neutrons enter a solid, they interact with electrons via the magnetic
dipole—dipole interaction as an electro-magnetic interaction. A neutron with wave
vector k is then scattered to the state k' = k + g with the energy & = h>k’?/2mg and
energy loss fiw = h2k?/2mqy — h*k’>/2mg. Here q is called the scattering vector.
The number of scattered neutrons per energy range Ae around energy & and per
solid angle fraction A2 in the direction of k' is given as follows [14, 15].

d*c — (1913 e? 2|f( )‘2k/
d2de .\ 7 Tmez) LY
. . hL/m .
X D Oay = dully) T —gry M A7 (g, —0 +i5). (4.86)
ay

Here m. is the mass of electron. f(q) is the magnetic form factor defined by f(g) =
[dr ,ol.(m)(r)exp(—iq -r), and pl.(m)(r) is the normalized spin density defined by
the spin density on atom i as m; (r) = ,oi(m) (r)m;, m; being the total spin magnetic
moment on atom i. Furthermore ¢ is the normalized scattering vector. Energy loss of
a neutron by fiw implies that magnetic excitations with energy fiw exist in the solid.
They are connected with spin fluctuations of solids via the fluctuation-dissipation
theorem.

4.4 Dynamical Susceptibility in the RPA and Spin Wave
Excitations

We have shown in the last section that the dynamical susceptibility describes the
magnetic excitations. We calculate here the dynamical susceptibility of the Hub-
bard model (4.26) using the equation of motion method combined with the Random
Phase Approximation (RPA) [84]. We demonstrate that the spin-wave excitation
spectra and the Stoner excitations are obtained from the poles of x ~ (g, —w — is).
We also discuss the numerical results of the spin wave stiffness constants in Fe and
Ni in comparison with the experimental data.
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In the equation of motion method, we express the dynamical susceptibility
x~T(q,w+is),ie., (4.71) by means of its retarded Green function x ~ T (g, t) as

e¢]

X*+(q,a)+is)=/ X" T (g, ) @O gr, (4.87)

—00

The retarded Green function is defined by

X~ (q.0) =L =0)(mg(q.0).m™ (—q))). (4.88)
h

Because of the relations m~(q) = (2/L) ), qu and Sq_k = aZJrqiakT, we can
express x ~ t(g, ) as a sum of the individual components x4« (7) as follows.

X0 =2) xgi(®). (4.89)
k

Here

Xqk(t) = %9(t)([5;kH(t),m+(—q)])' (4.90)

The Fourier transform of (4.89) is given by

X g o+i =2 xu(@+is), (4.91)
k
and
OO . .
Xqk(@ +is) = / Xgk (1) e @ dr, (4.92)
—0o0

By differentiating (4.90) with respect to ¢, we obtain the equation of motion for
Xgk (t) as follows.

9 Xqk (1) -
=8OSy

ih m*(=)])
T =0 IS Hle H mt (). (4.93)
The commutation relation of the first term at the r.h.s. is given as follows.

2
(S m* ()] = 7 kgt = 1kt)- (4.94)
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‘We have obtained in Sect. 4.2 the commutation relation in the second term at the
r.h.s. of (4.93) (see (4.30) and (4.31)).

[Si H] =—(e01g — 0) Sor

v i i i
— Z Z (ak+q+q,¢ak,7q/g/ak/0rak¢ — ak+qiak,fq,a,ak/g/ak_q%).
k/q/o,/
(4.95)

A difficulty arises from the interaction terms at the r.h.s. of the above equation
because they are not expressed by the operators {Sq_k}. As we have mentioned in
Sect. 4.2, the RPA simplifies these terms taking the diagonal part among various k’
scattering terms and neglecting the other terms. For example, in the second term at
the r.h.s. of (4.95), we make the RPA as follows.

il il ~ il T
q/ k/ q/

= —nkT< Sq_k,). (4.96)
k/

Making the same approximation to the other terms, we obtain the approximate
form as

[Sg- H] = —(ekrg —£2) Sy
U _ U _
= 2 (tmien) = i) S5+ (i) = (k1)) D S50
K K
4.97)

Here we have replaced the number operators which appeared after the RPA with
their average.

Substituting (4.94) and (4.97) into (4.93), we obtain the equation of motion for
S_. in a closed form.

q
9 2
ih ngl;(l‘) = —S(t)z((nk+q¢> — (k) = (6014 — €2) xqr(®)
U
=7 2 (mey) = (nag ) xgh (1)
k/
U
+ Z((nm) — (kg 1)) Y Kk (1. (4.98)
k/

The above equation can be solved by the Fourier transform as follows. Multiplying
exp(i(w + is)t) in the above equation and integrating both sides with respect to ¢,
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we find that
[hw +is +82+q —ed + %((”T> - (ni))i|qu(a)+ is)
2 U .
= z((nkT) — (Mk4qy)) + Z((”kT) — (k1)) Zqu’ (w+is). (499

k/

Dividing both sides by the coefficient of the L.h.s. and taking the sum with respect
to k, we obtain ), Xqk (@ +is). Substituting the expression into (4.91), we obtain
the dynamical susceptibility in the RPA.

X (g, 0+is)
1- Y Tq,0+is)

x T(q. o+is)= (4.100)

Here x, *(q, w4+ is) is the dynamical susceptibility for the noninteracting system
given by

% T o+is)= iz Vi) = kq1) (4.101)

L . ﬁa)~|-is+8k+q¢—8kT'

As mentioned in the last section (see (4.72)), the poles of the dynamical sus-
ceptibility x =+ (g, —w — is) give the excitation energies hw, associated with the
spin-flip excitations az 4q Tkt According to the RPA susceptibility (4.100), the ex-
citation spectra are obtained from the condition

xo T(g,—w—is) =00, (4.102)
or
U _. .
1—1)(0 (g, —w—is)=0. (4.103)

The first equation (4.102) yields excitations due to the spin-flip processes of in-
dividual electrons, which are known as the Stoner excitations (see (4.36)).

Wgk = Ektq) — €kt =g,§+q — &)+ U(m). (4.104)

Another type of excitations is given by (4.103). As we analyzed in Sect. 4.2, (4.103)
yields the spin wave excitation energies as well as the energies of the Stoner excita-
tions in the strong ferromagnetic state at zero temperature (see (4.40)).

wg = Dg*. (4.105)

Here D is the spin wave stiffness constant defined by (4.41). The wave functions of
the excited states are not obtained in this method. The dynamical susceptibility is
also useful for obtaining the free energy due to spin fluctuations as will be seen in
the next chapter.
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Detailed calculations of the spin wave stiffness constant D have been made on
the level of the LDA + RPA. The results are rather sensitive to the details of the
bands and the exchange splitting A. For bee Fe, D = 280 meV A2 was obtained for
A =1.94 eV [85] and is consistent with the value D = 280 meV A2 obtained by the
neutron scatterings [86] and 314 meV A2 obtained by the low temperature behavior
of the magnetization [87]. In the case of Ni, Wako et al. [88] obtained 285 meV A2
for A =0.47 eV, while the neutron experiments [89] show D = 395 + 20 meV AZ.
The latter value is obtained theoretically when A = 0.40 eV is adopted [90].



Chapter 5
Spin Fluctuation Theory in Weak Ferromagnets

The single-site theory of magnetism allows us to understand the finite temperature
magnetism qualitatively or semiquantitatively, starting from the microscopic Hamil-
tonian. We can analyze the magnetic properties from metals to insulators on the
basis of the theory. The first-principles dynamical CPA can explain quantitatively
high-temperature properties such as the Curie constant in the paramagnetic suscep-
tibility. The single-site theory, however, neglects inter-site spin correlations. The
latter influences the Curie temperature and the other quantities related with mag-
netic short range order. In particular, long-wave spin fluctuations are indispensable
for understanding the weak ferromagnetism in ZrZn,, SciIn, and NizAl, which is
characterized by a small Curie temperature (~10 K) and a large Rhodes—Wohlfarth
ratio (>>1). Here the Rhodes—Wohlfarth ratio is defined by the ratio of the observed
Curie constant to the one based on the local moment model. In this chapter, we
present a method which takes into account long-range intersite spin correlations at
finite temperatures in the weak ferromagnets [91-96].

5.1 Free-Energy Formulation of the Stoner Theory

We have described in Sect. 3.1 the Stoner theory in the weak Coulomb interac-
tion region on the basis of the Hartree—Fock self-consistent equations, as well as
the single-site spin fluctuation theories which go beyond the Stoner theory. In this
section, we rederive the Stoner theory using the free energy at finite temperatures.

We have constructed the dynamical CPA on the basis of the grand canonical en-
semble in Chap. 3. There we treated the free energy F'(u, H, T') for given chemical
potential u, external magnetic field H, and temperature 7. Magnetization is then
obtained from the thermodynamic relation as

oF(u,H, T
m=_2EWHT) (5.1)
oH
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The uniform susceptibility is therefore obtained from the relation,

__’F(u.H,T)

T (5.2)

We can also make use of the free energy F (N, M, T) for given electron number
N, magnetization M, and temperature 7" when we discuss the thermodynamics of
the system. In fact, the free energy F(u, H, T') is written as follows.

e BFWHT) _ Z o B(Ea(M,N)~uN-MH) _ Ze—ﬁF(N,H,TH—ﬂlLN. (5.3)
aNM N
Here we assumed that magnetization M commutes with the Hamiltonian H.
E, (M, N) is the energy eigen value when the electron number N and magnetization
M are given. The free energy F (N, H, T) is defined by
e BF(N.H.T) _ Ze—ﬂ(Ea(M, N)-MH) _ Ze—ﬂF(N, M. T)+BMH (5.4)

aM M

In the same way, the free energy F (N, M, T) is given by

e BF(N.M.T) _ Ze_ﬂE"‘(M’N). (5.5)

o

We can omit fluctuations of the macroscopic variables N and M, so that we
obtain from (5.3) and (5.4) the relations F(u, H,T) = F(N,H,T) — uN and
F(N,H,T)=F(N,M,T) — MH as well as the associated thermodynamic re-
lations due to stationary conditions. Therefore we find that

F(N.M,T)=F(u,H,T)+uN+MH. (5.6)

This is a Legendre transformation from F(w, H, T) to F(N, M, T). When we adopt
the free energy F (N, M, T') we can derive from (5.6) the following thermodynamic
relation.

dF(N,M,T)
H=—"'"""7, 5.7)
oM
The uniform susceptibility is therefore obtained by
_, *F(N,M,T)
x =" (5.8)

M2

The Stoner theory, i.e., the Hartree—Fock theory can be reformulated with use of
the free energy F (N, M, T). In the following, we make use the notation m and h
instead of M and H for convenience. The Hartree—Fock Hamiltonian to the Hubbard
model has been obtained in (2.7). In the momentum representation, it is written as
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follows.
- 1 1
H= %:(80 +5Um) — Ao+ ek)nka i Xi:(<n>2 —(m?). (5.9

Here &y is the Fourier transform of the transfer matrix #;;. A = U {m)/2 + h denotes
an exchange splitting of the electron, (n) and (m) are the average electron number
and the average magnetization per atom, respectively. The Hartree—Fock free energy
Fo(w, h, T) per atom is then given by

Fo(u,h, T) = _ﬂiL D In(1 4 e Pleotamdumao)) iU((n)z — (m)?). (5.10)
ko

Here 69 = e9 + U(n)/2 — ¢r and A = u — eF, ¢f being the Fermi level in the
nonmagnetic state.
Introducing the density of states per atom per spin in the nonmagnetic state by

p(e) =%;8<s — & — &x), (5.11)
the free energy Fo(u, h, T') is expressed as
Fo(u, h, T) = ®o(j, h, T) — iU(nz—mz), (5.12)
Po(u.h, T)=—p"">" / de p(e) In(1 + e PE-dn=a0)), (5.13)
=

Here the electron number per site (n) and magnetization per site (m) have been
written by n and m for convenience, so that £y and A stand for &g + Un/2 — e and
Um/2 + h, respectively.

The stable configuration of electron number n and magnetization m under given
w and A is obtained by minimizing the free energy Fo(u, h, T); dFo(i, h, T)/0n =
0 and 0 Fy(u, h, T)/dm = 0. These equations reproduce the Hartree—Fock equa-
tions (3.1) and (3.2); n = (n) and m = (m). Here the average at the r.h.s. means the
Hartree—Fock average.

The Hartree—Fock free energy for given n, m, and T is obtained from the follow-
ing Legendre transformation (see (5.6)).

Fon,m,T)=Fo(u,h,T)+ un + mh. (5.14)

We can then verify the thermodynamic relations such as

o0Fp(n,m, T

hemD) _ (5.15)
on

o0Fp(n,m, T

dkm.m.T) _ (5.16)

om
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The explicit form of the free energy Fo(n,m, T) is calculated as follows. One
electron part of the free energy (5.13), i.e., @o(u, h, T') is expressed by Ap and A.
Ap is expanded by A according to the Hartree—Fock equation n = (n) (see (3.5)).

Au=a0A2[1+(a2+3b+£>A2+~~]. (5.17)
a

Here ag, a, and b are defined by (3.7) and (3.6). Therefore we can expand
@Do(u, h, T) given by (5.13) with respect to A as follows.

®o(p, b, T) = [Po(u, h, T)], _, —nAp —agA* +ag <a2 + %b) A
T (5.18)
Thus we obtain
Don,m, T)=DPo(u, h, T) + un + mh

= [q)o(n m T)] +mA — lUm2 — aoA2
> m=0 2
1
+a0<a2+§b>A4+--~. (5.19)

On the other hand, with use of the Hartree—Fock equation m = (m), we can ex-
pand m with respect to A as follows, as has been shown in (3.9).

m=2apA[1 — (2a*> + b)A* +---]. (5.20)
Solving (5.20) with respect to A, we find

1 20 +b 4
m

A=—m 3
2aq 8a;

(5.21)

From (5.12), (5.14), (5.19), and (5.21) we obtain the free energy Fo(n,m,T)
expanded by m as follows.

1 1
Fo(n,m,T) = Fo(n,0,T)+ —— m*+ —g(T)m* + - --. (5.22)
2XHF 64
Here Fo(n, 0, T) is the Hartree—Fock free energy in the nonmagnetic state given by
2 —Be 1 2
Fo(n,0,T) =nep — 5 de p(e)In(l +e7P°) — ZUn (5.23)

The coefficient xyr in the 2nd order term in (5.22) is given by

1 1/1 1 U
_=—<——U)=———. (5.24)
XHF 2
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The coefficient g(T') in the 4th-order term of (5.22) is given by

22a* +b
g(ry= 22 D) (5.25)

a9
Note that the coefficient ag in (5.24) and (5.25) depends on temperature 7 via

the Fermi distribution function and the Fermi level ¢g. It has been obtained before,
as shown in (3.14),

2
ao(T)zp[l —%RT2+~-~], (5.26)

and R is defined by (3.15); R = (0" /p)> — p® /p. Here p, pV, and p® denote
p(0), p(l)(O), and ,0(2) (0), respectively. The coefficient g(7") in the 4th-order term
is obtained in the same way as

F 2
g(T):FI<1+%RT2+-~-), (5.27)

and F1 = (pV/p)* = p@/3p.

Equation (5.22) is the Hartree—Fock free energy for given n, m, and T in weak
ferromagnets. From the thermodynamical relation (5.8), we find that xgr given by
(5.24) is the uniform susceptibility in the Hartree—Fock approximation. It agrees
with (3.11). The parameter y denotes the susceptibility for a noninteracting system.
We obtain from the susceptibility (5.24) the Curie temperature in the Stoner theory

as follows.
6(pU —1
Te= %2V —D (5.28)
w-RpU

which agrees with the expression (3.16).
The spontaneous magnetization m is obtained from the thermodynamical relation
(5.7) with h = 0.

0Fy(n,m,T) 1 1 3
= —g(T - =0. 5.29
om pr(T)m+16g( ym” + (5.29)

For small magnetization we obtain

16
= [ —mM8M . 5.30
= (e ©-30)

This is equivalent to (3.21). Therefore we can derive (3.22) again:

T2
m(T) = m(0) 1—(—). (5.31)
Tc



140 5 Spin Fluctuation Theory in Weak Ferromagnets

Here the ground-state magnetization 72(0) is given by (3.10); m(0) = /8(pU — 1)/
VoUF U2

We have rederived from the Hartree—Fock free energy (5.22) all the results of
the Stoner theory obtained in Sect. 3.1. The free energy (5.22) provides us with a
starting point to take into account the nonlocal spin fluctuations on the basis of the
free energy.

5.2 Self-Consistent Renormalization Theory

The Hartree—Fock free energy which we derived in the last section is valid only
for a small U limit. It overestimates the Curie temperature and does not lead to
the Curie—Weiss law in the paramagnetic susceptibility as we have mentioned in
Sects. 3.1 and 5.1. In this section, we express the free energy with use of the dynam-
ical susceptibility, and take into account the higher-order contribution in U which
yields the nonlocal spin fluctuations [91, 92].

We adopt the Hubbard model in the momentum representation as follows (see
(4.26)—(4.28)).

H = Ho+ Hi, (5.32)
Hy=e{nis. (5.33)
ko
=Y P -
1= 2L Z ak|+qO'ak2_q_gak2—o'aklo—. ( . )
kikago

Here 819 = g9 + & is the one-electron energy for noninteracting Hamiltonian. L

denotes the number of the lattice points.
The free energy F(u, h, T') for the grand canonical ensemble is given by

F(u,h,T)=—p~'Tr (e FH-1N)), (5.35)

Taking the derivative of F with respect to the interaction parameter U, we have
0F(u,h,T)/0U = (H1/U). Integration of both sides with respect to parameter U
leads to the following relation.

U
F(uu, b, T) = —p~"Tr (e=FHo=1) +/ dU’<E> . (5.36)
0 U/ U’
Here (~)y denotes the thermal average for the Hamiltonian with coupling param-
eter U'.
In the Hartree—Fock approximation, we replace the thermal average (~)y with
that of a Hamiltonian for independent particle system (~)g, so that fOUdU/ .
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(H/UYyr ~ LU(ny)o(ny)o. Therefore we can express the free energy (5.36) as

B 1 (Y (| H Hi
F(,u,h,T)_Fo(,u,h,T)—}-z/O du <<7>U/_<7>o)' (5.37)

Here we redefined F'(u,h, T) as the free energy per site. Fo(u, h, T) is the free
energy per site in the Hartree—Fock approximation and was given by (5.10) in the
last section.

Fo(u,h, T) = —ﬂiL > In(1 4 e Plotamtumao)) %U(nz —m?). (538
ko

The free energy for given electron number per site n, magnetization per site m,
and the temperature 7 is then obtained by the Legendre transformation (5.6):

Fn,m, T)=F(u,h,T)+ un+ mh. (5.39)
Substituting (5.37) into (5.39), we obtain
Fn,m, T)=Fy(n,m,T)+ AF. (5.40)

Here Fo(n,m, T) is the free energy in the Hartree—Fock approximation defined by
(5.14),

Fo(n,m,T) = Fo(u, h,T) + pn+mh, (5.41)

and AF is the correlation correction to the Hartree—Fock free energy.

1Y (] H Hi
s [Car () (), s
L 0 U/ U’ U/ 0

To calculate the interaction part AF in (5.40), we express the interaction Hj by
means of the spin-fluctuation operators m™ (g) = (2/L) > X az T andm™(q) =

(/L)Y alquﬂkT as follows.

1 1

Hy=SUN -2 LU Xq: [m* (@), m™ (=), (5.43)

Substituting (5.43) into (5.42), we obtain
U
aF == [ av ([t @ m=ol.) = (o @. )] ).
q

(5.44)

The spin fluctuation terms are given by dynamical susceptibility according to the
relation (4.83).
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A 3 A

....... [ SEREE P ACITTR > > <% <
Y. y‘ \ A
‘_)I(_‘I > X > X >
v A P Y. | . 4
....... ‘......v '.......<....._ « w > >

Fig. 5.1 The contour Cy (left), contour C (center), and contour C, on the complex plane. Note
that the contour Cy is chosen to pass just on the origin of the complex plane

([m* (@, m*(—q)]+)=niL/ do coth@lmx*(—q,wm). (5.45)

Thus, we can express the interaction part by means of the dynamical susceptibility
as follows.

h v o h
AF=— " dU’/ de coth P12
8w L 0 —00 2
xZIm(X*Jr(q,—a)—is)—x(;Jr(q,—a)—is)). (5.46)
q

Here we made the transformation § — —¢, w — —w and used the relation
Imy (g, —w+is)=—Imy (g, —w — is) for convenience.

The integral of the dynamical susceptibility with respect to w in the interaction
(5.46) is expressed by a sum of Matsubara frequencies on the imaginary axis as
follows.

h o

I=—
21 J_oo

Bhw 1 &
dwcothTImx_+(q,w+is)=B > xT(geion). (547)

n=—oo

Here w, = 2mn/Bh. In order to verify the above relation we rewrite the integral at
the Lh.s. as

B[ [ hw
[=— / dwcothﬁ—[*(q,wﬂs)
4ri | J_o 2
oo "
+ / do coth ﬂT“’ x~(g, 0— is):|. (5.48)
o0

These are expressed as an integral along the contour Cp around the real axis as
shown in Fig. 5.1. Note that the integral should pass the origin because the function
coth Bhw/2 is singular there. We can consider the contour Cy as the superposition of
the contours C and C,. The contour C can be changed to C’, the sum of the contour
around the upper imaginary axis and that around the lower imaginary axis as shown
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Fig. 5.2 The contour C’ on

the complex plane and c’
singular points z, = iw, on

the imaginary axis leading to

the residues

in Fig. 5.2. Because the susceptibility is analytic on the upper and lower complex
planes, the contributions from C” and C, are calculated by summing up all residues
of coth Bhw/2 at z,, = iw, along the imaginary axis, so that we reach the relation
(5.47). Making use of the formula (5.47), we obtain alternative expression of AF.

1

AF=———
4BL

U
fo dU' Y " (x Tt (g, —iwn) — x5 T (g, —iwn).  (5.49)

qn

For the calculation of AF, we need an explicit form of the dynamical suscepti-
bility. The general form of the dynamical susceptibility is written as follows.

Xo T(q.o+is)
1= Yo T(g,0+is)+1(g, o +is)

x Tqo+is)= (5.50)

Xo *(q, w + is) is the dynamical susceptibility in the Hartree—Fock approximation
given by (4.101). The second term in the denominator is the RPA correction (see
(4.100)), and the last term A(q, w + is) describes corrections beyond the RPA.

The RPA susceptibility is insufficient to describe finite temperature properties,
though it explained the spin wave excitations at zero temperature as discussed
in Sect. 4.4. We assume here that A(q, w + is) = 0 at zero temperature, but that
Mg, w+is) ~ A(0,0) = A(T) at finite temperatures, expecting low energy excita-
tions and fluctuations around ¢ = 0 to be important for the weak ferromagnetism.
We also assume A(7) « 1. Finally, we adopt the following dynamical susceptibility.

Xo (g, 0+is)
1= Y T g, 0+is)+r(T)

x Tqo+is)= (5.51)

The Hartree—Fock dynamical susceptibility is given as follows as we have obtained
in (4.101).

_ . 4 Sflek —A) — f(eptq + Q)
+ q

, =— ) 5.52
Xo G-+ is) sz:hw+is+ek+q—8k+2A ( )
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Here f(w) is the Fermi distribution function, A = Um/2 + h, and we redefined &
as g = 8,9 —u+Un/2. 82 is the one-electron energy eigen value for noninteracting
electrons.

Substituting (5.51) into (5.49) and performing the integral on parameter U’, we

obtain

_L _ﬂ —t . _g _y .
AF_ﬂL%:[InO 7 %0 (q, lwn)-l-)») 7 %0 (q, la)n):|. (5.53)

Here we have neglected an additional term In(1 + A), assuming that |A| < 1.

The final form of the free energy for given n, m, and T is expressed by
(5.40), (5.41), and (5.53). We have obtained in the last section an explicit form
of Fo(n,m, T) (see (5.22)). The free energy correction (5.53) is given as a function
of A, therefore we can regard A F as a function of m. The correction A(T) due to
thermal spin fluctuations has not yet been determined. In order to determine A(T)
we make use of a sum rule in the static limit.

In the paramagnetic state, the system is magnetically uniform. Therefore x** =
x?Y = x¥ = x. According to the relation (4.85), this implies that

L
X=3X (g=0,0=0). (5.54)

For a noninteracting limit (i.e., the Hartree—Fock limit), we have

I _
x0=5% "@G=0w0=0. (5.55)
Below T¢, the relation x** = x»Y = x** is no longer satisfied because the z direc-
tion is not magnetically equivalent to the other directions. Instead, x** = x»7 =
X~ T(g =0, w = 0)/2 should diverge below T¢ because the Hamiltonian is rota-
tionally invariant. For the susceptibility (5.51), this implies that

1 -
1—ZUXm;(q=0,w=0)+,\m=0. (5.56)
Here the subscript m means that the magnetization m is finite, and it is assumed to
be given in the above equation.
In the following, we consider the paramagnetic state for simplicity. Substituting
(5.51) and (5.55) into (5.54), we obtain

X = , (5.57)
—IU xo+2
ie.,
1 1 1 A
—=— U+ = (5.58)
X xo 2 X0
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On the other hand, the uniform susceptibility is obtained from the thermody-
namic relation of the free energy via (5.8) independently of the sum rule (5.58).

1 (0°F(n,m,T) _ (9*Fo(n,m,T)
X - 8m2 m:O_ 8m2 m=0

ZAF(n,m, T
4 (LAEem D (5.59)
om? m—0

Here we added the subscript m = 0 because of being in the paramagnetic state. The
Hartree—Fock part at the r.h.s. is obtained from the expression of the free energy
(5.22) as

2Fy(n,m,T) 1 1 1
m=0

Therefore the susceptibility (5.59) is expressed as

(5.61)

1 1 1 2AF(n,m,T)
U+ | ——= .
8m2 m=0

From the sum rule (5.58) and the thermodynamic susceptibility (5.61), we obtain
the self-consistent equation to determine the spin fluctuation parameter A(7) as

Z2AF(n,m,T)
A(T):XO<—2) . (5.62)
om m=0
The r.h.s. is obtained from (5.53) as
PAF(n,m,T)  U? Z[ Xo T(g,—iw) —F 0%xg T(g, —iw)
am? 16BL |1 -4 x5 * (g, —iwn) + 2 am?
1 Axy T(g. —iwn)\?
+ u.,—+ ; 2 ’
(I=F x0 (g, —iwy) +2) om

(5.63)

Solving the self-consistent equation (5.62), we obtain A(T") at each temperature 7,

thus obtain the susceptibility x via (5.57) or (5.58). This self-consistent scheme

based on the RPA is known as the self-consistent renormalization theory (SCR) [93].
The Curie temperature ¢ is obtained from (5.57) with the condition 1/x = 0.

1
1 - 3 U xo(Tc) + A(Tc) = 0. (5.64)

The above equation shows that the RPA (A = 0) does not improve the Curie temper-
ature of the Hartree—Fock approximation. In the SCR, A > 0 at finite temperatures,
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Fig. 5.3 The Curie temperature in the SCR theory (solid line) and the Hartree—Fock theory
(dashed line) as a function of the Stoner parameter « = U xo(T =0)/2 [91, 92]

therefore the renormalization A can reduce T¢. According to the numerical calcula-
tions based on the free electron gas model, the Curie temperature obtained by (5.64)
reduces the Hartree—Fock (Stoner) 7¢ by a factor of 10 (see Fig. 5.3). Since the
single-site spin and charge fluctuations reduce the Hartree—Fock 7¢ by a factor of 5
according to Table 3.2 in the last section, the results suggest that the nonlocal spin
fluctuations can reduce 7¢ by a factor of 2. But the theory based on the realistic
Hamiltonian which allows us to make quantitative calculations of 7¢ has not yet
been developed.
Equation (5.64) is equivalent to (5.58) with x ~! =0.

0= Ly g 200 (5.65)
Cx(o) 27 xo(Te) ‘
Taking the difference between (5.58) and (5.65) near T, we find
1 MT) — (T
g M (5.66)
X xo(Tc)
Expanding A(T") with respect to T near Tc, we find the Curie-Weiss law.
1 AMTe)
1_MIO ¢ g, (5.67)
x  xo(Tc)

The expression above indicates that the Curie—Weiss law is caused by the self-
consistent renormalization of spin fluctuations beyond the Hartree—-Fock approx-
imation. The numerical calculations verify that the susceptibilities approximately
follow the Curie—Weiss law as shown in Fig. 5.4. It should be noted that the Curie
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Fig. 5.4 Inverse susceptibility vs. temperature curves for various Stoner parameters
a = U xo(T =0)/2. Note that Tc = 0.005, 0.010, 0.015 for « = 1.008, 1.021, and 1.036, respec-
tively. The curve in the Stoner theory is also presented for 7c = 0.01 [91, 92]

constant is determined by the spin fluctuations in the long-wave regime as seen
from (5.67). The theory explains the small 7¢c and the large Rhodes—Wohlfarth ratio
in the weak ferromagnets such as ZrZn, and Sc3In.

The same type of theory was also developed by Cyrot [94], and Hertz and
Klenin [95, 96]. Cyrot took into account Onsager’s reaction field in the calcula-
tion of the susceptibility. The spin correlation function was calculated with use of
the fluctuation-dissipation theorem. In the theory by Hertz and Klenin, they started
from the variational principle for the free energy in the functional integral method,
and adopted the RPA type trial functional. Making use of the self-consistent phonon
approximation, they obtained the free energy. Both theories yield essentially the
same results as those obtained by the self-consistent renormalization theory of the
weak ferromagnetism in metals.



Chapter 6
Antiferromagnetism and Spin Density Waves

As we have mentioned in Sect. 1.7, magnetic metals and compounds show a variety
of magnetic structures. These include the ferromagnetic structure, the antiferromag-
netic (AF) structure, the spin density waves (SDW), and more complex magnetic
structures. In this chapter we clarify the microscopic mechanism for the formation
of the antiferromagnetism as well as the SDW, and describe theoretical approaches
to the complex magnetic structures in metals. We treat in Sect. 6.1 the antiferromag-
netism at half filling with use of the Hartree—Fock approximation and the dynamical
CPA, and argue the stability of the AF on the U-n plane. In Sect. 6.2, we derive the
generalized static susceptibility, and explain the stability of the antiferromagnetism
as well as the SDW in 3d transition metals. The susceptibility is not useful for un-
derstanding more complex magnetic structures in the itinerant electron system. We
present in Sect. 6.3 the molecular dynamics approach which automatically finds
the stable magnetic structure at finite temperatures. In the last section, we present
a phenomenological theory which is useful for understanding complex magnetic
structures in weak itinerant electron magnets, and discuss the multiple spin density
waves (MSDW).

6.1 Antiferromagnetism in Metals

The 3d transition metals in the vicinity of the middle on the periodic table and their
alloys show various antiferromagnetic states. The bcc-base Cr alloys with a few
percent of Mn, for example, show the antiferromagnetic state with a simple cubic
sublattice as shown in Fig. 6.1. The fcc-base Mn alloys also show the antiferromag-
netic structure of the first-kind in which the (001) ferromagnetic plane alternatively
changes the magnetization in direction along the c-axis (see Fig. 1.10(c)). The a-
Mn shows more complex noncollinear antiferromagnetic structure in which 29 Mn
atoms in the primitive unit cell have magnetic moments different in size and direc-
tion [97]. We present in this section the Hartree—Fock theory of the antiferromag-
netism at half filling on the basis of the Hubbard model, and clarify the so-called
nesting mechanism for the formation of the antiferromagnetism.

Y. Kakehashi, Modern Theory of Magnetism in Metals and Alloys, 149
Springer Series in Solid-State Sciences 175, DOI 10.1007/978-3-642-33401-6_6,
© Springer-Verlag Berlin Heidelberg 2012
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Fig. 6.1 Magnetic phase diagram of Cr—V and Cr—Mn alloys showing the longitudinal spin density
wave state (LSDW), the transverse spin density wave state (TSDW), the antiferromagnetic state
(AF), and the paramagnetic state (P) [97]

The Hubbard Hamiltonian in the Hartree—Fock approximation is written as (see

2.7)

H=Y (Hy)ijal,ajs — Y Ulniy)ini). (6.1)

ijo i

Here (Hg)ij = 81'05,']' —i—tl‘j(l — 51']') and ;o = &9+ U(n;)/2— U (m;)o /2. The self-
consistent local charge and magnetic moment on site i are then given by

)= [ dof@=10 Y pin(@), ©2)
(mi) = / do f(@—p) Y 0pia(@). 6.3)

Here f(w) is the Fermi distribution function, p is the chemical potential, and p; s (@)
is the density of states on site i and spin o in the Hartree—Fock approximation. The
latter is given by the Green function G;;, (z) as follows.

pio (@) = —% ImGiis (2), (6.4)

Gua(z)zzwz[(z—Hg)_l]”. (6.5)

P Z— &o
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Here 7z = w + i§ with § being the infinitesimal positive number, &, is the Hartree—
Fock one-electron energy eigen value, and the eigen state is assumed to be given by
bco = Zi Gio (i1K)o-

We consider here the antiferromagnetic (AF) state with two sublattices n = +
on the simple cubic (sc) lattice with the lattice constant a (see Fig. 1.10(a)) for
simplicity. The following arguments are also applicable to the AF structure on the
bece lattice (see Fig. 1.10(b)). Note that each sublattice forms the fcc lattice in the
case of the sc structure. We adopt the unit cell with 2 atoms, one with an up magnetic
moment belonging to the sublattice (4-), and another with a down magnetic moment
belonging to the (—) sublattice. The primitive translational vectors are given by
a=a(1,1,0),b=a(0,1,1),and ¢ =a(1, 0, 1). The volume of the unit cell is 2a3.
These vectors form the fcc lattice with lattice constant 2a. The Bloch functions |kn)
are given by

fce

— # _ _ —ik-(Rj+n+)
k) = m;d’(' R —ny)e : (6.6)

Here k denotes a wave vector in the first Brillouin zone of the fcc lattice. L denotes
the number of simple-cubic lattice points. The atomic position vectors 3. are given
by 5. =0 and y_ = a(l1, 1, 1), respectively. The atomic levels belonging to the
sublattice n(= %1) are given by e, = €0+ U(n)/2 — U|(m)|nc /2.

When there is no electron hopping between the atoms in the same sublattice and
only the nearest-neighbor electron hoppings exist between different sublattices, we
have the following 2 x 2 Hamiltonian matrix.

nN_ [E+o €k
(kn|Hy|kn') = ( . 86) : (6.7)

Here &y reduces to the energy eigenvalue for simple cubic lattice; ey =1 ) ; exp(ik -
R;) = =2|t|(coskya +coskya +cosk;a), t being the nearest neighbor hopping ma-
trix element. The eigenfunction is expanded by |kn) as

Yivo = Y _, lkn) ttyo (). (6.8)

n

Solving the 2 x 2 eigenvalue problem for u,,,;(k) we have the eigen values

&yo (k) as follows.
evo (k) =80 + v/ A2 + &}, (6.9)

Here v takes .89 = (645 +6-¢)/2 = €0+ U (n)/2 and A = U|{m)|/2. Note that k
is a point in the Brillouin zone (BZ) of the fcc sublattice. The eigen vectors uy,q (k)
are given by

o (k) = l(l - nva#). (6.10)

2 VA +e?
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Note that the Brillouin zone (BZ) of the sc lattice with lattice constant a is twice
as large as that of the fcc. We can express the eigen values using all the k points in
the BZ of the sc lattice. In fact, any &k’ point of the BZ for the sc lattice which is
outside the BZ of the fcc lattice is expressed as k' = k + Q by using a k point in
the fcc sublattice and a Q vector such that Q = (/a)(£1, £1, £1), resulting with
the relation &/ = &4 9 = —&. Therefore when the eigen value inside the BZ of the

fec lattice is given by 2o + (&x/|ex|)/ A% + 8,%, another eigen value on the same k
point is given as gg + (g /|ex )/ A% + 81%’ with use of the k' = k + Q point in the

BZ of the sc lattice. This means that the energy eigenvalue is expressed by using the
k points of the BZ of the sc lattice as

&
sg(k)=§0+|8—i| A2 42, 6.11)

Its eigenfunction is expressed by (6.8) in which u,, (k) has been replaced by
Uy (k) such that

1 A
o (k)2 = 5(1 — na%i) (6.12)
k

The Green function on the (+) sublattice is given by

A
(+) 2 sc u+g(k) /d A/ AZ+g2 6.13
Giiy(2) = LZ—Z_SUUC) ”()z—zo_sgn(g) —— 613

k

1 —sgn(e)o

Here p(¢) is the density of states per atom per spin for the noninteracting sc system.
It is worth mentioning that the Green function is alternatively written as

G [ / ple)de , 6.14
iio ()= — £y \/(Z—&‘g)(z—{;‘_a)—&‘ ( )

where e_, = &g + Ag, is the Hartree—Fock potential on the (4) sublattice.

The density of states p(+) (¢) on a (4) sublattice site is given by ,o(+) (e) =
— _IImGSZ) (z) according to the formula (6.4). With use of (6.2), (6.3), and (6.13),
we obtain the local charge and local magnetic moment on the (+) sublattice as fol-
lows.

n) =2/d8p(8)f(§o—,u+sgn(8)\/A2+82>, (6.15)

(m) = /de,o( )\/Sg%fcso—u—l—sgn(s)\/Az—{—sz) (6.16)

It should be noted that the self-consistent equations (6.15) and (6.16) can be
derived for any antiferromagnets with two sublattices in which there is no elec-
tron hopping between atoms belonging to the same sublattice. For example, in the
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case of the AF on the bcc lattice as shown in Fig. 1.10(b), each sublattice forms
a simple cubic lattice, so that the lattice sum in the Bloch function (6.6) is taken
over the sc lattice instead of the fcc one. The atomic position vectors in this case
are defined by n, =0 and y_ = (a/2)(1, 1, 1). The energy eigen value & in (6.7)
should be read as g; = tZ}’CC exp(ik-R;) = —8|t|coskya/2 coskya/2 coskza/2.
The BZ of the sc sublattice is expanded to that of the bcc lattice by @ vectors
2m/a)(£1,0,0), 27 /a)(0,£1,0), and (27 /a)(0, 0, £1). Thus, taking the same
steps, we reach (6.15) and (6.16).

At half-filling and T = 0, the chemical potential satisfying (6.15) is given by
w = €g. The self-consistent equation (6.16) reduces to the following one.

1 _/W/2 p(e)de
U 0 VAT Y2

Here W denotes the band width and we made use of the relation p(g) = p(—¢).
Note that the function 1/+4/A2 + &2 is positive and monotonically increases with
decreasing A = U (m)/2. Consequently, the r.h.s. of (6.17) also monotonically in-
creases, and diverges at A = 0 because fooo dep(e)/le] ~ —p(0)In]0|. Thus the
self-consistent equation (6.17) has a nonzero solution irrespective of the Coulomb
interaction energy strength U; the antiferromagnetic state exists at half-filling for
any finite value of U (> 0).

Equation (6.17) has the same form as the BCS gap equation for the super con-
ducting state. There the band width W /2 is replaced by the Debye cut-off frequency,
the Coulomb interaction parameter U is replaced by the electron—electron attractive
interaction V' caused by the electron—phonon interaction, and A corresponds to the
super-conducting order parameter.

When U « W/2, we have A <« W/2. Thus the integral of the r.h.s. of (6.17) is
evaluated as

w/2 A w/2
p(e)de %f p(e)de /‘ p(s)daw 0 01 wW/2
/0 [P | PR S 00 00

6.17)

VA +e?
(6.18)
We then obtain the ground-state sublattice magnetization as
W o siw 6.19
= — P . .
(m) T (6.19)

In the case of the completely flat band p = 1/ W, one can directly perform the
integral in (6.17) and obtain the sublattice magnetization as

W/U

m)y=———.
sinh W/U

(6.20)

For large W/ U, we obtain (m) = QW /U)exp(—1/p(0)U), which is essentially the
same as (6.19) though the prefactor differs from that of (6.19) by a factor of two.
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It should be noted that the antiferromagnetism at half-filling mentioned above
is accompanied by a gap 2A on the Fermi surface according to (6.11). The kinetic
energy gain due to the formation of the gap is the origin of the antiferromagnetism.
This type of the AF is known as the gap-type antiferromagnetism or the nesting-
type antiferromagnetism because the gap is caused by a nesting of the energy eigen
values which are connected each other via Q vectors.

At finite temperatures, the chemical potential © = g¢ satisfies (6.15). Using the
relation f(—¢) — f(e) = tanh(Be/2), the self-consistent equation (6.16) is writ-
ten as

1 W2 p(e)de BV A2 + &2
— = tanh ) (6.21)
U Jo VA2+e2 2

The Néel temperature Ty at which the antiferromagnetism disappears is obtained
from the condition A = 0 in the above equation.

1 w/2
~ = / PRLICL (6.22)
0 & 2TN

Here the r.h.s. is approximately obtained by replacing the DOS with its value at the
Fermi level and making integration by parts as follows.

W/4Tx
p(0) / dx
0

tanh W /4TN
amx o p(0) ([lnxtanhx](‘)wﬂN —/ Inx sech2x>.
X 0

(6.23)

When W /4Tn > 1 (i.e., the case of weak antiferromagnet), we can replace the upper
bound of the integral in the second term with the infinity and make use of the for-
mula — fooo Inx sech’x dx = In4y /7. Here Iny is Euler’s constant Iny ~ 0.5772.
Therefore (6.22) is written as 1/U = p(0) Iny W/ Tn. Solving the equation with
respect to Ty we obtain
= YW e stw ~ 113X 50 (6.24)
T 2

The ground-state magnetization (6.19) and the Néel temperature (6.24) are ap-
plicable in the small U limit because the Hartree—Fock approximation is exact in
the limit. The situation is quite different from the ferromagnetic case. There the
Hartree—Fock approximation predicted that the magnetic state appears in the region
p(0)U > 1 where the approximation is not justified in general.

When the Coulomb interaction becomes large, the expression (6.24) of Ty is
no longer applicable. For larger values of U, we can apply the single-site theory at
finite temperatures presented in Chap. 3. Let us adopt the static approximation to the
functional integral method for simplicity. Introducing the site-dependent coherent
potential X, (z) = Eéi) (z), where (+) or (—) denotes the type of sublattice on site
i, into the potential part of the free energy (3.67), we expand the correction terms
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with respect to the site. We reach again the free energy (3.82) in the SSA as well as
the CPA equation (3.85).

In the antiferromagnetic (AF) state with two sublattices, we have a symmetric
relation E(S_)(z) = Efg) (z) for the coherent potential. Accordingly we have the re-
lations Fé_)(z) = FS;) (z) for the coherent Green function Fj,(z) = Féi) (z) and
E) (&) = EX)(—¢) for the impurity energy E;(£) = E™®)(&). Thus, the free en-
ergy (3.67) as well as the other physical quantities can be expressed by those on the
(+) sublattice. The free energy per site is finally written as

g U
Foon=F — B! ln/ N i—n dee PET®) (6.25)

and the CPA equation (3.85) for the AF state is expressed as
(GeH (2. 6) = F{P ). (6.26)

Here GE;JF) (z, &) is the impurity Green function (3.86) on the (+) sublattice. As seen
from (6.14), the coherent Green function is expressed by

=2 / p(e)de
=270 Je— PP -e

FO () = (6.27)

Figure 6.2 shows the calculated Néel temperatures as a function of the Coulomb
interaction parameter U for the half-filled band Hubbard model [53]. The results of
the quantum Monte-Carlo method are also shown there. The density of states for the
noninteracting state is assumed to be semielliptical: p(e) = (2/7 WHVW?2 — g2,
which is known to be realized on the Bethe lattice in infinite dimensions. In the weak
interaction regime, the Néel temperature (7x) exponentially increases with increas-
ing U in accordance with the Hartree—Fock formula (6.24). It shows the maximum
around U/ W = 2. When U becomes stronger, the Néel temperature approaches
to the result of the molecular-field approximation in the Heisenberg model with
the super exchange interaction, i.e., H = — Z(i,j) JijSi - §j with J;; = —4|tij|2/U
(see (1.86)). In the case of the Bethe lattice in infinite dimensions it is given by
Tx = W?/4U assuming the nearest-neighbor electron hopping. In finite dimensions,
this should be reduced by the magnetic short-range order. It is obtained accurately
by the high-temperature expansion. Note that there is the metal-insulator crossover
above Ty in general, so that the paramagnetic metal (PM) changes to the paramag-
netic insulator (PI) with increasing Coulomb interaction (see Fig. 6.2).

When the electron number is deviated from the half-filling, one has to solve both
equations (6.15) and (6.16) self-consistently. In general the kinetic energy gain due
to the gap formation becomes smaller as the electron number deviates from n = 1,
and the antiferromagnetism becomes unstable. Figure 6.3 shows a typical magnetic
phase diagram obtained by the Gutzwiller approximation to the Hubbard model
[98]. For small Coulomb interactions, there is the transition from the AF to the para-
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Fig. 6.2 Néel temperature (7x) vs. Coulomb interaction curves in the half-filled Hubbard model
on the Bethe lattice in infinite dimensions [53]. The solid curve is based on the static approximation
(SA) to the dynamical CPA. The closed circles are the results of the Quantum Monte-Carlo method
(QMC). The energy unit is chosen to be W = 1. Below Ty the antiferromagnetic state (AF) is
stabilized. Above Ty there are the paramagnetic metal (PM) and the paramagnetic insulator (PI)
regimes. The open squares indicate a crossover line between the two states
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Fig. 6.3 Typical magnetic phase diagram on the U-n plane. The result is calculated with use of
the Gutzwiller approximation for the Hubbard model on the hyper-cubic lattice in infinite dimen-
sion [98]

magnetic state (P) with increasing electron number from n = 1. When the Coulomb
interaction is large enough, the transition from the AF to the ferromagnetic state (F)
occurs with increasing electron number. It should be noted that the phase diagram
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is symmetric around the n = 1 axis when the electron-hole particle symmetry is
present.

In the above theoretical treatment of the AF state, we assumed that there is no
electron hopping between two sublattices. Furthermore we used a symmetric prop-
erty of the DOS in the nonmagnetic state. These assumptions are not satisfied in
general. For example, in the case of the first-kind AF state on the fcc lattice as
shown in Fig. 1.10(c), the transfer integrals between atoms belonging to the same
sublattice are not negligible because of the same interatomic distance. Moreover the
DOS is not symmetric in the case of the fcc lattice. In this case, the energy gap on
the Fermi level is not expected to appear, and the kinetic energy gain due to alter-
native exchange splitting is not so effective; we do not expect the appearance of the
gap-type AF ordered state. The antiferromagnetic metals which are not accompa-
nied by the band gap are referred as the band-type antiferromagnets. The critical
Coulomb interaction for the appearance of the AF state is expected to be finite even
at half filling in this case.

6.2 Generalized Static Susceptibility and Antiferromagnetism

An alternative way to understand the stability of magnetic structure is to analyze the
generalized susceptibility. Let us assume that a metal is in the paramagnetic state
when there is no external field. We then consider a linear polarization due to site-
dependent magnetic fields {%;}. The linear polarization of magnetic moment on site
i is given by

(mi) =) xijhj- (6.28)
J

The above expression defines the nonlocal static susceptibility y;;. The susceptibil-
ities in the real space give us the magnetic couplings between the local magnetic
moments in metals, and are useful for understanding the complex magnetic struc-
ture.

In order to obtain the susceptibility in the Hartree—Fock approximation, we
add the Zeeman energy to the atomic level of the Hamiltonian (6.1) as g;5 =
g0+ U(n;)/2 — (U(m;)/2+ hj)o, and express the Green function (6.5) by means
of the locator matrix L;;, such that (L;l)ij =(z—e+pu—-Un;)/24+U(m;)/2+
h,‘)O‘ )5,‘ j as

Giio () =[(Lo —D7'];;. (6.29)

Here ¢ denotes the transfer integral matrix #;;. Note that the energy is measured from
the Fermi level here.

The linear change of the locator due to spin polarization is given by SL;J] =
w Zj Xijhj/2+hi)o, and that of the Green function is given by —[GJSL;l Golii.
Substituting the Green function and the linear change of magnetic moment (6.28)
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into the self-consistent equation (6.3), we find the equation for nonlocal susceptibil-
ity as follows.

1
Xij = X+ ) UK 1 (6.30)
1

Here Xi(;' is the susceptibility for the noninteracting system given by

(=)
Xioj :fdwf(w)TImZGija(Z)Gjio(Z)- (6.31)
o
The Green function for the noninteracting system is given by
G zlz 1 o~ ik-(Ri—R;) 6.32)
ijo =7 - i . .

Here &y =0 —n+U(n)/2 + &.

The magnetic coupling in metals and alloys are generally long range, so that
their Fourier representations are often useful. The Fourier transform of the linear
response (6.28) is given by

m(q) = x(q)h(q). (6.33)

Here m(q) (h(q))is defined by (m;) =", m(q) exp(iq- R;) (hi =_, h(q) exp(iq -
R;)). The susceptibility x (¢g) for the wave vector ¢ is defined by

1 ia-(Ri—R
Xij =7 D x(g)e' T E TR, (6:34)
q

Substituting (6.34) into (6.30), we find the Fourier representation of the Hartree—
Fock susceptibility.

xo(q)

x@q@)=—-"F7—. (6.35)
~ 3Ux0(@)
The susceptibility for the noninteracting system is obtained from (6.31) as
2 S Grrq) — f &)
xo@)=73 = (6.36)
z Ek — Ek+q

The result agrees with x;°(q, w =0) = X(;+(q, ® = 0)/2 of (4.101) as it should be.

At half-filling (u = g9 + U (n)/2) and for Q such that 1o = —&; (e.g., O =
(w/a)(£l1, £1, 1) for the sc lattice and Q@ = +(27/a)(0, 0, 1) for the bcc lattice),
we obtain

tanh(ﬂ8/2). 6.37)
e

xO<Q)=/dsp<s>
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Here p(¢) is the noninteracting DOS per atom per spin. The r.h.s. has the same form
as that of (6.22). Making the approximation (6.23), we find

By W

. .

x0(@)=2p(0) In

(6.38)

The above expression shows that the susceptibility for the noninteracting system
diverges as T goes to zero, thus according to (6.35) the susceptibility x (Q) also di-
verges at a certain temperature 7y with decreasing temperature. This means that the
antiferromagnetic state with a sublattice magnetization m( Q) should be stabilized
below Tx. The Néel temperature 7y in the Hartree—Fock approximation is obtained
from the condition 1 = U xo(Q)/2. Using (6.38), we obtain the following gap-type
Néel temperature.

W __1 W o__1
Tn= L2 e 500 ~ 1.137e PO | (6.39)
T

The result agrees with (6.24).

The generalized susceptibility x(q) is extended to the multi-band case. Let us
adopt the nearly orthogonal basis set {x;z} for tight-binding linear muffin-tin or-
bitals (TB-LMTO) (see (2.154)), and assume a system with one atom per unit cell
for simplicity. The eigen state v, (r) to the Hamiltonian (2.167) is given by

Yuk (r) =Y xir(r){i LInk), (6.40)
il
(iL|nk) = ﬁLn(k)\/Lﬁe—ik'Ri. (6.41)

Here i (L) denotes site (orbital), and N is the number of unit cells. i, (k) is the
eigen vector for a given momentum k.

When we insert infinitesimal magnetic field / j;- on each site j and orbital L’ into
the TB-LMTO Hamiltonian (2.167), we have a linear polarization of the magnetic
moment on site i and orbital L as

0
miL) =Y x\p L (6.42)
jr
Here xi((L);- 1+ 1s the nonlocal susceptibility for the noninteracting system. In order to

obtain the nonlocal susceptibility as shown in (6.28), we have to apply the magnetic
field A j; - = hj. We have then

0 _\,0
Xij =Y X (6.43)
Lr
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Taking the same steps as in the single band model, we find the unenhanced sus-
ceptibility at zero temperature as follows.

17, (k)i n’ k+ 2
s

(6.44)

Here &, (k) = ¢, (k) — . The full susceptibility x (¢) is enhanced by the exchange
potential (—1(m;)o/2) as follows.

xo(q)
@)= (6.45)
O o

Here I is the Stoner parameter defined by (2.176).
The ferromagnetic structure (F) may be realized when

2
x0(0) =2p(0) > T (6.46)

where p(0) is the total density of states per atom per spin at the Fermi level in the
nonmagnetic state. This is the Stoner criterion (2.181) discussed in Sect. 2.3.4. The
antiferromagnetic state (AF) is realized when

2
x0(Q) > T (6.47)

Here Q = (0,0, 1)27/a in the case of the bcc and fcc structures, a being the lattice
constant. xo(0) (xo(Q)) is called the uniform (staggered) susceptibility. Whether
the AF or F is stable might be determined by comparing the uniform susceptibility
x0(0) with the staggered xo(Q).

Figure 6.4 shows the susceptibilities xo(0) and xo(Q) as a function of the con-
duction electron number (n) [99, 100]. In the case of the bcc Cr (n = 6), we find
a huge xo(Q), indicating the appearance of a gap-type AF. The uniform suscepti-
bilities of bcc Fe (n = 8) and fcc Ni (n = 10) show a large value, which indicates
the ferromagnetism in these systems in agreement with the experimental fact. The
ferromagnetism of fcc Co is not clear from the figure because xo(0) of fcc Co is
not so high. Note that Co shows the hcp structure at 7 = 0, though it shows the fcc
structure above 700 K. It is interesting that xo( Q) > xo(0) in the case of the fcc Fe,
while xo(0) > xo(Q) in the case of bec Fe. The result suggests the AF in fcc Fe.

Experimentally, the pure bce Cr shows the spin density waves (SDW) structure
with the wave vector Q = (0,0,0.95)27/a [101], though Cr with a few atomic
percent of Mn does show the AF structure (see Flg. 6.1). The fcc Fe is reported to
show the SDW with Q = (1,0, 0.15)2x /a [102], though it shows the first-kind AF
when Mn is added by several percent [103].

A large enhancement of xo(Q) at Cr in Fig. 6.4 is considered to be a Fermi-
surface nesting effect. According to the expression (6.44), the susceptibility xo(Q)



6.2 Generalized Static Susceptibility and Antiferromagnetism 161

30  BCC R

0 2

spin/2“B
n
o
T

X

15 | -~

-
o
T
rce

Cr Mn Fe Co Ni V Cr Mn Fe Co Ni
1 1 1 1 1 5 1 1 1 1 1 1
6 7 8 9 10 11 5 6 7 8 9 10 11

()]

Fig. 6.4 Non-interacting spin susceptibilities x((0) (solid curves) and xo( Q) (dashed curves) as a
function of the conduction electron number for bec transition metals (leff) and fcc transition metals
(right) [99, 100]. The wave vector is given by Q = (0, 0, 1)27/a for both structures, a being the
lattice constant

is enhanced when there are many electron k points in the vicinity of Fermi surface
and at the same time the k + Q hole points are also in the vicinity of the Fermi
surface, because the denominator ¢,/ (k + Q) — &, (k) almost vanishes for such k
points. Such an enhancement is expected when there are a large electron Fermi sur-
face and a hole Fermi surface with the same shape which are distant from each other
by Q. In this case the Fermi surfaces are called ‘being nested’, and the enhancement
of the susceptibility due to the nesting mechanism is called the Fermi surface nest-
ing effect. Note that the divergence of the susceptibility in (6.38) at T = O for the
single-band Hubbard model at half-filling is also due to the complete nesting be-
cause &p+ o = &k = 0 for the Fermi wave vector kr.

Figure 6.5 shows a schematic Fermi surface of Cr on the (001) intersection of
the Brillouin zone [104]. According to the electronic structure calculations, there is
an electron Fermi surface of a nearly octahedral shape around the I" point (0, 0, 0),
and there is a hole Fermi surface around the H point (1, 0,0)27/a which is also
octahedral in shape, though slightly larger than the former around the I" point. These
Fermi surfaces are approximately nested with the wave vector Q = (0,0, 1)27/a.
This is the reason why xo(Q) is high for Cr in Fig. 6.4. However, we may expect
that 50 percent of complete nesting of the Fermi surface using the wave vector Q =
(0,0, 0.95)27 /a may be more favorable for the enhancement of xo( @), because the
hole Fermi surface is slightly larger than the electron one as shown in Fig. 6.5. This
is why the SDW state with Q = (0, 0,0.95)27/a, instead of the AF structure, is
realized in Cr.
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Fig. 6.5 Schematic (001)
intersection of chromium
Fermi surface

When we add Mn atoms to Cr, the average electron number is increased, so
that the octahedral electron Fermi surface grows up in size, while the hole Fermi
surface around H point becomes smaller. This implies that the nesting wave vector
increases in magnitude, and the AF state is realized as found in the phase diagram,
Fig. 6.1. On the other hand, if the neighboring element V is added to Cr, the average
electron number decreases, so that the electron Fermi surface shrinks and the hole
Fermi surface expands. As the result the enhancement of xo( @) due to the nesting is
weakened and the paramagnetic state is realized in agreement with the experimental
data (see Fig. 6.1).

In the case of the first-kind AF structure in fcc Mn, the Fermi surface nesting is
not found. For the fcc structure, neither the gap type of AF as mentioned in Sect. 6.1
nor equivalently the nesting type of AF as have been explained in this section are
expected because the hole-particle symmetry of the band is not expected even at
half-filling. One has to consider the stability based on the total energy calculation for
such a system. Instead of uniform polarization in the ferromagnetism, the local spin
polarization as expressed by (6.3), thus the local densities of states (6.4) are essential
there. When the Coulomb energy gain due to the local polarization overcomes the
band energy loss, the AF is stabilized [105]. The antiferromagnets based on this
mechanism are called the band-type AF.

6.3 Molecular Dynamics Theory for Complex Magnetic
Structures

As we have seen in Fig. 6.3, the ferromagnetic state (F) is stabilized in the region
of few electrons or nearly filled shell, while the antiferromagnetic state (AF) is
stabilized in the half-filled region. Near the boundary between the F and the AF
regions, we can expect competition between the ferro- and the antiferro-magnetic
interactions, and thus the appearance of various complex magnetic structures. It is
not easy however to find intuitively the complex magnetic structures which yield
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the global minimum of the free energy. In this section, we present a molecular
dynamics method which automatically determines the complex magnetic struc-
ture [108, 109].

We adopt the tight-binding LMTO Hamiltonian (3.228) and the functional inte-
gral method. The free energy .% is then given by (3.245), and the time-dependent
Hamiltonian H(t, &(t), —i{(7)) in the free energy is given by (3.246). Since we
are considering the complex magnetic structure due to the competition between the
long-range ferro- and antiferromagnetic couplings, we should take into account in-
tersite correlations. Instead, we adopt in this section the static approximation which
neglects the dynamical spin and charge fluctuations. As shown in Sect. 3.2, we ap-
proximate the time-dependent Hamiltonian H (7, &(t), —i¢ (7)) given by (3.246)
with the static one H(t, &, —i¢), where &;,, ({in) are the static exchange (charge)
field variables defined by &;,, = [ &;,,(t)dt (im = Ji¥ im(t)d7). Then the par-
tition function Z%(&(z), ¢(7)) is given by

70, ¢) = Te(e PHOL-1D), (6.48)

The remaining Gaussian integrals in the free energy can be performed in the same
way as in Sect. 3.2 (see (3.57) and (3.58)). Applying the saddle point approximation
to the charge fields, we obtain the free energy as follows.

21+1d B«
fiz_,s—lln/[]_[ ﬂ(4 );il ]_[ds,-ma]e—“@. (6.49)

Here and in the following / stands for / = 2 assuming the 3d electron system. The
effective potential in the static approximation is given by

E@) =—p"Intr (e PH®)

- Z Z( Nilm (E)Almm’ntlm’(g) - Zélmot imm’ Elm oz) (650)

i mm’

The Hamiltonian H (&) is given by

1
H(E) = Z|:<810L —pn+ E ZAmm’ﬁilm’(E)81d>niL

iL
1
- E Z Z qumm’gim'am?lmald} , (6.51)
o m

and 1147, (§) denotes the charge density on site i and orbital /m in the static approxi-
mation when the exchange fields {£;,,} are given. u denotes the chemical potential.
The Coulomb and exchange interaction matrices A,y and Bf,  are defined by
(3.247), (3.248), and (3.249), respectively.
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In order to reduce the number of variables, we replace the orbital-dependent
charge densities {7;;,,(§)} (exchange field &;,,,) in the free energy with an av-
eraged n;;(§)/(2l + 1) (§io/(2] + 1)). Here n;;(§) and &;, denote the d-electron
charge density on site i and the total exchange field on the same site, respectively;
ni1(§) =Y, Miim (&) and &iq = ), Eima. The simplified free energy is then ex-
pressed as

34‘:-,9—1111/[]_[ ij:ldéia}e_”(s), (6.52)

E@) =—p"Intr (e PH®) — % Z(z}ﬁ”@ﬁ -3 fagl?a), (6.53)

i

1~ 1 -
H(§) = Z[(E?L — )i+ (EUnil(E)”ilm —3 Z Jﬁmiﬂ%)&d}
iL o
+ Z tiLjL’aiTLgajL’a- (6.54)
iLjL'c

Here U = U/l + 1) + [1 — 1/21 + D]QU, — J) and J, = Updez/ 21 + 1) +
[1—-1/2I+1D)]J

The free energy (6.52) does not satisfy the rotational invariance in spin space
because of the anisotropic exchange interaction J, inherent in the Hartree—Fock
type static approximation. In order to avoid the problem within the static approx-
imation, we introduce the locally rotated coordinates at each site. The interac-
tion term of the Hamiltonian in the locally rotated coordinates has the same form
as the original (3.230) due to the rotational invariance. But the operators have
been replaced by those on the rotated coordinates; fijjy = D, Hilmo and §ipy, =
Zay i1ma (O /2 ay Gilmy . Here aTL and a;, are the creatlon and annihilation op-

erators on the rotated coordinates, which are given by a ai La=2_y j Ly Dya (R;) and
diLa = Zy aiLy D;ﬁa (R;) with use of the rotation matrix Dy, (R;) for a spin on site
i. Here R; denotes a rotation of the z axis.

We apply the functional integral technique to the Hamiltonian on locally rotated
coordinates. Taking the same steps as before we obtain the counterpart of the free
energy (6.52). We then neglect the transverse static spin fluctuations on the rotated
coordinates and take the average of the free energy over the z direction of the locally
rotated coordinates, so that we obtain the free energy as follows.

F=—p lln ]‘[‘/ délde e PE® (6.55)

E®) =—p""Intr (e #"®) - ZZ(Unlz@)Z TE7), (6.56)

L
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1~ -
HE) = ;[e?L — <§Uniz<s>nil - 578 -m,-z>ald}
+ Z tiLjL/al.TLaajL/g. (6.57)
iLjL'o
Here J = Uo/(2l + 1) +[1 — 1/(2l + 1)]J, e; is the unit vector on site i showing
the direction of rotated z axis, and &; is the z component of the exchange fields on
the rotated coordinates. Furthermore &§; = &;e; and de; = (4m)"Lsin6; do; do;. 6;
and ¢; denote the zenith and azimuth angles of vector e;.
Since 71, (€) is a saddle point value of the charge field ¢, (see (3.60)), it is
given by
)
tr(e_ﬂH(E))
The local charge and magnetic moment are obtained by taking the derivative of . %
with respect to the atomic level E?L and the local magnetic field k; acting on site i.

Milm (‘S) = {(niim)o = (6.58)

(i) =Y (i), (6.59)
L
<m->—<<1+ : )§> (6.60)
v pis2 ) ‘

Here the average (~) at the r.h.s. of the equations is defined by

/[Hdgl] (~) e PYE®)
(~) = — , 6.61)

/[U dgi}e—ﬂws)

v@E=E® +287' Y Ing. (6.62)

Note that we have adopted the spherical coordinates in the above average, and thus
dg; = &7 sin; d&; do; d¢;.

An alternative way to recover the rotational invariance of the free energy within
the static approximation is to take the limit / — oo (see (6.52)). We obtain in this
case J, = J and the free energy (6.55) in which d&; de; has been replaced by d§;.
The magnetic moment (m;) is given by (6.60) in which the prefactor (1 +4/8 J éiz)
has been replaced by 1, and the potential ¥ (§) (i.e., (6.62)) reduces to E(&). In
any case, the Coulomb and exchange energies, U and J, have to be regarded as
effective ones since we adopted the static approximation which neglects the electron
correlations at low temperatures.

Equation (6.60) indicates that the thermal average of local magnetic moment
(LM) is given by a semiclassical average with respect to the potential energy
¥ (&). In this case, we can apply the isothermal molecular-dynamics method (MD)
[106, 107] in order to treat a large number of atomic magnetic moments {(m;)}.
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In the MD method we express the magnetic moment (6.60) by means of the time
average assuming the ergodicity of the system as follows.

1 4

The dynamics of the ‘time-dependent magnetic moment’ {&;(¢)} which yields
the thermal average (6.60) are given by the following equations of motion (see Ap-
pendix F) [108].

o = (6.64)
123974

. v (&)

ia - —Na * Pias 6.65

p 05 Ne* P, (6.65)

] (Z Pia NT) (6.66)

o = 0 — MM ’ .

Here p;q is a fictitious momentum conjugate to the exchange field variable &;,.
urmM is an effective mass for the LM on site i. The first term at the right-hand-side
of (6.65) is a magnetic force, and the second term is the friction force which keeps
temperature 7 constant according to (6.66). Q in (6.66) denotes a constant param-
eter, and N is the number of atoms in the system. Note that we have introduced
the anisotropic friction variables n, (o = x, y, z) to guarantee the ergodicity of the
system even if N = 1.
The magnetic force in (6.65) is obtained from (6.56) and (6.62) as

owE L. o
- i —EJ«mza)O Sla)

2T€i o
£?
Here (m;q )0 is the average magnetic moment with respect to the Hamiltonian (6.57)

in the random exchange fields. It is given by the Green function G (z) for the Hamil-
tonian as

(6.67)

(mig)o = / dw f(w)(ﬂ;)ImZ(aaG(w+i8))l.lm6”mo, (6.68)

Giimo jrme (2) = [(z — H(S))_l]ilma s (6.69)

Here [ =2, and H (&) is the one-electron Hamiltonian matrix of (6.57). The Green
functions coupled with the Pauli spin matrices in (6.68) are expressed as follows
with use of the new basis functions which diagonalize the Pauli spin matrices oy
(¢=x,y,2).

Z(UxG)iLaiLo =GirLiit1 — GirziLa, (6.70)

o
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Fig. 6.6 The MD unit cell
embedded by the
site-dependent effective
medium X;; . and
site-independent effective
medium X,

Y (0yG)iLoiro = Girzirs — GiLaiLa, (6.71)
o

Z(GZG)iLaiLJ =Girtirt — GiLjiL)- (6.72)

(o2

Here the local basis functions at the r.h.s. are defined by

liL1) = %(IIL N +I1L ), (6.73)
liL2) = T(IIL N =1L ), (6.74)
liL3) = 7(|zL M +ilil 1)), (6.75)
|iL4)=E(|iL ) —iliL 1)) (6.76)

It should be noted that the exchange fields {£;} randomly change in space and time
in the MD method, so that the system does not satisfy in general the translational
symmetry at each time step in the MD. Therefore, the recursion method is used for
the calculation of the Green functions in (6.70), (6.71), and (6.72) (see Appendix G).

In numerical calculations, we have to consider the MD unit cell with the finite
number of atoms N. The ‘magnetic moment’ &; is centered in the MD unit cell. In
order to simulate the system with N = oo, the MD unit cell is usually embedded
in a site-dependent effective medium X;; ... It is further surrounded by a site-
independent medium as shown in Fig. 6.6. They are determined self-consistently by
the CPA equations (3.254) in which the dynamical correction has been omitted and
iw; has been replaced by z.

The fcc transition metals are expected to form complex magnetic structures
around the d electron numbers ng between 6.0 and 7.0 due to competing interac-
tions. Some numerical results of the model calculations are presented in Figs. 6.7,
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Fig. 6.7 Magnetic structures
of the fcc transition metals at
50 K obtained by the MD
with 108 atoms per unit cell:
case of the d electron number
n==6.2[109]

Fig. 6.8 Magnetic structures
of the fcc transition metals
obtained by the MD with 108
atoms per unit cell: case of
the d electron number
n=6.4[109]

6.8, and 6.9 [108, 109]. The Slater—Koster d band model [31] and N = 108 atoms
per MD unit cell (3 x 3 x 3 fcc lattice) are adopted there. The band width and effec-
tive exchange energy parameter were fixed to be the values of y-Mn: W = 0.443 Ry
and J = 0.060 Ry. Starting from a random configuration of LM’s {&;(0)}, we solve
(6.64)—(6.66) and obtain the magnetic moments (m;) by taking the time average in
the equilibrium state.

The calculated magnetic structure for ng = 6.2 shows the AF structure of the first
kind in accordance with the magnetic structure of y-Mn as shown in Fig. 6.7. The
calculated magnetic moment |(m;)| = 2.5 up is also consistent with the experimen-
tal value 2.3 up and the theoretical one 2.32 up [105]. The MD method yields the
Néel temperature 7 = 510 K for y-Mn [110] which is in good agreement with the
experimental result 7y = 500 K.

When the d electron number nq is increased, the AF structure changes to the
helical structures due to competition between the ferro- and antiferro-magnetic in-
teractions. For n = 6.4, the LM’s in an antiferromagnetic plane rotate by 240°
with a translation by the lattice constant a along the axis perpendicular to the
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Fig. 6.9 Magnetic structures
of the fcc transition metals
obtained by the MD with 108
atoms per unit cell: case of
the d electron number
n=6.6[109]

plane as shown in Figs. 6.8. The wave vector of the helical structure is given by
0=(0,1/3,1)27/a and |(m;)] = 2.0 up. A further increase in d electron num-
ber reduces the average magnetic moments and leads to the helical structure with
amplitude modulations as shown in Fig. 6.9; the wave vector @ is the same as in
n = 6.4, but the magnitudes of LM |(m;)| are spatially modulated from 0.75 up
to 1.30 up. The modulated structure is characteristic of itinerant electron systems
because such a modulation should be suppressed by a large energy loss of Coulomb
interactions in the insulator system. It is stabilized by the energy gain due to the
break of a frustrated magnetic structure with equal amplitudes of LM’s.

The MD approach is useful for theoretical study of the magnetic structure in com-
peting magnetic interaction system. The size of the MD unit cell is however limited
to be finite and thus the SDW with wave length larger than the lattice constant of
the MD unit cell are not described.

6.4 Phenomenological Theory of Magnetic Structure

Competing magnetic interactions often form the complex magnetic structures whose
unit cells are huge or which are described by incommensurate wave vectors. Micro-
scopic theories of magnetic structure are often faced with the difficulty in descrip-
tion for such systems because the system size which one can treat is limited to
rather small number (<10%). Furthermore the accuracy of the microscopic theories
is often not enough to describe the stability of magnetic structures when the en-
ergy difference between structures is too small. In such cases we have to rely on
the phenomenological theory to understand the structure. We present in this section
the Ginzburg-Landau phenomenological theory, and discuss possible multiple spin
density waves (MSDW) in y-Fe [111, 112]. The theory is also useful for finding
general properties of the magnetic structure determined by crystal symmetry.

Let us consider a system with a magnetic atom per unit cell and assume that
it shows a cubic crystal symmetry for simplicity. Assuming small size of magnetic
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moments, we expand the free energy .# with respect to the local magnetic moments.
Because of the time reversal symmetry in the absence of the external magnetic field,
the free energy consists of even-order terms of the magnetic moments. We consider
here the terms up to the fourth order. Because of cubic symmetry the free energy
should be invariant with respect to the symmetry operations for magnetic moments:
rotation mg, — Z(mg,), inversion mg, — m_g,, and translations mg, — mp, 1.
Here R, is the position vector of site /, and m g, = m is the thermal average of the
local magnetic moment on site /. &% denotes either the rotation C4[100] or C3[111],
and T denotes an arbitrary lattice translation vector. The free energy of the system
per lattice site is then expressed as follows.

F = % ZA(I,I/) m;-mp + % Z [B([’ [” l", lw){ml ~my {my - mypn
Lr L

+ C(l, 1, lw) (mpympymprzmpr; + mpzmpmpympry + MMy g My

+ myzmpmpmpn; + mpmpcmpympry + mpympympmpny) | (6.77)

Here N is the number of lattice sites. A(l,!"), B(,1I',1”,1"), and C(,I',1",1")
are expansion coefficients. The second-order terms and the fourth-order terms with
B(,0’,1”,1") in the free energy (6.77) are isotropic since they are expressed in
terms of the scalar products of magnetic moment vectors. On the other hand,
the fourth-order terms with coefficients C(l,1’,1”,1"") are anisotropic. Such an
anisotropy is caused by the spin—orbit interactions. Here we restrict ourselves to
the transition metals where the spin—orbit coupling effects are negligibly small, and
neglect the anisotropic terms; C(l,7’,1”,1"") = 0.

It is convenient to use the Fourier representation of the local magnetic moment
in order to describe the spin density wave (SDW).

EBZ '
mp=> " m(g)e k. (6.78)
q

Here ZqEBZ means a summation with respect to ¢ over the extended first Brillouin
zone (EBZ), which is defined to include all zone boundary points. This form has the
merit that one can argue the structures in both commensurate and incommensurate
cases on the same footing.

The Fourier representation of the isotropic free energy is then given by

EBZ
F =Y A@| @+ Y spxpme)]
q

K0

+2. > B(q.q'.q".q4"){m(q)-m(q")}{m(q") -m(q")}.

K q+ql+q//+q///=K
(6.79)
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Fig. 6.10 Phenomenological Landau free energy F of ferromagnet as a function of the magneti-
zation M below and above the Curie temperature (7¢)

Here K is the reciprocal lattice vector. A(q) and B(q,q’,q", q"") are coefficients of
the free energy expansion in the Fourier representation.

In the ferromagnetic state, only m = |[m(q = 0)| component remains. We have
then the free energy,

Fp = Am® + Bm* — mh. (6.80)

Here A = A(0), B = B(0,0,0,0), and the term of uniform magnetic field % is
added. The free energies below and above the Curie temperature are depicted for
h =0 in Fig. 6.10. Equilibrium magnetization is obtained from the stationary con-
dition.

m(2A +4Bm?) = h. (6.81)

Above the Curie temperature T¢c and for small &, we have m = h/2A. Thus A =
1/2x, x being the paramagnetic susceptibility. At T¢ the susceptibility x diverges.
When we expand A as A = (T — T¢)/2C above Tc, we obtain the Curie—Weiss
law x = C/(T — Tc). Below Tc and for A = 0, (6.81) is identical with (3.18). We
have the magnetization (3.21); m = /—A /2B under the condition —A /2B > 0. The
stability condition for the ferromagnetic solution is given by 82.%/8%*m < 0 at the
equilibrium m, and yields A < 0. From the conditions —A/2B > 0 and A < 0, we
obtain B > 0. Expanding A with respectto T — Tc below Tc, we find m o< /Tc — T
near T¢. The free energy in the equilibrium state is given by .#r = —A%/4B. This
is the phenomenological theory of ferromagnetism known as the Landau theory.



172 6 Antiferromagnetism and Spin Density Waves

The same argument is applicable to the antiferromagnetic structure (AF) which
is given by

m;=m(Q)k(e' @R 4 7R (6.82)

Here Q is a wave vector leading to the AF structure (see Sect. 1.7). k is a unit vector
along the z axis. The free energy of the AF is given by

Far = A(Q)m(Q)* + B(Q)m(Q)* —m(Q)h(Q). (6.83)

Here A(Q) and B(Q) are coefficients, and h(Q) is the staggard field. Min-
imizing the free energy, the sublattice magnetization is obtained as m(Q) =
~—A(Q)/2B(Q) when A(Q) < 0 and B(Q) > 0. The free energy in the equi-
librium state is given by Zar = —A(Q)?/4B(Q).

It is also worthwhile to mention the long-wavelength limit of the free energy
(6.79). There only the g components around |q| = 0 are important there, so that one
can replace B(q,q’,q",q"") with a constant y /4(= B(0, 0,0, 0)).

EBZ 1 1
F=Y ——|m@l+5y Y. {m@) m(q)}{m(q") m(q")}.
q 2X(q) 4 ! " "
q+q'+q"+q"=0
(6.84)

Here x(q) is the generalized susceptibility defined by (6.33): m(q) = x(q)h(q).
The form (6.84) is used in the phenomenological spin-fluctuation theory for the
weak ferromagnets [113].

6.4.1 Multiple SDW with Commensurate Wave Vectors

In the itinerant electron system with high crystalline symmetry, the multiple spin
density wave (MSDW) structure becomes possible. We consider in this subsection
the commensurate multiple MSDW structures (see Fig. 1.15). We consider the fcc
lattice here as an example. The magnetic moments for the MSDW are expressed by

3 A ”
my = [m(Q,)e % * +m(Q,)e ¢ k] (6.85)

n=1

Here the wave vectors are given by Ql =(1,0,0)(27/a), Q2 =(0,1,002r/a),
and Q3 = (0,0, 1)(2/a). Each wave vector forms the antiferromagnetic struc-
ture of the first kind (AF-I) on the fcc lattice. m( Ql), m( Qz), and m( Q3) are real
and assumed to be orthogonal to each other: m(Qz) 'm(Q3) = m(Q3) . m(Ql) =
m(Q))-m(Q,)=0.



6.4 Phenomenological Theory of Magnetic Structure 173

Taking the terms related with { Qi} in the free energy (6.79), we obtain

3
= Z[AQ|m(Q,')|2 + (Big + BQQ)|m(Q,-)|4]
i=1

(2,3)3,1)(1,2)
= o2 NY)
+ > Bigo|m(Q)] [m(Q))|". (6.86)
(U9
The coefficients AQ, Big, EZQ, and E1QQ are expressed in terms of linear combi-
nations of the coefficients {A(¢)} and {B(q,q’, 4", ¢"")}, where ¢, ¢', 4", and ¢”"
are chosen to be one of £ Ql, + Q2, and + Q3

As mentioned before, the AF-I structure (m(Ql) #0, m(QZ) = m(Q3) =0)is
stable in the region

Ag <0, (6.87)
Bip + BzQ > 0. (6.88)

We obtain the magnetic moment

| | A"Q 1/2
m(Q,)| = |:— U ] s (6.89)
¢ 2(Big + Bag)

as well as the free energy

i
o= (6.90)
4(B1g + B2g)

ZF

The double Q MSDW (2 Q) state is characterized by m(Ql), m(Qz) # 0 and

m(Q3) = 0 (see Fig. 1.14). The stationary condition of the free energy yields the
equations for magnetic moments as

5 = SN2, R PN
A +2(Big + Bro)|m(Q)|" + Bigo|m(Q,)|" =0, (6.91)
x ~ NP A2
A +2(Big + Bro)|m(Q2)|" + Bigo|m(Q)|” =0. (6.92)
‘When
D,;=4(Big+ Brg)* — Bipy #0. (6.93)

equations (6.91) and (6.92) are solved as

. X Ao 12
(QD|=|m(Qy)| = |:— ~ = ] ; (6.94)
|m 2 | |m 2 | 2(B1g + B2g) + Bigg
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under the condition
Ag
2(B1g + B2o) + Bigo

> 0. (6.95)

The stability condition to the solution (6.94) is given by

2

EZZ P vz = 5|m(Ql-)|28|m(Q,)|2>o. (6.96)
25D alim(Q) 1M {im(Q )17}

It is equivalent to

fir fi2
1

where fi; is defined by f;; = a{éf/aum(Qi)|2}a{|m(Qj)|2} (i,j =1,2). The
condition (6.97) yields the inequalities,

fi1>0, >0, (6.97)

2(Big + Bag) > 0, (6.98)
4(Big + Bag)® — Biyy > 0. (6.99)
Conditions (6.93), (6.95), (6.98), and (6.99) reduce to

Ag <0, (6.100)

. B
Big+ Byg > '12—QQ|. (6.101)

Inequalities (6.100) and (6.101) yield the stability condition for the 2 Q structure.
The equilibrium free energy is obtained by substituting (6.94) and m(Q5) = 0 into
(6.86):

7
_ Ao _
2(B1g + B2g) + Biggo

G . —

Frp = (6.102)
In the same way, we obtain magnetic moments of the triple @ MSDW (3 Q)

structure by minimizing free energy (6.86) with respect to |m(Q1)|2 |m(Q2)|

and |m(Q5)2.
Ag
2(Bi1g + Bzg + BIQQ)

~ o n 1/2
Im(Q)|=|m(Qy)|=|m(03)|= [— } . (6.103)

under the condition
Ag
2(By1g + BzQ + élQQ)

> 0. (6.104)
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The thermodynamical stability condition for the 3 Q structure and inequality (6.104)
lead to the following condition:

Ag <0, (6.105)
B1Q+BZQ > for B]QQ >0, (6.106)
BlQ—}-EzQ > —BlQQ for BlQQ <O0. (6.107)

The equilibrium free energy is obtained by substituting (6.103) into (6.86):

3A%
Fyp=— 2 (6.108)
4(B1g + B2g + Bigo)

It is characteristic of the itinerant electron system that the amplitudes of the mag-
netic moments are variable. The amplitude M per site is given by

EBZ
1
MZEszl.ml:Zm(q).m(q/)ZS‘H»qr‘K. (6.109)
l q.9 K

In the commensurate case, this becomes
M2:4(|m(Q1)|2+|m(Q2)|2+|m(Q3)|2), (6.110)

and we have the amplitude M, o for the 1 Q, M, o for the 2 Q, and M, o for 3 Q as
follows.

2A
2 - =70 6.111)
10 Big + Bag
8A
§A = e (6.112)
0 2(B1g + B2g) + Biggo
6A
2= e (6.113)
¢ Big + B2 + Bigo
From these expressions, we find that
M A<M, s<M,ns, (6.114)

10 20 30

when the 3 Q state is stable.

It is common for the three structures that the condition A~Q < 0 is required. By
comparing stability conditions (6.88), (6.101), and (6.106)—(6.107), and equilibrium
free energies (6.90), (6.102), and (6.108), we obtain the magnetic phase diagram as
shown in Fig. 6.11. In the AF phase (0 < B¢ + EZQ < |E1QQ|/2), the AF state is
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the only stable structure. In the 2 Q phase (0 < —Bi9g0/2 < Big+Bag < —Bigo)
the AF and 2 Q structures are stable, and

91Q>Q2Q' (6.115)

In the 3@ phase (0 < ngQ/Z < Bjp + BzQ, 0< —BlQQ < Bjgp + BzQ), all three
commensurate structures are stable, and we find that

leA>y2Q>y3QA' (6.116)

We observe that the MSDW states with higher multiplicity are always more sta-
ble than the other states with lower multiplicity. The physical reason for this fact is
as follows. First consider the free energy for the MSDW states (6.86) without the
mode—-mode coupling term (the term with Bjgg). The free energy for the 3 Q state
is three times smaller than that for the 1 Q state, as seen from (6.90) and (6.108).
This free energy gain is caused by the increase in amplitudes of local magnetic mo-
ments as seen from (6.111) and (6.113), and is characteristic of the itinerant electron
system. In the localized model such a mechanism of energy gain is forbidden be-
cause of the constraint of the constant amplitudes of local magnetic moments, so
that only the 1 Q state is realized.

When the mode—mode coupling term élQQ is positive, it suppresses the increase
in amplitudeAs of local moments of the 3 Q state (see (6.111) and (6.113)). As a
result, the 3Q MSDW is stable only when Bj g is smaller than a critical value.

In the band theory [114], three possible ground states are found for y-Fe using
the LMTO method and the von Barth-Hedin LDA potential: the first-kind AF, and
the 2Q and 3 Q structures. It is found numerically that the 3 Q structure is the most
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Table 6.1 Energy differences £ — E(3 Q) and amplitudes M of magnetic moments of fcc Fe for
10,20, and 30 MSDW states which are calculated by the LDA-DFT theory [114]. E (E(3Q))
denotes the ground state energy for each structure (3 Q structure)

10 20 30
E — E(3Q) (mRy) 3.3 0.8 0.0
M (ug) 1.18 1.24 1.24

stable among the three at the equilibrium lattice constant @ = 6.8 a.u. As shown
in Table 6.1, their results of the energy at T = 0 follow the inequality (6.116) ob-
tained by the phenomenological theory. It is interesting to note that the amplitudes
of their magnetic moments for the 3Q and 2Q structures were found to be the
same and larger than that for the AF structure: M, 30 =My > M. According to

(6.112) and (6.113), this implies that B o + BQQ = BlQQ/Z; y -Fe calculated by the

band theory is located in the vicinity of the AF-3 Q boundary in the 3 Q phase of
Fig. 6.11.

6.4.2 Multiple SDW with Incommensurate Wave Vectors

We consider next the multiple spin density waves (MSDW) with three incommen-
surate wave vectors Q;, Q,, and Q5. These wave vectors satisfy the condition
q+q +q9"+q" #£K forq, q’, q”, and q"" being one of {Q,} (see (6.79)). The
linearly polarized MSDW is one of the possible MSDWs. It is described by

3
= [m(Q,)e % +m*(Q,)e7 & k], 6.117)
with
m(Q,) = (mx(Q,).my(Q,).m-(Q,))e* (n=12,3). (6.118)

Here m,(Q,), my(Q,), and m,(Q,) (n =1,2,3) are assumed to be real. oy,
a2, and o3 are phase factors. Additionally we consider the case in which m(Q,),
m(Q,), and m(Q5) are orthogonal to each other.

The free energy for the linear MSDW has the same form as the commensurate
case, i.e., (6.86).

Fi=Y [Ag|m(@)| + Big + Bp)|m(0)|']

i=l1
2,3)(3,1)(1,2)
+ Y. Bigo|m(@)['lm@ ). (6.119)
i)
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We therefore obtain the same results in which AQ, BQQ, and BlQQ have been re-
placed by Ag, BzQ, and B]QQ, respectively. The phase diagram is the same as
Flg 6.11 in which BzQ and BlQQ have been replaced by B>g and Bjgg, and AF,
2Q, and 3 Q have been replaced by 10, 20, and 3 0, respectively. Thus we find
the 3 Q state in a wide range in the magnetic phase diagram.

It is found in the band calculations that there is the incommensurate 3 9 MSDW
solution with @ = (0.6, 0,0)(2r7/a), (0,0.6,0)(27/a), and (0, 0, 0.6)(27 /a) in the
fcc Fe at lattice constant 6.8 < a < 7.0 [115]. Furthermore it is verified to be stable
as compared with the 1 Q@ SDW state irrespective of the lattice constant, and the am-
plitude of the magnetic moment for the 3 Q state is larger than that for the 1 Q state.
These results are consistent with those of the phenomenological theory obtained in
the last and present subsections; the 3 Q MSDW is always stabilized when the 3 Q
solution exists, and has a larger amplitude of the magnetic moment as compared
with the 1 Q and 20 SDW.

Alternative MSDW are the helically polarized SDWs whose magnetic moments
are described by (6.117) with

m(Q))|

R (e ik
NI

Here ej; and ey, are unit vectors being perpendicular to the wave vector @ ;, and

orthogonal to each other (see (1.94) and (1.96)).
The free energy for the helical MSDW is given as follows.

m(Q;) = —iejm) ((j, k,m)=(1,2,3)(2,3,1)(3,1, 2)). (6.120)

3
=y | Ag|m(Q)|* + Bigm(Q)|*]
i=1

2.3)3.1)(1.2)

+ Y (Bigo+ Bagow|m(Qp)||m(Q)[. (6.121)
()

Note that the coefficient Byp of the linear MSDW in (6.119) disappears and an
additional coefficient Bypon appears in the mode-mode coupling term in the case
of the helical MSDW. However, the free energy (6.121) is again identical to (6.86)
in which Ag, Bjg + Bag, and B¢ have been replaced by Ag, Big,and Bigg +
B> oH, so that we can easily obtain the results for the helical MSDW by exchanging
the coefficients in the results of the last subsection.

By comparing the free energy among the incommensurate linear 1 Q, 20, 30
MSDW, and the helical 1Q, 2Q, 3Q MSDW, we obtain the phase diagram for the
incommensurate MSDW. An example is shown in Fig. 6.12. Note that the condi-
tion that both the linear and helical SDWs are stable is Ap < 0 and Big > 0. We
find that the 3 Q linear (3Q) and 3 Q helical (3QH) MSDWs occupy most of the
region —2 < B1gg/Big < 1. This arises from the fact that the 3 Q states are stable
when the mode-mode coupling term Bjgg or Bigg + Bagon is relatively small.
Since the stability of the helical 3 Q is accompanied by the increase in amplitude
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Fig. 6.12 Magnetic phase diagram for the incommensurate SDWs for the expansion coefficients
Ag <0, Big > 0and Byggn/Bi1g =1 [112]. The phases of the 1 Q linear SDW (1Q), the 20
linear MSDW (2Q), the 3 Q linear MSDW (3Q), the 1 Q helical SDW (1QH), the 2 Q helical
MSDW (2QH), and the 3 Q helical MSDW (3 QH) are shown in the space of expansion coefficients
Bi1po/Big and Byp/Bj. Coexistence lines between the linear and helical SDWs are indicated
by solid lines. The phases shown with parenthesis are metastable states in which the ground state
cannot be determined within the fourth-order Ginzburg-Landau theory. The gray regions indicate
that the magnetic moment amplitude in the phase becomes so large that the fourth-order theory is
not applicable

of the magnetic moment as shown in (6.114), it is characteristic of the itinerant
electron magnetism. In the Heisenberg model, only the 1 @ helical structure is sta-
bilized by the competition between intersite exchange interactions. Experimentally,
the 3Q MSDW is considered to be realized in y-Fe,Mn;_, (0.4 < x < 0.8) al-
loys [103].

Neutron diffraction experiments on the cubic y-Fejpo—xCoy (x < 4) alloy pre-
cipitates in Cu show a magnetic satellite peak at wave vector Q@ = (0.1,0, 1)2r7/a
[102]. The magnetic structure was suggested to be a helical SDW, but has not yet
been determined precisely. This is because the neutron diffraction analysis can-
not distinguish between 1Q and 3 Q states when the crystal structure of the y-
Fe precipitates is properly cubic and the distribution of domains is isotropic. The
present result based on the Ginzburg—Landau phenomenological theory tells us that
the 3 O helical MSDW is always stable as compared with the 1Q and 20 SDWs
when the 3 Q solution exists. It is desirable to investigate the relative stability be-
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tween 3 @ linear and helical MSDWs in the first-principles ground-state calculations
of y-Fe.

The same type of the helical 3 Q MSDW has been found to be possible in MnSi
system [116]. There we must take into account the spin—orbit coupling called the
Dzyaloshinskii—-Moriya interaction which appears in the noncentrosymmetric crys-
tal structure.



Chapter 7
Magnetism in Dilute Alloys

Dilute magnetic alloys such as the transition metals dissolved in a simple metal show
a unique magnetic property. In these alloys the oscillating long-range interactions
appear via the conduction electrons, and the spin glass state in which the local mag-
netic moments are randomly oriented forms due to the competition between long-
range ferro- and antiferro-magnetic interactions. We present the theoretical aspects
of these properties in Sect. 7.1. In Sect. 7.2, we deal with the impurity limit. There
the impurity magnetic moment disappears at low temperatures due to the formation
of the singlet state. Because of the crossover from the local moment behavior to
the Fermi liquid behavior with decreasing temperature, various anomalies called the
Kondo effects appear. We briefly describe the formation of the singlet state known
as the Kondo singlet.

7.1 Magnetic Interactions and Spin Glasses in Dilute Alloys

The noble metal based alloys containing less than several percent of magnetic tran-
sition metals such as Cu—Mn and Au-Fe alloys form the substitutional disordered
alloys. Susceptibilities of these alloys show a cusp at a temperature T, indicating
a magnetic phase transition as shown in Fig. 7.1. A remarkable point is that T,
showing a phase transition continues up to 0.005 at% impurity concentration in
many cases [117]. The average inter-site distance between magnetic impurities at
0.005 at% is about 30 times that of the nearest-neighbor. Such a long-range mag-
netic interaction is explained neither by the super-exchange interaction nor by the
direct exchange interaction as discussed in Sect. 1.6 because both interactions are
caused by the overlap between neighboring atomic orbitals. In this section, we de-
rive such a long-range magnetic interaction and briefly discuss the magnetism of
dilute alloys.

Let us consider the Cu—Mn dilute alloys as an example to derive the model
Hamiltonian. The electronic structures of constituent Cu and Mn atoms are given
by 3d'%4s and 3d°4s?, respectively. When these atoms form dilute alloys, electron
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Fig. 7.1 Susceptibilities of 25
Au-Fe dilute alloys as a
function of temperature [118]
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hoppings to the 3d orbitals of Cu atoms are suppressed because these orbitals form
almost closed shells even in alloys. Electron hoppings between 4s orbitals must be
fast since these atomic wave functions are extended in space. Since 3d orbitals on
Mn atoms form unfilled shells, electron hoppings from the 3d orbitals to the 4s or-
bitals on the surrounding Cu atoms and the hopping backs to the Mn 3d orbitals are
possible. We can neglect the direct electron hoppings between 3d orbitals on differ-
ent Mn atoms because we are considering the dilute alloys less than 10 at% Mn. The
Hamiltonian of the system is therefore described by the following two-band model.

H = Hs + Hy + Hq, (7.1)
Hy = Zssnig + Zt,’jczracj‘g, (7.2)
io ijo
d d
Ha=Y (15" aje +1Ya] cjo). (7.3)
ijo
Hy= ngndio + Z Ungirndiy - (7.4)

io i
Here &5 (&q) is the atomic level of the s (d) orbital. f; (tl.(de)) is the transfer integral
between the s orbital on site i and s (d) orbital on site j. We assumed a single d
orbital instead of five d orbitals on each magnetic atom for simplicity. Moreover we
have introduced the on-site Coulomb interaction U between d electrons because the
d electrons are localized as compared with the 4s electrons.
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Since 4s electrons form a wide band, the momentum representation may be
more suitable. We can construct the Bloch wave function ¢ from the atomic
4s wave functions ¢; as ¢; = Zj @j(jlk)y = Zj ¢jexp(—ik - Rj)/\/z. Mak-
ing use of the Bloch functions {¢}, we can diagonalize the Hamiltonian matrix
(Hy)ij = &s8ij +1;j(1 = §;;) as Zij (kli)(H);j{jlk') = exbkrr. Accordingly we can
define the creation (annihilation) operator cza (cko ) in the momentum representa-
tion, as [ = 3", c_(ilk) (cks = Y, cio (kli)). The 4s conduction band Hamilto-
nian Hy is then expressed as Hg = Z,m &Ny . Here nipe = czack(, is the number
operator for 4s electrons with momentum k and spin o. The hybridization term Hgq
is also written by the creation and annihilation operators of conduction electrons in
the momentum representation, so that the total Hamiltonian (7.1) is expressed as
follows.

_ ik-R; oo —ik-R; t
H = Zsknkg + Z(e IVidep, ajo +€ Y deajackg)
ko Jjko

+ Y eandgio + Y Unaitnaiy - (7.5)
io i
Here Via(= V) is the hybridization matrix element defined by

deZ/‘/’Z(")V(")¢d(")d"s (7.6)

and V (r) is the atomic potential for an electron on the impurity site.

The Hamiltonian (7.5) for dilute alloys is referred as the Anderson lattice Hamil-
tonian. Note that the Hamiltonian is derived without using the translational symme-
try of magnetic impurities, so that it is applicable to disordered alloys.

The Hamiltonian for the system with only one impurity at the origin is a special
case of (7.5) and is given by

H= Zeknkg + Z(dea;ackg + deczoadg) + Zadndg + Ungrngy. (7.7)

ko ko o

Here we omitted the site index O in the subscripts for simplicity and expressed the
creation (annihilation) operator for d electron as ag » (ado) to make the d character
clearer. The Hamiltonian is called the Anderson model for the magnetic impurity in
conduction band [119].

The Anderson lattice Hamiltonian has the eigen states {|{nis}, {nq; =1, s;;})} in
the zero-mixing limit (i.e., Vg = 0) and at half-filling. Here {nj,} denotes a config-
uration of the Fermi sea states for conduction electrons, while {ng4; = 1, 5} denotes
the atomic states of magnetic impurities with the d electron number n4; = 1 and ‘lo-
cal magnetic moment’ s;, (= =£1/2). Even for the system with a finite hybridization,
the local magnetic moments on the impurity atoms should remain and may couple
with the conduction electrons via the hybridization Vg and Viq. In order to obtain
such a picture, we derive an effective Hamiltonian assuming a small hybridization.
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Fig. 7.2 Two possible virtual excitations via hybridization parameters Vjq and Vg

We apply the second-order perturbation formula based the projection technique,
i.e., (1.80) to obtain the effective Hamiltonian:

—1
Hy=PHP — PHIQ(E), — E})” QHP. (7.8)

Here we adopt the Hamiltonian in the zero-mixing limit as the noninteracting Hamil-
tonian Hp, and treat the hybridization term as an interaction Hj assuming small
parameters:

Hy = Z(eik‘R-" deczo_ajo' +e kR deaj.gckg). (7.9)
jko

The eigen values of Hy are given by Eg = D 1o Eklko + )iy Edldic +
> i Ungisng;| . Corresponding eigen states are given by {|{nis}, {nq;,s;:}}-

We choose the {ngq; = 1} states as subspace & on which the effective
Hamiltonian Hp, operates, and define the projection operator P such that P =
Z{nka}{sﬂ} Hnko}, (naj = 1,5} ({nko }, {naj = 1, sj;}|. Then we have PHP =
P(Zkg EiNks + Zj £4) P. When we apply Hp in subspace &2, we have two kinds
of excited states as shown in Fig. 7.2, the states with an empty d site and a particle
above the Fermi level in the conduction band which is caused via Viq, and the states
with a doubly-occupied d site and a hole below the Fermi level in the conduction
band, which is caused via Vg;. Associated excitation energies E% — EOP are & — &4
for the former and ¢q + U — ¢ for the latter, respectively. After the virtual exci-
tations, the system returns to the original state via operator P Hy. Thus the second
term of (7.8) is written as



7.1 Magnetic Interactions and Spin Glasses in Dilute Alloys 185
—1
PHQ(E) — E})” QHP

lkR/ —ik' Rdek/de i §
=P Z 15/Ck o' Cr Qo

jlkk'oo’ fk—ed
zk ‘Rj—ik-R; Vira Vak TooF P 7.10
+ Z cat U—sgp K% %ioCho )7 (7-10)
jlkk'oo’

Arranging the expressions, we finally obtain the effective Hamiltonian as follows.

Hyy, = Zeknkg + Z(a + Z Va de) + Z i(K'=k)-R; Wk’ka, Cko

Eq— €
ko j 4TS e

Ze’<k —kr RJJkrkZS] b (@)ayCiy - (7.11)
Jjkk'

Here we have omitted the projector P for simplicity assuming that the Hamiltonian
operates on the subspace . The potential scattering parameter Wy, and effective
exchange energy parameter Ji/; between the local magnetic moment §; and con-
duction electron spins o are defined by

1 1 1
Wik = = ViraVak - , (7.12)
2 ek —&—U ¢eq—¢p

Jvk = Vk/dde< ! + ! ) (7.13)
er—ea—U eq—e¢p

The effective Hamiltonian Hxkp consisting of the conduction band and the local

magnetic moments is called the Kondo lattice Hamiltonian, and the exchange cou-

pling between the local magnetic moment §; and conduction electrons is known as

the Kondo exchange coupling.

We can omit the potential scattering term and the constant term of d levels
for magnetic phenomena. Moreover we neglect the momentum dependence of the
Kondo coupling by assuming the constant hybridization parameter Vg, =~ V and by
taking the average of the coupling Jy; with respect to the conduction band energy.
‘We obtain then a simplified Kondo lattice Hamiltonian as follows.

Hgi, = Zeknkg - JTK ! (K =R, Z S; ¢l (@)ayChy- (7.14)
ko JjkK ay

Here S; is the local magnetic moment on the magnetic impurity site j, which is

given by §; = Zay Ja(a)ayajy/Z The Kondo coupling constant Jg (= (Ji/)) is
expressed as follows.

=V Z( flex—p) 1_f(3k—li)). (7.15)

ek —&a—U &d — &k
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Here f(ex — ) is the Fermi distribution function, and p is the chemical potential.
Note that Jg < 0 for g < e ~ u K &4 + U (case of the strong U and the half
filling).

Using the local-orbital representation of the conduction electrons, we obtain the
Kondo lattice Hamiltonian in the real space as follows.

HKLZZt?knkU_ZJKZSj'Sj- (7.16)
ko Jj

Here s; is the spin density of conduction electrons on site j, given by s; =
Doy cj.a (0)aycjy /2. The Kondo lattice Hamiltonian manifests the interaction be-
tween the conduction electrons and magnetic impurities. It is useful for analyzing
the transport properties and the spin polarization phenomena of dilute magnetic al-
loys.

In the dilute limit, the Hamiltonians (7.14) and (7.16) reduce to the following
Hamiltonian, which is called the Kondo Hamiltonian or the sd Hamiltonian.

Jx
Hg = eiftpo — - Y T8¢l (@ aycry. (7.17)
ko

kk' ay

The sd Hamiltonian was often used to clarify thermal and transport properties of
magnetic alloys in the dilute limit [120].

In the Kondo lattice Hamiltonian, the degree of freedom for conduction electrons
remains so that the nature of magnetic interactions between magnetic impurities is
not clear in this form. In the following, we consider the sub-subspace in which con-
duction electrons are in the ground state and only the degree of freedom on the
local magnetic moments {S;} remains. To avoid confusion, we redefine the sub-
space &y for the Kondo lattice Hamiltonian by {|{ni}, {na; = 1,s;;})} and the
projector Py by Py = Z{nk”}{sjz} H{nko}, (naj =1,5j:)) ({nke ), {naj =1, 5;;}|. Then
we define the sub-subspace & by {|{nis}G, {na; =1, s;;})} and the projector P by
P =3 3 kel {naj = 1.sjz}) ({nko )G, {naj = 1.5j:}]. Here {nzo}G denotes
the ground-state Fermi-sea configuration. We again make use of the projection tech-
nique for the second order perturbation, i.e., (7.8) to obtain the effective Hamiltonian
in sub-subspace 7 where only the degree of freedom for magnetic impurity spins
remains.

We adopt the Kondo coupling term in (7.14) as the interaction part Hi, and ex-
press it as follows.

H = —‘;—K Ze’(k —h)-Rj (SjCZ/Tckl + Sj+CZ'¢CkT +S;; Zocz,gckg) (7.18)
kK o

Here S+ are the spin-flip operators defined by S;+ = S £ iS;,. We have then

PHgLP =) < &x. When we apply Hj to P in sub-subspace &2, we have three

kinds of excited states: spin-flipped state s;, + 1 accompanied by the particle-hole

pair excitations in conduction band via the Kondo coupling Jx as shown in Fig. 7.3,
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Fig. 7.3 Three possible virtual excitations via the Kondo coupling Jk

a spin-flipped state s ;, — 1 accompanied by the particle-hole pair excitations in con-
duction band, and the non spin-flipped state s;, accompanied by the particle-hole
pair excitations in conduction band. Associated excitation energies are now &g’ — k.
Taking into account the possible paths via P Hj, we obtain the effective Hamiltonian
in which the degree of freedom of conduction electrons has been eliminated as fol-
lows.

occ

HRkKy = P|:228k -y %J(O)S(S +1)— > J(Ri — R))S; - SA/:|P. (7.19)
k

J @.))
Here J(R; — R}) is defined by

2
J(R; — R;) = 2<§> S TR cos[(k — k') - (R — R)]. (7.20)

L e — €
o ok k

and ny denotes the electron occupation number per spin of conduction electrons
with momentum k (i.e., the Fermi distribution function at 7 = O for electrons with
momentum k).

The effective Hamiltonian (7.19) has a form of the Heisenberg model as follows
when we omit the constant terms.

HRKKyz—ZJ(Ri—Rj)S,-~Sj. (7.21)
@,J)

Here the projector P has been omitted by promising that the Hamiltonian is applied
on the subspace of the magnetic moments. Equation (7.21) is called the RKKY
(Ruderman—Kittel-Kasuya—Yosida) interaction, and the coupling constant J(R) is
known as the RKKY interaction coupling constant [121-123].
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The RKKY interaction between the magnetic moments of impurity atoms is
caused by a polarization of conduction electrons due to the local magnetic mo-
ments via the Kondo coupling. In fact, the RKKY interaction is expressed by the
susceptibility of conduction electrons as follows.

J2
J(Ri—Rj)=fKZX(q)cosq~(Ri—Rj). (7.22)
q

Here yx(q) is the generalized static susceptibility defined by (6.33), i.e., m(q) =
x(q)h(q), and has been given as follows (see (6.36)).

2 Nktg — Nk
x(@q)=— _— (7.23)
1 L ; Ek — Ek+q

The RKKY interaction is obtained by a simple interpretation of the Kondo lat-
tice Hamiltonian. According to the real-space representation of the Kondo lattice
Hamiltonian (7.16), the conduction electrons feel a ‘magnetic field’ h; = JxS; on
site j. The field causes a conduction electron spin polarization m; = x;;h; on site
i according to the linear response. The local moment S; has the Kondo interaction
—JkS; -m; = _JI%XU S; - §; according to the Hamiltonian (7.16). Summing up the
interactions with respect to all the pairs, we obtain the Hamiltonian (7.21) with a
coupling constant

J(R; — Rj) = JZxij- (7.24)

Substituting the Fourier transform y;; = Zq x(g)expiq - (R; — R) into the above
expression, we find that the coupling constant (7.24) is identical with (7.22).

The RKKY interaction is long-range since it is based on the interaction between
the local magnetic moments via conduction electron polarization. In order to under-
stand its long-range nature, let us consider the free electron model. In this case, the
susceptibility (7.23) is expressed as

0= (et arar—p) 0
TO= 0 e =7 =12 TR

Here §2 is the volume of the unit cell, and kg denotes the Fermi wave vector.

For each integral at the r.h.s. of (7.25), we can perform the integral with respect to
the azimuthal and polar angles after introducing the polar coordinates. Furthermore,
with use of the integration by parts, we obtain

! _ ke (a4
/|k|<kpdk <m)_ 2 F(sz>' (7.26)

The function F(x) is defined by

(7.27)




7.1 Magnetic Interactions and Spin Glasses in Dilute Alloys 189

Note that F(x) is an even function, F(0) =2, and F(x) — 2/3x2 (x = 00). Using
the integral (7.26), we obtain

1 q
= i—F|— ). 7.28
X (q) = XPaul ) (2kF> ( )

Here xpauli = 20 (¢eF) is the Pauli uniform susceptibility in the free electron model,
and p(ep) is the density of states at the Fermi level ¢f.

Substituting the expression (7.28) into (7.22) and extending the integration range
from the first Brillouin zone to the whole region for convenience, we obtain

JZQ XPauli o q
J(R) ==K dgqF| —— )singR. 7.29
(R) a2 R /0 q9 (2kF>qu (7.29)

Since F(x) is an even function, the above expression is written as follows.

2
Q XPauli

() = ©2m)2 2iR

2 I(R), (7.30)

and the integral 7 (R) is given by

_ o0 q igR
I(R)_[ dqu(Zk )e : (7.31)

As shown in Appendix H, the integral I/ (R) is obtained as follows.

I(R) = k:;3 - (732)

Substituting (7.32) into (7.30), we obtain the RKKY interaction in the free elec-

tron model.

—2kgR cos2kgR + sin 2kFR
(2kpR)*

J(R) = 67[”6]]%)(19211111 (7.33)

Here n. is the electron number per unit cell given by n, = k%.Q /7, §2 being the
volume of the unit cell. Thus, the RKKY interaction oscillates with the wave length
7/kg as a function of R and decays as 1/R> as shown in Fig. 7.4. Note that the
nearest-neighbor distance and the second nearest-neighbor distance correspond to
2kpR = 6.95 and 9.82, respectively, when we assume n. = 1 and the fcc lattice
bearing in mind the Cu—Mn dilute alloys. The RKKY interaction is of long range
because of the 1/R? dependence.

Oscillatory long-range interactions are expected to cause a complex magnetism
in the dilute alloys. We consider here the RKKY interactions J;; between the Ising-
type spins with S = 1/2 for simplicity. The molecular field Hamiltonian acting on
a spin on site i is given by H; = Z Jij(Sjz)Siz. Therefore the thermal average
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Fig. 7.4 The RKKY interaction J/Jy as a function of 2kgR. Here Jo = 67meJ|% XPauli

of the magnetic moment on site i ((m;) = 2(S;;)) is given in the molecular-field
approximation as

(m;) :tanh<§ ZJ,, (mj)>. (7.34)
J

For small magnetic moments near the critical temperature, we can expand the
r.h.s. of the above self-consistent equation as follows.

B
<mi):ZZJij(mj)+"'- (7.35)
J

Taking the configurational average, we obtain

(miwng,-j(m—,-H---. (7.36)
J

Here the upper bar denotes the configurational average on magnetic impurities, and
we have decoupled the correlation between the interaction constant and the sur-
rounding magnetic moment for simplicity. From (7.36), we may obtain the Curie
temperature 7c.

Jp—
Tc = ZZ Jij. (1.37)
J
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In the disordered system, we have another transition temperature. Taking first
square of both sides in (7.35) and next taking the configurational average, we find

I
(mi)? ~ (g) D dijJulmmy + - . (7.38)
Iy

When (m;) = 0 and we neglect the correlation between local magnetic moments on

different sites, we have (m ;) (m;) = (m;)28 j1. Then (7.38) reduces to

_— 2 [
()2 ~ (g) > T mp (739)
J

Therefore we have one more transition temperature T, at which (m ;)2 vanishes.

Ty = ZZ I3 (7.40)

From the simple analysis mentioned above, we find at least two order parameters
in dilute magnetic alloys: (m;) and (m;)2. The system is in the ferromagnetic state
(F) when (m;) # 0 and (m;)2 # 0. It is in the paramagnetic state (P) when (m;) =0

and (m;)2 = 0. In addition to these cases we can also consider the case

mi)=0 and (m;)2#0. (7.41)

This case may correspond to a state such that there is no magnetization but the ran-
domly oriented spins remain (see Fig. 1.16). It is called the spin-glass state (SG).
The SG may be realized when magnetic interactions compete each other in the dis-
ordered alloys and there is no long-range order being found as the magnetic Laue
spots. The transition temperature 7 is called the SG temperature. The cusps in the
susceptibilities found in Au—Fe dilute alloys as shown in Fig. 7.1 are considered to
show the spin glass transition [124].

The coupling constants »_ i Jij and ) j Jl%. in T¢ and T, are expressed by the
parameters for atomic configuration. Note that the summations at the r.h.s. in (7.37)
and (7.40) are taken with respect to the magnetic impurity sites. In order to express
these summations as the sum over all the lattice sites, we introduce an occupation
number ¢; of the impurity atom A on site i which takes 1 when site i is occupied
by the atom A and takes O otherwise. In order to distinguish the two kinds of sum-
mations, we write them in (7.37) and (7.40) as ) jeA- Then

Z Jij = Zai“j Jij = ZTajJ,-j. (7.42)
j

JjeA J

Here p%A = @;a; is the probability of finding the type of atom A on site j when
site i is occupied by the same atom A. Using the probability plf'J‘.A, Wwe can express
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Fig. 7.5 Magnetic ordering 300
temperature vs. concentration
curves for Au-Fe alloys
obtained by various 250
methods [118]
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%:lj Jij inh(7.37) and Zj J,%' in (7.40) as Zj pf}AJij and Zj p{?AJi?i, respectively.
us we have
1
Te=7 > it (7.43)
J
1
Ty=7 > itz (7.44)
J

When there is no short-range atomic order, we have pﬁA = cp, ca being the
impurity concentration. Thus, '

Tc = caJo, (7.45)
Ty =/cad. (7.46)

Here Jo = (3; Jij)/4 and J = (3, J2)'/?/4.

Figure 7.5 shows the ordering temperature vs. concentration curve in Au—Fe al-
loys. The linear concentration dependence of T¢ at cpe > 12 at% Fe and the con-
centration dependence of Ty at cre < 12 at% Fe are explained by (7.45) and (7.46),
respectively.

The theory of spin glasses (SG) in the dilute alloys has been developed as a part
of the disordered spin systems in the insulators because their Hamiltonian can be
mapped into the RKKY spin Hamiltonian (7.21). Details of the advanced SG theory
as a model of statistical mechanics can be found in the books by Parisi et al. [125]
and by Fisher and Hertz [126].
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Fig. 7.6 Susceptibility of pure Au (©) and a Au 0.0054 at.% Fe dilute alloy (e) as a function of
temperature [129]

7.2 Magnetic Impurity in Noble Metals

In the dilute limit, the RKKY interaction is infinitesimally weak, and a magnetic
impurity system is realized in the nonmagnetic metal. Such a small system shows a
unique property which is quite different from the other systems. Figure 7.6 shows
the temperature dependence of the susceptibility in Au—Mn dilute alloys as an ex-
ample. The impurity contribution follows the Curie law at high temperatures in-
dicating the existence of a local magnetic moment on Mn atom. With decreasing
temperature, the susceptibility tends to saturate around a few Kelvin, indicating the
disappearance of local magnetic moment of the impurity atom. The low temperature
behavior and the related ground state cannot be understood by a simple picture of
local magnetic moment. In this section we will briefly explain the basic properties
of magnetic impurity dissolved in a simple metal.

The magnetic impurity is described by the Anderson Hamiltonian as derived in
the last section.

H = Zsknkg + Z(deago_cko' + deczoadg‘) + ngndo' + Ungyngy. (7.47)

ko ko o

In order to obtain a physical insight to the magnetic impurity in the noble metals,
we consider first a simplified model in which the number of sites in the conduction
band has been reduced from infinity to one. This is called the ligand model or the
zero-band-width model [127, 128]. The Hamiltonian is written as

H= Zelnla + Z V(aic(, + cj,aa) + X:Sdnd(7 + Ungyngy. (7.48)
(e (e (e



194 7 Magnetism in Dilute Alloys

Here &) denotes a ligand level, n), is the number operator of the ligand electrons
with spin o. We have omitted the subscripts d and 1 of the creation and annihilation
operators for simplicity.

We assume that the ligand level ¢ is higher than the d level g4, and the Coulomb
energy U is large enough as compared with the difference Ag =€) — gq; U > Ayp.
Moreover we consider the case that the hybridization |V | is small as compared with
the difference, so that |V | < & — g4 < U. When we put two electrons in this sys-
tem, the doubly occupied state on the impurity site is suppressed due to the strong
Coulomb repulsion U, so that the magnetic impurity with one electron is realized
and the d electron hybridizes with the ligand electron via V.

In the case that V =0, we have a ligand electron (n; = 1) and a d electron
(ng = 1), so that the ground-state energy is given by E = ¢ + &4 and associ-
ated 4 states are degenerate; |njynyngsngy) = [1010), [1001), |0110), [0101). Al-
ternatively, degenerate 4 states are chosen to be the eigen states of the total spin
S =s5q+5s].

Vvt
|<D(S)) ﬁ(aTci—aicT)m),
o) —alc] ) o
1 . ‘
|¢(§t)> = ﬁ(aici —|—aicT)|0),

Here I(D(S)) (|<D§,t) )) denotes the singlet (triplet) state with total spin S =0 (S = 1).
When V # 0, we have additional configuration with no d electron.

|0©) = cH|o>. (7.50)

The Hamiltonian matrix for the 5 states (45(0), 30N <D(_t)l, CDét), @f[)) is given as
follows.

21 N2V 0 0 0
V2V e+ eq 0 0 0
H=| 0 0 &1+ &g 0 0 (7.51)
0 0 0 &+ &g 0
0 0 0 0 &1+ &g

Note that the d* state |@ (@) is not coupled to the triplet states |®©) because the
hybridization ) a];c(, which is operated on the d° state creates the singlet state.
The singlet state is coupled to the d” state because of the same reason. Diagonalizing
the {<D(O), <Z>(S)} sub-block, we find the eigenvalues

1
_ _ 2 2
E_81+8d+2<Aoj:,/A0+8|V| ) (7.52)
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Fig. 7.7 The energy spectra of the ligand model for V = 0 (left) and for V # 0 (right)

where Ay = g] — gq. For small |V|2/A0, we have E = 2¢1+ 2| V|2/A0 and g1+ &4 —
21V|?/ Ao.
In summary, we have (i) the ligand electron state

Vv
|w<°>):< Vi )|¢<0>)+f |o®), (7.53)
with the energy Eg = 2¢] + 2| V|2 /Ao and the total spin S = 0, (ii) the singlet state
, 1% |V |? ‘
v\ = —V2—|0©@) 4 (1 —— | [®®), 7.54
)= =250+ (1= ) o) 759

with the energy Es = €] + &4 — 2| V|2 /Ao and the spin S = 0, and (iii) the triplet
states |q§(_[)l), |q§(<)t)), |d>ft)) with energy E; = €1+ &4 and spin S = 1. The eigenvalues
of the ligand model with V =0 and V s 0 are summarized in Fig. 7.7.

The ligand model suggests that the ground state of the Anderson model with
strong U is a singlet at half filling. This means that the magnetic dilute alloys lose
the magnetic moment at the ground state even in the strong U limit. The second
point is that there is a characteristic temperature T* = 2|V |>/Aq above which the
magnetic moment of the impurity state recovers and thus the susceptibility follows
the Curie law, because the triplet states are located above the singlet ground state
and the former is higher than the latter by 2|V |>/Ao.

Let us now return to the Anderson model, and obtain the singlet ground state in
large U limit. According to the singlet ground state (7.54), we assume the following
ground state wave function of electrons [130].

occ
2 :A|:|q§0) +ZBk(a§TckT +a§¢ck¢)|¢o)i|. (7.55)
k

Here A is a normalization factor, and {By} are the amplitudes to be determined
variationally. The first term at the r.h.s. of (7.55), |@¢) is the Fermi sea state with no
d electron, which is defined by

occ

120) = [ [[cfrci, ]10)- (7.56)

k
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Fig. 7.8 Three states |®g) (left), aJiLT ckt1Po) (middle), and a;r 1 Ck 1|9o) (right) in the variational
wave function

It corresponds to the ligand electron state |@(?) with no d electron in the ligand
model. On the other hand, each state in the second term of (7.55) has one d electron
and forms a singlet state consisting of a d electron and a conduction electron with
momentum k.

1 . occ
|Pr) = —(achkT + ad¢ck¢)|‘p0> = —(QJTCL - a(ﬂc%) 1_[ [Ck/ Ck’ Ji0).
(7.57)

These states are depicted in Fig. 7.8.
The wavefunction (7.55) with A =1 is written with use of {|®;)} as follows.

occ

W) = |Po) + V2 Bi|®y). (7.58)
k

Note that {|Dg), |Pi)} are orthonormal. The amplitudes By are determined from the
variational principle of the energy,

_ (WH )
=1 (7.59)
(w|w)
Here
occ
(F|w)=142)" BB, (7.60)
k
occ
(W|H|W) = Eo+2) (VacBy + ViaBr)
k
occ
+2) (Eo+ea—e0) B B, (7.61)

k

and Eg =2 1 & is the energy for the conduction band.
Taking the variation of the energy, we have

(W IH|W)) (W) — (W |H|W)§(W|¥) =0. (7.62)
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Calculating the variations § (¥ |¥) and § (¥ | H |¥), and substituting them into (7.62),
we find the self-consistent equation for By as follows.

(AE + &) By = V. (7.63)

Here AE = E — Eo — &4, and the energy E — Ey is obtained from (7.59), (7.60),
and (7.61) as follows.

ZZOCC ViaBr + ZZOCC B [Vak + (84 — Sk)Bk]
1+2 ZOCC B} By

E—Ey= (7.64)

Substituting Vg of (7.63) into the second term of the numerator in (7.64) and mul-
tiplying 1 +2 "7 B} B to both sides, we find the following equation.

oce
AE =—gq+2 Z Via By (7.65)
k

Substitution of By from (7.63) into the above equation yields the self-consistent
equation for AE as follows.

occ

| Vial?
=— 2 7.66
gt Z AE +¢; ( )

Note that the above equation reduces to the solution (7.52) in the ligand model limit
(er — &1).

Assuming the flat band with the band edge —D at the bottom for conduction
electrons, (7.66) is expressed as follows.

, |AE]
AE =—eq+20(0)|V [ In=—=. (7.67)

Here p(¢) is the density of states per spin for conduction electrons which is defined
by p(e) =) ; 8(¢ — ex). Moreover we assumed that the band width D is large as
compared with |A E|. We have a solution of (7.67) at AE < 0 as seen from Fig. 7.9
in which the curves of both sides of (7.67) are depicted. Since |AE| — 0 when
|V| — 0, we obtain an approximate solution for a small |V| as

|IAE|= Dexp(—%). (7.68)

The characteristic temperature associated with the formation of the singlet
ground state is called the Kondo temperature; Tx = |AE|. In the present case, it
is given by

Ty = Dexp(—&) (7.69)
2p0)|V|?
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Fig. 7.9 Graphical analysis y
of the self-consistent equation
(7.67) for AE [ €41

AE

Note that the Kondo exchange coupling constant in the Kondo Hamiltonian is given
by (7.13):

1 1
Jik = Vg de( + ) (7.70)
er—&d—U &q—¢p

For large U and the symmetric case (¢4 = —U/2), we have a simplified expression
of the Kondo exchange coupling Jx (= (Jyx) < 0) as follows.

21V ?

Jx = .
l&dl

(7.71)

Here we have omitted the momentum dependence of the hybridization parameter.
The Kondo temperature (7.69) is expressed in terms of the Kondo exchange cou-
pling as follows.

Tx =D exp( ) (7.72)

p(0)Jk

In the same way, we can calculate the d electron number as
(ng)=1— ——. (7.73)

Here A =27mp(0)|V |2. The expression indicates that (n4) approaches 1 as Tx — O.

When the magnetic field % is applied on the impurity atom, the impurity d level is
modified from &4 to £4, = €4 — ho, so that the variational parameter By, is expected
to be spin-dependent. The wave function is then modified as

occ
v)=A [|a>o> + Y (Brraf,cr + Bryag i) |@0>}- (7.74)
k
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Table 7.1 The Kondo
temperatures in the typical
dilute alloys [133]

Alloys Cu-Cr Cu-Mn Cu-Fe Au-Fe Al-Mn

Tk (K) 2 0.01 30 0.8 500

Taking the same steps as before we reach the self-consistent equation for the ground
state energy.

occ

V, 2
AE(h) =—gg+2) [ Vial
k

AE(h) +ho +e¢;

(7.75)

The impurity susceptibility ximp is obtained from —(0*AE(h)/9h*)—0 by using
the above self-consistent equation as follows.

1

o (7.76)

Ximp =
The results shows that the susceptibility is finite even in the strong Coulomb inter-
action limit because of the formation of the singlet state. The magnitude is scaled
by the inverse Kondo temperature. As expected from the arguments so far, all the
related physical quantities are scaled by the Kondo temperature 7k . The Kondo tem-
peratures for typical dilute magnetic alloys which are determined experimentally are
given in Table 7.1.

The finite-temperature properties of the susceptibility in the Anderson model
have been obtained accurately by using the numerical renormalization group tech-
nique [131, 132]. Figure 7.10 shows the temperature dependence of the suscepti-
bilities of the Anderson model for strong (case A) and weak (case B) Coulomb
interactions. In the strong Coulomb interaction regime, the Curie constant defined
by C = T ximp vanishes at T = 0 because the ground state is the singlet. With in-
creasing temperature, the local magnetic moment recovers above Tk, and the Curie
constant C approaches to a constant value which is close to the atomic value 1/4
(i.e., S(S+1)/3 with S = 1/2). When the temperature is further elevated, the Curie
constant starts to decrease around a temperature U and approaches to the free or-
bital value 1/8 where the empty and doubly occupied states as well as the spin-up
and spin-down states are excited equally on the impurity site. In the case of B where
the Coulomb interaction is close to the value of the Hartree—Fock magnetic insta-
bility point U/m A = 1, the ground state is again singlet, so that the Curie constant
again vanishes at the ground state. However the Kondo temperature is very large
(Tx ~ D) in this case and the local moment regime does not appear any more as
seen in Fig. 7.10.

It should be noted that the Hartree—Fock approximation does not lead to the sin-
glet ground state. The approximation tells us that the local magnetic moment is
stabilized when pg(0)U > 1 [119]. Here pq4(¢) is the d density of states per spin on
the impurity site. Figure 7.10 suggests that this condition is qualitatively applicable
only when the temperature is in the regime Tx < T < U.
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Fig. 7.10 The impurity susceptibility of the symmetric Anderson model for U/D = 0.001;
U/mA=12.66 (A)and U/mrA=1.013 (B) [131]

The stability of the Kondo singlet is often influenced by the other degrees of free-
dom such as the inter-site interactions. For example, the RKKY interaction | JRkky|
becomes stronger with increasing impurity concentration. When the formation en-
ergy of the spin glass per magnetic atom exceeds the Kondo temperature Tk, the
spin glass state is stabilized with the appearance of local magnetic moments.

The many-body problem in the dilute magnetic alloys is called the Kondo prob-
lem, and associated anomalies are called the Kondo effects. Historically the Kondo
effect was first found in the resistivity [120]. Resistivity usually decreases as the
temperature decreases as is well known as Matthiessen’s law. In fact it consists of
the impurity scattering term and the phonon term. The former is independent of
temperature, while the latter monotonically decreases with decreasing temperature.
In the dilute magnetic alloys such as Cu—Mn and Au-Fe alloys, it was found that the
resistivity shows a minimum at low temperatures. Kondo explained first the anomaly
on the basis of the sd model (7.17) [120]. He showed that the second-order Born ap-
proximation to the resistivity R due to magnetic impurities contains the logarithmic
term.

In —

. 5 (7.77)

R =Rgp <1 + M T )
Here Rp is the resistivity in the first Born approximation. D is the band width of
conduction electrons. Although the logarithmic term explains the resistance min-
imum, it leads to the divergence of the resistivity at zero temperature, which is
unphysical. Higher order perturbation expansions at finite temperatures again led
to the divergence of the resistivity at 7 ~ Tk [134]. The same behaviors were also
found in the susceptibility and specific heat.

Yosida investigated the ground-state properties of the magnetic impurity, and
found that the singlet state consisting of the localized electron and a conduction
electron is stabilized at the ground state [135]. The binding energy was found to
be Tx. Low temperature properties of the sd model were examined by Wilson on the
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basis of the renormalization group theory [136]. He found that the ratio of the impu-
rity susceptibility ximp to the Sommerfeld coefficient due to impurity Cimp/ T, Cimp
being the impurity contribution to the specific heat, is a temperature-independent
constant Rw (= 2):

TXimp _

Rw. (7.78)
Cimp

The same result was obtained by Nozieres on the basis of a phenomenological Fermi
liquid theory [137]. Yamada and Yosida derived the relation exactly by means of
the perturbation expansion approach to the symmetric Anderson model [138, 139].
Later the exact solution to the sd model was obtained by Andrei with use of the
Bethe ansatz method [140]. The exact solution to the Anderson model was also
obtained by Wiegmann [141], and Kawakami and Okiji [142] with use of the same
method. The readers who are interested in the details of the Kondo problems are
recommended to refer to the books by Yosida [143], and by Fulde [127].

The Kondo anomalies as the bulk properties are also found in rare-earth com-
pounds containing Ce and U compounds. Low temperature specific heats of these
compounds, for example, show a huge value which is typically 100-1000 times
those of the usual metals, indicating the existence of electrons with heavy effective
mass. These materials are called the heavy fermion system. Details on the topic are
found in the books by Hewson [128] and by Fulde [144, 145].



Chapter 8
Magnetism of Disordered Alloys

Substitutional disordered alloys show a variety of magnetic properties with changes
in composition and temperature, which clarify the formation of magnetic moments
in metals. In this chapter, we present the theories of itinerant magnetism in disor-
dered alloys, and clarify the magnetic properties of 3d transition metal alloys. We
first overview in Sect. 8.1 the magnetization vs. concentration curves in transition
metal alloys which are known as the Slater—Pauling curves, and present a simple
picture based on the rigid band model and Friedel’s virtual bound state. In Sect. 8.2,
we introduce the coherent potential approximation (CPA) to treat the configurational
disorder within the single-site approximation (SSA). We then present the Hartree—
Fock (HF) CPA theory at the ground state and extend the finite-temperature theory
presented in Sect. 3.3 to disordered alloys. Since the SSA does not consider the
inter-site correlations of the magnetic moments due to configurational disorder, we
present in Sect. 8.3 the ground-state theory of the local environment effects (LEE)
which goes beyond the HF-CPA. Next we present the theory of the LEE at finite tem-
peratures. In the last Sect. 8.4, we extend the molecular dynamics theory presented
in Sect. 6.3 to the disordered alloys to describe more complex system, and argue the
magnetism of Fe—Cr alloys showing the ferromagnetism, the antiferromagnetism,
and the spin glass.

8.1 Slater—Pauling Curves

The substitutional disordered alloys containing 3d transition metals have been much
investigated to understand the formation of metallic magnetism and to clarify the
effects of disorder on their magnetism. Experimentally the ground-state magneti-
zation vs. concentration curves in 3d transition metal alloys are well-known as the
Slater—Pauling curves [146]. Understanding of the systematic change of their mag-
netizations has been one of the central issues of magnetism in disordered alloys. We
briefly explain in this section a global behavior of the magnetism.

Figure 8.1 shows the Slater—Pauling curves in various transition metal alloys. The
curves consist of the line with the slope —45° from Cu to Fe which includes Ni—Cu,

Y. Kakehashi, Modern Theory of Magnetism in Metals and Alloys, 203
Springer Series in Solid-State Sciences 175, DOI 10.1007/978-3-642-33401-6_8,
© Springer-Verlag Berlin Heidelberg 2012


http://dx.doi.org/10.1007/978-3-642-33401-6_8

204 8 Magnetism of Disordered Alloys

4.0 T
FeV o]
FeCr X
3.5 FeCo < |
FeNi .
3.0 FeNi o
CoCr +
CoMn A
2.5 CoNi | I
= NiMn @
= NV v |
20 NiCr %
= NiCu A
15 o Nizn o |
8
1.0 5% 0] 8
05 B 83 L4
' [o] [0) 0'-’ %
B X A N
0.0 @ A ¥ i
24 25 26 27 28 29
Cr Mn Fe Co Ni Cu

Fig. 8.1 Slater—Pauling curves in transition metal alloys as a function of atomic number [146]

Ni—Co, Co-Fe, and Fe-Ni alloys, the 45° line from Fe to Cr which includes Fe—V
and Fe—Cr, and the other branches showing a rapid decrease of magnetization with
adding the second elements.

The ground-state magnetization M per atom is given by the up-spin valence elec-
tron number N4 minus the down-spin valence electron number N : M = Ny — N,.
Since the total valence electron number Z is given by Z = Ny + N, the magneti-
zation is expressed as

M =2N; - Z. (8.1)

The zeroth approximation is to assume that electrons feel a common potential so
that they occupy a common band as in the case of the pure metal. This is referred
as the rigid-band model. In the rigid band model, Ni and Co alloys are considered
to be strong ferromagnets in which the up spin band is filled as shown in the left of
Fig. 8.2. In this case, N4 is constant and the magnetization increases with decreasing
Z according to (8.1). This explains the —45° line in the Slater—Pauling curves. It is
interpreted that the Fermi level touches the top of the up-spin band around Z = 8.25
and the atomic level for down spin electron ¢ starts to decrease due to the Hartree—
Fock type potential £, = &9 + U N4, so that N is kept constant with decreasing
Z (see the right of Fig. 8.2). Then the magnetization decreases with decreasing Z
along the 45° line according to the expression M = Z — 2N as found in the Slater—
Pauling curves of Fe—Cr and Fe-V alloys (see Fig. 8.1).

For a more detailed explanation, we can take into account explicitly the concen-
tration dependence of N4 and Z as Ny = Ngp + Ngpp, Nap = cN(‘i\T +1 - c)NBT,
and Z = cZa + (1 — c)Zg. Here Ngy (Ngpy) is the d (sp) electron number per atom,
Né*T (N<]13T) is the d electron number for atom A (B), Za (Zg) is the valence elec-
tron number of atom A (B), and ¢ denotes the concentration of atom A. Substituting
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these relations into (8.1) and using the magnetization Mp of the matrix B, we obtain
the following expression.

M= Mg —c[Zx— Zp —2(N§ — N3y)]. (8.2)

The Ni—Cu, Ni—Co, and Ni;_.Fe, (¢ < 0.75) alloys are strong ferromagnets so
that Né} = N(% = 5. Equation (8.2) then reduces to M = Mn; — c¢(Za — 10). Thus
we again obtain the curve with the —45° slope in agreement with the experimental
data shown in Fig. 8.1. The same argument is applicable to the Co—Ni and Co-Fe
alloys.

The concentration dependence of the magnetization in Ni—Cr alloys is quite dif-
ferent from those following the —45° line. Note that the atomic d level g4 decreases
with increasing the atomic number because the attractive interaction between elec-
tron and nucleus becomes stronger (see the 1.h.s. of Fig. 8.3). Thus the difference in
atomic level Agg between Cr and Ni is expected to be large as compared with the
d band width, so that an impurity bound state called the virtual bound state [147]
may appear above the Fermi level as shown in the r.h.s. of Fig. 8.3. We have then
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N fT =0and N ET = 5. The magnetization (8.2) is then expressed as
M = Mg — c(Zp — Zg + 10). (8.3)

Thus we have M — Mg = —6¢ for Ni-Cr, and M — Mg = —5c¢ for Ni-V. These
results explain the branches at Ni in the Slater—Pauling curves (Fig. 8.1). In the
same way we obtain M — Mg = —7¢ for Co—Cr, and M — Mp = —8c for Co-Mn.
The results explain the branches at Co in the Slater—Pauling curves [148].

8.2 Single-Site Theory of Disordered Alloys

Although a simple interpretation of the Slater—Pauling curves is presented in the last
section and it is easy to understand the global behavior of the curves on the basis
of a simple interpretation, the role of the electronic structure of disordered alloys
behind the phenomena is not clear. In order to understand the magnetic properties
of the alloys one must know their electronic structure from a microscopic point of
view. Electronic structure calculations in disordered alloys, however, is not easy.
The difficulty is that there is no translational symmetry in the system so that we
cannot apply the Bloch theory. We present in this section the coherent potential
approximation (CPA) [51] to calculate the electronic structure of alloys in the single-
site approximation, and demonstrate how the Hartree—Fock CPA theory can explain
the Slater—Pauling curves [149, 150]. Furthermore we extend the finite-temperature
theory presented in Sect. 3.3 to the disordered alloys.

Let us consider the A-B substitutional binary alloys showing the ferromag-
netism, which is described by the Hubbard model in the Hartree—-Fock approxi-
mation as follows (see (2.7)).

H:ZS,'JH,'U +Z tij aiTgaja. (8.4)
io ijo

Here ¢ = 8? +U(n;)/2—U (m;)o /2 is the Hartree—Fock atomic potential on site i.
1;j is the transfer integral between sites i and j. Note that the atomic level & as well
as the charge and spin densities ({(n;) and (m;)) are now site-dependent.

The local charge and magnetic moment on site i are given by

i) = [ dof@=10 Y pir(@). 8.5)

)= [ do =10 Y 0pin(@. (86)

Here f(w) is the Fermi distribution function, and p denotes the chemical potential.
pic (w) is the density of states on site i for an electron with spin o in the Hartree—
Fock approximation. It is given by the Green function G;;;(z) with z=w +i§ as
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Fig. 8.4 Schematic representation of the coherent potential approximation [151]. The central site
is occupied by an atom « (= A or B). The hatched sites are occupied by a coherent potential X (z).
()av at the L.h.s. means a configurational average on the central site

follows.
1
Pio (W) = - Im G (2), (8.7)

Giio() = [z — Hy)'];;- (8.8)

Here H ; is the Hartree—Fock one-electron Hamiltonian matrix defined by (H);j =
igdij +1ij (1 —8;5).

In the binary alloys, the atomic levels ¢;, take a value: s, (¢Bs) When site i is
occupied by atom A (B). We neglect the disorder of transfer integrals called the off-
diagonal disorder. Because the atomic levels ¢;, are random variables, the Bloch
theory is not applicable for the calculation of the Green function. We make use of
the coherent potential approximation (CPA) here to obtain the Green function with
use of the locator expansion [151]. Introducing the locator matrix L by means of
(L)ij=Lidjj=(z— 8,')’18,-j, we express the Green function matrix as G = (L1 =
1)~V = (1 — Lt)~'L where t denotes the transfer integral matrix - Expanding the
Green function with respect to ¢, we obtain

Gii@=Li+ Y LityLjtjiLi+Y_ > LitijLjtjxLitiiLi +---. (8.9)
JF# JFLkF )i

Here we have omitted the spin suffix for simplicity. The r.h.s. of (8.9) consists of
the contribution from all the paths which start from site i and end at the same site i.
They are expressed as follows by using the sum of all the paths S; which start from
site i end at site i without returning to site i on the way.
Gii()=Li+LiSiLi+ LiSLSLi+-=(L"=$)"". (810
In the above expression, all the information outside the central atom i is in the
self-energy S;. To obtain the Green function G;;(z) in a single-site approximation,
we approximate the random potentials on the surrounding sites with an energy-
dependent coherent potential X (z) (see the Lh.s. of Fig. 8.4). Note that the same
idea was used in the metal-insulator transition [9, 10] and the single-site theory of
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spin fluctuations (see Sects. 3.3 and 3.4). We have then an impurity Green function
for atom « on site i from (8.10) as follows.

Gao ()= (L) — 7)™

(8.11)
Here L} =z — &4, is the inverse locator on the central site with a type of atom «.
75 is the self energy in which all the atomic levels have been replaced by the co-
herent potential X, (z). Note that we have omitted the site indices for simplicity and
have recovered the spin suffix.

The self-energy .#, is obtained from the coherent Green function F;; (z) in which
all the sites are occupied by the coherent potential (see the r.h.s. of Fig. 8.4).

Fo)=(Z " = 7)"!

(8.12)
Here .7, !(z) = z — X, (z). Substituting .#, obtained from (8.12) into (8.11), we
obtain the impurity Green function as follows.

Gao (D)= (L7} ) — 27 0+ F ()" (8.13)

Since the coherent Green function F,(z) is defined by F,(z) = [(z — X5 (2) —
1)~ 1;;, it is obtained from the following formula.

p(e)de

F,())= | ———.
© ga_l (z) —¢

(8.14)

Here p(e) is the density of states (DOS) for the energy eigen values of transfer
matrix ;.

The coherent potential X (z) (or coherent locator %, (z)) is obtained from the
condition that the configurational average of the impurity Green function (8.13)
should be identical with the coherent Green function (see Fig. 8.4).

Y caGao (2) = Fo (2). (8.15)

o

Here ¢, denotes the concentration of atom «. The above equation is known as the
CPA equation. The same type of self-consistent equation was obtained in (3.85).
There the random potential was produced by thermal spin fluctuations, and the ther-
mal average was taken at the Lh.s. of the CPA equation.

When the off-diagonal disorder in transfer integrals is significant, we can take
into account the effects assuming that the transfer integral o between atoms A and
B is given by the geometrical mean of fpop and rgg. This means that the transfer
integrals are expressed with use of the parameters r; and r; as

tij =r]tgBrj. (8.16)

Here |rj| = /|taal/|tBB| for i = A and 1 for i = B. In this case the off-diagonal
disorder reduces to the diagonal disorder by considering r;*G;; (2)r;; ] G;i (2)r; re-
duces to (8.9) in which {L;} have been replaced by {L; = |r;|*/(z — €io)}. Equation
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Fig. 8.5 Concentration dependences of average magnetic moment (AV: (m)), and the local mo-
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result calculated by the Hartree—Fock CPA theory with use of the model density of state depicted
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(8.13) is then replaced by
oy — _ _ -1
Gao (D) =1ral (Log @) = L7 @) = F; ' @), (8.17)
where L(;(} = (2 — €a0)/|7a|?. The CPA equation (8.15) should be replaced by

D calral*Gao (2) = Fo (2). (8.18)

The atomic level ¢, in the impurity Green function G4 (2) is given by e46 =
82 4+ U(ny)/2 — U{my)o /2. The impurity charge (ny) and magnetic moment ()
are calculated from G (z) via the Hartree—Fock equations (8.5) and (8.6) self-
consistently. In actual applications the Coulomb interaction U in the Hartree—Fock
CPA theory has to be regarded as an effective interaction parameter which is renor-
malized due to electron correlations (see Sect. 2.2). In the self-consistent calcula-
tions, the noninteracting model DOS p(¢) in the coherent Green function (8.14) is
usually taken from band calculations.

The Hartree—Fock CPA theory explains the basic properties of the Slater—Pauling
curves presented in Fig. 8.1. Figure 8.5 shows the magnetic moments vs. concentra-
tion curves of Fe|_, Cr, alloys calculated by the theory [152]. Because of the single
band model, we multiplied the results by a factor of 5, and compared them with
the experimental data. The averaged magnetic moment monotonically decreases
with increasing Cr concentration in agreement with the experimental data. The Fe
magnetic moments are parallel to the bulk magnetization and build up the ferro-
magnetism. The atomic level of Cr is above the Fermi level, and the down-spin
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bands of Cr sites more hybridize with those of Fe sites. This increases the down-
spin states of Cr sites below the Fermi level. Thus, the average Cr magnetic moment
is antiparallel to the bulk magnetization. The Cr atoms lose the magnetic moment
around 70 at% Cr. These results explain the neutron data for the magnetic moments
[154-157].

Figure 8.6 shows the calculated DOS in Nij_,Cr, alloys [149, 150]. In the small
Cr concentrations, we find the virtual bound state above the Fermi level which was
assumed in the last section. It develops with increasing Cr concentration. The strong
ferromagnetism collapses around 5 at% Cr, and the alloy loses the average magnetic
moment around 10 at% Cr in agreement with the experimental data as shown in
Fig. 8.7.

At finite temperatures we need to extend the single-site theory presented in
Sects. 3.3 and 3.7 to the disordered alloys. Since the disordered alloys are complex
system, we apply a simplified model; we adopt the 5-fold equivalent band model
(i.e., 5 times the single band model). Furthermore we adopt the static approximation
(i.e., the high-temperature approximation) and omit the transverse spin fluctuations.
The free energy (6.52) is then written as

PJi dg,} e PE®) (8.19)
4

ﬂ:—ﬁ—lln/[m

In the above expression, J; is the effective exchange energy defined by Ji = Uy /D+
(1 —1/D)J, D being the orbital degeneracy (D =5). The effective potential E (&)
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is obtained from (6.53) as

E@ =" Inu(e1O) - DS (0@ - ). 620)

1

Here the effective Coulomb interaction U; is defined by U; = Uo/D + (1 —
1/D)QRU; — J). n; (&) is the Hartree—Fock charge on site i when the ‘magnetic
moments’ {§;} are given (see (6.58)).

3 (Y, nime PHE))
AiE) =Y (nim)o= Ry (8.21)

m

The Hamiltonian H (§) is given as follows (see (6.57)).

1 - 1 -
H(g):ZI:Z<8?_M+EUini(g)_E-li%_if7>nimo+Ztijajmgajmaj|-

m io ijo
(8.22)
In order to treat the disorder of alloys, we rewrite the energy potential E(£) as

D 1 . 3
E(&) =/dw f @) Imtr [InGz — H)] - 7 S (i - Jig7). (8.23)

1

Here the Hamiltonian matrix H is defined by

1 ~ _ 1 -
(H)iojor = [(8? —pn+ 2 Uini(§) — 3 Ji & 0>5ij + l‘ij]%a/- (8.24)
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We assume again the geometrical mean for the transfer integral; ;; = ri*tl% rj. Intro-
ducing the r matrix by means of (r);4 o’ = ¥i8ijd50’, We can express the integrand
of the first term in (8.23) as

Imtr[In(z — H)] =Imtr [In(r"L7"r —r71%) ] = Imu[In(L™" = %)].  (8.29)
Here the locator is defined by

0 177, 17
_ - =& +pn—5Uini(§)+35Jigio
(E sjor = Li g = —— 2 == Bijdoo. (8.20)
1

Introducing an effective locator %, (z) into the r.h.s. of (8.25), we expand it with
respect to the site as

tr [ln(L_1 — to)] =tr ln(,;i”_1 — to) +tr ln[l + (L_1 — .,iﬂ_l)F] —I—trln(l — t~F’).
(8.27)

Here F and F’ are the diagonal and the off-diagonal coherent Green functions de-
fined by Fijo = (L7 =19 68 and (Fijo = [(L71 =106 (1 = 8i)),
respectively. ¢ is the single-site ¢ matrix defined by

P=—[1+ L -2 YF' (L —27"). (8.28)

Substituting (8.27) into (8.23) and neglecting the nonlocal term (i.e., F’ term),
we obtain the free energy per site in the single-site approximation as follows.

Fcpa = [da) f(a))% glmtr ln(f_l(z) - ZO)

—ﬁ_Ian 1n/,/ ii"‘ dg e PE®) (8.29)

D
Eu®) = [ do f@)2 I 3 1+ (L6~ % @) Fo 0]

l ~ 2 1 ~ 2
——Uyng(§) + - Ju & (3.30)
4 4
Here F,(z) is the coherent Green function given by (8.14). L;; (z, &) is defined by

the diagonal part of (8.26) in which site i is occupied by atom «.

2= &0+ —A0siia )+ 1 Jué0
|ra|2 -

Loo(z.6)7" = (8.31)
The local charge on atom «, 714 (£§) at the r.h.s. of (8.30) and (8.31) is given by

fio () = / do (@)Y pus (@, 6), (8.32)
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and the density of states pyo (w, &) is obtained from the Green function as

Pag (@) = —gImGaa(Zw‘E)- (8.33)

The Green function Gy, (z, &) is given by (8.17) in which Ly, (z)~! has been re-
placed by (8.31).

The effective medium £, ! (z) is determined by the condition that the # matrix
vanishes in average so that the nonlocal correlations at the r.h.s. of (8.27) become
minimum.

(f(Zs";:))EZCa/dS Pa(§)1a(z,8) =0. (8.34)

Here py (£) is the probability of finding a ‘magnetic moment’ £ on atom «, and is
given by

efﬂEa (%‘)

W. (835)

Pa(§) =

Note that (8.34) is equivalent to the following equation, which is known as the CPA
equation.

Y e f d§ pa(®)lral*Gao (2.6) = Fo (2). (8.36)

This is the extension of the Hartree—Fock CPA equation (8.18) to the finite tem-
perature [162], and it reduces to the Hartree—-Fock CPA equation (8.18) when
T — 0. Equations (8.32) and (8.36) form the self-consistent equations for 714 (&)
and .Z;1(2).

The local charge and magnetic moment of atom « are obtained as (see (3.258)
and (3.259))

(na) :<ﬁa(€:)>:/d‘§pa(€)ﬁa(§)s (8.37)
(ma) = (Ea>=fd$ pa(§)§. (8.38)

In the actual calculations, it is convenient to introduce a charge neutrality poten-
tial {w; (£)}. The potential due to the spin polarization is defined by

1~
wi(§) = Ui (7:(§) — 71:(0)). (8.39)
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With use of the relation n; (§) = 2w; (§)/ U; + 71;(0), we can rewrite the effective
potential as

EE =—B"Int(e?H®)

4 l

H() = Z[Z(éi +wi(€) — % Ji& a>nima +> 1 a}ma,»mg]. (8.41)

m io ijo

L~ 5 - 1 R )
_Z<—Uini(0) +wi(§)”i(0)+5wi(f) _ZJiE,‘)v (8.40)

Here the atomic level in the nonmagnetic state is defined by & = 8? - u+
U;n;i(0)/2. ;

Eliminating the constant term Uiﬁi(0)2/4 from (8.40), and taking the large
Coulomb interaction limit (U; — 00), we obtain the effective potential as

EE =—"Intr(ePH®) - Z(“’i E)n; — %J} 51.2). (8.42)

i

Here n; = n;(0) is the d electron number of each atom which is usually taken to be
the value of the constituent metal in the pure limit because of the charge neutrality
on each atom.

The self-consistent equation to determine w; (&) is obtained from (8.39) with
Ul- — 00 as follows.

=i ([ 4 wi®) — igio ). (8.43)

The above equation implies that we can determine the charge potential ¢; + w; (§)
from the charge neutrality condition on each site. Equation (8.43) reduces the num-
ber of adjustable parameters such as the atomic levels and the effective Coulomb
interaction parameters Uy, and allow us to determine automatically the chemical
potential.

When we adopt the charge neutrality potential, the energy potential (8.30) should
be replaced by

D
Eu®) = [ do f@)2 I 3 1+ (L) 6) ~ % @) Fo 0]

1~
— wa () e + 7 Ju & (8.44)
The effective inverse locator L !(z,&) in (8.36) and (8.44) should be replaced by
L(;;(z, E)=(z— &4 —wy () + Jaéo/2)/|ra|2. The charge potentials wy (§) are
determined by the charge neutrality condition (8.43) in which the suffix for site i
has been replaced by the atom «.
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Fig. 8.8 Concentration
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The Fe Ni;_. alloys form the fcc lattice in the range 0 < ¢ < 0.7, and show the
ferromagnetic instability around 65 at% Fe where various anomalies called the Invar
effects occur. We show in Fig. 8.8 the concentration dependence of magnetic mo-
ments calculated by the single-site theory of disordered alloys as an example [162].
With increasing Fe concentration, the Ni local moment (LM) hardly changes due
to strong ferromagnetism, while the Fe LM gradually decreases. Calculated results
explain the experimental data obtained by the neutron scattering up to 65 at% Fe.
Around ¢ = 0.6, the Fermi level reaches the top of the up-spin d band so that the
instability of the ferromagnetism is induced. The single-site theory predicts the first-
order transition from the ferromagnetic state to the paramagnetic state at ¢* = 0.65,
while the experimental data indicate the second-order transition. It is remarkable
that the Fe LM remains even beyond c* as shown in the figure. It suggests the ex-
istence of an ordered state after collapse of the ferromagnetism. Experimentally,
the spin glass state is found beyond ¢* [163], which will be discussed in the next
section.

Figure 8.9 shows the concentration dependence of the Curie temperature cal-
culated by the single-site theory of disordered alloys. The Curie temperature
first increases with increasing Fe concentration, and shows the maximum around
20 at% Fe. It implies a strong ferromagnetic coupling between Fe and Ni LM as
compared with Ni-Ni and Fe-Fe couplings. The result explains the experimental
curve of Tc qualitatively. The temperature dependences of Fe and Ni LM are shown
in Fig. 8.10. The Fe LM in pure Ni (i.e., ¢ = 0) hardly changes with increasing
temperature and rapidly decreases near Tc, indicating a strong magnetic coupling
between Fe and Ni LMs. On the other hand, both curves for Feg 5Nig 5 alloys almost
linearly decrease near Tc. The result is consistent with the downward deviation from
the S = 1/2 Brillouin curve near ¢* found in the experimental data.
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Fig. 8.9 Concentration
dependence of the Curie
temperature in Fe Nij_,
alloys [162]. The solid
(dashed) curve is the
calculated result (observed
one [146])

Fig. 8.10 Temperature
dependences of the local
magnetic moments of each
atom [162]. The Fe
concentration is denoted by ¢
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Calculated paramagnetic spin susceptibility follows the Curie—Weiss law except
in the case of pure Ni in which the inverse susceptibility shows upward convexity.
Calculated effective Bohr magneton number monotonically increases with increas-
ing Fe concentration as shown in Fig. 8.11, and the Weiss constant becomes negative
beyond ¢ = 0.65 in agreement with the experimental data.
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Fig. 8.11 Calculated 2000
effective Bohr magneton
number mefs (dashed curve)

and the Weiss constant & 1500 m )
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8.3 Theory of Local Environment Effects in Magnetic Alloys

The magnetic properties of disordered alloys are often influenced strongly by the
local electronic and magnetic configurations. In particular magnetic moments in the
system with holes in the up-spin electron band change their magnitudes and di-
rections depending on their local environments. The behaviors associated with the
change of local electronic and magnetic states due to surrounding atomic configura-
tions are known as the local environment effects (LEE). Since the effects are related
with the intersite correlations, they are not described by the single-site theories pre-
sented in the last section. One needs a theory beyond the CPA. In this section we
will present the theories of the LEE at zero temperature [168, 169] as well as at
finite temperatures [170—172], and elucidate the LEE in the magnetism of Ni—Cu,
Ni—Mn, and Fe—Ni alloys. Finally we summarize the numerical results on the Curie
temperature Slater—Pauling curves as well as the Slater—Pauling curves in 3d transi-
tion metal alloys.

Let us start again from the local magnetic moment in the Hartree Fock approxi-
mation (8.6):

(mi) = / do f (@~ ) ) 0pic(@). (8.45)

The density of state p;, (w) is given by the Green function G4 (z) as follows in the
D-fold equivalent band model.

D
pio (@) = — P ImGiio (2). (8.46)
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Fig. 8.12 A cluster
embedded on a lattice. The
central atom is connected
with z neighboring atoms via
transfer integral . S; (7};)
denotes the contribution of all
the paths which start from j
and end at j (i) without
returning to the cluster on the
way

In the Hartree—Fock approximation, the Green function is given by (8.8):
Gijo@ =[G~ Ho)],;. (8.47)

Here (Hs)ij = €is8ij + t;j(1 — 8;;) is the one-electron matrix element for the
Hartree—-Fock Hamiltonian (8.4) and ¢;, is the Hartree—Fock atomic potential on
site i given by g, = 8? + Ui (ni)/2 — .fi(mi)o/2.

We consider the binary alloys and adopt the geometrical-mean model for the
transfer integrals; #;; = r7tr;. Here |r;| = (|zAA|/|rg.|)1/2 (|ril = (|tBB|/|t;)j|)1/2)
when site i is occupied by atom A (B). The Green function r*G;;(z)r; is then
expressed as

FGij@ry =[(L7 =)', (8.48)

Here we have omitted the spin suffix for simplicity. The locator matrix L is defined
by (L)ij = Ir; |2 /(z — &is)d;j. Equation (8.48) indicates that the Green function with
the off-diagonal disorder is obtained from that of the diagonal disorder by replacing
Gij(z) withr*G;;(z)rj and (L);j = 8j/(z — &is) with the locator (L);; = |r; 1?/(z—
€iq)0ij, respectively. Because of this we assume in the following the system with the
diagonal disorder and use 7 instead of ° for simplicity.

The Green function operator is expanded as G = (L' — 1)~ = L 4+ LtG =
L+ LtL 4+ LtLtG. Thus it is expressed as follows.

Gij(z) = Lidij + Liti;Lj + ZLitikthkij
ki

+ Z Z LitikLitig Lit;Lj + - - - . (8.49)
ki Ik, j

This means that the Green function in the site representation is given by the contri-
butions associated with all the paths which start from site i and end at site j.

We consider a cluster consisting of the central atom on site O and the z neigh-
boring atoms which are connected with the central site O via the nearest-neighbor
transfer integral 7. The cluster is embedded on a lattice as shown in Fig. 8.12. Using
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Fig. 8.13 The paths which start from j and end at O (/eff), and the paths which start from j and
end at j’ (right). The former corresponds to (8.51), the latter corresponds to (8.52)

the relation G = L + Lt G, we obtain the Dyson equation as
Goo= Lo+ Lo Z 10; G jo. (8.50)
J

Classifying the terms in the locator expansion (8.49) according to the paths to the
inside and outside of the cluster as shown in the left and the right of Fig. 8.13, we
obtain the following equations

Gjo=LjtjoGoo+ L;S;jGjo+L; Y TjiGio. (8.51)
i£0,
Gjjr=Ljdjj+ LjtjoLoto;Gjj+ L; Z tjoLotoiGijr + L;jS;Gjjr
i#]
+Lj ZTj,’G,’j/. (8.52)
i#j

Here S; (T};) denotes all the paths which start from j and end at j (i) without
returning to the cluster on the way.

Now we consider the disordered alloys and replace the random potentials outside
the cluster by a uniform effective potential X'(z) called the coherent potential. This
implies that the locators {L ;} outside the cluster have been replaced by an effective
locator .Z'(z). Accordingly, the self-energy S; and the effective transfer integral T'j;
are replaced by . and .7, respectively. The Dyson equations (8.51) and (8.52) then
reduce to the following ones.

Gjo=LjtGoo+L;jSGjo+L;7 Y Gi. (8.53)
i#0,)
Gjj=Lj8jy +Lj(Lot* +.9)Gj + Li(Lot* + 7)Y _ Gij. (8.54)
i#]

In the simplest approximation called the Bethe approximation, we neglect the
effective transfer integral .7 assuming the Bethe lattice outside the cluster. We then
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obtain the off-diagonal Green function G jo from (8.53). Substituting the expression
into (8.50), we obtain the diagonal Green function as

12 -
Goo = (L01 -3 _17> . (8.55)
; Lj -

In the same way, we obtain the diagonal Green function G ;; on the boundary site
from (8.54) without .7 as

1 | )
—1 + -1 !
L' - W' -

Gjj= Goo. (8.56)

Here we used the relation (8.53).
The effective self-energy .7 is obtained from (8.55) in which the random poten-
tials on all the sites have been replaced by the coherent potential:

P S DR (8.57)
_ L) .

Here z denotes the number of the nearest neighbors (NN). The coherent Green func-
tion F is given by (8.14). In the following equations, we express the energy variable
on the complex energy plane as w + ié when the number of the NN cannot be dis-
tinguished with the energy ‘z = w +ié’. Solving the above equation with respect to
the effective self-energy .#, we obtain

zt?

-1
S =L -

(8.58)

The diagonal Green function (8.55) in the Bethe approximation is useful for taking
into account the LEE on the magnetic moments because of its simplicity. But it does
not include the effects of electron hoppings making a loop via outside of the cluster.

The second approximation [168] takes into account both .# and .7. Solving
(8.50) and (8.53) with respect to the diagonal Green function, we obtain

1 2 B

Here M is defined by

M= (L - +7)". (8.60)

The boundary-site Green function is obtained from (8.54) as

1 1 1

-1 TS 1
L, -+ (L] —f—l—y)zM—m

Gji= (8.61)
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Note that (8.59) and (8.61) reduce to (8.55) and (8.56), respectively when 7 is
omitted.

The effective self-energy . and the transfer integral .7 are obtained as functions
of £ from (8.59) and (8.61) in which all random potentials have been replaced by
the coherent ones, i.e., from those in which Goo, G j;, and L ; have been replaced by
F(%), F(%), and .Z, respectively. The coherent potential or the effective locator
£ (w + i) is determined by the self-consistent condition

(Goo) = F, (8.62)
or
(G,j)=F. (8.63)

Here (~) at the 1.h.s. of the above equations means the configurational average. It
is numerically shown that the self-consistent condition (8.63) at the shell boundary
has better analytic property than the condition (8.62) at the central site [169].

The configuration of the cluster is specified by the number of surrounding atoms
n of type « in the case of binary alloys. Here « denotes the type of the central atoms
(i.e., A or B). The probability of finding n atoms of type « on the surrounding sites
are given by the binomial distribution function.

r(n,z, p*) = [z/n!@ =] (p**)" (1 — p**)*". (8.64)

Here p““ is the probability of finding an atom « at a neighboring site of an atom «,
and is given by Cowley’s atomic short-range order parameter t as

p¥ =cy + (1 —cy)t, (8.65)

cq being the concentration of atom «. (Note that the parameter T can vary from
—cq /(1 —cy) to 1). With use of the binomial distribution (8.64), the configurational
average of the Green function Gy in (8.62) is given by

(Goo) =Y _I'(n.z. p*)Goo(w +i8.n). (8.66)
n=0

In the Hartree—Fock self-consistent scheme, the potential ¢;, changes as ¢;, =
8? +U; (n;) /2— Ji(m;)o /2 depending on their environments. Thus, we have to solve
self-consistently (8.45) and (8.63), as well as the equation of the charge potential
(n;j) = f do f(w — ) )", pic(w) for each environment. This is the Hartree—Fock
cluster CPA theory. The theory can describe the LEE on the local magnetic moment
self-consistently.

We discuss in the following the LEE in Ni—Cu alloys as an example. Exper-
imentally, the magnetization in Ni—Cu alloys monotonically decreases along the
Slater—Pauling curve as shown in Fig. 8.1. The magnetic diffuse-scattering data of
polarized neutron experiments however indicate a strong disturbance of Ni local
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Fig. 8.14 Magnetic moments as a function of Cu concentration in Ni—Cu alloys [173]. (a) The
total magnetization and average Ni and Cu moments in the Hartree—Fock cluster CPA (solid lines)
and in the Hartree—Fock CPA (dashed lines). The experimental values are represented by e [174],
© [175], O [174], and O [176] for the total magnetization, and by A [176] for the average Ni
moment. The average Cu moment is essentially zero. (b) The Ni atomic moments in various local
environments (dashed lines) and the average Ni moment (solid line). Vertical bars represent the
root-mean square deviations of the Ni moments from the average values. The local environment is
specified by the number of Cu atoms on the NN shell

magnetic moments around 50 at% Cu [176]. Figure 8.14 shows the magnetization
vs. concentration curves in Ni—Cu alloys and the local magnetic moment for Ni
atom in various environments, which are calculated by the Hartree—Fock cluster
CPA based on (8.59) and (8.61) [173]. In the case of Ni—Cu alloys, one has to take
into account the hybridization of d electrons with sp electrons, whose effects are
phenomenologically taken into account in the model.

The critical concentration of the disappearance of the ferromagnetism is in-
creased by the self-consistent local environment calculations as shown in
Fig. 8.14(a); the LEE increase the ferromagnetic region. Figure 8.14(b) indicates
that the Ni local moments (LM) are subject to strong local environment effects; the
Ni LM surrounded by 12 Cu atoms almost lose the magnetic moment, while the Ni
LM surrounded by 12 Ni atoms shows the full moment (see Fig. 8.15). These behav-
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Fig. 8.15 Schematic pictures

showing the local magnetic @ °
moments (LM) of Ni in the

environment n = 0 and @ @ ° 0
n = 12 where n is the number ° ”

of Ni nearest neighbors. In

the former, the central LM of @ @ 0 o
Ni disappears, while the LM

recovers in the latter @ °

Fig. 8.16 (a) The average Ni
DOS of Ni atom and (b) the

local DOS of Ni atom in three (a)
local environments, which are
specified by the number of Cu A
atoms on the nearest-neighbor -2. -
shell at 30 at% Cu [173].
Long vertical lines are the
Fermi level
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o
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iors are verified from the local densities of states (DOS) as shown in Fig. 8.16. The
average DOS in Fig. 8.16(a) shows that the Ni7oCusq alloys are near the boundary
between strong and weak ferromagnetism because the top of the up-spin DOS just
touches on the Fermi level. The local DOS of a Ni atom with 12 Ni atoms on the
NN shell has a sharp peak for both spins showing the strong magnetic moment aug-
mented by surrounding Ni atoms. The DOS of a Ni atom with 12 Cu atoms on the
NN shell has a Lorentzian type broad peak below the Fermi level so that Ni loses
the magnetic moment.

In Ni—Cu alloys all the local magnetic moments are in the same direction so that
we can solve the Hartree—Fock self-consistent equations under a given direction of
LMs. On the other hand, the Mn LMs in the Ni-Mn alloys are expected to change
their direction depending on their environment because the coupling between Mn
LMs is antiferromagnetic while the coupling between Mn and Ni LMs is ferromag-
netic. It is not easy in this case to determine the direction of the LMs with use of the
Hartree—Fock cluster CPA.

The finite-temperature theory of the local environment effects [170-172] allows
us to automatically determine the LM configuration, and describe the magnetic
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properties of alloys at finite temperatures. We start from the free energy (8.19) and
the effective potential (8.23). Inserting the local magnetic field on site 0 and tak-
ing the derivative of the free energy .# with respect to the field, we can derive the
magnetic moment on the central site 0 (see (3.55)):

(mo) = (§). (8.67)

Here & denotes the exchange field variable on site 0.
In the same way, we obtain the local charge on the central site O taking the deriva-
tive of . with respect to the atomic level on the same site as follows.

(no) = (no(§, 81,42, ...)). (8.68)

Here we defined the field variables &1, &>, . .. acting on the surrounding site 1, 2, ...,
respectively, bearing in mind that a cluster is centered at the site 0. The local charge
no(§,&1, &, ...) at the central site O is defined by (8.21):

ﬁo@,sl,sz,...>=/dwf(w>2pw<w,s,sl,sz,...). (8.69)

The local densities of states p;, (w, &, €1, &2, .. .) are calculated from the Green func-
tion for the Hamiltonian (8.24). Note that the average (~) at the r.h.s. of (8.67) and
(8.68) is a classical average with respect to the effective potential E (&, &1, &, ...).
For any quantity A(&, &1, &, ...), it is defined by

N
/dg/|:1—[d€i:|A(€vél,§2,.._)e_ﬁE(SfI,Sz,...)

(AE.&1,86...))= . (8.70)

/dE/[ﬁdéi}e_ﬁE(éﬁ,Ez,...)

We introduce here the effective medium % into the energy (8.23) and express it
using the relation (8.27) as

D
E(.&,6,...) :/da)f(a));lmtr[ln(.f—t)] + Eo(€.61.6,...)

N
+) EiG) +AEG.£1.6. ). (8.71)

i=1

Here E;(&;) are the single-site effective potentials (see (8.30)).

D
Ei(&) = /da)f(w);lm o n[1+(L;, (2.8) - £ () Fs (2)]

1- 1.
— U7 () + ~J; €2 8.72
1 n($)+4 &; (8.72)

Here n;(&;) is assumed to depend only on &;. Eog(§,&1,&,...) is defined by
(8.72) in which the subscript i has been replaced by 0. Note that the second term
Ey(€,&1,&,...) at the rh.s. of (8.71) may depend on the surrounding variable
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&1, &, ... via the charge potential l}oﬁo(é, &1,&,...)/2 which is determined self-
consistently.
The last term of the r.h.s. of (8.71) is the nonlocal term defined by

D Il nll
AEE.&1,6,...) =/da)f(a));lmtr[ln(1 —iF")]. (8.73)

Expanding A E with respect to the sites, we obtain the following expression in the
lowest order.

AEE E1,&,..) =Y @, &) (8.74)
(U¥))
Here @;;(§;,&;) is the pair energy defined by

D
D;;(&,85) = /da)f(a));
xIm Y " In[1 = Fijo(2)Fjio () fis () Tjo ()], (8.75)

and Fjj, is the off-diagonal component of the coherent Green function given by

Fijo =[(Z =D7"];, (8.76)
fi» is the diagonal component of the single-site ¢ matrix (8.28):
i L -zt
o= —— Lie = %o ) (8.77)

1+ -2 YHE,

Substituting (8.71) into (8.70), we obtain an alternative form of the average as
follows.

(A, 81,6,..)

N
/dé / |:1_[ pi (éi)dfi:|A(§7 £,6,..) e BLE0E 61,62, )+AE 61,8,..)]

N
/d%-/|:l_[pi(si)déi:|e_ﬂ[EU(Esgl752,.‘.)+AE(§‘,§1’52““)]
i

(8.78)

Here p; (&) = exp(—BE; (éi))/fdéi exp(—BE;()) is the single-site probability
of finding the field &; on site i.

A simple way to reduce the integrals of the surrounding sites in (8.78) is to adopt
the decoupling approximation which is correct up to the second moment in the mo-
ment expansion; [ d&; p; (gi)gf"”‘ ~ x? (&)L where x; = (51.2)(1)/2. Then for any
function y(&;), we have

(yGEilo =/pi(§i)y($i)d§i ~ Z Pivy(vxi). (8.79)
v==4
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Here p;, = (1 +v{&;)o/x;)/2. It is interpreted as a probability that a local moment
with an amplitude x; points up.

Applying the decoupling approximation (8.79) successively in (8.78) and adopt-
ing the pair approximation (8.74), we obtain [177]

(AG.81.862,...))

/dg(Z Z >A(E,S1X1,S2xz,...)e_ﬁw@"“x"”"z““)

= n=En= . (8.80)

/dg(Z Z >e—ﬂws,s1xl,s2x2,...)

S1= :|:Y|

The effective potential ¥ (€, s1x1, spx2, ...) is expressed as
W (&, s1x1, 5202, ...) = Eo(§, 5121, 50%2, ...) + Z 0% (&)

—Z|:¢éf)(é)+ﬂltanh 1 + Z %:|s,

i#0 Jj#0,i

=5 Figsis,. (8.81)

()]
Here the pair interactions cD(a) (&), CD(e) (£), K, and _g;; are defined as

¢>(a’<s>— Zaz,(s b)), @5?(5)=—5 Zvcbi,-(s, vxj).  (8.82)

%j=—zzzl®ij(/\xi,vxj), %,=—ZZZAV®U(M,,W})

A=tv==% A=tv==%
(8.83)

As seen from (8.81), _Z;; is the exchange interaction between local magnetic mo-
ments (LM’s) in the decoupling approximation and reduces to the super-exchange
interaction in the strong Coulomb interaction limit (see (1.86) and note that J;; =

4_g;; by definition when D = 1). 45((;’) (&) defined by (8.82) is the exchange energy

potential for the flexible central LM &. q§((f}) (&) is an atomic potential which changes
the amplitude of LM & according to the surrounding atomic configuration. .%;; is an
effective nonlocal magnetic field induced by the polarization of the medium. Note
that the latter vanishes in the paramagnetic state.

It should be emphasized that the exchange couplings _¢;; provide us with the
magnitude and sign of the couplings between the LMs in the itinerant electron sys-
tem, thus they are useful for understanding the magnetic couplings between con-
stituent magnetic atoms. The exchange couplings _Z;; are essentially the same as
the Alexander—Anderson—Moriya interaction [178, 179], though the latter is based
on the Anderson model (7.5).

Equation (8.80) indicates that we can approximate the surrounding spins {&;}
with the Ising type of effective spins {s;x;} with the amplitude {x;}. We consider
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now a cluster consisting of the central atom and the surrounding nearest-neighbor
(NN) atoms, and calculate the central LM (8.67) on the basis of (8.80). The simplest
approximation to the effective potential ¥ (£, s;x1, s2x2,...) is a molecular-field
type in which the surrounding spins {s;} are replaced by their averages (m;)/x;. In
this case the effective potential is given by

(€)= Eo(®) + Zcp(“) QEDS <1>‘°><5)u (8.84)

J#0

In the disordered alloys, the intersite interactions are expected to be rather short
range because of the damping effects due to random potentials. Equations (8.84)
and (8.67) indicate that the central LM (my) is specified by the type of the central
atom (o), the number of the NN (z), the types of the surrounding atoms ({y;}), and
the surrounding LM ({(m ;) }).

/ dt £V ®
/ dee PV

In order to determine the LMs in the cluster self-consistently, we introduce
a distribution function g, (m) such that the probability of finding the LM of
type o between m and m + dm is given by g,(m)dm. Then the probability
that the surrounding atomic configuration {y;} is realized and each LM on site
J with a type of atom y; has a value between m; and m; + dm; is given by
[ §'=1 payj][H§.=1 gy (mj)dm;]. Here p®? is the probability of finding atom y
at the neighboring site of atom «. It is given by (8.65) for y = « and p** =1 — p**
for y =a. The LM on the central atom « is then given by (mo) = (mq)({y;}, {m;}).
Thus the probability that the central LM of the type of atom « is between M and

M + AM is given by

ga(MAM =3 /

yjy ' M

(mo) = (ma)({y;}, {(mj)}) = (8.85)

<(ma) <M+AM|:H‘DWC|[Hgyf(mj)dmj]‘ (8.86)

j=1

Inserting the identity f dM’'§(M’ — (my)) and making use of the binomial distribu-
tion function (8.64), the above equation is written as follows.

ga(M)=ZF(n,z,paa)/5(M—(ma))

n=0

x |:Hga(mi)dmi:||: I1 ga—(mj)dmj:|. (8.87)

i=1 j=n+1

This is known as the distribution function method [180, 181].
The self-consistent integral equation (8.87) for g, (M) is not easy to solve for
large z (e.g., 8 for the bee, 12 for the fec alloys). A way to solve the equation
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is to apply the decoupling approximation of the type of (8.79) to the distribution
functions {g, (m )} at the r.h.s. of (8.87).

/m2n+k8y (m) dm ~ [<my>2]lc1[<my>]]; (k=0.1), (8.88)

where [~]. denotes the configurational average. This implies that we can make the
following approximation for any function f(m) at the r.h.s. of (8.87).

1 c
[ f<m>gy<m>dm%25<l+v%)f( v[m,)?]%). (889

v==+ my) I

After making the decoupling approximation, we substitute the approximate dis-
tribution g4 (M) (i.e., (8.87)) into the equations [(mgy)]c = f Mgy (M)dM and
[(moz)z]C = f Mzga (M)dM, and obtain the self-consistent equations for [{m)]c
and [(mw)z]C as follows.

[ (Mg ]c] Zr n,z, p*® HEZ:’;SH (8.90)

The magnetic moments [(mo,),lg]C (k =1, 2) at the r.h.s. of the above equations are
the LM’s for a given environment n. They are given by

[ma)s]. =" T.n.gu)T(m. 2= 1. qa) Ea)iim- (8.91)

=0 m=0

Here go+ = (1 £ [(mg)]e/([(mg)*]c)'/%)/2 is the probability that the LM of type «
points up or down. (&4, 1s the LM of an atom of type « at the central site when /
of the LMs among the surrounding n atoms of type « point up, and in addition, m
LMs of the remaining z — n atoms of type « also point up:

adnim = / Pkt (68 dE, (8.92)
e_ﬁlpanlm (S)
Panim(§) = W, (8.93)
[(mq)21e
Wonim (§) = Eq(§) + n @) + (z —n) @2(6) — (2 — n) D) () —=—
< ) 27172
—Qm—z+n) @) R e (8.94)

o
Equation (8.90) determines [{(my)]. and [(ma>2]c self-consistently when the
medium .Zo_l is given, because E(§), <D,§f;3 (&), and dﬁéey) (&) are the functionals
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of the medium .Zg_l. We determine in principle the latter from the CPA equation
(8.34) or (8.36). However, in the present case, the thermal average of the single-site
Green function depends on the surrounding environment {y;} and {(m;)} via the
effective potential (8.84), so that the CPA equation is expressed as

Y cal(lLoa(z.6) = 27 @)+ F; @17, = Fo (). (8.95)

Here the average (~) should be taken with respect to the effective potential (8.84).
Applying again the decoupling approximation of the type (8.79) for the average
[(~)]c, we obtain a simplified CPA equation as follows.

1( [(&x)]c ) —1 2,71/2 —1 —1 —1
ca ) s\ 1+v—775 [Law(z V(&) ], ) =% @+ F; (@
2 ;2 (21 [Fer e 1)) ]

o

= F,(2). (8.96)

Here [(£X)]c (k = 1,2) is defined by

(9], =S P (2 p) S S T qu) T0n 2 = 1, g ) (E ) ims (8:97)
n=0 =0 m=0
(65 uim = / £ panim (8) dE. (8.98)

Equations (8.90) and (8.96) determine [{mq)]c, [(ma)z]c, and .,2”0’1 self-consistently.

It is worth to mention that the self-consistent equations (8.90) contain the spin-
glass solution, [{my)]c = 0 and [(mo,)z]C # 0 (see (1.104)). To see the fact, we
consider the case [(my)]c = 0, and write the second equation of (8.90) for v, =
[(ma)z]i/ 2 /x4 as follows after making the decoupling approximation (8.79) for the
central-site variable &.

Z n Z—n
va=Y > Y I'(n.z.ca)Un,1/2)I (m,z—n,1/2)
n=0[=0 m=0
x tanh?[B(2k — 1) _Faave + BQRL — 2+ 1) Fozvz). (8.99)

Here we assumed the complete disorder p** = c¢,. Expanding the r.h.s. of (8.99)
with respect to v, and assuming that _#,, is independent of temperature, we obtain
the transition temperature T, at which v, vanishes.

! 2
2 2 2
Ty = EZI:CA/AA + B g+ \/(CAjﬁA — B _f3p) +4cAcB/§B]. (8.100)

The above expression of T reduces to the spin-glass temperature (7.46) for the
insulator system in the dilute limit.
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Fig. 8.17 Various local magnetic moments (LM) in Ni-Mn alloys as a function of Ni concentra-
tion at 150 K [172]. Solid curves are calculated results of [{(mwmn)]c (upper curve) and [{(mni)]c
(lower curve). Corresponding experimental values at 7 = 4.2 K (room temperatures) are denoted
by A and OJ (A and W) [187], respectively. The dotted curve represents the calculated magneti-
zation. The experimental values are shown by o (4.2 K) and e (room temperatures) [187, 188].

The root mean square values of the thermal average of Mn and Ni LM’s [(ma)z]é/ % are shown by
dot-dashed curves

The magnetic properties of Ni-Mn alloys cannot be explained by the single-
site approximation as mentioned before. The magnetization vs. concentration curve
shows a deviation from the Slater—Pauling curve as shown in Fig. 8.1. The sys-
tem is characterized by the strong atomic short range effects on magnetic moment
[182—184], and the existence of spin glasses [185, 186]. Finite temperature calcu-
lations based on the LEE theory mentioned above allows us to explain these prop-
erties of Ni-Mn alloys. Calculated magnetic moments vs. concentration curves are
presented in Fig. 8.17. The magnetization curve shows a maximum at 10 at% Mn in
agreement with the experimental data. The deviation from the linear Slater—Pauling
curve is caused by the rapid decrease of average Mn local magnetic moment (LM)
with increasing Mn concentration. The Mn atoms have well-defined LM with a large
amplitude more than 3up, and the magnetic couplings in Ni-Mn alloys are verified
to be _Movn < 0, |_Momnl| > _Znini > 0, and _Znimn > 0. Thus it is expected
that the rapid decrease of average Mn LM is accompanied by the reversal of the Mn
LM with the increase in Mn concentration.

Figure 8.18 shows the calculated concentration dependences of Mn and Ni LMs
in various local environments. At low Mn concentrations, Mn LM are parallel to the
magnetization when the number of surrounding Mn LM # is less than n = 3, while
they are antiparallel when n are equal to or larger than 3. Such behavior explains the
concentration dependence of the magnetization by taking into account the binomial
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distribution via (8.90). Beyond 10 at% Mn, the Mn LM with critical environments
n =2, 3,4 rapidly reduce their magnitudes with decreasing average polarization.
This is because the Mn LM with critical environments feel a weak molecular field.
Due to the same reason, they lose rapidly their magnetic moment with increasing
temperature.

The Ni LM, on the other hand, do not change their directions irrespective of their
local environments as seen in Fig. 8.18, so that the average Ni LM monotonically
decreases with increasing concentration as shown in Fig. 8.17. Note that [(mo,)Z]C
remain beyond 27 at% Mn after the disappearance of the ferromagnetism, indicat-
ing the existence of the spin glass state in agreement with the experimental data
[185, 186].

The Ni—Mn alloy forms the CuzAu ordered alloy at 25 at% Mn. Experimen-
tally the degree of order is controlled by quenching. The degree of atomic order
is specified by the atomic short-range order (ASRO) parameter 7 defined by (8.65);
the Cuz Au ordered state is characterized by T = —cmn/cni = —0.33, while the com-
plete disorder is characterized by T = 0. It is found that the magnetization is strongly
influenced by the ASRO at 25 at% Mn; it increases from 0.1up to 1.0up when the
ASRO decreases from 7 =0to 7 = —0.33 [184].

Figure 8.19 shows the local densities of states (LDOS) in various environments
at 25 at% Mn for complete disorder. The up-spin electrons on Mn atoms with no Mn
NN hybridize with surrounding electrons on Ni atoms with the same spin, while the
down-spin electrons on Mn atoms are localized above the Fermi level. The Mn LMs
with 12 Mn NN are subject to the ferro- and antiferro-magnetic molecular fields
depending on the surrounding Mn configurations in direction, so that the LDOS
hardly depend on the spin component. On the other hand, the Ni LDOS with no Mn
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Fig. 8.19 Local densities of states (LDOS) in various environment at 25 at% Mn and 150 K [172].
Solid curves show the LDOS in the environment with no nearest neighbor (NN) Mn atoms. Dashed
curves, LDOS with n = 6 Mn NN. Dotted curves, LDOS with n = 12 Mn NN

NN is well polarized due to the Ni cluster. With increasing Mn NN, the polarization
of Ni LM decreases and the peak of the DOS sinks below the Fermi level. In the Ni
LDOS with 12 Mn NN, we find considerable DOS above the Fermi level due to the
hybridization with the electrons on Mn sites.

Calculated magnetization vs. temperature curves at 25 at% Mn are presented in
Fig. 8.20 for various ASRO. At low temperatures, it is verified that there are the
low-spin state and high-spin state depending on the ASRO, and the first-order tran-
sition from the former to the latter takes place between T = —0.18 and t = —0195
due to the change in magnetic couplings with decreasing the number of surrounding
Mn LM. The high LM states rapidly decrease with increasing temperature because
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Fig. 8.20 (a) Calculated magnetization vs. temperature curves for various ASRO parameters t
at 25 at% Mn [172]. (b) Experimental magnetization vs. temperature curves for various ASRO
parameters T at 23.7 at% Mn [184]

of larger magnetic entropy. When the number of Mn NN decreases with decreas-
ing 7, the Ni-Mn ferromagnetic couplings _#Nimn become dominant, so that high
magnetization and high T¢ are realized at t = —0.33.

As a second example showing strong LEE, we consider the Fe—Ni alloys. The
alloys show a rapid deviation from the Slater—Pauling curve at ¢* = 66 at% Fe as
shown in Fig. 8.1. The ferromagnetic instability takes place when the up-spin band
touches the Fermi level, as discussed in the last section. The ferromagnetic instabil-
ity with strong LEE causes various anomalies such as the broad internal-field distri-
bution in Mdbauer experiment [189], the downward deviation of the magnetization
vs. temperature curve from the Brillouin curve [190], the large magneto-volume ef-
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fects called the Invar effects [191], and the appearance of spin glasses (SG) after the
disappearance of ferromagnetism [163]. The finite-temperature theory of the LEE
explains these characteristics of Fe—Ni alloys.

Figure 8.21 shows the concentration dependence of various magnetic moments
calculated by the theory of LEE [192]. Calculated magnetization linearly increases
with increasing Fe concentration and starts to decrease rapidly at 66 at% Fe, where
the top of the up-spin band touches the Fermi level. Calculated magnetic moments

[(ma)z]é/ ? remain even after the disappearance of ferromagnetism, showing the ex-
istence of the SG. Experimentally, the SG are found in the fcc (Fe Nij_.)92Cg al-
loys, because the Fe—Ni alloys cause the structural phase transition to the bcc after
the disappearance of ferromagnetism beyond 70 at% Fe [163].

The strong LEE found in Fe—Ni alloys originate in a nonlinear magnetic coupling
between Fe LMs. Figure 8.22(a) shows various atomic and exchange pair energies
of the central LM of type o when the neighboring LM of type y with amplitude
x,, points up. If the exchange interaction @ (§;,&;) follows the bilinear form like

the Heisenberg model (— _#;;&; - £;), exchange energy potential —Qﬁ) (&) should
be linear with respect to £ and there is no anomaly in the vicinity of ferromagnetic
instability. However, the exchange potential —(DIE-?FG(S ) in the fcc structure shows
an S-shape curve. It implies that Fe LMs with the average amplitude ((£2)'/?) less
than about 1.7up couple antiferromagnetically to the neighboring Fe LMs, while
the Fe LMs with the amplitude more than 1.7up couple ferromagnetically to the
surrounding Fe LMs. Since the pair-energy functionals @lgae;e (§) and @é&i(s ) show
downward and upward convex curves, respectively, the amplitude of the central LM
varies from 2.6up to 1.5up with the increasing number of Fe NN. This means
that the Fe LMs with a small number of Fe NN show ferromagnetic coupling to
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Fig. 8.22 Pair-energy potentials cpéf;,) (&) and —<I>L§fy) (&) for fcc (upper) and bee (lower) FegsNizs
alloys calculated at 900 K [192]. The notation vy (at) (ay (ex)) indicates the atomic (exchange)
coupling between atom « and atom y

the neighboring Fe LM, while the Fe LMs with a large number of Fe NN show
the antiferromagnetic coupling to the neighboring Fe LM’s (see Fig. 8.23). The
antiferromagnetic coupling of (Pl(;?l:e(é ) does not appear for any value of & in the
bec lattice as shown in Fig. 8.22(b).

The Fe LMs in Fe—Ni alloys decrease their amplitudes ((& 1172y with increasing

Fe concentration due to the downward-convex coupling (DI%:C(S ) and the upward-

convex coupling 4515-2\11 (&). Near the critical concentration of ferromagnetic instabil-
ity, amplitudes of LM with more than 10 Fe NN become less than 1.7up and the Fe
atoms with such local environments reverse their LM, leading to the ferromagnetic

instability.
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The nonlinear coupling between Fe LMs and its LEE yield a broad distribution
of Fe LM near the critical concentration as shown in Fig. 8.24. Note that even after
the disappearance of ferromagnetism, a broad LM distribution remains. It implies
the existence of the SG specified by [(my)]. = 0 and [(moz)z]C #0.

Strong disturbance of Fe LM due to the LEE is also caused by thermal exci-
tations. As shown in Fig. 8.23, the Fe LMs with more than 10 Fe NN decrease
their amplitudes with increasing temperature near the critical concentration, and
thus cause the reversal of their LM. Figure 8.25 shows this behavior (see the distri-
bution at 0.53 T¢). With further increase of temperature, the distribution shrinks and
merges into zero value at Tc.
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We can calculate the internal field distribution of >’ Fe in Mossbauer experiments
with use of an empirical expression H; = a;(m;) + Z;l:l bij(mj) [196]. Here a;
and b;; are constants. By making use of the distribution functions g, (M), we obtain
the distribution of the internal field on atom « as follows.

Py(H)="T(n.z. p*) fS(H — Hy(n, z, {m;}))

n=0
X |:Hga(mi)dmi:||: 1_[ ga(mj)dmj:|.

i=1

(8.101)

Here Hy(n,z,{m;}) is the internal field under a given configuration, and is ex-
pressed by

Hy (1,2, {mi}) = ao(Ea) (n. 2, (mi}) + boa Y _mi+bag Y mj.  (8.102)
i=1 j=n+1

Figure 8.26 shows the calculated temperature dependence of the internal-field
distribution function Pg.(H) at 62.5 at% Fe. With increasing temperature, the dis-
tribution rapidly broadens in accordance with the broadening of gr. (M) at the same
temperature. The results agree with the experimental data depicted in the inset [189].
A peak at H ~ 0.7up in the distribution functions for 0.53 7¢ and 0.74 T originates
in the Fe LM with 9 or 10 Fe NN.

Near the critical concentration of ferromagnetic instability, the magnetization
vs. temperature curves deviate downward from the Brillouin curve experimen-
tally [190]. Both the single-site theory and the theory of LEE can explain the fact



238 8 Magnetism of Disordered Alloys

Fig. 8.26 Temperature P ()

dependence of the Fe 0.80T¢ 0.90
internal-field distribution /\_\
functions for >’ Fe at 0.85
62.5 at% Fe [192]. The inset :

shows the experimental 0.85T¢ 0.75
results at 65 at% Fe [189] ﬂ
: . 057
0.74T¢

0.53T¢

0.16T¢

H (HKB)

Fig. 8.27 Reduced 1.2
magnetization curves near the
critical concentration of the
ferromagnetic instability
[171]. The solid (dot-dashed)
curve is the result of the
finite-temperature theory of
the LEE (the SSA) at

50 at% Fe. The dashed curve
is the S = 1/2 Brillouin
curve. The open circles are
the experimental data at

67 at% Fe

M/M,

as shown in Fig. 8.27. The theory of LEE yields the smoother curve being close
to the experimental data because the fluctuations of the surrounding configurations
are favorable to the second order transition. Note that the other type of excitations
also becomes important near the critical concentration of ferromagnetic instability.
The low-energy spin wave excitations and the electron excitations coupled to the
spin waves may also contribute to the smooth magnetization vs. temperature curve
at low temperatures.

The calculated magnetic phase diagram of Fe—Ni alloys is summarized in
Fig. 8.28. The result explains the experimental data semi-quantitatively as shown
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Fig. 8.28 Calculated magnetic phase diagram showing the ferromagnetic (F), spin-glass (SG),
and paramagnetic (P) states [192]. The Curie temperatures for the bce structure are shown by the
dashed curve. The inset shows the experimental result [146]

Cu

Fig. 8.29 Theory (dashed curves) vs. experiment (solid curves) for the Slater—Pauling curves. The
calculations are performed at 150 K [195]

in the inset. The Curie temperature of Fe—Ni alloys shows a maximum with increas-
ing Fe concentration because the ferromagnetic coupling _Zren; is stronger than
nini and the antiferromagnetic coupling _#rere (< 0) is weaker than the others in
magnitude.

Magnetization vs. concentration curves in 3d transition metal alloys, which are
calculated by the theory of LEE and the d band model, are summarized in Fig. 8.29.
As discussed in Sect. 8.1, the straight line with —45° slope at the r.h.s. of the Slater—
Pauling curves is explained by the increase of holes in the down-spin band of the
strong ferromagnet with decreasing average d electron number n. The Fermi level
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reaches the top of the up-spin band around » = 7.5. When the d electron number
becomes smaller than around 7.5, holes are created in the up-spin band. In Fe—V
alloys the V local moments are antiparallel to the magnetization. The magnitudes of
both Fe and V LMs decrease with increasing V concentration.

Although the concentration dependence of the magnetization curve in Fe-V al-
loys is explained by a simple dilution picture, it does not necessarily mean that the
LEE are not important. Since the number of holes in the d bands increases with
adding V atoms, Fe LMs become more flexible, so that they show the broad distri-
bution of LMs. The distribution is caused by the LEE, i.e., the strong fluctuations
in amplitudes due to the fluctuation of the surrounding atomic configuration. These
LEE explain the broad distribution of the internal field seen by 3’ Fe in Mossbauer
experiments [197].

The Fe—Cr alloys show the behaviors similar to that of the Fe—V alloys with
strong LEE. The theory explains the concentration dependence of magnetization.
It also explains the concentration and temperature dependences of the distribution
of the internal field in Mossbauer experiments. The Cr-rich Fe—Cr alloys show the
antiferromagnetic state at less than 19 at% Fe. The theory of LEE is extended to
the antiferromagnetic case under the assumption of the two sublattices [198]. In
this case, we introduce two Kinds of effective media, f;ﬂ on the (+4) sublattice
and .Z,(_) on the (—) sublattice. Accordingly, we have the distribution functions

géﬂ (M) and gé,_)(M ) on the (4) and (—) sublattices, respectively. Because of the

symmetric relations fg(_) = zﬁj;) and gé_)(M ) = g‘gfr) (—M), we have the same
type of integral equation (8.87) in which the distribution functions {g,, (m;)} at the
r.h.s. of the equation have been replaced by {g,, (—m;)}.

The upward deviation of the calculated curve in Ni—Cu alloys originates in the ne-
glect of the sd hybridization. The hybridization delocalizes Ni LMs therefore yields
smaller magnetization in Cu-rich Ni alloys, so that the linear-concentration depen-
dence is realized (see Fig. 8.14). The branch in Ni—Cr alloys has been explained by
the formation of the virtual-bound state in the up-spin band above the Fermi level
when the Cr atoms are dissolved in the host Ni (see Fig. 8.7).

The deviation from the straight line in Ni-Mn alloys has been shown to be caused
by the reversal of Mn LMs with more than 3 Mn NN atoms with increasing Mn
concentration (see Fig. 8.17). It is also worth to remind that the SG state appears
after the disappearance of ferromagnetism, in agreement with the experiment [185],
since the ferromagnetic exchange couplings between Ni LMs and between Ni and
Mn LMs compete with the antiferromagnetic couplings between Mn LMs.

Rapid but continuous decrease of the curve in Fe-Ni alloys is not described by
the single-site theory. The second-order transition with increasing Fe concentration
is caused by nonlinear magnetic couplings between Fe LMs and the LEE on both
the magnetic moments and their amplitudes of Fe LMs, as we have discussed be-
fore (see Fig. 8.21). The nonlinear couplings and the LEE on Fe LMs also describe
the SG in Fe-Ni alloys [163] after the disappearance of ferromagnetism. The same
type of strong LEE is found in fcc Co—Fe alloys [199], though the alloys change the
structure from the fcc to the bee at 30 at% Fe. According to the theoretical calcula-
tions, the fcc Co—Fe alloys show the ferromagnetic instability around 78 at% Fe and
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the SG behavior after the disappearance of ferromagnetism due to the same reason
as in the case of Fe—Ni alloys. These behaviors are verified in the fcc Fe—Co particle
system precipitated in a Cu matrix [200].

It is well-known that the Curie temperatures (7¢) in 3d transition metals show
the curves being similar to the Slater—Pauling curves. The Curie-temperature Slater—
Pauling curves calculated by the theory of the LEE are presented in Fig. 8.30 with
the experimental data. Since T¢ are determined by thermal excitations, the curves
are not directly related to the ground-state magnetizations. It should be noted that
theoretical values of 7¢ remain qualitative or semi-quantitative due to various ap-
proximations, so the curves in Fig. 8.30 are renormalized by T¢ for one of the con-
stituent metals.

Calculated Curie-temperature Slater—Pauling curves explain overall features of
the experimental data. In qualitative discussions on the concentration dependence of
Tc, the effective exchange interactions {_#,, } defined by (8.83) are useful. In the
case of Fe—V alloys, Tc shows a maximum with increasing V concentration. In this
system, calculated exchange interactions show that _Zrere ~ |_Zrev| > |_#vv| >0,
and _frev, #vv < 0 in the bee pure Fe. With increasing V concentration, _#Fere
rapidly increases due to alloying and shows a maximum at 25 at% V, while |_Zrev|
monotonically decreases. These concentration dependences of magnetic couplings
cause a maximum in 7¢ around 20 at% V in agreement with the experiment. The
same type of alloying effect on 7¢ is seen in the bcc Fe—Ni alloys. There the ex-
change coupling _Zrere rapidly decreases up to 10 at% Ni with increasing Ni con-
centration. The effects decrease Tc in spite of the fact that _#reni > _#ZFere > 0. On
the other hand this alloying effect is not found in the bcc Fe—Co alloys. There the
magnetic couplings satisfy an inequality _Zcoco > _ZFeCo > _FFere > 0 and _Zrere
gradually increases with increasing Co concentration, so that 7¢ in the bcc Fe—Co
alloys monotonically increases.
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The maximum in the curve for fcc Fe-Ni alloys and the curves in Fe—-Co—Ni al-
loys are explained basically by a rigid band theory with thermal spin fluctuations.
More detailed analyses indicate that the Fe—Ni pairs /FeNi (> /NiNi) increase Tc
first and the Fe—Fe pairs _Zrcr.(< 0) decrease Tc next with increasing Fe concen-
tration.

The Curie temperature in Ni-Mn alloys monotonically decreases with increas-
ing Mn concentration, while the magnetization vs. concentration curve shows a
maximum. The former is explained by the fact that #nini > _#Nimn > O up to
10 at% Mn. The latter is explained by the fact that the small Ni LMs are replaced
first by the large Mn LMs parallel to the magnetization, but the Mn LMs become an-
tiparallel to the magnetization when the number of neighboring Mn atoms become
larger than 3, as discussed before.

8.4 Computer Simulations for Disordered Magnetic Alloys

The finite-temperature theory of local environment effects (LEE) self-consistently
determines the distribution of the local moments (LM) of constituent atoms in disor-
dered alloys going beyond the single-site approximation, and allows us to calculate
their temperature dependences. The method however relies on the distribution of
LM, and therefore does not provide us with details on the magnetic structure in real
space. In addition, it is not easy to take into account the effects of inter-site cor-
relations going beyond the nearest-neighbor approximation because the number of
integrals rapidly increases with increasing the correlation length in the integral equa-
tion for distribution functions. The molecular dynamics (MD) approach presented
in Sect. 6.3 allows us to clarify the spatial structure of magnetic moments and to
take into account the second, third, and further distant neighbor correlations in dis-
ordered alloys. In this section we describe the MD approach to the disordered alloys
in greater details and present its application to the Fe—Cr alloys [108, 109, 201].

In the MD approach, we calculate the thermal average of LMs (m;) by means
of the time average given by (6.63). The spin dynamics leading to the thermal av-
erage (6.60) is obtained by solving the equations of motion (6.64)—(6.66). At each
time step, we calculate the magnetic forces —0W¥ (§)/0&;,. The latter is obtained
from (6.67) via the temporal LM (m;)o as —0W¥ (§)/0&;, = (J~/2)((m,-a)0 —&iq) —
2Té&;y/ Ef, where the average ((~))o is taken with respect to the Hamiltonian (6.57).

For simplicity we consider here the d band model Hamiltonian obtained from
(6.57), and assume the alloys with off-diagonal disorders described by the geomet-
rical mean model:

limjm' = T Loy i Ty (8.103)
where « (y) denotes the type of atom A or B on sites i (j) (see (8.16)).

The random atomic configuration for a given concentration ¢, and the ASRO
parameter t,, is made on the computer as follows. Let us consider a cubic unit cell
consisting of a large number of N atoms with periodic boundary condition. The
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ASRO parameter is connected with the probability of finding an atom « on the
nearest-neighbor of atom « as p** = ¢, + (1 — ¢y )7y (see (8.65)). We first create
an A or B atom on each site of the MD unit cell with the probability ca or cg using
random numbers. Next, we replace an A atom with a B atom (or a B atom with
an A atom) at randomly chosen sites until the given concentration cp is realized.
We then calculate the probability ﬁAA = Zie A Naa(i)/Naz, i.e., the probability of
finding another A atom at the neighboring site of an A atom. Here Naa (i) denotes
the number of A atoms at the nearest-neighbor sites of the A atom at site i, z is the
number of nearest-neighbor sites, and Ny is the total number of A atoms in the MD
unit cell. If the probability 54 is smaller (larger) than p*, we exchange the A
atom with the B atom in a randomly chosen A—B NN pair, and accept the exchange
if the new pA is larger (smaller) than the old one. We obtain the requested alloy by
repeating the procedure until | A% — pAA| < g(=2/Naz) is satisfied.

The magnetic moment on site i in the magnetic force is expressed by means of
the Green function G (z) as follows.

(mia>O: /da)f(w)(jT;)ImZ(GaG(Z))imaimo’ (8104)
Gimo jm/o’(z) = [(Z - H(S))_l]img jmio’ (8.105)

Here H (&) is the one-electron Hamiltonian matrix of (6.57) in which the matrix
elements for the sp electrons have been dropped.

‘When we calculate the Green function on site i in (8.104), we consider a MD unit
cell in which site i is centered. We surround the MD unit cell with 27 MD unit cells
in which all atomic levels or locators have been replaced by an effective medium
(see Fig. 6.6). As we have discussed in Sect. 6.3, the Green functions in (8.104) are
expressed as follows by using the new basis representations which diagonalize the
Pauli spin matrices oy (o = x, v, 2).

Z(UXG)imaimo' = Gimliml - GimZimZa (8106)
o

Z(UyG)imaimcr = Gim3im3 - Gim4im4, (8107)
o

Z(GZG)im(rima = Gimtimt — Gimlim|- (8.108)
o

Here the local basis functions at the r.h.s. are defined by |iml) = ([im 1) +
lim 1)/v/2, lim2) = (jim 1) — lim 1))/~/2, [im3) = (|lim 1) +ilim |))/~/2, and
lim4) = (lim 1) —ilim {))/~/2.

The diagonal Green function G;peime (@ = 14, 1, | ) can be calculated by using
the recursion method as follows (Appendix G).
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Gimaima(2, &)

B 1
- |b1ima ()1
Z— alima(é) -
b ima 2
I — Wima (E) - 2 (E)|
o |blflimot(§)|2
2= lima (&) — Tima (2, §)

(8.109)

Here apime(€) and byine () are the recursion coefficients of the n-th order.
Tiima (2, &) is called the terminator. When the recursion coefficients begin to contain
the matrix elements outside the MD unit cell at the /-th level, we approximate the
terminator 7}, (z, &) with an effective terminator for the coherent Green function
[(ogil - t)il]imaimot”ri |2: Thima(z,8) ~ |ra|2<71ma‘ Here Jpq is the terminator
of the /th level obtained from the coherent Green function.

In Sect. 8.2, we have discussed the ferromagnetic Fe,Crjgo—y alloys (20 <x <
100) in the ferromagnetic region within the single-site approximation, and in the
last section we briefly discussed the LEE of Fe—Cr alloys in the same region. The
Fe—Cr alloys are reported to show the antiferromagnetism (AF) in the Cr-rich region
(x <5 at% Fe), while in the Fe-rich region (90 at% Fe < x), they show a simple
ferromagnetism (F) with Cr local magnetic moments (LM) being antiparallel to the
bulk magnetization. The actual Fe—Cr alloys however show more complex features
due to long-range competing magnetic interactions. In fact, the system shows in the
concentrated regions complex magnetic structures and its phase diagram has not
been established yet. In particular, in the range 10 at% Fe < x < 30 at% Fe where
the phase boundary of the F in Fe-rich region encounters with that of the Cr-rich
AF, two kinds of phase diagrams are proposed experimentally: the phase diagram
proposed by Loegel [202] and Rode et al. [203] in which the F and the AF overlap
(coexistence of F and AF) at zero temperature, and the phase diagram proposed by
Burke et al. [204, 205] which shows up the existence of the spin-glass (SG) like
phases between the F and the AF. Also, in the region above the F phase boundary
(20 at% Fe < x < 25 at% Fe), temperature dependent complex magnetic structures
are suggested in neutron [206] and Mossbauer experiments [207, 208]. Furthermore,
the real microscopic magnetic structures of Fe—Cr alloys in the range 30 at% Fe
< x <70 at% Fe are expected to be rather complex because of the competition
between the ferro- and antiferro-magnetic couplings, although the composition de-
pendence of the average magnetic moment in the Fe-rich region was explained by
a constant number of holes in the down spin band in the rigid band picture (see
Sect. 8.1). In what follows, we elucidate the complex magnetic structure obtained
by the MD method [201] to see how much information one can obtain from a com-
puter simulation.

The magnetic structures based on the molecular dynamics method are presented
in Figs. 8.31-8.36. In the computer simulations, N = 250 atoms are put in a MD
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Fig. 8.31 Magnetic structure
of FegoCryg alloy obtained by
the MD calculations at 25 K
[201]. The bright (dark)
spheres represent the Cr (Fe)
atoms. The Cr clusters are
shown by the
nearest-neighbor Cr networks
which are represented by
lines and dots on the Cr atoms

unit cell which corresponds to the 5 x 5 x 5 bece lattice, and the temperature has been
kept at 25 K. When the Cr atoms are added to the ferromagnetic Fe, the calculated Cr
LMs are aligned to be antiparallel to the bulk magnetization; the number of the down
spin states on Cr atoms below the Fermi level becomes larger than that of the up spin
states due to more hybridization of former electrons with the same spin bands of the
host Fe. The impurity states of Cr atoms continue to exist until 90 at% Fe, where
small clusters consisting of the nearest-neighbor (NN) Cr bonds begin to appear in
the ferromagnetic Fe matrix. At 80 at% Fe, about two thirds of all Cr atoms belong
to small clusters and the others are still isolated as shown in Fig. 8.31. The isolated
Cr LMs are antiparallel to the bulk magnetization, while the Cr LMs in the clusters
are declined due to the AF couplings between NN Cr LMs.

The Cr clusters develop with increasing Cr concentration; most Cr atoms belong
to a big cluster and only a small number of Cr atoms are isolated at 70 at% Fe. The
Cr LMs of the cluster are disordered in directions due to the frustration caused by the
competition between the AF Cr—Cr NN couplings and the AF Cr—Fe NN couplings,
although the Fe LMs still show the ferromagnetic alignment. The developed Cr
clusters form a network consisting of the NN Cr bonds around 60 at% Fe, which
spreads throughout the MD unit cell as shown in Fig. 8.32. There the Cr LMs of
the network are highly disordered in directions. The Fe LMs, on the other hand, are
aligned ferromagnetically, though they are slightly fluctuated in directions by the
coupling to the disordered Cr LMs. The disorder of Cr LMs in both direction and
amplitude continues until 50 at% Fe as shown in Fig. 8.33. The distribution of LMs
becomes wider with increasing Cr concentration due to more competition between
the F and AF magnetic interactions. At 50 at% Fe, the partial distribution of the Cr
LMs is spread from —1.5up to 1.5up, and the distribution of the Fe LMs (around
2.0up) is also spread, though less broad as compared with the Cr LMs’ at this
concentration. These distributions originate mainly in the local-environment effects
(LEE), since it is observed from Fig. 8.33 that Cr LMs surrounded by a few Cr
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Fig. 8.32 Magnetic structure
of FegoCryg alloy obtained by
the MD calculations at 25 K
[201]. The bright (dark)
spheres represent the Cr (Fe)
atoms
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LMs have large amplitudes, while those surrounded by a few Fe LMs tend to have
small amplitudes. The broad distribution of the ferromagnetic Fe LMs continues
until 20 at% Fe, where the ferromagnetic order of Fe atoms terminates.

At 40 at% Fe, the Cr magnetic moments start to develop the long-range AF order,
although some LMs are still fluctuated in directions (broken AF). The ferromagnetic
long-range order (LRO) of the Fe coexists with the broken AF of the Cr there. Be-
low 40 at% Fe, the large ferromagnetic Fe NN network which spreads throughout
the unit cell starts to split into finite clusters. We find that Fe atoms still form the
ferromagnetic LRO at 30 at% Fe. At this concentration, the distribution of Cr LMs
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Fig. 8.34 Magnetic structure
of Fe,oCrgg alloy obtained by
the MD calculations at 25 K
[201]. The bright (dark)
spheres represent the Cr (Fe)
atoms. The Fe clusters are
shown by the
nearest-neighbor (NN) Fe
networks drawn by lines and
dots on the Fe atoms

are separated into those of up-spin and down-spin sublattices due to the long-range
AF order.

At 20 at% Fe, the coexistence of the collinear F of Fe and the AF of Cr are ob-
served as shown in Fig. 8.34, where the Cr LMs of up-spin and down-spin sublattices
are distributed rather symmetrically. All the magnetizations of separated Fe clusters
are oriented in the same direction, due to the long-range ferromagnetic interactions
between the Fe LMs. Therefore the effective interaction between the Fe clusters
is also ferromagnetic at this concentration. The coexistence of the two long-range
orders around 20 at% Fe is consistent with the phase diagram proposed by Loegel
[202] and Rode et al. [203].

The AF LRO of the Cr is developed with further increase in Cr concentration.
At 15 at% Fe, about one third of the Fe atoms are isolated while the others form
ferromagnetic clusters. However, the effective ferromagnetic interactions between
the Fe clusters seem weak, because some magnetizations of Fe clusters are opposite
to those of the other clusters, as shown in Fig. 8.35. It should be noted that the MD
simulations lead to different magnetizations in direction for some Fe clusters when
we start with different initial configurations at this concentration. This means that
the cluster spin glass (SG) state is possible due to the existence of many degenerate
quasi-stable states around this concentration. Moreover, the cluster SG in this con-
centration region is collinear due to the existence of AF LRO in the present calcu-
lations. With increasing further the Cr concentration, the ferromagnetic Fe clusters
shrink and most Fe atoms become isolated. At 10 at% Fe, the isolated Fe LMs are
mostly aligned not to violate the AF LRO of the Cr matrix, though the Fe LMs are
modulated in direction due to long-range Fe—Fe magnetic interactions, as shown in
Fig. 8.36.

In the range between 5 and 20 at% Fe, every isolated NN Fe pair in the AF Cr
sublattices stays in a quasi-stable state in which Fe LMs with different amplitudes
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Fig. 8.35 Magnetic structure
of Fe5Crgs alloy obtained by
the MD calculations at 25 K
[201]. The bright (dark)
spheres represent the Cr (Fe)
atoms. The Fe clusters are
shown by the NN Fe
networks drawn by lines and
dots on the Fe atoms

Fig. 8.36  Magnetic structure
of FeoCryg alloy obtained by
the MD calculations at 25 K
[201]. The bright (dark)
spheres represent the Cr (Fe)
atoms. The Fe clusters are
shown by the NN Fe
networks drawn by lines and
dots on the Fe atoms

are ferromagnetically coupled. One of the LMs of the Fe pair points in the same
direction with that of the corresponding sublattice LM and has a larger amplitude,
while another LM points in the opposite direction and has a smaller amplitude, as
shown in Figs. 8.35 and 8.36. These isolated NN Fe pairs may correspond to the free
spin-pairs with equal amplitudes proposed by Friedel and Hedman [209] to explain
the Mossbauer line spectra of free rotating iron moments reported at low tempera-
tures. Each isolated Fe pair state with non-equal amplitudes must have a degenerate
state whose LMs are exchanged and flipped simultaneously. The potential barrier
between these degenerate states in the antiferromagnetic matrix must be low, be-
cause no potential barrier arises when we rotate a pair of isolated NN Fe LMs with
the same amplitudes, and the energy difference between the isolated NN pairs with
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equal LMs and those with non-equal LMs must be small. The NN Fe pairs with
non-equal amplitudes are also found in the Fe clusters consisting of more than three
atoms (see Figs. 8.34, 8.35, and 8.36).

Average magnetic moments of Fe—Cr alloys calculated by the MD approach are
presented in Fig. 8.37. The calculated magnetization [(m)]. decreases gradually as
the Fe concentration x is decreased and vanishes at x & 15 at% Fe in good agree-
ment with the experimental data and the Hartree—Fock CPA results (see Fig. 8.5)
in the wide range of concentration (30 < x < 100 at% Fe). Average amplitudes of
Fe and Cr LMs in the pure Cr limit are 1.0up and 0.7up, respectively, while in the
pure Fe limit, they are 2.35up and 1.9up. As the Fe concentration is reduced, the
average moment of Fe atoms [(mp.)]. increases slightly until 2.4up at 90 at% Fe,
and decreases very slowly to 2.3up at 60 at% Fe. Below 60 at% Fe, the Fe LMs
are subject to the strong LEE, and [{(mF.)]. changes to slightly smaller values in the
range 20 < x < 60 at% Fe.

The calculated average moment of Cr atoms [(mcr)]c, on the other hand, starts
to gradually increase from the value —1.8up in the pure Fe limit and vanishes at
x ~ 40 at% Fe. [(mcy)]. agrees semi-quantitatively with the experimental results.
It should be noted that the vanishing of [{mc;)]c in the range 0 < x < 40 at% Fe
is accompanied by the formation of antiferromagnetic or broken antiferromagnetic
states, as mentioned before. The average magnitude of the sublattice moments of
Cr atoms, in our MD calculation, is small, but does not vanish in the concentration
region around x = 20 at% Fe. In the range 25 < x < 40 at% Fe, Cr LMs contin-
uously change their configurations from the antiferromagnetically ordered state to
less ordered states with increasing Fe concentration.

The phase diagram of Fe—Cr alloys obtained from the MD calculations at low
temperatures is summarized in Fig. 8.38. The alloys are characterized by a persis-
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Fig. 8.38 The magnetic phase diagram of Fe—Cr alloys as a function of Fe concentration obtained
from the MD calculations at 25 K [201]. The upper row shows the diagram based on the simple
category: the Ferromagnetism (F) and the antiferromagnetism (AF). AF 4 F denotes the coexis-
tence of the AF and the F. The middle and lower rows are the diagram showing various magnetic
structures of each component

Fig. 8.39 The magnetic
structure of FeygCrgsMns
alloys obtained by the MD
calculations at 25 K. The
blue, green, and red spheres
represent the Fe, Cr, and Mn
atoms, respectively. The
arrows show their LM’s in
arbitrary unit
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tence of the magnetic LRO of the constituent atoms up to high concentrations; they
show the ferromagnetic LRO of Fe atoms up to 80 at% Cr, and the antiferromag-
netic LRO of Cr atoms up to 30 at% Fe. In the narrow region around 20 at% Fe,
the F LRO due to Fe LMs coexists with the AF LRO of Cr LMs. The result is con-
sistent with the experimental phase diagram proposed by Loegel [202] and Rode
et al. [203]. The wide range of the F state is divided into three regimes, i.e., (i) F
with isolated antiparallel Cr LMs (80 at% Fe < x), (ii) F with Cr clusters whose
LMs are non-collinearly disordered (50 < x <75 at% Fe), and (iii) F with broad
distributions of Fe LMs and with non-collinear or broken antiferromagnetic Cr LMs
(25 < x <45 at% Fe). Furthermore, in the Cr rich regions, the cluster SG states ex-
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ist around 15 at% Fe in the antiferromagnetic LRO of Cr. The SG behaviors around
15 at% Fe are verified experimentally [204, 205].

The MD calculations of ternary alloys are also straightforward. There we con-
struct the random atomic configuration for a given concentration and atomic short
range order, and solve the iso-thermal MD equations (6.63). Taking the time average
in the equilibrium state, we obtain the average magnetic moment at each site. The
magnetic structure of bec FeogCrgo—Mn, (0 < x < 40) ternary alloys for example
has been calculated at 25 K with use of 432 atoms in the MD unit cell (6 x 6 x 6
bee lattice) [213]. As we have mentioned, Fe;oCrgo alloys show the coexistence
of the Cr AF LRO and the Fe ferromagnetic clusters (see Fig. 8.34 and AF + F
in Fig. 8.38). When Cr or Fe atoms are replaced by Mn atoms, the Mn LMs are
arranged to enhance the Cr AF LRO, so that the AF structure is stabilized with in-
creasing Mn concentration (see Fig. 8.39). The couplings between the Fe clusters
and the Cr-Mn system with the AF LRO are rather weak, so that they form the
cluster SG. The MD calculations show that the SG order of Fe ferromagnetic clus-
ters is collinear due to the weak AF coupling between Fe and Cr LMs, and thus the
isotropic SG is suppressed in this system.



Chapter 9
Magnetism of Amorphous Metals and Alloys

Amorphous metals and alloys are characterized by the structural disorder which
breaks the Bravais lattice. Their magnetic properties are well defined once the
quenching method and rate are specified, though their structures are metastable ther-
modynamically. The amorphous metals and alloys provide us with a fundamental
problem of the structure vs. magnetism in the condensed matter physics. In this
chapter, we present the theoretical aspects on the magnetism of amorphous metals
and alloys. We first give an introduction to the amorphous metallic magnetism in
Sect. 9.1. Next we explain how to make the structure model of amorphous met-
als and alloys, and describe the method to calculate their electronic structure in
Sect. 9.2. In Sect. 9.3, we present the finite-temperature theory of magnetism for
amorphous metals, and clarify in Sect. 9.4 the basic properties of amorphous transi-
tion metals. These properties include the spin glass in amorphous Fe, the enhance-
ment of the Curie temperature of amorphous Co, and the weak ferromagnetism of
amorphous Ni. We extend the theory to amorphous alloys in Sect. 9.5, and eluci-
date in Sect. 9.6 the magnetism of amorphous transition metal alloys as well as the
rare-earth transition metal amorphous alloys.

9.1 Introduction to the Amorphous Metallic Magnetism

Amorphous alloys are obtained by rapid quenching techniques such as vapor
quenching and liquid quenching typically with the cooling rate 10® K/s. Their
X-ray diffraction patterns show a halo, indicating the microscopic structural disor-
der which violates the Bravais lattice [214, 215]. Historically amorphous transition
metal alloys containing considerable amounts of metalloids (typically 20 at.% B
or P) were investigated at early stage [216-218]. These alloys show a uniform re-
duction of the magnetization and Curie temperature (7¢) as compared with those of
the crystalline alloys. Amorphous FeggB19P1¢ alloy [218], for example, shows the
ferromagnetism with the ground-state magnetization M = 2.1up and Tc = 640 K,
while the bcc Fe has M = 2.2up and Tc = 1040 K. Amorphous CogoB1oP1¢ al-
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Fig. 9.1 Generalized Slater—Pauling plot of magnetization per atom for amorphous Co;_,B, al-
loys. Experimental data are shown by open circles [219] and closed circles [220]. The solid line
shows the curve obtained from (9.1) with 2Ny, = 0.85

loy also shows the ferromagnetism with M = 1.1ug and T¢c = 770 K, which are
compared with M = 1.7up and Tc = 1388 K in the fcc Co.

Magnetization vs. concentration curves were analyzed by using a generalized
Slater—Pauling curve picture, which was explained in Sect. 8.1. There we expressed
the magnetization M by means of the up-spin valence electron number Ny and
the total valence electron number Z as M = 2N, — Z (see (8.1)). These quantities
may be expressed by those of constituent atoms as Ny =), caNg) + Nypy and
Z = Za cu”Zy. Here ¢y, N c(le’ and Ngpy are the concentration of atom «, the d elec-
tron number with up spin of atom «, and the averaged sp electrons with up spin,
respectively. Z, denotes the chemical valence for constituent atom ¢. Substituting
the expressions of N4 and Z into M =2N4 — Z, we obtain

M = Zm + 2Ngpt. 9.1)

Here Zy, is the averaged magnetic valence defined by Z,, = Za Co (ZN(‘;‘T —Zy).
Since Zy, has a simple concentration dependence for the transition metal alloys with
strong ferromagnetism, we can expect a linear relation between M and Z,. Fig-
ure 9.1 shows the experimental data vs. theoretical curves for amorphous Coj_,B,
alloys. We find a linear relation with the slope one between M and Z;, as expected
from (9.1). Many amorphous transition metal (TM) metalloid alloys follows a sim-
ple generalized Slater—Pauling curve given by (9.1).

On the other hand, amorphous transition metal alloys containing early transi-
tion metals (ETM) or rare-earth (RE) metals show a dramatic change in their mag-
netism. In Fe-rich amorphous alloys, the ferromagnetism collapses with increasing
Fe concentration, and the spin glass (SG) appears beyond 90 at% Fe as shown in
Fig. 9.2 [221]. It is remarkable that the SG appear irrespective of the second el-
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ements, suggesting the SG in amorphous pure iron, which is quite different from
the ferromagnetism in bce Fe. In Co-rich Co—Y amorphous alloys, the Curie tem-
peratures Tc are enhanced as compared with those in crystalline counterparts, and
rapidly increase with decreasing Y concentration as shown in Fig. 9.3. Extrapo-
lated value of T¢ to amorphous pure Co reaches 1850 K, which is 450 K higher
than that of the fcc Co [222]. These drastic changes of magnetism in the vicinity of
amorphous pure metals have revealed the significance of the structural disorder in
the amorphous metallic magnetism. One needs microscopic theories of amorphous
metallic magnetism to understand these anomalies. In the following section, we will
briefly clarify the characteristics of amorphous structure and explain the theoretical
approach to calculate the electronic structure of amorphous metals and alloys.

9.2 Amorphous Structure and Electronic Structure

In crystalline systems, we obtain the crystal structure and lattice constants from the
Bragg peaks in X-ray diffraction, and thus we can calculate the electronic structure
with use of the Bloch theorem. This procedure is no longer applicable to amorphous
metals and alloys due to the lack of the data on amorphous structure. The X-ray
experimental techniques give us only the pair distribution function (PDF), gy (R),
which is defined by

oy (R
2oy (R) =2 (B (9.2)
Py
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Here pyy (R) is the density of y atom at the distance R from an « atom and p,
is the density of y atom. The distribution function gy, (R) converges to one as
R goes to infinity. Although we can obtain further information on the amorphous
structure from EXAFS (extended X-ray absorption fine structure) and neutron mea-
surements, it is not possible to determine experimentally all the atomic positions in
the amorphous structure, which are indispensable for electronic-structure calcula-
tions of amorphous systems and microscopic understanding of magnetic properties.
Thus we have to construct a reasonable model for amorphous structure.

Theoretical determination of the amorphous structure is based on the thermody-
namical molecular-dynamics (MD) method [107]. In this method, the constituent
atoms are distributed in a box with a periodic boundary condition, and the New-
ton equations of atomic motion are solved by assuming appropriate short-range in-
teratomic pair potentials. A rapid quenching is simulated by reducing the kinetic
energy, which is proportional to the temperature, every constant time length, un-
der the condition that either pressure or volume is constant. In the ab-initio MD
method [223], we calculate the interatomic forces directly from electronic and
atomic structures without any empirical parameters. The ab-initio MD calculations
are accelerated by simultaneously solving the equations of motions for both atoms
and electrons. The method is called the Car—Parrinello method, and it is most ef-
ficient when combined with the pseudo-potential technique and the plain wave or-
bitals [224].

A more conventional method to construct the amorphous structure for metals is
the static method. There we construct the dense random packing of hard spheres
(DRPHS) model using the computer, and calculate the PDF. When the calculated
PDF does not agree with the experimental one, we relax successively the structure
through the atomic force produced by appropriate pair potentials until the agreement
is achieved. This is called the relaxed DRPHS model.
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Fig. 9.4 Pair-distribution function of computer-generated amorphous iron [225]

Figure 9.4 shows an example of a pair distribution function for amorphous Fe ob-
tained by the relaxed DRPHS method [225]. We see that the first peak at | =2.54 A
is sharp, and well separated from the second and third ones. This means that there
exists a well-defined nearest-neighbor (NN) shell even in amorphous systems. The
ratio of the fluctuation of the NN interatomic distance to the average NN distance is
estimated from the width of the first peak to be 0.067, which is in agreement with
the experimental data for Fe-rich amorphous alloys. The second peak at rp = 1.67r
is considered to originate in the local structures of the rhombi which consist of two
regular triangles with a side r; and the hexahedra which consist of two tetrahedra
with the same sides r1. The third peak at 3 = 2r; is associated with three contact
atoms on a line.

Although the amorphous metals and alloys do not form the Bravais lattice, it is
possible to construct the tight-binding linear muffin-tin orbital (TB-LMTO) Hamil-
tonian (2.167) for a given amorphous structure within the density functional theory
(DFT) because it is derived without assuming translational symmetry.

Hipjrr = &i16ijdpp +tipjr(1 —8;;0L1). 9.3)

Here the atomic level ¢;; on site i and orbital L and the transfer integral #;7 ;7
between i L and jL' are defined by (2.166).

The first-principles electronic structure calculations were made by combining the
TB-LMTO method with the recursion method because the latter does not require any
translational symmetry for electronic structure calculations (see Appendix G). Fig-
ure 9.5 shows the calculated density of states (DOS) for amorphous iron [226]. Note
that the DOS for amorphous Fe shows the two-peak structure, and the valley near
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Fig. 9.5 Density of states for amorphous iron [226]

the center of the DOS found in bce Fe disappears (see the DOS in Fig. 2.6), so that
the Fermi level is not on the peak of the DOS. This suggests that the ferromagnetism
is not necessarily stable in the amorphous Fe.

9.3 Theory of Amorphous Metallic Magnetism

The finite-temperature theory of the LEE presented in Sect. 8.3 can be extended
to the amorphous metals. In this section, we describe the theory of magnetism in
amorphous metals on the basis of the functional integral method [227-230].

The amorphous metals form a structure close to the dense random packing one,
and have a well-defined nearest-neighbor (NN) shell, as we discussed in the last
section. The magnetic interactions between the local moments (LM’s) in amorphous
metals are expected to be rather short-range because the electron scatterings due to
structural disorder cause a strong damping of interaction strength as a function of
the interatomic distance. Thus we have a physical picture that the central LM is
directly influenced by the LMs on the NN shell, but the effect of more distant atoms
and their LMs may be treated as an effective medium.

In order to construct a theory based on the physical picture mentioned above, we
start from the tight-binding Hamiltonian (3.228) and adopt the free energy (8.19) in
the static approximation:

ﬁ:—ﬁ—lln/[]_[ %dg,-]e—ﬂ@. 9.4)
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Here we have omitted the transverse spin fluctuations for simplicity, and Ji =
Uo/D + (1 —1/D)J, D being the orbital degeneracy (D = 5). In the 5-fold equiv-
alent d band model (8.22), the effective potential E () is given by (8.23):

D 1 - -
EE) = /dwf(a))—lmtr[ln(L_l —1)] -~ Z(U,~n,~(g)2 — Jig?). (9.5)
T 4=
In the above expression, the effective Coulomb interaction U; is given by U; =
Uo/D + (1 — 1/D)RU; — J). n;(€) is the Hartree—Fock charge on site i given
by (8.21). The locator matrix L is defined by

2

The magnetic moment on site i is obtained by taking the derivative of the free energy
Z with respect to the magnetic field z; on the same site.

fime e
flmeF

The energy potential E(£) in (9.7) determines the local moment (LM) on site
i. In the amorphous magnetic metals, the energy contains two types of disorder.
One is the spin disorder which is caused by the thermal spin fluctuations via ran-
dom exchange potentials {J;&0/2} in (9.6). Another is the structural disorder be-
ing characteristic of amorphous metallic systems. The latter appears via the atomic
potentials {8? —u+ Ul- n;(§)/2} and transfer integral integrals {(¢);; = t;;}. Conse-
quently, the diagonal disorder in the locator includes both types of disorder, while
the off-diagonal disorder in the transfer integral matrix is caused by the structural
disorder only.

The diagonal disorder is treated in the same way as in the substitutional disor-
dered alloys, by introducing the inverse effective locator .Z(,_l (z) into the first term
at the r.h.s. of (9.5). The deviation from the medium is expanded with respect to
the sites as has been made in Sect. 8.3 (see (8.71)). The zeroth order in the ex-
pansion of the effective potential E(£) is described by the effective medium only.
The first-order correction consists of the sum of single-site energy potentials E; (;),
i.e., (8.72):

D
Ei(&) = / do f@)—Im} In[1+ (L} @ &) = £ () Fiio (2)]

_ _ 1 ~ _ 1 -
(L 1)iaj0/:Li018ij800’: (Z—8?+M— =~ Ui ni(é)‘i‘iji $i0>5ij3oo’- (9.6)

(mi) = (&) = 9.7

g+ Lie 9.8)
g it 47isi .

Here the coherent Green function Fjj, is defined by (8.76):

Fijo =[(£" _t)_l]ija‘ 9.9
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Note that F;;, is influenced by the structural disorder via the transfer integrals {#;}.

The second-order correction to the effective medium is the pair-interaction terms
Z(i,j) D;; (&, &) (see (8.74)). The pair energy between sites i and j, ®;;(&;,&;) is
given by (8.75):

D ~ -
‘Pij(éi,éj)=fdwf(w);lmzln[1 — Fijo Fjiotic (6)Tjs (5))].  (9.10)

Here f;, (£;) is the single-site ¢ matrix defined by (8.77):

L7l - -l
lig(§) = — o c : ©.11)
1+ (L, — % YFis

The r matrix describes the impurity scattering when the impurity potential 8? —u+
U; i (§)/2 — J&o/2 is embedded in the effective medium ..

The higher-order terms in the expansion of E(§) are neglected by assuming a
small deviation from the effective medium. The energy potential E () is then writ-
ten as follows.

E@#) = ZE E)+ Y DL E)). 9.12)
()]

Note that the zeroth term has been dropped, since it does not make any contribution
to the thermal average (9.7).

Next, one neglects the direct pair interactions between the central LM and the
LMs outside the NN shell according to the physical picture discussed at the begin-
ning of this section. By making use of the decoupling approximation as well as the
molecular-field approximation for the LMs on the NN shell, the magnetic moment
(9.7) is written as follows, as have been made in Sect. 8.3 (see (8.85)).

/ds £ e BY®)
(mg) =———"——. (9.13)

/ dEe PV

The effective potential ¥ (§) for the central LM is given by (8.84):

(€)= Eo(§) + Zcp(“) ) - Z a>‘%) (9.14)

j=1

Here z on the summation denotes the number of atoms on the NN shell. The atomic
and exchange pair energies cbéjﬁ) (&) and (P(();) (&) are defined by (8.82):

o) ®] 1
[ } Ez[jv]@oj(s,uxj). (9.15)

o) (&) =
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The quantity x; in (9.14) and (9.15) is an amplitude in the single-site approximation,
which is defined by x; = (5;]2)(1)/ 2, where the average (~) is taken with respect to
Eo(8).

Equations (9.13) and (9.14) show that a flexible central LM £ is directly influ-
enced by the molecular fields from the LMs {(m )} on the NN shell (the third term
in (9.14)) and indirectly by the average molecular field from the LMs outside the
NN shell via the spin-dependent effective medium .,2”5_1 which appears in Ey(§),
(pgj) (&), and ¢g;> ).

The effective medium .Z;! is chosen so that the correction to the single-site
energies in E (&) (see (8.73)) becomes as small as possible. This is an extension of
the CPA to the structural disorder, and there is a condition that the averaged single-
site t matrix should vanish.

[0 (£))],=0. (9.16)

Here the single-site ¢ matrix #;, (§) has been given by (9.11). { ) ([ ]s) denotes the
thermal (structural) average. As we have mentioned in (8.34), the above condition
is equivalent to the following CPA equation.

(L) =2+ Foe) ™, = Fo. 9.17)

Here F, denotes a structural average of the coherent Green function.

The central LM (9.13) depends on the structural disorder outside the NN shell via
the coherent Green functions Foos, Fojo (= Fjoo), and Fjjs in (9.14) and (9.17).
These Green functions are treated within the Bethe approximation presented in
Sect. 8.3. Applying (8.50) and (8.51) on the locator expansion of coherent Green
functions with structural disorder, we obtain

F00=$+$Zf0ij0, (9.18)
Jj#0
Fijo=ZLtjoFoo+ LS;jFjo+ 2L Z Tj; Fo. (9.19)
i£.0

Here we have omitted the spin suffix o for brevity and neglected the transfer inte-
grals between the central atom and the atoms outside the NN shell. The self-energy
S; (T;;) expresses the contribution of the sum of all the paths which start from site
J and end at site j (i) without returning to the cluster on the way (see Fig. 9.6).
It should be noted that all the information outside the cluster is included in S
and Tj i

When we take the structural average outside the cluster, we neglect the last term
at the r.h.s. of (9.19) (i.e., the Bethe approximation), and replace S; with .77, i.e.,
the self-energy of the effective medium for structural disorder. We then obtain (see
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Fig. 9.6 Schematic
representation of the
irreducible path S; and T;

(8.55) and (8.53))

_ 0
Fooo = |7 +Y ——| (9.20)
, ( L
tjo
Fio J Fooo - 9.21)
Juo - 1 _yﬂ (o}

The diagonal Green function Fj;, on the NN shell, on the other hand, is approx-
imated by the averaged one.

[p(e)lsde
Fs =[Fjjols = m. (9.22)

Note that the averaged DOS [p(¢)]s for noninteracting systems can be calculated
by using the ground-state theories described in the last section (see, for example,
Fig. 9.5).

The effective medium .7, is determined from the condition that the structural
average of the central coherent Green function Fpo, should be identical with the
neighboring one.

[o(e)]sde

[FOO(T]Sz fg_l . .

(9.23)

The central LM in (9.13) is now determined as follows by the number of NN
z, the neighboring LM’s {(m;)} on the NN shell, the transfer integrals y; = t]go

between the central atom and the neighboring atoms, the effective medium fg_l due
to the spin fluctuations, and the effective medium .%, due to the structural disorder
outside the NN shell.

(mo) = (mo) (z. {m )} el } {2} %)), (9.24)

The structural disorder causes the distribution of LM g({m)) at the neighboring
site j, the distribution of the number of NN p(z), and the distribution ps(y;) for the
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square of the transfer integral. These distributions determine the LM distribution at
the central site via relation (9.13). Since the distribution should be identical with
those of the surrounding LMs, we obtain the following integral equation for the LM
distribution, taking the same steps as in Sect. 8.3 (see (8.87)).

Z
g =3 p@) [ 54— ono) [T[s0irdyi glmyam]. 925)

i=1

The effective mediums ﬁg_l and ., are self-consistently determined from (9.17)
and (9.23):

[ps(yi)dyi g(mi)dm;]| = F,,  (9.26)
1

Sr@ (L -2+ rl)

Z

1

> 9@ [ Fone [l 3] = Fo 9.27)
z i=1

The LM distribution g(M), and the effective mediums fg_l and .7, are self-
consistently determined by solving (9.25), (9.26), and (9.27). This is the finite tem-
perature theory of the local environment effects for amorphous metals.

The average magnetization [{m)]s and the SG order parameter [(m)z]S are ob-
tained from the distribution g(M) as follows.

[(m)]s=/Mg(M)dM, (9.28)
[<m>2]S=/M2g(M)dM. (9.29)

Since self-consistent equations (9.25), (9.26), and (9.27) include 2z-fold integrals, it
is not easy to solve the equations. We adopt the following decoupling approximation
in the self-consistent equations, which is correct up to the second moment:

S

/M2"+’<g(M) dM ~[(m)*]'[(m)"].. (9.30)

/ (v — 1) pe) dy ~ [(53)?] 0% (9.31)

Here k =0 or 1. These are the lowest approximations which take into account fluc-
tuations. [y]s is a mean square of a transfer integral, and [((Sy)z]s is the fluctuation
around [y];.

After making the decoupling approximations (9.30) and (9.31) at the r.h.s. of
(9.25), one can substitute the approximate distribution function g(M) into (9.28)
and (9.29). We then obtain the self-consistent equations for [(m)]s and [(m)?]s as
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follows.

[m)ls ] : 1\ [L0m)nls

N S

[m)als] | s s B (€)(z,n, k1)
[[(M%]J = k:og 'k,n,g)I'd,z—n,q) |:(§)2(z,n, k. l)} , (9.33)

[dé: S e—ﬁ‘ll(é,z,n,k,l)

<%—)(Z7Vl,k,l)= s (934)
/di: e~ PYE.znkD)
UGz kD)= EEn) +ndP € n) + @ —nel & n)

21172

— [k —meP E.m) + 2 —z+n)<1>(f)(g,n)]%,
(9.35)

1 [{m)]s

=3t ) 339

Here I'(n, z, p) is the binomial distribution function defined by [z!/n!(z —n)!]
prd—=p>".
In the present approximation, the local environments inside the NN shell are de-

scribed via the NN transfer integrals by the contraction (—[(8R)2];/ 2) of the NN

interatomic distance R from average value [R]s and the stretch ([(SR)Z]i / 2) of dis-
tance R. Thus, the local structure for a given z is specified by means of the number
of contracted pairs (n) between the central atom and the atoms on the NN shell.
Since a local structure is realized with the probability I"(n, z, 1/2), the averaged
LMs are given by (9.32). The magnetic moments in each local structure (1), [{(m),]s
and [(m)ﬁ]S are given by (9.33). The single-site energy and pair energies are also
characterized by n, so that the notations E (&, n), CDia ) (¢,n),and <D§f ) (&, n) are used
in (9.35). Here the subscript +(—) denotes the contracted (stretched) pair.

The parameter g defined by (9.36) is interpreted as the probability that the ficti-
tious spin [(m)2];/ 2 points up on a site of the NN shell. The probability of finding
up spins of k among n contracted atoms on the NN shell is then given by I" (k, n, q),
and the probability of finding up spins of / among z — n stretched atoms is given
by I'(l, z — n, q). Therefore, the average LM in the local environment n, [{(m),]s is
obtained by averaging (£)(z, n, k, [) over the spin configurations (see (9.33)). Here,
(£)(z,n, k,1) denotes the central LM in the (z, n, k, [) configuration. Note that the
LMs (£)(z, n, k, 1) are strongly influenced by their local environments (z, n, k, [) in
transition metals and alloys. Such effects are referred as local environment effects
(LEE) in amorphous metals.
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In the same way, one obtains from (9.26) a simplified CPA equation,

l S _ —
ZE(I—FU%)[LGI(U[(E) 1) -2+ F T =F, 937
v==+ S

and the following equation from (9.27).

24172 -1
> l[z;l - z*[y]s<1 +v M)(.,21 t— yg)‘l} =F,. (9.38)
2 (015

Here z* is an effective coordination number, 60 =6 — [0],, and = Zj v;. Adopt-
ing a simple form p(z) = ([z*] + 1 — 298,24 + (% — [*D8z, 2111, [ | being
Gauss’s notation, and Heine’s law #(R) =t;o o« R™*, we obtain [(66) ]1/2/[9]s =
(" — [Z*D ("] + 1| — 2%)/2* + 42 A /z* and [(8y)*1/?/[y]s = 2k A. Here A =
[(6 R)2 12 /[R]s. The average coordination number z*, the average interatomic dis-
tance [R], and its fluctuation [(& R)2]§/ 2 are obtained from the theoretical model or
the experimental PDF.

The input parameters in the present theory are the d electron number, effective ex-
change energy parameter J , the DOS [p ()]s, average coordination number z*, and
the fluctuation of the interatomic distance [(§ R)z]i /2 /[R]s. The input DOS [p(e)]s
are presented in Fig. 9.7. [(m)]s, [(m)?]s, ,Za_l, and ., are obtained by solving
(9.32), (9.37), and (9.38) self-consistently. The theory describes the ferromagnetism
([m)]s #0 . [m)2]s/* # 0),the SG ()1, =0, Lim)’ 2132 #0), and the paramag-
netism ([(m)]s = 0, [(m)?];"* =0).

In the theory mentioned above, we assumed the collinear magnetic moments.
When we take into account the noncollinear spin arrangements, we start from the
magnetic moment (6.60) [231].

Jles o 7

> £ o PE®
i

f[l_[dé'j 5]2] o BE®)
j

Here the energy potential E (&) is given by (6.56).
Taking the same steps we obtain the central magnetic moment corresponding

to (9.13) as
4
dee 21 - —BY (&)
/E«‘E <+ﬂ\]&_2>§e

/dg £2ePY®)

(m;) =

(9.39)

(mo) = (9.40)

w(E) = Eo®) + Z[@“‘)@) S 00 @) ”f{“

j=l1 o

+Z¢(§%(E)L> m(&)m} (9.41)

(@) djaljy Ajxdjydjz



266 9 Magnetism of Amorphous Metals and Alloys

Here E(&) is the single-site energy, and q)(gj) (&) is the atomic type of energy. There

are three types of exchange energies, cbé‘;.)a &), @é‘% (&), and Cbgj.) (§). The amplitude
ajq is defined by a o = (1 +4//3J~(§j2)0) (Ejza)(l)/z, (~)o being the average taken with
respect to the single-site energy Eo(£).

Equation (9.40) indicates that the central LM is determined by the coordi-
nation number z on the NN shell, neighboring LM’s {{m )}, square of trans-
fer integrals {y; = tjzo}, effective medium .Z,_l due to spin fluctuations, and the
effective medium .¥, due to structural disorder outside the NN shell: (mg) =
(mo)(z, {{m )}, {y;}, {7}, {.,2”;1}). Thus, the self-consistent equation to deter-
mine the distribution function (9.25) is extended as

Z
g0 =3 p@) [ 301 ma)) [[puo)dy gtmppamy]. 042
b4 j=1

Here g(m) is the distribution function for the vector magnetic moments {(m;)}.
The average magnetization [(m;)]s and the SG order parameters for each direc-

tion [(ma)z]i/ 2 (¢ =x,y, z) are obtained from the distribution g(M) as follows:
[n2)], = [ Mogonant. 9.43)

[(ma)?] = / Mgg(M)dM. (9.44)

By making use of the decoupling approximation such as (9.30) and (9.31) at the
r.h.s. of (9.42) and substituting the approximate expression of g(M) into (9.43)
and (9.44), we obtain the self-consistent equations to determine the magnetization
[(m.)]s. and the SG order parameters [{(m.)]s* and [(m,)21}* (= [(m,)21d/%).
Since the transverse components of local moments are taken into account, the the-
ory describes the noncollinear ferromagnetism ([{m )]s # O, [(mg)? i/ 2 #0 (¢ =
X, ¥, z)), the collinear ferromagnetism ([{m )]s # 0, [(mz)2];/2 £0, [(mq)> ;/2 =0
(¢ = x, y)), the noncollinear SG ([{m;)]s =0, [(mw)z];/2 #0 (¢ =x,y,7)), the
collinear SG ([{m;)]s = 0, [(m)21:/? # 0, [(ma)?1)/* = 0 (@ = x, y)), and the para-
magnetism ([{(m;)]s = 0, [<ma>2]§/2 =0 (o = x, y,z)). In numerical calculations
we apply the Monte-Carlo sampling method because there are too many configura-

tions in the self-consistent equations [231].

9.4 Magnetism of Amorphous Transition Metals

Amorphous pure transition metals have not yet been realized in experiments. Nev-
ertheless theoretical results of their magnetism are indispensable for understanding
the effects of structural disorder on the metallic magnetism as well as the experi-
mental data of amorphous alloys. In this section, we elucidate the theoretical results
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Fig. 9.7 Input DOS per atom for the amorphous (solid curve), bee (dot-dashed curve), and fcc
(dotted curve) structures

obtained by the finite-temperature theory of amorphous metals and discuss on the
consistency of the results with experimental data [227, 228, 230, 231].

9.4.1 General Survey

The crystalline Fe, Co, Ni transition metals are well-known to show a simple ferro-
magnetism with uniform magnetization. There the Stoner condition for the stability
of the ferromagnetism provides us with a useful criterion as discussed in Sect. 2.3.4:
p(0)J /2 > 1, where p(0) denotes the noninteracting density of states (DOS) per
atom at the Fermi level. Note that we adopted here the DOS per atom instead of
the DOS per atom per spin for convenience. Figure 9.7 shows the DOS for the
amorphous, bce, and fcc structures. The ferromagnetism of bece Fe, for example,
is stabilized by the main peak near the Fermi level. The fcc Ni shows the strong
ferromagnetism for the same reason.

A characteristic feature of the DOS for amorphous transition metals is that the
main peak is located just between the bcc and fcc peaks. The d electron num-
bers N* with the Fermi level at each main peak are N*(bcc) = 7.44 for the bec,
N*(amor) = 8.35 for amorphous structure, and N*(fcc) = 9.05 for the fcc. They
indicate the strong ferromagnetic region in each structure. The Stoner criterion for
amorphous Fe is estimated to be p(0) J /2 =0.96 < 1 with use of the effective ex-
change energy parameter J = 0.068 Ry (see Table 2.1) and the first-principles DOS
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Fig. 9.8 Calculated magnetization vs. d-electron number curves at 75 K for the amorphous (solid
curve), bee (dot-dashed curves), and fcc (dotted curve) structures [228]. The effective exchange
energy parameter is fixed to that of the bcc Fe. The dashed curve shows the spin-glass (SG) order
parameter. The d-electron numbers N* integrated up to the main peak of each DOS in Fig. 9.7
are indicated by the arrows. The inset shows the experimental data for amorphous (Fe-M)goZr1¢
alloys. Here, M = Mn (W), Co (A), and Ni (o) [232]

for amorphous Fe [226]. The result suggests that amorphous Fe does not develop
a uniform magnetization. In the same way, the ferromagnetism in amorphous Co
is expected to be enhanced because the main peak is near the Fermi level, while
amorphous Ni may not maintain strong ferromagnetism because its Fermi level is
located above the peak position of the amorphous DOS.

Another characteristic of the DOS for amorphous structure is their similarity
to the fcc DOS rather than the bce ones, particularly near the top of the d bands,
because the amorphous structure is close to the close-packed structure. The amor-
phous transition metals and alloys are therefore expected to show anomalous mag-
netic properties similar to those found in the fcc ones. For example, we have seen
in Sect. 8.3 that the Fe-base fcc alloys have nonlinear magnetic couplings: the fer-
romagnetic couplings when the amplitudes of Fe LM’s are large and the antifer-
romagnetic couplings when the amplitudes are small. This peculiarity may explain
the SG states in Fe-rich amorphous alloys. The Invar anomalies as found in Fe-base
amorphous alloys are also expected because of the similarity in electronic structure.

The Stoner model is based on the assumption of the uniform magnetization which
is not generally satisfied in the amorphous metallic system. To examine the existence
of the ferromagnetism, one needs to perform numerical calculations using the theory
presented in the last section. Figure 9.8 shows the calculated magnetization vs. d-
electron number curves. There the input parameters are set as those of amorphous
iron except for the d electron number (N) to see the qualitative feature. We find that
the N*, which are indicated by arrows, correspond well to the magnetic regions of
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Fig. 9.9 Curie temperature vs. d-electron number curves calculated with use of the same input pa-
rameters as in Fig. 9.8 [228]. The SG temperatures are shown by the dashed curve. The d-electron
numbers N* are indicated by arrows

the d electron number for each structure. It verifies that the 3d ferromagnetism is
stabilized by the magnetic energy gain associated with the main peak in the DOS
for each structure.

The Curie temperature maxima are also characterized by N*, as shown in
Fig. 9.9. According to thermodynamic considerations, the Curie temperature 7¢
is roughly given by Tc ~ Emag/Smag. Here Enmag is the magnetic energy defined by
the energy difference between the ground state and the paramagnetic state, and Spag
is the magnetic entropy. The result in Fig. 9.9 indicates that the Curie temperatures
for transition metals showing strong ferromagnetism are dominated by the magnetic
energy gain associated with the main peak for each structure. This explains quali-
tatively why the Curie temperature of amorphous Co is enhanced. It is found that
the paramagnetic susceptibility at high temperatures for each structure also shows
the enhancement near the electron number N*(bcc) = 7.44, N*(amor) = 8.35, and
N*(fcc) = 9.05, respectively. It implies that the susceptibility enhancement due to
the magnetic energy gain associated with the DOS at the Fermi level remains even
above T, in spite of large thermal spin fluctuations. The experimental data for lig-
uid transition metal alloys support such a physical picture [233, 234].

One of the important features of the magnetism in amorphous transition metals
is that the SG solution ([(m)?]s # 0 and [(m)]s = 0) appears, as shown in Figs. 9.8
and 9.9. Although the SG solutions exist even for Co (N = 8.0), they are not re-
alized because the ferromagnetic state is more stable. The SG state is expected to
be stabilized in the region N < 7.35, where the ferromagnetism disappears. In the
region N < 6.7 we find antiferromagnetic NN interactions irrespective of the local
environment, so that the antiferromagnetism should be stabilized there, though their
magnetic structure is not well known.
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Fig. 9.10 Magnetic phase diagram as a function of the d-electron number N around amorphous
Fe showing the ferromagnetic (F), paramagnetic (P), and spin-glass (SG) states [228]. The cluster
SG (CSG) phase is expected to fall in the region 7.2 < N < 7.385

9.4.2 Magnetism of Amorphous Fe, Co, and Ni

As expected from the general survey of amorphous transition metals, the amorphous
Fe shows the SG. Figure 9.10 shows the magnetic phase diagram obtained by the
finite-temperature theory (collinear case) presented in Sect. 9.3. The SG states with
the transition temperatures 7y = 100-200 K are extended to a reasonable range of
amorphous Fe (6.7 S N < 7.35). The transition temperature 7y = 117 K is obtained
for N =7.0 when the experimental value [((SR)z];/z/[R]S = 0.067 is applied. It is
consistent with the observed 7, = 120 K.

The formation of SG’s is understood from the behavior of the exchange pair

energy —cbée.) (§) in ¥ (£) in the nonpolarized medium (see (9.14)). The energy

J
—@ (.%) (&) is interpreted as the magnetic pair-energy gain for the flexible central local
moment (LM) & when the neighboring LM with average amplitude x; points up, as

seen from (9.35). Figure 9.11 shows the exchange pair energies —<D(g§) (&) in various
environments in the SG state. In contrast to the bcc Fe (see Fig. 8.22(b)), neighbor-
ing Fe LMs show nonlinear magnetic couplings for the environments 3 <n < 12;
the Fe LMs with large amplitudes couple ferromagnetically with their neighbors,
while the Fe LMs with small amplitudes couple antiferromagnetically with the
neighboring ones. This behavior has also been found in fcc Fe crystalline alloys
(see Fig. 8.22(a)). Since the amplitudes of LM depend strongly on the surrounding
environments via the single-site energy E (&, n) as shown in Fig. 9.11, the sign of
the magnetic couplings changes with the local environments. The picture obtained
for Fe LMs in various environments is shown in Fig. 9.12. The competition be-
tween these ferro- and antiferro-magnetic couplings produces the itinerant-electron
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Fig. 9.11 Single-site energy E (&, n) (dotted curves) and exchange pair energy —<1>(+e) (&,n) (solid
curves) of amorphous Fe in various environments (n) at T = 35 K [228]. Here n denotes the
number of contracted pairs

Fig. 9.12 Schematic
representation showing the
local environment effect on
the central local moment
(LM) in amorphous Fe.

n denotes the number of
contracted atoms on the NN
shell nx12

SG in amorphous iron. The mechanism mentioned above is characteristic of amor-
phous metallic magnetism, since neither the local environment effects (LEE) on the
amplitude of LM nor the non-linearity of the magnetic couplings are seen in the
insulators.

Numerical calculations show that anomalous nonlinear magnetic couplings ap-
pear in the region 6.7 < N < 7.2. When the d electron number N is increased
further, the NN couplings do not show any non-linearity irrespective of the lo-
cal environments at 7.2 < N. Nevertheless, the SG state is found in the region
7.2 < N <7.385. This is explained as follows. The LM’s form local ferromagnetic
orders according to the NN ferromagnetic couplings. If these ferromagnetic orders
developed a long-range ferromagnetic order, the effective medium would have a
polarization consistent with the ferromagnetic clusters. However, the antiferromag-
netic couplings between the central LM and the medium occur when the medium
is polarized. These couplings reverse the central LM’s, so that a long-range fer-
romagnetic order cannot be developed. This implies that the competition between
the short-range ferromagnetic couplings and the long-range antiferromagnetic cou-
plings produces the SG in the region 7.2 < N < 7.35. Since the SG is accompanied
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Fig. 9.13 The LM
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by the ferromagnetic clusters, it is referred to as a cluster SG. As the d-electron
number is increased, the size of the clusters is expected to increase more and more.
Finally, a long-range ferromagnetic order is realized in the region 7.35 < N. Such
a physical picture is consistent with the neutron experiments on reentrant FeggZrjq
amorphous alloys showing a coexistence of propagating spin-wave excitations and
spin-freezing phenomena [235].

Calculated LMs show broad distributions in the vicinity of the ferromagnetic in-
stability and the SG region, as shown in Fig. 9.13. They are caused by the LEE
on both the amplitudes and directions of LMs. The results are consistent with
the broad distributions of the hyperfine field found in amorphous Feg3Zr; [238],
FegyLag [239], and FegyHfg [240] alloys.

The most intriguing feature in the calculated magnetic phase diagram of Fig. 9.10
is the reentrant SG behavior in the narrow region 7.350 < N < 7.385. The mag-
netic states in this region are determined by a detailed balance between the short-
range ferromagnetic interactions and the long-range antiferromagnetic interactions.
Theoretical calculations showed that the reentrant SG behavior is caused by the
temperature-induced enhancement of the short-range ferromagnetic couplings with
increasing temperature [228]. The reentrant SG produced by the structural disor-
der is considered to be realized in Fe-rich amorphous alloys around 90 at.% Fe
(see Fig. 9.2).

The noncollinear theory of amorphous metallic magnetism given in the second
half of the last section yields similar results [231]. Figure 9.14 shows the calcu-
lated magnetic moments as a function of d electron number N. The magnetization
[(m;)]s shows a maximum at a d electron number around N = 7.6 and rapidly de-
creases with decreasing d electron number towards amorphous Fe (N ~ 7.0). The
ferromagnetism becomes noncollinear in the region 7.38 < N < 7.43 as shown in

Fig. 9.15. There the transverse SG order parameter [(mx>2]§/ 2 becomes finite in the
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Fig. 9.14 Total spin glass order parameter [(m)z]sl. / 2, the transverse spin glass order parameter
[(m,c)2 :/2, and the magnetization [(m;)]s as functions of d electron number N at 30 K [231]
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presence of the magnetization [(m;)]s. At N = 7.38, the magnetization disappears
while both total and transverse SG order parameters ([(m)z]é/ 2 and [(my)> 1 / 2) re-
main finite, showing the second-order transition from the noncollinear ferromag-
netism (F) to the noncollinear SG.

The SG region is divided into two regimes as in the collinear theory. In the re-
gion 7.2 < N < 7.38, the cluster SG accompanied by the ferromagnetic clusters is
realized, while the SG due to the nonlinear magnetic coupling between NN LMs
are realized in the region 6.9 < N < 7.2. The SG in amorphous Fe (N ~ 7.0) is
caused by this mechanism. The LM distribution is nearly spherical as shown in
Fig. 9.15. It should be noted that the distribution of LMs deviates from the spherical
one with decreasing N and shows nearly two-dimensional disc shaped distribution
in the vicinity of N = 6.9 where the SG order parameter shows a minimum.

The magnetic phase diagram obtained by the noncollinear theory is presented in
Fig. 9.16. The Curie temperature T rapidly decreases with decreasing the d electron
number and reaches the multicritical point at N = 7.38 and 7 = 104 K. Note that
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Fig. 9.16 Magnetic phase diagram as a function of temperature 7 and d electron number N,
showing the paramagnetic (P), the collinear ferromagnetic (coll. F), the noncollinear ferromagnetic
(noncoll. F), and the spin glass (SG) states [231]

both T¢ and T in the noncollinear theory are reduced approximately by a factor
of two as compared with the collinear ones because of the semi-classical treatment
of spins in the theory. In the noncollinear theory, the re-entrant F—SG transition
is not found. Instead in the narrow region around N = 7.42, there is a transverse
spin freezing temperature 7t at which the transverse SG order parameter [(mx)z]i /2
appears. The SG transition temperature 7, shows a minimum as a function of N
around N = 6.9, where the average NN magnetic interactions change the sign. The
noncollinear SG is stable in the region 6.9 < N < 7.38 while the collinear and the
noncollinear SG are almost degenerate for N < 6.9. Experimental phase diagrams
seem to be consistent with that of the collinear theory (i.e., Fig. 9.10), suggesting
the existence of local anisotropy in the real systems.

The first-principles ground-state calculations for amorphous Co have been per-
formed on the basis of the tight-binding LMTO-recursion method [241]. It is verified
that the Fermi level of nonmagnetic amorphous Co is just at the main peak as shown
in Fig. 9.17, so that strong ferromagnetism is realized, as discussed before. The cal-
culated ground-state magnetizations are 1.63up for amorphous Co, 1.58up for fcc
Co, and 1.55up for hep Co. The experimental values are reported to be 1.72up for
both amorphous and hcp Co. Subtracting the orbital contribution 0.15up from the
experimental data, we find the spin contribution 1.57ugp, being in good agreement
with the theoretical results.

As mentioned before, the Curie temperature of amorphous Co obtained by an
extrapolation of the data for amorphous Co-Y alloys amounts to 1850 K, which
is 450 K higher than that of crystalline Co (see Fig. 9.3). The spin wave stiffness
constant is also enhanced by 330 [meV-A2] as compared with that of the hcp Co
(510 [meV-A2]), indicating the enhancement of the magnetic coupling due to the
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Fig. 9.17 The up and down DOS for amorphous Co at the ground state. The dotted curve shows
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Fig. 9.18 Calculated magnetizations, inverse susceptibilities, anq amplitudes of LM’s for amor-
phous (solid curves) and fcc (dotted curves) Co (N = 8.1 and J = 0.100 Ry) as a function of
temperature [228]

structural disorder [222]. The finite-temperature theory of amorphous metallic mag-
netism allows us to understand the anomaly qualitatively or semiquantitatively as
shown in Fig. 9.18. The calculated T¢ are overestimated by a factor of 1.8 due to
the single-site approximation. Theoretical result of 7¢ for amorphous Co is 490 K
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higher than that of fcc Co. This is because the magnetic energy gain due to the main
peak at the Fermi level enhances T¢ in amorphous Co, while the ground-state mag-
netization is approximately the same for fcc Co because of strong ferromagnetism
in both amorphous and fcc Co. The same type of enhancement of 7¢ is verified to
occur in the range 7.9 < N < 8.5 in accordance with N*(amor) = 8.35.

The strong ferromagnetism in Ni is expected to be weakened with the intro-
duction of structural disorder, since the main peak near the top of the d band is
broadened and shifts down to the lower energy region so that the Fermi level is
located above the peak. Figure 9.19 shows a diagram for the Stoner ferromag-
netism near Ni as a function of the d electron number N, which is obtained
with use of the DOS in Fig. 9.5 after a scaling of the band width by a factor of
W (Fe)/ W(Ni) = 0.393/0.364. A weak ferromagnetism or paramagnetism is ob-
tained around N = 9.0 and the LDA value J = 0.074 Ry (see Table 2.1).

Experimentally, the ground state magnetization, 0.45up, and Tc = 480 K are
obtained by an extrapolation of the data for amorphous Ni, Y|_,(0.75 < x < 0.97)
[236, 237]. The data, however, do not converge to the same value beyond 90 at.%
Ni when Y is replaced by La [239]. On the other hand, the negative value of the
experimental Weiss constant obtained from the inverse susceptibility in liquid Ni
suggests that Ni with the liquid structure would be paramagnetic at zero temperature
[233, 234]. These scattered data indicate the importance of the degree of structural
disorder which will be discussed in the next subsection.

9.4.3 Degree of Structural Disorder and Nonunique Magnetism

It is obvious that different microscopic random structures are possible for the same
amorphous metal. Therefore the magnetic properties may change depending on the
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degree of structural disorder. Experimentally, different structures can be created by
the size difference between the transition metal atom and the second elements, the
difference in chemical bond with the second elements, and the different preparation
techniques. In fact, the magnetization of amorphous Fe obtained by an extrapola-
tion of the magnetization vs. concentration curve is 2.2up in amorphous Fe.B_,
alloys [242, 243], though the Fe-rich amorphous alloys containing early transition
metals (ET) show the SG beyond 90 at% Fe (see Fig. 9.2). Amorphous Fe powders
containing 2 wt% H, 3 wt% C, and 1 wt% O show the ferromagnetism having the
magnetic moment about 1.4up at the ground state [244].

The same controversial results are also found in amorphous Ni. The Curie tem-
peratures Tc in Ni-Y [236, 237], Ni-La [239], sputtered Ni—Zr [245], and melt-
quenched Ni—Zr amorphous alloys [246] do not agree with each other even beyond
90 at% Ni, and yield different values when they are extrapolated to amorphous
pure Ni. From the analysis of Ni-B amorphous alloys, the pure amorphous Ni is
expected to be ferromagnetic with a saturation magnetization of about 60 % of that
of the crystalline counterpart and to have the T¢c lower by about 60 K [247].

The finite temperature theory of amorphous metallic magnetism presented in the
last section allows us to investigate the nonunique magnetism mentioned above as
a function of the average coordination number z* and the fluctuation of the inter-
atomic distance A'/2 = [(SR)Z];/Z/[R]S. This is understood from the fact that we
can obtain the magnetic moments [(m)]s and [(m)2]S by solving (9.32) and (9.37)
self-consistently, once we know the coordination number z*, the fluctuation of inter-
atomic distance A!/2, the average band width z*[y]s, and the effective self-energy
outside the cluster {.#,}. The latter two quantities are obtained from the average
densities of states (DOS) [p(¢)]s for the noninteracting system via (9.38) and the
following relations (see (9.22)).

F, = [L&hde ©.45)
L —¢
z*[y]s=/82[p(8)]sd8- (9.46)

A remarkable point of the theory is that it describes the magnetism in both amor-
phous and crystalline structures. In order to describe the magnetism in the interme-
diate regime of the degree of structural disorder, we adopt a simple interpolation
scheme for z*[y]s and 7.

Fyls=A+B(F—z)+CA, (9.47)
Sy =Ao + By (2" = 2) + Co A. (9.48)

The coefficients are determined from the values at three points on the z* — A plane:
the crystalline bee (z; = 8, Ap = 0), the fec (zf = 12, A¢ = 0), and an amorphous
structure (z; = 11.5, A;/Z = 0.067), for which the DOS [p(&)]s are known. These

points b (= bee), f (= fec), and a (= amor) are shown in Fig. 9.20 by closed circles.
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Fig. 9.20 Magnetic phase diagram of Fe on the z* — A plane at 50 K [230]. F, SG, and P indicate
the ferromagnetism, the spin glass, and the paramagnetism, respectively. The bcc, fcc, sputtered
amorphous Fe, and powder amorphous Fe are shown by closed circles and open circles. Note that
calculations are not made in the right-triangle region at the upper left corner, since the region is far
from the reference points specified by the closed circles

Figure 9.20 shows the calculated magnetic phase diagram of Fe on the z* — A
plane at 50 K [230]. Three magnetic phases are possible in the present calcula-
tions: the ferromagnetic (F), the SG, and the paramagnetic (P) states depending on
the degree of structural disorder. The phase boundary between F and SG may be
characterized by a line z* ~ 10.5, because the average ferromagnetic couplings are
mainly governed by the coordination number z*. A paramagnetic region appears
around z* ~ 11.0 and A ~ 0, because the average magnetic coupling vanishes and
fluctuations due to structural disorder are small there. The complex magnetic struc-
tures such as spin-density waves are expected near the fcc Fe (z* =12, A =0) due
to long-range competing magnetic interactions, though the present theory does not
describe them since the long-range magnetic couplings are not taken into account.

The magnetic phase diagram explains some of the non-unique experimental data
of magnetic moment and 7¢ of amorphous Fe. The Fe-rich early-transition metal
(ET) amorphous alloys with more than 90 at.% Fe are reported to have z;} ~ 11.5 and

Agll/ 2~ 0.067 [225, 248]. These values lead to the SG of amorphous Fe according to
the phase diagram, Fig. 9.20, in agreement with the experimental result. We obtain
T, = 125 K at this point, which is comparable to the experimental value 110 K (see
Fig. 9.2).

Figure 9.21 shows various magnetic moments of amorphous Fe and static spin
correlations between the NN LMs at 50 K as a function of A along the straight
line between the bce point and the amor point (see Fig. 9.20). Calculated magne-
tization gradually decreases first with introducing structural disorder. It begins to
show the ferromagnetic instability beyond A!/? ~ 0.05, and finally disappears at
A2 =0.058. At this point, Fe shows the transition from the ferromagnetism to the

SG, since the SG order parameter [(m)z]i /2 remains beyond A2 =0.058 as seen
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in Fig. 9.21. These behaviors are explained by the gradual decrease of noninteract-
ing DOS at the Fermi level caused by the shift of the main peak to the higher energy
region. Note that the ferromagnetic instability occurs before the Stoner instability
point (A2 = 0.0635) where the condition [p(0)]s J/2 = 1 is satisfied. This indi-
cates that the disappearance of the ferromagnetism is realized by the reversal of LMs
with increasing A.

The ferromagnetism with the ground state magnetization M = 1.4up and
Tc/ Tc(bee) 2 0.557 is reported for amorphous Fe powder containing H, C, and
O impurities [244]. Experimental data of the radial distribution function yield the
values z* ~ 10.5 and A2 ~ 0.075 [244]. These values lead to the ferromagnetism
according to the phase diagram (Fig. 9.20). We obtain there M = 2.02up and Tc/ Tc
(bcc) = 0.437, which are consistent with the experimental data mentioned above.

The amorphous Fe expected from Fe—-metalloid alloys seems to show the ferro-
magnetism. Since the metalloid atoms are much smaller than Fe atoms, they tend to
occupy the interstitial position between Fe atoms, so that the packing fraction may
be smaller than that expected from Fe—-ET amorphous alloys. This means that amor-
phous Fe obtained from the Fe-metalloid alloys are rather close to the bce structure
in coordination number z*. The theoretical phase diagram and these structural con-
siderations explain the ferromagnetism of the ‘pure’ amorphous Fe obtained by an
extrapolation from the amorphous Fe—metalloid alloys, though the volume effect
and the change of electronic structure due to the metalloid are also significant in
this system.

In the case of Ni, the phase diagram consists of the paramagnetic (P) and fer-
romagnetic (F) states as shown in Fig. 9.22 [249]. The phase boundary is located
around z* =~ 11.0, though the results are rather sensitive to the d electron number N.
Since the average coordination numbers z* in typical amorphous Ni are expected to
be around 11.0, the magnetism of amorphous Ni is sensitive to the degree of struc-
tural disorder as well as the other parameters. Detailed numerical calculations verify
that both the ground-state magnetization and 7¢ in disordered Ni are smaller than
those of fcc Ni. The result is consistent with experimental facts.
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Fig. 9.22 Magnetic phase diagram of Ni on the z* — A plane at 50 K for the d electron number
N =9.0 (solid curve) and 9.1 (dot-dashed curve) [249]. Note that the calculations are not made in
the right-triangle region at the upper left

The ground-state magnetization [{m)]s and Tc of amorphous pure Ni obtained
from the Ni—B amorphous alloys are [(m)]s &~ 0.37up and Tc ~ 580 K [247]. With
use of the estimated structural parameters, z* &~ 11.75 and AY2 2 0.060 for amor-
phous Ni, we obtain the theoretical result [{(m)]s = 0.40up and Tc = 380 K, being
consistent with the experimental data. The Curie temperatures of the melt-quenched
amorphous NigjZrg alloy [246] and its counterpart in the bcc phase are practically
identical and are much smaller than those obtained by the sputtering method [245].
We can explain the behavior from the phase diagram as a difference in coordina-
tion numbers between the two: z* (melt-quenched) < z* (sputtered), though one
has to take into account the other factors such as the effects of second elements,
atomic volume and the chemical short-range order. The concentration dependence
of the Weiss constants in liquid Fe-Ni alloys suggests that Ni with liquid structure
is nonmagnetic at the ground state. As is well-known, the structure of liquid Ni is
characterized by z* ~ 10.5 and A!'/? 2 0.083. The phase diagram (Fig. 9.2) explains
the paramagnetism of liquid Ni if A'/? ~0.083 and z* < 10.5.

9.5 Theory of Magnetism in Amorphous Alloys

It is remarkable that all the metallic glasses are realized in amorphous alloys where
both structural and configurational disorders play an important role on their mag-
netic properties. In this section, we extend the finite-temperature theory of amor-
phous metallic magnetism to the amorphous alloys in order to understand the mag-
netism of amorphous transition metal (TM) alloys.

The structure of amorphous alloys is characterized by structural disorder and ran-
dom atomic configuration of the constituent atoms. To specify the local structure of
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these amorphous alloys, we need more detailed microscopic parameters. The aver-
age coordination number on the nearest-neighbor (NN) shell depends on the type
of the central atom « as z};, due to the difference in atomic size of the constituent
atoms. We expect that for example z} < zz when the atomic size of atom A is
smaller than that of B. Accordingly the atomic short-range order (ASRO) parame-
ters also depend on the type of atom « as 74, so that the probability of finding atom
« at the neighboring site of atom « is given by

PP =cy + (1 —cy)ty. (9.49)

The consistency for the number of neighboring A-B pairs (i.e., cazg pAB =
CBZ) pBA) yields the following relation among {z}} and {74}

Za (1 —1a) = z5(1 — 1B). (9.50)
In the DRPHS-like model we have an approximate but simple relation as follows.
2 = 25, (0) + p**[z5(1) — 23 (0)]. (9.51)

Here z},(1) (2% (0)) is the average coordination number for p** =1 (p*“ =0).

When the relations mentioned above are accepted, the independent parameter
which controls the degree of atomic short-range order is either ta or 7. Note that
choice of a random configuration to = g = 0 is not allowed because of the relation
(9.50). The most random configuration is obtained by minimizing the mean square
of deviation taken over all the NN pairs @ = (N/2) )", ¢4 Zy o p*Y (p*Y — c),)2
under the condition (9.50), so that the following condition is obtained [250].

catg +cgta =0. (9.52)

Equations (9.50), (9.51), and (9.52) determine the parameters {7, z);} in the most
random configuration.

The Green function theory of electronic structure calculations for substitu-
tional alloys, which was presented in Sect. 8.3, can be extended to the amor-
phous alloys [250, 251]. We adopt the Hartree—Fock tight-binding Hamiltonian
(8.4) and assume the geometrical mean model for the transfer integral model #;; =

(C)*tl 1y © (see (8.16)). We then consider the Green function G;; = ro(f)G (C)*
(L'~ =) Here (L'~ D= L;. 18 =8ij(w+is —ai)/|rl.(c) |2 and we have omit-
ted the spin indices for simplicity. By making use of the Dyson equations (8.50) and

(8.51) for G’, and making the Bethe approximation (see (8.55)), the site-diagonal
Green function is obtained as follows.

1 2 12 -1
G Lyt -y ——4—| . (9.53)
" <°’|2< LTS

J#O

Here z is the coordination number on the nearest neighbor shell. S’ (L") is the sum
of all the paths which start from site j and end at the same site w1th0ut returning to
the cluster on the way.
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It should be noted that the transfer integral ] j still depends on the atomic config-
uration on sites i and j via the interatomic distance R;; = Ray in the case of amor-
phous alloys. Experimentally the geometrical-mean relatlon R ]y (R"‘"‘Rw)l/ 2

holds true within a few percent error [251]. Thus, using the relation and assummg
the same power law relation tl.’j 1% Ri;" , we find

l‘/ (s)*

i fijrl. (9.54)

Here 7;; is the transfer integral between sites i and j for an amorphous metal as a
reference system. When amorphous pure metals A and B have the same structure
except for the interatomic distance, the factor r(s) does not depend on sites i and j.
Adopting (9.54), we obtain the Green function Gop as follows.

1 < fz() -
Goo = e (L;l — Z J - ) ) (9.55)
o

DL =S/

Here ry, = (C)rés) It is given by ra = +/u2(A)/u2(B) and rg = 1, uz(o) being
the second moment for the average DOS for amorphous pure metal o: u (o) =
[ &*[p2(¢)]s de. Moreover L;l =(@+is—e;)/Irj*

When we take the structural and configurational average outside the cluster, we

replace the self-energy S’ (L) / |r(s) |> with an effective .7, so that we obtain
1 < Vi -
Goa = Lo -y —2L ) . (9.56)
« Iral? ( * ; L_1 ,5”)

Here y; = fzo Introducing the probability py(z) of finding z sites on the NN shell

of atom « and the probability ps(y;)dy; of finding t2 between y; and y; +dy;,
we obtain the averaged Green function for the type of’ atom « as follows.

[[Gaals] Zm(z)Zrnzp /{Hps(yndy,-]Gw. (9.57)
J

Here [ ]¢ ([ ]Js) means the configurational (structural) average. I (n, z, p) is the bino-

mial distribution function [z!/n!(z — n)!]p" (1 — p)*~", and I'(n, z, p**) expresses

the probability of finding n atoms of type o on the NN shell of atom « with z sites.
By making use of the decoupling approximation (9.31), we obtain

Gaas Zpa(Z)ZFn Z, p
XZZ ( > <j,Z—n,%>G(m(z,n,i,j), (9.58)

i=0 j=0
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1 241/2
Gw(z,n,i,j)zw[Lal - <n+(2i— L0 ds 3]] )[y]sKa

241/2 1
—(z—n+(2i—z+n)[( f)]] )[y]sK&] . (9.59)

Here [y]; is obtained from the second moment and the average coordination number
2% as [y]s = ua(B)/z*. Moreover [(8y)21:/?/[y]s = 2k A, A being defined by A =
[(8R)21e/*/[R];. The quantity K, is defined by Ko = (L' —.9) 7.

To obtain the effective self-energy .# outside the cluster, we consider the co-
herent Green function in which the locators of the Green function r)Goory =
(L ' — =11 have been replaced by the effective one .Z, i.e., F(Z ) =[[(ZL' —

ﬂ Jools. In the Bethe approximation it is given as

F(z ) =[(z "' -6K)].. (9.60)

Here 6 = Zj yjand K = (£~ ' — )~ We thus obtain K and . from the above
equation because the Lh.s. is given by (9.22). K, in (9.59) is obtained from K as

Ke=(Ly' =2 '—k)7". 9.61)
The effective locator .2 ~! should be determined by the self-consistent equations
for the shell boundary condition which corresponds to (8.63) for substitutional al-
loys.
-1
[[7Gjiril)e=F(Z™). (9.62)

Here the Green function r7G jjr; is given by (8.56):

1 1
riGiiri = +
A L - (L' -y

ViraGoora. (9.63)

In a more simple version, the medium .#~! is determined by the CPA equation
(8.18):

Y[l -2 + F(2T) T = F(27Y). 9.64)

o

In order to describe the different shapes of the DOS in both pure amorphous metal
limits, it is suitable to adopt a common band model such as #; = Al i =Acatij(A)+
cgtij(B)]. Here t;; () is the transfer integral for the pure amorphous metals . The
parameter A is determined as A = /2(B)/ 12 by taking the second moment at both
sides of equation 7;; = Af;j. fi2 is the second moment of the average DOS for the
common band {7;;} and is given by fi> = [eamt2(A)/2 + cgua(B)/2]2. When we
adopt the common band model, K in (9.61) is modified as K = (.,2”’1 — )\j)’l,
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Fig. 9.23 Calculated DOS for amorphous FeesZr3s alloys with the use of the Bethe-type approx-
imation (solid curve) and the tight-binding LMTO recursion method (dotted curve) [251]. The
numbers for the solid curves denote the average coordination numbers of Fe atoms (zf,)

and . for the transfer integral f; j is approximated as S =cpS (A) + cg.¥(B).
Each . (a) or K 3 = (L' = 1.Z(a))~! for amorphous pure metal « is determined
from the following condition corresponding to (9.60).

Fo(27 ) =[(27" =226,k 7'].. (9.65)

Thus K in the common band model is obtained from K9 as

K=(ca(kQ) " +ep(k8) )7 (9.66)
Finally, (9.60), (9.64), and (9.66) form the self-consistent equations to obtain .Z -1
and K at each energy w + i§. Once we obtain them, we obtain K, via (9.61). Thus
we can calculate the Green function [[G ¢ ]c]s from (9.58) and (9.59).

The densities of states (DOS) of the amorphous FegsZr35 alloy calculated by the
above-mentioned Bethe-type theory are shown in Fig. 9.23 [251]. Calculated DOS’s
show a two-peak structure near the Fermi level. The low energy peak is higher
than the high-energy peak when zf, = 12. The high-energy peak on the Fermi level
rapidly develops with decreasing zj;, and becomes dominant at zj;, = 8.0. The cal-
culated DOS agrees well with the first-principles DOS when zf, = 9.0. The amor-
phous FeesZr3s alloy is known to show the ferromagnetism with the ground state
magnetization of 0.95up. Since the high DOS at the Fermi level is important for
the appearance of the ferromagnetism according to the Stoner criterion, the results
indicate that the ferromagnetism in amorphous FegsZr35 alloy originates in the for-
mation of the high-energy peak due to the atomic-size difference, which is not seen
in the substitutional alloys.
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The finite-temperature theory of amorphous metallic magnetism is extended to
the case of amorphous alloys [250]. In the theory for amorphous alloys, we start
from the expression of the magnetic moment on site i given by (9.7). The energy
potential E(£) is given by (9.5) in which the locator matrix L has been replaced by

(L7070 =Lig 8iio0"
1

=(w+i5—8?+u—2

O (6) + %Jisia) J1riP8i1850r, (9.67)
and the transfer integral (r);; with (7);;. The latter is defined by #;; = r¥f;r;.

Taking the same steps as in Sect. 9.3, we introduce the effective medium .,2”(,_1
and expand the energy E (&) with respect to the site in the medium. After making the
decoupling approximation for surrounding field variables as well as the molecular-
field type approximation, we reach (9.13) for the central local moment (LM):

/dsée—ﬂ‘l’(é)
(mo) = (§) = —F—. (9.68)
/ d PV E©

Here ¥ (§) is given by (9.14):

Z Z
m;)
W(E) = Eo€)+ Y o E) — Y o (6)—L. (9.69)
j=1 j=1 i
Eo(6), cbgj?(s), and qsg? (£) are given by (9.8), (9.10), and (9.15) in which the
locators L have been replaced by (9.67) and coherent Green functions Fj;, have
been replaced by

Fjo=[(£7"=5)7"],; (9.70)

In the Bethe approximation, they are given by (9.20) and (9.21) in which {z;;} have
been replaced by {7;;}.

The central LM in (9.68) is regarded as a function of the surrounding LM’s
{(m )} on the NN shell, the squares of transfer integrals {y; = tAjZO}, the atomic con-
figuration on the NN shell {y;}, and the coordination number z. These variables
randomly change because of the structural and configurational disorders. Thus we
introduce a probability g, (m j) dm  of finding LM on the atom of type y; between
mj and m j +dm ;, a probability ps(y;)dy; of finding szo between y; and y; +dy;,
a probability p** of finding an atom of type « at the neighboring site of the central
atom «, and a probability p,(z) of finding z sites on the NN shell of the central
atom «. These determine the distribution function of the central LM (m) via (9.68)
and the latter should be identical with those of the neighboring sites. Then the self-
consistent equation for the distribution function is obtained as follows (see (9.25)).
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8u(M) = ZPO{(Z)ZF n z, p* )/5(M_<ma>)
n=0
x]"[[ps(yndy,-ga(m,-)dmi] [T [psvi)dy) gatmjydm;].  ©.71)
i=1 i=n+1

By making use of the decoupling approximations (9.30) and (9.31) for the
distribution functions g, (m;) and ps(y;) at the rhss. of (9.71) and substi-
tuting the approximate expression of g, (M) into [[{my)]s]lc = fMga(M)dM
and [[(mO,)2]S]C = szga (M)dM, we obtain the self-consistent equations for
[[(ma)]sle and [[(mq)?]s]c as follows.

[[[[[an ]]]]Cc] Z”“‘(Z)Zr (2.5 §F<i’”’ %)

—n
s 1 [[{Ea)(z,n, 0, PIsle

X I'j,z—n, = C . 9.72
2 (52 n3) (ki) o
In the approximate expression, the central LM of atom, i.e., [(£4)%(z, n, i, j)]s]e
(k =1, 2) at the r.h.s. of (9.72) are specified by the coordination number (z), the
number of « atoms on the NN shell (n), the number of contracted atoms among n
atoms of type « on the shell (i), and the number of contracted atoms among the

remaining z — n atoms of type (). The distribution function p,(z) is given in the
simplest form as follows.

pa(@ = ([25] + 1= 25)8z0ze1 + (2 — [25])0ztzz 141 (9.73)

where [ ] denotes Gauss’ notation.

The LMs [[(£4)%(z, 1,1, j)]s]c (k =1, 2) are obtained by taking the average over
the configurations of fictitious spins {[[(ma)?]s ]C/ 2} on the NN shell with use of the
probability g, of finding an up spin [250]. Here g, is given by

o = 1(1 4 Almadlsle ]f/2> (9.74)
2\ [Hma)?)le

The theory covers a wide range of amorphous and liquid magnetic alloys, from
metals to insulators within a molecular-field approximation. In the limit of the pure
amorphous metal, it reduces to the theory presented in Sect. 9.3. The theory reduces
to the finite-temperature theory of the LEE presented in Sect. 8.3 in the case of
substitutional alloys. There numerical investigations revealed the following points:
(1) the magnetizations at low temperatures are semi-quantitatively described by
the effective exchange energy parameters J,; (2) the concentration dependences
of Curie temperatures are reproduced, but the absolute values are overestimated
by a factor of 1.5-2.0 due to the molecular-field approximation and the neglect of
transverse spin fluctuations; and (3) the effective Bohr magneton numbers obtained
from the Curie—Weiss susceptibilities are generally underestimated by about 25 %
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because of the overestimated itinerant character due to the use of reduced fa and
static approximation.

The theory takes into account the fluctuations of the LM’s with respect to the
structural and configurational disorders. This leads to the spin-glass (SG) solution
([[{mg)]s]e =0 and [[(m(,l)z]s]C # 0), in addition to the ferromagnetic ([[{(m¢)]s]c #
0 and [[(mo,)Z]S]c # 0) and paramagnetic ([[{mq)]s]c = [[(mo[)z]s]c = 0) solutions.

In the local-moment limit, the SG transition temperature reduces to (8.100) for
the case of substitutional alloys:

1
ng - EZ{CA/KA +c Zap + [(ca fan — CBfBzB)z +4CACB/§B]1/2}-
(9.75)

For amorphous metals, it is given by

1
T; = Ez*( i+ 72). (9.76)

Here z* is the average coordination number, _#,, is the exchange coupling energy
between o and y atoms, and ¢ (_Z_) is the exchange coupling for a contracted
(stretched) pair. Equation (9.75) is in agreement with the SG temperature 7, for an
insulator model in the molecular field approximation (see (7.46)). Equation (9.76)
reduces to T, for the & _# model, i.e., Ty = /2*| #| when ¢ = ¢, =— 7_.
These facts show that the theory describes both types of SG on the same footing,
i.e., the SG due to configurational disorder and the SG due to structural disorder.
Needless to say, the latter is essential for amorphous magnetism.

9.6 Magnetism of Amorphous Transition Metal Alloys

Amorphous transition metal (TM) alloys show a variety of magnetic properties due
to structural and configurational disorders. In this section, we elucidate their prop-
erties on the basis of their electronic structure and the finite-temperature theory of
magnetism for amorphous alloys.

9.6.1 TM-TM Amorphous Alloys

Amorphous TM-TM alloys are significant from the theoretical point of view be-
cause they enable us to clarify the effects of structural disorder by comparing
their magnetic properties with those of substitutional alloys. We first discuss the
magnetism of Fe—-Ni amorphous alloys. Experimentally these alloys are found in
rather narrow concentration regime 0.64 < cpe < 0.72 [252]. In the crystalline
Fe—Ni alloys, the saturation magnetization abruptly decreases around 65 at% Fe
(see Sect. 8.3). There the Invar anomalies such as the zero thermal expansion and
a broad hyperfine field distribution occurs. In contrast to the crystalline case, the
hyperfine field in amorphous Fe—Ni films was found to show no anomaly around
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the Invar concentration range in contrast to the crystalline case. Instead it increases
along the Slater—Pauling curve with increasing Fe concentration, as shown in the
inset of Fig. 9.24.

Magnetic properties of amorphous Fe—Ni alloys have been calculated by means
of the single-site theory of amorphous magnetic alloys with use of the geometrical
mean model [254]. The results are shown in Fig. 9.24. A remarkable point is that
the critical concentration of the ferromagnetic instability shifts to the Fe side by
about 30 at% Fe, so that the strong ferromagnetism is realized around 70 at% Fe. It
originates from the change of electronic structure. In fact, the shift of the main peak
to the lower energy region in the nonmagnetic DOS, which was found in amorphous
pure metals (see Fig. 9.7), remains even in amorphous alloys, therefore amorphous
Fe—Ni alloys have the Fermi level at the main peak around 70 at% Fe, whereas
their crystalline fcc counterparts have the Fermi level below the peak in the same
concentration region. The change of the main peak due to structural disorder leads
to the strong ferromagnetism in the Invar concentrations in amorphous Fe—Ni alloys.
The shift of the Curie temperature maximum to the higher Fe concentration due to
structural disorder is also explained by the magnetic energy gain associated with the
shift of the main peak in the DOS.

Most of the TM—TM magnetic alloys are formed by adding 4d and 5d early tran-
sition metals (ET =Y, Zr, Nb, Mo, La, Hf, Ta, and W) to 3d magnetic transition
metals (TM = Fe, Co, and Ni). These alloys are characterized by a large difference
in atomic size between the ET and the 3d TM, so that the NN atomic distance de-
pends strongly on the type of the NN pair and that the coordination number depends
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strongly on the type of the central atom as well as the atomic short-range order
parameters.

Figure 9.25 shows the average coordination number {z};} as well as the atomic
short range order (ASRO) parameters for amorphous Fe—Zr alloys in the most ran-
dom atomic configuration (see (9.52)) [250]. Here the coordination numbers in the
pure limits, zf,(0) = 7.0, zJ.(0) = 16.0, and zj;.(1) = zJ (1) = 11.5 are estimated
on the basis of the DRPHS model. The average coordination numbers z; simply
decrease with decreasing Fe concentration.

An example of calculated DOS for the amorphous Fe75Zr»s alloy is presented
in Fig. 9.26 [250]. The DOS calculated with use of the finite temperature theory
at low temperatures agree well with those of the tight-binding LMTO supercell
method [253]. The latter leads to the magnetization 1.27up at T = 0 K and the
former to the magnetization 0.9up at 75 K. These values are compared with the
experimental data 0.96up. Note that Zr atoms are also polarized to be anti-parallel
to the magnetization because of the strong hybridization of Zr 4d bands with 3d Fe
minority-spin bands. The appearance of the ferromagnetism is explained by a large
difference in atomic size between Fe and Zr atoms, as discussed in the last section
(see Fig. 9.23).

The atomic short range order is also important for the magnetism of amorphous
Fe—Zr alloys. Figure 9.27 shows the calculated phase diagram on the pFFe_cp,
plane at 75 K. When we decrease the Fe concentration along the line of the most
random atomic configuration, we have the spin glass (SG) to the ferromagnetic state
(F) and to the paramagnetic state (P) transition. However, we have no ferromagnetic
region when pfeF¢ > 0.8, and the SG to P transition is expected with decreasing
the Fe concentration in the region ptF® > 0.8. The disappearance of the ferromag-
netism is caused by the formation of amorphous Fe clusters accompanied by the 3d
band broadening. Experimentally the Curie temperatures 7¢c in the sputtered Fe—Zr
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Fig. 9.26 Calculated average local DOS of amorphous Fe75Zrs alloy for Fe (solid curves) and
Zr (dashed curves) atoms at 75 K [250]. Dotted curves show the local DOS at zero temperature
obtained by the tight-binding LMTO supercell method with 64 atoms in a unit cell [253]

amorphous alloys are larger than those in the melt-span Fe—Zr amorphous alloys.
The result is explained by pFeFe(sputtered) < pFeFe(melt-spun) according to the
diagram.

The calculated magnetic phase diagram on the temperature-concentration plane
is shown in Fig. 9.28 [250]. The phase diagram is obtained for the most random
atomic configuration. It consists of the three different phases: P, F, and SG. In the
narrow range of concentration between the F and the SG, the re-entrant SG (RSG)
appears. In the amorphous pure Fe limit, the SG is stable as has been discussed in
Sect. 9.4. With decreasing Fe concentration, the ferromagnetism appears because
of the atomic-size effects as mentioned in the last section. Calculated 7¢ shows the
maximum at 70 at% Fe in agreement with the experimental data (see the inset of
Fig. 9.28), and decreases with decreasing Fe concentration. The transition temper-
atures (Tc and Ty) are overestimated by a factor of 1.5-2.0 as compared with the
experimental ones because of the molecular-field approximation.

The SG in the Fe-rich region are partly caused by the nonlinear magnetic cou-
plings between the NN Fe LM’s and partly by the competition between short-range
ferromagnetic coupling and long-range antiferromagnetic coupling as discussed in
the amorphous pure Fe (see Fig. 9.11). In fact in the former case the central Fe
LM with more than 5 contracted Fe NN (I > 5) couples antiferromagnetically with
the neighboring Fe LMs via —<151(:?Fe " (&,1), but the central Fe LM with [ < 5 fer-
romagnetically couples to the neighboring Fe LMs. On the other hand, the corre-
lation between the central Fe LM (mgf.) and the neighboring Fe LM (mf.), i.e.,
[[{mope) (M 1iFe)]c]s is 0.15 at 90 at% Fe and 75 K. This means that the NN ferro-
magnetic interactions are rather strong as compared with the NN antiferromagnetic
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ones. The SG near the phase boundary therefore should be formed by the competi-
tion between short-range ferromagnetic couplings and long-range antiferromagnetic
interaction.

The Co—Y amorphous alloys show the ferromagnetism and it is enhanced as com-
pared with their crystalline counterparts in a wide range of Co concentrations, as
shown in Fig. 9.3. Enhancement of the ferromagnetism at more than about 80 at%
Co is explained by the high DOS of the main peak at the Fermi level as found in
amorphous pure Co (see Fig. 9.17). However, the enhancement around 50 to 80 at%
Co is attributed to the differences in local atomic structure, especially, the small
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Fig. 9.29 Change in DOS for amorphous Cog7Y33 alloy with varying the coordination number
around a Co atom, zéo, from 8 to 12 [251]. zg"{ is fixed to be 12. The inset shows the result based
on the tight-binding d orbital model [258]. The DOS at the Fermi level is developed with decreas-

ing z¢&,

atomic coordination number of Co due to the difference in the atomic sizes between
Co and Y atoms. We discuss here the Co, Y alloys as an example.

The amorphous Co,Y alloy shows the ferromagnetism with the average magne-
tization 0.7up per atom, while the crystalline Laves-phase Co,Y shows the param-
agnetism (see Fig. 9.3). The first-principles band calculations show that the Fermi
level of the Laves-phase Co,Y is pinned in a local minimum of the DOS, so that the
compound does not satisfy the Stoner criterion [257]. On the other hand, the DOS
in amorphous CoyY alloy show the peak at the Fermi level as shown in the inset of
Fig. 9.29 [258]. The DOS for various average coordination number of Co, i.e., z’&o,
which are calculated by means of the theory of the LEE of amorphous alloys pre-
sented in the last section are shown in Fig. 9.29 [251]. The peak near the Fermi level
strongly depends on z¢, . The DOS at the Fermi level increases with decreasing z¢.,,
and satisfies the Stoner criterion between z¢,, = 10 and 9. The coordination number
around a Co atom is 12 in the Laves phase Co, Y, whereas it is about 9.5 in its amor-
phous counterpart. Since the latter satisfies the Stoner criterion, one concludes that
the atomic-size difference causes the ferromagnetism in the amorphous Co, Y alloy.

Calculated Curie temperature vs. concentration curves of both amorphous and
compound Co-Y alloys are given in Fig. 9.30. The Curie temperatures for the
crystalline counterparts are calculated as the close-packed Co-Y alloys having the
same average local atomic configurations {z}} and {z,} as those in the crystalline
counterparts (i.e., Co2Y, Co3Y, CosY, Co17Y2, and fcc Co) and no fluctuations of
A =[6R)?1Y?/[R]s (e., A = 0). Calculated Tc’s explain qualitatively the differ-
ence between the amorphous structure and its Laves phase crystalline counterpart
as well as their concentration dependence, though the calculated 7¢ for crystalline
Co,Y alloy is still finite in this approach.
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The TM-Y alloys form amorphous alloys with all the magnetic TM from Mn to
Ni in a wide range of concentration. Their magnetic phase diagrams are obtained ex-
perimentally as shown in Fig. 9.31 [261]. Amorphous Mn.Y _. (0.18 < ¢ <0.76)
alloys show the SG with SG transition temperatures (7) less than 60 K [262, 263].
Amorphous Fe,Yi_. (0.32 < ¢ < 0.925) alloys are reported to have two different
phase diagrams: the sputtered Fe—Y alloys show the SG in the whole concentra-
tion [264—266], while the melt-spun Fe-Y alloys show the ferromagnetism with the
reentrant SG behavior in the range 0.5 < ¢ < 0.8 [267-269]. Amorphous Co,Y |,
(0.38 < ¢ <0.90) alloys show the enhancement of Tc as compared with their crys-
talline counterparts as has been mentioned. The Ni.Y|_. (0.65 < ¢ < 0.97) alloys
show a weak ferromagnetism beyond 83 at% Ni [236, 270]. Both alloys cause the
F-P (paramagnetism) transition at 50 at% Co and 83 at% Ni, respectively.

The overall feature of the magnetic phase diagrams of TM-Y amorphous alloys
is explained by the finite temperature theory of the LEE for amorphous alloys as
shown in Fig. 9.32 [261]. There the most random atomic configuration is assumed.
Calculated T¢ in amorphous Ni-Y alloys is 500 K for amorphous pure Ni, which is
smaller than the 7¢ in fce Ni (630 K), and monotonically decreases with increasing
3d-4d hybridization. As discussed before, the main peak at the Fermi level in amor-
phous Co enhances the magnetic coupling, therefore Tc. The atomic-size effects
tend to keep this enhancement when Co concentration is decreased. The calculated
SG temperature in amorphous Mn-Y alloys, on the other hand, linearly increases
with increasing Mn concentration, and show a maximum at 80 at% Mn because of
the band broadening with increasing Mn concentration.

Calculated phase diagram in amorphous Fe—Y alloys shows the SG beyond
87 at% Fe and the re-entrant SG behavior in a very small region near the
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Fig. 9.31 Experimental magnetic phase diagrams in amorphous TM-Y (TM = Mn, Fe, Co, Ni)
alloys [222, 262, 263, 267-270]. Solid (dashed) curves denote the Curie (spin-glass) temperature
Tc (Tg). The SG temperatures in Mn-Y alloys are multiplied by a factor of 2. The inset shows
different phase diagrams for the melt-spun Fe-Y [267-269] and sputtered Fe—Y amorphous al-
loys [264, 265]
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Fig. 9.32 Calculated magnetic phase diagrams in amorphous TM-Y alloys [230]. The solid line
in Fe-Y beyond 87 at% Fe and the dotted line show the SG temperature. The other solid curves
show the Curie temperature

F-SG boundary. Calculated 7; changes from 240 K (amorphous Fe) to 165 K
(86.5 at% Fe). Below 86 at% Fe, the alloys show the ferromagnetism. The Curie
temperature rapidly increases with decreasing Fe concentration, and show a max-
imum (7¢c = 740 K) around 60 at% Fe. These results qualitatively agree with the



9.6 Magnetism of Amorphous Transition Metal Alloys 295

40

351 aFeggByy i
o
<} c-Fe,B  ieeennies —~
% s0r 2 {120 @,
3 Y
L o °
® i >
& <
= 20} 3
8 ©
© [2)
k3 15 (7;
3 g
8 10 2
(4]

5 L

0 Y - | L <

-1 -0.8 -0.6 -0.4 -0.2 0 0.2

Energy (Ry)

Fig. 9.33 The DOS for amorphous FeggByg alloys (solid curve), and for crystalline Fe;B com-
pound (dashed curve) [272]

magnetic phase diagram in melt-spun Fe-Y alloys (see Fig. 9.31), though the re-
entrant SG behaviors are not found in a wide range of concentration.

The sputtered amorphous Fe-Y alloys do not show the ferromagnetism in whole
concentrations according to the experiments. It is explained by the ASRO effects. In
fact, theoretical calculations verify that the amorphous Fe—Y alloys show the SG ir-
respective of concentration when the condition pFeF¢ > 0.8 is satisfied. Since the ex-
perimental values of pFeF® seem to satisfy the condition (for example, pFF¢ = 0.845
for the sputtered FegsY 15 alloys), the SG in sputtered Fe—Y alloys are explained by
the formation of small Fe clusters due to strong ASRO.

9.6.2 The Other TM Alloys

The transition metal metalloid amorphous alloys have also been intensely investi-
gated from the earliest stage of investigations [216-218]. Their local structures are
shown to be similar to those of the crystalline counterparts. For example, there is no
direct contact between metalloid P atoms in Co—P amorphous alloys from 0 at% P to
about 20 at% P, and metalloid atoms are captured in the interstitial positions called
the Bernal holes in the DRPHS model [271]. The local structure is quite similar to
that of trigonal-prismatic crystalline Fe3P and Fe,P compounds.

Figure 9.33 shows the calculated DOS for the amorphous FeggoBog alloy and
the crystalline Fe,B [272]. The characteristic feature of these DOS is that they are
almost the same. Their electronic structure based on the first-principles calculations
is summarized as follows. The B sp states hybridize strongly with Fe d states. The
hybridization splits B sp states into bonding and antibonding states, and shifts the
main peak of DOS for Fe d states toward the low energy side. The Fermi level
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Fig. 9.34 The average magnetization per TM atom for the pseudo-binary transition metal amor-
phous alloys as a function of valence electron number [273]. The crystalline Slater—Pauling curves
are also plotted by dashed lines

becomes close to the main peak position of the DOS. The Fe—Fe distances increase,
and the coordination numbers of Fe—Fe pairs decrease with the addition of B atoms,
so that the d band width of Fe narrows. These effects are common for TM-metalloid
alloys. In particular, the peak shift of the DOS toward the low energy side enhances
the DOS of Fe at the Fermi level, so that the ferromagnetism is stabilized according
to the Stoner criterion in the Fe—metalloid amorphous alloys.

The effects of the peak shift of the DOS are also found in the other TM-metalloid
amorphous alloys. Figure 9.34 shows the average magnetization vs. d electron
number curves for pseudo-binary transition metal metalloid alloys in the form
(TM}CTM%_X)SOB 10P10 [273]. Tt is remarkable that the curves for amorphous al-
loys are obtained simply by shifting the corresponding curves for crystalline alloys
by 0.5 electrons to lower d-electron numbers. The shift of the electron number cor-
responds to that of the peak position of the DOS with the addition of metalloids. We
have discussed the same kind of systematic change of the magnetism in amorphous
TM metals in Sect. 9.4. The origin of the shift of the DOS here, however, is different
from the case of amorphous pure metals; the shift of the DOS in the TM-metalloid
system is caused by the change in chemical bondings between TM and metalloid
atoms, while the shift in pure TM amorphous metals is caused by structural disor-
der.

The rare-earth transition metal (RE-TM) amorphous alloys have also exten-
sively been investigated. Their atomic structures are similar to those obtained by the
DRPHS model, which are different from the crystalline counterparts. The valence
electron configurations and atomic radii of RE atoms are quite similar to those of a
Y atom. The itinerant-electron contributions to the magnetic properties are similar
to those of Y-TM amorphous alloys. The RE atoms on the other hand have unfilled
f-electron shell inside 6s2 filled shell, so that they have well-defined atomic LMs
even in solids [16]. The magnetic moment of an RE atom is given by M = L + 28
(uB), while the total angular momentum J is given by J =L + S. Here L and S
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denote the total atomic orbital and spin angular momenta of f electrons, respectively.
These atomic moments are built up by the Hund’s rule coupling, i.e., the Coulomb
interactions between f electrons, except for Ce showing the valence fluctuations. In
the case of RE atoms, the spin—orbit coupling AL - § is significant, and the coupling
constant A takes plus (minus) sign for the f electron number less (more) than half in
filling (see (1.44) in Sect. 1.3). Therefore the atoms form the multiplet ground state
with J = L — S for the RE atoms with less than half-filled f electrons (i.e., light RE
atoms) and J = L + § for the RE atoms with more than half-filled f electrons (i.e,
heavy RE atoms).

Between the 3d TM atomic spin Sty and the RE atomic spin S, there is an effec-
tive interatomic interaction of the type —JrTS - STm. To derive the interaction, as-
sume that the 3d bands are ferromagnetically polarized. Since the broad 5d up-spin
band electrons strongly hybridize with the 3d down-spin band electrons as com-
pared with the hybridization with 3d up-spin bands, the 5d electrons are polarized
antiferromagnetically. The latter electrons polarize f electrons in the same direction
due to the direct exchange interaction on RE sites. This implies that the effective
coupling between TM spin Stv and RE spin S is antiferromagnetic; Jrt < 0.

The crystalline-field effects on the RE LM are usually assumed to be described
by the single-ion anisotropy such as —D;(n; - J 1)2 [214, 215]. Here the random
unit vector n; denotes a local ‘easy axis’ on site i and D; (> 0) is the anisotropy
constant. Since the local easy axis is random, this interaction is favorable for the
noncollinear magnetic structure.

Because of the magnetic interactions mentioned above, the RE-TM amorphous
alloys are classified into the following three groups.

Light RE-TM amorphous alloys
The local moment (LM) of TM (TM = Fe, Co, and Ni) atoms couples antiferro-
magnetically to the spin S of the RE atoms and the latter antiferromagnetically
couples with the orbital LM L (A > 0). Since the orbital LM exceeds the spin LM
in magnitude, it turns out that the total LM of RE atoms ferromagnetically couple
to those of the TM atoms. The random single-ion anisotropic interactions cant the
RE LM to some extent. Therefore this system shows non-collinear ferromagnetism
as shown in Fig. 9.35(left). The Nd—Fe and Nd—Co amorphous alloys belong to this
category.

Heavy RE-TM amorphous alloys
The LM of TM (TM = Fe, Co, and Ni) atoms couples antiferromagnetically to the
spin S of the RE atoms and the latter ferromagnetically couples with the orbital
LM L (A < 0). Thus the total LM of the RE atoms antiferromagnetically couple
to those of the TM atoms. The random single-ion anisotropic interactions cant the
RE LM to some extent. Therefore this system shows non-collinear ferrimagnetism
as shown in Fig. 9.35(right). Amorphous Dy—Fe and Dy—Co alloys for example
belong to this category.

Gd-TM amorphous alloys
The LM of TM (TM = Fe, Co, and Ni) atoms couples antiferromagnetically to
the spin S of Gd atoms. Since the orbital LM L for Gd atoms disappear, the total
LM (i.e, spin S) of the RE atoms antiferromagnetically couple to those of the TM
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Fig. 9.35 Three types of
magnetic configurations in
amorphous RE-TM alloys:
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atoms. This system therefore shows the ferrimagnetism as shown in the middle of
Fig. 9.35. Amorphous Gd-Fe, Gd—Co, and Gd—Ni alloys show the ferrimagnetism.

The first-principles calculations have been performed for some RE-TM amor-
phous alloys with the use of the density functional theory (DFT) with the local
density approximation (LDA). Figure 9.36 shows the densities of states (DOS) for
the amorphous Gdz3Feg; alloy [274]. The Fe 3d states ferromagnetically polarize as
in the case of bce Fe and the projected DOS show the two-peak structure. The two-
peak structure originates in the local atomic structure which is rather more similar
to the closed packed structure than the crystalline bce or the Laves structure. The Gd
5d states extend from —3 eV to 8 eV and strongly hybridize with the minority spin
3d band because the latter is energetically closer to the 5d states than the majority
3d states, as seen in Fig. 9.36. Consequently, the 5d electrons polarize to be antipar-
allel to the 3d LM’s. The localized Gd 4f states form the narrow up and down bands.
Since the polarized 5d electrons ferromagnetically couple to the 4f electrons via the
intraatomic d—f exchange interaction, the 4f electrons antiparallely couple to the 3d
Fe LM’s as mentioned before. Note that the DFT-LDA theory underestimates the
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Fig. 9.36 Projected DOS’s of amorphous Gdz3Feg7 alloy [274]
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binding energy of the occupied f states; the calculated value 4.3 eV is much smaller
than the experimental value 9.4 eV [275].

The calculated magnetic moments in the amorphous Gds3zFee7 alloy are 7.2up
for the Gd site and —2.0up for the Fe site. The average magnetic moment per atom
is 1.1up, which is in good agreement with the experimental value 1.2up. In the case
of the crystalline Laves phase GdFe; compound, calculated magnetic moments of
the Gd site are 7.5, which is larger than in the amorphous alloy, and —1.9up for
Fe site. The average magnetic moment per atom is 1.2up, which is also in good
agreement with the experimental value (0.9-1.2up) [276].

In order to discuss the temperature dependence of magnetic properties of the
RE-TM amorphous alloys, one has to rely on the model Hamiltonian. A possible
effective Hamiltonian which takes into account the itinerant character of d electrons
as well as the localized f electrons may be written as follows [277-279].

H= Zsi”ia + Ztija;—aajg + Z Uinirni, — jRTZJi -8j
i ij i i
— > Di(mi - Ji). 9.77)
i

Here the first three terms denote the d-band Hubbard model (see (1.51)). ¢;, #;;, and
U; denote the atomic level on site i, the transfer integrals between sites i and j, and
the intraatomic Coulomb interaction between d electrons on site i, respectively. The
fourth term at the r.h.s. of (9.77) expresses the exchange couplings between the RE
moment J; and the TM spin s;. The last term represents random anisotropy. The
spin fluctuation theories of amorphous alloys based on the Hamiltonian (9.77) are
left for future investigations.



Appendix A
Equivalence of the CPA Equations (3.83), (3.85),
and (3.89)

We verify here the equivalence of three equations on the CPA, (3.83), (3.85), and
(3.89). We start from the CPA equation (3.83) showing the disappearance of the
single-site # matrix in average.

(i) = (e} 0 (A1)
e 1 — 8vis Fio o ’

Here §vis = vis — Xis(2), vie and Xj,(z) being the impurity potential and the co-
herent potential, respectively. Note that we have generalized the coherent potential
to be site-dependent. Fj,(z) is the coherent Green function defined by

Fio(@)=[— % —0)7"];. (A2)

The average (~) in (A.1) is a classical average defined by (3.84).
Since the ¢-matrix in (A.1) is written as

. F!
fic = ( = I)thl, (A.3)
Fi c Bvig
we obtain an alternative expression for the CPA condition as
(G{) (@) = Fis (2). (A4)
This is identical with the CPA equation (3.85), and the Green function Gl(;) (z) is
defined by

1

@)
G ' ()=———mm.
B Fi?,l(z) — 8vig

(A.5)

The Green function Gl(;) (z) is the on-site Green function for an impurity embed-
ded in the effective medium, of which the Hamiltonian is given by

(Hy (@) ;) = [vio 2. )i + o ()L = 8:)[8j +17(L = 8).  (A6)
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To Ver~ify this fact, we rewrite the Hamiltonian as ~Hél‘)(z) = I:I(r (2) + dvig-
Here H, (z) is the coherent Hamiltonian defined by (H, (2))j1 = X5 (2)8j + tji
(I =4j1). dvjs is defined by (§vis) ji = (Vie — Xis(2))8;j8j;. We then expand the
Green function on the impurity site as

(= HP @) '], =[Co @ + Go@uic @Go @ + -], (AT)

Here GU (z) is the resolvent of the Hamiltonian I—L (2),1.e., GU ()=(— ﬁg @)~
Equation (A.7) means that

[(Z - Ho('i)(z))_l]ii = éiiﬂ(l - Sviﬂ éiia)_l. (AS)
Since F;y = Gjio (z), we find the relation:
. ‘ »
Gl @) =[(-HY@) '], (A.9)

The CPA equations (A.1) and (A.4) are expressed as the stationary condition for
the free energy (3.82):

ﬁSSAzﬁ—ﬂ”Zln/,/i—:d& e PEIG), (A.10)

Here the coherent part of the free energy .% is defined by (3.72):
~ 1
F=1d —1 tr|ln(z — X —1)|. A1l
/ o f(@)- m;r[n(z )] (A.11)

Note that tr at the r.h.s denotes the trace over sites. The single-site energy E;(§;) is
given by (3.78):

Ei(&) = fdw f(a))% Ilen(z — 86 (2) Fis (2)) + %U(Sf — ). (A.12)

To derive the stationary condition, we rewrite the free energy (A.10) as follows.

Fssa = —ﬁlln[[n,/%dg,]eﬂ(%zf Ei@), (A.13)
j

Here
- 1 1
F 4+ EiE) = /dwf(a)); Im) " X, (2)+ 1 S UL(ER - ¢7). (A14)
and X, (z) is defined by

Xo(z) =trln(z — Z5 — 1) + Y _In[z — 8vis (2. £) Fi (2)]. (A.15)

]
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Taking the variation of %gga with respect to the coherent potential X;;(z), we
have

~ 1
6 Fssn = <8 (9 + Y E; (s,->)> = f do f(@)—Im ) (8X5(). (A.16)

Note that we have used here the stationary condition for ¢; (§); 0E;(§)/9¢;(§) =0.
The variation of X (z) is obtained as

5Xe (@) ==Y Fio@85ig @) + Y (2 = 80 (2. §) Fig (2)) " Fio (2)8 Ziq (2)
— > (2 = Bi0 (2. 6) Fio (2)) ™ Bui0 (2. £)5 Fio (2). (A.17)

Thus the average is obtained as follows

(BXo @) =Y [~ Fio @ + (G @)]8Zi6 (2) = Y i (@)8Fis (2). (A.18)

i i

By making use of the CPA equations (A.1) and (A.4), we find the stationary
condition as follows.

(6X5(2)) =0. (A.19)
From (A.16) and (A.19), we obtain the stationary condition.

SFssA
§%ip(z)

(A.20)

This is identical with (3.89), so that we have verified that (3.83), (3.85), and (3.89)
are equivalent to each other.



Appendix B
Dynamical CPA Based on the Multiple
Scattering Theory

The dynamical CPA theory presented in Sect. 3.4 is also obtained by using the mul-
tiple scattering theory in the disordered alloys [51]. We derive in this appendix the
dynamical CPA equation on the basis of the temperature Green function and the
multiple scattering theory.

The temperature Green function &%, (7 — 7’) is given by an average of the time-
dependent Green function Gjs (7, ') with respect to the energy functional E[£, n]
as shown in (3.48):

/[1_[ 851'877[:|Gijg(‘6, t/)e PELE
/[H&gi&m]eﬁﬂé,nl

The time-dependent Green function is determined by solving the Dyson equa-
tion (3.43):

B
Gijo (1. 7)) = gij0 (= ) + /O 4TS ik (v = 7)ok (") Gijor (. 7).
k

(B.2)

Yo (1 — 1) =(Gijo(r. 7)) = (B.1)

Here g;jo (T — ') is the Green function for noninteracting Hamiltonian Hp, and
Vs (7) is the time-dependent random potential given by (3.37). The Dyson equation
is written in matrix form as

G=g+gG=(¢g"—v)"". (B.3)

The matrices are for example defined as (G)irgjr'o’ = Gijo (T, T')850'.

Now, we consider a scattering from an effective potential X’. Inserting potential
X into the potential part in the above expression, we expand the Green function
with respect to the scattering potential Sv = v — X’ as

G =G+ GsvG + GsvGsvG + - -- . (B.4)
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Here G is the coherent Green function defined by
G=(g"'-2)". (B.5)
The Green function (B.4) is expressed with use of the 7 matrix as
G=G+G7G. (B.6)
Here the .7 matrix is defined by the potential scattering as
T =8v+8vGsv+---=8v(1+GT). (B.7)

On the other hand the real self-energy X' for the temperature Green function
(B.1) is defined by

g=(G)=("'-2)". (B.8)

This is nothing but the Dyson equation for the temperature Green function. To obtain
the expression of X' with use of the .7 matrix, we solve the above equation as ¥ =
g ' —(G)™!, and substitute the expression (G)~! = G+ G(y))_l, which is
obtained from (B.6), into (G) at the r.h.s., so that we obtain

1

T=¢g ' -G (1+G(T)) . (B.9)

According to the c}eﬁnition of the coherent Green function (B.5), we have the rela-
tion g~! = ¥’ + G~!. Thus we can express the self-energy (B.9) as

T=3+(T(1+6(7) " (B.10)

This is the exact self-energy expression when we start from an effective medium X,
The correction is given by the .7 matrix caused by the scattering potential v.

In order to obtain the averaged .7 matrix, i.e., (-7 at the r.h.s. of (B.9), we solve
(B.7) with respect to .7 as

T =(1-68vG) 8. (B.11)
Next, we divide G into the diagonal part F and the off-diagonal part F’; G=F+F

to make the single-site approximation (SSA). Substituting the expression into (B.11)
and expanding .7 with respect to F’, we obtain

T7=01-iF)""7, (B.12)
and f is given by

f:(l—(SvF)_lév:Zfi. (B.13)
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Here 7; denotes the single-site ¢ matrix on site i, which is given by
i = (1= 8 Fy) ™' 8u;, (B.14)

and F,’ = G,’,‘.
Making the SSA we obtain (.77) from (B.12) as

(7))~ (1). (B.15)

Substituting (B.15) into (B.10) and making the single-site approximation G~ Fin
the denominator, we find the self-energy in the SSA as

=3+ (1+{HF) D, (B.16)

or

=3+ (1 +@E) @), (B.17)

1

Note that the second term depends on the effective medium X’. When we choose
X’ = (v) (i.e., the Hartree—Fock value), we call (B.17) the average ¢-matrix approx-
imation (ATA). The best choice of the effective medium X’ should be obtained from
the condition:

(#) = (1 — 8v; F;) " '8v;) =0. (B.18)

This is identical with the dynamical CPA equation (3.112). The present method indi-
cates that the medium X’ = X is the self-energy of the temperature Green function.

Equation (B.17) is often used to obtain the CPA solution. Assuming that we start
from the Hartree-Fock value X’ = (v), we calculate the corrections according to
the second term at the r.h.s. of (B.17). If the obtained self-energy XV does not
agree with X/, we renew as ¥’ = X' and repeat the procedure until the self-
consistency X = X’ is achieved. Equation (B.17) is identical with (3.97) when iw;
in the frequency representation is replaced by z = w + i4.



Appendix C
Derivation of the Single-Site Spin Fluctuation
Theory from the Dynamical CPA

We verify in this Appendix that the dynamical CPA presented in Sect. 3.4 reduces
to the single-site spin fluctuation theory (SSF) given in Sect. 3.3 in the static limit.
The free energy per atom in the dynamical CPA is given by (3.148) in the static

approximation:
- [BU
9CPA=9—ﬁ—11nf ’z—dge—ﬂ’ff@). (C.1)
TT

The static energy potential E;(§) is given by (3.149).
1
Ei€)=—p"" ) In(1 = 8vig i1, &) Fio (i) + U (6% = ¢2(6)).  (C2)
lo
Here §v;q (iwy, &) is defined by (3.79), the coherent Green function Fj, (iwy) is given
by (3.88), and ¢; (&) by (3.150):

1 i
;,-@):E} Gy, §). (C3)
lo

The static Green function G\ (z, &) is defined by (3.86); G (z,&) = 1/(Fio (2) ' —
8Viy(z,€)). The dynamical CPA equation to determine the coherent potential is
given by (3.143):

(G (iwy, £)) = Fig(ia). (C.4)

The CPA equation on the real axis is obtained by direct replacement iw; — z
(= w + 1) as follows.

(G (z,8) = Fip (2). (C.5)

The frequency sums in (C.2) and (C.3) can also be transformed into the integrals on
the real axis of the complex z plane. To prove this we adopt the Lehmann represen-
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tation of the Green function.

G (iw, &) = f Pro(@,5)de (C.6)

lw] —w
Here p; (w, &) is the single-particle density of states of interacting electrons, and is
given by
1 ; .
pio (@.8) = = —Im Gy (@ +i5.8). (o)

Substituting (C.6) into (C.3), we find

etwm

1
5i(§) = Xaj/dwpm(w,s)g ; pr— (C8)

Here we explicitly wrote a convergence factor with an infinitesimal positive num-
ber n. Using the following formula [43] on the Fermi distribution function at the
r.h.s. of (C.8),

eiwm

1 1
IO =51~ 5 L f—a ©9)

we find the expression with use of the Green function on the real axis.
6= [ do @ Y pio.5) (C.10)
o

Next, we rewrite the energy potential (C.2). In this case, we consider the follow-
ing function.

1 n

—— [ a
i Jo “CeB 1

D, In(1 — 8vis (2, §) Fig (2)). (C.11)
Here contour C is given in Fig. C.1. Note that the same contour was used to prove
the formula (C.9) [43]. Counting the residues along the imaginary axis, we find

o, = _% Y e Mn(1 - 8vig (i1, &) Fig (). (C.12)

[=—00

Next, we change the contour in (C.11) from C to C’ + I't + I in Fig. C.1,
assuming that the integrand is analytic except for the real and imaginary axes, and
evaluate the contribution from each path. We find that the contribution from the
paths I} and I vanishes, and only the contribution from C’ remains, so that we
obtain

o0

@, =/ da)%lmln(l — 80ig (2, §) Fio (2)). (C.13)

—00
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Fig. C.1 Contour for
calculation of frequency sums I2 K I
on the complex plane

Using (C.2), (C.12), and (C.13), we find the expression which is written by the
quantities in the real axis.

o0 1 1
E@© =) [ do —ImIn(l = 8vi (2, §) Fig () + U (67 = £7(®). (C.14)

The equations (C.1), (C.14), (C.10), and (C.5) are identical with (3.82), (3.78),
(3.91), and (3.85) in the SSF, so that we have verified that the dynamical CPA in the
static approximation reduces to the SSF.



Appendix D
Expansion of D,; with Respect to Dynamical
Potential

The determinant D,,, in the harmonic approximation is defined by (3.165):
Dy = det[8m — (06 ()81—m,v + Bo (=)81-m, ) &o (M) ]- (D.1)
In this appendix, we derive an alternative expression of the determinant D,, which

is expanded with respect to the dynamical potentials vy (£V), i.e., (3.167).
The determinant D,,, has the following form.

I 0 0 - 0 ¢ 0 -
0 1 0 - 0 0 ¢ O
by 0 0 10 0 o1 0
O({biHci})=|0 b2 O 1 0 0 cui2
0 0 b 0 0 1 -
-0 0 1 0

(D.2)

Application of the Laplace expansion to the first column of Q yields the relation,
Q((biMei}) = QN — b1e1 @72 (D3)

Here QN0 (QN=2)isthe (N — 1) x (N — 1) (N —2) x (N — 2)) matrix with
the same structure as Q, assuming that Q is the N x N matrix. Repeating the same
expansions for Q=1 and O0WN=2 we find that Q is the function of {b;c;}. Thus
we have the relation

O({bi}ei}) = Q({bici H1Y). D.4)
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Thus we can consider Q ({b;}{1}) as follows.

1

o(tbi}{1y) =1 0

0

0
1

by

0
0

0
0

b3

0
0

O =

O =

S o = O

0 ...
1 0
0
0
1 -
0 1

D Expansion of D,,, with Respect to Dynamical Potential

(D.5)

We move the by row to the 2nd row, the b, row to the 3rd row, the by, row
to the 4th row, and so on. Next, we move the b, column to the 2nd column, the
byy41 column to the 3rd column, the b3, column to the 4th column, and so on.
We have then

0({bi}{1})
1 1 0
by 1 1
0 byyr 1 1
0 by 1 1 0
_10 0 1 1 0
0 0 b 1 1 0
0 0 0 byp 1 1
0 by O

(D.6)

Thus the determinant Q is given by the products of the sub-determinants

Applying the properties of the determinant Q to D, , we find that D, is written

by the product of tridiagonal matrices as follows.

Dva = DUU(O)DUU(I) tee Dvd(v - 1)’

1 1 0
@ vipo®) 1 1
Dy (k) = ko (V) 1 1
Aytko (V) 1
0 ay+ko (V)

(D.7)

(D.8)
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Here D, (k) is the determinant of the tridiagonal matrix consisting of the Green
functions with frequency remainder k for modulus v, and a,, (v) is defined by

no (V) = Vo (V) Vs (—V) 8o (1 — V)85 (). (D.9)

Here we used the notation v, (v) = v, (iw,) and g, (n) = g, (iwy,), for simplicity.
Note that according to the Laplace expansion theorem D, (k) is expressed by
the determinants of the sub-matrices as

Dyo (k) = D2 (v, k) D (—v, k) — are V)DLY (v, ) DD (—v, k), (D.10)

1 1 0
A(m+1)' +ko (1)) 1 1
A(m42)' +ko (v) 1 1

Dl(llg) (V/’ k) = Am+3y'+ke (V) 11

0
(D.11)
Furthermore the determinant D‘(f{,’) (£v, k) is expanded as follows.
o
DI (Ev.k) =D (=) (I )T (—1))" AL, . (D.12)
n=0
Here
A =1 D.13
Otvko — & ( . )
o -2 Li_1=2
A = Y > Y ko My ke (V) ) ko (0),
li=m+1bh=m+1 ly=m+1
(D.14)
and
Qg (V) =go(n —v)gs(n). (D.15)

To prove (D.12), let us consider the determinant of a finite matrix as follows.

1 1 0
Am+1)v+k 1 1
A(m+2)v+k 1 1
pmM) — Am+3p+k 11 . (D.16)
0
apmv+k 1
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By applying the Laplace expansion, we have the recursion relation as
DM — ptmM=b _ g\ DM (D.17)

In the same way, we obtain the following recursion relations in general.

pinm _ pmn=l) _ 4 pmn=2), (D.18)
pmm+l) _q _ A(mt1)v+k» (D.19)
ponm _ 1, (D.20)

Now, we start from the following identity.

M
DM =14 N (ptmh) — pimh=b), (D21)
li=m+1

Substituting (D.18) into (D.21), we obtain

pm-M) _q _ Z al|u+kD(mJl_2)- (D.22)
li=m+1

Repeating the same procedure for D172 we have

M h-2
DM — 1 Y a11v+k<1— > azzv+kD<mJ2—2>>, (D.23)

l1=m+1 bh=m+1
and finally we reach the following expansion.

-2 ly—1—2

D™ M)—1+Z( )" Z CY etk otk (D.24)

h=m+1 ly=m+1

Substituting a, = V5 (V)5 (—V)gs(n — v)gs(n) into (D.24) and taking the limit
M — o0, we obtain (D.12).

Substituting (D.12) for m = 0 and 1 into (D.10), we obtain an expression of
D, (k) which is expanded with respect to the dynamical potential as follows.

— 1 [ ~a ~0 - !
Duo k) =) % <W) BY (k). (D.25)
=0

Here

BOw =1, (D.26)
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27v\!
B (k l'< )
vo (k) = (=) ip

(0) (0) (0) A M (1)
|: lvk<7+ Z mvko l m—uko+akUAmvk0Al—1—m—vka):|' (D27)

m=0

From (D.7) and (D.25) we obtain the expansion form of D, as follows.

Zﬁ 41350(”)50(_”))](8;—\}) BY, (D.28)
=0
I v—1
Blg= Y m[]—[ (’“(k)} (D.29)
Sisple=1

Equation (D.28) is identical with (3.167); the coefficient 35{} is given by (D.29).



Appendix E
Linear Response Theory

We derive in this appendix the linear response formula (4.53) for the time dependent
perturbation [83], which was used in the calculation of the dynamical susceptibility
in Sect. 4.3.

1
AB(t):/ xpa(t —t')F(t')dr. (E.1)
—0o0

Here F(t) is a time-dependent external force, A B(¢) denotes the linear change of a
physical quantity (B), and xpa (r —t') is the linear response function.

Let us consider the ensemble in which each system was in the equilibrium state at
t = —oo and assume that it develops according to the Hamiltonian H of the system,
neglecting a small perturbation from the outside during the time development. The
average of a physical quantity B is then given by

(B) =Y pu(Wa(0)|BI¥(1)). (E.2)

Here py is the distribution in the equilibrium state at the beginning. The state ¥, ()
develops according to the Schrodinger equation.
The time-dependent average (E.2) is expressed as

(B) =tr(p(t)B). (E.3)

Here p(¢) is called the density matrix which is defined by

p(t) = |Wa (1)) pu(Wa (1)]. (E.4)

The time development of the density matrix operator p(t¢) is obtained from the
Schrodinger equation as follows.

dp(t) 1
— —[H. p]. ES5
7 ; h[ Pl (E.5)
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Assume now that the system is perturbed by a time-dependent force F'(¢), whose
interaction is given by

Hi(t) = —AF (). (E.6)

Here A is an operator of a physical quantity and the force F(¢) is assumed to be
F(—00) = 0. Accordingly we assumed that the Hamiltonian H consists of the orig-
inal Hamiltonian Hy and H;(¢): H = Hy + H;(¢). The density matrix is written by
the distribution in the equilibrium state py and the deviation Ap(t) as follows.

p (1) = po + Ap(1). (E.7)
With use of Ap(#) the change of physical quantity Bis given as
AB(1) = (B)(1) — (B)o = tr(Ap(1) B). (E.8)

Here (B)o denotes the thermal average of B in the equilibrium state which is deter-
mined by the Hamiltonian Hy.

The density matrix Ap(¢) is obtained from the equation of motion (E.5). By
making use of the relation [ Hyp, po] = 0 and linearizing the equation of motion with
respect to the perturbation, we obtain

dAp(t) 1 . 1
=~ LA I F@) + —[Ho, Ap(1)]. (E9)

Integrating the above equation from —oo to ¢ and solving the equation iteratively,
we find that

1 t ! ~ A
Ap(t) = —%/ dt' e o= & pole~m Hott=t VF(Y). (E.10)
—0o0

Here we used the following formula for any operators S and 7.

eSTe*5=T+[S,T]+%[S,[S,T]]+-~-. (E.11)

Substituting (E.10) into (E.8), we obtain the linear response formula.

t
AB(t):/ xga(t —1')F(i')dr'. (E.12)
—00
Here the linear response function xp4(¢) is given by a time correlation function at
equilibrium state as follows.

i

XBA(t) = ﬁ([éH(I), A)). (E.13)

Here we have omitted the suffix O in the average ( ) for simplicity promising that
the average is taken in the equilibrium state. Accordingly, we have redefined H by
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the Hamiltonian Hy in the equilibrium state. Bu (7) is the Heisenberg representation
of physical quantity B, i.e., By(t) = exp(i Ht/h) B exp(—i Ht/h). Equations (E.1)
and (E.13) are identical with (4.53) and (4.54) in Sect. 4.3.



Appendix F
Isothermal Molecular Dynamics and Canonical
Distribution

We adopted in Sect. 6.3 the isothermal molecular dynamics method [106], and
solved the following equations of motion (6.64), (6.65), and (6.66) for a given tem-
perature 7':

[ (E1)
MIM
L w®
Dia = 05 Na * Dias (F2)
.1 P )
o= — —= —NT ). E3
1 0 (Z HLM E3)

i

Here piwm, §&;, and p; denote the mass, the position vector, and the momentum for
a fictitious particle i, respectively. ¥ () is the potential energy between particles,
so that —oW (§)/0&;, denotes the force acting on the particle i. n, are the friction
variables, and Q is a constant. Moreover N is the number of particles of the system.
In this Appendix we will prove that the equations of motion (F.1), (F.2), and (F.3)
yield the canonical ensemble whose distribution in the {&, p} space is given by

f(& p)=Ce PHED) (F4)

Here B is the inverse temperature and C is a constant. H (&, p) is the Hamiltonian
for a classical system with the interaction potential ¥ (§).

2

HEp =Y 2w (F3)

2uLm

Let us consider the ensemble of the system described by (F.1), (F.2), and (F.3)
and introduce the probability distribution f (&, p, 5, ?) in the 6N 4 3 phase space.
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The latter satisfies the equation of continuity as follows.

o

—+—§(ff3)+—(fp)+—(fn) (F.6)
Alternatively,
df a. 9 9
P <E§+—P+£ﬂ>f (E7)

Substituting the equations of motion (F.1), (F.2), and (F.3) into (F.7), we find
df .
—=N . F.8
di (; 77(1) f (E.8)
On the other hand, we consider the extended Hamiltonian defined by

- 1
H(S,P,n)=H(£,p)+§;Qn§~ (E9)

Taking the derivative of H (&, p, n) with respect to r and making use of the equations
of motion (F.1), (F.2), and (F.3), we obtain

dH( )
% NT(Z na) (F.10)
From (F.8) and (F.10), we find the relation
df 1dH .
Solving the equation, we obtain
f& pomy=CePHEP, (F12)

Here = 1/T and C is a constant. Thus the distribution f(&, p) is given by the
canonical distribution as follows.

FE p) = f F&, pomydn = CePHED), (E13)

The ergodic theorem tells us that the average of a physical quantity A(&(¢), p())
is given by

1 [
A€ prepagar= im ~ [Tago.po)a @1

Thus we can calculate thermal average by taking the time average of the physical
quantity after we solve the equations of motion (F.1), (F.2), and (F.3). In the case of
magnetic moment (6.60), we obtain the thermal average from time average (6.63).



Appendix G
Recursion Method for Electronic Structure
Calculations

The recursion method allows us to calculate the Green function for the tight-binding
Hamiltonian without translational symmetry.
Let us assume that the Hamiltonian is given by

Hijj =¢idij +1ij(1 — 8ij). (G.1)

Here ¢; is the atomic level on site i and f;; is the transfer integral between sites i
and j. The Green function G;;(z) (= (G(z));;) is defined by

Gij() =[], (G.2)

Here (H);; = H;; denotes the Hamiltonian matrix.
Now, we make a unitary transformation of the Hamiltonian matrix H to a tridi-
agonal Hamiltonian matrix H’.

H' =U"HU = (u] Hu,). (G3)

Here U = (u;;) = (u1,u2,...,uy) is a unitary matrix such that U'U =1 (or
ulTuj = §;j). The unitary column vectors {u;} are defined by (u;); =u;; (i =
1,..., N). The Green function G'(z) = [(z — H/)_l],'j for the Hamiltonian H’ is
connected with the original Green function matrix G(z) as

u!G@u; =G (2). (G4

In particular, we have the following relation when i = j = 1 and the unit vector u
is chosen such that (z1); =1 and (#1),, =0 (m #i).

Gii(2) = G};(2). (G.5)

The Hamiltonian is tridiagonalized by the Lanczos method. There we produce
both the unitary vectors and the tridiagonal matrix elements with use of the recur-
sive relations. We choose the starting vector to be a unit vector, and produce a new
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orthogonal basis set {u;} successively with use of the following relations.

biuy = Huy — ajuq, (G.6)

buuny1 = Huy — apuy — by—qupy—1. (G.7)

The unit vector u,41 is obtained by normalization of the r.h.s. of (G.6) or (G.7).

The coefficients a, and b, are also successively obtained by using the orthogonality
u:.fuj = 5,’].

a, = uIlHu,,, (G.9)

by =un+1Hu,. (G.9)

Note that u}LHul =0 for !l > 2, ui_lHu,, =b* ., and u;Hun =0forl<n-—1

n—1°
and / > n + 1; thus the Hamiltonian Hi/j = uJH u is tridiagonalized as follows.

aq b1 0 ce 0
bY ay by 0O - 0
0 b; as b3 0
H = 0 ) ) ) . (G.10)
0 by, an-1 by

O O bT\’—] an

Choosing u; so that (u1); = 1 and (u1),, =0 (m # i), we can obtain the di-
agonal Green function G;;(z) via (G.5). The Green function G/, (z) is expressed by
using Cramer’s formula and Laplace’s expansion as G};(z) = D1/Do = 1/(z —a1 —
|b1|>D,/ D). Here Do = det(z — H'), D is the cofactor of (z — H')11, and D, is
the cofactor of (z — H')y; for the submatrix of Dj. Repeating the same procedure,
we find that the Green function Gj;;(z) is given by a continued fraction as follows.

1
Gii(0)=Gj;(x) = T (G.11)
1
Z—ay —
i—a b|?
—ay—
_ |bn—1|2
Uoz—ay—Th(2)

Here 7,(z) is a terminator at the n-th order recursion. The square-root terminator
with use of the asymptotic recursion coefficients a, and b, is usually applied.

T,,%Tooz%(z—am—\/(z—am)2—4|bo@|2>. (G.12)
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The projected density of states is obtained as
1
pi(@) =——ImGii (). (G.13)

In some cases, we need the off-diagonal Green function G;;(z). In this case
we start from the unit vectors u+ such that (u+); = 1/\/5, (w11); = :I:l/\/i,
and (u1+)m =0 (m #1, j). We have then the relation G;; + Gj; = uLGuHr —
uLGul_. When we start from the unit vectors vi+ such that (vi+); = 1/«/5,
(viy); = :ti/\/f, and (vi+)n =0 (m # i, j), we have the relation G;; — Gj; =
i(v'}l__le_ — vLGvH). Thus we obtain the off-diagonal Green function as

1
Gij(z) = =[G,(2) — G5y (2) —i(G33(2) — Gu(2))]. (G.14)
2

Here G, (z) = uLGuH, G)(2) = uLGul_, Gly(z) = v]T+Gv1+, and G/, (z) =
vT_le_. These diagonal Green functions are obtained by the recursion method as
presented above.

In the MD calculation, we need to obtain the following off-diagonal Green func-
tions to calculate the magnetic forces (see (6.70) and (6.71)).

Z(UXG)iLniLcr = Giryir) + GiLliLts (G.15)
o

Z(UyG)iLaiLn =i(Girtyiry, — GiLyiLt)- (G.16)
o

To obtain (G.15), we consider the unit vector 1+ such that (#14); 4 = 1/\/5,
(mi+)iL, = :I:l/\/i, and (u1+)jr'o =0 (j # i). Then we obtain G;r L) +
GiLjiLy = uLGupr — u}L_GuF. Each term of the r.h.s. is given by a contin-
ued fraction. In the case of (G.16), we consider the unit vector ui4 such that
(w11)iry = 1/V/2, (wi)iry = £i/v/2, and (u12) je =0 (j #i). We then obtain
i(GiLpir) — GiLyiry) = uLGuH —u, Guj_.



Appendix H
An Integral in the RKKY Interaction

When we calculate the RKKY interaction in the free electron model, we employ the
formula (7.32) for the integral (7.31) in Sect. 7.1. We derive in this appendix the
formula (7.32):

I(R) = —(—2kR cos 2kg R + sin 2kg R). (H.1)
ke R

The integral I (R) is defined by

I(R) :/ dq qF(—)e’qR. (H2)
PSS 2kp
Here the function F'(x) is given by (7.27):
1—x2 |14x
F(x)=1+ In . (H.3)
1 —x
Note that F'(x) is an even function, F(0) =2, and F (x) — 2/3x2 (x = 00).
By integration by parts, we can rewrite the integral (H.2) as follows.
1 > d 2kr)F(q/2k .
I(R):—_—/ dg [(q/2ke) F(q/2kp)] iqr (H.4)
iR J_ d(q/2kg)

Here d[x F(x)]/dx =2 —xIn|1+x]|/|]1 — x|. Making use of the integration by parts
again, we obtain

1 o0 2k 4k .
I(R):—Z/ dq (m' F+q‘+ > i )e“lR. (H.5)
2keR? | o 2kp—q|  4kE—q?

The first term at the r.h.s. of (H.5) is expressed by integration by parts as

o 2kp+q| 4kpi [ eldR
/ dq ln‘ ET9 gk _ TEFL 49— (H.6)
oo 2kr —q R J_o 4kF — q2
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Fig. H.1 Contour on the
complex plane to calculate
the integrals (H.8) and (H.11) Cs
A
C1 C2
-2KF 2kF

Thus we obtain

9 [oo ciqR 9 [oo ge'dR
IR =— | dg— 2 ag 2 H7
®) iR3/,oo T4 RZ/W T —al 7

Let us calculate the first term at the r.h.s. of (H.7):

A /OO PP (H.8)
= q————. .
oo g2 — 4k}

In order to calculate the integral A, we consider the following integral along the
contour on the complex plane as shown in Fig. H.1, which vanishes according to the
Cauchy theorem.

eiqR
Ci+Cr+C3 qc — 4kF

Here the integral along C; (C») is obtained as (i /4kg) exp(—i2kpR) ((—im /4kE) X
exp(—i2kgR)). The integral along C3 is proven to vanish. Thus we obtain

0. (H.9)

7 sin2kg R

= e (H.10)
In the same way, we obtain
00 geldR .
/_OodqmzmcoskaR. (H.11)
From (H.7), (H.10), and (H.11), we obtain
I(R) = k;% (—2kpR cos2kpR + sin2kgR), (H.12)

which is identical with (H.1), i.e., (7.32) in Sect. 7.1.
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