Structure-Property
Relationships in
Non-Linear Optical
Crystals I

The IR Region



145
Structure and Bonding

Series Editor: D. M. P. Mingos

Editorial Board:

F. A. Armstrong .- P. Day - X. Duan - L. H. Gade
K. R. Poeppelmeier - G. Parkin - J.-P. Sauvage -
M. Takano

For further volumes:
http://www.springer.com/series/430



Structure and Bonding
Series Editor: D. M. P. Mingos

Recently Published and Forthcoming Volumes

Structure-Property Relationships in
Non-Linear Optical Crystals II

Volume Editors: Xin-Tao Wu, Ling Chen
Vol. 145, 2012

Structure-Property Relationships in
Non-Linear Optical Crystals I

Volume Editors: Xin-Tao Wu, Ling Chen
Vol. 144, 2012

Molecular Electronic Structures of
Transition Metal Complexes II

Volume Editors: D. M. P. Mingos, Peter Day,
Jens Peder Dahl

Vol. 143, 2012

Molecular Electronic Structures of
Transition Metal Complexes I

Volume Editors: D. M. P. Mingos, Peter Day,
Jens Peder Dahl

Vol. 142, 2012

Fuel Cells and Hydrogen Storage
Volume Editors: Andrew Bocarsly,
D. M. P. Mingos

Vol. 141, 2011

Zintl Ions

Principles and Recent Developments
Volume Editor: Thomas F. Fissler
Vol. 140, 2011

Zintl Phases

Principles and Recent Developments
Volume Editor: Thomas F. Fiassler
Vol. 139, 2011

Inorganic 3D Structures
Volume Editor: Angel Vegas
Vol. 138, 2011

Molecular Catalysis of Rare-Earth Elements

Volume Editor: Peter W. Roesky
Vol. 137, 2010

Metal-Metal Bonding
Volume Editor: Gerard Parkin
Vol. 136, 2010

Functional Phthalocyanine Molecular
Materials

Volume Editor: Jianzhuang Jiang

Vol. 135, 2010

Data Mining in Crystallography
Volume Editors: Hofmann, D. W. M.,
Kuleshova, L. N.

Vol. 134, 2010

Controlled Assembly and Modification
of Inorganic Systems

Volume Editor: Wu, X.- T.

Vol. 133, 2009

Molecular Networks
Volume Editor: Hosseini, M. W.
Vol. 132, 2009

Molecular Thermodynamics
of Complex Systems

Volume Editors: Lu, X., Hu, Y.
Vol. 131, 2009

Contemporary Metal Boron Chemistry I
Volume Editors: Marder, T. B., Lin, Z.
Vol. 130, 2008

Recognition of Anions
Volume Editor: Vilar, R.
Vol. 129, 2008

Liquid Crystalline Functional Assemblies
and Their Supramolecular Structures
Volume Editor: Kato, T.

Vol. 128, 2008

Organometallic and Coordination
Chemistry of the Actinides

Volume Editor: Albrecht-Schmitt, T. E.
Vol. 127, 2008

Halogen Bonding

Fundamentals and Applications

Volume Editors: Metrangolo, P., Resnati, G.
Vol. 126, 2008



Structure-Property
Relationships in Non-Linear
Optical Crystals 11

The IR Region

Volume Editors:
Xin-Tao Wu - Ling Chen

With contributions by

G.-C. Guo - S.-P. Guo - X.-M. Jiang - C.-Y. Tu - K.-C. Wu .
L.-M. Wu . X.-T. Wu - H.-Y. Zeng - M.-J. Zhang -
H.-J. Zhao

@ Springer



Editors
Xin-Tao Wu
Ling Chen

Fujian Institute of Research on the

Structure of Matter (FJIRSM)
Chinese Academy of Sciences
Fuzhou, Fujian

China
ISSN 0081-5993 ISSN 1616-8550 (electronic)
ISBN 978-3-642-29620-8 ISBN 978-3-642-29621-5 (eBook)

DOI 10.1007/978-3-642-29621-5
Springer Heidelberg New York Dordrecht London

Library of Congress Control Number: 2012938650

© Springer-Verlag Berlin Heidelberg 2012

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the
material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection
with reviews or scholarly analysis or material supplied specifically for the purpose of being entered and
executed on a computer system, for exclusive use by the purchaser of the work. Duplication of this
publication or parts thereof is permitted only under the provisions of the Copyright Law of the Publisher’s
location, in its current version, and permission for use must always be obtained from Springer. Permissions
for use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable to
prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply , even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of publication,
neither the authors nor the editors nor the publisher can accept any legal responsibility for any errors or
omissions that may be made. The publisher makes no warranty, express or implied, with respect to the
material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Series Editor
Prof. D. Michael P. Mingos

Inorganic Chemistry Laboratory

Oxford University

South Parks Road

Oxford OX1 3QR, UK

michael . mingos@st-edmund-hall.oxford.ac.uk

Volume Editors

Xin-Tao Wu
Ling Chen

Fujian Institute of Research on the
Structure of Matter (FJIRSM)

Chinese Academy of Sciences

Fuzhou, Fujian

China

Editorial Board

Prof. Fraser Andrew Armstrong

Department of Chemistry
Oxford University
Oxford OX1 3QR

UK

Prof. Peter Day

Director and Fullerian Professor

of Chemistry

The Royal Institution of Great Britain
21 Albermarle Street

London W1X 4BS, UK
pday@ri.ac.uk

Prof. Xue Duan

Director

State Key Laboratory

of Chemical Resource Engineering

Beijing University of Chemical Technology
15 Bei San Huan Dong Lu

Beijing 100029, P.R. China

duanx@mail .buct.edu.cn

Prof. Lutz H. Gade

Anorganisch-Chemisches Institut
Universitdt Heidelberg

Im Neuenheimer Feld 270
69120 Heidelberg, Germany
lutz.gade@uni-hd.de



vi

Prof. Dr. Kenneth R. Poeppelmeier

Department of Chemistry
Northwestern University
2145 Sheridan Road
Evanston, IL 60208-3133
USA
krp@northwestern.edu

Prof. Gerard Parkin

Department of Chemistry (Box 3115)
Columbia University

3000 Broadway

New York, New York 10027, USA
parkin@columbia.edu

Editorial Board

Prof. Jean-Pierre Sauvage

Faculté de Chimie

Laboratoires de Chimie
Organo-Minérale

Université Louis Pasteur

4, rue Blaise Pascal

67070 Strasbourg Cedex, France
sauvage@chimie.u-strasbg.fr

Prof. Mikio Takano

Institute for Integrated Cell-Material
Sciences (iCeMS)

Kyoto University

Yoshida Ushinomiya-cho

Sakyo-ku

Kyoto 606-8501

Japan



Structure and Bonding
Also Available Electronically

Structure and Bonding is included in Springer’s eBook package Chemistry and
Materials Science. If a library does not opt for the whole package the book series
may be bought on a subscription basis. Also, all back volumes are available
electronically.

For all customers who have a standing order to the print version of Structure and
Bonding, we offer the electronic version via SpringerLink free of charge.

If you do not have access, you can still view the table of contents of each volume
and the abstract of each article by going to the SpringerLink homepage, clicking on
“Chemistry and Materials Science,” under Subject Collection, then “Book Series,”
under Content Type and finally by selecting Structure and Bonding.

You will find information about the

Editorial Board

— Aims and Scope
Instructions for Authors
Sample Contribution

at springer.com using the search function by typing in Structure and Bonding.

Color figures are published in full color in the electronic version on SpringerLink.

Aims and Scope

The series Structure and Bonding publishes critical reviews on topics of research
concerned with chemical structure and bonding. The scope of the series spans the
entire Periodic Table and addresses structure and bonding issues associated with all
of the elements. It also focuses attention on new and developing areas of modern
structural and theoretical chemistry such as nanostructures, molecular electronics,
designed molecular solids, surfaces, metal clusters and supramolecular structures.
Physical and spectroscopic techniques used to determine, examine and model struc-
tures fall within the purview of Structure and Bonding to the extent that the focus



viii Structure and Bonding Also Available Electronically

is on the scientific results obtained and not on specialist information concerning the
techniques themselves. Issues associated with the development of bonding models
and generalizations that illuminate the reactivity pathways and rates of chemical
processes are also relevant.

The individual volumes in the series are thematic. The goal of each volume is to give
the reader, whether at a university or in industry, a comprehensive overview of an area
where new insights are emerging that are of interest to a larger scientific audience.
Thus each review within the volume critically surveys one aspect of that topic and
places it within the context of the volume as a whole. The most significant develop-
ments of the last 5 to 10 years should be presented using selected examples to illustrate
the principles discussed. A description of the physical basis of the experimental
techniques that have been used to provide the primary data may also be appropriate,
if it has not been covered in detail elsewhere. The coverage need not be exhaustive in
data, but should rather be conceptual, concentrating on the new principles being
developed that will allow the reader, who is not a specialist in the area covered, to
understand the data presented. Discussion of possible future research directions in the
area is welcomed.

Review articles for the individual volumes are invited by the volume editors.

In references Structure and Bonding is abbreviated Struct Bond and is cited as a
journal.

Impact Factor in 2010: 4.659; Section “Chemistry, Inorganic & Nuclear”:
Rank 4 of 43; Section “Chemistry, Physical”: Rank 25 of 127



In memory of the 100th birthday of Prof. Jia-Xi Lu
(1915-2015)

Dedicated to Fujian Institute of Research on the
Structure of Matter, Chinese Academy of Sciences, on
the occasion of its 55th anniversary (1960-2015)

ix






Preface

Nonlinear optics (NLO) is a branch of optics which describes the behavior of light
in nonlinear media, that is, media in which the dielectric polarization P responds
nonlinearly to the electric field E of the light. This nonlinearity is generally only
observed at very high light intensities such as those provided by pulsed lasers. The
discovery of lasers in the 1960s revolutionized the study of nonlinear optical
materials. Nonlinear optics gives rise to a host of optical phenomena based on the
frequency mixing processes such as second, third, and higher harmonic generation,
sum and difference frequency generation, optical parametric amplification, oscilla-
tion and generation, and optical rectification. Nonlinear optics is now a multidisci-
plinary field of study, which incorporates not only fundamental studies on the
theoretical basis of the phenomenon, but also the fabrication of nonlinear optical
devices and the discovery of new nonlinear optical crystalline materials. New
crystalline materials are of great importance to the development of the field of
nonlinear optics, especially since the continuous discovery of novel, effective, high
quality of nonlinear optical crystals provides great opportunities for the develop-
ment of nonlinear devices, which promote the wide application of laser frequency
conversion techniques in many fields, such as laser communication, laser medical
treatment, laser nuclear fusion, laser distance measurement, and fundamental
spectroscopic research.

In 1960, the founder of Fujian Institute of Research on the Structure of Matter,
Chinese Academy of Sciences (FJIRSM), Prof. Jia-Xi Lu, initiated and motivated a
comprehensive research base in China specializing in structural chemistry and new
crystalline materials. After more than 50 years of untiring efforts, the Institute
remains devoted to this area of fundamental research and the development
manufacturing and marketing of a wide range of nonlinear optical crystals. CAS-
TECH, the company founded by FJIRSM in 1988, has become the leading supplier
for LBO, BBO, and numerous other nonlinear optical crystals in the world.

We have organized two volumes to summarize some of the recent progress
focusing on structure—property relationships in nonlinear optical crystals. Volume
145 is devoted to the IR region with four review-type chapters that were written
by five of our faculty members who are the leading scientists in their field.

xi



Xii Preface

Prof. G.-C. Guo reviews the crystal growth of large crystals and new mid-infrared
second-order NLO pnictide, chalcogenide, and halide materials. Prof. K.-C. Wu
discusses the simulation and design of IR second-order NLO metal cluster
compounds, Prof. C.-Y. Tu describes the recent development of stimulated
Raman scattering (SRS) and SRS self-frequency conversion laser crystals, and
Profs. L.-M. Wu and X.-T. Wu review the exploration of new second-order NLO
compounds containing main group elements.
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Large Crystal Growth and New Crystal
Exploration of Mid-Infrared Second-Order
Nonlinear Optical Materials

Xiao-Ming Jiang, Sheng-Ping Guo, Hui-Yi Zeng, Ming-Jian Zhang,
and Guo-Cong Guo

Abstract Mid-IR second-order NLO crystal is indispensable in the frequency
conversion applications in the mid-IR region. Compared with DUV and UV/Vis/
near-IR NLO crystals, practical mid-IR NLO crystals are relatively rare, and many
of them are still at the stage of laboratory research. This chapter reviews the recent
progress on the mid-IR NLO crystals, which mainly includes growing the classical
mid-IR NLO crystals into large high-quality ones or into quasi-phase-matching
structures that are suitable for the laser devices by various growth methods and
exploring new potential mid-IR NLO crystals by introducing new design and
synthesis strategies. Recent mid-IR NLO crystals can be divided into four
categories, i.e., classical binary and ternary metal pnictides and chalcogenides,
quaternary metal chalcogenides, binary and ternary metal halides, and different-
bond-type hybrid compounds that contain at least two types of obviously different
chemical bonds in the crystal structures. Metal pnictides and chalcogenides have
got much attention on growing large crystals. Different-bond-type hybrid is a new
family of mid-IR NLO materials, and many of them were found in the last decade.
In metal halide system, both progress in growing large crystals and discovering new
ones have been made.

Keywords Chalcogenide - Halide - Large crystal - Mid-infrared - Nonlinear
optical - Pnictide
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Abbreviations

BS Bridgman—Stockbarger

BTPs Bicapped trigonal prisms
DUV Deep ultraviolet

HRGC  RbGeCl;-x(H,0)

KDP KH,PO,

KTP KTiOPO4

LIDT Laser-induced damage threshold
Mid-IR  Mid-infrared

NCS Noncentrosymmetric

NLO Nonlinear optical

QPM Quasi-phase-matching

SHG Second-harmonic generation
Vis Visible

7ZGP 7ZnGeP,
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Introduction

It is well known that laser plays a very important role in the modern society; too
many applications of laser in industry, medicine, military, and scientific research
such as spectroscopy, microscopy, photochemistry, material processing, nuclear
fusion, and so on, have come true [1, 2]. In order to extend laser frequency ranges,
the important method, frequency conversion is often used, in which an efficient and
stable frequency-shifting device, nonlinear optical (NLO) crystal is indispensable

(3]

.Generally, we always refer to NLO crystals to the second-order NLO crystals
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if no other instructions are provided, and it is like that in this chapter. Only
crystallographically noncentrosymmetric (NCS) compounds can have second-
order NLO performance according to the Neumann principle. A good NLO crystal
should possess some necessary attributes for second-harmonic generation (SHG)
applications, for example, large nonlinear coefficient, wideband spectral transpar-
ency, low absorption loss at convenient pump-laser wavelengths, high laser-damage
threshold, reasonable chemical stability, good mechanical robustness, high thermal
conductivity, low thermal index change, and birefringently phase-matched over an
appropriate wavelength regime [4, 5]. Up to now, lots of practical NLO crystals have
been found and applied in deep ultraviolet (DUV, <300 nm) and ultraviolet/visible/
near-infrared (UV/Vis/near-IR, 0.3-3 um) region (Table 1), but they cannot be used
in mid-infrared region especially two atmospheric transparent windows, 3—5 and
8—14 pm, due to strong absorption result from their oxygen content [6—8, 16]. In this
chapter, mid-IR NLO crystals only refer to those inorganic crystals without oxygen
content.

Up to now, practical mid-IR NLO crystals are relatively rare [27-29], and many
of them are still at the stage of laboratory research when compared with DUV and
UV/Vis/near-IR NLO crystals. To find new NLO materials with wide transparency
range in IR region, high damage resistance to the incident laser beam and good
chemical stability to the moisture and oxygen are still the charming and challenging
subjects in this field.

During the last decade, mainly two types of work on the mid-IR NLO crystals have
been done by our and other groups. One type is growing the so-called classical mid-IR
NLO crystals, which will be described in detail afterward, into large high-quality ones
that are suitable for the laser devices, mainly by the Bridgman—Stockbarger (BS)
growth method [30, 31] and MBE growth method [32] that is used to introduce quasi-
phase-matching (QPM) structures for optical isotropic crystals [33—35]. The classical
mid-IR NLO crystals [36, 37] in this chapter refer to those having a relative long
history than others, which mainly include binary (II, III)-VI- and III-V-type

Table 1 Practical DUV (<300 nm) and UV/Vis/near-IR (0.3-3 um) NLO crystals

DUV NLO crystals UV/Vis/near-IR NLO crystals

KBBF family: KBe,BO;F,(KBBF) [6], Borates: B-BaB,04(BBO) [9], LiB305(LBO)
RbBe,BO;F,(RBBF) [7], [10], CsB305(CBO) [11],
BaAIBOsF,(BABF) [8] CsLiBOo(CLBO) [12],

La,CaB,0;6(LCB) [13],
Na3La903(BO3)g(NLBO) [14],
Bi,ZnOB,04(BZB) [15]

SBBO family [16]: Sr,Be,B,0,(SBBO), Phosphates [17]: KH,PO4(KDP),
Ba,Be,B,0,(TBO), BaAl,B,0,(BABO), NH,4H,PO,(ADP), KD,PO4(DKDP),
K,Al,B,0,(KABO) KTiOPO4(KTP) [18]

Borophosphates [19]: B-Zn;BPO+(ZBP), Niobates: LiNbO3(LN) [21], MgO:

Mg, Zn;_,BPO;(MZBP), BaBPO5(BBP), LiNbO5;(MgLN) [22], KNbO;(KN) [23]
SrBPOs(SBP), BPO, [20]
Borates: YAl3(BO3), (YAB) [24], etc. Other oxysalts: KTiOAsO4(KTA) [25], a-LilO;

[26], etc.




4 X.-M. Jiang et al.

semiconductor compounds (GaSe, GaAs, etc.), ternary [I-IV-V,- and I-I1I-VI,-type
chalcopyrite-structure compounds (AgGaS,, ZnGeP,, etc.), and some other ternary
metal chalcogenides (BaGasS;, BaGa,sSe;, etc.). Quaternary diamond-like metal
chalcogenides (AgGaGeS,, AgGaGesSe;,, etc.) included in quaternary metal
chalcogenides system and binary and ternary metal halides (HgBr,, BaMgF,, etc.)
have entered the stage of growing large crystals and should also belong to the classical
mid-IR NLO crystals, although a few new mid-IR NLO crystals are still found in the
systems recently. Hydrothermal, aqueous, and Czochralski growth methods [38] are
used to grow large mid-IR NLO metal halides. Although classical mid-IR NLO
crystals posses many advantages, many of them have some shortcomings more or
less, which hamper their wide applications. For example, GaSe has wide transparency
range, high SHG efficiency, large birefringence, and high thermal conductivity but is
highly cleavable and notoriously difficult to cut and polish [36].

The other type of work is discovering new crystals and new systems with good
mid-IR NLO performances, like alkali-metal-based quaternary chalcogenides
[AoHgzsM,Ss (A =K, Rb; M = Ge, Sn)] [39] and other quaternary metal
chalcogenides (ZnYSi,S14, AlkDy3(Siy Al _y)S7, Alg33Sm3SiSs, etc.) [40]. Some
novel design and synthesis strategies are adopted to discover new mid-IR NLO
crystals, for example, Kanatzidis’s group adopted alkali metal polychalcogenide
flux method [41] to synthesize metal thiotellurites [AAg,TeSg (A = Rb, Cs)] [42]
and chalcopnictates (AZrPSeq (A = K, Rb, Cs), etc.) [43]. Halasyamani’s group
discovered that thioborate system combining the favorable transparency and non-
linearity of sulfur-based NLO materials and the high damage thresholds of borates
are a new class of mid-IR NLO materials, such as Zn,Ba,B,Ss,, (x = 0.2) [44].
Another special strategy of introducing polar polyanions and polycations in one
compound simultaneously is first proposed by our group to design and synthesize
mid-IR NLO crystals via supramolecular chemistry and crystal engineering
methods, like metal pnictidohalides and chalcohalides [(HgeP3)(In,Clo), (HggAsy)
(Bi3Cly3), etc.] [45]. These metal thiotellurites, chalcopnictates, thioborates,
pnictidohalides, and chalcohalides have a common feature that they possess two
obviously different types of bonds simultaneously in one compound; we call them
different-bond-type hybrid compounds and will give a detailed description in the
relevant chapter.

The reported main mid-IR NLO material systems and relevant crystals are listed
in Table 2. Their achievements, which have been made in the past decade, will be
reviewed in detail in the rest chapters. For the classical mid-IR NLO crystals, we
will focus on the improving methods used to overcome some drawbacks which
hamper their wide applications and growth techniques adopted to grow them into
large high-quality crystals or QPM structures. For the discovered new potential
mid-IR NLO crystals, mainly their crystal structures and mid-IR NLO properties,
such as optical transparent region, SHG efficiency, laser-damage threshold, and so
on, will get our attention.
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Table 2 Practical and potential mid-IR NLO crystals

Classical binary and ternary Binary (II, IIT)-VI

metal pnictides and and III-V
chalcogenides semiconductors
II-IV-V2 and
I-1I-VI2
chalcopyrites

Other ternary metal

chalcogenides
Quaternary metal Quaternary diamond-
chalcogenides like metal
chalcogenides

Quaternary alkali-
metal-based
chalcogenides

GaSe, GaAs, CdSe, HgS, and their doping
materials [36, 37]

AgGaX, (X = S, Se, Te), AgInX, (X =S,
Se), LIMX, M = Al, Ga,In; X = S,
Se, Te), CuMX, M = Al, Ga; X = S,
Se), CulnS,, ZnMP, (M = Si, Ge),
CdSiX, (X = P, As [46]), CdGeAs.,,
and their mixing materials [36, 37]

BaGasX; (X = S, Se) [47, 48], AgzQS;
(Q = As, Sb) [36, 37], HgGa,S, [49],
CdHg; Ga,S, [50], ZnIn,Te, [51],
Pb,GeS(e),4 [52]

AgGaGe,S(€)(,+1) [53], LinGa,GeS¢ [54],
Li,CdGeS,, Li,CdSnS, [55]

a- and B-AzHg3M288 (A = K, Rb,
M = Ge, Sn) [39], Na0A5Pb1‘75GeS4
[56]

Other quaternary metal ZnYSizS;4, Alg s0Dy3(Sig s0Alp 50)S7,

semiconductors

Binary and ternary metal halides

Different-bond-type hybrid Metal thiotellurites,
compounds chalcopnictates,
and thioborates

Metal pnictidohalides
and chalcohalides

Al 33Dy3(Sig.85Al0.15)S7, and
A10A33Sm3SiS7 [40], La3CuGeSe7 [57],
B-LaGaS; [58]

HgBr, [59], SbF; [60], TI,MX,,» (n = 3,
4; M = Pb, Hg; X = halogen) [61],
BaMF, (M = Mg, Mn, Co, Ni, and Zn)
[62],SrAlF;5 [38], ABX; (A = alkali
metal; B = Ge, Cd, Hg; X = halogen)
[63], CsGe(Br,Cl;_4); [64], Cs,Hgslg
[65], NaSb;Fq [66], Na,SbFs [67],
NaLaF, [68]

RbAg,TeS¢ and CsAg,TeSq [42];
TI;AsSe; [69]; LiAsS, and
Lig¢Nag 4AsS; [70]; B-LiAsSe,,
B-Lio »Nag gAsSes, y-Lig,Nag gAsSe,,
and y-NaAsSe, [71]; K3Ta,AsS;; and
Rb3TazASS“ [72], KszSCG [73],
APSeq (A = K, Rb) [74]; CssP5Se |,
[75]; AZrPSes (A = K, Rb, Cs) [43];
CssBiP4Seq, [76]; Cs,CuP5So [771];
CUIHP256 [78]’ Zl’leaszs5+x
(x = 0.2) [44]

(HgeP3)(InyClo) and (HggAs,)(BizCl;3)
[45], (K3D[SmB2(GaS4)5] [79],
[SbySgBr2](AIClL); [80],
LaCa,GeS,Cl; [81]
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2 Classical Binary and Ternary Metal Pnictides
and Chalcogenides

Generally, compound semiconductors are promising materials for mid-IR NLO
devices because of their many advantages such as broad transparency range, large
optical nonlinearity and large birefringence which make their phase-matching
conditions exist for a variety of NLO interactions within the medium. (II, III)-VI
and III-V semiconductors and I[I-IV-V, and I-III-VI, chalcopyrites are now the
main applied mid-IR NLO crystals in commerce and laboratory, for example, a
novel and promising terahertz source based on collinear phase-matched difference
frequency generation (DFG) has been achieved in a GaSe crystal [82]. A 4.5-10.7-
mm broadband mid-IR continuum was produced by optical parametric generation
in orientation-patterned GaAs [83], and CdSiP, is employed in a nanosecond, 90°-
phase-matched, singly resonant optical parametric oscillator pumped at 1,064 nm to
produce idler pulses near 6.2 pm with an energy as high as 470 pJ at 10 Hz [84].

Although such type of crystals posses many mid-IR NLO advantages, many of
them also have some shortcomings. Recently, mainly two approaches were devel-
oped to avoid the drawbacks in specific applications including the manufacturing
of QPM orientation-patterned structures with highly nonlinear but isotropic
semiconductors and the doping or mixing of nonlinear crystals to produce more
complex ternary compounds or quaternary compounds with excellent NLO
properties. In order to meet the need of laser device fabrication, some improving
growth techniques are adopted to grow high-purity and high-quality large crystals
of them.

2.1 Binary (11, II)-VI and I1I-V Compounds

Among the binary (II, IIT)-VI and III-V semiconductor mid-IR NLO crystals, like
GaSe, CdSe, HgS, and GaAs, only GaSe and GaAs have attracted steady attention
from many researchers and developers.

GaSe [85] is one of the most promising materials for conversion of optical
frequencies in the infrared and terahertz spectral regions due to its extreme trans-
parency range (0.65—-18 pm), high SHG efficiency (d,, (10.6 pm) = 54 pm/V),
large birefringence (An ~ 0.35 at 1 pm), and high thermal conductivity of
16.2 W/mK [36]. The crystal structure of GaSe is formed by a system of hexagonal
layers of Ga and Se atoms. One atomic layer consists of two monatomic sheets of
Ga sandwiched between two monatomic sheets of Se. The strong intralayer cova-
lent interaction and weak van der Waals forces between the layers make GaSe a
quasi-two-dimensional, highly anisotropic material, but highly cleavable along the
planes parallel to the atomic layers and notoriously difficult to cut and polish, which
is a fundamental requisite of any practical NLO material.
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Doping with Group III and Group VI elements [§6—88], both in the cation and
anion sublattices, and even doping with AgGaS, and AgGaSe, [89], were applied to
improve the optical and mechanical properties of GaSe, but degradation of some
other properties may also exist after doping.

The GaSe crystals doped with indium show a strengthening of the mechanical
properties and can be cut and polished in crystallographic direction selected
according to phase-matching conditions for interacting light waves and possess
better nonlinear properties when compared with pure GaSe [90]. The microhardness
and optical absorption do not vary linearly with indium concentration but exhibit an
overall increase with increasing indium with a minimum absorption coefficient at In
content as 0.5 wt% [91]. The optical quality of GaSe crystals is rapidly degraded on
In doping, and GaSe:In crystals become non-useful in nonlinear devices at In content
of >3 wt%; an optimal doping level for the GaSe:In crystals is estimated to be
between 0.5 and 1 wt% of In content. Variations of In doping over the crystal volume
do not disturb phase-matching conditions, and GaSe:In crystals show low sensitivity
to phase-matching angle tuning with temperature [92]. Doping with aluminum (2 wt
%) results in its highest hardness, but even at relatively low doping levels, a
degradation in optical quality of the crystal is found, and the long-wavelength cutoff
decreases by 1 pm because of the incorporation of light element [93]. The tellurium
doping weakly influences the mechanical properties but shifts transmission range to
longer wavelength side and increases the absorption coefficient. In the case of
doping with erbium, the SHG efficiency of 0.5 at% erbium-doped GaSe crystal
was found to be 55.3 pm/V or 24% higher than that of a pure GaSe crystal. The
improvement of SHG efficiency is attributed to the substitutive and interstitial
doping of Er ion in GaSe unit cell [94].

With sulfur doping (0.01 ~ 3 wt%), the transparency range shifted toward shorter
wavelength side by 0.02 um, and micro hardness increases up to 17 kg/mm?, and it is
found that nonzero effective nonlinearity of GaSe crystal doped with sulfur is 1.5
times better than indium-doped GaSe crystal [93], and SHG efficiency in
GaSe( 015009 1s 2.4 times of pure GaSe [95].

For the compounds doping, the GaSe:S crystal grown from the melt GaSe:
AgGaS, (10.6 wt%) is identified as the GaSe:S (2 wt%) crystal with almost the
same optical quality compared to that in GaSe:S (2 wt%) grown by the conventional
technique. Both GaSe:S (2 wt%) crystals are characterized by the almost identical
transparency curve and SHG phase-matching diagram that are shifted to short-
wavelength range in comparison with pure GaSe. Eleven percent lower second-
order nonlinear susceptibility coefficient d,, of these doped crystals was measured
as compared to that in pure GaSe. Nevertheless, both of them possess higher
efficiency in SHG than that in pure GaSe due to a higher optical quality and damage
threshold, modified phase-matching conditions, and other physical properties.
GaSe:S crystals possess the best set of physical properties for the frequency
conversion within mid-IR among doped GaSe crystals at 2-3 wt% sulfur doping.
In addition, GaSe:S (2 wt%) crystals grown from the melt GaSe:AgGaS, can be cut
and polished at arbitrary direction because of its good hardness property, which can
find many important applications for outdoor experiments [89]. For GaSe doped
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with the 10.4 wt% AgGaSe, compound, the nonlinear coefficient rises to the
highest reported value of 75 pm/V among doped GaSe crystals [90].

It seems that the doping result of GaSe:S crystals is better than those of GaSe
crystals doped with other elements, and GaSe:S crystals grown from compounds-
doping melts may have better NLO properties than direct sulfur-doping method.

III-V-type compounds, especially GaAs, posses a face-centered cubic crystal
lattice whose symmetry is characterized by the cubic crystal system, class -43m.
GaAs has excellent potential as a mid-IR nonlinear optical material because of its
large nonlinear susceptibility (dz = 170 pm/V), broad transparency range
(0.9-18 pm), low optical absorption, high thermal conductivity (52 W/mK), high
laser-damage threshold, and well-developed material technology [36]. But it has a
phase-matching problem, arising from the optical isotropy of its zinc-blende-type
crystal structure, which can be solved by introducing a QPM structure. The QPM
structure contains periodic inversion of the crystal orientation which is used to
induce a periodic reversal of the sigh of the NLO coefficient. Because GaAs is not
ferroelectric, a scheme, which is different from that for lithium niobate, using a
combination of lithographic patterning and electric field poling to produce domains
of alternating polarity [96], must be implemented to produce the patterned
structures for QPM. So far, some efforts to fabricate QPM structures for GaAs
have been reported [97-99].

Several quasi-phase-matched diffusion-bonded GaAs stacks with as many as 53
plates for frequency doubling of a CO, pulsed laser were fabricated, and SHG of a
pulsed laser yielded up to 24% peak power efficiency at 20 MW/cm? for the longest
stack [97]. Recently, An all-epitaxial technique was developed for preparing
orientation-patterned GaAs templates by MBE growth of GaAs/Ge/GaAs, and
lithography and etching were used to define the periodic pattern on a template
[98, 99].

2.2 II-1IV-V, and I-III-VI, Chalcopyrites

The II-IV-V, group like ZnGeP, and CdSiP, can be derived from the III-V
compounds like GaP by ordered substitution of elements from the periodic table
which maintains the valence electron count per crystallographic site constant at four
on the group III site. Closest to the II-IV—V, group are the I-III-VI, group like
AgGaS,; and LilnS, which derive from the II-VI zinc-blende compounds like CdS
in exactly the same way as the II-IV-V, compounds derive from the III-V
compounds. This ordering results in not only a doubling of the unit cell along the
c-axis and the structure becoming tetragonal from cubic but also the properties of
the materials becoming different along directions parallel and perpendicular to the
c-axis and leading to their birefringence. Some II-IV-V, and I-III-VI, chalcopy-
rite compounds show very large SHG efficiency, which has been suggested as being
associated with the distortion of the two types of metal tetrahedral coordinations in
the compounds [100-103].
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Many of II-IV-V, and I-III-VI, chalcopyrites have been found to be promising
mid-IR NLO materials in the past due to their unique properties like large SHG
efficiency, wide transparency region, and large enough birefringence to permit
phase matching. Although some of them are available commercially or quasi-
commercially, some drawbacks of them must be overcome before wide application.
For example, AgGaS, and AgGaSe, have low residual absorptions but poor thermal
conductivities and anisotropic thermal expansions with different signs [36];
ZnGeP; has excellent nonlinearity and thermal conductivity, but multiphonon and
residual absorption limit its transparency from both sides so that pump wavelengths
should lie above 2 pm which corresponds to less than one-third of its bandgap
[104]; CdGeAs,; possesses extremely high nonlinearity but also exhibits absorption
features, and low temperatures are required to avoid the residual losses [36].
Recently, some achievements of strengthening their properties and overcoming
some drawbacks have been made, and some large crystals of them have been
prepared for practical applications using improved growth methods.

As one of the most famous II-IV-V, chalcopyrites, zinc germanium phosphide,
ZnGeP, (ZGP), is the mid-IR NLO crystal of choice for laser frequency conversion
in the 2-8-pm spectral range by virtue of its high SHG efficiency (d;4 = 75 pm/V)
and thermal conductivity (35 W/mK) as well as reductions in near-infrared absorp-
tion achieved in crystals grown by the horizontal gradient freeze technique (Fig. 1).
Recently, the growth of high optical quality, single-crystal ZGP boule with
dimensions of 27 x 39 x 140 mm? has been demonstrated (Fig. 2a) [105], and a
low-loss (1 0 0)-oriented ZGP sample measuring 30 x 30 x 22 mm® was
fabricated. By adjusting the seeding orientation in single-crystal boules with
dimensions of 17 x 30 x 140 mm®, low-loss ZGP optical parametric oscillator
(OPO) samples of 20 x 20 x 16 mm® have been produced. Besides allowing for
larger aperture samples, the larger ZGP single crystals have the added benefit of
lower absorption at both 2 pm (0tp,m < 0.05 cm_l) and 1 um (ot m ~1.0 cm_l) than
the smaller scale crystals. Improvements to the fabrication and polishing of ZGP
samples resulted in an increased laser-induced damage threshold (LIDT). The LIDT
of antireflection-coated ZGP samples at 2.05-um and 10-kHz pulse rate frequency
was increased to 2 J/cm?. The combination of increased aperture, lower absorption,
and improved LIDT of ZGP has it suitable for high-energy applications.

Large, high-quality, optically transparent crystals of CdSiP, have been grown
from a stoichiometric melt and also by the horizontal gradient freeze technique.
Crack- and twin-free single crystals of sizes up to 70 x 25 x 8 mm® have been
produced (Fig. 2b) [106]. It is transparent out to 9 pm, and its refractive index is very
close to 3.0 throughout most of its transparency range. Its birefringence of ~0.05 is
large enough for phase matching 1-, 1.5-, and 2-pm lasers into the mid-infrared, and
it has high thermal conductivity (13.6 W/mK) which is 10-15 times higher than
existing mid-IR NLO crystals AgGaS, (1.4 W/mK) and AgGaSe, (1.0 W/mK).
These properties, along with a relatively high melting point (1,133°C) make it
attractive for high-average-power applications.
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Fig. 1 Schematic of the transparent horizontal gradient freeze furnace used to grow ZnGeP,.
Adapted with permission from [105]. Copyright © 2008, Elsevier

CdGeAs, has outstanding nonlinear optical coefficients (d;4 = 236 pm/V),
broad infrared transparency range (2.3—17 pm), a sufficient birefringence (n.—n,
~ 0.09) for phase-matched frequency generation, and a high thermal conductivity
(about 4.18-6.69 wm ' K~') for high-average-power application. These unique
properties make CdGeAs, crystal a perfect candidate for SHG using CO, laser.
However, some bad factors which influence the yield of high-quality CdGeAs,
exist, such as huge thermal expansion anisotropy which makes the as-grown crystal
extremely crack at the step of cooling and the synthesis processes often produce
minor impurities like CdAs, GeAs,, Cd;As,, etc. Recently, a large, crack-free
CdGeAs, single crystal measuring 15 mm in diameter and 45 mm in length was
grown in a vertical three-zone tubular furnace by a modified vertical Bridgman
method (Fig. 2c) [107], i.e., quasi-seed technique with small temperature gradient
and descending quartz ampoule, which can overcome the shortcomings met in the
conventional vertical Bridgman method, such as cracking and polycrystallinity.
High-purity, single-phase CdGeAs, polycrystallite for crystal growth was
synthesized using a rocking furnace with temperature oscillation techniques. It is
found that the cleavage plane of the as-grown crystal is (1 0 1) face, the crystal is
integrated in structure and crystallized well, etch pits in the shape of pentagon on
(11 2) face have been observed for the first time. And it is encouragingly indicated
that the modified vertical Bridgman method is a convenient and effective way for
high-quality CdGeAs, crystal growth. Other methods, such as the horizontal gradi-
ent freeze method together with a low thermal gradient [111], were also used to
grow large crack-free CdGeAs, single crystals.
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Fig. 2 Photograph of as-grown ZnGeP, (a), CdSiP, (b), CdGeAs, (¢), AgGaS, (d), LilnSe,, (e)
and AgGa;_In,Se; (f) crystals. Part (a) adapted with permission from [105]. Copyright © 2008
Elsevier. Part (b) adapted with permission from [106]. Copyright © 2010 Elsevier. Part (c)
adapted with permission from [107]. Copyright © 2011 Elsevier. Part (d) adapted with permission
from [108]. Copyright © 2006 Elsevier. Part (e) adapted with permission from [109]. Copyright
© 2010 Optical Society of America. Part (f) adapted with permission from [110]. Copyright ©
2009 Elsevier

In addition to II-IV-V, mid-IR NLO chalcopyrites like ZnGeP,, CdSiP,, and
CdGeAs,, which have received much attention recently, many of I-III-VI,
chalcopyrites, especially AgGaX, (X =S, Se, Te) [100, 101, 112-115] and
LiMX, (M = Al, Ga, In; X = S, Se, Te) [102-104, 116—-118] families, also show
very high promising mid-IR NLO properties, and much achievements have been
made on growing large their high-quality big crystals.

Integral and crack-free AgGaS, single crystals with fewer defects were grown
successfully and reproducibly in the a furnace based on a conventional vertical
resistance-wound tubular two-temperature-zone furnace, which is modified by
dividing the heating coils of the upper zone into two separate portions and adding
a thermal conductor and a thermal baffle. During the large crystal growth,
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temperature gradients at the growth interface were kept at 30°C/cm in the furnace,
and the descending rates of the growth ampoule were about 5-8 mm/day. A new
cleavage face (1 0 1) was observed in the as-grown AgGaS, crystal (Fig. 2d) [108].
It was found that multiple diffraction peaks of the {1 0 1} faces are evident. Its IR
transmittance is above 60%, and the absorption coefficient is 0.66 cm L. The results
show not only that the modified furnace is a new promising furnace for the growth
of AgGaS, single crystals but also that the quality of the grown crystal is good.

LiMX, M = Al, Ga, In; X =S, Se, Te) crystals with the orthorhombic or
tetragonal structure have got great attention due to relatively high SHG efficiency,
wide bandgap, high enough thermal conductivity, low anisotropy of linear thermal
expansion, and wide opportunities in phase-matching conditions [36, 104].

Bulk LiMX, crystals, including LiInS,, LiGaS,, LiGaSe,, LilnSe,, and LilnTe,,
were grown on oriented seeds by the BS technique in a vertical setup [119]. The
crystals ~30 mm in length and ~15 mm in diameter were obtained [120]; they are of
high optical quality and contained no extended defects such as inclusions, twins,
and cracks. A rapid heating thermal technique with high pressures of inert gas in
camera was used to study the 7—x phase diagram of the Li,C—B,C; (B = In, Ga;
C =S, Se) systems in the Li,C-rich region where melt and vapor are aggressive to
any container material [121]. A bounded solubility of two components in a liquid
state is likely due to thermal dissociation of the melt into Li,C, and Li;,BC,
(x < 0.1) components were found.

Single crystals of LiGaS, and LiGaSe,, up to 15 mm in diameter and 40 mm in
length, of sufficient optical quality were grown using the BS technique [122]. They
have a wurtzite-type structure mm?2 whereas LiGaTe, is tetragonal chalcopyrite
lattice with symmetry class —42 m. The transparency ranges of LiGaX, (X = S, Se,
Te) are 0.32-11.6 um, 0.37-13.2 pm, and 0.54-14.2 pum, respectively, at the
absorption level of 5 cm™'. The three refractive indices were measured in the
whole transparency ranges of LiGaS, and LiGaSe,, and n, and n. were found to
be very close (quasi-uniaxial optical anisotropy) with a cross-point at 6.5 pm
(LiGaS,) and 8 pum (LiGaSe,). Sellmeier equations were fitted, and phase-matching
conditions for SHG were calculated: the 1.467-11.72-pm spectral range for the
fundamental is covered by LiGaS, and LiGaSe,.

LiGaTe,; crystals have been grown by the BS technique [123, 124]. The clear
transparency range of LiGaTe, extends from 2.5 to 12 pm, and its bandgap is
2.41 eV (515 nm) at room temperature. LiGaTe, is a positive uniaxial crystal which
possesses sufficient birefringence for phase matching. Its nonlinear coefficient d;¢
estimated by phase-matched SHG is 43 pm/V £ 10% at 4.5 um.

The main advantages of LilnS, are optical transparency over a wide range of
wavelengths from 0.4 to 12 um and high nonlinear susceptibility as dz3 = 18 pm/V.
The bulk LilnS, crystals for nonlinear optics were grown using the BS technique
[125, 126]. Related to LilnS,, LilnSe, is a nonlinear biaxial crystal and transparent
from 0.54 to 10 pm at the 50% level (10-mm thickness). LilnSe, has been
successfully grown in large size of 30 mm in diameter and 100 mm in length and
with good optical quality (Fig. 2e) [109, 127]. With respect to AgGaS(e), ternary
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chalcopyrite materials, LilnSe, displays a nearly isotropic thermal expansion
behavior with three- to five-times-larger thermal conductivities associated with
high optical damage thresholds, and low intensity-dependent absorption, allowing
direct high-power downconversion from the near-infrared, especially 1,064 nm, to
the deep mid-infrared. LilnSe, exhibits effective nonlinearity higher than that of the
related LiInS, and comparable to that of AgGaS,. Taking into account its similar
transparency range, LilnSe, seems to be a good candidate for 1.064 pum pumped
mid-IR OPO operation with the advantages of higher thermal conductivity and
damage threshold.

Birefringence tailoring by means of mixing ternary chalcopyrite semiconductors
[128, 129] offers a unique advantage for achieving noncritical phase-matched
parametric interactions in the mid-IR, which are otherwise not accessible by
periodically poled ferroelectric oxide crystals. Recently, many mixed chalcopyrite
crystals have been grown for NLO applications.

Good quality of In-doping AgGaSe,, AgGa;_4In,Se, (x = 0.1-0.3), single
crystals with 20-mm diameter and 60-mm length have been grown by an improved
Bridgman method (Fig. 2f), i.e., descending ampoule with rotation and the real-time
temperature compensation technique [110]. The melt temperature oscillation
method was used to synthesize high-purity single-phase AgGa;_,In,Se, polycrystal
that is free of voids. The crystallization process was carried out in the two-layer
quartz ampoule with a seed pocket. The temperature gradient at the growth inter-
face in the furnace was normally 20°C/cm in the open bore, while it was 15°C/cm
with the ampoule in the furnace. The transmittance of the crystal sample of 2-mm
thickness is up to 65% in the region of 700-6,500 cm ', The results demonstrated
that the improved new growth method of AgGa;_,In,Se, single crystals is
promising and the quality of the grown crystals is good, and after annealing, the
crystals can be used for IR NLO devices.

AgGa;_,In,S, with x = 0.14 £ 0.01[130, 131] was found to be 90° phase
matchable for the SHG of CO, laser radiation at 10.591 pm at 203°C. In addition,
temperature-tuned 90° phase-matched DFG at 4.02 pm was demonstrated by
mixing the idler output of a Nd:YAG third-harmonic pumped B-BBO optical
parametric oscillator and its fundamental source at 1.0642 um. AgGa;_,In,Se,
crystal composed of 52.6% AgGaSe?2 and 47.4% AgInSe2 is 90° phase matchable
for temperature-tuned type I sum-frequency generation between the fundamental
and the second-harmonic radiation of a CO, laser at 9.2714-10.5910 um [132].
Temperature-tuned type II noncritical phase-matched SHG of CO, laser radiation at
9.27124-10.5910 um was reported in CdGe(PxAs;_,), [133]. Agln;_,Ga,Se,
crystals grown by a vertical gradient freeze method [134] and by BS method
[135] were also reported.

Phase-matching conditions are studied for SHG and OPO in LiGa(S;_.Sey)»
[136] and Liln(S;_xSey), [137] mixed crystals. Comparative analysis of their
essential physical characteristics shows that the compounds seem to be among the
most effective crystals for the creation of middle IR optical parametric oscillators
and difference frequency generators under pumping by all solid-state and common
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near-IR lasers, including Nd:YAG laser. It seems that the most promising applica-
tion of such crystals is the design of tunable mid-infrared femtosecond sources with
one-stage frequency conversion of available near-IR femtosecond lasers.

2.3 Other Ternary Metal Chalcogenides

In addition to binary (I, IIT)-VI and III-V semiconductors, I-IV-V, and I-1II-VI,
chalcopyrites, much attention has been given to other ternary metal chalcogenides
in the same category. NCS compounds BaGa,S; [138] and BaGa,Se; [139] were
found to be new promising NLO materials in mid-IR region. They both exhibit
phase-matching capability to cover the mid-IR spectral range by downconversion
of 1,064-nm laser radiation. BaGa,;S; crystallizes in space group Pmn2; of the
orthorhombic system, while BaGa,Se; crystallizes in space group Pc of the mono-
clinic system. In the crystal structure of BaGa,Se,, GaSe, tetrahedra are connected
to each other by corner sharing to form a three-dimensional framework with Ba
cation in the cavities. Ba is in a “tighter” coordination environment of 8 Se
compared with that of 12 S in BaGa,S,.

BaGa,S; (Fig. 3a) [47, 48] crystal and its selenide analogue, BaGa,Se; (Fig. 3b),
[48] have been grown by a BS technique; linear and NLO properties were
measured, indicating that BaGa,S; has a good optical transparency region
(545 nm to 9.4 pm) at an absorption level of 0.3 cm ™' from unpolarized transmis-
sion spectra, high second-order susceptibility coefficients (d;3 = 12.6 pm/V), and
high laser-damage threshold (1.2 J/cm? at 1.064 pum and a 15-ns pulse width).
Transparency region of BaGa,Se; is 0.776—-14.72 pum.

HgGa,S, [49, 142] is a negative uniaxial crystal having tetragonal /-4 space
group and -4 point group symmetry; it can be viewed as a “defect” chalcopyrite
derived from the I-III-VI, chalcopyrite structure by the order substitution of group
IT atoms and vacancies on the group I sites. HgGa,S, possesses high nonlinear
optical coefficients (d;¢ = 34 pm/V), wide transparency range of 0.5-13 pm, and
appropriate birefringence ~0.06, and radiation resistance of HgGa,S, is among the
best ones for non-oxide NLO crystals. These promising properties make it useful
for mid-IR NLO applications. HgGa,S, has gotten much attention recently, not
only on growing large crystals but also on device preparation [143—-145]. HgGa,S,,
which is at present in the development stage, was proved to provide better perfor-
mance for DFG in terms of conversion efficiency than the commercially available
AgGaS, due to its higher nonlinearity. Besides, it could find broad applications not
only in the high-power femtosecond laser technology but also for downconversion
of high-repetition-rate low-power femtosecond laser sources as well as of continu-
ous-wave laser radiation in the future [146].

Tunable femtosecond pulse generation in the mid-IR between 6.6 and 11 pm
is demonstrated by optical parametric amplification in Cd-doping HgGa,S,,
Cdy.35Hgo.65GaxS4, [147] pumped at 820 nm by a 1-kHz repetition rate Ti:sapphire
regenerative amplifier. Femtosecond pulses at the idler wave with energies as high
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Fig. 3 photograph of as-grown or(and) polished BaGa,S; (a), BaGasSe; (b), AgGaGeS, (c), and
AgGaGe;Seg (d) crystals. Part (a) adapted with permission from [47]. Copyright © 2009
American Chemical Society. Part (b) adapted with permission from [48]. Copyright © 2011
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Part (¢) adapted with permission from
[140]. Copyright © 2006 Elsevier. Part (d) adapted with permission from [141]. Copyright ©
2010 Elsevier

as 2 uJ at 6.6 um are produced by such a single conversion step from the Ti:sapphire
spectral range. Cd,Hg; ,Ga,S, has the potential for NLO applications in the mid-
IR, and its superior properties for frequency conversion of femtosecond pulses were
experimentally demonstrated [50, 148].

New ternary B-LaGaS; has been synthesized from the stoichiometric mixture of
elements by a conventional solid-state reaction at 1,100°C and annealed at 820°C
[58]. The compound represents a new structure type that crystallizes in an NCS
orthorhombic space group Pna2,, and features the wavy GaS, tetrahedron chains
that are separated by La** cations. Very weak SHG signal of the powders mostly
ground from the handpicked B-LaGaS; crystals plus small amount of the as-
synthesized powders was found.

In addition, two new ternary metal chalcogenides, a-Pb,GeS, and Pb,GeSe,
[52], whose crystal structures contain isolated [Ge(S, Se)]47 tetrahedra and two
different sites for the Pb>* counter-cations, may produce large SHG responses in the
mid- and far-IR region, although they show weak SHG effects under 1,064-nm laser
due to absorption.

The development of classical binary and ternary metal pnictides and
chalcogenides is more mature than other mid-IR NLO systems, such as quaternary
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metal chalcogenides, metal halides, and different-bond-type hybrid compounds,
which will be reviewed in the rest chapters. Viewed as a whole, compared to other
mid-IR NLO systems, they have two obviously advantages, good mid-IR NLO
properties for practical applications and their simple chemical compositions and
crystal structures, which can bring them more convenience during the material
preparation and device fabrication.

3 Quaternary Metal Chalcogenides

Sulfur-based NLO materials have been largely used for frequency conversion in the
IR region because of their improved IR transmission region (0.4—15 pm). Gener-
ally, compared with binary and ternary chalcogenides, quaternary chalcogenides
are more difficult to be synthesized and grown into large crystals, but they are also
attractive mid-IR NLO system due to a variety of acentric arrangements resulted
from the combination of different kinds of metal centers with different size,
coordination preference, and packing characteristics. Recently, several quaternary
metal chalcogenides, such as diamond-like metal chalcogenides, which have prac-
tical using potential, were grown into large high-quality crystals, and many new
mid-IR NLO materials, such as alkali-metal-based quaternary chalcogenides and
other quaternary metal semiconductors, have been found in the system.

3.1 Quaternary Diamond-Like Metal Chalcogenides

Diamond-like metal chalcogenides mean that the structures of these compounds are
derived from that of diamond, either the cubic or hexagonal form, and consist of
tetrahedral building blocks [149, 150]. Compared with binary and ternary diamond-
like phases, the compositional flexibility of quaternary materials increases and
allows for the potential to tune the physical properties of the materials in nonlinear
optics as well as other utilities.

AgGaGe,S(€)a(u+1y (n # 0) is a very promising mid-IR NLO material system
and may become an alternative to the widely used uniaxial AgGaS, due to their
higher damage threshold and greater variety of phase-matching schemes [53,
151-154]. These quaternary compounds belong to Fdd2 “diamond” space group,
and their symmetry class is orthorhombic mm2. The diamond-like structure of
AgGaGe, S(€)a(n+1) results from the substitution of Ge** by Ga>* in the GeS(e),
cation sublattice. The valence deficiency is compensated by Ag" ions filling the
tetrahedral vacancies.

The birefringence of quaternary semiconductors of the type AgGaGe,Sex(,.1)
(n=2,3,4,5), for example, n,—n. at 1,064.2 nm, increases from 0.114 for n = 2
(AgGaGe,Seg) to 0.149 for n = 5 (AgGaGesSe,), which are substantially larger
than the birefringence of the uniaxial parent compound AgGaSe, (~0.022). All four
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quaternary compounds are optically negative biaxial crystals. Based on the type 1
interaction and propagation along the Y principal optical axis, the calculated SHG
limit (minimum fundamental wavelength) is ~1,470 nm for AgGaGe,Seq and
~1,240 nm for AgGaGesSe;,, which are much lower than the 3,120 nm for
AgGaSe,. Thus, the orthorhombic AgGaGe,Se; 1) crystals can be used for SHG
down to their band edge. On the average, the larger nonlinear coefficient ds; of
AgGaGe,Sey,+1) (n = 2, 3, 4, and 5) is very close to dze of AgGaSe, (~30 pm/V)
while the ds3; is roughly two times smaller [155]. Recently, AgGaGeS,,
AgGaGesSe,, and AgGaGesSeg are the three representatives that have gotten
more attention on growing large crystals in the AgGaGe, S(€)2,+1) system [140,
141, 156, 157].

AgGaGeS, [156] and AgGaGesSe |, are promising NLO crystals for frequency-
shifting 1-um solid-state lasers into the mid-infrared (2-12 um) spectral range.
They were synthesized by vapor transport in sealed ampoules from high-purity
elemental starting materials, and crystals were grown by the horizontal gradient
freeze technique in transparent furnaces (Fig. 3c) [140]. AgGaGesSe, exhibited
incongruent melting behavior, and small optical samples extracted from an as-
grown polycrystalline boule had high scattering losses. AgGaGeS,4 growth was far
more favorable, resulting in a crack-free single crystal measuring 19 mm in
diameter and >80 mm in length with as-grown 2.05-um absorption losses
<0.05 cm™'. The measured laser-damage threshold of an uncoated AgGaGeS,
crystal at 2.05 pm was 1.1 J/cm?, and room-temperature measurements of thermal
diffusivity, heat capacity, and thermal conductivity yielded values of 0.224 mm?/s,
0.448 J/gK, and 0.399 W/mK, respectively. High-quality AgGeGaS, single crystal
with 30-mm diameter and 80-mm length was also grown via direct reaction of raw
materials AgGaS, and GeS,, by using the modified BS spontaneous nucleation
method [157]. The absorption coefficient in the region of 6.8—7.8 um is as low as
0.02 cm ™', and frequency doubling for 2.79 um and 8 pm with different lasers was
demonstrated successfully. The reaction conditions are easy to be maintained and
controlled, which may provide a new method to produce other high-quality
Ag,Ga,Ge|_,S, materials via changing the amount of GeS,.

Crystals of 19-25 mm in diameter and several centimeters long with
AgGaGesSej, and AgGaGe;Seg stoichiometric compositions were grown by the
vertical Bridgman method (Fig. 3d) [141]. Optical measurements of parallel
polished crystals show their transparency from 0.60 to 16 pum. Both crystals belong
to the orthorhombic class and showed very good fabricability. The heat capacity of
the AgGaGe;Seg material was 0.28 J/gK, and the thermal conductivity was
0.30 W/mK. Experimental SHG gave the d3; coefficient of 29 pm/V for the both
compositions. The OPO analysis indicates that type I phase matching is possible
with the AgGaGesSe , crystal for conversion to the IR using 1.06-pm pump
wavelength. The combination of transparency, low loss, and phase-matching results
indicates that this material will enable 1.06-um conversion to mid-IR and far-mid
regions.

The substitution of Ag or Cu with Li widens the bandgap in diamond-like mid-
IR NLO metal chalcogenides, increasing their potential in SHG applications
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Fig. 4 (a) View of the Li,Ga,GeSg¢ structure parallel to [001]. (b) View of the structure of
Li,Ga,GeSg projected onto the (101) emphasizing GaS, chains. (¢) View of the structure on to
the (110) plane emphasizing the lithium tetrahedral chains. Adapted with permission from [54].
Copyright © 2008 American Chemical Society

because of the possibility of increased laser-damage thresholds. Additionally, the
presence of Li as the univalent cation allows for the use of a lithium polysulfide flux
as a reaction medium to promote crystal growth.

A new thiogermanium sulfide Li,Ga,GeSgq has been synthesized [54], and its
structure was found to be isomorphous with AgGaGeS,, which is well known as a
promising infrared NLO material. It crystallizes in the NCS orthorhombic space
group Fdd?2. The host structure is built of GaS, tetrahedra linked by corners to GeS,
tetrahedra to create a 3-D framework forming tunnels along the c-axis (Fig. 4a, b).
The Li atoms in distorted tetrahedral coordination form an infinite chain parallel to
the c-axis and perpendicular to the a—b plane by corner sharing of the sulfur atoms of
GaS, and GeS, tetrahedra (Fig. 4c).
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The SHG efficiency determined on powders of Li,Ga,GeSg is ~200 times larger
than that of a-SiO,, and its transparent region is from ~0.4 to ~16.7 pm. Unlike
AgGaS,; and AgGaGeS,, Li,Ga,GeSg was observed to be very stable under
prolonged Nd:YAG 1.064-um laser pumping, indicative of a large improvement
in laser-damage threshold. This new material is very promising in the next genera-
tion of high-power infrared NLO applications.

The semiconductors Li,CdGeS, and Li,CdSnS,, which are of interest for their
nonlinear optical properties, were synthesized by using high-temperature solid-state
and polychalcogenide flux reactions [55]. Both compounds were found to crystal-
lize in Pmn2,, and their structures are diamond-like with the tetrahedra orientating
in the same direction along the c-axis. A modified Kurtz NLO powder technique
was used to determine their SHG responses. Li,CdGeS, displayed a type I phase-
matchable response of approximately 70 x o-quartz, while Li,CdSnS, displayed a
type I non-phase-matchable response of approximately 100 x a-quartz. Diffuse-
reflectance spectroscopy was used to determine bandgaps of 3.10 and 3.26 eV for
Li,CdGeS, and Li,CdSnS,, respectively. These properties as well as wide trans-
parency region from ~0.4 to ~8.3 pm warrant further investigation of quaternary
Li-containing diamond-like metal chalcogenides for NLO applications in the
mid-IR region.

3.2 Alkali-Metal-Based Quaternary Chalcogenides

Alkali-metal-based quaternary chalcogenides in this chapter did not contain alkali-
metal-containing diamond-like metal chalcogenides, which are reviewed in the
previous section. Alkali-metal-based quaternary chalcogenides are a newfound
family of mid-IR NLO materials in the past decade.

The closely related phases o- and B-A,HgsM,Sg (A = K, Rb; M = Ge, Sn)
[39] were discovered using the alkali polychalcogenide flux method; they present
new structure types with a polar NCS crystallographic motif; both a-form with
orthorhombic space group Aba2 and B-form with monoclinic space group C2
exhibit high environmental stability, optical transparency from ~500 nm to over
10 pm, and good NLO response, which is ten times larger than that of LiNbOs;.
These materials (particularly B-K,Hg;Ge,Sg) present good birefringence, good
mechanical and thermal characteristics, and a high optical damage threshold. Its
NLO coefficients exceed those of the commercially available AgGaS,, and as a
result, B-K,Hg;Ge,Sg promises to be suitable for a variety of long-wavelength
NLO applications.

The crystal structure of a- and B-A,HgzsM,Sg (A = K, Rb; M = Ge, Sn) is
similar and can be described in terms of a three-dimensional covalent anionic
(HgzM,Ss)>~ (M = Ge, Sn) framework filled with K* or Rb* ions. Tetrahedral
MS,4 (M = Ge, Sn) units and highly distorted seesaw-shaped HgS, tetrahedra share
corner with each other to form layers of the stoichiometry (ngMzss)‘F M = Ge,
Sn), which are then linked in the third direction via the linearly coordinated Hg
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Fig.5 Crystal structure of (a) a-K,HgzGe,Sg, (s.g. Aba2). (b) Crystal structure of B-K,Hg3Ge,Ss,
(s.g. C2). Blue circles are K, red circles are Hg, black circles are Ge, and yellow circles are S
atoms. Adapted with permission from [39]. Copyright © 2003 American Chemical Society

atoms to produce the polar three-dimensional framework. The K* or Rb* ions are
surrounded by six (MS4)4_ (M = Ge, Sn) tetrahedra positioned in an octahedral
fashion, and the sulfur atom cage defines the environment of K™ and Rb* ions
(Fig. 5).

Semiconductor Naj sPb; 75GeS, with bandgap of about 2 eV was synthesized
[56] by reacting Pb and Ge in molten Na,S, at 530°C. The compound crystallizes in
the cubic, NCS space group /-43d, which adopts a three-dimensional structure
featuring [GeS,]* tetrahedral building blocks, which coordinate to sodium and
lead cations. Preliminary experiments on powder sample of Nag sPb; 75GeS, using
~150 pJ laser light at 3.5 pm from the sample showed a SHG signal which was
seven to eight times greater than that observed for similarly prepared powder
samples of LiNbO3;, indicating that it may be a potential NLO material.

3.3 Other Quaternary Metal Chalcogenides

Four new quaternary isostructural rare-earth thiosilicates, ZnYSirSi4,
Alg 50Dy3(Sig.50Alo.50)S7, Alp38Dy3(Sig.g5Alo.15)S7, and Alg33Sm3SiS;, crystal-
lized in the chiral and polar space group P63, have been prepared by a facile
synthetic routine with a new strategy using metal oxides in the air through the
employment of a boron agent [40]. The first three compounds show strong SHG
effects at 2.1 um with the intensities of about 2, 2, and 1 times that of KTP,
respectively. They are transparent from ~0.62 to ~14 pm. The four compounds
are isostructural, and each of them contains three types of building units:
ASg (A = Al or Zn) octahedra, MS, (M = Al or Si) tetrahedra, and LnSg (Ln = Y,
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Fig. 6 View of ZnYSi,S4 along the ¢ direction (a), blue tetrahedra are SiS, units, and the 1-D
face-sharing chain of ZnS¢ octahedra (b, green)

Dy, Sm) bicapped trigonal prisms (BTPs). Their crystal structures can be described
as a 3-D Ln-S open framework (Fig. 6a), of which the 1-D channels along the ¢
direction and tetrahedral holes are occupied by AS¢ (A = Zn, Al) chains (Fig. 6b)
and isolated MS, tetrahedra, respectively. Six LnSg BTPs connect to each other by
sharing faces to accommodate octahedral interspaces for Zn>* or AI** cations, and
three LnSg BTPs create tetrahedral holes for M atoms by sharing corners.

LazCuGeSe; [57] shows a weak SHG response (~30% «-SiO,) when irradiated
with 1,064-nm laser light. Its crystal structure contains isolated (GeSe4)47
tetrahedra, trigonal planar (CuSes)°~ units, and La** counter-cations.

4 Binary and Ternary Metal Halides

Hagemann and Weber published an important analysis on the structure of binary
and ternary metal halides [158]. They discussed the physical, chemical, and crys-
tallographic aspect and developed a concept for preparing NLO halides. Based on
the bond-charge model, optical hyperpolarizabilities were calculated for more than
100 A-X bonds where X = Cl, Br, or 1. Their tests showed that hyperpolariz-
abilities are a sound basis for estimating of NLO susceptibilities in halides. These
materials have excellent damage resistance and high nonlinear figure of merit
(higher than KDP and many other oxides). Among their attractive material
properties are good mechanical properties (for ease of fabrication), reasonably
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high thermal conductivity coupled with transmittance over a broad spectral range
(0.30-40 pm). Some practical mid-IR NLO binary and ternary metal halides have
been grown into large crystals with high quality, and many new mid-IR NLO ones
have also been found in this system, such as T[,MX,,, (n = 3, 4; M = Pb, Hg;
X = halogen) [61], BaMF, (M = Mg, Mn, Co, Ni, and Zn) [62, 159, 160], and
ABX; (A = alkali metal; B = Ge, Cd, Hg; X = halogen) [63, 161-163].

HgBr, crystal of about 15 x 15 x 1.5 mm® in size was grown from ethanol
solution by the lowering temperature method [59]. It shows a remarkable and phase-
matchable powder SHG, which is about ten times higher than that of KDP. It is
transparent through the whole mid-IR range (from 2.5 to 25 pm). Its laser-induced
damage threshold was preliminarily tested to be as high as about 0.3 GW/cm?
resulted from its relatively large bandgap of about 3.3 eV. It is stable in air below
100°C, and its crystals can be grown in solutions. Based on these results, we believe
that it is a promising candidate for NLO materials to be used in the mid-IR region.

SbF; is a typical and well-known halide [164]. Due to the existence of the lone
pair of electrons on the Sb>* cation and its NCS trigonal—pyramidal configuration,
the SbF; group should exhibit nonzero microscopic second-order NLO property.
Meanwhile, SbFj; crystallizes orthogonally with the NCS space group C2¢m and has
a net polarization along the [1 0 0] direction. Therefore, it should show macroscopic
second-order NLO property. On the other hand, fluoride normally possesses a large
bandgap which will lead to relatively large laser-damage threshold and high
stability. SbF; single crystal with the size of 10 x 3 x 2 mm® has been grown by
slow solvent evaporation in aqueous solution at constant temperature (Fig. 7a) [60].
The intensity of SHG effect is about 5.8 times as large as that of KDP and is phase
matchable. The SbF; compound is transparent in the range of 0.29-12 pm. Its
bandgap is calculated to be about 4.3 eV.

T1;PbBrs, Tl4Pblg, Tl4Hgls, and TI3Pbls single crystals of centimeter size with
optical quality were grown in vertical geometry and with capillary seeding (Fig. 7b)
[165]. Crystals of 3:1:5 stoichiometry showed orthorhombic symmetry, and crystals of
4:1:6 stoichiometry showed tetragonal symmetry. Crystals were grown by Bridgman
method by using varying growth rates between 1 and 3-5 cm/day, temperature
gradients ranging 20-30 K/cm, and cooling rates 5-10 K/h. The microstructures
showed self-poling during the growth of 3:1:5 classes of materials. The observed
width of lamella is approximately 20 mm for the growth rate of 2 cm/day.

Centimeter-sized single crystals of TI3PbCls (Fig. 7c) [166] and TIsPbBrs
(Fig. 7d) [167] were successfully grown using the BS method in a silica ampoule
sealed under HCI gas and Ar atmosphere, respectively. Growth initiated in a thin
capillary leads to a single domain after a few centimeters of growth, and the
resulting single crystals, typically 8 cm long for TI;PbCls, are colorless with a
hardly elliptically deformed circular cross section, while TI;PbBrs crystals are
typically 1-2 cm long, yellow, and transparent. The both compounds are nonhy-
groscopic. The phase transition of Tl3PbBrs undergone upon cooling at ~237°C is
of first order with fast kinetics, and phase transition undergone by TI3PbCls is at
171°C. The transparent (T > 0.5) regions of T1;PbCl5 and T13PbBrs are 0.5-20 pm
and 0.65 to at least 24 pm, respectively.
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Fig. 7 photograph of as-grown SbF; (a), Hg,Cl,, TI;PbBrs, Tl4Hglg (b), TIsPbCls (¢), TI3PbBrs
(d), BaMgF, (e), SrAlFs (f), RbGeCls-x(H,0) (g), CsoHgslg (h), and NaSbsF (i) crystals. Part (a)
adapted with permission from [60]. Copyright © 2008 Elsevier. Part (b) adapted with permission
from [165]. Copyright © 2005 Elsevier. Part (¢) adapted with permission from [166]. Copyright
© 2006 Elsevier. Part (d) adapted with permission from [167]. Copyright © 2006 Elsevier.
Part (e) and (f) adapted with permission from [38]. Copyright © 2005 Elsevier. Part (g) adapted
with permission from [168]. Copyright ©) 2009 Japan Society of Applied Physics. Part (h) adapted
with permission from [65]. Copyright © 2008 American Chemical Society. Part (i) adapted with
permission from [66]. Copyright © 2009 American Institute of Physics
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The T14;Hgl crystals were grown by the BS method from a stoichiometric charge
in a vertical furnace [169, 170]. It is shown that the Tl4Hglg crystal melt con-
gruently at the temperature of 396°C. The crystal grown from the stoichiometric
charge has red color. When the iodine concentration in the charge exceeds the
stoichiometric value, the color of crystal becomes black. In the vicinity of the melt
composition corresponding to the Tl4Hgls compound, Tl,Hgl, compound was also
found with the melting temperature of 318°C. The black-phase Tl4Hgl¢ crystal is
optically positive, transparent in the range from 1.2 to 40 um, and has the point
symmetry group Cy,. In OPO processes pumped by 1.32-pum radiation, the tuning
range of the signal and idle wavelengths extends from 1.4 to 40 pm. Apparently, it
is possible to realize OPO processes at 1.0642-um pumping in the red-phase crystal.
Measurements of the nonlinear susceptibility coefficient of high-quality (in partic-
ular, red phase) Tl Hgl¢ crystal, which has the absorption coefficient in the trans-
parency range below 0.05, will allow one to estimate its potential for use in OPO
devices.

BaMgF, is a ferroelectric fluoride which shows a very wide transparency range
extending from 125 nm to 13 pm, which confers to BaMgF, a unique chance for
optical applications in the UV and mid-IR wavelength regions. BaMgF, single
crystal with 1 in. in diameter was grown by the Czochralski technique (Fig. 7e)
[38]. The crystal belongs to the pyroelectric fluoride family BaMF, (M = Mg, Co,
Ni, Zn) with space group Cmc2, and transparency range from ~125 nm to 13 pm.

QPM can be achieved in the whole transparency region of BaMgF,, in contrast
to birefringent matching, which can be obtained in a limited range 573-5634 nm.
First demonstration of SHG by QPM with a ferroelectric fluoride is shown by
frequency doubling the emissions of a 1,064-nm Nd:YAG laser and a tunable Ti:
sapphire laser [171]. The shortest emission is obtained in the UV at 368 nm,
indicating the potential of BaMgF, as nonlinear medium for the fabrication of all
solid-state lasers in the vacuum-UV/UV and mid-IR wavelength regions. At low
temperature, high-yield hydrothermal route has been discovered for the phase-pure
synthesis of the multiferroic BaMF, (M = Mg, Mn, Co, Ni, and Zn) family [172].
The powder SHG measurements determined that all of the materials as type I phase
matchable with an SHG efficiency of approximately 2 x o-SiO,.

Compared with BaMgF,, another ternary metal fluoride, SrAlFs is a more
promising for the realization of all solid-state lasers by the QPM technique due to
its larger effective nonlinear coefficient [38]. SrAlFs has been suggested to belong
to the class of uniaxial ferroelectric [173] and its large single crystals which were
grown by the Czochralski technique (Fig. 7f) [38].

Recently, many ternary halides with perovskite structure, ABX; (A = alkali
metal; B = Ge, Cd, Hg; X = halogen)-type inorganic ternary halides, became a
new category of nonlinear optical materials with potential application from visible
to infrared.

Single crystals of RbGeCl;-x(H,0) (HRGC), sized upto 3 x 2 x 1 cm?, were
grown in aqueous solution by a slow dehydrate technique (Fig. 7g) [168]. In
comparison with the known NLO material KDP, HRGC’s NLO susceptibility is
about one-third of that for KDP. The absorption edge of HRGC occurred at 310 nm



Large Crystal Growth and New Crystal Exploration 25

(~4.0 eV), which indicates that the NLO HRGC crystal can have larger laser-
damage threshold. According to the Fourier transform infrared measurement,
HRGC has a transparent region from 0.31 to 30.84 um; thus, it can be applied to
wider optical spectrum from ultraviolet, visible, to mid-IR.

CsGeCl; adopts distorted perovskite structure with R3 space group. GeCl; ™ has
a similar structure to that of TiOs>~ in the BaTiOs lattice; GeCl;~ anion group
exists as GeClg octahedron structure in the crystal lattice and has a distortion along
the three axes [174, 175]. Transparent CsGeClj crystal of about 5 x 5 x 5 mm?
has been grown from a HCI-EtOH-CsCl mixture solution. Its transparency region
was found to be up to 20 um. It has no congruent melting point and decomposes at
325°C. Powder double-frequency studies show that its SHG signal was about five
times to that of KDP and damage threshold was up to 200 MW/cm? [176].

According to the powder X-ray diffraction pattern and powder SHG results,
an innovative infrared NLO crystal CsGeBr;, which was characterized as a
rhombohedral crystal structure, was synthesized. Ab initio calculations on CsGeBr;
were also carried out to analyze the related electronic and optical properties. The
space group symmetry of rhombohedral CsGeBr; was found to be R3m. The
powder SHG measurement of CsGeBr; also showed that its NLO efficiency was
larger than that of rhombohedral CsGeCl; by about 1.62 times and KDP by about
9.63 times, respectively [177] Saturated powder SHG integration results of increas-
ing powder particle sizes revealed that rhombohedral CsGeBr; is phase matchable.
Its infrared transparent spectrum is extended to more than 22.5 pm. And more
importantly, its mixing halide CsGe(Br,Cl;_,); [64, 178, 179] is phase matchable,
and the infrared transparent spectrum of rhombohedral CsGe(BrCl;_ )3 is
extended to more than 30 pm.

RbCdl;-H,O single crystal with the size of 20 x 4 x 2 mm® has been grown by
solvent slow evaporation in aqueous solution [180]. The intensity of SHG effect has
been measured by using the Kurtz powder technique to be about 3.6 times as large
as that of KDP. The RbCdl;-H,O crystal is transparent in most of IR region, and the
transparent ranges are 2.5-2.7, 3.0-5.9, and 6.6-25 pum. Its bandgap is calculated to
be 4.1 eV.

An NCS crystal structure of CsCdBr; has been successfully observed with X-ray
single-crystal structure analysis. It crystallizes in the hexagonal space group P6zmic.
The structure contains CdBrg octahedra, which are connected in a plane-sharing
way to form one-dimensional chain. Each octahedron is slightly distorted with three
Cd-Br bond lengths being 2.774 A and the other three Cd-Br bond lengths being
2.804 A. The distortion directions of all the octahedra are almost parallel and give
rise to the accumulation of the microcosmic NLO coefficient. The Kurtz powder
technique shows that CsCdBr; has a powder SHG of about two times as large as that
of KDP. It shows excellent transparency in the visible and infrared regions, and its
thermal stability is also good [181].

Cs,Hgslg single crystal with the size of 25 x 14 x 5 mm® has been grown by
slow solvent evaporation in acetone at constant temperature (Fig. 7h) [65]. The
intensity of SHG effect is similar to that of KTP, and the effect is phase matchable.
The compound is transparent in the range of 0.5-25 pm. Its bandgap is calculated to
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be about 2.56 eV. Owing to these properties, Cs,HgsIg appears to be a new potential
NLO crystal applicable in the infrared region.

The NCS crystal NaSb;F; exhibits a phase-matchable SHG effect 3.2 times as
strong as KDP. It is thermally stable up to 220°C and transparent in the range of
0.25-7.8 pum, and its bandgap is about 5.0 eV. An experimental measurement
indicates that its laser-induced damage threshold is as high as about 1.3 GW/cm?,
which is higher than all those IR NLO crystals reported in the literature. Moreover,
NaSbsF single crystal with the size of 12 x 10 x 8 mm? has been grown by slow
solvent evaporation in water at constant temperature (Fig. 71) [66].

5 Different-Bond-Type Hybrid Compounds

The so-called different-bond-type hybrid compounds contain at least two
obvious different types of bonds that have no absorption peaks in the mid-IR region.
Unlike the mid-IR NLO compounds mentioned above, metal pnictides, chalcogenides,
and halides, in which only metal-nonmetal bonds, i.e., metal- pnicogen,
metal-chalcogen, and metal-halogen bonds, exist, respectively, metal thiotellurites,
chalcopnictates, and thioborates simultaneously contain metal- nonmetal bonds, i.e.,
metal—chalcogen bonds and nonmetal-nonmetal bonds, i.e., Te-S, chalcogen—
chalcogen, and B—S bonds for the three types of compounds, respectively. Other
systems, metal pnictidohalides and chalcohalides that contain metal-halogen and
metal-pnicogen or metal—-chalcogen bonds simultaneously, were also found to be
mid-IR NLO material systems. Up to now, almost all preliminary experimental
results of SHG efficiencies, optical transparency, and other NLO performances of
the different-bond-type hybrid compounds are based on the powder samples;
research work in this field focuses on exploring new potential mid-IR NLO crystals
rather than growing larger ones.

5.1 Metal Thiotellurites, Chalcopnictates, and Thioborates

The thiotellurite unit is particularly polarizable because of the presence of a
stereochemically active lone pair on the Te atom and the presumed flexibility of
the S—-Te-S angles. The layered compounds RbAg,TeS¢ and CsAg,TeSg, formed
from mixed Te/S polychalcogenide fluxes [42], crystallize in the NCS space group
P65cm. The structures are composed of neutral [Ag,TeS;] layers alternating with
charge-balanced salt layers containing polysulfide chains of [S¢]*~ and alkali-metal
ions. RbAg,TeS¢ and CsAg,TeSq are air- and water-stable, wideband-gap
semiconductors (e.g., ~2.0 eV) exhibiting NLO SHG of about 20% of that
generated by AgGaSe,. These materials also demonstrate phase-matchable SHG
characteristics. The NLO properties are thought to arise from the NCS orientation
of the polysulfide chains between the centrosymmetric layers of [Ag,TeSs],
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indicating that even small subtleties in the structure can affect the functional
properties of materials.

LiAsS, and mixed alkali-metal analogue Liy ¢Nag 4AsS, crystallize in the space
group Cc, their crystal structure feature polymeric ..'[AsS, ] chains, which are
made from corner-sharing distorted AsS; trigonal pyramids. The alkali-metal ions
are in a distorted-octahedral environment of sulfur atoms [70] (Fig. 8). LiAsS, and
Lig ¢Nag4AsS, are direct-gap semiconductors with bandgaps of 1.60 and 1.75 eV,
respectively. NLO SHG efficiency of the two compounds was measured with a
modified Kurtz—-NLO system using a 1,580-nm laser and found that LiAsS, is about
10 times and Liy¢Nag 4AsS, is about 30 times more efficient than AgGaSe,. The
highly polar structure that results from the alignment of dipoles in LiAsS, is
responsible for the enhanced SHG intensity compared to weakly polar AgGaSe,.
This enhanced SHG intensity of the sodium-substituted Lig¢Nag4AsS, could be
attributed to the higher polarizability of sodium vis-a-vis lithium in the structure.

B-LiAsSe, crystallizes in the NCS space group Cc and is isostructural with
LiAsS,. It consists of densely packed ..'[AsSe®"] polymeric chains and alkali-
metal ions. The alignment of the chains parallels to the c-axis. The distorted AsSe;
pyramid provides the molecular building units in the ..'[AsSe®~] chains via corner
bridging. The alkali-metal ions are in a distorted-octahedral environment of Se
atoms, and the LiSeq octahedra form a three-dimensional network by itself through
edge sharing in the bc plane and corner sharing along the a direction. y-NaAsSe,
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Fig. 8 (a) Noncentrosymmetric alignment of the zweier single chains OCI[ASS[] or ool[AsSe[]
in LiAsS,, Lig gNag 4AsS,, B-LiAsSe,, and B-Lig,Nag sAsSe, (view down the c-axis); (b) packing
of the vierer single chains [AsSe, ] in v-Lig,Nag gAsSe, and y-NaAsSe, (view down the a-
axis); (c¢) the zweier chain in B-LiAsSe,; (d) the new vierer single chain in y-Lig ,Nag gAsSe, and
v-NaAsSe,. Adapted with permission from [71]. Copyright © 2010 American Chemical Society
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crystallizes in the NCS space group Pc. The structure also consists of densely
packed parallel ..'[AsSe?”] polymeric anionic chains and alkali-metal ions, but
the conformation of the ..'[AsSe® ] chain is different from that of B-polymorphs.
The alkali-metal ions are in a distorted-octahedral environment of Se atoms.
The edge sharing and corner sharing of the NaSeq octahedra give rise to a densely
packed three-dimensional structure, which is different from the LiSeq packing in
B-LiAsSe,.

The NLO SHG response of two mixed alkali-metal analogues B-Liy,Nag gAsSe,,
v-Lig,Nag gAsSe,, and y-NaAsSe, was measured with a modified Kurtz and Perry
method over a range of wavelengths (1,000-2,000 nm) using a laser source. In the
wavelength range of 700-900 nm, relative SHG efficiencies of B-Lig,NaggAsSe,,
v-Lig,Nag gAsSe,, and y-NaAsSe, were ~ 55, 65, and 75 times stronger than that of
AgGaSe,, respectively. Particle-size-dependent SHG measurements indicated that all
three materials are type I non-phase matchable at 790 nm. The highly polar structure
that results from the alignment of dipoles in the structure is likely responsible for the
enhanced SHG intensity of these selenoarsenates.

An enormously valuable insight was shown that it is not the more polarizable
nature of Na™ over Li" that is responsible for the higher SHG efficiency of the
Na-rich systems but the decrease in dimensionality that results from the larger Na*
ion. As the Na* ions substitute for Li*, the ..'[AsSe® ] chains are increasingly pried
apart from one another and interchain interactions diminish, thereby lowering the
dimensionality of the system. Thus, controlling dimensionality should be a good
strategy in designing better SHG materials.

The extremely strong nonlinear optical SHG response of AAsQ, species makes
them very promising for future NLO investigations. The large polarity of AAsQ,
chalcoarsenate materials that originates from the asymmetric pyramidal AsQ; units,
the large polarizability of the selenium atoms, and the low dimensionality of the
structures all couple to produce record-breaking SHG coefficients, as suggested by
ab initio DFT theoretical investigations. The investigations of this system provide a
new insight and point to a very valuable design principle for NLO materials [71].

Phase-pure syntheses of of K;Ta;AsS;; and Rb;Ta,AsS;; were achieved with
the alkali-metal polythioarsenate flux method using A,S/Ta/As/S (A = K, Rb)
mixtures. The two compounds are isostructural and crystallize in the monoclinic
space group Cc. Their structures consist of parallel ..'[Ta,AsS;;°~] polymeric
anionic chain, which is a polysulfide species, building up of bimetallic [TaZSH]G*
units linked with AsS; pyramids, and K* or Rb* are embedded in the space between
the chains. Electronic absorption spectroscopy of the solid samples showed a sharp
absorption edge at 2.21 eV for the two compounds. In the range 700-900 nm, the
SHG efficiency of the two compounds was ~15 times stronger than that of
AgGaSe,, and particle-size-dependent SHG measurements indicated that they are
type I non-phase matchable at 770 nm. It was found that alkali-metal polarizability
makes negligible contribution to the SHG efficiency of the compounds and the
pyramidal [AsS;]°~ unit in the compounds may make the predominant [72]. The
combination of two asymmetric units, [Ta,S;;] and [AsS3], in a single strand
coupled with polar packing of strands appears to lead to strong NLO SHG response.
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This implies that the approach of combing different asymmetric fragments (e.g.,
chalcogenides) to impart strong polarity in extended structures could be promising
in finding exceptional candidate materials for NLO applications.

Polar structure K,P,Seq exhibits excellent mid-IR transparency from 0.6 to
19.8 um and a strong SHG response. The SHG response is type I phase matchable
and, in the wavelength range of 1,000-2,000 nm, was measured to be 50 times
larger than that of the commercially used material AgGaSe,, making it a potential
contender material for applications in the IR region.

K,P,Seq crystallizes in the chiral trigonal space group P3,21 at room tempera-
ture. The structure has infinitely extended helical chains parallel to the c-axis. The
chains are composed of ethane-like [P,Se¢] repeat units that are linked via terminal
Se—Se linkages to give infinite helices of SP.Ses”1173] (Fig. 9). The remarkably
stronger response is attributed to the helical structure of the selenophosphate which
is highly polar, in contrast to the weakly polar chalcopyrite structure of AgGaSe,.

®
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Helix repeat distance: 18.872A
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Fig. 9 Structure of K,P,Se¢ at 298(2) K. (a) The unit cell viewed down the c-axis. The thermal
ellipsoids with 30% probability are shown. (b) View of a ' [P2Se> "] chain looking down the a-
axis. A helix forms by three [P,Se¢] units and repeats itself at every 18.872 A Adapted with
permission from [73]. Copyright © 2007 American Chemical Society
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The glassy form of K,P,Seq also exhibited a surprising SHG response with no
poling treatment.

One-dimensional polar selenophosphate compounds APSes (A = K, Rb)
[74, 182], which show crystal-glass phase-change behavior, exhibit strong SHG
response in both crystal and glassy forms. The structure of the crystalline APSeg has
infinite chains of OOI[PSeG_], consisting of the [PSe,] tetrahedral units condensed
with Se, linkages, and A counter-cations. The crystalline materials are type I phase
matchable with very large SHG coefficients 3@ of 151.3 and 149.4 pm/V for K*
and Rb* salts, respectively. The glass of APSes exhibits comparable SHG
intensities to the infrared NLO material AgGaSe, without any poling treatments,
and APSeq exhibits excellent mid-IR transparency. Optical glass fibers with strong,
intrinsic, and temporally stable second-order NLO response can be obtained,
starting from APSeq (A = K, Rb). The as-prepared glass fibers exhibit SHG and
DFG responses over a wide range of wavelengths. It is proposed that this approach
can be widely applied to prepare permanent NLO glass from materials that undergo
a phase-change process.

The new compound CssPsSe;; [75] crystallizes in the NCS nonpolar space group
P-4. It features the discrete molecular [PSSelz]5 ~ anion with two types of formal
charge, 3+ and 4+, on P. The trivalent formal charge is found on P(3) which is a
central P atom chelated with two ethane-like [P,Seq]*™ units to form a novel
octahedral complex (Fig. 10). It has good optical transparency from the edge of
the energy gap (~2.17 eV) to the mid-IR region. The SHG intensity of CssPsSe;»
was approximately equal to that of LiNbO3 and 25% that of AgGaSe,, and it is type
I non-phase matchable. CssPsSe;, exhibits phase-change behavior by forming

Se(1')
2.6606(8) A

3.104(2) A

Fig. 10 (a) The noncentrosymmetric structure of CssPsSe,. The thermal ellipsoids are shown
with 60% probability. (b) [PsSe 1o]>~ anion. Red solid line denotes long P-Se bonding at P(3)-Se
(1), 2.6606(8) A. Dashed lines indicate short P-Se nonbonding interaction at P(3)-Se(4), 3.104(2)
A. Adapted with permission from [75]. Copyright © 2007 Royal Society of Chemistry
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glasses. Surprisingly, glassy CssPsSeq, also exhibited a significant SHG response,
at ~5% that of AgGaSe,.

Alkali-metal salts of a novel quaternary zirconium selenophosphate phase were
isolated using the molten flux technique, having a general formula of AZrPSeq
(A =K, Rb, Cs) [43]. They are isostructural and crystallize in the polar space
group Pmc2,. Their structures feature parallel chains of the infinite ..'[ZrPSes |
anion separated by the alkali metal ions (Fig. 11a). The chains have Zr*" ions
coordinated with Se atoms in a distorted bicapped trigonal prismatic geometry
(Fig. 11c¢). All Zr** jons are connected to a OOI[PSe{] polymeric backbone formed
by the condensation of corner-sharing tetrahedral PSe, units (Fig. 11b). Each
phosphorus atom has a terminal P—Se bond projecting out from the one-dimensional
chain structure. The Zr atoms are also bridged with n*-bonded Se,”~ groups.
Finally, there is also terminal Se(3) atom on each zirconium metal center.

The polar structure and presence of highly polarizable atoms such as Se, Rb, Cs,
and Zr result in their strong SHG response. The SHG response of crystalline
CsZrPSeg and RbZrPSeg was ~15- and tenfold than that of the commercial NLO
material AgGaSe, while the K analogue showed a weaker SHG signal intensity
than AgGaSe,. Phase-matching experiments performed using different size
particles of CsZrPSeq indicate the material to be type I phase matchable. These
materials also show wide transparency in the mid-IR region up to 18.5 pm and high
solubility in hydrazine. The wide optical transparency region, high solubility along
with the strong SHG response of CsZrPSeq and RbZrPSes makes them promising
for thin film infrared NLO applications.

Semiconductor CssBiP4Se |, nanofibers with a nearly direct bandgap of 1.85 eV
were synthesized under vacuum in a fused-silica tube at high temperature [76]. It
adopts the polar space group Pmc2; and features discrete molecular [Bi(PZSe6)2]57
anions (Fig. 12a), which are isolated by Cs* cations (Fig. 12b). The coordination
environment of the Cs atoms results in a macroscopic alignment of the dipole
moments along the c-axis, resulting in the polar nature. It melts congruently and

Chain direction

Fig. 11 (a) Noncentrosymmetric structure of KZrPSes: Molecular view along the [1 0 0] direc-
tion. (b) Polymeric 1/ [PSe; ] chain acting as a backbone holding the Z** fons together. (¢) View
of [ZrPSeg] ™ anion along the chain axis. Adapted with permission from [43]. Copyright © 2008
American Chemical Society
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Fig. 12 (a) Structure of two crystallographically independent [Bi(P,Seg),]°~ anions. Bi (yellow),
P (gray), and Se (pink) atoms are labeled and selected bond distances (A) shown. (b) Structure of
CssBiP4Se , viewed down the a-axis. Bi (yellow), P (gray), and Se (pink) atoms are labeled. Large
blue circles are Cs atoms. Adapted with permission from [76]. Copyright © 2009 American
Chemical Society
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soluble in NMF. Cs;BiP,Se, is optically transparent from the far-IR through the
mid-IR to below the band edge in the visible region (18.7-0.67 pm). The SHG
intensity of CssBiP4Se, is approximately two times larger than that of AgGaSe, at
1 um and type I non-phase matchable.

The reaction of Cu with a molten mixture of Cs,S/P,S5 produced the quaternary
compound Cs,CuP3Sg in the chiral, hexagonal space group P65 (No. 170) [77]. Its
structure contains parallel helical [CuP3SQ]n2"7 chains that run along the c-axis. The
[CuP3So],>" chains are composed of an alternating arrangement of tetrahedral Cu™*
ions and cyclic [P3So]®~ units, and the cyclic [P3So]®~ unit derives from the
molecular adamantane [P4S;¢] unit with one [PS]3+ vertex removed. Preliminary
qualitative tests for NLO properties of powder samples of Cs,CuP3;So using a
pulsed Nd:YAG laser were positive, judging from the frequency-doubled green
light exiting the sample.

Lamellar ferrielectric CulnP,S¢ was synthesized by conventional high-tempera-
ture (HT) and room-temperature solution-chemistry (SC) methods, SHG intensity
measurements on a single-crystal HT sample reveal a transition temperature 7T,
= 313 £ 2 K, and the frequency conversion efficiency is 26 times that of Y-cut
quartz. The study has shown that crystalline CulnP,S; is a fairly efficient frequency
doubler [78].

Sulfur-based IR NLO materials normally have larger nonlinear properties than
oxide materials because of the higher polarilizability of sulfur-based bonding.
However, their low laser-damage thresholds arising from their small bandgaps
limit their high-power application in the IR region. The search for new infrared
NLO crystals with high laser-damage thresholds combined with large optical
nonlinearity and wide transmission ranges, visible to IR, is therefore quite active
to respond to the increasing use of infrared NLO crystals in a wide range of
applications. Thioborate materials based on boron sulfide are being considered as
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a new class of NLO materials by combining the favorable transparency and
nonlinearity of sulfur-based NLO materials (e.g., AgGaS,) with the high damage
thresholds of borates (e.g., LiB3Os).

Metal thioborates consisting of the trigonal planar (BS3)®~ structural unit have
been investigated as new NLO materials because the planar (BS3)*~ unit containing
conjugated m-orbital systems will produce high NLO properties and the strongly
covalent bonding of boron atoms in the (BS3)®~ anionic group will enable high
damage thresholds and a wide transparency range from the visible to mid-IR
regions. A Zn,Ba;B,Ss.x (x = 0.2) phase crystallized in the NCS tetragonal
space group I-42m and consists of the trigonal planar (BS;)’~ structural units.
ZnBa,B,Ss.x (x = 0.2) yields strong SHG effects about 50 times greater than
that of a-SiO, and has a wide transparent range from the visible to the mid-IR
region (0.35-10 um). Additionally, an absorption edge estimation supports its much
higher laser-damage threshold than that of other sulfur-based NLO materials. While
the Zn,Ba,;B,Ss,« (x = 0.2) phase is the first such NLO thioborate phase to be
discovered, many other metal thioborates are possible and may yield a number of
excellent candidate materials that have high nonlinear optical properties combined
with wide transmission and high damage thresholds for second-order NLO appli-
cation in both the visible and IR regions [44].

5.2 Metal Pnictidohalides and Chalcohalides

Two inorganic supramolecular compounds, (HgeP3)(In,Clg) and (HggAsy)
(Bi3Cly3), have been prepared by mediate-temperature solid-state reaction [45].
(HgeP5)(In,Cly) and (HggAs4)(BizCl;3) crystallize in P2, and P3,21, respectively,
both featuring chiral 3-D cationic host frameworks, (HggP3)>* or (HggAs,)*", with
anionic guest moieties, (In2C19)37 or (Bi3Cll3)47, filling the helical tunnels
(Fig. 13). The cationic network is built up from approximately linearly coordinated
mercury and tetrahedrally coordinated phosphorus or arsenic atoms to form helical
HgP(As) spring. Two concentric HgP(As) springs are bridged by other Hg atoms
through HgP(As) bonds to form a cylinder with a 1-D helical tunnel along the b
(or ¢) direction; then the helical cylinders share all the mercury and phosphorus
(or arsenic) atoms with each other to form a 3-D honeycomb-like (Hg6P3)3+ or
(HggAs4)4+ cationic framework with the schafli symbol of 5°8. (HgeP3)(InyClg) and
(HggAs4)(Bi5Cly3) are semiconductors with bandgaps of 3.13 and 2.43 eV, respec-
tively; they are transparent in the whole measured region from 2.5 to 25 pm. The
measured SHG signal intensities of (HggP5)(In,Cly) and (HggAs4)(BisCly3) are
about 0.5 and 1.2 times that of AgGaS,, respectively, and they are type I phase
matchable. The study in the reference indicates that good NLO materials can
be obtained by designing both complicated polycations and polyanions with large
molecular polarizability as functional components rather than traditional single
polyanions, and the spatial arrangement of the functional components can be
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Fig. 13 View of 3-D cationic host (Hg6P3,)3+ framework and discrete guest (In2C19)3’ anions of
(HgeP3)(InyCly) along the b direction (a /left), isolated (InzClg)S_ anions are embedded in the
helical channels of the host framework (a right). Three-dimensional cationic host (HggAs4)4+
framework and .'(Bi3Cl;3)*™ helical chain of (HggAs4)(BizCly3) along the ¢ direction (b left),
Ool(Bi3Cll3)47 helical chain embed in the channel of the host framework (b right)

designed in a reasonable alignment to enforce macroscopic dipole ordering effi-
ciently through crystal engineering strategy [45].

A novel chiral open-framework structural hexanary chalcogenoborate, (K;I)
[SmB,(GaS,);], was obtained by a facile approach using boron as the reducing
reagent [79]. It crystallizes in the chiral space group P6322, and its structure contains
B -icosahedral, distorted GaS, tetrahedral and distorted SmS¢ octahedral building
blocks, and face-sharing IK¢ octahedral chains (Fig. 14). There are two boron, one
gallium, one samarium, one potassium, and one iodine atoms in the crystallographi-
cally independent unit. The structure of (K3I)[SmB,,(GaS,);] features B, icosahedra
with B1 and B2 being saturated by p-S1 and p3-S2 atoms, respectively, surrounded
by six GaS, tetrahedra and consolidated by two SmS¢ octahedra along the ¢ direction
to form a 3-D honeycomb-like open-framework, yielding channels which are
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Fig. 14 (a) View of the structure of (K3I)[SmB;,(GaS,);] along the ¢ direction. The B,

icosahedra, GaS, tetrahedra and SmS¢ octahedra are drawn in dark yellow, turquoise, and pink,

respectively. (b) The connection of By, icosahedra and SmSg octahedra along the ¢ direction. (c) 1-
D cationic [(K3I)“]2n+ chain constructed from face-sharing IK¢ octahedra along the ¢ direction

occupied by face-sharing IKg octahedral chains along the ¢ direction. SHG
measurements on the unsieved powder sample irradiated by a 1,940-nm laser reveal
that (K3I)[SmB;,(GaS,)3] shows a SHG efficiency of about 0.3 times that of KDP.
No absorption bands are observed in the mid-IR range of 4,000-1,000 cm”!
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(2.5-10 pm). The diffuse-reflectance spectrum of (K;1)[SmB,(GaS,);] shows that it
is also transparent in the region of 585—1,078 nm, and its diffuse-reflectance spectrum
reveals the presence of an optical gap of 2.35 eV. (K5;D[SmB,(GaS,);] shows only
weak SHG activity though it contains the GaS, tetrahedron as is the case for AgGaS,,
implying that the effective arrangement of SHG-active units in NCS structure leading
to enhancement of macroscopic polarizabilities is important for the design of more
effective NLO response materials.

The new compound [Sb;SgBr;](AICl,); was synthesized by reacting Sb with S
in ionic liquid EMIMBr-AICl; (EMIM = I-ethyl-3-methylimidazolium) [80].
It crystallizes in the NCS space group P2:2,2;. The crystal structure of
[Sb,SsBr,](AICly); consists of cationic [Sb;SgBr,]>* clusters and [AICI,]™ anions
(Fig. 15a). Each cluster adopts a unique double-cubane structure in which two
distorted cubic clusters connect by sharing one corner (the Sbl site). The other
corners are alternately occupied with Sb and S atoms. Two Sb sites (Sb2 and Sb6)
have terminal Sb—Br bonds projecting out of the cluster structure. The cationic
[Sb;SsBr,]** clusters pack in pseudohexagonally arranged columns along the
a-axis and display a pronounced hexagonal pseudosymmetry (Fig. 15b). The
voids between the cationic clusters are filled with [AICl4]™ anions, and each
cationic cluster is surrounded by eight [AICl,] ™ anions. All of the crystallographi-
cally independent [AICl,] ™ ions adopt a slightly distorted tetrahedral shape .

Optical absorption spectroscopy of [Sb;SgBr,](AICl,); revealed absorption
edges at ~2.03 eV; it has a wide optical transparency region (3.57-7.81 um). The
SHG intensity of the compound is approximately one-third that of KDP at 700 nm
and becomes comparable to that of KDP above 900 nm, and it is type I non-phase
matchable.

A new quinary rare-earth sulfide—halide compound has been synthesized and its
structure determined by single-crystal X-ray diffraction. LaCa,GeS,Cl; crystallizes
in the NCS hexagonal space group P6s3mc (No. 186); preliminary optical studies
indicate that this material has a useful optical window extending approximately

b c
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Fig. 15 (a) Structure of the compound [Sb;SgBr,](AlCly);. Color code: blue, Sb; red, S; yellow,
Br; cyan, Al; green, Cl. (b) Stacking view of the ions in compound [Sb;SgBr,](AlCl,); along the a-
axis. Blue balls, Sb atoms; red balls, S atoms; yellow balls, Br atoms; purple tetrahedra, AICI*~
anions. Adapted with permission from [80]. Copyright © 2009 American Chemical Society
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from 0.5 to 10 um. NLO activity of LaCa,GeS4Cl; is demonstrated by the genera-
tion of green light when pumped with a 1.064-um Nd:YAG laser [81].

The structure of LaCa,GeS4Cl; can be simply described in terms of the metal
sulfide—halide polyhedra. Individual GeS, tetrahedra are aligned along the threefold
axis of the unit cell. All four Ge—S bond distances are nearly identical. The La/Ca
sites are in sixfold, slightly distorted, trigonal prismatic coordination, with three S
atoms making up one face and three Cl atoms making the other face. In this way, a
typically centrosymmetric coordination becomes NCS and polar, as allowed in the
6mm point group of this structure. The trigonal prisms share edges on the S face and
share vertices on the Cl face. The Cl atoms form a chain of face-shared, empty
octahedra running up the 65 axis.

The optical transparency and nonlinear optical susceptibility of this material
clearly indicate it is a good candidate for further studies. The demonstrated
stabilities with respect to air and water, as well as reasonable thermal stability,
indicate LaCa,GeS4Cl; could become a useful material for many optical and
nonlinear optical applications.

6 Concluding Remarks

In summary, because of the indispensable application in laser devices, mid-IR NLO
crystals have attracted a lot of attention from chemists and materials scientists. We
have briefly reviewed the recent progress on the mid-IR NLO crystals, i.e., growing
the classical mid-IR NLO crystals into large high-quality ones or into quasi-phase-
matching structures that are suitable for the laser devices by various growth
methods and exploring new potential mid-IR NLO crystals by introducing new
design and synthesis strategies. The development of binary and ternary metal
pnictides and chalcogenides is more mature than other mid-IR NLO systems in
the aspect of practical applications, and some of them are commercially available,
like ZnGeP,, AgGaS,, etc. Compared with binary and ternary phases, the composi-
tional flexibility of quaternary materials increases and allows for the potential to
tune their physical properties applied in nonlinear optics. Quaternary diamond-like
metal chalcogenides, especially AgGaGe,S(€)2(,+1), are a very promising mid-IR
NLO material system and may become an alternative to the widely used uniaxial
AgGaS, due to their higher damage threshold and greater variety of phase-matching
schemes. Binary and ternary metal halides have excellent damage resistance, high
nonlinear figure of merit, good mechanical properties, and high thermal conductiv-
ity coupled with transmittance over a broad spectral range that make them very
promising mid-IR NLO crystals in the future. Newfound different-bond-type hybrid
compounds, especially metal chalcopnictates, show very large SHG efficiencies,
and some novel properties such as high solubility in organic solvent and surprising
SHG response of their glass state have been found. However, lots of work must be
done before they can be used in practical applications.
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Although great achievements have been made on mid-IR NLO crystals, some
drawbacks of recent applied crystals and difficulties in growing large crystals that
hinder their wide applications still exist; advance growth techniques and
equipments need to be developed in the future to grow large crystals of high quality.
Exploring new potential mid-IR NLO crystals with excellent performance by
introducing novel material design and synthesis strategies is another indispensable
and promising direction, which can also be helpful to the establishment of the
relationships between their crystal structures and mid-IR NLO performances. Two
things are also worth noting here: firstly, the simpler the crystal is, the more
practical it is. It may be not necessary to pursue mid-IR NLO crystals with
complicated chemical compositions and structures, although they may have good
mid-IR NLO properties, because it may be very difficult to grow them into large
crystals, and more composition segregation and structural defects are prone to
appear in them, compared with those in simple crystals. Secondly, it is no useful
that only one or few mid-IR NLO properties of a mid-IR NLO crystal are excellent,
while others are ordinary or bad. During the discovery of new mid-IR NLO crystals,
equivalent attention should also be given to other very important attributes for SHG
applications, such as high laser-damage threshold, reasonable chemical stability,
and so on.
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Abstract In this minireview, we overview the recent advances and perspectives in
the developments of the infrared second-order nonlinear optical materials. The
traditional semiconductors are discussed first including the problems encountered
such as the facility of large second-order nonlinearity but difficulty in practical
materials for laser applications. We then focus our special interest on the area of the
transition-metal polynuclear cluster compounds which is a great promising area for
developing new-generation infrared second-order nonlinear optical materials and
molecule-scaled photoelectronic devices. We present in detail the computational
studies on the microscopic mechanism of second-order nonlinear optical response
and the structure—property relationship insight of these metal cluster compounds.

Keywords Charge transfers - Density functional calculations - IR absorption -
Nonlinear optics - Transition-metal compounds

Contents

1 Introduction of IR NLO Materials .........c.ooiiiiiiiiiiiiiiiiiii i 46

2 Metal Cluster Compounds for Second-Order Nonlinear Optics ...........cccoovvviiinunn. 48
2.1 Computational Method for Metal Cluster Compounds ...........c.ccoovveiiiiiiiinnn.. 50
2.2 Second-Order NLO Properties of Dinuclear Rhenium Clusters ...................... 54
2.3 Second-Order NLO Properties of Trinuclear Anionic Clusters ...................... 61
2.4 Second-Order NLO Properties of Pentanuclear Clusters ............................. 67

3 Conclusions and Perspectives ........oooiiiiiiiiiiiiiiiiiiii e 76

References ... ..o 71

K. Wu (X))

State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the Structure
of Matter, Chinese Academy of Sciences, Fuzhou 350002, People’s Republic of China
e-mail: wke@fjirsm.ac.cn


mailto:wkc@fjirsm.ac.cn

46 K. Wu

1 Introduction of IR NLO Materials

The infrared (IR) optical crystalline material is optically transparent in the IR
region (0.7-400 pm), i.e., it is not absorbed or less absorbed by the light in this
specified spectroscopic region. In fact, most of the materials applied in the IR
region cannot be transparent through the whole IR region. The materials that have
one or more applicable transparent windows are named as IR optical materials
specified in their transparency windows. The linear optical (LO) modulations of the
IR optical materials such as propagation, reflection, refraction, diffraction, etc.,
have been widely applied in the areas of meteorological monitoring, remote
sensing, laser distance measuring, missile guidance, and laser communication.
The IR optical material with the large nonlinear optical (NLO) response (so-called
IR NLO material) could perform NLO modulations to light, especially laser light, in
the IR region. It can nonlinearly modulate the laser frequency like frequency
doubling, frequency converting, and frequency oscillating [1]. At present, the
laser-pumped radiations in the IR region are less than those in the UV-vis region
(1.064 pm radiation pumped by Nd-YAG laser in the near-IR region and 10.6 um
pumped by CO, gas laser in the mid-IR region are two typical ones). The applicable
IR NLO materials can effectively widen the IR laser radiations so that they can
greatly improve the applications of laser devices in the long-wavelength space. The
most demanded example is long-distance laser communication, in which the signal-
encoded laser light with longer wavelength is necessary due to diffraction. The
coherent laser beams transparent within 5-15 pm region are preferable. Conse-
quently, it is demanded to develop the high-efficient, easy-used, and low-cost mid-
to-far IR laser devices, in which the IR NLO materials play the key role. The special
advantage of the crystalline solid IR NLO materials lies in the production of all-
solid state IR laser devices, which are portable and stable in practical applications.

In 1971, Chemla demonstrated the second harmonic generation (SHG)
effect of silver thiogallate (AgGaS,) crystal in the IR region [2]. AgGaS, can be
optically transparent from 0.47 pum to 13 um, and it belongs to 42 m point group
and it is a negative uniaxial crystal. The second-order nonlinear coefficient
measured by Boyd showed that ds¢ at 10.6 um is 11.1 pm/V [3], which is about
30 times larger than the ds¢ coefficient at 1.064 um of the typical UV-vis NLO
crystal, potassium dihydrogen phosphate (KDP). Up to now, AgGaS, crystal is the
most common and representative IR NLO crystal and has been widely used in many
areas [4, 5]. AgGaS, crystal is a typical [-III-VI chalcopyrite semiconductor with
an energy gap of 2.7 eV. The laser-induced surface damage threshold (/y,) at
10.6 pm is 0.1-0.2 x 10~'2 W/m? with 150 ns pulse [6]. As a comparison, the
laser damage threshold of KDP crystal at 1.064 pm (stronger laser beam) is
3-6 x 107'2 W/m? with 20 ns pulse [5]. The lower laser damage threshold limits
the IR applications of AgGaS, crystal because it is easier to be destroyed by the
high-power laser beam (basically due to the instant multiple-photon absorptions
and/or Raman resonance absorptions). And thus, the laser devices produced by it
are less durable.
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Zinc germanium phosphite (ZnGeP,) is another ternary chalcopyrite semicon-
ductor from II-IV-V group with the same point group and similar structure as
AgGaS, crystal [7]. It has a much larger NLO coefficient of d3s = 68.9 pm/V at
10.6 um [8], which is about seven times larger than that of AgGaS, crystal. It is
transparent in the region of 0.65—13 pm, where it has sufficient birefringence
for phase-matching. It has good mechanical property as well with Mohs hardness
being 5.5. But its optical damage threshold is also very low with I, being
0.78 x 1072 W/m? at 9.6 pm with 120 ns continuum laser pulse [9]. Further-
more, a stable growth of single crystal with high structural perfectibility and
uniformity is very difficult [10], which seriously limits the IR applications in
laser devices.

Therefore, the two important factors that restrict the applications of IR
second-order NLO semiconductors are (a) the low optical damage threshold
and (b) the difficulty in perfect single crystal growth. Although the studies of
the UV-vis NLO crystals also encounter the two problems, the small energy gap
and the necessary optical transparency in the IR region are specified to the IR
NLO crystals.

The great efforts have been made in the last decades to overcome the above-
mentioned limitations of the IR second-order NLO semiconductors. The element
substitution is one of the methods of choice. Silver gallium selenide (AgGaSe,) was
demonstrated as the IR second-order NLO crystal by Chemla et al. [11]. It is
another ternary semiconductor with chalcopyrite structure similar to AgGaS,, but
the sulfur element has been substituted by selenide. Comparing to AgGaS, crystal,
it widens the optical transparency window up to 19 um, enhances dz¢ (10.6 pm)
coefficient to 33 pm/V, which is about three times larger than that of AgGaS,
crystal. The substitution effect is obviously positive. However, the laser-induced
surface damage threshold of AgGaSe; crystal is still small since the measured Iy, is
0.1-0.2 x 1072 W/m? at 10.6 pm with 150 ns continuum pulse [12]. Many
examples can be found in the literatures.

In the recent years, besides the development of the novel growth techniques for
perfect single crystal, the research focuses mostly on the enhancement of the laser
damage threshold of the IR second-order NLO materials for practical applications.
Although the relationship between the structure and optical damage threshold has
not yet been clearly understood, some reports revealed that the enlarged energy gap
(AE) could enhance I, because the larger AE would make the multiple photon
absorption more difficult to be happened [13]. The larger AE could be obtained by
introducing light elements into the compounds. One example is the substitution of
the heavier transition-metal ions (like silver) by the alkali or alkaline metal ions in
chalcopyrite semiconductors. Another choice is the substitution of sulfur or sele-
nide by halogen group elements which possess the lone-pair electrons benefiting to
the large second-order NLO effect. For instance, NaSbsF crystal reported by Qin
and Chen [14] was discovered in terms of the above-mentioned two considerations.
The Iy, of this crystal has been reported to be much larger than those of chalcopyrite
semiconductors. The problem is that the IR transparent edge of this crystal has been
reduced and the SHG effect has been decreased. The essential reason relates to the
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transparency—nonlinearity trade-off relationship. The enlargement of AE would
intrinsically reduce the d coefficient because they are inversely propositional to
each other.

By the element substitution and structural modification, people have effectively
tuned the SHG coefficients, transparency windows, and Iy, values. This structural
tuning would be an important means in the further development of novel IR NLO
materials in semiconductor family. Nevertheless, the transparency—nonlinearity
trade-off incarnates in nonlinearity and optical damage threshold as well. In other
words, the difficult choice between I, and d coefficient makes the space very
limited of the discovery of the practical IR second-order NLO materials in
semiconductors. It is obvious that new research area needs to be explored for
developing the new-generation IR second-order NLO materials.

The IR optical materials are usually characterized by containing heavy elements.
In the past decade, the second-order NLO materials containing transition-metal
elements have attracted great interest. Di Bella in 2001 overviewed the transition-
metal complexes (organometallic and coordination) as second-order NLO materials
and pointed out that the transition-metal complexes offer a very large variety of
structure and can satisfy different aspects of second-order NLO materials [15].

The studies on inorganic metal cluster compounds as the IR second-order NLO
materials have been carried out in our research group for more than ten years,
particularly by using the first principle computational studies on the structure—
property relationship and material designing and simulations. The studies revealed
that the polynuclear metal cluster compounds containing direct metal-metal bond-
ing is a promising area in searching novel mid-to-far IR second-order NLO
materials. Besides the various structures, high stability and diverse electronic
property, the prior advantage of the metal cluster compounds is the metal-to-metal
charge transfer contribution to the second-order NLO response. This advantage
makes it possible to separate the optical absorption (usually caused by ligands
in near-to-mid IR region) from the NLO response (could significantly caused
by metal-metal interactions), which benefits to the solution of transparency—
nonlinearity trade-off dilemma in semiconductor family. In this review article, we
will present the recent advances in the first-principle computational studies on the
second-order NLO properties of polynuclear cluster compounds and the elucidation
of the structure—property relationship for the purpose of discovering new practical
second-order IR NLO materials.

2 Metal Cluster Compounds for Second-Order
Nonlinear Optics

The high value of molecular quadratic hyperpolarizability (f) is the prerequisite of
a material to have the strong second-order NLO effect. The great efforts have been
made on developing different NLO chromophores with high quadratic
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hyperpolarizability [16-24]. By introducing the heavy transition metal into a pure
organic donor-m—acceptor conjugated molecular architecture, the electron
push—pull mechanism could be reinforced which benefits to the high molecular
quadratic hyperpolarizability. Since the pioneering works of Frasier [25] and Green
[26], the discovery has aroused the great interest in developing organometallic NLO
chromophores for two decades (for a contribution before 1991, see, e.g., [27] and
the references therein; for a contribution before 2001, see, e.g., [15] and the
references therein) [28—34]. Some organometallic complexes have been found to
have extremely large quadratic hyperpolarizabilities, good photochemical stability,
comprehensive charge transfer ability, and tailoring flexibility of coordination
ligand. The extensive studies have provided profound understanding of the mecha-
nism for the second-order response of the organometallic [35-39] and inorganic
mononuclear complexes [40—44]. The dominant second-order NLO mechanism of
the organometallic chromophores lies in the intense, low-energy charge transfers
between the metal centers and coordination ligands (MLCT/LMCT) [45-51].
In some particular condition, the metal-inductive ligand-to-ligand charge transfers
(LLCT) or intraligand charge transfers (ILCT) can play the key role in second-order
activities [52, 53] as well. These revealed that second-order NLO mechanisms
all critically depend on the coordination ligands (L) which leads to the ineluctable
exploitation on the extended conjugated ligands in developing organometallic NLO
chromophores. For example, Le Bozec and his coworkers reported an octupolar
zinc complex exhibiting very high quadratic hyperpolarizability (f;¢; = 870 X
1073% esu and fo = 657 x 1073% esu) [54]. The coordination ligand of this com-
pound is the extended long ligand, 4,4'-oligophenylenevinylene-functionalized
2,2'-bipyridine which is responsible to the large f§ value originated from the
MLCT process. Both experimental and theoretical studies came to the similar
conclusion that the nature of coordination of conjugated ligands crucially influences
the second-order response [23, 29-31, 55]. However, some reports further indicated
the unfavorable red shifts of the low-lying charge transfer excitations into the
visible part or even into the near-to-mid IR part of the spectra and the large dipole
moments unfavorable to the noncentrosymmetric crystallization due basically to
the extended m-conjugated coordination ligands. These drawbacks seriously restrict
the practical nonresonant applications of large numbers of the organometallic NLO
compounds in the IR region. The present challenge is to explore the metal-based
NLO chromophores with an improved transparency—nonlinearity trade-off [S6-58],
which requires to simultaneously control the primary NLO property (the quadratic
hyperpolarizability) and the secondary property (optical transparency) through the
structural tuning. The potential new mechanism for the second-order response that
is independent on the size and order of the coordination ligands is largely expected.

Some studies have implied the contribution to the optical nonlinearities of the
direct metal-metal interaction of inorganic polynuclear metal clusters compounds
[59-62]. In contrast to the organometallic chromophores, the charge transfer (CT)
processes of polynuclear metal cluster compounds involved in the NLO response
are notably diverse and complex. The metal-metal interaction CT process (MMCT)
activated by the incident laser light related to the d,—d, transitions makes significant
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contributions to the second-order NLO activities, which will be discussed in detail
in the following sections. The understanding of this distinct contribution will cast a
new light on the rationalization of the role of the direct metal-metal interactions in
global NLO activity and will benefit to the exploration of the novel IR second-order
NLO materials [63]. This ligand-independent mechanism for the second-order
response can bring in an unprecedented way in tuning the quadratic hyperpolariz-
abilities of metal clusters in addition to the modifications of the ligating groups. It is
thus critically important to understand the mechanisms and the role that transition
metals play in the enhancement of the quadratic hyperpolarizability in the develop-
ment of the effective NLO-active chromophores which are essential in the design of
novel IR second-order NLO materials.

2.1 Computational Method for Metal Cluster Compounds

Many theoretical efforts have been made on the second-order NLO mechanism of
the organometallic complexes in the past two decades both at the semiempirical
level and in recent years within the first-principle theoretical frameworks [31, 35,
36, 46, 64-67].

The calculations of quadratic hyperpolarizability require the high-level compu-
tational techniques such as large basis sets and electronic correlation correction in
order to compare with the experimental results. In such cases, the fast-developed
density functional theory (DFT) becomes the method of choice for the transition-
metal-containing complexes owing to its ability to deal with the sizable molecules
and to take into account the complex many-body effects at an economic computa-
tional cost. However, some studies carried out by DFT studies reported the failures
in computing quadratic hyperpolarizabilities of the long molecules and extend
organometallic complexes because the DFT results tend to underestimate the
long-range electronic excitations [68—73]. For example, Bruschi et al. compared
ab initio and DFT calculations of the organometallic carbonyl complexes of M
(CO)s L M =W, Cr, L =Py, PyCHO, Pyz, PyzBF;, BPE, BPEBF;), which
showed the serious overestimation of the DFT calculations on the quadratic
hyperpolarizability [74]. The chief point lies in the lack of the exact general
exchange—correlation (XC) functional to describe the various chemical phenomena.
The great efforts have been made to rectify the defect within the DFT framework in
order to obtain the reliable quadratic hyperpolarizability of the long molecules,
oligomers, and extended polymeric systems [75—79] The Becke’s parameter-fitting
hybrid methods which take into account the HF “exact” exchange based on the
adiabatic connection method (ACM) is one of the pathways to improve the DFT
calculations of the quadratic hyperpolarizabilities. We described in the following
subsection a new computational approach based on hybrid DFT (cPW1PW91)
benchmark which is reliable to the quadratic hyperpolarizability of transition-
metal-containing systems.
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2.1.1 One-Parameter Hybrid Functional: cPW1PW91

According to Kohn—Sham density functional theory, the molecular electronic
energy could be divided into several terms:

E:ET+EV+EJ+EXC (1)

where Et, Ev, and Ej are the kinetic energy, potential energy, and electron—electron
repulsion energy terms, respectively. The nonclassical energy term Exc accounts
for the exchange energy arising from the antisymmetry of the wave function and the
correlation of the individual electrons. Exc could be divided into two parts namely
the exchange and correlation parts:

Exc =Ex +EC ()

The hybrid Exc functional with the fractional HF exchange and DF exchange
along with DF correlation formulated by Becke has the general form as follows:

hybrid
EQe¢ = PiERE + PoERFT 4 pypRFT 3)
To the case of Beck-style three-parameter functional (B3LYP) [80, 81] formula,
3 is written as follows:
B3LYP _ LDA HF LDA

+ axA E)%eck88 + E\C/WN

+ac (E(L:YP — EXWN) @

where the parameter a, represents the ratio between the HF exchange and LDA
local exchange, while ay scales Beck88 gradient correction to LDA exchange.
Similarly, the parameter a. weights the LYP nonlocal correlation correction to
the local VWN correlation functional. The three fractional parameters {ag, ax, a.}
(0 < {agp, ax, a.} < 1) have been determined by fitting the G1 molecule set:
ap = 0.20, a, = 0.72, and a. = 0.81. Unfortunately, B3ALYP method gave bad
results to the quadratic hyperpolarizabilities of long organic molecules reported
in the literatures [70] and the metal complexes as well, due basically to the
parameter optimization being performed in ground-state situation.

The new hybrid Exc functional, on the basis of the assessments of various XC
functional models, adopted the mPW model (Barone’s modified Perdew—Wang
1991 exchange functional [82]) as the nonlocal exchange and the PWO9I
(Perdew—Wang gradient-corrected correlation functional [83]) for nonlocal corre-
lation functional. Both the local exchange and correlation functionals used LDA
model, Slater style for exchange, and VWN for correlation. Formula 4 comes to the
following form:
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E};(y(l:)rld _ E§1ater +ap ( EEF _ E)S(.later) T ax AEI)?PW T EXWN
4 ac ( EPWO _ gYWN ) o)

Champagne et al. reported that for the long organic molecules, the correlation
part in an XC functional has negligible effect on 5, while the exchange part is
mainly responsible [68]. Our results also showed that the a is much more sensitive
to f than the other two ones [73]. Consequently, it is reasonable to simplify the
three-parameter fitting to the one-parameter fitting, i.e., {aq, a.} are set to constant,
a, = 1,a. = 1 — ap. The minimum value of the mean absolute deviation (MAD, §)
gives rise to the optimized a, parameter. Formula 5 came to the following:

hybrid

Exc

— BT ag (EYF — ERAT) 4 (1 - a) AEREW 1 EEVOL - (6)

The one-parameter a, has been determined by the optimization of the quadratic
hyperpolarizability of a sample set consisting of 27 transition-metal-containing
molecules. Due to the lack of the experimental results of the quadratic hyperpolar-
izability of the sample molecules, the CCSD/6-311+G(d)/SDD results were used as
the gauge in the parameter ay fitting process.

Figure 1 showed the curve of MAD values (S) of the 27-molecule sample set
with respect to @y parameter. The minimum S value was found at ¢y = 0.40. As the
result, formula 6 became

Meanabsolute Deviation (a.u.)

100 L Il L Il L Il L Il L Il L Il L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
a9

Fig. 1 Mean absolute deviation (MAD) of f§ values of the 27-moleucle sample set by fitting the
parameter ao. (This material is reproduced with permission of John Wiley & Sons, Inc. J
Computational Chemistry 2009, 30, p.2061. ©[2009 Wiley Periodicals, Inc.])
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Table 1 Calculated static quadratic hyperpolarizabilities (107>° esu) of typical organometallic
NLO chromophores using various computing models. (This material is reproduced with permis-
sion of John Wiley & Sons, Inc. J Computational Chemistry 2009, 30, p.2058. Copyright [2009
Wiley Periodicals, Inc.])

XC W(CO)sPyCHO Cr(CO);Bz FeCp,COMe
SVWN —5.52 (+47) —25.43 (+179) —0.96 (+38)
BLYP —5.99 (+60) —2491 (+174) —1.18 (+69)
BB95 —5.74 (+53) —24.22 (+166) —1.00 (+43)
BPWI1 —5.67 (+51) —24.04 (+164) —0.95 (+36)
PWI1PWI1 —5.82 (+55) —24.28 (+167) —1.19 (+70)
mPWPWI1 —5.75 (+53) —24.16 (+165) —1.04 (+49)
PBEPBE —5.79 (+54) —24.22 (+166) —1.06 (+52)
mPWI1PWI1 —3.87 (+13) —13.98 (+54) —0.87 (+24)
B3PWOI1 —4.27 (+14) —16.03 (+76) —0.83 (+18)
BILYP —4.18 (+11) —14.53 (+60) —0.95 (+36)
B3LYP —4.36 (+16) —16.60 (+82) —0.96 (+37)
MO5 —4.11 (+10) —14.74 (+62) —1.00 (+43)
PBE1PBE —4.28 (+14) —14.08 (+55) —0.84 (+20)
B97-2 —4.20 (+12) —15.48 (+70) —0.85 (+22)
BHandHLYP —2.63 (—30) —7.1(-26) —1.03 (+47)
HF —1.28 (—66) —2.19 (=75) —0.32 (—54)
MP2 —3.13 (+17) —6.43 (—29) —1.72 (+146)
cPWIPWI1 —3.92 (+5) —-9.28 (+2) —0.80 (+14)
Expt. —-3.75 —-9.10 —0.70

hybrid _ ,Slater HF Slater mPW PWI1
EQen = ESJAter 1 0.40 (EX — EY] ) +0.60AERPW 4 £ )

Table 1 showed that this new one-parameter hybrid functional (named as
cPWI1PWOI1) could significantly improve the DFT performance in the computation
of the quadratic hyperpolarizability of three typical organometallic complexes,
W(CO)sPyCHO, Cr(CO);Bz, and FeCp,COMe. The improved accuracy indicates
that the exact exchange functional is important in the description of excitation and
NLO properties. This would illuminate the further development of the analytical
XC functional in describing the electronic excitations and the NLO properties of the
transition-metal-containing systems.

2.1.2 Orbital-Decomposition Analysis for Second-Order NLO Mechanism

The reliable theoretical calculations on the quadratic hyperpolarizabilities provide
the important information in the analysis and understanding of the microscopic
origin, NLO response mechanism, and structure—property relationship, which is
critical to design and discover the novel second-order NLO materials.

The widely used two-level model comes from the “sum-over-state” method
based on the perturbation theory, where the sum is simplified to only the ground
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state and a single excited state. It takes into account a particular excitation in
analyzing the contribution to static f§ of the electronic transition induced by the
charge transfer.

Az

where subscript i denotes the specified ith excited state. The Ay; is the difference of
transition dipole moment between the ith excited state and the ground state. M; is
the transition dipole moment and AE; is the transition energy from the ground state
to the ith excited state. The two-level model still seems to be the useful and practical
design rule for the NLO chromophores. However, the studies on the transition-
metal-containing systems have been revealed that the two-level model is invalid
any more to the extended and complex systems.

The orbital decomposition scheme firstly proposed by Hieringer and Baerends
[84] is a very useful tool to relate the electronic structures and the relevant
orbital-pair transitions to the quadratic hyperpolarizability. We have improved
this decomposition to understand the second-order NLO nature of organometallic
chromophores and coordination complexes. It can collect many important
contributions which are missed by using the simple two-level model. The f value
induced by the CT involving the relevant orbital-pair transitions was described as
follows:

Aucah b)

O<Z

€))

where (a, b) is an occupied to virtual orbital-pair transition involved in the ith
excitation; M, ) is the corresponding transition dipole moment; C, 5, is the weight
factor of (a, b) transition. The summation is over N states that possess the (a, b)
orbital pair. The Ay; could be obtained by using the finite-field method [66].
By using this scheme, the relative contribution to fcr of a specified orbital-pair
transition with respect to that of another one can be clearly shown.

Another advantage of the decomposition scheme lies in the economic computa-
tional burden. It could be obtained as a by-product of the quadratic hyperpolar-
izability calculations without any additional computations. So it is particularly
useful to the complex sizable systems like the polynuclear NLO chromophores.

2.2 Second-Order NLO Properties of Dinuclear Rhenium Clusters

We present in this subsection the study of the metal-metal interaction effect on the
quadratic hyperpolarizabilities of two dinuclear rhenium clusters, Re,(allyl), and
Re,(1-S),0,(CH,CMes),. The electronic structures, electronic excitation, and
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quadratic hyperpolarizabilities have been computed and analyzed with the use of
the high-level DFT/TDDFT methods. The geometries and the first intense
excitations agree with the relevant reported measurements. An unprecedented
second-order NLO response mechanism was found and discussed in these
dirhenium compounds featuring the contribution of the direct metal-metal interac-
tion transition process. This contribution positively enhances the quadratic
hyperpolarizability and relates to the intensity of the metal-metal interactions of
the complexes.

2.2.1 Structures and Computational Details

The initial geometric structures of the two dirhenium models taken from the X-ray
diffraction data [85, 86] (Fig. 2) were fully optimized with C, symmetric restriction
to the local energy minima which have been confirmed by no imaginary harmonic
vibration frequency. The twofold axes of both models were arranged to be along
Cartesian z axes which are also identical to their dipole moment directions.

The geometric optimizations and ground-state self-consistent-field (SCF) calcula-
tions were proceeded at the triple-( split-valence Slater orbital-type basis set with two
augumented polarization functions (TZ2P) and the “small” frozen core level: (Re:4d;
0:2s; S: 2s; N:2s). The Becke—Perdew (BP) pure general gradient approximation
(GGA) XC functional [87, 88] was used with the local density approximation (LDA)
part being VWN type [89, 90] including the Stoll correction [91]. The scaled-ZORA
Hamiltonian [92-94] was used to take account of the relativistic effect in the
calculations. All the calculations were performed with the Amsterdam density func-
tional program (ADF) [95, 96].

The orientationally averaged static values of the polarizability () and quadratic
hyperpolarizability (f5) are defined as follows:

10)

Fig. 2 Molecular structures of the models 1 and 2 (a) Rej(allyl)4; (b) Re,(u-S),0,(CH,CMes),y.
H atoms are omitted for clarity
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Since the lack of the measured data available for the 8 of the two dirhenium
complexes, the present computed values were largely qualitatively valuable. Based
on this consideration, the solvent effects and intermolecular interactions, as well as
frequency-dependent effects, which have been proved to be quantitatively impor-
tant, are not included in the present qualitative evaluations of the quadratic
hyperpolarizability.

2.2.2 Results and Discussions
Electronic Structures and Re—Re Bonding

The mean Re-Re bond distance in Re,(allyl); molecule (1) is 2.225 A which
was considered effectively triple by Cotton et al. [85]. The Re centers in the
Re,(1-S),0,(CH,CMes), molecule (2) have square-pyramidal geometries with
the oxo ligand in the apical position and the basal plane defined by two carbons
and bridging sulfide group. The Re—Re distance of 2.759 Ais slightly longer than
the sum of two Re atomic radii (2.741 1&), which was considered as single bond by
Hoffman et al. [86]. The optimized geometric parameters are in reasonable agree-
ment with the experimental data.

Mayer bond-order method (Table 2) [97] was adopted to analyze the bond
properties. The bond order of Re—Re of model 1 is 2.20. On the contrary, the
calculated Re—Re bond order is 0.65 indicating the much weak interaction between
two rhenium atoms in model 2. The results show the strong Re-Re bonding in
model 1 and the weak Re—Re interaction in model 2, which agree with the
experiments.

The frontier molecular orbitals of model 1 are mostly composed of the 5d
orbitals of dirthenium. For example, the HOMO (abs. as H) mainly locates on two

Table 2 Selected bond orders of models 1 and 2 obtained by Mayer method

1 2

Rel-Re2 2.00 Rel-Re2 0.65
Rel-C3 0.33 Rel-S3 1.01
Rel-C4 0.58 Rel-S4 0.93
Rel-C5 0.33 Rel-05 1.79
Rel-C6 0.33 Rel-C7 0.74
Rel-C7 0.58 Rel-C9 0.77

Rel-C8 0.33
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Re atoms with typical é metal-metal antibonding orbital character (noted as dy,ms+)
in agreement with the semiempirical result of Cotton et al. The HOMO of model
2 on the other hand locates on both the dirhenium atoms and the sulfide ligands. The
LUMO (abs. as L) of model 2 has d,, o+ character as well as pg~ antibonding of oxo
ligand.

Electronic Excitations

The gas-phase excitation spectra of models 1 and 2 are depicted in Fig. 3. The
intense lowest-energy excitation peak (A4,.x) of model 1 locates at 461 nm
(f = 0.01). It mainly consists of the orbital-pair transition (H, L + 2) (99%) from
the HOMO to the LUMO + 2. As mentioned, the HOMO locates on the two
equivalent Re atoms with the metal-metal antibonding orbital character d,gs+
and the LUMO + 2 also mainly locates at the two Re atoms but with the
metal-metal 7 antibonding orbital character (noted as dpm+). Consequently, the
Amax Of model 1 at 461 nm involves the dyms« — dpmres transition. The A, of
model 2 locates at 546 nm which red-shifts 85 nm to that of model 1. It has a slightly
weak intensity of the calculated f = 0.008 and mainly composes of the orbital-pair
transition of (H, L + 1). The HOMO is characterized by the p orbitals of the S
atoms and the carbon atoms of L fragments (noted as Ls) and metal-metal o
bonding (noted as d,,n,5) of dirhenium. The LUMO + 1 mostly consists of the 5d
orbital components of two Re atoms with d,,,,s+ character and a small percent of
po antibonding orbital components of oxo ligand (Ls+«). Consequently, The CT
processes involved in A,y transition are from (Lg + diyms) t0 (dmo* + Lo*)-

0.20

0.15

g

0.10

Intensity\au

0.05

0.00 r
T T T T T T T T T T T T T T T
250 300 350 400 450 500 550 600 650
Wavelength (nm)

Fig. 3 Simulated electronic excitation spectra of (a) model 1 (/ine) and (b) model 2 (gray dash)
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The measurements of the UV-vis spectra of these two cluster compounds at
present are not available. Eglin and his collaborators have reported the intense
lowest-energy absorption of another strong Re—Re coupled cluster [Re;CI(NCN),]
[BF,] (Re—Re distance is 2.224 A which is very closed to that of model 1, 2.225 A)
located at 460 nm with typical d — d transition character [98]. Some other avail-
able reports also give rise to the A, at around 420 nm—470 nm of some dirhenium
complexes containing strong Re—Re interactions [99, 100].

Polarizabilities and Quadratic Hyperpolarizabilities

The calculated polarizability matrices of models 1 and 2 are almost diagonal, i.e.,
o; = 0 (i # j). The spatially averaged & value of model 1 is 33 x 1072* esu which
is about one half of that of model 2 (67 x 1072 esu).

The anisotropy of the calculated static f; values of both models is obvious
(B. > B, B,) due to the specified molecular Cartesian coordinates. The quadratic
hyperpolarizability of model 1 [,(1) ~ (1) = 0.6 x 103! esu] is about one order
of magnitude smaller than that of model 2 [B,(2) ~ B(2) = 7.0 x 1073! esu]. The
result is a surprise in that the second-order NLO response of model 1 with strong
Re—Re interaction is much smaller than that of model 2 which contains weak Re—Re
interaction.

The orbital decomposition analysis scheme has been executed to reveal the
contributions of the particular occupied-virtual orbital-pair transitions (a, b) to a
given quadratic hyperpolarizability as well as the corresponding CT processes
involved in the transitions. The relevant orbital-pair transitions of polyatomic
model 1 are multicomponent. The main contribution of the first four major
orbital-pair transitions in magnitude order is that (H — 1, L + 6), (H — 4, L + 3),
(H—-2,L), and (H— 1, L + 1) have the positive signs, while the fifth one
(H, L + 4) has the negative sign as illustrated in Fig. 4a. They are all obviously
characterized by predominant metal-to-metal transitions relating to MMCT pro-
cesses. The orbital pair (H — 1, L + 6) has the largest positive contribution
(the relative ratio is assumed as 100%). It is involved in the relative high-energy
excitations (in the range from 4.9 to 6.1 eV). We note that it is excluded in the
optically intense excitation (/,,x). The result conflicts with the assumption of the
traditional two-level model which assumes that only the lower energy transitions
are counted. The occupied H — 1 is the 6 bond orbital of dirhenium (d,,5) while
the virtual L + 6 is dominant by 7 antibond orbital of dirthenium (d ;) With the
fractional components of pa~ orbitals of the allyl ligands (Ls+) as shown in Fig. 4a.
This orbital-pair transition therefore involves the MMCT (dyms — dmmn+) and
MLCT (dpwms — Lo+) processes. The former process is obviously predominant
(~80%). The analyses showed that the following two orbital-pair transitions of
(H—4,L + 3)and (H — 2, L) have the second and third largest contribution to the

B with the relative ratio of 88% and 51%, respectively. Both mainly involve MMCT
with diymr — dimsa* and dipymr — dmmoe+ Characters, respectively (dymsq+ denotes
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Fig. 4 Illustrations of the orbital-pair transitions relevant to the quadratic hyperpolarizability of

model 1 (a) and 2 (b)

the sd hybrid antibonding orbital of dirhenium [101]). Another orbital pair (H — 1

L + 1) with relative ratio (23%) is similar to (H — 1, L + 6). It involves
predominated MMCT (dyms — dmmr+) and fractional MLCT (dyms — Lo*)
characters. It is worth noting that there exhibits a negative contributor, the orbital
pair (H, L + 4). It has a nonneglectable relative ratio of about —28% to the largest
one. The HOMO locates on the dirhenium with typical é antibond character as
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mentioned above while the LUMO + 4 locates mostly on the allyl ligands.
This orbital-pair transition therefore mainly involves MLCT (dmms+ — Lgp+),
where Lg,+ denotes the sp hybrid antibonding orbitals of allyl ligands. In a word,
the metal-to-metal transition processes predominate over the f§ of model 1 while the
MLCT process could be unfavorable to the enhancement of the quadratic
hyperpolarizability.

The decomposition scheme performed on model 2 shows that there are three
orbital-pair transitions contributing to § with positive signs while there are two with
negative signs. The (H, L) transition has the largest contribution (100%). It is solely
involved in the first dark excitation and is again excluded from the A, -related
excitation. As depicted in Fig. 4b, the HOMO of model 2 is no longer dominated by
the 5d orbitals of dirhenium, instead it has large components of the p orbitals of S
atoms and CH,CMe; ligand fragments: HOMO(2) =~ 0.48p(S) + 0.27p(L) + 0.12d
(Re—Re). The LUMO in contrast to the HOMO is dominated by the d,;,,+ orbitals
of dirhenium with the nonnegligible fractional contribution from the ligands, which
is mostly characterized by the atomic p antibonding orbitals of O atoms: LUMO
(2) = 0.78d(Re—Re) + 0.20p(0O). Consequently, the orbital-pair (H, L) transition
has (Lo + diums) — (dmmoe* + Lo+) character. The relevant transition processes are
multiple, i.e., the dominant LMCT (L; — dime+) and the fractional MMCT (d s
— dmme+) and metal-inductive LLCT (Ls — L+). The second largest contribution
comes from orbital pair (H — 3, L + 2), where the HOMO — 3 involves [0.47p
(L) + 0.23p(S) + 0.15d(Re—Re)] and the LUMO + 2 involves [0.55d(Re—Re) +

0.23p(0) + 0.18p(S)]. The orbital components of (CH,CMes;) ligands [p(L)]
which are mainly involved in the occupied H — 3 (47%) is absent in the virtual
orbital L + 2 indicating its electron donor character. The relevant electronic transi-
tion processes are again LMCT (dominant), MMCT, and LLCT. The third largest
contribution comes from (H — 5, L + 2) transition. Different to H — 3 orbital,
H — 5 mostly locates on CH,CMe; ligand fragments and dirhenium without the
component of p(O) and p(S). The relevant transition processes can be assigned to
LMCT, MMCT, and LLCT as well. The CH,CMe; ligand fragments clearly play
the role as the electronic donor in the LMCT and LLCT and S and O atoms clearly
play as the electronic acceptor in LLCT. The above three orbital-pair transitions
make the positive contributions to the magnitude of f§ values. They give priority to
LMCT processes but MMCT and metal-inductive LLCT processes are impressive.
They are all involved in the lower energy excitations (in the range from 2.1 to
3.6 eV). On the other hand, the contribution of the orbital-pair transition (H — 4,
L + 3) is the second largest in magnitude with the relative ratio of 74%, but it is
negative, i.e., it would reduce rather than enhances the quadratic hyperpolar-
izability. This orbital-pair transition is involved in the higher energy excitations
(in the range from 3.6 to 3.8 eV). The orbital HOMO — 4 has large components of
p(0O) and p(S). The d orbital components of dirhenium are only about 10% in total.
In the virtual orbital L + 3 on the other side, the d orbital components of dirhenium
enhance to 55% in total while the p(O) components decrease greatly. The relevant
electronic transition processes are thus assigned to LMCT (Ls — dipme+), MMCT
(dwms — dmms+), and LLCT [p(O) — p(S)]. It is worth noting that the
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contributions of the CH,CMe; ligand fragments are absent. The other negative
contributor is orbital pair (H — 4, L + 4). Its contribution in magnitude has a
relative ratio of about 18% to the largest one. The analysis shows the similar
situation to that of orbital pair (H — 4, L + 3) and will not be described in detail
for clarity. It also involves the LMCT, MMCT, and LLCT processes missing the
contribution of CH,CMe; ligand fragments. In a word, the main CT process
contributing to the quadratic hyperpolarizability of model 2 is LMCT process
which is completely different to the situation in model 1. If the CH,CMe; fragments
participate in the LMCT process as the electron donors in addition to the oxo and
sulfide ligands, the contribution would be positive or vice versa. The MMCT has
been confirmed to be one of the transition processes that play roles in the enhance-
ment of the § values.

2.3 Second-Order NLO Properties of Trinuclear Anionic Clusters

In this subsection, we present the first-principle DFT calculations on the electronic
excitations and second-order NLO properties in solution phase of two typical inor-
ganic trinuclear anionic clusters, [MoCu254(SPh)2]27 and [M02CuS4]17(edt)2(PPh3)
(edt = 1,2-ethanedithiolato). The computed excitation energies are in good agree-
ment with the outcome of the measurements. The predicted values of the molecular
quadratic hyperpolarizabilities are of the comparable order of those of the typical
organometallic chromophores. We demonstrate again the significant contributions
to the second-order responses from the charge transfers between the metal centers
(MMCT) in these two charged clusters. This meaningful ligand-independent
mechanism for the second-order response largely relates to metal-metal bonding
strength.

2.3.1 Structures and Computational Details

The two molybdenum—copper trinuclear anionic clusters have been chosen due
firstly to the various structures in relation to the metal nd configuration and
oxidation states in the copper—tetrathiomolybdate complexes. One is a linear-
typed bivalent anionic cluster, [(PhS)CuSzMOSZCu(SPh)]% (3), and the other is a
triangular univalent anionic cluster with the incomplete cubane-like cluster core,
[Mo,CuS,4]~'(S,C,H,)(PPhs) (4) [102, 103]. The second feature lies in the similar
Mo—Cu bonding in these two charged clusters possessing the different metal-core
configurations (linear-typed vs. triangular, see Fig. 5). The original structures came
from the X-ray diffraction data. In view of the metal-metal interaction, both
clusters exhibit weak direct metal-metal interactions. Cluster 3 contains a pair of
equivalent Mo—Cu bonds slightly shorter than the sum of atomic radii. Cluster 4
contains two inequable Mo—Cu bonds and an additional Mo(1)-Mo(2) bond.
Although the metal-metal distances in cluster 4 are slightly larger than the sum
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Fig. 5 Molecular structures of the anionic clusters (a) [(PhS)CuS,MoS,Cu(SPh)]*, (b)
[MozCuS4]l’(SZC2H4)(PPh3). H atoms are omitted for clarity

of atomic radii, the direct weak metal-metal bonding interactions are generally
considered [103].

The molecular geometries of clusters 3 and 4 were fully optimized in acetonitrile
solution to the local energy minima which have been confirmed by no imaginary
harmonic vibration frequency. The computed geometric parameters such as the
bond lengths and angles are in reasonable agreement with the reported X-ray
diffraction data. The optimizations and ground-state SCF calculations were
proceeded at the TZ2P Slater-type orbital basis set with two augmented polarization
functions and the “small” frozen core level: (Mo:3d; Cu: 2p; O:1s; S:2p; N:1s). The
BP pure GGA XC functional was used with the LDA part being VWN type
including the Stoll correction. The scaled-ZORA approximation of the relativistic
theory was used. The solvent effects were employed in this study by using conduc-
tor-like screening model (COSMO) [104—106] of solvation with the Klamt surface
[107]. The solute dielectric constant were set to 37.5 (MeCN, acetonitrile) for both
models. The electronic excitation properties and the quadratic hyperpolarizabilities
were calculated by using the response theory implemented in the RESPONSE
module of ADF program. The GGA part of the XC functional employed the
GRAC of the potentials based on the BP functional and the shape-corrected LB9%4
potential. Only the static f§ values of two models were calculated due to the absence
of the comparative experimental dynamic data. Based on this consideration, the
frequency-dependent effects as well as intermolecular interaction effects which
have been proved to be quantitatively important are not included in the present
qualitative evaluations of the quadratic hyperpolarizabilities.

2.3.2 Results and Discussion
Electronic Structures and Metal-Metal Bonding
The optimizations in solution can ensure the valid equilibrium structures for the

solution-phase calculations of the electronic excitations. The small difference from
the crystal structures can be explained by the presence of the intercluster
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interactions in solid state. Cluster 3 has C, point group symmetry with z axis being
the twofold axis. The central molybdenum atom is fourfold coordinated by four
bridged sulfur atoms [u,-S(1, 2)]. Each copper atom is threefold coordinated by two
1-S(1, 2) and one terminal sulfur atom [¢-S(3)]. The fragmental core MoS(1)S(2)
Cu(1) is almost planar. And the structure features that the two equivalent planar
cores [MoS(1)S(2)Cu(1) and MoS(1')S(2")Cu(1’)] are perpendicular to each other.
The n-conjugated phenyl ring (noted as Ph in the following) connects to copper via
t-S(3) with an angle of £Cu-S(3)-Ph = 111.0°. The distance between Mo and Cu
atoms (2.669 1&) is about 0.03 Alonger than the sum of atomic radii (ryo_cu = 2.639
A). Cluster 4 features a near-regular trigonal fragmental core Mo(1)Mo(2)Cu. Each
Mo atom coordinates to five sulfur atoms in a tetragonal-pyramidal manner. The Mo
atoms directly connected to two edt ligands [S,(CH,),]. The sole Cu atom is tetrahe-
drally coordinated by three sulfur atoms and one PPh; ligand. Cluster 4 has two
inequivalent Mo—Cu bondings in contrast to cluster 3 does, and it has an additional
Mo(1)-Mo(2) bond. Mo(1)—Cu and Mo(2)—Cu distances (2.792 Aand 2.807 A
respectively) are about 0.16 A longer than the sum of atomic radii, and Mo(1)-Mo
(2) distance is 0.15 Alonger than the sum of atomic radii (ryemo = 2.726 A).

The frontier molecular orbitals of polyatomic clusters 3 and 4 are multicompo-
nent. The description will be emphasized for clarity on the metal characters and the
metal-metal bonding properties. The occupied molecular orbitals of cluster 3 are
characterized by the 3d valent orbitals of Cu atoms (noted as d¢,) and 3p orbital of
the sulfur atoms (noted as ps). The Mo character is absent in the first three occupied
MGOs. The p—r orbitals of phenyl rings of PPh; ligands (noted as npy,) are present but
minor. On the contrary, the 4d valent orbitals of Mo atoms (dy;,) are dominant in
the first three unoccupied molecular orbitals. The orbital component of MoS,
fragment in LUMO is about 80%, while dc, are also present but is minor while
ps [--S(3)] and 7py, are absent. The anti-r bonding (noted as d,m+) and anti-o
bonding (noted as d,,o+) can be clearly found indicating the direct Mo—Cu
interactions. The first two occupied MOs of cluster 4 are characterized by p—r orbitals
of the edt ligands (p.;) with a small amount of dc,. The third one (HOMO — 2)
on the other side is characterized by the weak Mo(1)-Mo(2) n-bonding orbital (noted
as dpymy) With a small component of dc,. The first three unoccupied MOs are
dominant by the Mo(1)-Mo(2) antibonding. Mo(1)-Mo(2) anti-é bonding (noted as
dmms+) presents in LUMO, d,.+ presents in LUMO + 1, and d,,o+ presents in
LUMO + 2. Since there are single bonds between Mo and u-S atoms (S4—S7), it is
better to analyze the character of the Mo,S, fragment as a whole rather than the
separate Mo atoms and u-S atoms.

Electronic Excitations

The computed vertical singlet excitation energies of models 3 and 4 in solution
phase are illustrated in Fig. 6. The excitation bands of the trinuclear clusters are
multicomponent. For concise, the emphasis is put on the main characteristics of
each band as well as the calculated energies in comparison with the measurements.
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Fig. 6 Simulated electronic excitation spectra of anionic clusters 3 (line) and 4 (dash dot) in
solution phase. The experimental excitation energies (vertical line for cluster 3 and vertical dot for
cluster 4) are also illustrated

Cluster 3 was computed to have five distinct absorption bands centering at 456 nm
(v1), 361 nm (v5), 331 nm (v3), 312 nm (v4), and 235 nm (vs). The calculated results
agreed well with the measured data obtained in acetonitrile solution, i.e., 495 nm,
370 nm (sh), 342 nm, 284 nm, and 245 nm, respectively [102]. The analyses provide
detailed orbital-pair transitions involved in the excitaion bands. The lowest-energy
band v; (A,.x) contains three vertical excitations in a narrow energy range
(2.68 eV-2.82 eV). It mainly originates from the charge transfers from #-S(3) and
Ph ligand to the central Mo atom charactering the LMCT. v, band contains two
intense excitations with the energies of 3.42 eV and 3.43 eV. The MLCT character
is dominant with the CT from [MoCuS] cores to Ph rings. v3 band contains three
excitations with the energies from 3.68 to 3.86 eV. The main CT involved is MLCT
([MoCuS] fragment — Ph rings) while LLCT characters the minor CT process
[-S(3) — wu-S(1,2)]. v4 band contains only one excitation (3.97 eV) which agrees
well with the measured data of 284 nm. It manily involves the typical MLCT
([MoCuS] — Ph). The high-energy band vs contains two excitations with the
energies of 5.24 eV and 5.36 eV. In addition to the typical MLCT involved in
this band [CuS(1,2) — SPh], the dc,—dw, transitions are clearly presented. The
MMCT (Cu — Mo) appears in the high-energy excitations.

The computed electronic excitations of cluster 4 display four intense bands.
They are centered at 496 nm (v;), 309 nm (v,), 255 nm (v3), and 212 nm (vy),
respectively. The three measured absorption bands are located at 482 nm, 305 nm,
and 228 nm [103]. The theoretical values reasonably agreed with the experimental
record except vz which was not observed in the measurement. The lowest-energy
band v; (4nax) contains single intense excitation, which is dominant by the d—p
transitions with a small component of dc,—dy\, transition. The CT processes
involved in the excitation are short-distance MLCT/LMCT and weak MMCT
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(Cu — Mo). v, band contains three vertical excitations in a narrow energy range
around 4.02 eV. It characters the CT processes along the z axis from Mo,S,4Cu core to
Ph rings (MLCT) and edt to Ph rings (LLCT). v3 contains six excitations, which are
commonly characterized by the p—p transitions (edt — Ph and Ph — edf) and d—p
transition (Mo,S,Cu — Ph). The high-enery band v, is realtively broad and intense
containing nine singlet excitations in the energy range from 5.55 eV to 5.94 eV. It is
dominant by the CT between metals (Cu — Mo) and the intra-edt-ligand CT [edt
(S) — edt(C)]. The MMCT again appears in the high-energy excitations.

Polarizability and Quadratic Hyperpolarizabilities

The distinct structural anisotropy of two models has been sufficiently considered in
assigning the Cartesian coordinates for the hyperpolarizability computations. The
twofold axis of model 3 was arranged to be along z axis which is also identical to the
dipole moment direction. The z axis of model 4 is along the direction of the vertical
line of Mo(1)-Mo(2) bonding via Cu, and the xz plane contains the trigonal Mo(1)
Mo(2)Cu core. As a result, the coordinate-dependent tensor components of polariz-
ability and hyperpolarizability of both models exhibit the anisotropic
characteristics. The polarizability tensor is almost diagonal (a; = 0, i # j). The
spatially averaged & value of model 3 is 65 x 10~2* esu which is about two third of
that of model 4 (92 x 10™** esu). The static f5; values of the two models is
remarkably anisotropic (B, > B, f,) resulting in B.~ f. The quadratic
hyperpolarizability of model 3 [.(3) ~ (3) = 6.7 x 107 esu] is about one
half of that of model 4 [f,(4) ~ f(4) = 16.0 x 107" esu]. Since the absence of
the experiental data of the quadratic hyperpolarizability, the computed quantities
are only comparatively meaningful, i.e., model 4 possesses larger quadratic
hyperpolarizability than model 3 does. And these values are modest and compara-
ble to those of the typical organometallic NLO chromophores [15] such as that of
metal carbonyl containing prindine or styrylpyridine ligands.

The contributions of the particular orbital-pair transitions (a, b) to f§ are unveiled
by using the orbital decomposition scheme. The relevant orbital-pair transitions of
model 3 are multicomponent. Figure 7 showed the dominant transitions and the
their relative contributions. The (H, L + 8) transition makes the largest contribution
to f... (100%). It is mainly involved in the high-energy excitations (in the range
from 4.9 eV to 6.1 eV). It is worth to note that this orbital-pair transition is again
excluded from the lowest energy intense excitation (i.e., Apmax). The virtual
LUMO + 8 is dominant by 7" orbitals of Ph rings ligands (phy). This transition
therefore involves the MLCT process [CuS(3) — Ph]. The second contribution
came from (H — 2, L + 7) (53%), which also involves the MLCT similar to the first
one. The typical dc, — dy, transition is the main character of the third contribution
(21%) of (H — 9, L) transition. The MMCT (Cu — Mo) contribution to f value
from this transition is impressive. The following contribution of (H — 3, L + 1)
transition (14%) again exhibits the impressive MMCT character (Cu — Mo) which
reinforces the MMCT contribution to the global Sct. The (H — 2, L + 1) transition



66 K. Wu

% i v L .
@ ° L ° : %{} (’p ‘.
H L+8
000// w® ps+dcu —php* o. // 3 ll.
P ¥ @ ) ‘ ‘
[ 3 ] o' ‘ .

%,

9
- u
H-2 *d%*pw L+7
O'c(,
9,0

X ’ ,
o g . &0 ( [
{ *G} “ﬁ s ps+dCu HdMO +ps +dc§ .‘é*é.
H-4 L+1
% g
o- “/ h‘ 1 E deu+ps = o +po lml
0. 4 ) : ]
H-9 L

Fig. 7 Illustrations of the orbital-pair transitions and corresponding CT routes involved in the
significant contribution to the quadratic hyperpolarizability of cluster 3

has negative contribution (—19%) which is unfavorable to the global second-order
response. The transition is a typical p—d transition involving the CT from SPh
ligand to the MoS,Cu core (LMCT). In summary, the multiple CT procesess are
responsible to the origin of the second-order response of model 3 in which the
MMCT process is confirmed with the positive contribution to global § value while
the LMCT from the ligands to the metal core reduces the global § value.

There are six orbital-pair transitions mainly involved in the contribution of f§
value of cluster 4 (Fig. 8). The first two transitions, (H, L + 1) and (H — 1, L), have
the larger contribution (100% and 68%, respectively) than the other four ones.
(H, L + 1) transition characters the p.;; — dpnmz+ transition involving the LMCT
process (edt — Mo0,S,). The second (H — 1, L) contribution dominates the
LMCT (edt — Mo,S4) process similar to the first one. The following four
orbital-pair transitions, i.e., (H — 6, L+ 1), (H—-2,L+5), (H—5,L + 2), and
(H — 5, L), have the similar mechanism, and one of them (H — 6, L + 1) is thus
taken as the example. The HOMO — 6 possesses the significant metal charater of
dcy and the p.4 [0.22d(Cu) + 0.37p.q + 0.11p(S) + 0.05p(P)] while the unoccu-
pied LUMO + 1 consists of a large component of dyjo_nio With diyme+ character
[0.40d mz+ + 0.06d(Cu) + 0.08p,4 + 0.27p(S)] with the greatly reduced dc, and
Pea: components. This transition involves the LMCT (edt — Mo,S,) and MMCT
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Fig. 8 Illustrations of the orbital-pair transitions and corresponding CT routes involved in the
significant contribution to the quadratic hyperpolarizability of cluster 4

(dcu — dimnr Cu — Mo0,S,), respectively. The later one is nonnegligible which
once again exhibits the MMCT contribution to the second-order activity.

The MMCT processes in both models are significant for both models. The
ligand-independent MMCT process is responsible to the fractional amount of
global fict value particular in the case of model 4 of about 20%.

2.4 Second-Order NLO Properties of Pentanuclear Clusters

We present in this subsection the second-order nonlinear optical properties of a
series of pentanuclear metal clusters [MS,CusX,Pys] (M = Mo, W; X = Br, I) on
the basis of the hyper-Rayleigh scattering (HRS) experiments and the first-principle
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DFT calculations. The measurements obtain the notably large dynamic quadratic
hyperpolarizabilities at 1,064 nm [(—2m, @, w) values are around 200 x 1073 esu]
and, by extrapolation, a large static values around 60 x 10° esu. The computa-
tional results of the electronic excitation energies and quadratic hyperpolarizabilities
are in good agreement with the experimental. The in-depth analysis of the mecha-
nism for the second-order response unambiguously shows the evidence of the
contribution of direct metal-metal interaction charge transfers.

2.4.1 Experimental and Computational Details
HRS Measurement

The molecular quadratic hyperpolarizabilities of the four pentanuclear clusters,
namely, [MS;CuyX,Pys] (M = W, X = Br for § and I for 6; M = Mo; X = Br
for 7 and I for 8) have been determined by HRS technique [108, 109]. The external
reference method was utilized in the measurements by choosing para-nitroaniline
(PNA) as standard. The measurements were carried out in dimethylformamide
(DMF) solutions at 1,064 nm fundamental wavelength pumped from the optical
parameter oscillation (OPO) by the Q-switched Nd:YAG laser (10 Hz, 8 ns pulse
width). The laser radiation was focused by a cylindric lens (focal length 10 cm) into
a quartz cell containing the samples. The HRS signals were detected by a fluores-
cence spectrometer containing a monochromator and a photo counter with high-
degree of accuracy. The weak contributions of two-photon-induced fluorescence in
the measurements were directly subtracted from total signal intensity to obtain the
pure HRS signal by using a high-resolution monochromator near 532 nm. The
solutions were sufficiently diluted (the condensations were below 4 x 1074) to
ensure that absorption of scattered second-harmonic light was negligible.

The HRS results of the quadratic hyperpolarizabilities are frequency dependent.
The corresponding inherent static values are extrapolated by using the two-level

formulation [110]
2;Lmax : }Lmax :
1_(—1>H1_<i” (13)

where 1., are the absorption maximum wavelengths of compounds and A is laser
radiation wavelength.

0 A
PHRS = PHRS

Structure and Computational Methods

The molecular geometries were fully optimized in DMF solution modeled by
COSMO approach using the Klamt surface. The solute dielectric constant was
36.0 for DMF. The TZP Slater-type basis set was used with the frozen core scheme
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of (W:4f; Cu:3p; S: 2p; N:1s). The BP XC functional was used with LDA part being
VWN type including Stoll correction. The scaled-ZORA Hamiltonian was used to
take account of the relativistic effect. The electronic excitations and the quadratic
hyperpolarizabilities have been calculated in DMF solution by using GRAC
potentials based on the shape-corrected LB94 potential. The Davidson diagonali-
zation method has been used to yield the excitation information.

The HRS comparable values fiyrs are also calculated by using the formula
deduced by Cyvin et al. [111] assuming Kleinman’s symmetry and plane-polarized
incident light:

Brrs = \/ (B2zz) + (Bxzz) (14)
where
(Brz) = Zﬁm T35 Zﬁm‘ i T 35 Zﬁ”j + kzl BiiiPiu + /))izjk
1] cyclic
2oy I 2
<ﬂXZZ> - 35 Zﬁiz’i 105 ;ﬁiiiﬁljj 105 Zﬁ”j 105 Uk%:dlcﬁujﬁjkk +3z 35 ﬁljk

The full expression for fyrs can be found in the reference [112].

2.4.2 Results and Discussion
HRS Results

The HRS results of the quadratic hyperpolarizabilities are summarized in Table 3.
The two bromide clusters 5 and 7 have slightly different quadratic hyperpolariz-
abilities (fyrs). Cluster 7 which is centered by Mo atom has a larger fyrs than
cluster 5 does which has W as the central metal atom. The condition is similar to the
two iodate clusters. The furs(8) containing Mo central atom is about 20% larger
than fyrs(6). On the other hand, clusters 6 and 8 coordinated to iodine atoms have
much larger fyrs values than clusters 5 and 7 does which are coordinated to

Table 3 HRS experimental

- Clusters Purs
results of molecular quadratic
hyperpolarizability [WS4CuyBroPys] (5) 164
(1073Y esu) in DMF solution [WS4CusloPye] (6) 319
of clusters 5-8 at 1,064 nm [M0S,4CuyBr,Pys] (7) 198

laser radiation [MoS,4Cuyl,Pys] (8) 354
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bromine atoms. For example, the ffyrs(6) value is about twice as fyrs(5). This is
understandable because of the larger ionic radius of iodine atom, although both
iodine and bromine have the same number of valent p electrons. The lone-pair
electrons in iodine ionic ligands could be more delocalized in the clusters which
benefit to the electron donating. Conclusively, cluster 8 which contains both the
iodine ligands and central Mo metal atom has the largest value of ffrg among the
four analogs, which agrees with HRS measurements. The fyrs(8) value of
354 x 107°0 esu is sizable, and it is about one-order magnitude larger than the
typical tungsten carbonyl organometallic chromopores such as W(CO)s(pyridine)
[113].

Electronic Structures and Metal-Metal Bonding

The optimized molecular structures of the 58 clusters (Fig. 9) were all in agreement
with the reported experimental data in solid state [114—116]. The optimizations
performed in DMF solution simulate the experimental environments of both the
UV-vis spectra and HRS measurements. The distances between the central metal
M (M = Mo, W) and coppers (Cu,/Cu,) relaxed in the range of 0.04 A for M-Cuy,
and 0.06 A for M—Cu,, respectively, after the restricted optimization. The M—Cu
lengths are closed to those in [MoOS;Cu;Cl(PPh3)s] [2.705 A-2.740 A] which is
reported to have weak Mo—Cu interactions [ [117] ]. The bond angles of Cu—-M—Cu
and Cu-M—Cu tend to be 90° and 180°, respectively, resulting in the quasiregular
quadrangles of the planar MCuy cores. The optimized distances of M-S are slightly
lengthened as well in the range of 0.03 A 10 0.05 A. The overall pictures of the DFT
optimized structures of the clusters depict the more compact clusters in general with
the slightly relaxed metal cores. Table 4 listed the selected Mayer bond orders of the
four clusters. It is interesting to see that the bond order of Mo(W)—Cu are around 0.3
to 0.4 indicating the weak direct M—Cu interactions in the clusters while the single

s

Fig. 9 Molecular structures
and orientation of
[MS4CuyX,Pyg] clusters,

M = W, X = Br for cluster
5; X = I for cluster 6;

M = Mo, X = Br for cluster
7; and X = I for cluster 8. H
atoms are omitted for clarity
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Table 4 Selected Mayer bond orders of clusters 5-7

5 6 7
M-Cu 0.4 0.4 0.4
M-S 1.1 1.1 1.1
Cu-S 0.6 0.6 0.7
Cu—Br/l 0.4 0.6 0.3
Cu-N(Py) 0.5 0.5 0.6

bonds between Mo(W) and S are clearly showed. The bond orders of Cu and their
peripheral ligands (S, Br/I, and Py) are all around 0.5 in the range of coordination
interactions.

The occupied frontier molecular orbitals of clusters 5—7 are all essentially
localized on Cu;S;XN(Py;) and Cu,S,N(Py,)N(Py;) fragments and their symmet-
ric equivalents. The orbital overlaps between coppers and halogens are minor
indicating the ionic interaction between them. The p-type orbitals of lone-pair
electrons of the halogen are significant. The unoccupied MO exhibits the ¢ antibond
orbitals of MS, core fragments. The LUMO of clusters § and 6 composes MS,
o orbitals, while for cluster 7, both LUMO and LUMO + 1 contain this type
of orbitals. The higher unoccupied MOs are essentially anti-rw-conjugated MOs of
the ancillary pyridine rings with only small components of MS, fragments. For
clarity and simplicity, we analyze in detail the molecular orbitals of cluster 5. The
HOMO locates entirely on the Cu;S;BrN(Py;) and Cu,S,N(Py,)N(Py3) and their
symmetric equivalent units. The 3p, orbitals of 13-S make ¢ bonds to 3d of Cu. The
4p, of Br make nonbond to 3d of Cu;. The HOMO is obviously irrelevant to the
center metal W and Py rings. The LUMO resides mostly on WS, unit. The 3p (u3-S)
make ¢ bonds to the 5d.>(W) atom. The LUMO + 1 mainly locates on the WS,
core as well. The 3p(u3-S) make 7" bonds to the 5d.,(W). The situation for the other
two clusters is similar.

Electronic Excitations

Table 5 listed the computed electronic excitations of clusters 57 in the range from
350 nm to 700 nm. The calculated excitation energies are in good agreement with
the experimental outcome [114—116]. Cluster S has been measured to have two
intensive absorptions at 442 nm and 334 nm, respectively. The calculated electronic
excitation at 477 nm has 35 nm deviation for the former one, and the calculated
388 nm and 355 nm bands are close to each other with an averaged value of 371 nm
which relates to the later one with a deviation of 36 nm. For clusters 6 and 7, the
deviations from the measured data are all within 40 nm.

The transitions composed in each intense excitation band are multiple and
complex. Taking cluster 5 as an example, the lowest-energy exciation at 477 nm
mainly involved three orbital-pair transitions of the H -7, L+ 7), H — 7,
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Table 5 Most intensive excitations and oscillator strengths, f, of clusters 5-7 within the range
between 350 nm and 750 nm

Cluster Excitation f Expt.

5 477 nm 0.04 442 nm
388 nm 0.03 334 nm
355 nm 0.03

6 478 nm 0.03 438 nm
354 nm 0.09 316 nm

7 496 nm 0.03 526 nm
355 nm 0.05 384 nm
327 nm 0.03 298 nm

L +5), and (H — 8, L + 4). The first transition is corresponding to the transition
from 4p orbitals of two Br atoms to & orbitals of pyridine rings, which belongs to
LLCT process. The second one is similar to the first one which belongs to LLCT as
well. The third one is corresponding to the transition from the HOMO — §, which
is mainly localized on two Br atoms with small contributions of 4d orbitals of
Cu;/Cu;, atoms to the LUMO + 4, which is mainly located on the Py rings. It
belongs to LLCT (major) and MLCT (minor) process. Consequently, the lowest-
energy absorption at 477 nm of cluster 5 is assigned to the LLCT (from p of LP
to p—m of Py) and MLCT (from d of Cu; to p—n of Py) processes. Similarly, the
lowest-energy excitations of clusters 6 and 7 have been assigned to LLCT (major)
and MLCT (minor) processes as well. If the second-order response of these metal
clusters was analyzed by the traditional two-level model which states that the Sc is
contributed by the intense lowest-enegy excitation, it could be ascribed to the LLCT
(major) and MLCT (minor) processes missing the contribution of weak direct
metal-metal interactions. However, the orbital-decomposition analysis gives rise
to the quite different pictures of the mechanism for the second-order response of
these metal clusters.

Polarizabilities and Quadratic Hyperpolarizabilities

The calculated dipole moments p of clusters 5-7 are large and distinctively
anisotropic. The dominant dipole components are along the z axis which is also
the molecular twofold axis (crystalline c¢ axis). The static polarizability matrices are
almost diagonal. The average o values of clusters 5-7 are in the order of
%(2) > %(3) > w(1). Although all f tensor components have been calculated,
Table 6 listed the representative quantities: the static spatial-averaged value f,
and fyrs which could be comparable to the measured HRS data. The calculated
Purs values are in good agreement with the extrapolated measured data. The order
of the values in magnitude also reproduces the experiment: fpgrs (6) > Purs
(7) > Purs ().

The orbital-decomposition analysis on cluster 5 revealed that largest contribu-
tion (100%) to f was (H, L + 3) orbital-pair transition, which mainly came from the
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Table 6 Dipole moments (debye), dipole static polarizabilities (102* esu), and static quadratic
hyperpolarizabilities (107>° esu) of clusters 5-7

Cluster U o Bo ~ B. Bo (HRS) Expt.
5 18.2 101 25 40 42
6 18.8 108 41 62 75
7 18.3 103 33 46 58

excitations in the energy range from 1.95 eV to 2.00 eV. The second large
contribution in magnitude came from the (H, L) transition (about 40% to the largest
one). These two fcr-related transitions have the lower excited energies and
intensities than the intense absorption located at 477 nm (2.60 eV). However,
these dark absorptions made major contributions to the quadratic hyperpolar-
izability. The LUMO + 3 is located on the Py, rings with small percentage on the
WS, core, and HOMO and LUMO have been discussed. The CT processes related
to the two orbital-pair transitions were thus assigned to the processes from the
collective d—p system and the lone-pair p electrons to the planar coordination p—n
ring ligands and d—p WS, core. The multiple CT processes are involved, and the
synergic effects are obvious. The percent components of the HOMO, LUMO, and
LUMO + 3 are approximated as 55%Cu(3d) + 20%S(3p) + 15%Br(4p) + 3%N
(2p), 710%Py(m) + 10%W(5d) + 10%S(3p), and 50%W(5d) + 40%S(3p), respec-
tively. These two transitions involved the MLCT [Cu(3d) — Py(w)], MMCT [Cu
(3d) — W(5d)], and LLCT [Br(4p) — Py(m)] (see Fig. 10). The contribution of the
weak W—Cu interaction to f-related CT is impressive in which the coppers play as
electron donors and central tungsten as an acceptor. The later (H, L) transition,
which is MMCT dominant, makes a positive global contribution of about 30% to
the f3, value.

Cluster 6 presents similar results as cluster S but are more complex (Fig. 11). The
dominant orbital-pair transition was again (H, L + 3). The second large contribu-
tion in magnitude came also from the (H, L) transition (about 85% to the largest
one). The third large contribution in magitude came from the (H — 5, L + 3)
transition with a relative contribution of about 40% to the largest one. The CT
processes related to the first two dominant transitions are similar to the case of
cluster § (from the collective d—p system of [CuyS4Ng] unit and the LP p of iodine
atoms to the p—r of Py ligands and the d—p of WS, core with MLCT, MMCT, and
LLCT characters). The contributions of W—Cu weak interaction to the relevant CT
are again impressive. The third transition involved the occupied HOMO — 5,
which composed mainly of the p lone-pair orbital of iodine atoms and d orbitals
of two Cu, atoms, and the virtual LUMO + 3 located on two Py, rings, and thus, the
CT character was mainly the LLCT and MLCT.

For cluster 7, the orbital-pair transitions that make largest contribution were the
(H, L + 1) transition and the (H — 3, L + 2) transition, which gave rise to the
second large one (about 11% to the largest one). The LUMO + 1 is mainly located
on MoS, metal core. The CT processes related to the dominant transition were from
the d—p system of [CuyS4BrNg(Py)] fragment to the d—p of MoS, core with the



74 K. Wu
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Fig. 10 Illustrations of the major orbital-pair transitions and corresponding CT routes involved in
the significant contribution to the second-order responses of cluster 5

Fig. 11 Illustrations of the major orbital-pair transitions and corresponding CT routes involved in
the significant contribution to the second-order responses of cluster 6
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significant character of MMCT and LLCT. The second transtion involved the
charge tranfer from two Cu;S;BrN(Py,) fragments (HOMO — 3) to two Py,
rings (LUMO + 2) shown in Fig. 12, and it was assigned to the typical MLCT
[Cu(3d) — Py(m)] and LLCT [Br(4p) — Py(n), S(3p) — Py(m)] processes. Since
the first transition is dominant, the contribution of Mo—Cu weak interaction CT is
significant in cluster 7.

In summary, the orbital-pair decomposition analysis gave rise to the multiple
routes of the f-related CT processes and the cooperative effects contributed to the
quadratic hyperpolarizabilities. The metal-ligand interactions and the metal-
induced ligand-ligand interactions play the important roles in the global second-
order activities similar to the cases of the organometallic chromophores. The
halogen atoms with lone-pair p electrons played the roles as the electron donors
in the relevant LLCT processes, while the n-conjugated pyridine ligands played the
acceptors in the relevant MLCT and LLCT processes. However, the weak direct
metal-metal interaction unambiguously involved in the ff-determined CT process
and in some cases even made the significant contribution (e.g., in cluster 7), where
the coppers act as the electron donors while the central metal atom (W/Mo) played
the role of electron acceptor. The 3d(Cu) — 5d(W) in the case of cluster 5
exhibiting the featured dc,—dw transitions in the polynuclear metal clusters.

The large molecular f§ of these clusters are favorable to produce the large
macroscopic NLO coefficients. The estimation of the second-order susceptibility

72 of one of the cluster compounds (cluster 7) in solid state in terms of the
molecular quadratic hyperpolarizability has been performed on the basis of the
oriented-gas approximation [118] with the fact that the z components of the dipole

moment u = u, of the molecular clusters in a unit cell have an identical direction

O=¢=p=0.
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72 (w) ~ NF3B__(w) cos 0 cos ¢ cos ¢ (15)

zZZ zzz

where F is the local field factor and N is the molecular density (N = 1 x 10*' cm ™

from the experimental data). F is assumed to 1 because the measured refraction
indices of the crystals are not available at present. The HRS measured f value
[Purs(®) = 319 x 1073 esu of cluster 7] is roughly treated as ... The average
7% (w) is estimated as large as 300 x 10~ esu which is about 10 times larger than

the second-order nonlinear optical coefficients of a traditional IR nonlinear optical
crystal, AgGaS, (dz6(AgGaS,) =~ 11 pm/V (=26 x 1077 esu) [8]).

3 Conclusions and Perspectives

In this minireview article, we provided the recent studies on the second-order NLO
properties of dinuclear, trinuclear, and pentanuclear metal cluster compounds with
the comprehensive discussions on the intrinsic second-order NLO mechanism.

There exist multiple electronic transition processes that collectively contribute
to the quadratic hyperpolarizability including MLCT, LMCT, MMCT, and metal-
inductive LLCT. The MMCT features the NLO response mechanism of these
polynuclear clusters with direct metal-metal interactions. The multiple transition
processes are either cooperative to each other, such as the MLCT and MMCT
synergetically enhance the f value of dinuclear model 1, or are destructively
interfering with each other, such as LMCT and MMCT can make opposite contri-
bution to the f value of dinuclear model 2. The traditional two-level model seems
no longer valid for the complex polynuclear metal clusters because multiple excited
states are coupled to the ground state to contribute to the f3. For a clear description,
the global f§ value (f;) can be denoted by the summation of the fractional f values
contributed by the various CT processes: fior = Pmrct + Prmer + Pvmer +
Pricr + - ... For example, for anionic cluster 3, the global f value can be accord-
ingly denoted by f:(3)x Ifyrcer! — 1Pimer! + [Bymer! in the magnitude order. The
relatively weaker Mo—Cu interaction in model 3 results in the smaller fypvct
fraction in the global f value. On the other side, the relatively intense Mo—Mo
interaction in model 4 corresponds to the relatively large fymcer value (Bvmver ~
0.2f00)- The intense direct metal-metal bonding interactions would result in the
greater fypvicr fractions in the global f, values, e.g., for a dirhenium model 1 with
Re=Re triple bond, Symcr fraction is about three fifth of the f, value.

The direct metal-to-metal transition process has been unambiguously confirmed
to be the one of the second-order response mechanisms of these metal cluster
compounds. This unique MMCT process could positively enhance the quadratic
hyperpolarizability, and in some cases, its contribution is significant. It provides
one promising means to tune the second-order NLO effects of metal cluster
compounds by adjusting the metal-metal interactions. In contrast to tune the size
and degree of delocalized n-conjugated ligands and the strength of the molecular
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dipole moments, this adjustment will less affect the IR absorptions, especially in the
mid-IR region. As a result, the IR transparency (seriously depends on coordinate
ligands) and nonlinearity (can rely on metal-metal bonding) can be separately
tuned benefiting to the improvement of the transparency—nonlinearity trade-off.
This understanding of the detailed relationship between the direct metal-metal
interaction and second-order optical nonlinearity will open a way to the further
investigation in the metal cluster compounds for the novel IR second-order NLO
materials and the optical molecular devices.
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The Recent Development of SRS and SRS
SF-Conversion Laser Crystal

Chaoyang Tu

Abstract Although tungstates posses lower coefficient of thermal conductivity,
tungstates doped with active ions have higher quanta efficiency of fluorescence
owing to their higher doping concentration of active ions resulted from the higher
covalence of WO42_ units. Therefore, they are favorable for the medium of low
power laser when doped with active ions. On the other hand, they have higher
stimulated Raman scattering (SRS) plus in a general way. Therefore, tungstates
doped with active ions can serve as a SRS self-frequency conversion multifunctions
laser medium. After wide surveys of known research on the growth, crystal
structure, and properties including optical and spectra characteristics and laser
property, this chapter reviews the recent advances in the development of KGd
(WO,), and StTWO, Raman and SRS self-frequency conversion laser crystal. The
SRS self-frequency conversion laser technology was dealt with. As a result, the
Raman and self-Raman laser outputs with high efficiency at ~1,180 nm wavelength
and its frequency-doubling laser outputs at ~590 nm wavelength have been
achieved.

Keywords Crystal growth - KGd(WOQ,), and StWO, crystals - Optical properties -
Raman and SRS self-frequency conversion laser properties
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1 Introduction

Owing to their advantages including the compactness of the devices, efficiency, low
maintenance and low cost, all solid-state laser sources are of special importance for
a variety of applications: color projection, high density optical data storage, laser
printing, medicine, photodynamic therapy, military devices, biotechnology, subma-
rine communications, etc. Moreover, many of these laser plus materials can be
pumped by commercially available laser diodes, such as around 800 or 900 nm.

Stimulated Raman scattering (SRS) has been well studied [1-6], and is applied
to high-resolution nonlinear spectroscopy [7], control of coherence between quan-
tum states [8], chirped femtosecond soliton-like laser pulse [4], and so on. Among
the above applications, the development of compact solid-state Raman lasers for
new important near infrared and eye-safe spectral region of 1.2-1.5 um [9, 10]
attracts a great deal of interest.

Many rare earth ions or transition ions doped in the laser host materials can serve as
the emission centers to produce laser with the different specific wavelengths directly.
For example, some specific wavelengths can be achieved by direct laser operation of the
most well-known luminescent ions: Nd**(1.06, 1.3 pm), Yb>*(1.03 pm), Er**(1.5 pm),
Tm>*(1.8 ~ 2.0 pm), Ho**(2.0 um), Cr’*(0.7 ~ 1.0 pm) etc. incorporated into a suit-
able laser plus crystal or glass host. Furthermore, more new specific wavelengths can be
obtained from a third-order nonlinear optical interaction in Raman laser plus crystals,
such as KGd(WOy,), (KGW), BaWOy, StWO,, La,(WO,4); [11], YVO,, GdVO,4 [12],
Ba(NO3)2, wa04 [13]

If the laser effect and the third-order nonlinear Raman optical phenomena occur
simultaneously inside the same crystal, simplifying the devices, a simplified and
attractive scheme namely the Stimulated Raman scattering (SRS) self-frequency
conversion process is obtained. Only if the crystal can provide the localities for
luminescent ions, such as KGd(WO,), (KGW), StTWO, crystals , an optical nonlin-
ear crystal can serve as the SRS self-frequency conversion crystal.

In this chapter, the study on the Raman and SRS self-frequency conversion laser
crystals of pure and rare earth ions doped KGd(WO,), and StWO, crystals is
covered. The growth, crystal structure, optical, and spectrum characteristics of
these crystals are presented. The Raman and SRS self-frequency conversion laser
characteristics are also presented.
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2 Self-Frequency Conversion Laser Crystal Re3:KGd(WO,),

The KGd(WO,), (KGT) crystal has a structure belonging to the monoclinic system
with space group C2/c and unit cell dimensions a = 80 A b=1043A,c =76A
[14]. This crystal is not only an excellent host material for solid state lasers but also
a Raman laser material. The Raman gain coefficient of KGT at A = 1,064 nm is 4.1
(cm/GW). The threshold of the laser oscillations in an Nd3+—doped KGT laser
crystal is considerably low [15]. The fluorescence concentration quench effect of
the Nd** ion in the KGT crystal may be weakened because of higher covalent
characteristics of the W—O covalent bond. Therefore, a higher Nd** doping con-
centration can be accepted in KGT crystal. Furthermore, the absorption band at
0.8 pm of Nd** ion in the KGT crystal is well matched with the emission wave-
length of a laser diode, a solid-state laser pump which is very convenient and
popular in laser science and technology today. Rare earth ions-doped KGT laser
crystal also can serve as a stimulated Raman scattering self-frequency conversion
of radiation to a new spectral range.

2.1 The Growth of Nd& *:KGd(WO0,), Crystal

2.1.1 The Selection of Nd** Doping Concentration

In general, the fluorescence intensity or emission cross section will increase with
the increase of Nd** doping concentration at lower Nd** doping concentration in
the host, then the fluorescence quenching will engender with the further enhance-
ment of Nd** doping concentration, which will decrease the fluorescence intensity
or emission cross-section and shorten the Fluorescence lifetime. Thus, there is a
finest Nd** doping concentration. Here, the measured relationship between the
Fluorescence intensity and Nd** doping concentration in KGd(WQO,), host is
shown in Fig. 1, from which the suitable Nd** doping concentration is measured
to be 3-8 at.% [16].

2.1.2 The Selection of Flux

Tm’", Nd3+:KGd(WO4)2 crystal should be grown by flux method because KGd
(WOy), crystal has a phase transformation at 1,005°C. K,WO, and K,W,07 have
been used as the flux. Figure 2 shows the melting temperature curve of KGd
(W0O,4)>-K;WO, system [16] and Fig. 3 shows the one of KGd(WO,),—K,W,0,
system [17]. The growth results demonstrated the distinctions of growth
characteristics. In the KGd(WOQ,4),—-K,WO, system, K,WO, flux floats on the
surface of the melt whereas KGd(WO,), solute deposits at the bottom of the
crucible because both the melting point and the density of KGd(WQ,), are higher
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Fig. 2 The melting temperature curve of KGd(WO,),—K, WO, system

than those of K,WO,. Therefore, the long melt interval and the furious agitation
should be introduced. Although the above phenomenon disappear in the KGd
(W0O,4)>-K;,W,05 system, the growth instability is aroused from the larger tempera-
ture coefficient of concentration when the content of solute is higher than 20 mol%,
which results in the abundance precipitation of solute with small decrease of
temperature. Therefore, the content of solute with lower than 20 mol% has to be
introduced, which restrains the dimension of crystal badly.
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Fig. 3 The melting temperature curve of KGd(WO,),—K,W,05 system

2.1.3 The Crystal Growth

The Tm**, Nd*":KGd(WO,), crystals were grown based on the top-seeded solution
growth (TSSG) [16, 18] and TSSG combined with ACRT [19], which introduces
the furious agitation, respectively. The starting materials with 60 mol% K,WO,
were prepared in proportions of Gd,03:K,CO5;:WO;3; = 1:1:4 mol and Tm,03,
(Nd»053):Gd,05 = 5:95 mol and they were mixed and placed into a crucible. This
mixture of starting material was fired at a temperature, which was 50°C higher than
the crystallization temperature and was kept at this temperature for 3—4 days to let
the solution melt completely and homogeneously. The saturation temperature was
exactly measured by the method of repeated seeding. A seed was placed into the
melt at a temperature of 30°C above the saturation temperature for half an hour to
dissolve the outer surface of the seed. When the growth process was ended, the
crystal was drawn out of the melt surface and cooled down to room temperature at a
rate of 50°C/h. Figures 4—6 show the as-grown crystals. .

The crystal displays many faces [111][010][101][111][110]{310][310][110]
[310][130] at the initial stages of TSSG as shown in Fig. 7 [20]. When the crystals
grow up, these faces disappear and the crystals become round in the case of using
the TSSG, whereas some faces remain and the crystals display square shape in the
case of using modified TSSG. The structure of KGd(WO,), crystal consists of
the WOy tetrahedron, distorted KO, dodecahedron and GdOg octahedra. These
polyhedrons couple each other by O®~ ions. The crystal faces pointing to the ridge
and faces of WO, tetrahedron develop slowly and thus emerge as the lathing faces,
whereas the crystal faces pointing to the tips of WO, tetrahedron develop quickly
and thus disappear.
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Fig. 4 The as-grown Nd3+:KGd(WO4)2 crystal by modified TSSG method

Fig. 6 The as-grown Tm>*":KGd(WO,), crystal by TSSG method
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2.2 The Spectrum Characteristics of N&*:KGA(WO,), Crystal

Figure 8 presents the Raman spectrum of Nd3+:KGd(WO4)2 crystal [21], in which
the absorption peaks centered at 923, 889, 835, 771, and 745 cm ™! are belong
to flex vibration and the one centered at 400.4, 369.5, and 344.8 cm ! are belong to
the inflect vibration. Table 1 also presents the ascription of Raman spectrum.
Figure 9 presents the room temperature polarized absorption spectra of Nd>*:
KGd(WO,), crystal measured by Dr. A. Brenier [22], in which there are three strong
absorption peaks centering at 585 nm, 752 nm, and 808 nm, respectively. The
absorption cross section at 808 nm is 2.5 x 10~'* cm?. The room temperature
emission spectra of Nd**:KGd(WOy,), crystal is presented in Figs. 10 and 11. The
stimulated emission cross section at 1,340 nm corresponding to iF 30 — 4 13/2 tran-
sition for Pol.Nm and Pol.Ng is about 9 x 10 cm? and 6 x 1072 cm?,
respectively. The stimulated emission cross-section at 1064 nm corresponding to
‘F 30 — I 52 transition is about 2.3 X 107" cm®. The fluorescence lifetime is

119 ps [23].
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Fig. 8 The Raman spectrum of Nd**:KGd(WO,), crystal

Table 1 IR and Raman spectra and the relative adscription

IR (peak/nm)

Raman (peak/nm)

Adscription

408(y2)
428(72)
435
471
771
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344.8
369.5
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766.2

807.1

899.5
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The inflect vibration of WO,

Fig.9 The room temperature
polarized absorption spectra
of Nd**:KGd(WOy,), crystal
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Fig. 10 The room
temperature emission spectra
of Nd**:KGd(WOy,), crystal

Fig. 11 The room
temperature polarized
emission spectra of Nd**:
KGd(WO,), crystal
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2.3 The Spectrum Characteristics of Tm>*:KGd(WOy,), Crystal

Figure 12 presents the room temperature absorption spectra of Tm3+:KGd(WO4)2
crystal [24]. The room temperature emission spectra of Tm>*:KGd(WOy,), crystal is
presented in Fig. 13. The absorption cross section at 800 nm is 3.2 x 1072 cm”. The
stimulated emission cross section at 1,800 nm is about 1.56 x 1072° ¢m?. Table 2
gives the J-O strength parameters of some Tm-doped crystals. Table 3 presents
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Fig. 13 The room temperature emission spectra of Tm3+:KGd(WO4)2 crystal

Table 2 The Judd—Ofelt strength parameters for Tm>*-doped crystals

Crystal Q, x 10%° Q, x 10%° Q, x 10%° Ref.
Tm**:KGd(WO,), 2.64 5.84 14 This work
Tm**:YVO, 1.94 0.158 0.396 [20]
Tm**:SrGd(Gasz)0- 1.29 1.08 0.47 [21]
Tm**:CaYAIO, 1.55 3.45 1.18 [22]
Tm>*:Y,0, 4.07 1.46 0.61 [23]

Tm**:YVO, 9 1.05 2.27 [23]
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Table 3 The calculated radiative transition rates, the fluorescence branching ratios, and the
radiative lifetimes for different transition levels

Start levels  Terminating levels  Transition Ais™hH B = AE\JT?]J)') (%) TR
wavelength (nm)

Gy 3F, 1,678 46.3 0.2 33 s
3F, 1,531 870.4 29
3F, 1,182 426.7 1.43
3Hs 779 10,923.8 36.6
*H, 665 13,352.1 447
He 481 43232 145

3F, 3F, 31,056 0.018 0 48 ps
3F, 5,230 14.8 0.1
3H; 1,559 32642 158
*H, 1,109 2,690.2  13.0
3He 675 14,687.6  71.1

3F, 3k, 6,289 8.3 0 24 ps
H; 1,447 1,081.2 2.6
H, 1,150 3,7834 9.0
3Hy 689 37,0384 88.4

3F, H; 2,222 101.7 0.7 66 s
H, 1,408 1,0554 7.0
3Hy 775 14,025.5 924

3Hs H, 3,842 29.8 0.8 0.3 ms
3Hy 1,190 3,550.1  99.2

*H, *He 1,724 1,240.8 100 0.8 ms

calculated radiative transition rates, the fluorescent branching ratios, and radiative
lifetimes of Tm>* ion. Table 4 presents the theoretical parameters for the transitions
between the energy levels of Tm>" ion. Table 5 shows the experimental oscillator
strengths P;,“?and theoretical oscillator strengths P;,“*".

2.4 The Stimulated Raman Scattering Frequency Self-Conversion

A short-pulsed longitudinal pumping at 600 nm has been used and SRS frequency
self-conversion of the 1,352.5 nm laser line in KGd(WO4)2:Nd3 * was obtained by
Dr. Alain Brenier [22]. The wavelength, which was produced is eyesafe at
1,539.5 nm, and the conversion efficiency was 1.26% with uncoated faces of the
crystal. The yield can be improved by using antireflection-coated faces, an input
mirror highly reflective at the Stokes 1 wavelength and an output mirror with a larger
radius of curvature more adapted to our pump waist. Although nonoptimal experi-
mental conditions, a higher conversion efficiency than that in previous SRS self-
conversion in the eye-safe region (0.15%) was reached. Figure 14 presents the time
evolution for the pump at 600 nm, laser at 1,068.2 nm, and Stokes 1 SRS pulse at
1,181 nm. Figure 15 presents the energies of the laser at 1,068 nm and the Stokes 1
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Table 4 The experimental oscillator strength P;,** and theoretical oscillator strengths P;, "
for Tm>* transition from the >Hg ground state

Wavelength (nm) Piq(e"p) x 10° Piq(cm) x 10°
1,742 1.38 1.06
1,215 0.96 1.49
795 2.23 1.55
689.4 2.33 2.42
475.6 2.38 2.38
358.64 3.38 3.14

Table 5 Theoretical parameters for the transitions between the energy levels of Tm>* ions

Transition levels Center Radiative transition Av (cm™ ) Stimulated emission
wavelength rates (s’l) cross-section, o, (sz)
(nm)

G, — *Hg 455 43232 298.5 6.08 x 1072

1G4 — 3H, 665 13,352.14 500 240 x 1072

'H, — 3Hy 1,825 1,240.77 538.8 1.56 x 1072
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Fig. 16 The energies of the 50- | # Stokes 1=1539.5 nm
laser at 1,352.5 nm and the o Laser=1352.5 nm *
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SRS pulses versus the pump power. Figure 16 shows the energies of the laser at
1,352.5 nm and the Stokes 1 SRS at pulses 1,539.5 nm versus the pump power.

A solid self-Raman laser was reached by Prof. Lin based on a Nd:KGW crystal
that is transversely pumped by laser diode bars [25]. A beam of an eye-safe laser
with a 31.8 mJ output energy and a 2.0 ns pulse width was obtained by applying a
special s-polarized reflective resonator configuration in which the length of the
Raman resonator was shorter than that of the fundamental radiation resonator.
The eye-safe laser has the highest output energy and the shortest pulse width
among the Nd:KGW lasers ever reported.

3 SRS Self-Frequency Conversion Laser Crystal Nd**:SrWO0,

SrWO, belongs to the scheelite family, the unit cell parameters are: a = 5.4168 A,
¢ =11951 A, V =350.66 A%, z = 4, Dc = 6.35 g/cm® and the space group is
8514,/a [26]. As a new promising Raman-active crystal, STWQO, has attracted much
attention for its good mechanical and optical properties. Its steady-state Raman gain
coefficient is 5.0 cm/GW at 1,064 nm. The Raman mode at 921 cm ™! has the
strongest intensity, and its line width is 2.7 cm ™" at room temperature [27]. Table 6
shows the Raman properties of the some Raman materials. The spontaneous Raman
spectroscopy of StWO, as the Raman-active material was studied using an alexan-
drite free-running multimode laser as the pump source [27]. Furthermore, the
crystal structure of tungstate crystals allows this crystal as matrices for laser-active
elements with nonlinear self-conversion of radiation to a new spectral range [27].

3.1 The Crystal Growth

It is well known that StWO, crystal belongs to the uniaxial, tetragonal structure
with a space group of I4,/a (Cgh). The scheelite unit cells contain four molecules of
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Table 6 Raman properties of the materials

Property StWO, BaWO,; KGd(WO,), Ba(NO3),
Raman frequency (cm ") 921 926 901 1,047
Raman line width (cm™") 2.7 1.6 5.4 0.4
Integral cross-section (%) - 47 54 21

Peak scattering cross-section (%) 30 64 25 63
Threshold (mlJ) 6.5 4.2 7.4 2.8
Raman gain coefficient, 2 = 1,064 nm (cm/GW) 5.0 8.5 4.1 11

SrWO, and the strontium ions coordinate with eight oxygens, each of which is a
member of a (WO,)*~ complex [26]. Measurements of electron paramagnetic
resonance carried out in [28] indicate that the rare-earth ions are located in an
undistorted cation site of which point symmetry is S4. As in this tungstate the
trivalent rare-earth ion is introduced on a divalent cation site, a mechanism for
charge compensation should be presented to hold roughly for the scheelite. There-
fore, Nb,O5 was added to the melt in the ratio of one neodymium to one niobium to
improve its optical properties [27].

Nd**-doped SrWO, crystals were grown in N, atmosphere along
<001>direction by using Czochralski method [29]. The chemicals used were
analytical grade SrCO;, WOs, and spectral grade Nd,O;. The starting materials
were prepared by mixing SrCO3;, WO3, and Nd ,O3 powders according to reaction
formula:

SrCO; 4+ x Nd2O3 + WO5 — 2 Nd : StWO, + CO, 1

The weighed materials with doping 1 ~ 2at.% Re** were thoroughly mixed and
pressed and put into a platinum crucible with ®50 x 50 mm?, then heated to 750°C
and kept for 18 h to decompose the SrCOj;, and ground, mixed again, and then
reheated to 1,200°C, kept for 24 h. The obtained sample was very hard ceramics.

The synthesized material melted congruently at 1,450°C. The iridium crucible
was heat by conventional RF-heating method. Crucible size is 50 mm in diameter
and 50 mm in height. The pulling rate was 1-1.5 mm/h and the crystal rotation rate
at 12-20 rpm. To release the stress produced in the temperature-lowering process,
the crystals were annealed at 1,200°C for 5-6 h and then cooled down to room
temperature at a rate of 20 K/h. In order to avoid the cracking of the crystal, the
above crystal must be taken to anneal again in O, atmosphere according to a special
temperature-controlled procedure.

As a result, high-quality Nd doped-SrWO, crystals with dimension of
®20 mm x 70 mm (shown in Fig. 17) was obtained. The result shows that its
optical homogeneity is 4 x 107>, It shows that it has excellent quality. Table 7
presents the growth parameters of STWO, crystals.

In order to obtain the large-sized Nd doped-SrWO, crystals with high optical
homogeneity, the control of growing processes and conditions are very important
first. Then the used raw materials must be highly pure. Second, to get the defined
composition of the melt, the preparation of chemicals was found to be important.
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A —

Fig. 17 As-grown pure StWO, and rare earth doped-SrWO, crystals

Table 7 Growth parameters of Nd :SrWOy, crystals

Parameters Property Parameters Property
Seeding temp. (°C) 1,540 Atmosphere N,
Soaping temp. (°C) 1,590 Pulling rate (mm/h) 1-1.2
Soaping time (h) 2 Rotate rate (rpm) 12-15
Crucible size (mm) ¢ =50 x 50 Annealing rate (°C/h) 12-30
Crucible Iridium

Third, the seed surface must be melted to remove the defect in the seed before
growing. And the growth point temperature must be a little higher than the satura-
tion point. The control of the pulling rate, rotating rate, and annealing rate is also
very important. Finally, a designed after-heater should be used to avoid the crack of
large crystal.

3.2 The Thermal Characteristic

Measurements of thermal expansion have greatly increased our knowledge of
material properties such as lattice dynamics, electronic and magnetic interactions,
thermal defects, and phase transitions [29]. As a significant part of the power pump
is converted into heat inside the material during laser operation, it is important to
know its linear thermal expansion coefficients to predict how the material behaves
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Fig. 18 Linear thermal expansion in a function of temperature along the crystallographic (001),
(100), (010) directions

when the temperature increases [30]. The sample lengths of the three crystallo-
graphic a-, b-, and c-axes were 5.78 mm, 3.78 mm, and 4.86 mm, respectively. The
figure of linear expansions versus temperature was shown in Fig. 18. The linear
thermal expansion coefficient is defined as:

1 AL
“TT AT %
where L is the initial length of the sample at room temperature and AL is the change
in length when the temperature changes AT. We can calculate the thermal expan-
sion coefficient from the slope of the linear fitting of the linear relationship between
AT /T and the temperature. In this case, the linear thermal expansion coefficients for
different crystallographic direction c-, b- and a-axes are 2.73 x 107°°C™ ',
1.00 x 107°°C™!, and 1.05 x 107°°C™", respectively. The thermal expansion
coefficients obtained in this work are comparable to those of BaWOQ, crystal
reported in [31]. The comparison of thermal expansion coefficients between
SrWQO, and BaWOQy, crystals is shown in Table 8.

In a uniaxial scheelite structure STWO, crystal, the values of thermal expansion
coefficients perpendicular to the crystallographic axes (c-axis) are theoretical
equivalent. The value of thermal expansion along c-axis is about two times larger
than that of a- and b-axis, and the value along a- and b-axes are comparable. The
small difference of thermal expansion between a- and b-axes was attributed to
experimental errors.

%jswoy =| 0 1.00 0 |x107°°C.



The Recent Development of SRS and SRS SF-Conversion Laser Crystal 97

Table 8 The comparison of thermal expansion coefficients between STWO, and BaWO, crystals

Crystals Average thermal expansion coefficient (°C™") Ref.
(001) (010) (100)

SIWO, 273 x 107° 1.00 x 1073 1.05 x 107° [32]
BaWoO, 3.12 x 107° 0.89 x 107° 0.82 x 107° [31]
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Fig. 19 DTA and DSC graphs of pure StWO, crystal

Figure 19 shows the DTA and DSC graphs of pure SrWO, crystal.
A decalescence peak in DTA curve corresponding to the agravic peak in DSC
curve may be resulted from the volatilization of superfluous WO5, which is similar
to the phenomena in Lay(WO,); and Smy(WO,); [11, 33] .

3.3 The Optical and Spectroscopic Characteristics

3.3.1 Measurements of Refractive Index

The minimum deviation technique with a prism sample is a popular method used in
the refractive index measurements [34]. To fully characterize Nd3+:SrWO4 in terms
of refractive indices as a function of wavelength, we have measured it with a
precision of 1 x 10™* at several different wavelengths from the visible to the
near infrared. These data were fitted by the least-square method according to the
Sellmeir equation [35]:
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Table 9 Measured and calculated refractive indices of StTWOy, crystal

A (um) n, n,
0.8080 1.87649 1.8678
0.6563 1.88701 1.87762
0.6328 1.88966 1.88072
0.5893 1.89472 1.88525
0.5780 1.89610 1.88669
0.5461 1.90077 1.89113
0.5321 1.90328 1.89298
0.4861 1.91294 1.90228
0.4358 1.92666 1.91574
1.94 4

1.92

1.90

Refractive index

1.88 1

1.86 T T T
0.4 0.5 0.6 0.7 0.8

Wavelength (um)

Fig. 20 Dispersion of the refractive indices and calculated curves from the Sellmeir coefficients
for STWO,

b
n=A+ 5
A=C

1

— D2, )

where / is the wavelength, and A, b, C, and D are the Sellmeir parameters. By fitting
the datas reported in Table 9, the following equations (A is in the unit of pm) are
obtained:

0.0523

———————— +0.0049856° (3)
72 4+0.001523

n> =3.483 +

0.0526

——————+0.0096059/". )
2 +0.009456

n? =3.4033 +

Figure 20 shows the dispersion of the refractive indices and calculated curves
from the Sellmeir coefficients for SfWO,. The differences between the measured
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and the calculated values are less than 10, Tt is the first time that the refractive
indices of STWQ, crystal are precisely measured. The values of refractive index are
employed in the spectroscopic calculations.

3.3.2 The Spectrum Characteristics of Nd**:SrWO, Crystal

The room temperature polarized absorption spectra of Nd**:SrWO, crystal are
presented in Fig. 21 [36], in which there are three strong absorption peaks centering
at 585 nm, 752 nm, and 805 nm, respectively. The FWHM:s of the absorption bands
for both ¢ and 7 polarizations at 805 are 8 nm. The room temperature polarized
emission spectra of Nd**:SrWO, crystal are presented in Fig. 22, in which there are
three strong emission bands centering at 890 nm, 1,060 nm, and 1,344 nm
COITCSPOI’Idng to 4F3/2 — 4]9/2, 4F3/2 — 4]1 1/2» and 4F3/2 — 4]13/2 transitions,
respectively. The cross sections at 1,060 nm for ¢ and 7 polarizations are
1.75 x 1072 cm? and 2.04 x 107%° cm?, respectively. Table 10 presents the
comparison of the spectroscopic parameters of Nd**:SrWO, crystal and other
Nd**- doped tungstate crystals. Table 11 shows the calculated radiative transition
rate, the branching ratios, and the radiative lifetime for different transition levels.
Figure 23 presents the room temperature fluorescence decay curve of Nd**:SrWO,
crystal. The lifetime of *F 32 level is about 188.80 ps and relative luminescent
quantum efficiency is about 95.23%. Compared with Nd:**:PbWO, 165/175 ps
[41], 1% Nd>*:KY(WO,), 125 ps, 5% Nd** :KY(WO,), 70 ps [37], 1% Nd **:KGd
(WOy), 120 ps [38], Nd* *:SrWOj crystal has the highest lifetime.

.... G spectrum

— m spectrum

o o —_ —_
o o] o N
1 N 1 N 1 N 1 N

Absorption Intensity (a.u.)

o
o~
-

0.2 1

T T T T T T T T T T T T T
300 400 500 600 700 800 900
Wavelength (nm)

Fig. 21 Room temperature-polarized absorption spectra of Nd*>*:SrWO, crystal
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Fig. 22 Room temperature-polarized emission spectra of Nd*:Srwo, crystal

Table 10 Comparison of the spectroscopic parameters of Nd**:SrWO, crystal and other Nd**-

doped tungstate crystals

Crystals Q, Q, Q¢ Tf T, n (%) op Ref.
Nd**:SrwO, 4635 1246 1371 19826 188.80 9523 1.75(Llc) [36]
2.04(||c)
Nd*":Lay(WO,), 13.76 5.19 6.67 112 129 87 11.2 [37]
Nd**:PbWO, 7.35 3.15 3.06 170 198 85.8 2.8 [38]
Nd>**:Pb.WO, 7.13 3.35 2.69 175 188 93.1 4.5 (Lc) [39]
5.7(/¢)
Nd**:KY(WO,), 8.80 3.11 3.16 154 196 78.6 54 [40]

Table 11 The calculated radiative transition rate, the branching ratios, and the radiative lifetime
for different transition levels

Transitions

Wavelength Stimulated emission As™hH p T (us)

(nm)

section (cm?)

o polarized 7 polarized

4 4
Fap — "lop
4 4
Fsp — "Tap
4 4
Fazp — "Lisp
4 4
Fip — "hisp

890

1,060
1,334
1,852

937 x 1072 249 x 1072 1.31 x 10* 0.261 198.26
1.75 x 1072 2.04 x 107%° 2.98 x 10° 0.59

3.84 x 1072 4.79 x 1072 713.35 0.14

- - 38.09 7.55 x 1073
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Fig. 23 Room temperature fluorescence decay curve of Nd**:SrWO, crystal

3.3.3 The Spectrum Characteristics of Tm>*:SrWO, Crystal

The room temperature-polarized absorption spectra of Tm>*:SrWO, crystal is
presented in Fig. 24a [32], in which there are three strong absorption peaks
centering at 1,744 nm, 1,213 nm,795 nm, 691 nm,473 nm, and 358 nm
corresponding to the transitions from 3H6 to 3F4, 3H5, 3H4, 3k 3+ 3F2, 1G4, and
'D,, respectively. The cross sections of the absorption peak for ¢ and 7
polarizations at 800 nm are 12 and 10.2, respectively. The FWHMs of the absorp-
tion bands for ¢ and 7 polarizations at 800 nm are 8 and 10 nm, respectively.
Table 12 presents the comparison between the FWHM and absorption cross
sections in Tm>* doped crystal.

The room temperature-polarized emission spectra of Tm**:SrtWOy, crystal are
presented in Fig. 25. The emission cross sections for ¢ and m polarizations at
1,500 nm corresponding to *H, — °F, transition are 3.55 x 1072' c¢m? and
4.22 x 1072" cm?, respectively. Table 13 presents the calculated radiative transi-
tion rate, the branching ratios, and the radiative lifetime for different transition
levels of Tm**:SrWO, crystal. Figure 24b presents the room temperature fluores-
cence decay curve for 3H4 —3F 4 transition of Tm 3+:SrWO4 crystal. The lifetime
is about 245.10 ps and relative luminescent quantum efficiency is about 69.84%.

3.3.4 The Spectrum Characteristics of Er**:SrWO, Crystal

The room temperature-polarized absorption spectra of Er’*:STWO, crystal are
presented in Fig. 26 [46], in which there are three strong absorption peaks centering
at 1,534 nm, 982 nm, 802 nm, 656 nm, 521 nm, 489 nm, 452 nm, 407 nm, and 380 nm
corresponding to the transitions from 4 1572 tO 4 13/25 I s 419/2, F. 02 ’H,, 2 ya 7125
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Fig. 24 (a) Polarized room temperature absorption spectra of Tm3+:SrWO4 crystal. (b) Polarized
room temperature fluorescence of Tm>*:SrWO, crystal

4F3/2, 4F5/2, (4G, 4F, 2H)9/2 and 2G7/2,4Gg/2,2K15/2,4G11/2, respectively. The room
temperature-polarized emission spectra of Er**:SrWOy crystal is presented in Fig. 27.
The emission cross sections for ¢ and n polarizations at 1,500 nm corresponding to
*H, — °F, transition are 3.55 x 102! cm” and 4.22 x 10~2' cm? respectively.
Table 14 shows the calculated radiative transition rate, the branching ratios, and the
radiative lifetime for different transition levels. Figure 28 presents the room tempera-
ture fluorescence decay curve for 4 132 — 4 15,2 transition of Er3+:SrWO4 crystal. The
lifetime is about 5,755 ps and relative luminescent quantum efficiency is about
18.52%.
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Table 12 Comparison between the FWHM and absorption cross section in Tm>*-doped crystal

Crystals Polarization Wavelength  FWHM  Cross section Ref.
spectrum (nm) (nm) (10720 sz)
5 at.% Tm:YVOy, T 797.5 5 2.5 [42]
0.5 at.% Tm:LiTaO3 o 795 9.5 6 [43]
0.7 at.% Tm:KYb(WOy,), = 793.6 35 8.8 [44]
o 801.8 14 4.8
2.02 at.% Tm:GdAl3(BO3), = 797 15 1.21 [45]
o 810 13 2.98
0.24 wt% Tm>*:SrWO, m 795 8 12.0 [32]
o 794 10 10.2
9500 -
S
S‘/ 9000
2
2
o 8500
£
<
§ 8000
o
S
T 7500
7000
T T T T T T T
5.0x10° 1.0x10° 1.5x10° 2.0x10°
Time (nm)

Fig. 25 Room temperature luminescence decay curves excited by 805 nm

Table 13 The calculated radiative transition rate, the branching ratios, and the radiative lifetime
for different transition levels of Tm**:SrWO, crystal

Start levels Terminal levels Wavelength (nm) A (s_l) B (A) T (us)
D, *He 359 5,440 0.089 16.41
3Fy 450 47,840 0.785
3Hs 508 212 0.003
*H, 652 3,266 0.054
3F33F, 758 3,778 0.062
e 1,491 398 0.007
G, *He 472 1,952 0.436 223.06
3F, 644 285 0.064
3Hs 770 1,583 0.353
H, 1,158 567 0.126
3F33F, 1,543 96 0.021
*H, 3Hy 798 2,624 0.92 350.97
3k, 1,452 215 0.075
3H; 2,300 10 0.004

F, 3He 1,771 76 1 13,158
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Table 14 Calculated electric dipole and magnetic dipole transition probabilities, radiative life-
time, branching ratios, and experimental lifetimes of Er** in St'WO, crystal

J—=J Average frequency (cm™")  f A% (s7h A™ (s 1(ms)
liap — *Lsp 6,494 1.00 20.12 12.06 31.08
Tap — *sp 10225 0.877 540.84 1.622
ap — s 3,698 0.123 63.07 12.498

Topp — *Lisp 12,516 0.663 349.80 1.896
o — 3p 5,989 0.323 170.49

Popp — Tnp 2291 0.014 3.05 4.12

Fop — *Nisp 15337 0.897 4595 x 10° 0.195
Fop — Iz 8,810 0.044 226.707

Fop — Iy 5,112 0.057 24571 44.49

YFop — Ylop 2,821 262 x 1073 9.79 3.61

Sy — ‘Lisp 18,382 0.681 4.68 x 10° 0.146
430 — *ap 11,855 0.264 1.81 x 10°

4S3n — T 8,157 0.025 174.55

4S3n — op 5,866 0.029 200.10

3.4 The Raman and SRS Laser Characteristics

3.4.1 The Stimulated Raman Scattering Self-Frequency Conversion

Laser pulses were generated at 1,057 nm corresponding to the ‘F 30 — 4 112 transi-
tion and SRS self-frequency conversion pulses were observed at 1,171 nm (Stokes 1)
in c-polarization and the maximum Stokes 1 SRS conversion was 1.8% [47].
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Fig. 27 Polarized room temperature fluorescence spectra of Er’*:SrWO, crystal

Figure 29 presents the laser and Stokes 1 output power from self-stimulated Raman
scattering of the «F3, — I s laser transition. Figure 30 shows the time evolutions
of the pump, laser, and Stokes 1 for ya 30 — v ,2 transition.

The *F35, — *I,3, transition-generated laser pluses at 1,334 nm and SRS Stokes
1 at 1,517 nm, the latter is close to the eye-safe laser. The maximum conversion
efficiency of the pump toward the Stokes 1 SRS was 0.4%. Figure 31 presents the
Stokes 1 output power from self-stimulated Raman scattering of the “Fy p — I, 32 laser
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Fig. 28 Room temperature luminescence decay curves excited by 521 nm
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Fig.29 Laser and Stokes 1 output power from self-stimulated Raman scattering of the *F5, — *I11

laser transition

transition. Figure 32 shows the Raman spectra of S'WO,:Nd** crystal relevant to self-
stimulated Raman scattering.

3.4.2 The Continuous-Wave Nd:YVO,4,~SrWO, Intracavity Raman Laser
at 1,179.5 nm

A continuous-wave intracavity Raman laser at 1,179.5 nm with a StWO, Raman
crystal in a diode-end-pumped Nd: Y VO, laser was reached [48]. The highest output
power of 2.23 W is obtained at the laser diode power of 21.2 W corresponding to the
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Fig. 31 Stokes 1 output power from self-stimulated Raman scattering of the ‘F 30 — 4 13,2 laser
transition

slope efficiency of 10.5%. The measured Raman thresholds are about 9.3 W and
8.3 W in the diode pump laser power for the a- and b-polarized configurations,
respectively. The Raman gain coefficients of the c-cut StWO,4 Raman crystal for the
a- and b-polarized pumps are estimated to be about 4.9 cm/GW and 4.7 cm/GW,
respectively. Figure 33 presents the experimental arrangement of the cw diode-end-
pumped Nd:YVO,/SrWO, intracavity Raman laser. Figure 34 shows the output
power at 1,064 and 1,179.5 nm as functions of incident pump power at 808 nm.
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Output

1179.5 nm

1064 nm

Fig. 33 The experimental arrangement of the cw diode-end-pumped Nd:YVO,/StWO,

intracavity Raman laser

Figure 35 presents the Raman conversion efficiencies versus the incident pump
power in the a- and b-polarized configurations. Figure 36 shows the output spec-
trum of the cw Nd:YVO,/StWOy intracavity Raman laser.
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Fig. 35 The Raman conversion efficiencies versus the incident pump power in the a- and b-polarized
configurations

3.4.3 The High-Efficiency Nd:YVO,~SrWQ, Eye-Safe Raman Laser
at 1,531 nm

A high-efficiency diode-end-pumped Q-switched eye-safe linearly polarized
intracavity Raman laser at 1,531 nm is demonstrated, with Nd:YVOy as the laser
medium and SrWQO, as the Raman crystal [49]. The highest average power
of 1.93 W is achieved, with an incident pump of 15.6 W and a repetition rate of
35 KHz. The narrowest pulse duration of 4.9 ns and the highest peak power of
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Fig. 36 The output spectrum of the cw Nd:YVO,/SrWOy, intracavity Raman laser. The inset is the
spontaneous Raman spectrum of the SftWO, crystal

Fig. 37 Experiment arrangement of an intracavity Raman laser. The left and right insets show the
schematic diagrams of the cut directions of the laser and Raman crystals and the polarization
directions of the fundamental (Pg) and Raman (Py) lasers, respectively

32.2 KW are obtained at a repetition rate of 5 KHz. Figure 37 shows the experiment
arrangement of an intracavity Raman laser. Figure 38 presents the average output
power at 1,531 nm as a function of incident pump power at 808 nm at repetition rate
of 35 KHz for four output couples. Figure 39 also presents the average output power
at 1,531 nm as a function of incident pump power at 808 nm, with the output
coupler of 30%, at four repetition rates. Figure 40 shows the dependence of pulse
width at 1,531 nm on incident pump power at four repetition rates. Figure 41 shows
the pulse profiles of the Raman and fundamental pulses at a repetition rate of 5 KHz.
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3.4.4 Highly Efficient Nd:YAG-SrWQ, Intracavity Raman Laser
at 1,180 nm

A highly efficient diode-pumped actively Q-switched intracavity Raman laser with
SrWO4 as the Raman-active medium is presented. As high as 23.8% diode-to-
Stokes optical conversion efficiency is obtained with an incident pump power of
7.17 W and a pulse repetition rate of 15 KHz [50]. Figure 42 shows the schematic of
the experimental setup. Figure 43 presents the average output power at 1,064 nm as
a function of incident pump power at 808 nm for the PRFs of 10, 15, and 20 KHz.
Figure 44 presents the average output power at the Stokes wavelength as a function
of incident pump power for the PRFs of 10, 15, and 20 KHz. Figure 45 shows
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the pulse width at the Stokes wavelength as a function of incident pump power
for the PRFs of 10, 15, and 20 KHz. Figure 46 shows the typical oscilloscope traces
for the fundamental and Raman pulses. Figure 47 shows the optical spectra for the
actively Q-switched intracavity Nd:YAG-SrWO4 Raman laser.
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3.4.5 The Efficient Nd:YAG/SrWO,/KTP Yellow Laser

An efficient intracavity frequency-doubled Raman laser was obtained by Xingyu
Zhang using a StWO, Raman medium, an Nd:YAG ceramic gain medium, and a
KTP frequency-doubled medium, three laser cavities, including a two-mitror cav-
ity, a three-mirror coupled cavity, and a folded cavity, were investigated [51]. With
the coupled cavity, a 2.93 W, 590 nm laser was obtained at an incident pump power
of 16.2 W and a pulse repetition frequency of 20 KHz; the corresponding conver-
sion efficiency was 18.1%. The highest conversion efficiency of 19.2% was
obtained at an incident pump power of 14.1 W and a pulse repetition frequency
of 15 KHz. The obtained maximum output power and conversion efficiency were
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much higher than the results previously obtained with intracavity frequency-doubled
solid-state Raman lasers.

An efficient yellow—green laser at 559.6 nm based on the sum—frequency genera-
tion of diode-end-pumped Nd: YAG/SrWO, Raman laser is also demonstrated by Ge
Zhang [52]. The 45 nm in length STWQO, crystal grown by Czochralski method and
the KTP crystal with a type-II critical phase-matching (0 = 83.4°, & = 0°) cut were
adopted for Raman conversion and sum—frequency generation, respectively. The
maximum average power of 2.41 W was achieved at the incident pump power of
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Fig. 47 Optical spectra for the actively Q-switched intracavity Nd:YAG-SrWO4 Raman laser

20.4 W and the pulse repetition rate of 60 KHz. The overall diode-yellow conversion
efficiency was 11.8% and the slope efficiency was about 24%. The results show that
the critical pump power of resonator instability is increased with the pulse repetition
rate. Figure 48 shows the schematic of the experimental setup. Figure 49 presents the
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average output power at 559.6 nm with respect to the incident pump power at 808 nm.
Figure 50 presents the conversion efficiency and the fitted slope efficiency at the
590 nm laser. Figure 51 displays the measured spectrum of yellow—green light.

3.4.6 The Continuous-Wave Nd:YVO,/SrWO,/LBO Yellow Laser

An end-pumped continuous-wave intracavity yellow Raman laser at 590 nm with a
60 mm long pure crystal STWO, and an intracavity LiB;O5 frequency doubling
crystal was demonstrated by Fugui Yang [53]. The highest output power of yellow
laser at 590 nm was 230 MW and the output power and threshold were found to be
correlative with the polarized directions of pure single crystal StWO, deeply.
Along the different directions, the minimum and maximum thresholds of yellow
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Raman laser at 590 nm were measured to be 2.8 and 14.3 W with respect to 808 nm
LD pump power, respectively. Figure 52 shows the schematic of the experimental
setup. Figure 53 presents the average output power at 559.6 nm with respect to the
incident pump power at 808 nm.
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4 Summary

The growth, PL spectra, and Raman spectra, stimulated Raman scattering self-
frequency conversion laser characteristics of pure and rare earth-doped KGd
(WOy),, StWO, crystals were reviewed. The SRS self-frequency conversion laser
technology was dealt with. As a result, the self-Raman laser outputs with high
efficiency at ~1,180 nm wavelength and its frequency-doubling laser outputs at
~590 nm wavelength achieved have been presented. The crystal of KGd(WO,), is
easier to accept rare earth doping ion, whereas StWQ, crystal has higher Raman
plus coefficient and is easier to be grown with higher optical quality and large sizes.
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Exploration of New Second-Order Nonlinear
Optical Compounds Containing Main Group
Elements

Hua-Jun Zhao, Xin-Tao Wu, and Li-Ming Wu

Abstract This review mainly highlights recent research progress on the explora-
tion syntheses, crystal structures, and nonlinear optical properties of multinary
chalcogenides. Some examples show that slight radius change (Ga>* vs. In*")
leads to different packing patterns of the same asymmetric units that eventually
result in NLO properties with different origins. Besides, combination of two types
of asymmetric units, SbQ, polyhedron and TrQ, tetrahedron, not only gives rise to a
rich structural chemistry but also yields many NCS compounds with excellent IR
NLO performance. Additionally, the studies of the new mid-IR NLO crystal
BaGa,S; developed by a Bridgman—Stockbarger technique and a series new NLO
chalcogenides based on TrQ4 and TtQ, tetrahedra are also included.

Keywords Antimony - Asymmetric unit - Chalcogenide - Main group element
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1 Introduction

Noncentrosymmetric (NCS) compounds are of current interest due to their
technologically important properties such as second-harmonic generation (SHG)
[1]. The development of numerous nonlinear optical (NLO) crystals such as
BaB,0O, (BBO) [2], LiB3Os (LBO) [3], KH,PO, (KDP) [4], KTiOPO, (KTP)
[5, 6], AgGaQ, (Q = S, Se), and ZnGeP, (ZGP) [7-11] has resulted in significant
advances in laser device application from ultraviolet to infrared regions. Compared
to the oxide-based NLO materials, chalcogenides possess higher SHG coefficients
owing to the highly polarizable M-S (Se) bonds and wider transparent window in
the IR region, yet their lower laser-damage threshold caused by the relatively small
bandgaps limited their applications [12]. Therefore, the explorations for new
material systems with excellent IR NLO performance are of broad interest in
NLO material science and laser technology.

The involvement of asymmetric building unit is an effective approach to
generate NCS structures that possibly exhibit good SHG properties. Considerable
compounds containing Se**, Te** with stereochemically active lone pair
electrons, as well as d° transition metal (Ti**, Nb>*, W®, etc.) in a distorted
octahedral coordination environment have shown excellent SHG properties
[13-18].

SbQ, is also an asymmetric coordination sphere as a consequence of stereo-
chemically active lone pair electrons of antimony [19-22]. However, the number of
NLO-active antimony chalcogenides is still rare, such as AgzSbS3 [23] established
in 1970s, with SHG intensity half that of AgGaS,, and polycationic [Sb;SgBr,]
(AICly); showing a weak SHG intensity comparable to the KDP [24]. Interestingly,
recent studies show that the Sb-centered asymmetric units are packed into
centrosymmetric or NCS structures via different linkage. For instance, the
transition metal polyhedron, such as FeS, or MnSg, links SbQ, into centrosym-
metric compounds [25, 26], while main group GaS, combines SbQ, to result in
a NCS compound with strong SHG effect [27]; InS4 links SbQ, to generate a
NCS compound with the strongest Kleinman forbidden NLO coefficient to date
[28, 29].

Triel or tetrel chalcogenides are also interesting systems for second-order NLO
properties; examples are commercial IR NLO crystals: AgGaQ, (Q = S, Se) and
ZnGeP, (ZGP) [7-11]. Newly found ternary LiGaQ, (Q = S, Se, Te) [30-32],
LilnQ, (Q = S, Se), and BaGa,S; show larger laser-induced damage thresholds
[33-35]. New quaternary Eu,Ga,GeS; [36] exhibits powder SHG intensity 1.50
times that of AgGaS,, while ternary LaGaS; [37] exhibits very weak SHG
signal.

In this review, the structures and NLO properties of compounds classified
according to five selected systems, Ln/T/Sb/Q, Ln/Tr/Sb/S, Ln/Tr/Tt/S, La/Ga/S,
and Ba/Tr/S (Ln = lanthanide; T = transition metal; Tr = triel; Tt = tetrel,;
Q = chalcogenide), will be discussed.
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2 Exploration on Compounds Containing Sb** with
Stereochemically Active Lone Pair Electrons

2.1 Ln/T/Sb/Q Systems (Ln = Lanthanide; T = Transition
Element; Q = S, Se)

A few quaternary alkali metal/lanthanide/antimony/chalcogenide compounds are
known, such as K,Ln,_,Sbs,,Se;, [38], K;Ln,Sb,rSe [39], and NagGdsSbgS,e [40],
which exhibit less dense Sb/Q substructures and wider energy gap because the
strong ionic bonding interactions between the cationic alkali metal and the anionic
Sb/Q framework. The idea of replacement of the alkali metal by the less electro-
positive transition metal (T) leads to new compounds with different structure types.
In Ln/T/Sb/Q systems, such as La;FeSb,Q;9 (Q = S, Se) and Ln,Mn3Sb,sS;»
(Ln = Pr—Gd) [25, 26], the properties of the component binary compounds, FeS [41]
versus MnS [42], have impact on the crystal structures as well as the electronic
structures.

Centrosymmetric LasFeSb,S;, features unique teeter-totter (SbS,), chains,
interconnected by LaSg bicapped trigonal prism into a layered motif that parallels
to the ab plane, namely, La/Sb/S slab. Between these La/Sb/S slabs, there are La/
Fe/S slabs, which are formed by the edge-sharing LaS bicapped square antiprisms
and FeS, tetrahedra. The adjacent La/Sb/S and La/Fe/S slabs are linked via the S-S
edges and apexes of LaSg and LaS;( polyhedra (Fig. 1).

Another centrosymmetric Ln,Mn3;Sb,S;, can be viewed as a wavy MnSg¢ octahe-
dral layer decorated on both sides by SbSs square pyramid chains. The Ln** cations are
located between such layers (Fig. 2). Each Mn/Sb/S layer constitutes [Mn1S¢], dimer

}LaISbIS slab

]» La/Fe/S slab

Fig. 1 View approximately along b-axis of LasFeSb,S;¢. Light blue, Lal and La2; Light green,
La3 and La4; orange, Sb; pink, Fe; yellow, S. La—S bonds are omitted for clarity. Sb—S bonds
< 3.00 A Fe-S bonds < 2.40 A. Reprinted with permission from [25]. Copyright 2009 American
Chemical Society
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Fig. 2 The approximate (010) structure view of SmyMn3SbyS;,. Pink, Sm; red, Mn; green, Sb;
yellow, S. Reprinted with permission from [26]. Copyright 2010 American Chemical Society

chain along [010] direction that is interconnected with Mn2S¢ octahedron single chain
to form a layer approximately perpendicular to the a direction.

La FeSb,S ¢ has an optical bandgap of 1.00 eV, whereas Sm;Mn;Sb4S;, shows
a wider gap of 1.50 eV. These values consist with their colors. The DFT
calculations reveal that such a bandgap difference originates from the different
contributions of Fe?* and Mn** ions to the electronic structures. For both
compounds, the valence bands (VB) are dominated by S 3p block. Differently, in
Sm,Mn;Sb,S 5, the contribution from Mn atoms near the Fermi level is almost
neglectable, whereas in LayFeSb,S;, the conduction band (CB) is primarily Fe 3d
in character. So the optical gaps are originated from the different electronic transfer
excitations, S 3p to Fe 3d in LasFeSb,So but S 3p to Sb 5p in Sm;Mn;SbyS,. The
bandgap of LasFeSb,S g is narrower with respect to that of Sb,S3 (1.7-1.9 eV) [43],
La,S; (1.7-2.0 eV) [44], La;SbyS,, (the calculated bandgap of 1.55 eV [45]), and
K>La,Sb,So (2.20 eV) [39]. But that of Sm>,Mn3Sb,S, has no obvious difference
than that of ternary La;SboS,, (Fig. 3).

2.2 Ln/Tr/Sb/S Systems (Ln = Lanthanide; Tr = Triel, Group
13 Element)

The above discussions indicate an important fact that SbQ, polyhedron tends to
adopt asymmetric coordination geometry, such as SbS, teeter-totter polyhedra or
SbS5 square pyramid. These examples also imply that the second building unit is
important to the overall packing of the structure. For example, FeS, tetrahedron or
MnSg octahedron both link the asymmetric SbS, polyhedron into centrosymmetric
structures [25, 26]. Recently, explorations on introduction main group metal into
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Fig. 3 Total and partial densities of state of (a) LasFeSb,S;o and (b) Sm;Mn;Sb,S;,

Ln/Sb/S systems give rise to interesting results. The asymmetric SbS, building units
can be sufficiently joined into NCS structures by the main group metal polyhedron.
More interestingly, slight size change (GaS, vs. InS,) can lead to a significantly
structure rearrangement that yields excellent NLO compounds with totally different
SHG origins [27, 28].

2.2.1 Ln4GaSbSy (Ln = Pr, Nd, Sm, Gd—Ho): In-Phase Alignments
of Asymmetric Building Units and Its Strong Nonlinear Optical
Responses in Middle-IR Region

LnyGaSbSe (Ln = Pr, Nd, Sm, Gd—Ho) [27] crystallizes in orthorhombic NCS
space group, Aba2 (No.41). The structure features infinite single anionic chains
of {[(GaZS(,)(SbZSS)]m_ } s that are constructed from bimetallic asymmetric Sb,Sg
units and dimeric Ga,S; tetrahedra. These parallel infinite chains are separated by
Ln** cations and discrete S~ anions.

Figure 4 shows the packing of these chains in a NCS pseudo-layer motif
perpendicular to the c-axis. Another view down c-axis showing the overlay of
two such pseudo-layers is in Fig. 5a. The ¢ glide plane at (1/4, y, z) relates the
lower chains (0 < ¢ < 0.5) to the upper chains (0.5 < ¢ < 1.0). This NCS packing
allows the in-phase alignment of the dipoles of both Sb,S¢ and Ga,S; units as
indicated in Fig. 5b, which is mainly responsible for the strong SHG response.

Sm4GaSbSe shows strong powder SHG effects at 2.05 pm with the intensity
about 3.8 times that of commercial AgGaS, (Fig. 6). The transparency ranges in
1.75-25 pm is comparable to 0.60-25 pm of powder AgGaS,. The bandgap of
2.23 eV is close to that of AgGaS, (2.62 eV) [9, 46].

The VASP calculations visualize stereochemically active lone pair electrons on Sb
and reveal that the driving force of the formation of such lone pairs is the Sb—S
bonding interaction. The fundamental band edge excitation originates from transitions
involving the filled primarily S 3p states in VB and the empty Sm 5d states in CB.
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Fig 4 Structure of orthorhombic Sm4GaSbSy viewed down the a-axis with unit cell marked. The
Sm-S bonds are omitted for the sake of clarity. Blue: Ga; orange: Sb; yellow, S; pink: interlayer
S7, S8, S9, and S10; black: Sm; blue tetrahedron: GaS, tetrahedron. Anionic {[(Ga,Se)
(Sb,S5)]'°7} . chains are arranged in a pseudo-layer motif perpendicular to the c-axis. Reprinted
with permission from [27]. Copyright 2011 American Chemical Society

2.2.2 LngInSbSy (Ln = La, Pr, Nd): Chiral Arrangement of Asymmetric
Building Units and Its Strong Kleinman Forbidden Second-Harmonic
Generation

LnyInSbSy (Ln = La, Pr, Nd) crystallizes in space group, P4;2,2 (No0.92), or its
enantiomorph, P4;2,2, (N0.96) and is characterized by infinite 2, helical chains of
[In,Sb,S, ;"] propagating along the ¢ direction that are separated by isolate Ln>*
cations and discrete S>~ anions [28]. These chains are further packed around the 4,
or 45 helical axes located at (1/2, 0, z), (0, 1/2, z), (1/2, 1, z), and (1, 1/2, z),
respectively (Fig. 7a) [28]. Such chains are built by dimeric teeter-totter Sb,S¢
polyhedra and dual apex-shared In,S; tetrahedra (Fig. 7b), which are reminiscence
of the chains in LnyGaSbSy [27], but differ in that Sb,S¢ and In,S; are arranged
around a twofold screw axis, thus the neighboring dimmers are in opposite direction
(Fig. 7c), while the neighboring Sb,S¢ or Ga,S- in the latter are in-phase arranged
(Fig. 5b).

SHG measurements reveal that LasInSbSy displays SHG signals about 1.50
times that of commercial AgGaS, (Fig. 8). Moreover, the SHG intensity increases
with the particle size and is saturated at a maximum value indicating a type-I phase
matchable behavior (Fig. 9). The optical bandgap is estimated to be around 2.07 eV,
which is comparable with that of AgGaS, (2.62 eV) [9, 46], implying that this
compound has suitable laser-damage threshold for NLO applications. Moreover,
the transparency is wide in the range of 1.00-25.00 pum and excellent thermal
stability up to 765°C. So LayInSbSy may be a potential candidate for the application
in the middle and far-IR region.
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Fig 5 (a) The noncentrosymmetric packing of the { [(Ga2S6)(Sb255)]10_ } 5 chains in Sm4GaSbSg
viewed down the c-axis. Blue: Ga; orange: Sb; yellow, S. Chains with dark color are at 0.5 < ¢ <
1.0, and chains with bright color are at 0 < ¢ < 0.5. The interlayer Sm and S ions are omitted for
the sake of clarity. Reprinted with permission from [27]. Copyright 2011 American Chemical
Society. (b) A pseudo-layer of separated infinite { [(Ga,S6)(SbS5)1'°~} . chains. The pink arrows
show the in-phase alignment of such chains. Reprinted with permission from [27]. Copyright 2011
American Chemical Society

La4InSbSy crystallizes in space group, P4,2,2, 422 point group, whose space
group symmetry requires two nonvanishing tensors of second-order susceptibilities
to follow the equation d;4 = —d,s, which have to be zero under the restriction of
Kleinman’s symmetry. Thus, LasInSbSy should exhibit null SHG response by
Kleinman’s symmetry [29]. The assumption of the Kleinman’s symmetry is ideal
that the medium is dispersionless; however, under the real experimental condition,
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Fig 6 Oscilloscope traces of 0.0Frmm——
the second-harmonic- 4
generated signals of ol ) b
Sm,GaSbS, and AgGaS, = ]
2 92+
£ 4
2 03 — AgGaS,
=
g 1
w 0.4
= ]
-0.5-
-0.6
T T T T |
-0.0001 0.0000 0.0001
T (second)

C2, axis

Fig 7 (a) The (001) view of LayInSbSy. (b) The helical chains of [InZSbZSUI(F]oo along the ¢
direction. (c¢) The helical configuration of the chains, S atoms are omitted for the clarity, and 2,
screw axis is visualized. (d) The local coordination of the dimeric teeter-totter Sb,S¢. Green, La;
pink, In; orange, Sb; yellow, S. Reprinted with permission from [28]. Copyright 2012 American
Chemical Society

dispersion always exists, which can damage the validity of Kleinman’s symmetry
so as to lead to very weak SHG response [47-54]. For instance, o-TeO,
crystallizing in P4,2,2 exhibits a weak d;4 (1.328 um) ~ 0.36 pm/V [47]. Only if
the second-harmonic frequency is close to an absorption bandgap (2how ~ Eg) will
the electronic exciton resonance be expected, which can significantly enhance the
SHG effect [55, 56]. For example, a-TeO, shows a strong Kleinman forbidden d;4
(0.659 pm) ~ 4.32 pm/V, which is 10 times larger than that at 1.328 um, because
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the second-harmonic wavelength 0.33 pm (~ 3.76 eV) is very close to its optical
bandgap (3.75 eV) [47, 57, 58].

But, this is not the case for LasInSbSy. Under the measurement condition, the
second-harmonic wavelength is about 1.00 um (about 1.2 eV), which differs
significantly from the optical bandgap (2.07 eV); therefore, electronic resonance
will not be expected. The second-order NLO susceptibility coefficient calculations
based on length-gauge formalism derived by Aversa and Sipe further confirm this.
The calculations generate null static SHG coefficients under the zero-frequency
limit [59]. Consequently, the second-order NLO coefficients of 11 possible
configurations of LayInSbSy simulated by the ab initio molecular dynamic
calculations at 300 K have been calculated [60]. Nine out of eleven configurations
have at least a NLO coefficient close to 15 pm/V. This value is roughly 1.2 times d3¢
(10.6 pm) of AgGaS, (13 pm/V) [61] and is in agreement with the experimental
observations. These results strongly suggest that the lattice thermal vibrations
induce the structure configurational variation, which may be responsible for the
strong SHG effect of LasInSbS,.
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3 Exploration on Compounds Containing TrS, and TtS,
Tetrahedral Units

3.1 Ln/TriTt/S Quaternary Systems (Ln = Lanthanide;
Tr = Triel, Group 13 Element; Tt = Tetrel, Group 14
Element)

B-LaGaS; is a NCS compound based on the wavy GaS, tetrahedron chains
separated by La™* cations [37] and exhibits very weak SHG effect. Introducing
Ge to Ln/Ga/S system results in two new thiogermanate: La,Ga,GeSg and
Eu,Ga,GeS; [36]. La,Ga,GeSg contains infinite chains of corner-sharing GaSy
tetrahedra, interconnected via GeS, tetrahedra into [GazGesg]“ layers that are
separated by La®* (Fig. 10a). Eu,Ga,GeS; comprises corner-sharing diametric
Ga,S7, which is further interconnected by GeS, tetrahedra into [Ga,GeS,]*~ layers
that are separated by Eu?* ions (Fig. 10b). While Li,Ga,GeSq [62] is a 3D
framework built by GaS,; and GeS, tetrahedra embedding tunnels along the
c-axis, in which Li* ions locate (Fig. 10c). These three compounds represent a
nice group of compound differing only in the oxidation state of cation, La**, Eu**,
and Li*. The oxidation state of the cation affects the total numbers of S atoms so as to
influence the overall crystal-packing pattern. The number of terminal S atom are 4,
2, and 0 in La,Ga,GeSg, Eu,Ga,GeS-, and Li,Ga,GeSg, respectively. According to
2np,—S + np—S = 12, the number of terminal and bridging S atoms per formula
can be calculated. It can deduce that np,—S = 6, nu—S = 0 for Li,Ga,GeSg;
npp,—S =5, npu—S =2 for Eu,Ga,GeS;; and npp,—S = 4; np—S =4 for
La,Ga,GeSg. These calculated results are identical with the data observed directly
from the single crystal structure refinement results. As the number of terminal S
increases, the packing of the anionic moiety is looser; therefore, the number of
terminal S can be regarded as a structure indicator.

Interestingly, Eu,Ga,GeS- reveals an SHG response of about 1.5 times that of
AgGaS,, and La,Ga,GeSg shows a very weak response. Regarding to the origin of
the SHG intensity, there are different opinions. One theoretical study considers the
SHG coefficient of LiGaQ, (Q = S, Se, Te) coming from the contribution of GaQ4
tetrahedron [30-32]. Another extensive study on La,Ga,GeSg, Eu,Ga,GeS-, and
Li,Ga,GeS¢ finds that the SHG coefficients originate from the electronic transitions
from the S 3p states to the La/Eu/Li — S, Ga — S, and Ge — S antibonding states
[36]. Thus, except the anionic moiety, cation also contributes to the SHG activity.

3.2 Bal/TrIS Ternary Systems (Tr = Triel, Group 13 Element)

This system contains a large number of compounds including BayIn,Ss [63],
Baln,S, [64], Ba,Ga,S5 [65], Ba;Ga,S¢ [66], Bay;Ga,S; [66], BasGa,Sg [67], and
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Fig 10 The structures of

(a) LazGazGeSg,

(b) Eu,Ga,GeS-, and

(C) LizGazGeS(, with unit
cells outlined. Yellow: p,—S;
black: n—S; orange: Ga; light
green: Ge; pink: La>*/Eu>*/Li*.
Light green tetrahedron: GeSy;
pink tetrahedron: GaS,.
Reprinted with permission
from [36]. Copyright 2011
American Chemical Society

BaGa,S, [68], and their structures are based on the same primary building unit,
TrS, tetrahedron. Several compounds, Ba;,InsS;9, BasIn,Sg, and Ba,Ga,Ss,
involve disulfide S, anion [69]. BajsInsS;o = (Ba®")1o(In*")4(S%7)17(S2)*~
shows a unique long period-stacking structure of a combination of monometallic
InS, tetrahedra, linear dimeric In,S; tetrahedra, disulfide 5227 anions, and isolated
sulfide S~ anions that are further enveloped by Ba®* cations (Fig. 11). Interest-
ingly, the CASTEP calculations show that the disulfide S, anions mainly deter-
mine the bandgaps.
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Fig 11 The structure of Ba;,In,So, viewed approximately along c-axis. Black: Ba®*; yellow,
S*~ anion; light blue tetrahedra: monometallic In5Sy; purple tetrahedra: linear dimeric In,S; and
monometallic In1S,. Reprinted with permission from [69]. Copyright 2011 American Chemical
Society

Fig 12 (a) As-grown BGS crystal; (b) polished piece of BGS crystal. Reprinted with permission
from [33]. Copyright 2009 American Chemical Society

New NLO crystal BaGa,S; [33] has been successfully grown by a Bridgman—
Stockbarger technique (Fig. 12) and shows a wide optical transparent region
(0.35-13.70 um), high second-order susceptibility coefficients d33 (12.6 pm/V),
and high laser-damage threshold (1.2 J/cm?® at 1.064 pm and a 15 ns pulse width).
This sheds useful light on the large size single crystal growth for IR NLO materials.

4 Future Prospects

In conclusion, 23 new multinary chalcogenides belonging to the five selected systems,
Ln/T/Sb/Q, Ln/Tr/Sb/S, Ln/Tr/Tt/S, La/Ga/S, and Ba/Tr/S (Ln = lanthanide;
T = transition metal; Tr = triel; Tt = tetrel; Q = chalcogenide), are summarized
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regarding their crystal and electronic structures, SHG properties, and their possible
origins. In these systems, to obtain a NCS compounds, the involvement of at least an
asymmetric building unit, such as SbS, polyhedron, is necessary. The choice of the
second building unit is also important, for example, GaS, or InS, is found to be more
effective than FeS, or MnS; in producing NCS compounds. Besides, the size of main
group metals, InS, versus GaS,, affects the overall crystal structures that exhibit SHG
activities coming from totally different origins. Although the combination of two
types of asymmetric units, such as SbS, and TrS, or TtS, not only gives rise to a rich
structural chemistry but also yields many NCS compounds with excellent IR NLO
performance, the formation of NCS compound is not guaranteed. Therefore, the
rational design of NCS compounds with good SHG properties remains a great
challenge, and exploration in this field is always the first step!
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