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Preface

There is a vast number of compounds with AB,X, stoichiometry, where A and B
refer to cations and X corresponds to the anion, depending on the cation and anion
valences to fit the octet rule. They include: (i) ATBIIX M compounds, like MgAl,0y,,
ZnGa,S,, CdIn,Sey, and HgTIl,Tey; (ii) A,'BVIX, V! compounds, like Li,SOy,
Na,SeOQ,, K>TeO,, TI,CrO,4, Li,WO,, Cs,MoS,, and KoWS,; (i) A,"BVX,Y!
compounds, like Mg,SiO,, Fe,GeS4, Ba,SnS,, and Pb,SiSe,; and (iv) A,'B"X, V"
compounds, like Na,BeF,, K,CoCly, Cs,CuCly, K,PdBr,4, and Rb,Mnl,.

All these families of AB,X, compounds have one thing in common; i.e., they
have an unbalanced number of cations (3) and anions (4) per formula unit.
Therefore, from the point of view of structural phase transitions, these compounds
are prone to suffer order-disorder processes under different conditions of pressure
and temperature where cations may get mixed with vacancies at cation sites to
fulfil the requirements of high-symmetry structures.

In particular, AHBIZHXXI chalcogenides is a vast family of compounds that
crystallize at ambient conditions in a great variety of structures. However, they can
be classified into three main groups: (i) compounds crystallizing in the spinel or
related structures; (ii) compounds crystallizing in tetrahedrally coordinated
structures, derived from the diamond and zinc-blende structures with ordered
vacancies in the unit cell, and known as adamantine-type ordered-vacancy com-
pounds (OVCs); and (iii) other compounds crystallizing in structures not related to
those of spinel or to those of OVCs, e.g. layered materials. Usually, oxides belong
to the first group, selenides and tellurides to the second group, and sulphides are in
the borderline between the two first groups and belong either to the first, to the
second or to the third group.

The big number of A"BI'XY! chalcogenides includes compounds with very
different properties and with a wide interest ranging from Geophysics, like spinel-
related compounds, to many technological applications. The study of the proper-
ties of A'BIXY! chalcogenide compounds under high pressures and of their
pressure-induced phase transitions can help to understand the properties of these
compounds and the relationship between their properties and their structures which
can have profound implications in many fields.



vi Preface

In this book we are going to review the main results obtained in the study of
A'BITXY! chalcogenide compounds at high pressures to date, paying special
attention to the pressure-induced phase transitions. We will see that ATBIIX}!
chalcogenide compounds are complex materials that crystallize in different
structures or with different degree of disorder depending on the crystal growth
conditions. Therefore, the growth conditions determine the properties of the
materials and their pressure dependence. We will see how high pressure studies
show that the different structures of these compounds at ambient conditions in the
three main groups stated above, despite not being considered similar or related in
the past, bear a strong relationship between them. Furthermore, we will see that
high pressure studies in the last years, despite being insufficient yet, will allow in
the next future to establish a systematics of the temperature- and pressure-induced
phase transitions in the complex family of A"BYX}! compounds. We hope the
present work will promote future works for a better understanding of the structure
and properties of these interesting, and still not well studied, materials.

The present book is organised as follows: after the first chapter, written by V.
Ursaki and I. Tiginyanu and devoted to the description of the structure and
properties of ATBY'X}! chalcogenide compounds at ambient conditions and which
serves as introduction and motivation for the studies at high pressures, the book is
divided into three parts. In the first part, written by D. Errandonea, D. Santamaria
Pérez, J. Ruiz-Fuertes, P. Rodriguez-Herndndez and A. Mufioz, different high-
pressure studies on indium thiospinel Aln,S, family and spinel-structured oxides
are review with the focus on X-ray diffraction and Raman studies in oxospinels
and angle-dispersive X-ray diffraction, Raman and optical absorption measure-
ments in thiospinel. The effects of pressure in the spinel structure are described
discussing facts like bulk and polyhedral compressibility, cation size and cation
substitution. The effects of pressure on the phase stabilities and transformation
pathways of spinel-type semiconductors, as well as on their vibrational and
electronic properties are also discussed. Finally, we will present a general over-
view which hopefully will contribute to achieve a better understanding of the
behaviour of thiospinels and selenospinels under compression. The experimental
data are accompanied by an overview of the theoretical work done from first
principles on the structural, elastic, electronic and vibrational properties of spinels
under pressure as well as pressure-induced post-spinel phases.

The second part is written by F. J. Manjén, R. 1. Vilaplana, O. Gomis Hilario,
A. Muiioz and M. Fuentes-Cabrera it being devoted to the experimental and
theoretical studies of ordered-vacancy compounds at high pressures. An overview
of the effects of pressure on the crystalline structure and physical properties of
sulphur-based and selenium-based ordered-vacancy compounds of the AHBIZHX}(I
family is presented. Recent X-ray diffraction and Raman spectroscopy studies are
presented with a main focus on the discussion of pressure-induced phase transi-
tions and their inherent cation and cation-vacancy disordering processes.
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The experimental data are supported by ab initio calculations within the Density
Funtional Theory and the Density Functional Perturbation Theory of electronic,
dynamical, and elastic properties of defect chalcopyrite, defect stannite and
pseudo-cubic chalcopyrite structures of AB,X, (X = S and Se) compound under
hydrostatic pressures.

The third part, written by V. V. Ursaki and I. M. Tiginyanu, deals with the few
studies devoted to other A"BY'X}Y! chalcogenides with structures different from
those of spinels and ordered-vacancy compounds on the instance of layered
AHInGaS4 crystals with Cd, Zn, and Mg as A" cations as well as on the instance of
the Zn—Al-S system which provides an initial wurtzite structure in addition to the
spinel structure. It is also shown that quaternary solid solutions ZnAl,(;_)Gas,S4
obtained by adding gallium atoms to the system demonstrate a systematics of
phase transitions different from that inherent to AHBIZHXXI compounds with
chalcopyrite, stannite and spinel structure.

Finally, an epilogue with some final remarks is presented.

Valencia, Spain Francisco Javier Manjon
Chisinau, Moldova Ton Tiginyanu
Veaceslav Ursaki
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Chapter 1
Relation of AHBgIX‘YI Compounds to Other

Materials, Their Properties and Applications
(Instead of Introduction)

V. V. Ursaki and 1. M. Tiginyanu

Abstract This chapter provides a review of A”BIZHX}(I compounds as a class
of materials in a wide family of ternary compounds. The origin and the place of
these materials in the hierarchy of ternary compounds are presented. The technolog-
ical methods for the growth of these compounds are analyzed and the procedures
for obtaining larger crystals for practical applications are evidenced. The crystal
structure and the energy band structure are discussed in terms of the production of
spinel, layered, or tetragonal structure according to the number of octahedral and
tetrahedral cationic sites. The “ordered-vacancy compounds” are analyzed taking
into account different degrees of possible disorder. The relationship of the electronic
band structures of these compounds with the band structure of their parent chalcopy-
rite compounds A'B"XY! and their grand parent ABY! compounds is clarified.
The influence of the crystallographic structure upon the energy band structure is
evidenced by comparing crystal modifications with different space groups. Opti-
cal, radiative, and vibrational properties are discussed and the energy level scheme
explaining the extrinsic optical properties of AHBIZHX}(I semiconductors is presented.
Itis shown that a source of interest in AHBIZHX}(I compounds is their crystal structures
derived from the diamond type, but modified to accommodate three or more atoms
of different sizes, allowing additional symmetries and thus an increase in the selec-
tion of electro-optic, acousto-optic, and non-linear materials for device applications.
Another source of interest related to the variety of AHBIZHX}(I crystal structures comes
from their importance for the investigation of the role of structure and composition
in a response to the applied pressure.
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Keywords Ternary compounds ¢ Crystal growth - Crystal structure + Energy band
structure * Optical, radiative, and vibrational properties - Hydrostatic pressure, Phase
transitions.

1.1 AIIBgIX}]I Compounds Among Other Ternary
and Multinary Compounds

AHBIZHX}(I compounds represent a class of materials in a wide family of ternary
compounds. The hierarchy of ternary compounds originates from binaries. Particu-
larly, 245, compouns are derived from 35 by replacing two atoms of the third column
by one of the second and one of the fourth, and the 136, are derived from 26’s by
replacing two atoms of the second column by one atom of the first column and one
of the third [1-3]. Shay and coworkers [4] have shown that the quasi-cubic model of
band structure is very adequate to derive the band structure of 245, from the band
structure of 35’s. Similarly, the band structure of 136, can be derived from the 26, if
provision is made for the additional perturbation due to the d-band of the monovalent
atom.

The scientific team led by Goryunova [5] made significant contribution to the field
of ternaries, particularly by the observation of optical nonlinear properties [6] and
the demonstration of laser action in a ternary compound [7]. Later, Chemla, Kupecek
Robertson and Smith [8] demonstrated phase-matched second harmonic generation
in a chalcopyrite crystal.

AHBIZHXXI compounds are also treated as a result of pseudobinary AX + B2X3
join. The B2 X3 compounds have generally a defective tetrahedral structure with some
exceptions like InyS3, which has a spinel structure. In this pseudobinary join with
a 50 % molar composition one has AB,X4 compounds. Within the integer molar
ratios one may found also AX 4 2B X3 = AB4X7 compounds with a 33 % molar
composition, and 2AX + B> X3 = AyB2 X5 with a 66 % molar composition.

Similarly to most of the ternary compounds, a significant part of AHBIZHX}(I com-
pounds have tetrahedral structures with fourfold coordination determined by the
electronic valence of the atoms [9, 10]. In a tetrahedral structure each atom has
four nearest neighbours which form a more or less regular tetrahedron. Two nearest
neighbours are bonded by the overlap of two valence electrons’ wave functions [3].
This overlapping of sp; hybrids accounts for the cohesive energy like in purely cova-
lent crystals, like diamond, silicon and germanium. In contrast to normal tetrahedral
structures, AHBIZHX}(I compounds have bond defect tetrahedral structures in which
some atomic sites are empty. Around such a vacant site there are electron lone pairs.
All the tetrahedral compounds including those with normal tetrahedral structures
and those with bond defect tetrahedral structures belong to the class of adamantine
structures in which there are no anion—anion and cation—cation bonds. Among these
many of them have the so-called chalcopyrite structure.
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Fig.1.1 Grimm-Sommerfeld | [l v Vv Vi
splitting diagram for

tetrahedral structures / C \ Diamond

Zn S Zincblende
Cu/ \Fe 8’2 Chalcopyrite
Cus Fe/ \Sn 814 Stanite
3134/ \Sb é Famatinite

Tetrahedral complex structures of binary, ternary and quaternary compounds are
obtainable from diamond structure by Grimn—Sommerfeld splitting of an atom pair
into two different atoms from other groups of the periodic system, while keeping
the valence electron number per atom constant as shown in the splitting diagram in
Fig.1.1. All these compounds have the normal tetrahedral structure with different
arrangements of the cations in the cationic sublattice.

The Grimm-Sonunerfeld rule can be extended to the defect tetrahedral structures
by assigning to a vacancy a zero valent atom. By introducing vacancies into the
Grimm-Sommerfeld splitting procedure, one may obtain different defective struc-
tures containing one or more vacancy per unit cell [11].

From two formula units of the chalcopyrite parent AIBIHX;'I compound, for
instance 2CulnSe;,, by replacing the 2A! atoms by an A' atom and a vacancy [J, an
AHBEIDX}(I defect chalcopyrite structure is obtained, for instance ZnIny[JSes.

From the stannite parent A%BHCIVX)‘/I compound, for instance CupFeSnS4, by
replacing the C atom by a vacancy [J, and the four X! atoms by four XVI atoms,
an AgBHDX}(H defect stannite structure is obtained, for instance Ag, Hg[ 4.

From the famatinite parent A%BVXXI compound, for instance CuzSbS4, by
replacing the three A! atoms by an A atom and two vacancies (20J), an AT'BY D2XXI
defect famatinite structure is obtained, for instance InP[1,S4.

Not all the structures show ordered cationic sublattices: in some cases some dis-
order has been proposed to interpret the experimental data (Fig. 1.2). With differ-
ent degree of disorder, /4 defect chalcopyrite, /42m defect famatinite, or partially
cation disordered (vacancies not involved in disorder) centered tetragonal structures
are obtained.

As one can see from Fig. 1.2, the “defect chalcopyrite” (or thiogallate) structure
(Fig. 1.2d) can be derived from chalcopyrite (Fig. 1.2a) by removing alternately one
base-centered and four corner cations of the chalcopyrite structure.

The “defect famatinite” (or “defect stannite”) structure of Fig. 1.2e can be derived
similarly from famatinite (Fig. 1.2b).

As in substitutional adamantine compounds, in the “ordered-vacancy compounds”
(OVC’s) OVC’s each cation is coordinated by four nearest-neighbor anions. How-
ever, the anions are coordinated by two cations of one type, one of a different
type, and one vacancy. Many AHBgIC}(I compounds can be found in both defect
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(c)

Fig. 1.2 Ordered and disordered defective structures. a Chalcopyrite 142d. b Famatinite 142m.
¢ Zinc blende F43m. d Defect chalcopyrite (thiogallate 14). e Defect famatinite (defect stannite
142m). f Partially cation-disordered (centered tetragonal)

chalcopyrite and defect famatinite structures. The defect famatinite structures differ
from the defect chalcopyrite in that the face centered B'"' and A!! cations are randomly
distributed (disordered), i.e., Ga and Zn cations in Fig. 1.2e. Further disorder in the
cation sublattice by involving also the B cations (for instance Ga ions in Fig. 1.2f)
in the disordering process leads to the production of a defective centered tetragonal
structure. This structure (Fig. 1.2f) can be derived from zinc blende (Fig. 1.2¢) by
removing alternately one base-centered and four corner cations of the zinc blende
structure.

The crystal structure of ¢-CdIn;Sey (Fig. 1.3, left) was attributed by Hahn et al. to
the space group P42m [12]. Different degrees of cation disorder can also be found in
this compound. A rather accurate structure determination of CdIn,Se4 with electron
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Cdin,Se, Partially disordered Totally disordered
P42m Tetragonal Cubic

Fig. 1.3 Disordered defective tetrahedral structures: filled cation sublattice disorder (middle);
complete cation sublattice disorder involving vacancies (right)

microscopy revealed that different degrees of order or different structures coexist
within this compond [11], as shown in Fig. 1.3. If also vacancies are disordered,
e.g., HgGa,Tey at room temperature [13] or CdGasSey at high temperature [14], a
disordered cubic zinc blende structure is obtained (Fig. 1.3, right).

In the zincblende structure each S atom is at the center of a tetrahedron with four
Zn atoms at each corner. The four bonds have all the same length and are symmetri-
cally equivalent in space making a very well known angle of 109°45’. When two Zn
atoms are replaced in the chalcopyrite structure by Cu and the two other Zn atoms
are replaced by Fe the four bonds are no longer identical: the distance between S and
Cu is not exactly equal to the distance between S and Fe [1]. In other words, the
tetrahedron is no longer regular but is slightly deformed along the two-fold axis.
However this distortion in most compounds is not very large and the orbitals remain
very close to sp, hybrids. Therefore, the lattice period c is not exactly equal to 2a.
This is characterized by a dimensionless parameter: which takes into account the
dilatation or the compression along the z-axis.

§g=2—2< (1.1)
a
On the other hand, the displacement of the S atoms due to bonds’ length difference
is alternatively along the 4+x and the —x axis and along the +y and —y axis. If x is
the actual position of the S atom in the cell, this displacement is measured by the
dimensionless parameter

=1
a

(1.2)

o =

4x ‘

Many of the physical properties of the chalcopyrite crystals depend to some extent
on the values of § and o.

Similarly to other ternary compounds, apart from tetrahedral structures, AHB12HX}{I
compounds can be obtained in other structures. It is known that many ternary
compounds are not of the chalcopyrite structure. There are examples where the
actual structure is slightly different from the chalcopyrite. Many tetrahedral ternary
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compounds have a structure very different from chalcopyrite. More precisely, they
often display a particular structure which is derived from wurtzite much in the same
way chalcopyrite is derived from sphalerite. Moreover, several ternary compounds
are not tetrahedrally coordinated but have a sixfold or an eightfold coordination [3].

As concerns A”BgIX){I compounds, according to the number of octahedral (£2)
and tetrahedral () cationic sites, one has spinel (22 + 1 1), layered (IQ2 4+ 2 1) and
tetragonal structures (3 t) as shown in Fig. 1.4 [11, 15].

If tetrahedral coordination prevails, one has deffective structures; in the presence
of octahedral coordination, the four non-bonding orbitals are arranged in planes, and
the compound is characterized by easy cleavage along these planes which interact
via vander Waals forces (layered compounds). If all the sites are tetrahedrally coor-
dinated, the non-bonding orbitals originate point defects (vacancies) arranged in a
more or less ordered tridimensional array (defect chalcopyrite).

The primitive unit cell of a AHBIZHX}(l spinel is shown in Fig. 1.5. The elementary
cell of the AUBIX}! spinel-type compounds consists of 8 formula units. X! ions
create a close-packed arrangement with 64 tetrahedral and 32 octahedral interstices
per cell. In an ideal spinel structure, Al atoms occupy eight tetrahedral sites of
T4 symmetry and B! atoms are situated in 16 octahedral sites of D3y symmetry;
whereas X atoms occupy C3v sites [4].

In real spinel structures, the distribution of the cations is not ideal, and the cations
are sometimes disordered on their sites. The disordering of cations is described by
means of the normality index A. This parameter leads to a more general formula
A;B1_,(A1-,B142) which describes the occupation of the tetrahedral (octahedral)
positions in the lattice. The value of the normality index A = 1 describes an ideal
spinel structure, while . = 0 corresponds to an inverse spinel structure. Thus, for
the “inverse” spinel, a half of the trivalent (B) ions are located in the tetrahedral
position; the other part of B and A ions is usually statistically distributed between
the octahedral positions. A totally stochastic distribution on cations is obtained with
the value A = 1/3.

+ +

2 Mn|Fe|Co >3 |Zn[Cd|Hg

Al 0] g [~ ]oe[ea].2
o |ofjloa oal|oa| &

Ga|g % SeTe] |Ga|S2laalaa
ol o| o ¥loo| o

ln ln ALl aAa]| Aa

o Spinel structure
A Defect chalcopyrite
¥ Layered structure

Fig. 1.4 Structures of AHBgIX}(I compounds. Reprinted with permission from Razzetti et al. [11].
© 1987, Elsevier
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Fig. 1.5 Crystal structure of spinel. Large open and large flecked circles are A ions, full and small
flecked circles are B ions and small open circles are X ions. The flecked circles are outside the
primitive unit cell

Razzetti et al. noticed that layered phases appear for compositions intermediate
between spinel and tetragonal structures [15]. It was assumed that all these layered
structures, characterized by two tetrahedral (2 t) and one octahedral (1€2) cation
coordinations, are intermediate between the spinels and the thiogallates

AB>X4 — AB,OXy — AB,[IXy
2L+119)—-(12+21) — 31).

As concerns the degree of cation and vacancies ordering, a number of possible
order-disorder transitions were identified by Bernard and Zunger [16]. Two levels
of disorder were considered in the system. In the “stage-I disorder” two cations
A and B in AB>X4 compounds mutually substitute for one another. This leads in
both the defect famatinite (Fig. 1.2e) and the defect chalcopyrite (Fig. 1.2d) OVC’s to
the same partially cation-disordered phase (Fig. 1.2f), whereas in the structure with
the space group P42m such as a-CdInySe4 a pseudocubic structure results after
stage-I disorder (Fig.1.3). The impossibility to determine unequivocally whether
ZnGay Sy, ZnGaySey, ZnGay Tey, ZnAl,Tes, CdA1,Tey, HgAl,Tes, and HgGa, Tey
are ordered in the defect famatinite or in the defect chalcopyrite phase was explained
by the fact that both defect famatinite and defect chalcopyrite disorder into the same
structure.

In “stage II” disorder both of the two cation types and the vacancy disor-
der mutually. This results in the formation of the disordered zinc-blende-like
phase from either of the partially (cation) disordered phases. It was suggested that
ten OVC’s disorder into this zinc blende phase: ZnAl,Ses, ZnAl,Tes, ZnGasSs,
ZnGajSeq, ZnGay Tey, Znlny Tey, CdA1,Tes, CdGasSeyq, HgA 1, Tey, and HgGa, Tey
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[16]. Direct order-disorder transformations into this zinc-blende phase were observed
by Mocharnyuk et al. [14] for (CdGasSe4), (CdInySes)1—, alloys. It was concluded
that only the disordered phase is observed, if the transition temperature 7, is lower
than the crystal growth temperature, this being the case for HgGa, Te4 exhibiting
only zinc-blende-type diffraction peaks.

It was assumed that order-disorder transformations are more prevalent (and occur
at lower 7.’s) in the ordered-vacancy AHBgIX}(I compounds, as compared to ternary
chalcopyrites ATB'CV! and pnictides ATB!VCY, since the difference in the valence
of the disordering atoms A and B is two in chalcopyrites and pnictides, while the
A-B valence difference is but one in A“BIZHX}(I compounds. Therefore, disordering is
energetically less costly, and the material properties of OVC'’s (structural parameters,
band gap, transport properties) may depend sensitively on growth temperature and
on the growth and quenching rates, as these control the extent to which a (partial
or complete) disorder or multiple phase coexistence is “frozen into” the sample.
Two further cation-vacancy disorder reactions were suggested to exist in AB>Xy
compounds in addition to stage I and stage II disorder: disordering of the A atom
alone on the vacancy site, or disordering of the eight atom on the vacancy site.

In the system Cd(Ga,Inj_,)2Ses the order-disorder transition temperature is a
function of composition and the order collapse is tied to the disordering of the vacancy
sublattice which leads to a disordered sphalerite structure [11, 14], as shown by the
phase diagram of this alloy system (Fig. 1.6). In addition, there is some evidence of
a second order phase transition at lower temperatures in CdGasSe,4. Similar transi-
tions were observed for other families of alloys, and they are clearly connected to a
disordering of the cation sublattice. This means that the structures shown in Figs. 1.2
and 1.3 which are observed in different compounds at room temperature could be
obtained from one compound just as a function of temperature.

It was shown that the order—disorder transition with increasing temperature can
take place only in the chalcopyrites with axial ratio c¢/a > 1.95 [17]. Compounds with
c/a < 1.95 remain in the ordered chalcopyrite structure all the way up to the melting
point. Apart from that, the order-disorder behavior and the tetragonal distortion §

Fig. 1.6 The phase diagram 1300 7 T
of the Cd(GayIni_y)>Ses ] L Oc,+B°‘+I3+|— L+f
alloy. Reprinted with per-

1

mission Razzetti et al. [11]. 1100 4 i
© 1987, Elsevier disordered Phase
sphalerite

700 |~ ordered phase
tetragonal
D

500 1 1 | |
0 20 40 60 80 100

CdGa,Se, Cdin,Sey
tetragonal pseudocubic

A
©
o
1S3
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Table 1.1 The tetragonal distortion § and difference A xap in electronegativity between the A-X
and B—X bonds for the AHBIZHX}(I materials

Compound AXAB )
CdGaySy 0.124 0.17
CdGaySeq 0.118 0.13
7ZnGaySy 0.042 0.04
ZnGa;Sey 0.040 0

of the chalcopyrite compounds ABX, can be described in terms of the difference
in electronegativity Axap between the A—C and B—X bonds [17]. Chalcopyrites
with Axap < 0.09 exhibit an order-disorder solid state transition, whereas the
chalcopyrites with A yap > 0.09 remain in the ordered chalcopyrite structure up to
their melting point. The tetragonal distortion § and the difference in electronegativity
for the AHBlan}(I materials under consideration are presented in Table 1.1. As one
can see from the table, the materials with Axap < 0.09 and § < 0.05(ZnGa,S4
and ZnGa,Sey) crystallize as DF whereas the compounds with Axag > 0.09 and
8 > 0.05 (CdGayS4 and CdGaySey) crystallize as DC.

On the other hand, the temperature-induced order-disorder transitions were inves-
tigated in ABY'X}Y! compounds [18-20]. In analyzing these data it was observed
that the lower the § the higher the temperature of the order-disorder transition. How-
ever, unlike chalcopyrites, in DC AHBgIX}(I compounds the order-disorder transi-
tions with temperature can occur in materials with § > 0.05 as well. This different
behavior can be explained by the presence of stoichiometric vacancies in the DC
phase.

The microscopic dielectric theory of Phillips and Van-Vechten [21] pr ovides
a basis for understanding the structural trends of semiconductors. In Table 1.2 we
summarize the homopolar energy gap E; and ionic energy C for most of the
ATBIXY! CP compounds [22, 23] as well as for ATBIXY! DC compounds [24].
The values of E;, and C for AHB12HX>(I compounds were calculated from

E;, = (Ep ax + 2E; Bx)/3 (L.3)

and
C = (Cax +2Cgx)/3, (1.4)

while the average energy gaps from
E; = E; +C~. (1.5)

The ionic effective charges are also important parameters characterizing the lattice,
dynamical, electronic or optical properties of solids and are directly related to the
concept of ionicity [25].

Several kinds of effective charges have been introduced. Static and dynamical
charges, local and nonlocal contribution to the effective charges have been extensively
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Table 1.2 The homopolar (Ej), ionic (C) and average (E,) energy gap for ABX; and AB;X4
compounds. All energies are in eV units

Compound E; C E,
ABX,

CuAlS; 5.078 8.161 9.612
CuAlSe; 4.490 7.300 8.570
CuAlTe, 3.789 6.257 7.315
CuGaS$,; 4.795 7.679 9.053
CuGaSe, 4.254 6.955 8.153
CuGaTe, 3.713 6.141 7.176
CulnS, 4.207 6.711 7.921
CulnSe; 4.133 6.900 8.043
CulnTe, 3.463 5.298 6.329
AgAlS, 4.605 7.630 8.912
AgAlSe, 4.118 6.887 8.024
AgAlTe, 3.469 5.970 6.905
AgGaS, 4.529 7.495 8.757
AgGaSe, 4.050 6.820 7.932
AgGaTe, 3.447 5.983 6.905
AgInS, 4.138 7.222 8.323
AglnSe, 3.705 6.520 7.499
AgInTe, 3.171 5.656 6.484
ABor Xy

CdAl;Sy 4.679 5.831 7.476
CdGa,Sy 4.638 5.789 7.420
CdGaySeq 5.071 6.015 7.867
ZnGaySy 4.177 5.269 6.720
ZnGa;Sey 4.477 5.400 7.015

studied. The static ionic charge is based on the electronegativity of the ions and is
influenced by the symmetry of the surrounding atoms. The dynamic ionic charge is,
on the other hand, induced by the lattice vibrations.

The transverse effective charge e, directly related to the TO-LO splitting, is
given, in cubic binary systems with one optic mode, by

ey = eocty uV(0f — 0T0) (1.6)

where €4 is the high frequency dielectric constant, €, is the vacuum dielectric
constant, p is the reduced mass of the ion pair, v is the volume occupied by a
chemical formula unit and wy o wto are the LO-TO splitted frequencies of the optic
mode.
More often, a Szigeti effective charge € is used, simply related to e} by
k
3er

P i 1.7
és oo+ 2 (L7
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When the dielectric constant is >35, indicating that the LO-TO splitting is due in
part to the polarizability of the ions, the Szigeti effective charge should be used for
studying ionicity effects.

Wakamura and Arai [26] found an empirical relationship between the normalized
Szigeti effective charge and €5, —1 in binary and ternary compounds, expressed by

2
—1l=—- 1.8
800 x+x2 ( )

where x = e§ /Zets - €, and Zggr is the effective chemical valency of the ion.

The data related to the normalized Szigeti effective charge for a series of com-
pounds are presented in Fig. 1.7. It was suggested that the applicability of (1.8) to
a greater number of compounds may be supported intensely, as most points show a
small scatter from the curve. In the correlation, the relatively large scatter for some
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Fig. 1.7 Relationship between the effective charge normalized by the effective chemical valency,
€$/Zetr-e, and eoo —1. [I: the 3d- or 4 f-electron compounds. A: the values calculated from e".
e: the compounds of types AX»>, and ApX and ammonium halides. o: other binary compounds.
X: ternary compounds, the correspondence between the compound and the number is listed in
Table 1.3 of Wakamura and Arai [26]. The solid line shows the relation of e5o —1 = 2.0/(x + x2).
Reprinted with permission. © 1981, American Physical Society
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compounds was explained by the d- or f-electron effect on the dielectric constant
€ and by the screening and the anisotropic effects on the effective charge.

The empirical relationship between the normalized Szigeti effective charge and
the dielectric constant e, for ternary chalcogenide spinels (Fig. 1.8) was analyzed by
Kushwaha [27]. It was found that the charge of the cation is related directly to €4, in
compounds composed of two kinds of anions. From this analysis it was deduced that
the ionicity increases in the order oxide > sulphide > selenide, indium compounds
> cromium compounds, normal spinel > inverse spinel.

Lottici and co-workers [25] found that ionic effective charges of defect chal-
copyrite crystals deduced from the LO-TO phonon frequencies in a “nearly cubic”
approximation and hypothizing equal normalized effective charges of the cations fit
also this empirical relationship between the normalized Szigeti effective charge and
the dielectric constant e,. Some scatter from this relationship for defect chalcopyrite
compounds was attributed to the anisotropy of the crystals which induces different
averages with respect to a cubic surrounding.
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1.2 Crystal Growth

It was shown that most ternary oxides can be prepared by sintering the finely pow-
dered, binary constituents in air and crystals are usually grown by pulling from a melt
or by cooling a solution of the oxides in a suitable molten-salt solvent (flux) [28].
The synthesis of nonoxidic chalcogenides is aggravated by their oxidizability. It has
to be carried out in vacuum or in a protective atmosphere. The chalcogenide layers
which form on the metal surfaces in the initial stage of crystal growth can prevent dif-
fusive completion of the reaction. This may lead to excessive pressures upon further
heating. These difficulties can be overcome by adding small amounts of halogens
to the reaction mixture. The halogen acts as mineralizer, breaking-up non-reactive
surface films. This mineralizing action of small halogen additions often drastically
cuts down the reaction times and allows syntheses at considerably reduced tempera-
tures as compared to pure systems. The product of the crystal growth is determined
by the existence of the so-called subsolidus phases which form by peritectic or solid—
solid reactions. Figure 1.9 shows a section of a hypothetical, pseudobinary system
[28, 29] in which three ternary compounds exist. Only AB>Xjy is obtainable from a
stoichiometric melt. Solution growth of AB¢Xjo is problematic and A>B>Xs only
forms by a solid—solid reaction. All three compounds can however easily be syn-
thesized from the proper mixtures of the elements at low temperatures (e.g., along
the 700° line indicated in Fig. 1.9) by the halogen method, i.e., by participation of a
reactive vapour phase.

Growth from liquid phases has been successful in certain cases. Melt growth
of chalcopyrite-type compounds by the Bridgman method has been reported by
several authors. Particularly, the molten sulfides of arsenic, AsyS3 and AsySs and
their mixtures can dissolve sizeable amounts of In,S3, they being good solvents even
for ternaries such as Znln,S4 and CdIn,S4 [30]. Chalcopyrites have been grown also
from liquid indium [31]. However, the growth from the vapour (either by sublimation
or by chemical transport) is the most promising method for many ternary chalco-
genides [28, 32]. Both sublimation and chemical transport can be carried out in open
(flow) systems and in closed systems, usually sealed quartz vessels, the latter being
preferred for bulk crystal growth on an experimental scale. The stationary, sealed
ampoule, placed in a temperature gradient [28, 33], is the simplest device for vapour
growth (Fig. 1.10). The upper temperature limit attainable is about 250 and 2,000 °C
with transparent sapphire tubing.

In most cases, the halogenes I», Bry, or Cly, are the preferred transporting agents.
However, in some cases, the presence of oxygen (or water vapour) is required in
addition to the halogen to achieve efficient transport. For obtaining larger crystals
(with size of the order of cm) from the vapour, a better control of the nucleation is
required, which can be realized in different ways: (i) by using a conical or a capillary-
shaped ampoule tip; (ii) by introducing a seed into the ampoule; (iii) by selective
cooling of a small, defined nucleation region; (iv) by moving the ampoule relative to
the temperature gradient (vapour pulling) and by adjusting the pulling speed to the
material transport rate (Fig. 1.11).
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Fig. 1.9 A hypothetical, pseudobinary system with ternary compounds. Reprinted with permission
from Nitsche [28]. © 1975, EDP Sciences

Another arrangement utilized for vapour growth is a system with radial gradient
(Fig. 1.12), in which slightly cooled seed is placed on a pedestal in the center of a
cylindrical ampoule which rotates in a radial gradient assuring the material from the
periphery of the ampoule to be transported to the center [28, 34].

It was shown that vapour methods offer great possibilities to grow a large number
of ternary chalcogenide crystals, and a crystal growing freely into space from a
vapour potentially contains much less dislocations and other faults than a crystal
being constrained by a container during growth and the cooling-down period [28].

A temperature variation method was proposed for the growth of chalcopyrite
crystals by iodine vapour transport, and a two to fourfold increase in the size of crys-
tals was obtained by means of a time-varying temperature profile procedure [35].
The principle of the method consists in a gradual raising of the source temperature,
which allows, first, a reduced primary nucleation, and, secondly, the avoidance of
constitutional undercooling during the first stages of the nucleus growth. The tem-
perature profile variation with this method is schematically represented in Fig. 1.13,
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Fig. 1.11 Vapour growth by moving gradients. Reprinted with permission from Nitsche [28].
© 1975, EDP Sciences

where the source-material temperature 7 () is a slowly raising function of time, while
the deposition temperature 7y is kept constant. Initially, the ampoule is placed in a
T-profile so that T (¢) is lower than T, by about 100 °C (temperature inversion). Such
temperature inversion is a very important feature of the method, because of its clean-
ing effect on the quartz walls of the deposition zone. After 2—3 days of temperature
inversion, T is programmed to raise at a constant rate, calculated so as to give the
final temperature profile T (¢ ) in the planned growth period #y — fo where T (o) is
about 10°C lower than Ty. Qualitatively, the growth mechanism can be described as
follows. By increasing 7T (f), when ¢ reached some value > (>11), the supersaturation
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reaches a value for which primary nucleation has a high probability of occuring on
some active sites of the quartz walls. Since now the growth process of these primary
nuclei will result in a more probable process, their development into large single
crystals is expected, at the expense of new primary nucleation.

Three different temperatures versus time profiles were for instance employed
for the growth of Zn,Cd;_,InyS4 pseudoternary solid solution, namely the Sta-
tionary Temperature Profile (STP), the Linear Time Varying Temperature Profile
(LTVTP), and the Oscillating Temperature Profile (OTP) [36]. The STP procedure
was employed to determine the best growth temperature for each nominal composi-
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Fig. 1.14 Mass transport coefficient J for layered (Znln,S4-like) and cubic (CdIn;S4-like) phases
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tion. The transport kinetics observed in STP for x = 0.6 is reported in Fig. 1.14 as
a function of iodine concentration. For this composition, phase separation has been
observed. The LTVTP method, which is suitable for growth of a reduced number
of larger crystals in comparison to the STP method, was employed for the crystal
growth. In this method the deposition temperature 7, is kept constant, while the
source temperature 7T is increased linearly with time.

LTVTP + OTP was employed in those cases in which very small amounts of
one of the two phases were obtained. The LTVTP + OTP procedure is based on
an initial LTVTP stage by which a few initial seed crystals are grown, followed by
T, oscillations. Large frequencies and small amplitudes of the change in 7, once
properly chosen, can control the growth of the best seeds, while reducing and even
eliminating a faulty growth.
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Fig. 1.15 a Vapor synthesis technique used for chemical reaction from the elements. b Vapor
synthesis technique modified to prevent the formation of a CdS plug and allow complete reaction
in one step. Reprinted with permission from Feigelson and Route [38]. © 1987, Elsevier

High optical quality AUBY!X)! single crystals, particularly of CdGayS4, have
been also grown by the vertical Bridgman method [37, 38]. A schematic of the syn-
thesis setup with a two-zone horizontal rocking furnace is shown in Fig. 1.15a [38].
In this method, the metallic constituents are maintained in the hot zone (~1,050 °C),
and the sulfur is held between 200 and 400°C in the cooler zone until all of the
sulfur has reacted. At that point the entire ampoule is heated to a uniform 1,050 °C
and rocked for several hours in order to homogenize the charge before cooling. In
order to solve the problem with stopping the chemical reaction due to the formation
of the volatile intermediate CdS which was deposited as a plug between the two
zones during the synthesis of CdGa;S4, the fused silica ampoule was opened and the
CdS plug was removed and returned to the hot zone. After several cycles, complete
chemical reaction was achieved, and melt fusion and homogenization was carried
out.
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To avoid the formation of a CdS plug, an improved synthesis technique was later
developed. The essential differences are shown in Fig. 1.15b. CdS replaced metallic
cadmium in the hot zone, and a 0.5 atm backfill of argon was added before seal-off.
Having the cadmium in a prereacted state prevented the vapor phase reaction of CdS
in the intermediate temperature region, and the argon gas suppressed the physical
vapor transport of CdS from the hot zone there.

1.3 Crystal Structure

As mentioned in the Sect. 1.1, there are mainly three structure types possible for
samples with stoichiometry AHBEIX}(I, with A = Zn, Cd, Hg; B = Al, Ga, In; and
X =0,S, Se, Te, i.e., the tetragonal defective zinc blende structure, cubic spinel
structure, and the layered rhombohedral Znln;S4-type structure. According to the
Aufbau principle of the large majority of semiconducting structures [39, 40] the
anions form a close-packed 3-dimensional array in which the cations occupy part
or all of the tetrahedral and/or octahedral holes. The overall degree of filling of the
sets of holes is determined by the cation valences: the total number of cation valence
electrons must suffice to complete the octet of every anion.

On the basis of the Aufbau principle, Mooser and Pearton [41] investigate the
question whether there exist a correlation between the chemical composition of a
phase and the co-ordination configurations (tetrahedral and/or octahedral) met in
its structure. They suggested that with increasing principal quantum number n of
the valence shell of an atom, the directional character of the bonds formed by the
atom decreases. Moreover, covalent bonds have strongly pronounced directional
properties, while ionic bonds are nondirectional. As a result of this analysis they
found that at low values of the average principal quantum number 7 and/or difference
A x between the electronegativities, low coordinated (tetrahedral) structures are met,
the high coordinated (octahedral) ones being found at high n and/or A x values.

Later on, Fillips [42] and Van Vechten [43] introduced two new, fully quantum-
mechanical scaling co-ordinates, i.e., the average covalent energy gap E; and the
average ionic energy gap C, for extracting from available structural and physical data
qualitative rules for the chemical bonding in solids. It was found that in an E;, versus
C diagram, the simple AB-type of octet compounds fall into two completely separate
regions, one corresponding to four-fold, and the other to sixfold co-ordination.

As mentioned in the Sect. 1.1, the A”BgIXXI compounds are characterized by
tetrahedral or tetrahedral and octahedral cation-to-anion co-ordination. Whenever all
cation sites are tetrahedrally co-ordinated, tetragonal defective structures are formed
(thiogallates). When tetrahedral and octahedral co-ordinations take place, layered
structures are formed if their number is different, and cubic ones are formed in the
opposite case. In both cases the lattice seems to be intrinsically disordered. Razzetti
and Lottici [44] have grown 28 different compositions of sulphur compounds as
shown in Fig. 1.16.
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Fig. 1.16 Sulphur mixed cation quaternary compounds synthesized: the dots represent the starting
composition of the compounds (see the text). L, S and 7 indicate the structures of the reaction prod-
ucts, where L stands for layered, S for spinel and 7 for tetragonal (defect chalcopyrite). The arrows
indicate the existence region of each phase as a function of the starting composition (x). Whenever
two arrows correspond to a particular composition, phase separation takes place, otherwise one
has complete solid solution. Reprinted with permission from Razzetti and Lottici [44]. © 1983,
Springer

For Zn,Cd|_,InyS4 compounds it was found that (i) complete solution takes
place for x>0.7 and x <0.2: the compounds which form in these intervals show
structures similar to ZnlIn;S4 and CdIn, Sy, respectively; (ii) phase separation occurs
in the intermediate region (0.65 > x > 0.25); (iii) the two different structures which
form in this region (0.65 >x>0.5and x = 0.4, respectively) are similar to ZnIn,S4
and Zn3In,Se.

Figure 1.17 shows a plot of the lattice parameters versus composition of the quater-
nary chalcogenides [45]. The spinel phase has a relatively large homogeneity range.
Up to 31 % of sulfur atoms can be replaced by selenium. With increasing molar ratio
of CdIn,Se4 the unit-cell dimensions of the CdInyS4_, Se, spinel-type mixed crys-
tals increase. The slope of the curve obeys Vegard’s law. The tetragonal pseudocubic
form of CdIn,Sey (space group P42m) has a smaller homogeneity range than the
spinel phase. Only up to 12 mole % of CdIn,S4 are soluble in CdIn,Se4. Between
44 and 68 mole % CdIn;Ses the mixed crystals crystallize in the thombo-hedral
ZnInyS4-type structure (space group R3m). The ZnInyS4-type is an intermediate
between the spinel on one hand and tetrahedral structures on the other hand. It can be
formed by changing the composition in both the nonmetal sublattice and the metal
sublattice.
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with permission from Haeuseler [45]. © 1979, Elsevier

Antonioli and co-workers [46] studied the nature of the near-neighbour environ-
ment in ternary and pseudoternary defect chalcopyrites of the AUBY!XY! family by
using the extended X-ray absorption fine structure (EXAFS) technique (Figs.1.18
and 1.19). Bond lengths nearly constant and close to the respective distances in the
end member crystals were found over all the composition range, whereas the unit cell
parameter a(x) changes accordingly to the virtual crystal approximation (Vegard’s
law).

As concerns spinels, Burdett and co-workers [47] succeeded in separating the
normal spinels from the inverse ones by plotting the r,(A) and r,(B) co-ordinates
of the two cations A and B of each spinel in a diagram (see Fig. 1.20). The r,(A)
and r, (B) coordinates have been defined conventionally in terms of s- and p-orbital
radii: 1, =15 + 1.

Taking into account the ternary character of the AHBgIX}(I compounds, Meloni
and Shaukat defined an appropriate set of structural indices [48]. First, the indices
for each atom in the crystal were defined as:

R} = (R} +3R})/4
R} = B3R} —R%)/4

From these atomic values the average over cations contained in the chemical
formula were formed in order to obtain a single cation parameter
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Finally, the new c

R2® = (R2 +2R%)/3
RZ® = R} +2R})/3

rystal structural coordinates were constructed as:
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X(AByXy) = RAB 4 RX
y(AB;Xy) = R2B _ RX

Two categories of the orbital radii were used in the analysis: the density-functional
pseudopotential (DFP) orbital radii introduced by Zunger [49] and the hard-core
pseudopotential orbital radii introduced by Andreoni, Baldereschi, Biemont, and
Phillips (ABBP) [50].

The structural maps obtained are displayed in Figs. 1.21 and 1.22 for both normal
and inverse spinels. It is evident from these figures that the introduced structural
coordinate scheme can be applied successfully in separating the oxide, sulphide,
selenide and telluride spinels, except for two Li-compounds, which fall a little far.
It is also clear that this scheme is suitable for both sets of radii as far as it is based
on the distribution of the anion component only. A further ordering of the normal
spinels according to their A-cation component has been possible only with ABBP
orbital radii, as shown in Fig. 1.22a.

1.4 Energy Band Structure

First-principles local-density-functional calculations for the electronic band struc-
tures of the ordered vacancy defect chalcopyrites ATBMXY! for A = Zn, Cd, Hg;
B = Al, Ga, In, and X = S, Se, Te were performed by Jiang and Lambrecht [51].
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Their relationship with the band structure of their parent chalcopyrite compounds
AIBIHX;/ T'with A = Cu, Ag, and their grand parent A'BV! compounds were clari-

fied.

First Brillouin zone (BZ) of chalcopyrite structure and its relation to that of the
zinc-blende (ZB) structure is shown in Fig. 1.23.
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Fig. 1.23 First Brillouin zone (BZ) of chalcopyrite structure (solid lines) and its relation to that of
the zinc-blende (ZB) structure (dashed lines). The points X, L, and W lie on the ZB BZ

It was found for instance that the gap decreases strongly from ZnSe to CuGaSe;
and then increases again going to ZnGaySe4. This can be explained mainly in terms
of the behavior of the d orbitals. It was found also that all the band gaps of the
AUBMX Y compounds are direct. When examinimg the chemical trends of the band
gaps it was evidenced that the gap shifts are not material dependent. Nevertheless, a
decrease in gap from Al to Ga to In and from S to Se to Te was observed as well as a
less pronounced trend of decrease of the gaps from Zn to Cd to Hg. Along this series
the gap opens across the entire BZ rather than just near the minimum gap at I"-point.
To illustrate this point, the band structures of CdGa,S4, CdGazSes, and CdGa, Tey
are presented in Fig. 1.24.

On the other hand, the band structures of the series ZnAlSes, ZnGarSey,
ZnIn,Se,4 revealed how the change of the B element affects the band structure
while keeping the anion and A" element fixed. In the former series an overall change
of the band gap throughout the Brillouin zone was noted while in the latter, the gap
is mostly affected near I'-point. Finally, the band structures in the series ZnGasSex,
CdGaySe4, HgGasSeq suggest that the trend with group-II element is similar to that
of the group-III element but less pronounced.

For all cases where experimental value are available for the defect chalcopyrites,
the agreement between theory and experiment becomes rather good after a simple
empirical bandgap correction with a minimal number of parameters, as shown in
Fig.1.25.

The study of optical properties of a defect-chalcopyrite-type semiconductor
CdGa,Te4 by optical absorption, spectroscopic ellipsometry (SE), and electrore-
flectance (ER) measurements (Fig. 1.26) [52] suggest that CdGa,Tey is a direct-gap
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Fig. 1.25 Band gaps of defect chalcopyrites. Reprinted with permission from Jiang and Lambrecht
[51]. © 2004, American Physical Society

semiconductor having the band gap of ~1.36 eV at 300 K. The complex dielectric-
function spectra measured by SE revealed distinct structures at energies of the critical
points (CP’s) in the Brillouin zone. By performing the band-structure calculation,
these CP’s were successfully assigned to specific points in the Brillouin zone.

The electronic energy-band structure of CdGayTey calculated on the basis of the
empirical pseudopotential method (EPM) is shown in Fig. 1.27 for a comparison with
that obtained by local-density-functional calculations and presented in Fig. 1.24.

The valence band consists of two subbands separated by ~7 eV. The top and bot-
tom valence subbands have widths of about 4 and 1 eV, respectively. The symmetry
of the top valence band I'g47 is p-like in nature. The I's4g valence bands lie about
0.2 eV below the top valence band I'47, due to the crystal-field splitting. By con-
sidering the spin—orbit interaction, the I';44 band splits into I's;-g and I'¢+7 bands.
The spin—orbit splitting energy is ~0.9 eV. The symmetry of the lowest conduction
band I'syg is s-like in nature. There exist upper conduction bands, I'¢47 and I's,g,
at about 0.7 and 1.6 eV above the lowest conduction band I's g, respectively.

The E| and E; structures are originated from transitions near the I" point. The E3
structure may be originated from transitions at the N point. The E4 and E;5 structures
are originated mainly from transitions at the N and P points. The Eg structure is arising
principally from regions at the N point. The E; peak is dominated by transitions at
the N, P, S, and L points. The Eg structure is arising principally from regions at the
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Fig. 1.26 Reflectivity R (dashed line) and ER spectra AR/R (open circles) for CdGayTes. The
normal-incidence reflectivity R is calculated from experimental SE data. The vertical arrows indi-
cate the positions of the CP’s (E;—Eg) determined from the standard-CP fitting. Reprinted with
permission from Ozaki et al. [52]. © 2003, Elsevier

N, P, and S points. At higher energy, the Eg structure is also arising principally from
regions at the N point.

The band structure of HgAl,Se4 was also investigated within a scalar relativistic
approximation using local density approximation (LDA), Perdew—Burke—Ernzerhof
generalized gradient approximation (PBE-GGA) and GGA modified by Engel-
Vosko (EV-GGA) [53]. The obtained results are similar in nature except the band
gaps are different, which is in the order EV-GGA-PBE-GGA-LDA. The obtained
bandgap from LDA formalism is 1.42 eV, with PBE-GGA it is 1.58 eV, and using
EV-GGA itis 2.24 eV. The obtained energy bandgap using EV-GGA is in excellent
agreement with the earlier reported experimental band gap of 2.20 eV.

In order to see the effect of spin—orbit, a comparison of the calculated EV-GGA
band structure in a scalar relativistic approximation with that including spin—orbit is
shown in Fig. 1.28. Except minor splitting in Se-p states in the valence band at the
I"-line, the effect of spin—orbit interaction is not significant.

In order to evidence the influence of the crystallographic structure upon the energy
band structure, calculations by using the empirical pseudopotential method were
performed in four modifications of CdAl,Tes with space groups D%;l, Dg i Dé 4 and
Sﬁ [54]. The ternary crystal pseudopotential used calculations were approximated
by a superposition of atomic pseudopotentials of binary semiconductors.

The Brillouin zones for the Bravais lattices involved are shown in Fig. 1.29.



1 Relation of AHBIZHX}(I Compounds to Other Materials 29

T
i

|

W

Energy (eV)
I

e e

% | 1L JE ]
2L JE ok |
“10- 1L 4 F ]

1 CdGazTBJ: |
-12 [&’/;ﬂ ?‘E

S A r R NNDPP A L

]

Fig. 1.27 Electronic energy-band structure of CdGa,Tes calculated by EPM. The numbers
denote that of the irreducible representations of double groups. Reprinted with permission from
Ozaki et al. [52]. © 2003, Elsevier

(@ ()
pe 6 - -e-=:=':_“‘__h:7'

«w%:&..p—-:

%- ) /'\/""\-.

= Scalar-relativistic

@

& -2 '
B ey e — i ML

-
=~
Z
L
-
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tion. Reprinted with permission from Singh et al. [53]. © 2011, Elsevier

The results of energy band structure calculations for four modifications of
CdAl,Tey4 are shown in Fig. 1.30.

In all modifications, the conduction band bottom is situated at the I"-point, while
the top of the valence band is located at the A-point (¢-CdAl>Tes), N-point (8- and
y-CdAl;Tes), and I'-point (6-CdAl,Tes), respectively.
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The analysis of the band structure allows one to conclude that the reconstruction
of the cationic lattice of CdAl,Te4 does not lead to significant transformation of
the energy band structure of «-, 8- and y-modifications. The variation of symmetry
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does not lead to significant fluctuations, except for a weak diminution of the bandgap.
It is evident that the electrons of the anionic lattice participating in the crystal bonds
play a principal role in the formation of the band structure.

As concerns the band structure of the §-modification, it is significantly different
from that of «-, 8- and y-modifications. The statistical distribution of atoms in the
cationic lattice leads to a structure of the sphalerite type.

For the band structure of the spinel type non-magnetic semiconductor CdIn, Sy,
quantitative calculations based on the pseudopotential method show that the absorp-
tion edge corresponds to an indirect band-to-band transition [55].

The calculations of the electronic band structures of the magnetic spinels CdCr,S4
and CdCr;Se4 using the extended Hiickel method [56] evidenced the following main
features of the band structure in the paramagnetic phase (Fig. 1.31): (i) the conduction
band minimum in CdCr,S4 has A; symmetry, being at a point one-fourth away
from I' to L, and the valence band maximum has I'j5 symmetry, corresponding
to an indirect energy gap of 2.51 eV; (ii) the main features for CdCr,Se4 are not
very different from the case of CdCr,S4 but the conduction band minimum has 'y
symmetry, corresponding to a direct gap of 1.91 eV; (iii) the de and dy bands are at
about 0.6-0.8 eV and about 1.8-1.9 eV upwards from the top of the valence band
respectively. These features are also true in the ferromagnetic phase, except for the
marked downwards shift of the lowest conduction band due to the exchange splitting
of the band.

The electronic band structure calculations of ferromagnetic CdCrpS4
and CdCr;Ses performed self-consistently by using the discrete variational Xo
method [57] revealed that the general features of the band structures are quite similar
between sulfide and selenide (Fig. 1.32). Each structure consists of relatively narrow
valence bands, fairly wide conduction bands, and very narrow d bands. The 3de and
3dy bands for up spin lie in the energy region near the top of the valence bands and
around the bottom of the lowest conduction band, respectively, and both d bands for
down spin fall in the conduction bands. The fundamental energy gap at the I point
is 2.6 eV for sulfide and 2.3 eV for selenide.

The overall features of the band structure of HgCr,Se4 are quite similar to those
of CdCr,S4 and CdCr,Seq4 [58]. The top of the valence bands has the ¥4 symmetry
and the bottom of the conduction bands I';. The fundamental energy gap is 1.8 eV,
somewhat narrower than those of the Cd compounds.

1.5 Optical and Radiative Properties

From a detailed analysis of the published data on transport properties, optical proper-
ties and photoluminescence, it was concluded that in the materials of the AHBIZHX}(I
family localized levels are present displaying common properties [59]. Practically
all compounds, even if grown with different techniques (transport of iodine or direct
synthesis of the elements or of the corresponding binary compounds), display an
n-type conductivity. This indicates that the iodine, present in relatively high concen-
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Fig. 1.31 Calculated band structure of the paramagnetic CdCr;S4 (a) and CdCr,Ses (b) on the
symmetry lines '-A-L, '-A—X and I'-X-K. Reprinted with permission from Kambara et al. [56].
© 1980, IOP Publishing Ltd

trations in the transport grown single crystals, plays only a minor role in determining
the extrinsic properties of the crystals grown with this technique. The intentional
crystal doping with group I or group V impurities does not change the sign of the
majority carriers.

By careful control of the growth conditions, high resistivity samples can be
obtained. Nevertheless, also in the low conductivity samples, a high density of
shallow donors is present, and these donors are distributed in energy with density
described by the expression.
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Fig. 1.32 Calculated band structure of the feromagnetic CdCr,S4 (a) and CdCraSey (b). Reprinted
with permission Oguchi et al. [57]. © 1980, American Physical Society

N(E) = Noexp(—aE). Due to the high density of centers present in the crystals,
the localized states broaden in energy.

It was stated that the presence of shallow donors and shallow acceptors with high
and nearly equal concentrations and of deep double charged acceptors seems to be a
common characteristic of the AHB12HX>(I semiconductors. In some cases a relatively
deep donor originated by a chalcogen vacancy may be also present [59].
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Fig. 1.33 Energy of the luminescence band maximum (Ep ) for different AIIBI;IXXI compounds as
a function of the energy gap (Eg). Reprinted with permission from Guzzi and Grillii [59]. © 1984,
Elsevier

The low temperature emission spectrum of the AHBIZHX)(I compounds is generally
composed of a wide (some tenths of eV) unstructured gaussian band, whose energy
is of the order of one half of the energy gap.

In Fig. 1.33 the energy of the maximum of this band (Er) is plotted as a function
of the energy gap (Eg). From the linear relation between E;, and Eg indicating that
the origin of this band is common in all the compounds reported in Fig. 1.33, despite
the difference in the crystal structures, it was suggested that this band corresponds
to a donor—acceptor pair transition. In the case of CdInyS4, it was suggested that
the donor-acceptor pairs may be originated by the In-Cd exchange in their lattice
sites [60]. The best conditions for the creation of antisite defects exist in CdIny X4
crystals as Cd and In atoms have the same value of electronegativities (1.7 eV) and
practically the same ionic radii (R(Z:g =0.99 x 10 8cm; Rfj =0.92 x 108 cm).

This attribution was supported by measurements of time-resolved emission spec-
tra in CdIn;S4. In Fig. 1.34 the parameters of the band (energy of the maximum and
halfwidth) are reported as a function of the time after the end of the excitation. The
band shifts towards the red and narrows for increasing delays.

In the low temperature emission spectra of some compounds (CdIn,S4 and
CdIn;Sey4 for instance) a second narrower emission band centered at higher ener-
gies appears. On the basis of the emission energy and the temperature dependence of
the parameters of this band, it was attributed to an electron transition from the donor
level originated by the chalcogen vacancy to the valence band [59].

The energy level scheme explaining the extrinsic optical properties of AHBIZHX}(I
semiconductors is presented in Fig. 1.35. The D and A levels indicate respectively
the donor level distribution and the acceptor levels present in high and nearly equal
concentration. The low energy emission band, observed in all the compounds studied,
was attributed to a donor—acceptor pair transition between these levels. In some cases
a donor level originated by a chalcogen vacancy (indicated as V in Fig. 1.35) may be
present; the V level-valence band transition originates a high energy emission band
observed in some compounds.

The R level in Fig. 1.35 indicates the non-radiative recombination centre whose
distance in energy from the valence band, as deduced from the infrared stimulation
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Fig. 1.34 Emission band maximum (E ) and halfwidth (AE) as a function of the delay after the
end of the excitation, deduced from time-resolved luminescence of CdInyS4 at 2 K. Reprinted with
permission from Guzzi and Grillii [59]. © 1984, Elsevier

Fig. 1.35 Typical energy C.B.
level scheme for localized
levels in AHBIZHX}(I semi-
conductors. Reprinted with
permission from Guzzi and

Grillii [59]. © 1984, Elsevier

—V

-—_——— - — —— —

V.B.

and quenching of the luminescence, is of the order of 1 eV in all the compounds
where it has been directly observed.

Two kinds of transitions (indicated with dotted lines in Fig. 1.35) mainly excite
the photoluminescence and the photoconductivity: the interband transitions and the
electron transitions from the acceptor A to the conduction band. The energy of the
photoconductivity band attributed to this last process is reported as a function of the
energy gap Eg in Fig. 1.36a. From these data the binding energy Ea of the acceptor A
(Ea = EG —Epn) can be deduced. Ex calculated in this way, is reported as a function
of Eg in Fig. 1.36b, together with the value of E4 deduced from the activation energy
of the luminescence thermal quenching. From Fig. 1.36 it was found that the energies
Eph and Ea are simply related to Eg.
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Fig. 1.36 a Energy of the (a)
main photoconductivity peak 3
(Epn) as a function of the Znlny Sy ./
energy gap (Eg) for some —
AUBITXY! compounds. b 3 o
Acceptor binding energy (Ea) E Cdlny Sy
as a function of the energy w

gap (Eg). The crosses are
the values deduced from the / ZninyTe,
activation energy of the lumi- 1
nescence thermal quenching; , L .
the open dots are the values (b) /
calculated (Ep = Eg — Epp) 3 x
from the data of (a). Reprinted
with permission from Guzzi
and Grillii [59]. © 1984,
Elsevier
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The parameters of two kinds of cations are not the same in the case of CdGa; X4
compounds (electronegativity of Ga equals 1.6 eV; Ré‘g = 0.62 x 10~8cm). Con-
sequently, one may expect CdGa; Xy crystals with stoichiometric composition to
contain a small amount of localized states. The detection in CdGa,S4 and CdGa,Se4
of excitons, intrinsic conductivity up to low temperatures and band—band radiative
recombination of non-equilibrlum carriers confirms the comparatively small defect
degree in those semiconductors [60].

The deviation of CdGa, S4 from stoichiometry can de characterized by the formula
CdGazySy,. The ratio x/y determines the composition of crystals on the quasi-binary
cut CdS—Ga,S3. The deviation of CdGa; Sy crystals from stoichiometry on this quasi-
binary cut is described by the parameter § = (x/y) — 1. Basically Gacq and V¢q
defects are formed in the case of § < 0, while Cdg, and Cd; centers prevail when
8 > 0. The qualitative diagram of native defect concentration in CdGa,;S4 with
deviation from stoichiometry is shown in Fig. 1.37.

The luminescence spectra of CdGa,S4 crystals are well explained by the energy
level scheme and electronic transitions presented in Fig. 1.38.

The deviations in stoichiometry may strongly affect the crystal properties of
AHBIZHXXI semiconductors [60], as illustrated by the dependence of dark resistiv-
ity pg and photosensitivity Q = (04 / 1) (when light with h® > E, and 1074 W
power is absorbed) of cadmium thiogallate upon the composition of single crystals
(Fig. 1.39). Similar effects have been observed in CdIn,S4 crystals.
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Fig. 1.37 Dependence of
defect concentration in
CdGayS4 on the deviation
from stoichiometry on the
CdS-Ga,S3 quasi-binary cut

Fig. 1.38 The scheme of
defect energy levels and elec-
tronic transitions responsible
for luminescence bands in
CdGa; Sy crystals

Fig. 1.39 The dependence
of dark resistivity (dashed
curve) and photosensitivity
(solid curve) of cadmium

thiogallate upon the crystal
composition (at the CdS—
Ga;S3 quasi-binary cut).

T = 300K. Reprinted with
permission from Radautsan
et al. [60]. © 1984, Elsevier
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The self-compensation effect inherent to AHBIZHXXI semiconductors results in
a low n-type conductivity of the crystals. As mentioned above, by means of tra-
ditional techniques (doping in the growth process, annealing) it is impossible to
change the conductivity of ternary materials from n- to p-type. However, the type
conductivity conversion may be successfully performed provided that ion implanta-
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Fig. 1.40 Photoconductivity spectra of CdGazS4 and ZnlnySy4 at T = 300 K: (/) initial crystals,
(2) samples annealed in sulphur vapour at 750°C for 0.5h, (3) samples implanted by Ne™ ions at
adose 6 x 10'° cm~2 and (4) samples implanted by Ne™ ions at a dose 3 x 106 cm™2. Reprinted
with permission from Radautsan et al. [60]. © 1984, Elsevier

tion is used [60]. It has been shown that the implantation of neon ions into CdGa;S4
and ZnIn,S4 followed by annealing of samples in sulphur vapour causes the forma-
tion of layers with hole conductivity. The ion implantation causes the appearance of
photoconductivity bands in CdGa,S4 and Znln;S4 at 2.7 and 2.25 eV respectively
(Fig. 1.40) which have been attributed to the cadmium and zinc vacancies. On the
other hand, it was observed that CdIn, S, single crystals keep the electron conduc-
tivity after ion implantation. The creation of antisite defects in the cation sublattice
was suggested to be a barrier for the type conductivity conversion in this compound.

A region for the charge storage effect extending toward room temperature has been
observed in Zn,Cd;_,In,S4 layered crystals grown by chemical vapor deposition
at the limit of existence of the quaternary layered phase [61]. Deep acceptor levels
related to the ionization states of a double negatively charged center were suggested to
cause these effect. A possible origin of such centers due to zinc vacancy whose density
increases with the partial substitution of cadmium by zinc atoms has been assumed to
prove theoretical predictions and experimental results. Similar charge storage effects
and the electric field dependence of the optical quenching of photoconductivity have
been reported in Znln,S4 crystals.
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1.6 Vibrational Properties

As mentioned above, most of AHBI2HX>(I compounds adopt tetragonal, spinel, or
layered structures. Layered phases appear for compositions intermediate between
spinel and tetragonal structures.

Forty-two normal vibrations are expected in the normal spinel structure at k = 0;
they are described by following reduction into the point group’s irreducible repre-
sentations:

I' = A]g +Eg +T1g + 3T2g + 2A2u + 2E2u + 5Tlu + 2T2u'

One of this modes (Ty,) is acoustic, four (Ty,) are IR active and five (Aig, Eg,
3T,) are Raman active. The remaining modes (T1g, Ay, Ezy, T2,) are silent. It is
known that A, and E; modes correspond to vibrations of anions towards the center
of tetrahedrum. The three other modes of T2, -simmetry correspond to the vibrations
of both anions C and A-type cations. Since in the partially inverse spinels tetrahedra
are occupied by both A and B atoms, the RS spectrum presents a superposition of
two sets of modes. The two modes at 360 and 367 cm™! are supposed to be caused by
the vibrations of InS4 and CdS, tetrahedra. The vibrations of two types of tetrahedra
(A"X4 and B'"Xy) lead to the formation of two Ajgmodes in the RS spectrum.
The relative intensity of A, (BMXy) /Alg (A"X4) should be related to the normality
index as (1-X)/X.

Group theoretical considerations indicate that the defect chalcopyrite (DC) of
A”B12HX>(I compounds has 15 vibrational modes with the following representation
I' = 3A(R) + 6B(R; IR) + 6E(R; IR). The A modes, here noted Al to A3 as a
function of increasing frequency, are non-polar Raman active modes while B and the
doubly degenerated E modes, here noted from 1 to 5 on increasing frequency, are
polar modes that are both Raman (R) and infrared (IR) active and therefore exhibit
longitudinal-transversal optic (LO-TO) splitting. Two of the 15 vibrational modes
(an E mode and a B mode) are acoustic modes. In this way, we expect 13 Raman-
active optical modes: 3A + 5B + SE, but taking into account the LO-TO splittings,
it should be possible to measure a maximum of 23 Raman-active first-order optical
modes in Raman experiments. Non-polar A-modes are caused by the oscillations
of anion atoms, the lowest-energy A-mode (the “breathing” one) being connected
to the symmetric oscillations of anions surrounding a stoichiometric vacancy. This
“breathing” mode of the anions around the vacancies is characterized by a relatively
weak restoring force, by large vibrational amplitudes and by a strong Raman activity.
Twelve Raman-active modes are expected in the defect stannite (DS) structures; i.e.,
one non-polar A mode less than in the DC phase.

Razzetti et al. [15] discussed the dynamical (Raman) analysis of about 60 dif-
ferent ternary and pseudoternary AHB12HX>{I compounds or phases grouped in three
different structural families: cubic-spinel AB; X4 structures (CdIn, S4 like), AB>OX4
layered hexagonal structures (Znln,S4 like) and AB,[1X4 defective tetragonal struc-
tures (CdGa, Sy like).
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Fig. 1.41 The Raman spectra CdGa,Se,

of the four tetragonal gal- CdGaS,
lium ternary end members.
Reprinted with permission |
from Razzetti et al. [15].
© 1984, Elsevier
ZnGa,Se, ZnGayS,
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Raman shift

A proportionality law between the frequencies of corresponding modes in different
compounds was observed in defect chalcopyrites (Fig. 1.41). This proportionality has
been explained by an independent AX4 and BXy tetrahedra model, whose validity
stems from some decoupling effect of the vacancies [15].

From the Raman spectra of ZnGa,S4 and ZnCajSes (Fig. 1.41) a broadening of
the lines was noticed: this was explained by a static cation antisite disorder. Sup-
port for this picture comes from the results obtained in the pseudoternaty system
Zn,Cd_,GayS4 (Fig. 1.42) where the Raman peaks sharpen with decreasing x value.

As to the effects of cation interchange on the lattice dynamics, it was found that
group III as well as group II cation interchange produces a generalized one-mode
behaviour for the phonon peaks (Fig. 1.42) with the exception of the lowest energy
polar E-symmetry mode, showing a two-mode behaviour.

Completely different results were obtained in the mixed anion compound CdGa;
(SxSe;_y)a: here an overall two-mode behaviour was noticed, with the exception
of the lowest frequency polar mode (Fig. 1.43). A two mode behaviour is clearly
shown by the strong breathing mode. As the breathing motion involves only the
anions around the vacancies, this result would suggest that S and Se atoms are not
distributed on the anion sublattice in a completely random way.

While only one layered compound was known to exist among the ternary end
members (Znln,S4 and related polytypes) a variety of layered structures has been
obtained in pseudoternary phases for compositions intermediate between spinel and
tetragonal structures. The use of Raman scattering technique in layered phases is
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Fig. 1.42 The Raman spec-
tral evolution with compo-
sition in the pseudoternary
Zn,Cdy_xGaySy system.
Reprinted with permission
from Razzetti et al. [15].
© 1984, Elsevier
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based on the typical rigid layer (RL) modes which characterize layered structures
[15]. These RL modes, corresponding to out-of phase vibrations of the layers as a
whole (conjugate to the acoustic modes), are observed at relatively low frequencies
(10-100 cm™1). The number of these modes is strictly connected to the number of
layers in the primitive unit cell and their frequency mirrors mass content of the cell.
It was concluded from Fig. 1.44 that the spectra of the phases L, and L3 are quite
similar to each other and to the spectrum of the ZnlIn;S4. It was argued then that
the L, together with L3 has a ZnIn,Sy structure. The L5 phase is also quite similar
to ZnInyS4. Since the phase L; shows a richer low frequency Raman spectrum,
it was suggested that a rather high number of layers in the unit cell is inherent
to this phase.

1.7 Applications

A source of interest in A“BIZHX‘\(I compounds is the rather wide choice of the two
cations which, in principle, should allow tailoring many physical parameters rele-
vant for applications. The crystal structures of AHBIZHX)(I compounds derived from
the diamond type, but modified to accommodate three or more atoms of different
sizes, allows additional symmetries and thus an increase in the selection of electro-
optic (EO), acousto-optic (AO), and non-linear materials for device applications [62].
The exploitation of these properties has led to the development of such devices as
AO and EO modulators and switches, optical filters, SAW (surface acoustic wave)
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Fig. 1.43 The Raman spec-
tral evolution with compo-
sition in the pseudoternary CdGa,(S,Seq ),
CdGay(S,Sej—yx)4 system.
Reprinted with permission l\ 0
from Razzetti et al. [15].
© 1984, Elsevier )\/\/\/ 0.25
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devices, frequency doublers, optical parametric oscillators and photovoltaic solar
cells [62]. These materials frequently have large non-linear coefficients for fre-
quency up-conversion (second harmonic generation), frequency down-conversion
and mixing (optical parametric oscillator applications) and large electro-optic coeffi-
cients. In particular, the large electro-optic coefficients make them especially suitable
as electro-optic modulators, switches, and shutters as well as highly sophisticated
tunable filter designs such as the Hughes Electro-Optic Tunable Filters (EOTFs)
which utilize both longitudinal field (LEOTF) and transverse field (TEOTF) electro-
optic modes. Particularly, the longitudinal EO coefficient (r4; = r5,) of Cdln,Tey
was measured to be approximately r4; = 50 pm/V, which is larger than that of
LiNbOs3. Combined with the average index of refraction, the figure of merit for
CdIn,Te4 shows an improvement of a factor of 20 over AgGaS, which corresponds
to 1/20th of the required voltage for device operation. The improved properties of
CdlIn; Teq make possible its application to modulators, shutters, and filters at many IR
wavelengths using state-of-the-art electronics. Figure 1.45 compares also the non-
linear optical coefficients of CdGa,S4 with other widely used materials. Another
advantage of AHBIZHX)(I compounds is their wide transparency range. For instance,
the transparency range of CdGa,S4 and HgGa,S4 is approximately 0.5-13 pm. So,
for all applications where high figures of merit together with wide transparency are
required, defect chalcopyrites offer interesting development perspectives [11].
Levine et al. found that HgGa, S4 has a very large nonlinearity with d3¢(HgGa, S4)
being five times larger than d3; (LiNbO3) [63]. Further, HgGa,S4 has an order of
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Fig. 1.44 Low frequency Raman spectra of the layered L1 —Ls phases. Reprinted with permission
from Razzetti et al. [15]. © 1984, Elsevier

magnitude larger birefringence than CdGayS4 and thus this crystal has good device
potential. The birefringence of HgGa,S4 is large enough to allow phase matching
for a fundamental wavelength longer than 1.5 wm. For a nondegenerate mixing or
parametric generation process even shorter pump and signal wavelengths can be
used.

Ren et al. demonstrated with HgGa,S4 second harmonic generation of 30 ns
TEA CO; laser pulses with 5 % efficiency in energy and 6.9 % in peak power [64].
It was therefore demonstrated that HgGa, Sy is suitable for frequency conversion of
visible, near and middle IR lasers. As compared to other efficient middle IR crys-
tals, it is useful even for design of OPO pumped by second harmonic of Nd:YAG,
Cu-vapor, and dye lasers. Particularly, HgGa, S4 crystals are superior to widely used
ZnGeP,, AgGaSe,, and GaSe crystals on SHG of 2 pm solid-state holmium and
3 pm erbium lasers. HgGa,S4 also outperforms AgGaSe, and GaSe in CO; laser
SHG. It was also found [64] that the damage threshold of HgGa,S4 crystal is
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Fig. 1.45 Nonlinear optical coefficients djj and Miller’s Ajjx of CdGa;S4 (one vacancy per unit
cell) and InPS4 (two vacancies) compared to “normal” chalcopyrites and other “nonlinear” com-
pounds. The graphs relate measured and calculated values from bond charge models. Reprinted
with permission from Razzetti et al. [11]. © 1987, Elsevier

310 MW/cm? which is about 2.3 times higher than that of CdGeAs, (157 MW/cm?),
ZnGeP;, (142 MW/cm?), AgGaSe, (139 MW/cm?), AgGaS, (149 MW/cm?).

Promising results have been also obtained with mixed nonlinear crystals Hgj_,
Cd,GayS4 grown in accordance with diagram HgGa,S4:CdGayS4 [65]. High effi-
ciency of frequency doubling was obtained with mixed crystals at room temperature
which is three times higher as compared to ZnGeP; and 5.5 times higher as compared
to AgGaSe,.

Other devices developed using AHBIZHX)(I compounds such as photodetectors,
switches, narrow band optical filters, photosensitive heterojunctions etc. are summa-
rized in Table 1.3 [60] The photosensitivity of AHBIZHXXI compounds is known to
depend upon the direction of light polarization as compared with the orientation of
the crystal optical axis. So, ternary semiconductors may be employed in construction
of polarization sensitive photodetectors.

1.8 Trends in Temperature- and Pressure-Induced
Phase Transitions

It is a well-known fact that many semiconductors and their alloys undergo a solid—
solid phase transition from disordered structure to an ordered one when the temper-
ature is lowered below a critical value T, [17, 66, 67]. This is related to the fact
that different constituent atoms tend to occupy definite sites in the lattice and, as a
consequence, long-range order sets in the crystal structure below 7. This effect has
already been studied extensively in tetrahedrally bonded AHBIVC;/ and AIBHIC;/I
chalcopyrite compounds. As mentioned in the Sect. 1.1, a simple relationship was
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Table 1.3 Parameters of some devices developed using A”BIZHXXI compounds

Compound Device Parameters

CdGay Sy Photoresistor Dark resistance 1010—101Q
Sensitivity region 250420 nm
Relative photosensitivity 10°

Tunable Tuning range 450-580 nm
filter Bandwidth 1 nm
Maximum transmission 48 %
Frequency Nonlinear coefficient d36 (A = 1.064 nm)
converter 26.7 x 10712 mVv-!
ZnlIny Sy Switch Switching electric field 2 x 10° V/em
Delay time 1075
Photoresistor Dark resistance 10°-10'10 Q

Sensitivity region 370-480nm
Relative photosensitivity 10*

Schottky Sensitivity region 200-420 nm
barrier Relaxation time 10~% s
CdIny Sy Photosensitive Sensitivity region 500-1,200 nm
heterojunctions Quantum efficiency (A = 633 nm) 0.18

Reprinted with permission from Radautsan et al. [60]. © 1984, Elsevier

suggested there between the c/a ratio and the cation sublattice ordering: the order-
disorder transition with increasing temperature occurs only in chalcopyrites with
axial ratio c/a>1.95. As concerns defect chalcopyrite AHBIZHX}(I compounds, it
was found that order-disorder transitions can occur with increasing temperature in
materials with § > 0.05 as well [18-20].

Similar order-disorder transitions with increasing temperature occur in AB>X4
spinels. In particular, MgAl,O4 shows a second-order phase transition due to the
mixture of Mg and Al atoms in both tetrahedral and octahedral sites prior to melting
[68—70]. In some spinel compounds temperature-induced disproportionation effects
were observed [71], and in some others a phase transition to a ramsdellite, phenacite,
or to a rocksalt phase was observed [72-74].

Therefore, it can be concluded that temperature-induced phase transitions in
AB>X4 materials are mainly related to order-disorder phenomena due to the unbal-
anced number of cations (3) and anions (4) in these compounds. In the following
chapters it will be shown that similar order-disorder phenomena occur in pressure-
induced phase transitions in these compounds.

1.9 Conclusions

AHBIZHX}(I compounds represent a class of materials in a wide family of ternary
compounds which hierarchy originates from binaries. These compounds can be
treated as a result of pseudobinary AX 4 B2X3 join with a 50 % molar composition.
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Among A'BITX Y compounds, according to the number of octahedral and tetrahe-
dral cationic sites, one has spinel, layered and tetragonal structures. Similarly to most
of the ternary compounds, a significant part of AHBIZHX}(I compounds have tetrahe-
dral structures with four-fold coordination determined by the electronic valence of
the atoms. The tetrahedral complex structures are obtainable from diamond structure
by Grimn—Sommerfeld splitting of an atom pair into two different atoms from other
groups of the periodic system, while keeping the valence electron number per atom
constant. All these compounds have the normal tetrahedral structure with different
arrangements of the cations in the cationic sublattice. The Grimm—Sommerfeld rule
can be extended to A“BE‘X){I defect tetrahedral structures by assigning to a vacancy
a zero valent atom.

When analyzing the “ordered-vacancy compounds” one needs also to take into
account different degrees of possible disorder which results in defect chalcopyrite,
defect stannite, defect famatinite, and defective centered tetragonal structure.

Most ternary oxides can be prepared by sintering the finely powdered, binary
constituents in air and crystals are usually grown by pulling from a melt or by
cooling a solution of the oxides in a suitable molten-salt solvent. The synthesis of
nonoxidic compounds must be carried out in vacuum or in a protective atmosphere.
The growth from the vapour (either by sublimation or by chemical transport) is the
most explored method for many ternary chalcogenides. For obtaining large crystals
from the vapour, a control of the nucleation is required, which can be realized in
different ways. A temperature variation method is an effective procedure for this
purpose.

As concerns the produced crystal structure of AHBEHXXI compounds, according
to the number of octahedral (£2) and tetrahedral (t) cationic sites, one has spinel
(222 + 1 1), layered (12 4 2 1) and tetragonal structures (3t). The occupation of the
tetrahedral (octahedral) positions in the lattice of the spinel is described by means of
the normality index A. Normal and inverse spinels can be derived in terms of s- and
p-orbital radii.

The microscopic dielectric theory of Phillips and Van-Vechten provides a basis
for understanding the structural trends of semiconductors. The four-fold or the six-
fold co-ordination can be derived from the analysis of the average covalent energy
gap E;, and the average ionic energy gap C diagram. The ionic effective charges are
also important parameters characterizing the lattice, dynamical, electronic or optical
properties of solids and are directly related to the concept of iconicity.

First-principles local-density-functional calculations for the electronic band struc-
tures of the ordered vacancy defect chalcopyrites A"BIZHX}(I indicate that all the band
gaps of these compounds are direct, while spinel structures can exhibit an absorption
edge that corresponds to an indirect band-to-band transition.

From a detailed analysis of the published data on transport properties, optical
properties and photoluminescence, it was concluded that in the materials of the
A“BE‘X){I family localized levels are present displaying common properties. Prac-
tically all compounds, even if grown with different techniques, display n-type con-
ductivity. It was stated that the presence of shallow donors and shallow acceptors
with high and nearly equal concentrations and of deep double charged acceptors is



1 Relation of AHBIZHX}(I Compounds to Other Materials 47

a common characteristic of the AHBIZHX}{I semiconductors. The self-compensation
effect inherent to AHBgIX}(I semiconductors results in a low n-type conductivity
of the crystals. However, the type conductivity conversion may be successfully per-
formed provided that ion implantation is used. The deviations in stoichiometry may
strongly affect the crystal properties of AHB12HX>{I semiconductors.

The rather wide choice of the two cations which, in principle, should allow tai-
loring many physical parameters relevant for applications is a source of interest in
AHBIZHX}(I compounds. The crystal structures of AHBgIX}(I compounds allows an
increase in the selection of electro-optic, acousto-optic, and non-linear materials for
device applications as compared to other diamond type materials. The exploitation
of these properties has led to the development of such devices as electro-optic and
acousto-optic, modulators and switches, optical filters, SAW (surface acoustic wave)
devices, frequency doublers, optical parametric oscillators and photovoltaic solar
cells. Another advantage of AHBIZHX}(l compounds is their wide transparency range.
So, for all applications where high figures of merit together with wide transparency
are required, defect chalcopyrites offer interesting development perspectives. Tak-
ing into account the diversity of AIIBI;IXXI crystal structures, they are also ideal to
investigate the role of structure and composition in a response to external fields such
as heat, electricity, magnetism, and especially pressure.
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Chapter 2
AB,0O4 Compounds at High Pressures

Daniel Errandonea

Abstract In this chapter, we present an overview of the effects of pressure on the
crystalline structure and physical properties of oxygen-based spinels and other related
oxides. Recent X-ray diffraction and Raman spectroscopy studies are summarized.
A brief description of pressure-driven transitions and post-spinel structures is also
provided. We also compare the response to high-pressure of several spinel oxides.
We conclude with an examination of elastic and magnetic properties.

Keywords Spinel + Post-spinel + Phase transition * Crystal structure : Lattice
vibrations - Elastic properties

2.1 Introduction

Many compounds of the AB>X4 family, in particular oxides (X = O), crystallize at
ambient conditions in the spinel structure. Spinel is the magnesium aluminum oxide
member of this large group of materials. It has the formula MgAl,O4 and gives
its name to the family of compounds that share the same structural arrangement.
Consequently, here we will name as spinel to any material of general formulation
AB>X4 which crystallizes in the cubic (isometric) crystal system with space group
Fd3m (No. 227). In this structure, shown in Fig.2.1, the X anions are located at
(u, u, u), Wyckoff position 32e, with u = 0.25. They are arranged in a cubic close-
packed lattice. In addition, the cations A and B occupy in the lattice respectively
tetrahedral (1/8, 1/8, 1/8) sites, Wyckoff position 8a, and octahedral (1/2, 1/2, 1/2)
sites, Wyckoff position 16d. Therefore, the single positional parameter u plus the
unit-cell parameter a are sufficient to determine the spinel structure.
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Fig. 2.1 Schematic view of
the spinel structure with octa-
hedral (blue) and tetrahedral
units (yellow). Oxygen atoms
are represented in red. In
the lower part the tetrahedral
(left) and octahedral (right)
coordination of cations is
represented. Drawings made
using crystal maker

i &

In spinels, A and B can be divalent, trivalent, or tetravalent cations, including
magnesium, zinc, iron, manganese, aluminum, chromium, gallium, titanium, and
silicon among other elements of the Periodic Table. Although the anion is normally
oxygen (oxospinels), it can be also a chalcogen element, like S (thiospinels) or
Se (selenospinels). Spinels can either be synthesized in the laboratory or in some
cases occur as minerals. Some of the principal members of the oxide spinel fam-
ily are: spinel (MgAl,0O4), gahnite (ZnAl>Oy4), hercynite (FeAl,0O4), cuprospinel
(CuFe;04), magnetite (FezO4), ulvospinel (TiFe;04), chromite (FeCryO4), magne-
siochromite (MgCr,04), galaxite (MnAl;O4), magnesioferrite (MgFe,04), frankli-
nite (ZnFe;0y4), trevorite (NiFe,O4), and the high-pressure silicate ringwoodite
[(Mg, Fe)>Si04]. Spinels are usually ordered (A and B in tetrahedral and octahedral
sites, respectively) and they are referred as “normal” spinels, but mutual substitution
of A and B cations has been reported in many materials. The extreme cases of cation
substitution lead to “inverse” spinels such as CoFe;O4, where the Co cation occupies
one half of the octahedral sites and the Fe cation occupies all the tetrahedral sites. In
general, most spinels have some degree of inversion. A particular case is NiAl>Oy.
In this oxide a complete randomization of both cations in octahedral and tetrahedral
sites is observed.

After Finger et al. [1] studied the structure of spinel and magnetite under com-
pression up to 4 GPa, many high-pressure studies have been performed in spinels.
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The main interest to study these materials comes from geophysics, but also from tech-
nological applications and fundamental physics. In particular, spinel oxides have been
extensively studied under pressure because they are constituents of many igneous and
metamorphic rocks. Also because of the fact that the 660 km seismic discontinuity
in the Earth’s mantle has long been identified with the decomposition of ringwoodite
into (Mg, Fe)Si0O3 perovskite and (Mg, Fe)O magnesiowiistite [2].

In this chapter we will review different high-pressure studies on spinel-structured
oxides. We will mainly focus on X-ray diffraction and Raman studies since the
pressure behavior of oxospinels has been mostly studied with these two techniques.
We will describe the effects of pressure in the spinel structure discussing facts like
bulk and polyhedral compressibility, cation size, and cation substitution. We will
also comment on pressure-induced phase transitions and on the different post-spinel
structures. In particular, zinc gallate (ZnGayO4) will be used as a test model. A
comprehensive review on high-pressure effects on spinel oxides was published more
than a decade ago by Smyth [3], but recently a lot of progress has been done in the
understanding of the behavior of spinels at high pressures. Therefore, we think it is
timely to include a section devoted them here.

2.2 Isothermal Compression of the Spinel Phase: X-ray
Diffraction Studies

The effect of pressure on the lattice parameter, hence the volume, for different spinels
has been determined at room temperature by means of powder X-ray diffraction
measurements employing diamond-anvil cells. These experiments show that in most
spinel oxides, the diffraction patterns can be indexed with the cubic spinel structure
up to around 30 GPa. At higher pressures, phase transitions to different post-spinel
structures take place. In contrast with oxide spinels, in sulfide and selenide spinels the
pressure range of stability is smaller, being transition pressures smaller than 15 GPa,
as will be discussed in the next chapter. A summary of transition pressures in spinel
oxides is given in Table 2.1 [4—17]. From the refinements of X-ray diffraction patterns
collected under compression, the evolution of the unit-cell parameters and atomic
positions can be obtained as a function of pressure.

Figure 2.2 shows the pressure dependence of the volume for the spinel phase of
ZnGa04, MgCr,04, MgAl, Oy, and the natural chromium spinel (NaMgFeT1) 9661
(CrAl); 141 04. As can be seen in the figure, ZnGa, Oy is the less compressible mater-
ial of all of them. A fit to the ZnGa;O4 data with a third-order Birch—-Murnaghan equa-
tion of state (EOS) [19] gives: Vo =580.1(9) A3, By =233(8) GPa, and B/= 8.3(4),
where Vy, By, and B6 are the zero-pressure volume, bulk modulus, and its pressure
derivative, respectively. According to this result, ZnGa;Oy is the most incompress-
ible among the studied oxide spinels up to now. The bulk modulus of different oxide
spinels is summarized in Table2.2 [4, 8-10, 14, 15, 20-30]. As can be observed in
Table 2.2, sulfide and selenide spinels are much more compressible than oxide spinels.
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Table 2.1 Transition pressures (P;) and high-pressure phases of different spinels (space groups
are indicated for HP phases when known)

Compound P; (GPa) HP phase Reference Compound P; (GPa) HP phase Reference
ZnGa;04 31.2 14 /amd [4] ZnCr,O4 17-35  unknown [11]
55 Pnma
(Mg, Fe), 24 (Mg,Fe)SiOz+ [5] Fe3 04 24 Pbcm [12]
SiO4 (Mg,Fe)O
MgAl,O4 25 Pnma [6] ZnCrpS4 10 amorphization [13]
40 Cmcm
MgFe,04 27.7 unknown [7] ZnTipO4  24-32 Cmcm [18]
NiMn,O4 12 14y/amd [8] MgIn,S4 9.8 Fd3m [14]
ZnFey04 25 unknown [9] CdIn,Sy 9.3 Fd3m [14]
CoFe, 04 27 unknown [9] Mnln;Ss 6.8 Fd3m [14]
MgFe,04 30 unknown 9] FeCr;S4 9 Ir/m [15]
MgCr,04 20 141/amd [10] CulrpS4 4 unknown [16]
Culr,Ses 2.6 unknown [17]
T T T T T T T T T T T T T
I °
550 ZnGa,0,
—=—MgCr,0O, .
—o— Natural spinel
560 | —o—MgALO, i
gg s40]- ]
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Fig. 2.2 Pressure dependence of the unit-cell volume of different spinel oxides. Data taken from
[4, 10, 24, 27]
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Table 2.2 Comparison of experimentally-determined bulk moduli of different oxide spinels

Compound By (GPa) B£) Reference Compound By (GPa) Bb Reference
ZnGay Oy 233 8.3 [4] MgAl,O4 194-212 4-5.6 [27, 28]
ZnAl, Oy 201-211 4.8-7.6 [9, 20] MgFe;04 179-181 3.3-6.3 [9, 21]
ZnCry Oy 183 7.9 [21] MgCryO4 189 7.2 [10]
ZnFe; 0y 166-185 3.1-9.3 [22] Mg,SiO4 184 4 [28]
ZnMn, Oy 183 4 [23] CoFe, 04 179 3.7 [9]
ZnMn; Oy 162 4 [18] NiMn,04 206 4 [8]
Natural chromiumspinel 209 7 [24] NipSiO4 220 4 [27]
Fe;SiOy4 188 5.5 [25] CuMnO4 198 4 [29]
Fe30q4 183-192 4-5.6 [26] CdIn,S4  79.8 3.1 [14]
FeCrySy 85.4 4 [14] Mgln, Sy 76 2.8 [14]
CdCr;Seq 101 5.2 [30] Mnln,Sy 78 32 [15]
CdGa;Sey 48 4.8 [30]

ZnGay Oy is apparently the less compressible compound among them. The pressure derivative of
the bulk modulus is also included for completeness. Sulphur and selenium spinels (to be discussed
in next chapter) are included here to facilitate comparison

An interesting fact to note here, it is that apparently, cation inversion could cause a
change of the compressibility of spinels. Evidence of such pressure-induced cation
inversion has been found in other oxide spinels upon compression; e.g. NiAl,O4
[31]. In particular, compressibilities for normal (fully ordered) versus inverse (with
disordered octahedral cations) variants were shown to differ by as much as 17 % [28].

From the data collected for ZnGaO;, it was also deduced a negative pressure
coefficient of the parameter u under compression. This tendency indicates that zinc
gallate tries to reach the ideal structure (¢ = 0.25) when pressurized. The pressure
dependence of u is shown in the inset on Fig.2.3. A similar behavior was observed
in other cubic spinels like ZnAl,O4 [20]. Ab initio calculations predict a similar
behavior for ZnAl,O4 and ZnInyO4 [32]. The oxygen u parameter in spinels reflects

Fig. 2.3 Pressure dependence 0.265 [T T T
of the oxygen parameter u for
7ZnGa, 04 [4] (circles) and

Fe,Si04 [33] (squares) (o ww n -

3 0.260

(120151 I I I I D
0 5 10 15 20 25 30

Pressure (GPa)
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the relative size of A and B cations in their respective tetrahedral and octahedral sites.
Thus, their behavior under compression is determined by the relative compressibility
of these two polyhedral units. Difference in octahedral and polyhedral compression
may lead to different behaviors of u# with pressure. In particular, it can be seen
in Fig. 2.3 that in Fe;SiOy4 [33] u remains nearly constant up to 30 GPa. In order to
illustrate better the influence of pressure on u, it is instructive the comparison made by
Finger et al. [26] of the high-pressure behavior of this parameter in MgAl,O4, Fe304,
and NizSiOy4. The u parameter of MgAl,O4 decreases with pressure, this indicating
that MgO, tetrahedra compress more than the AlOg octahedra. On the other hand, the
u parameter is not affected by pressure in Fe3 04 since Fe—O are equally compressible
in both tetrahedral and octahedral units, and therefore the spinel structure simply
scales with pressure. Finally, u increases upon compression in Ni;SiO4 due to the
incompressibility of the SiOy4 tetrahedron in comparison to NiOg octahedron.

In the particular case of ZnGa;Qy4, the decrease of u with pressure is a con-
sequence of the larger polyhedral compressibility of the ZnOy4 tetrahedra than
that of the GaOg octahedra. To understand better the relation between polyhe-
dral compressibility and the pressure evolution of u, we should remember that
the Zn-O and Ga—O bond distances are given by: Rzy_0 = ﬁ(u —0.125)a and

RGa—0 = \/ (3u® — 2u + 0.375) a . This means that at u = 0.2625 Rzp-0 = RGa-0
and at u = 0.25 the oxygen atoms form a perfect face-centered cubic (fcc) sublattice,
being the following relations obtained: ORz,_o/0u = V3a and ORGa_0/Ou = —a.
Thus when u increases, the tetrahedral bond distances increase while the octahedral
bond lengths decrease, and the tetrahedral bond length change faster than the octa-
hedral one. Therefore, upon compression we have two competing effects. On one
side, both bond distances tend to decrease because of the reduction of the unit-cell
parameter. On the other hand, the reduction of u contributes to the decrease of the
Zn—0 distance but partially compensate the decrease of the Ga—O distance (because
ORGa—0/0u = —a). Thus, Zn-0 bonds are expected to be more compressible than
Ga-O bonds. This result is in excellent agreement with experimental results sum-
marized in Fig.2.4. In addition to ZnGa,O4, other nice examples to understand the
differential bond compressibility of spinels are MgAl,O4 [34], ZnAl,O4 [25], and
Fe,Si04 [33]. The differences in polyhedral compressibilities of different compounds
are in good agreement with the predictions of Recio et al. [35]. In particular, these
authors show that the bulk compressibility in spinel-type compounds can always be
expressed in terms of cation—oxygen polyhedral compressibilities and the pressure
effect of the internal oxygen position in the unit cell. This behavior contrast with that
of other binary oxide compounds, like zircon or scheelite, where the bulk modulus
is mainly controlled by the larger cation polyhedra [36].
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Fig. 2.4 Bond distances versus pressure obtained from X-ray experiments performed in
ZnGay Oy [4]

2.3 High Pressure Phases of Oxospinels

Due to the possible relation of the 660 km seismic discontinuity in the mantle the
Earth with pressure-induced changes in (Mg, Fe),SiO4, many studies have been
carried out examining post-spinel structures. Particular attention has been given to
experiments of the transformation of (Mg, Fe),SiO4 from ringwoodite to (Mg, Fe)O-
magnesiowustite and (Mg, Fe)SiO5-perovskite. In contrast with this silicate, many
AB Oy spinels have been found to transform to post-spinel structures without decom-
position. In particular, the postspinel mineral MgAl,Oy4 exists under severe pressure
conditions in the subducted oceanic lithosphere in the Earth’s deep interior. The
orthorhombic structures of CaMn»QO4 (space group Pbcm), CaFe,O4 (space group
Pnma), and CaTiyO4 (space group Cmcm) have been reported as post-spinel phases
[6]. Because these structures are very similar, several ambiguities and inconsisten-
cies appear in high-pressure studies. The structures of CaB,O4 (where B = Mn, Fe,
Ti) are very similar; distorted BOg octahedra sharing edges and corners create a
framework, with the Ca>* ions occupying one-dimensional six-sided channels coor-
dinated by eight O atoms. CaMn;QO4 occurs as the mineral marokite, with highly
distorted MnOg octahedra, which is due to the strong first-order Jahn—Teller effect
of Mn37. Differences between the spinel structure and these three types of struc-
tures can be seen in Fig.2.5. Basically, the atomic arrangements are denser in the
high-pressure phases. In fact, cations change their coordination from tetrahedral and
octahedral to octahedral and dodechahedral, respectively, during the transformation
from the spinel to these high-pressure phases. Consequently, a more compact three
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Fig. 2.5 Schematic view of the orthorhombic post-spinel structures. Blue spheres: B cations, green
spheres: A cations, and red spheres: O atoms

dimensional network is formed and consequently the phase transition occurs together
with a small volume collapse [18]. The high-pressure phase has also a bulk modulus
approximately 25 % larger than the spinel phase [18].

An interesting fact of the transformation to CaB,O4-type structures is that it is
not only induced by high-pressure experiments. This process has been also discov-
ered to occur naturally, as it was discovered in the Suizhou meteorite [37]. In the
laboratory, the transition has been reproduced over a large number of oxides; e.g.
MgAl,04, ZnCry04, CoFez04, CdCrp Oy, etc. [38]. A possible mechanism for this
post-spinel transformation has been recently proposed [38]. According to it, the
transition involves not only simple cation displacements, but also full octahedral
movements, which implies a reconstructive transformation. This is likely the reason
why phase coexistence is observed in a wide pressure range in many cases [18].
One exception to this rule is natural chromite in which a distortive transition to a
CaAl,Oy4-type orthorhombic structure occurs.

An interesting fact to highlight is the existence of an intermediate phase between
the cubic spinel and the orthorhombic post-spinel structures in some compounds.
This phase is usually a distortion of the cubic structure. A particular compound
following this behavior is ZnGa;0O4. Figure2.6 shows a series of X-ray powder
diffraction patterns collected in ZnGa;O4 at different pressures and RT. The dif-
fraction patterns can be assigned to the cubic spinel structure up to 31.2 GPa where
changes in the diffraction patterns are found. Peaks become much broader and many
of them split, as indicated by arrows in Fig.2.6. This is indicative of the occur-
rence of a phase transition. Changes become more notorious at higher pressure as
can be seen in the spectra recorded at 34.8—48.7 GPa. The changes of the diffrac-
tion patterns cannot be explained by any of the known high-pressure post-spinel
phases (CaFe;O4-, CaMnyO4-, and CaTiyO4-type). A possible explanation to the
experimental results is given by the consideration of the tetragonal spinel structure,
the structure of ZnMnyO4 and MgMn,O4 [23, 39]. This phase belongs to space
group I4/amd, a translationgleiche subgroup of Fd3m. It is formed by a tetragonal
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Fig. 2.6 Selection of XRD patterns collected from ZnGayO4 at different pressures. Pressures are
indicated and characteristic patters of each phase labeled. The stars indicate impurity peaks assigned
to Gay0O3. The vertical arrows depict the changes associated to the onset of the cubic-tetragonal
transition

distortion of the cubic spinel (if in the tetragonal structure c/a = /2 is satisfied,
it is reduced to the cubic spinel structure). The cubic-tetragonal transition does not
involve any detectable change in the volume. However, upon compression the tetra-
hedral distortion of the 741/amd structure gradually increases. These facts, and the
group-subgroup relationship existent between the cubic and tetragonal phases, point
towards the occurrence of a second-order pressure-induced transition in ZnGa;Oy4.
It is important to note, that the cubic-tetragonal transition has been documented also
in NiMn;O4 at 12 GPa [8]. Regarding cation coordination, tetragonal ZnGa;QO4 also
consists of ZnOy tetrahedra and GaOg octahedra, but in contrast with cubic ZnGay Oy,
the octahedral are distorted showing four long distances and two short distances.
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In ZnGay04 at 55.4 GPa a second transition is detected (see Fig.2.6). At this
pressure, there are important changes observed in the diffraction patterns. The number
of diffraction peaks increases considerably in the diffraction patterns, probably as a
consequence of a symmetry reduction. In particular, the patterns resemble those of
the orthorhombic post-spinel structures of MgAl,O4 and homologous compounds. In
this particular case, the post-spinel phase has a CaMn,QO4-type structure (marokite)
[40]. The transition to the orthorhombic post-spinel structure involves an estimated
volume collapse of around 7 %, similar to that observed in other spinels.

Before concluding this section, we would like to mention that high-pressure stud-
ies have been also performed on the post-spinel structures. Since these structures are
denser than spinel and have a more efficient packing, they are less compressible than
spinel. In addition, powder diffraction studies indicated that CaMn,O4, CaFe;Oy,
and CaTipO4 have further high-pressure polymorphs [41]. CaMn,O4 transforms to
the CaTip Oy structure at 30 GPa. Also a new phase was observed at pressures above
50 GPa during compression of CaFe,O4 [41]. Rietveld refinements demonstrated
that the HP structure, with space group Pnam, is produced via a martensitic transfor-
mation by displacing one of every three layers perpendicular to the ¢ axis. CaTirO4
has also a HP polymorphs with space group Bbmm [41]. Very noticeably is the fact
that the transition in CaFe,Oy is associated to a Fe>* spin transition. Single-crystal
diffraction measurements have shown that the 50 GPa transition of this compound
is isosymmetric, but marked by a 8.4 % volume collapse [42]. X-ray emission spec-
troscopic data suggest that the transition is related to the Fe3* high-spin/low-spin
transition. The bulk modulus is remarkably different for the high-spin (159 GPa) and
low-spin (235 GPa) structures.

2.4 Lattice Vibrations in Spinels

At ambient conditions, the vibrational properties of spinel oxides have been mostly
studied with Raman (R) and infrared (IR) spectroscopy but a few studies using
inelastic neutron scattering are available [43]. However, high-pressure studies of the
lattice dynamics have been mostly performed using Raman spectroscopy. Therefore,
in this section we will concentrate on discussing Raman results.

The normal vibrations of a crystal can be determined if one knows its crystalline
structure (the primitive unit cell) and applies group theory. To calculate lattice vibra-
tions the full cubic unit cell of spinel is redundant. It contains 56 atoms, but the
smallest Bravais cell; i.e., the primitive cell, has only 14 atoms. As a result, one
should expect 42 vibrational modes. Group theory analysis predicts the following
irreducible representations for the modes at the I point of the Brillouin zone [44]:

['=A1g(R) + E;(R) + Ty +3T2(R) + 2Ay, + 2E, + 4Ty, (IR) + Ty, + 2To,

where Raman- and infrared-active modes are indicated, and the rest of the modes
are acoustic or silent modes. Note that T modes are also noted as F modes in the
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Fig. 2.7 Selection of ambient conditions Raman spectra of different ABOj4 spinels

literature and that E and T modes are double and triple degenerate, respectively. In
normal non-defective spinels selection rules indicate that only five modes should
be Raman active and four modes infrared active. Non-stoichiometry, the presence
of vacancies, interstitial cations, and defects in general, may result in activation of
phonon modes not predicted by group theory.

Figure 2.7 shows a selection of Raman spectra collected from different compounds
at ambient conditions. There it can be seen that in MgAl,Oy4 usually only four of the
five allowed modes are observed. A typical feature of all the spectra is that the Ay,
mode is the one with highest frequency. In general, the mode frequencies follow the
sequence Toy < Eg < Tog < Tog< Ajg. In addition the lowest frequency Tzg mode
is one of the weakest modes. In the figure, it can be also seen that the Raman spectra
of different aluminates resemble very much to each other. The same can be said for
chromites and ferrites. These similarities are related to the fact that some Raman
vibrations can be associated to internal vibrations of the BOg octahedra and AOy4
tetrahedra. It is noticeably in the cases of Fe304 and CoFeyOy4 the splitting of the
high-frequency A1, mode. This fact is caused by a partial cation redistribution [45],
being the relative intensity ratio between both A1, peaks decreasing with lowering
of inversion in the spinel structure.

MgAl,O4 has been one of the most studied spinels. Table2.3 summarizes the
theoretical and experimental Raman modes [43, 46—49]. The calculated frequencies
agree with the experimental values within 5 %. Most experiments found only four
Raman modes. Only one experiment [46] reported a fifth mode which is very weak.
As the differences in frequency of this mode with the “missing” T, mode is larger
than 15 % there are doubts about its assignation. In particular, it has been stated that its
occurrence could be probably related to cation disorder [43]. Cation disorder is also
the cause of the A1, mode splitting reported in [46] and [49]. Calculations also agree
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Table 2.3 Frequencies of the Raman modes of MgAl,O4 at ambient conditions. All frequencies
are given in cm™!

Mode Theory Experiments
Reference [46] Reference [47] Reference [48] Reference [49]

Tag 319 311 311 312 311
E, 426 410 408 407 409
Tag 492

Tag 570

Tag 682 671 669 666 670
A 727 727
A 776 772 770 767 770

well with experiments regarding IR modes [43]. For these modes, the mode assign-
ment is more complicated than in Raman because the induced macroscopic electric
field lifts the threefold degeneracy of IR-active Ty, modes. Consequently, they split
into twofold degenerate TO modes and a single LO mode. The TO (LO) modes
measured in experiments are 304 (312), 476 (610), 578 (575), and 676(868)cm™" .
Before discussing pressure effects on Raman modes we will dedicate a few para-
graphs to relate atomic motions with Raman modes. The A, mode corresponds to
a symmetric breathing mode of the AQO4 tetrahedron [50] where only the oxygen
atoms move. Regarding the highest-frequency T>, mode the literature disagrees.
Some authors assign it to an anti-symmetric breathing mode of the AO4 tetrahedron
and others to an asymmetric bending motion of the oxygens bonded to the A cation
[50]. The assignment is clear for the remaining modes [50]. The lowest-frequency
T>, mode is a complete translation of the BOg octahedron against the A cation. The
E, mode is a symmetric bending motion of the oxygens within the AO4 units and

Table 2.4 Experimental Raman frequencies (incm™!) for different modes of several A BO4 spinels

Spinel To, E, To, To, Alg Reference
MgAl,O4 311 409 670 727,770 [49]
MgCr,04 227 447 544 614 687 [51]
MgMn, 04 313 313 375 507 666 [52]
MgFe, 04 217 333 486 554 646, 715 [7]
ZnAl, Oy 197 417 509 658 758 [53]
ZnCry04 180 430, 457 511 605 687 [54]
ZnMn, Oy 300 320 381 475 678 [52]
ZnFe; Oy 221 246 355 451 647 [51]
FeAl,Oq4 184 593 701 753 [55]
FeCr,04 686 [56]
Fe3Oq4 193 306 538 668 [57]
MnCr;04 457 511 600 671, 685 [58]
MnFe,;04 189 339 446 559 647 [59]

Mn304 300 320 382 475 678 [52]
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the remaining T, mode is a translation along one direction of the lattice, with the
cations and oxygen atoms moving in opposite directions. Summarized in Table 2.4
there are the Raman modes for different compounds to illustrate the influence of
cation replacement in them. Clearly the A;, mode is strongly affected by B cation
substitution and the lowest-frequency T, mode by A cation substitution.

2.5 High-Pressure Raman Scattering Studies

As commented, experimental high-pressure studies of lattice dynamics in oxospinels
have been done by using Raman scattering measurements. Table2.5 summarizes
Raman modes and pressure coefficients of different zinc oxospinels. There, it can
be seen that among the modes of the spinel phase the two low-wave number modes
exhibit pressure coefficients smaller than the other modes. In particular, it is notice-
ably that the low-frequency T, mode, associated to translations of the octahedral
BOg units, has the smallest pressure coefficient of all modes. Another systematic
behavior to stress is that the A1, high-frequency mode of the ZnOy tetrahedral groups
tends to have a larger pressure coefficient than the bending modes associated to these
groups. The first feature is related to the fact that Zn—O bonds are shorter than the
B-O bonds in all spinel oxides. This means that the Zn—O distance is less compress-
ible than the B—O distance; therefore, the low-frequency T», mode, which triggers
the Zn—O distance, is almost unaffected by compression. The second one suggests
than in spinels bond stretching has a larger force constant than bond-bending. A sim-
ilar systematic behavior than in ZnB,Oy4 spinels has been found for MgB,O4 spinels
[7, 51]. This picture is supported by lattice-dynamics calculations [53, 60]. Similar
high-pressure evolutions are also obtained for IR-active modes. In both ZnAl,O4 and
ZnGaj Oy, the highest frequency IR mode has dw/dP > 4 cm~1/GPa and the low-
est frequency IR modes have dw/dP < x cm~!/GPa. An interesting fact to remark
before discussing the Raman modes of high-pressure phases is the not existence of
soft modes within the pressure range of stability of the cubic spinel phase in any of
the studied compounds. Thisindicate that the observed pressure-induced transitions

Table 2.5 Experimental Raman-mode frequencies at ambient conditions (w) and their pressure
dependences (dw/dP) for ZnBOy spinels

ZnFe;04 ZnCr;04 ZnAl>O4 7ZnGay 04

Mode w dw/dP w dw/dP w dw/dP w dw/dP
(ecm™) (em~!/GPa) (cm™!) (cm~!/GPa) (cm~!) (cm~!/GPa) (cm™!) (cm™'/GPa)

Ty, 221 131 180  2.05 196

E, 246 077 430  2.67 417 22

Ty 355 401 511 4.07 488 465 35

Ty, 451 3.95 605 4.1 658 3.8 608 3.7

A, 647 276 692  4.61 758 710 44

Data taken from references [11, 51, 53]
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are not caused by mechanical instabilities of the spinel phase and occur because
high-pressure phases become thermodynamically more stable than the spinel phase
upon compression. A final fact to highlight on high-pressure measurements on the
low-pressure cubic spinel phase is that the intensities of the Raman bands gradually
decrease as pressure approach the phase-transition pressure. In most compounds,
the majority of the Raman modes completely disappear before the transition is com-
pleted (there is a phase coexistence within a large pressure range). Usually, only the
peak resulting from the Aj, mode can be observed continuously up to the comple-
tion of the transition. Note that most high-pressure Raman studies were performing
using less hydrostatic pressure media than He or Ne. Therefore, the influence of
non-hydrostatic stresses in the results cannot be neglected. Future studies carried out
under quasi-hydrostatic conditions will probably clarify this issue.

2.6 Raman of Post-Spinel Phases

According to group-theory analysis, the tetragonal spinel structure observed in
ZnGayOy4 and other spinels has the following set of Raman-active modes:

' =2A1; + 3B1g + Bo, + 4E,

With the correlation between the modes of the point groups of the cubic and tetragonal
structure (remember that the tetragonal group is a subgroup of the cubic), the five
modes of the cubic spinel transform into ten modes. In particular, the Raman inactive
T, mode of the cubic spinel transforms into Az, +E, modes. On the other hand, the
Raman-inactive Az, mode of cubic spinel is also inactive in the tetragonal structure.
Raman experiments have been carried out in tetragonal CoFe;O4 [61] and only
six modes have been observed. These modes clearly correspond to the splitting
of the cubic modes and their pressure evolution is similar. In special, the high-
frequency modes have pressure coefficients an order of magnitude larger than the
lowest frequency mode, resembling the pressure behaviour of the Raman modes in
cubic spinel. Unfortunately, high-pressure Raman studies performed in ZnGa,O4 did
not reached the cubic-tetragonal transition pressure [53]. Extension of these studies
could give a quite elegant confirmation of the transition. Raman modes are expected
to gradually split as observed in similar (second order) transitions where the low-
and high-pressure phases are related by group-subgroup relationships [62].
According to group-theory analysis, the three different orthorhombic post-spinel
structures are associated with the following three sets of Raman-active modes:

(CaFe;04-type) : I' = TAyg + 5B1; + 7Byg + 5B3,
(CaMny04-type) : I' = 6A1g + 7B1g + 6B2g + 5B3g

(CaTipOy4-type) : ' = 6A1g + 4B1g + 2B2g + 6B3g
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The Ajg and E, modes of the cubic structure transform to the Ajg modes of
the orthorhombic structures and the T, modes of cubic spinel transform to the
Big + B2g + B3, modes. The orthorhombic structures have 18 or 24 Raman active
modes. However, considerably much less modes have been observed in the experi-
ments from these phases [53]. The reasons for it are not clear yet. One remarkable
fact is that in the high-pressure phases the pressure coefficients of the observed
mode frequencies are at most around 3 cm™!/GPa, while in the spinel phase coeffi-
cients around 5cm™!/GPa are observed for the high-frequency modes. This behav-
iour is related to the compressibility decrease of the post-spinel phases (see 2.5).
Calculations also predict a similar behaviour [53]. In particular, in post-spinel phases
of ZnAl;O4 and ZnGa,;0O4 all Raman-active modes are located between 100 and
980cm ™! and pressure coefficients are smaller than 3.4 cm™!/GPa [53]. Again, as in
the low-pressure phase, Raman-active soft modes have not been observed in any of
the post-spinel structures.

2.7 Elastic Constants

The elastic constants of magnesium aluminate spinel have been measured by an
ultrasonic technique. The results are C1; = 279 GPa, C44 = 153 GPa, and Cip =
153 GPa [63]. In the case of Mg, SiOy4 the obtained constants are C1; = 327 GPa, Cy4
= 112 GPa, and Cp = 126 GPa [64]. The set of elastic constants calculated fulfil
the stability criteria for a cubic crystal: (C;; — C12) > 0,Cy; > 0, Cq4 > 0, and
(C11 + 2C12) > 0, pointing to their mechanical stability. Similar results have been
obtained from Brillouin scattering and theoretical calculations [64]. These constants
allow the calculation of the shear (G) and bulk modulus (B), as well as of the isotropic
velocities for shear (vs) and pressure (vp) waves [64, 65]. In the case of Mg,Si0O4
their values are B = 185 GPa, G = 119 GPa, vg¢ = 5.77 km/s, and vp = 9.79 km/s.
The Young modulus, E = 293 GPa, and the Poisson ratio, v = 0.23, of Mg, SiO4 can
be also obtained. In particular, it is observed that the elastic constant anisotropy, the
Zener ratio A =2Cy44/(C11 — C12), is weak (A = 1.04). Additionally, the Zener ratio
increases with increasing pressure, reaching 1.06 at pressures close to that of the
Earth’s transition zone, and subsequently increasing up to 1.09 at 30 GPa. Figure 2.8
shows the typical calculated behaviour for the elastic constants upon compression.

Elastic constants can be used to estimate the hardness and ductility of materials.
In the case of spinels, it is usually found that B/G is smaller than 1.75 which indicates
that spinel oxides are brittle materials. This conclusion is consistent with the fact that
spinel has a brittleness similar to that of sapphire. Regarding the hardness of spinel,
it is known to be 8 in the Mohs scale. Employing the correlation between the shear
modulus and the Vickers hardness reported by Teter [66], since most oxospinels
have a similar shear modulus, it is possible to conclude that most oxospinels should
a similar hardness than MgAlO,.

The pressure dependence of the sound velocities, single-crystal elastic constants,
and shear and adiabatic bulk moduli of a natural gahnite (ZnAlyOy4) spinel have
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Fig. 2.8 Pressure evolution of the elastic constants of Mg, Si04

been determined to 9 GPa by gigahertz ultrasonic interferometry in a DAC [67]. The
elastic constants of gahnite are C; =290 GPa, C|> = 169 GPa, and C44 = 146 GPa.
The elastic constants C; and Cj; have similar pressure derivatives of 4.48 and 5.0,
while the pressure derivative of Cyq is 1.47. In contrast to ZnAl>,O4 and the previous
described spinels, magnetite exhibits C44 mode softening under pressure.

The elastic constants of CoAl»O4, a normal spinel, and CoFe;QO4, an inverse
spinel, have been determined by an ultrasonic method [68]. The measured values
are: Cq1 = 290.5 GPa, Cio= 170.3 GPa, and Cq4= 138.6 GPa for CoAl,0y4, and
C11 = 257.1GPa, C12=150.0 GPa, and C44= 85.3 GPa for CoFe,;0O4. By comparing
these constants with the above summarized data and previously published data of
other spinel crystals, it can be concluded that the cation valence and cation distribution
have little influence on the elastic properties of the spinel materials.

To conclude this section, we would like to mention that recently accurate mea-
surement of elastic constants have been performed in natural chromian spinels (found
in mantle xenoliths from Sveyagin, Russia) by high-frequency resonant ultrasound
spectroscopy [69]. The elastic constants of this mineral are C1; = 263.3 GPa, C12 =
138.0 GPa, and C44= 123.71 GPa, respectively. Comparison with elastic constants
of FeAl;O4 and FeCr,O4 confirms that compositional difference have little influence
in the elastic constants.
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2.8 Miscellanous

Along this chapter we have described the structural, mechanical, and vibrational
properties of spinel oxides and their evolution with pressure. There are many other
physical properties that have been extensively studied, but they will not be discussed
here. Here we will only briefly mention some interesting recent results that we con-
sider should be highlighted. In this respect, we will describe a few important results
on magnetism, which has been extensively studied in magnetic spinels like FezO4
and CoFe;04. A nice review on the magnetic properties of spinel oxide solutions
has been published by Harrison and Putnis [70]. In contrast to magnetism, optical
and dielectric properties have been also studied, but little has been done under pres-
sure yet. Consequently, these studies have been not included in this chapter for the
sake of briefness. For the same reason, we will not make any comment on spinel
nanomaterials and thin films.

Regarding the magnetic properties, probably the most studied compounds are
spinel ferrites. They are broadly used in transformer or electromagnetic cores because
they have a low coercivity. An interesting fact observed in spinel ferrites is that
cation migration is related to changes in the magnetic ordering [71]. Regarding the
effects of pressure in magnetization, the magnetic moment is continuously reduced
by compression. More interesting is the fact that in Fe304 and CoFe,O4, pressure
induces a quenching of magnetism, being the non-magnetic configuration recovered
after pressure release [72]. Another interesting phenomenon observed in spinels is
highly frustrated magnetism induced by compression [73]. In particular, the structure
of spinels makes them unique as a testing ground for the physics of frustration. An
interesting topic related to magnetic frustration is the formation of the spin-liquid
states. To conclude, we will mention that magnetostriction is another interesting
phenomenon observed in spinel ferrites which deserves to be studied under pressure.

2.9 Summary

In this chapter we have reviewed the effects of pressure in the structural, mechanical,
and lattice-dynamics properties of spinel oxides. The behaviour of different com-
pounds having the spinel structure is summarized and the occurrence of phase tran-
sitions described. Particular emphasis on the behaviour of archetypical compounds
has been given and the behaviour of post-spinel structures discussed. Furthermore,
the elastic constants are discussed. The interest on the high-pressure behaviour of
oxospinels is constantly on the rise and therefore soon new results will be added
soon to those here summarized. The recent structural studies on Co3zO4 which shows
that the cubic spinel structure persist up to 42 GPa in spite of the charge transfer
induced at lower pressures [74] and the non-monotonic behavior recently observed
for the charge gap in ZnV,04 [75] are only two examples of the permanent progress



70

D. Errandonea

done on the study of physical properties of spinels under compression. We hope the
results here reviewed will help to trigger new studies to further elucidate the effects
of pressure on the properties of spinel and post-spinel compounds [62].
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Chapter 3
AB>S4 and AB,Seq Compounds

at High Pressures

David Santamaria-Perez and Javier Ruiz-Fuertes

Abstract Thiospinels and selenospinels are compounds with general formula
AUBMXY!, where A and B are cations and X is sulfur and selenium, respectively.
Within the huge compositional range of these families, there exist materials with
different interesting physical properties, such as nonlinear optics, high concentra-
tion defects in semiconductors or metal-insulator transitions. In this chapter, we
gather together previously reported studies addressing the effect of high pressure on
the crystal and electronic structures of these compounds. Special emphasis has been
placed on the crystal chemistry of indium thiospinels under pressure and the evolution
of their structural, electronic, and optical properties. The observed pressure-induced
phase transition to a post-spinel structure in AIn, S4 compounds is discussed in detail.
These results could be particularly relevant for Geophysics since thiospinels can be
considered as structural analogs of MgAl,O4, a common constituent of the Earth’s
upper mantle.

Keywords Spinels + Thiospinels * Selenospinels - X-ray diffraction + Raman
spectroscopy - Optical absorption

3.1 Introduction

Many compounds of the type AB>X4, in which A, B and X are divalent metal,
trivalent metal and S or Se atoms, respectively, by and large adopt the cubic spinel
structure at ambient conditions. This structure is described within the cubic Fd-3m
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Fig. 3.1 View of the atomic arrangement in normal thiospinels (x = 1). The structure consists of
an approximately fcc packing of S atoms (yellow spheres), with the A divalent (blue) and B trivalent
(red) metal atoms occupying tetrahedral and octahedral sites, respectively. Note that the metallic
subarray (AB») adopts the same topology that the Laves phase MgCu,

space group with a lattice parameter between 10 and 11 A and eight formula units per
cell (Z = 8). It consists of an approximately cubic closed packed arrangement of the
sulphur/selenium atoms with the A and B metal atoms occupying 1 tetrahedral site (7)
and 2 octahedral sites (O) per formula unit (see Fig. 3.1). In real spinels, the ordering
of the metal atoms in these interstitial sites range from the ‘normal’ distribution of
cations, where the A cation occupies the tetrahedral site and the two B cations occupy
the octahedral sites, to the ‘inverse’ cation distribution with one of the B cations
occupying the tetrahedral site and the remaining A and B cations occupying the
octahedral sites. Consequently, the spinel structure would be better described with the
formula AyB1_y(A;—xBi14x)X4 in terms of the normality index (x) : x = 1 would
be considered as a normal spinel and x = 0 as a complete inverted spinel. It is also
important to highlight that the cubic spinel structure has only two structural variables:
the unit-cell parameter a and the anion internal positional parameter u (a value of
u = 0.25 would define an ideal close-packed fcc structure of S or Se atoms if the origin
of the cell is on an inversion center). A more detailed description of this structure
type can be found in the previous chapter devoted to the oxide spinels.
Representatives of the sulfide spinel (or thiospinel) family show a wide range of
chemical compositions. To our knowledge, at least 48 different ternary sulphides
belong to the spinel family, which come from the combination of the following All
and B metal atoms: A = Cd, Co, Cr, Cu, Fe, Hg, Mg, Mn, Ni, Rh, Zn, and B = Al,
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Co, Cr, Dy, Er, Fe, Ho, In, Ir, Lu, Ni, Rh, Sc, Ti, Tm, V, Y, Yb, Zr. Some of these
metal atoms also combine to give almost a score of selenium-based spinels.

Thiospinels form an interesting group of materials for optoelectronic applications
given their nonlinear optical properties [1]. Their partial degree of cation inversion
makes them defect semiconductors with high concentration of antisite defects [2].
The unusual physical properties of thiospinels have also attracted current interest
because they present a new type of metal-insulator transition [3, 4]. Furthermore,
indium thiospinels have been recently proposed as ideal materials for photovoltaic
cells operating with an intermediate band [5]. As regards selenospinels, it is inter-
esting to note that the ACr,Se4 subgroup combines both, ferromagnetic and semi-
conducting properties [6].

On the other hand, the large variety of compositions make spinel compounds
an excellent testing ground for investigating the influence of the external thermo-
dynamic variables, pressure and temperature, on their physical properties. Thus, for
instance, the concentration of antisite defects can be tuned by means of pressure appli-
cation, making thiospinels useful materials for defect engineering applications [7].
A pressure-induced superconductor-insulator transition was also recently found [8].
What is more, the study of sulphur- and selenium-based spinels, particularly their
pressure-induced phase transitions, could contribute to shed some light over post-
spinel structures in order to understand the systematics of pressure-induced phase
transitions in AB,X4 compounds. Besides, it would contribute to the understanding
of the behavior of oxide spinels at much higher pressures since it is a well-known
trend that heavier elements (S or Se atoms), going down in the same column of the
Periodic Table, crystallize at low pressure in high-pressure structures of their parent
lighter elements (O atoms). The obtained results would be particularly relevant for
Geophysics, since MgAl,Oy4 is acommon constituent of the shallow upper mantle [9].

Very few experiments under pressure have dealt with thiospinels or selenospinels.
This chapter will present our recent results and the data available in the litera-
ture, showing the behaviour of these materials under extreme pressure conditions.
Section3.2 is devoted to review the current state of knowledge of this particular
research field. Particular emphasis is placed on the indium thiospinel subgroup
AInyS4 (A = Cd, Mg, Mn), which is treated separately. Sections 3.3, 3.4, and 3.5
present the most recent results of angle-dispersive X-ray diffraction, Raman, and
optical absorption measurements of the AlnyS4 (A = Cd, Mg, Mn) family under
high pressure at room temperature. The effects of pressure on the phase stabilities
and transformation pathways of spinel-type semiconductors, as well as on their vibra-
tional and electronic properties are discussed. Finally, we will present in Sect.3.6 a
general overview which hopefully will contribute to achieve a better understanding
of the behaviour of thiospinels and selenospinels under compression.
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3.2 High-Pressure Studies in Sulfide and Selenide Spinels

3.2.1 High-Pressure Studies on Thiospinels

The structural and electronic properties at room pressure of compounds of the
thiospinel family have been studied for many years. Particular interest has been
paid to the effect of the chemical modification in interesting properties such as
ferromagnetism [10] and ferrimagnetism [11, 12], charge ordering [3], colossal mag-
netoresistance [13] or superconductivity [14, 15]. However, high-pressure studies of
these properties are rather scarce.

To our knowledge, Albers and Rooymans were the firsts who observed a high-
pressure polymorph of a substance, having a thiospinel lattice at atmospheric pressure
[16]. They reported the preparation of a hexagonal defect NiAs-type structure in
FeCr,S4 after quenching from 2—4 GPa pressure and 600—1000 °C temperature (see
Fig.3.2). Since the NiAs structure has octahedral coordination for both metal atoms
and is denser than the spinel structure, other chromium thiospinel compounds were
expected to undergo a phase transition to the NiAs structure at high pressures. This
fact was later confirmed by Bouchard and coworkers who found that MnCr;S4 and
CoCr,S4 transform at 6.5 GPa pressure into defect NiAs-related materials when
heated at 1000 °C and then quenched [17, 18]. These compounds could be indexed
on the basis of a monoclinic 12/m distortion of the defect NiAs unit cell.

More recently, several authors have studied the high-pressure behavior of
thiospinels in the low (ambient) temperature region. In this context, Wittlinger et
al. evidenced an amorphisation of ZnCr,S4 spinel above 8 GPa [19], while Vaqueiro
et al. observed a phase transition in CoCr,S4 above 6.8 GPa to an unidentified cubic
structure exhibiting a considerable disorder [20]. These authors also reported in situ
high-pressure high-temperature neutron diffraction measurements on CoCr,S4 that
showed the transformation to the defect NiAs-type phase. However, quenching of the
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hexagonal HP-HT phase resulted in a transition to a monoclinic Cr3S4-type phase
(in good agreement with Bouchard’s data), due to the ordering of the metal vacancies
in every second layer [20]. Similarly to Vaqueiro et al., Nakamoto et al. [21] and Garg
et al. [22] observed a phase transition in CuCrZrS4 and Culr,S,4 at room temperature
above 15 and 12 GPa, respectively, to unidentified structures.

Hence, an open question still to be solved is the identification of the post-spinel
high-pressure structures in thiospinels, especially at room temperature. There are
many possibilities for post-spinel phases since as pressure increases the anion is
more compressible than the cation [23] so S can be squeezed to the size of O and
consequently post-spinel structures found in oxide spinels, which include the tetrag-
onal spinel (a tetragonal distortion of the cubic spinel), the LiFeO;, NaFeO,, LiTiO»,
CaFe;04, CaTizO4, or CaMny Oy structures (see Chap.2 on oxospinels), could be
also possible [24-27]. In connection with this, Ursaki and coworkers observed sig-
nificant changes in the phonon spectrum of the thiospinel ZnAl,S4 at the critical
pressure of 23 GPa, which were attributed to a reversible phase transition to a denser
HP phase, having a similar structure to that of calcium ferrite [28].

It is noteworthy the recently found pressure-induced superconductor-insulator
transition in the thiospinel CuRh,S,4 [8]. Resistivity measurements show that, ini-
tially, the superconducting transition temperature T¢ increases with pressure up to
4GPa (T¢ = 6.4K). With further compression, superconductivity disappears dras-
tically at approximately 5 GPa, becoming an insulator [8].

Phase transitions in indium thiospinels at room temperature were also evidenced
between 7 and 12 GPa, but the nature of the high-pressure phase was not well deter-
mined and either the presence of a disordered rocksalt structure or a defect LiTiO;-
type structure were proposed [29-31]. In this regard, a very recent high-pressure
structural study on Aln;Sy4 thiospinels (A = Cd, Mg, Mn) has confirmed that com-
pression induces a phase transition to a defect LiTiO»-type structure which can also
be described in the same cubic Fd-3m space group that the spinel [32]. The system-
atic study of the structural, electronic, and optical properties of indium thiospinels
deserves special attention and will be treated in detail in Sects.3.3, 3.4 and 3.5,
respectively.

3.2.2 High-Pressure Studies on Selenospinels

Only two studies about pressure-induced phase transitions in selenium-based spinels
are reported to our knowledge. Banus and Lavine observed that the selenospinel
CdCr,Sey transformed under high-pressure and temperature to a new monoclinic
symmetry related to the defect NiAs-type structure [33]. This is consistent with
the spinel-to-monoclinic transformations found for the thiospinels (Co, Mn)Cr,S4
[17]. This structural change was accompanied by a change from semiconduct-
ing to metallic behavior. The structural changes in cubic spinels CdCry_,Ga,Sey
(x = 0.06 and 0.12) were also studied by means of single-crystal X-ray diffraction at
low temperatures [34]. It was found that at high pressure the cubic spinel transforms
to a tetragonal spinel at about 10 GPa.
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Fig. 3.3 Olivine-spinel phase transition in (Mg, Fe),SiO4 occurring in the Earth’s mantle at high-
temperature high-pressure conditions. A similar transition was observed in the selenium compound
Mn,SiSe; at high-pressure and room temperature

Many oxides with the olivine structure were known to transform to the spinel
structure at high pressure. In particular, in the boundary between the upper and the
intermediate Earth mantle the olivine-type (Mg, Fe);Si04 fayalite mineral converts
into the spinel-structured (Mg, Fe)>Si04 ringwoodite (see Fig.3.3). However, it was
not demonstrated for sulfide or selenide compounds until a work of Grzechnik et al.,
who reported the pressure-induced olivine-spinel phase transition on Mn,SiSe4 at
2-4 GPa at room temperature [35].

Another interesting point comes up when analyzing the compressibility of the
different chalcogenide spinels. Finger et al. found empirically that the bulk mod-
uli of normal oxide spinels at zero pressure are around 200 GPa [36]. This result
was confirmed by many experiments [37-39]. This observation has been justified
theoretically on the basis of the substructure of oxygen anions which form a nearly
close-packed fcc structure [40, 41]. These works suggested that the compressibility of
spinels is mainly governed by the anion sublattice. Furthermore, it has been recently
stated that the bulk modulus of selenide spinels is 90-100 GPa, thus evidencing
that the compressibility of selenide spinels is governed by the selenium substructure
[34, 42—-44]. From these empirical observations, it could be inferred that, on the basis
of the larger size of S with respect to O and the smaller size of S with respect to
Se, sulfide spinels have similar compressibilities with bulk moduli around 125 GPa.
However, such hypothesis has not been confirmed experimentally as we will see in
Sect.3.3.



3 AB»S4 and AB,Se4 Compounds at High Pressures 81

3.3 High-Pressure Structural Study of Indium Thiospinels

Previously, we have mentioned that the crystal chemistry of the indium thiospinels
under pressure and the evolution of their structural, electronic, and optical prop-
erties merit special attention. The reason is that they have been the best studied
chalcogenide spinels for several Al cations and with different experimental tech-
niques. Consequently, the information obtained from them could be of guide for
high-pressure studies of other less well-studied spinels. In particular, this section
will deal particularly with the dependence of the structural lattice on the nature of
the metal divalent A atom at high pressures.

3.3.1 Low-Pressure Spinel Phase

AInyS4 (A = Cd, Mg, Mn) compounds adopt a cubic spinel structure at ambient
conditions [45, 46]. In a recent study, high-pressure powder XRD measurements of
CdIn,S4, Mgln,S4 and MnIn,S4 were carried out up to 19, 20 and 41 GPa, respec-
tively, using MoK, (A = 0.7107 A) and synchrotron (A = 0.40896 A) radiation and
two different quasi-hydrostatic pressure media: a mixture 4:1 methanol—ethanol and
nitrogen [32]. At high-pressure, the X-ray diffraction patterns can be indexed using
the initial cubic spinel structure up to 9.5, 8.3 and 6.8 GPa for CdIn,S4, Mgln,S4 and
Mnln, Sy, respectively, in good agreement with results from other characterization
techniques [29-31] as we will see in the following sections. By way of illustration,
the XRD patterns of Mnln;S4 at different pressures are plotted in Fig.3.4. At the
above-mentioned critical pressures, a structural phase transition occurs as we will
discuss below. The Rietveld refinements of the synchrotron data allowed us to obtain
the evolution of the lattice parameters and atomic coordinates of the three thiospinels
and the normality index (x) of those of Mg and Mn.

Thus, from the refined lattice constants, volumes of the cubic unit-cell can be
derived (see Fig.3.5). The pressure-volume dependence was described analytically
by a third-order Birch—-Murnaghan equation of state (EOS) [47, 48].

r=3(() ) [ (() )

obtaining the zero-pressure volumes (Vy), the bulk moduli (Bg) and their pressure
derivatives (B(’)). These characteristic parameters are collected in Table. 3.1.

The values of the bulk modulus of this family of compounds are confined within
a very narrow range (Bg ~ 78 GPa and B’y ~ 3). Essentially, the explanation of
these similar high compressibilities is based on the fact that S atoms that form the fcc
net occupy most of the crystal volume. Additionally, 16. In atoms per unit cell are
located either in T or O sites. Therefore, the overall compressibility would be mainly
determined by the In,S4 sublattice. Total-energy calculations present an overall good
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Fig. 3.4 XRD patterns of - -
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agreement with experimentally observed lattice parameters. Computational details
and theoretical results will be given in Chap.4 of this book.

Curiously, the experimental results indicate that thiospinels have a slightly higher
compressibility than selenospinels, although it is important to remark that indium
thiospinels have significantly smaller B’y values. As already commented, one would
expect bulk moduli for thiospinels in between those of oxospinels (~200GPa)
and selenospinels (~90GPa). This phenomenon seems to be intimately related to
the fact that the compressibility of spinels is mainly governed by the tetrahedral
compressibility (see Fig.3.6) which in turn is related to the T-X bond distances
(X = S, Se). Thus, the experimentally observed unit-cell volumes of the three
thiospinels considered here are similar or even larger than those of selenospinels.
The experimental value of V( for CdCr,Se; is, for instance, 1240 A3 [43], whereas
Vo = 1274 A3 in CdIn,S4. This means that the tetrahedral volumes and the T-X
distances are comparable. Nevertheless, in some cases, the bulk moduli of thiospinels
contradict the empirical Bo—V inverse law. For the sake of example: The selenospinel
CdCr;Seq (Vo = 1240 A3) has a bulk modulus of 101 GPa (B}, = 5.2) [43], which is
slightly larger than that of the thiospinel ZnCr,S4 (Vo = 992.1 A3, By = 97 GPaand
B’ fixed to 4) [49]. In conclusion, more experimental and theoretical work is needed
to understand the compressibility behavior of both sulfide and selenide spinels.
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Fig. 3.5 Unit-cell volumes
of a CdInyS4, b MgIn,Sy
and ¢ MnIn,S4 as a func-
tion of pressure. Results
from experiments using an
in-home Xcalibur diffrac-
tometer (A = 0.7107 A)
and synchrotron radiation

(A = 0.409 A) are repre-
sented by squares and stars,
respectively. Empty symbols
correspond to decompression
data points. Calculated curves
for both, the normal spinel
and the defect-LiTiO,-type
phases are depicted as blue
and red lines. Calculated data
for Mgln,S4 using the space
group Imma to describe an
inverse spinel structure are
depicted as a green line
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Table