3. Cs;MX, Groups Forming no IC Phase - Temperature Dependences of Covalency

between Ions in f-KpSOy-type Cs;ZnXy (X = Cl, Br and 1) and SraGeSy-type

Cs;MIL4 (M = Cd and Hg) Crystals -

3.1 Introduction

AsBX4-family compounds containing with isolated tetrahedral BX i ions,
form the modification-B with monoclinic Sr;GeSy-type (P2i/m, Z = 2) as shown in Fig.
3.1 or the modification-A with orthorhombic B-K2SO4-type (Prma, Z = 4) structures in
Fig. 2. 7 {a). Some of modification-B compounds transform to modification-A so-called
the o-B transition at a temperature Ty.3 [1-7]. Below Ty, the modification-B is more
stable but often the modification-A can exist as a metastable state [8].

It has been reported that obtained crystals can be grouped into the two kinds of
studies, SrpGeS4~ and p-K2804-type from the ratio of anionic to cationic radius (R4 /
Ry) in crystals as shown in Table 3.1. Crystals can be classified into four groups closely
concerning with the ratio Ruxs / Ra: Groups 1 and 1I given in Table 3. 1 are Sr;GeS,-
type (modification-B) compounds without and with - transitions, respectively, Group
I is B-K2S04-type (modification-A) compounds with IC phase transitions, Group IV
has the B-K3SO4-type structure but with no IC phase. In compounds shown in Table 3, 1,
Tl and Rb salts with ZnI2~ and Col?™ anions are classified into different groups and
show large differences in transition temperatures, though TI* and Rb* ions have close
ion radii 1.64 and 1,66 A, respectively. Its reason seems to be explained by differences
in weight or jonicity of cations, In Cs salts, however, transilion temperatures cannot be

interpolated from those in Rb and Tl salts though Cs" ions have an intermediate weight
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between those in Rb and TI. This rsult implies that the fonicity of cations, i.e., the

covalency of interionic bonds, play an important role in the phase transition sequence of

AsBX4 compounds,

Table 3.1 Crystal structures, fonic ratios and transition temperatures in A;BX, family

compounds

Goup  ABX, structure  Ruxa/Ra T/ K Top/ K Tic/K Te/K ref,
KyZnly SrGeSs  3.092 270 - [6]

I KyColy 3.066 250 - [7]
ThhZnly 2.866 209 - [9]
TlColy 2.841 192 - {10}
K2ZnBry SrnGeSy  2.809 155  ~470 561 291 [1]
K;CoBry - 2,750 143 ~470 553 303 2]
RbzZnly 2.831 624 ~530 unknown wnknown [3]

1l Rb,Coly 2.807 30 ~515 unknown unknown [4]
Tl ZnBry 2.604 18 ~480 455  unknown 5]
Tl,CoBry 2,549 18 ~480 445  unknown g
Cs,Cdly 2.691 - ~ 420 332 259 [11]
Cs,Hgly 2.691 - ~510 235 200 [12]
K2ZnCly B-K,804 2.612 553 403 [13]
RbyZnBry 2.572 347 192 [13]
Rb,CoBry 2.518 333 193 [14]
TaZnCly 2.421 363 173 [15]
RbyZnCly 2.392 303 192 [13]
I RbyCoCly 2.337 295 192 [14]
Cs2CdBry 2.453 252 237 [13]
Cs,HgBry 2.453 243 230 [13]
CsaHgCly 2.287 219 183 [16]
K2SeO4 2.026 129.5 93 [13]
CsyZnly 2.597 117 108 M7

IV  CsZnBry  B-KpS04 2359 ~ - [18]
CsyZnCly 2.193 - - [19]

94



Fig. 3. 1 Crystal structure in A;BXy with the SryGeS4-type structure (P2y/m, Z = 2)

projected on ac-plane,
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It has been reported that so-called ionic crystals do not consist of purely
isolated ions but involve covalency to some extent even in alkali halides [20, 21]. From
the calculation by using electronegativities, degrees of covalency between Na* and CI
ions in NaCl crystals can be estimated from methods by Pauling (0.332 {22]) and
Sanderson (0.334 [21]). The difference in covalency between ions in B-KSOg-type
(modification-A) and in SryGeSs-type (modification-B) compounds is, therefore, worthy
of remark as a reason why some of B-K2SO4-type compounds undergo N-IC phase
transitions but all SryGeSs-type compounds have no IC phase. Since the covalency
between ions markedly influences to the electric field gradient at nuclei in these ions,
the measurement of quadrupolar perturbed NMR spectra is considered to be quite a
suitable probe for the investigation of covalency [23]. As another information obtainable
from NMR spectra, chemical shift is also sensitive fo the total degree of covalency[24,
25]. In the present study, Cs;ZnCly, Cs:ZnBry, CspZnly, and modification-Bs of Cs;Cdly
and Cs;Hgly without phase transitions below room temperature are taken up and NMR
spectrum and spin-lattice relaxation time 7' measurements for quadrupolar nuclei 1330
are performed on these compounds in order to clarify the effect caused by structure

difference,
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3.2 Theory
3.2.1'3Cs NMR spectra
3.2.1(a) Frequency shift caused by second order perturbaiion of nuclear quadrupole
interaction

The first order perturbation from eleciric field gradient on **Cs NMR
mentioned in section 2, 2. 2 causes shifts for the single quantum transitions m & m -1
except for the central transition 1/2 & -1/2. On the other hand, the second order effect
appears only as a smaller shift of the central transition. To determine the exact chemical
shift value from the quadrupolar perturbed NMR spectrum, this second order shift has to

be taken into account. For powder specimens, the second order perturbation causes both

line broadening and shift, The frequency of the main peak can be given by [26]

2 2
e B [I(I-H)—-%] 1+ 0| (3.5
12w, Y E

where vi=w/2x, [ and 7 are Larmor frequency, the nuclear spin in question and the

asymmetric  parameter,  respectively,  and Vo is  represented by

Vo = 3¢*Qq /21(21-1)h . Fora 13305 nucleus, the second order shift is given by

2 2 2
V(z) =_5(€ Q(]f]?) 1+1]__ . (3.6)
784 v, 3

In case ¢’Qq/h=300 kHz, 7 =0 and v =39.4, the central peak shift is ca. 15 Hz in the
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fow-frequency side.

3.2.1(b) Relations between chemical shift and the fotal degree of covalency in ionic bonds

The chemical shift of an NMR absorption line, or the shielding constant, is

expressed as 0= (Vgume = Vosked) / Vikes  WHETE V sumple @Nd V' ygked ale resonance

frequencies of the sample and a naked nucleus, respectively, both at constant magnetic

fields. The shielding tensor was formulated by Ramsey in the first approximation as [27]
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(3.7)

where e, m and I; are the charge and mass of an electron and the orbital angular
momentum, respectively, #; is the distance between the jth electron and the nucleus, £y
and £, are energies of the electronic ground state and the nth excited state, respectively.

Here, & represents the diagonalized tensor with diagonal components o,,, &, and
;. The first term in the shielding tensor &, called the diamagnetic term is related

only to the electron density around the atomic nucleus in question. The paramagnetic

term &, indicates that the local field which is induced by electron transfer between the

ground and excited states, The experimental chemical shift is observed relatively as the
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difference from that of the reference sample, because the shift of the naked nucleus is
unavailable. Taking into account the relative chemical shift, the paramagnetic term in
heavy atoms is about two orders of magnitude larger than the diamagnetic one, which is
inappreciably different between in various compounds, implying that the paramagnetic
terms dominant in heavy atoms [28]. Thus, only the paramagnetic term will be taken
into account for the interpretation of *Cs NMR chemical shift in the following
discussion, In what follows, approximate discussion using the isotropic shiclding

constant o = (0 + 0y + 5, )/ 3 will be employed because of a great difficulty for

taking into account all diagonal components, When the covalency of the bond is small
enough to permit to consider a pair of atom in the bonding as an isolated system, the

isotropic relative shielding constant in a halogen nucleus relative from the ideal ion is

given by [24]
20 1 /1
= A=), 3.8
M AE<I‘]>[, 3:8)

where A is the total bond covalency (conversely, (1-4) is the bond ionicity ), AE the

mean energy of all excited states contributing to the probability, and (1 / r3)p the mean

1/r 3 values of a valence p-electron making the partial covalency in an jonic bond.
Furthermore, Yoshida and Moriya gave shielding constants in halogen and meetal nuclei

for metal halide crystals in more detail as [25]
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20 b 1 [1
Jg BT e e | 3,9
X 3}”2C2 A EI2 A E<r3>pbx ( )

and

2e'0 , B 1 (1
Ty = qa-z —_ s 3.10
M 3”?2C2 P AE!Z AE ’,,3 oM ( )

13 2 L * 1 .
respectively, where b* means ((O]Vt|n>) where ¥, is the Hamiltonian transfering an

electron of the halogen ion into a neighboring metal ion, z is the coordination number,
up = eh/2m is Bohr magneton and a, is the fraction of p-orbitals related to hybrid
orbitals in the partial-covalent bond. AE’> and AE are energies of the states with and
without covalent bonding [25]. Therefore AE® is generally smaller than AE. Since
b*/AE’? represents the degree of covalency A’ in a single bond, zb%/AE*? is equal to the

total degree of covalency A. For 13¢5, eq. (3.10) is rewritten as

200 1 L/ 1 2<1> 2<1>]
A2 ) vad () v (=) | 3,11
T = i AE[ p<r3>p VLY A VEY S 311)

This includes contributions to chemical shifts from d- and f-orbitals caused by the

partial bond covalency. Here, ag and ap are fraction of d- and f-orbitals related to partial-

covalent bonds, and (I /i )d and (1 { '"3>r are the mean values of 1/»2 for the valence d-

and f-electron.
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The Jowest excited state allowed for the electron transition in metal halide is
the p-state but its AE is not known because its transition is forbidden for optical
transition [24]. Therefore, these values were anticipated from energies of s-type excited
states and conduction bands by Kanda[24] to be ca. 8, 7 and 6 eV for chloride, bromide
and iodide in the same order. Yoshida and Moriya assumed a relation in NaCl and CsCl

type cubic structures as [25]

_ (2a—-1e?
R

AE +Eyrx = Eimo (3.12)

where R means the interionic distance, « is the Madelung constant, i.e., the first term
corresponds to the cohesive energy in an ionic crystal [21], Exgx is the electron affinity
of the halogen and K,y m is the ionization potential of the metal. Since for crystals of
intricate structure such as p-K»SOy type, Madelung constants liave not been known, the

semi-empirical lattice energy Ui,y derived by Kapustinskii given by [21]

U

fon

= 1244 Nz, z_ (1,, 0.345) (3.13)
ro+T P

+ +
is usually employed, where n, r and z are the number of ions confained in chemical
formula, ionic radii and formal charges, respectively, in which indices + and - represent
cation and anion in the same order. Equation (3.13) is taken account into the Born-

Mayer repulsion potential given as [21]
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U,, o exp(~R /0345). (3.14)

More exactly, the first term in eq, (3.12) should be multiplied by the term taken into

account the repulsion potential (1 - 0.345/R). Using the (1/7°) values given by Barnes
g ” g

and Smith[29] and the mean exited energy AE introduced by Yoshida and Moriya [25],
the total degrees of covalency of halogen ions in metal halides was estimated by

Yoshida and Moriya[25] as listed in Table 3. 1. In real crystals, quantitative

determination of A is difficult, because values of AE and (1/ r“) for intricate hybrid

orbitals in the complex molecules can not be accurately determined.

Table 3. 2 Total covalencies A of halogen ions estimated from reported values of

chemical shifts [24], AE taking into account the Born-Mayer repulsion potensial and

reported values <1 / ;'3>pa§ [29] in metal halides with the CsCl- and the NaCl-type cubic

structures.
Compound Crystal olppm - AE/eV <1 / ﬁ)pag M %%
structure

TIC1 CsCl 251 7.52 7.16 27
TIBr CsCl 620 6.96 13.55 33
AgBr NaCl 189 7.97 13.55 12
LiBr Na(l 89.6 9.50 13.55 7

KI NaCl 148 8.00 18.0 7
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3.2.2 Thermal expansion of crystal lattice

Thermal expansion of crystal lattice is an important property closely related to
anharmonicity of lattice vibrations especially in high-temperature region. Considering

simple monoatomic solid, the atomic potential I/ in the vicinity of equilibrium position

is represented as

where x is the displacement from the potential minimum position 7y, and @ and b are
constants. The first and second terms indicate harmonic and anharmonic contributions,
respectively. Ignoring terms higher than the 4th order, the coefficient of linear expansion

is expanded as

: : i 3
where k is the Boltzman constant. Therefore, if the constant b =0, i.e., the term of x
vanishes, crystal lattices do not expand thermally, The averaged coefficients of linear

and cubic expansions are defined to be

__ 1 [L,(T)—L.(m) 6.15)
LI\ T-T

r
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and

— (V(T)—V(TB)J’ (3.16)

v\ T-1,

r

respectively, where index { = x, y, z, L(T ) and V(T ) are unit lattice constants and the
volume at a temperature T, respectively, and 7 is the reference temperature. Thus, at the

limit AT =T -To—0, the coefficients of thermal expansions «; and a p are, respectively,

rewritten as [30]

dL
o = lim @, = — (D) (.17)
AT-0 L,(T) oT »
and
RN AU 3.18
o, = lim @, —V—(m[ p ] : (3.18)

One-third values of coefficients of cubical expansion (a y /3) in various solid state

compounds are listed in Table 3.2,
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Table 3,3 One-third of averaged coefficients of cubical expansion (&, /3) in various

inorganic compounds [31-37].

Compound  Temperature (ax, /3) Compound  Temperature (a, /3)
/°C /109K’ /C 110K
AgCl 20~ 150 34.3 KMnQOy4 -78 ~ 18 73.3
AL O, 20~ 800 2.67 KNO; -78 ~ 18 70.0
BaCl, 20~ 150 20.0 KOH 30~130 65.3
BaZrO; 25~ 1402 7.57 K2S04 -718 ~ 21 43.3
CaCl, 20~ 150 22.3 KTa0, 20~327 9.8
Ca0 30~ 75 21.0 MgO 30~75 13.3
CaTiO; 20 ~ 900 12.9 NaCl 719~ 0 36.7
CaZrOs 25~ 1402 10.4 NaOH 20~120 28.0
KBr 79~ 0 40.0 NaNbO; 20 ~200 11.0
KC] -78~ 25 36.7 PbTiO; 27 ~490 -5.33
KCIO; 78~ 21 73.3 PbTiO, 490 ~ 535 8.33
KI 19~ 0 41.7 SrTiOs 27~ 1727 10.8
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3.3 Cesium tetrachlorozincate CsZnCly
3.3.1 Introduction

Cesium tetrachlorozincate Cs;ZnCly forms colorless crystals with orthorhombic
B-K2SOy4 structure (space group Prina Z = 4) at room temperature. Three *>Cl NQR
signals with an intensity ratio 2:1:1 [38] which agrees with the ratio of nonequivalent CI
sites in the structure determined at room temperature [39] were reported. Cs;ZnCly
undergoes a transition at 7}, = 572 K [40] and melts at 7}, = 837 K [41], but the structure
of the high-temperature phase has not been reported. The dielectric constant along b-
axis has been reported to show a broad maximum around cg. 80 K[41] and a large
anomaly at 572 K[40}. A specific heat measurement also showed an anomaly at 572 K
due to the phase transition [40]. The X-ray intensity from (8 0 0) diffraction decreases

critically with temperature increase up to 572 K [40].

3.3.2 Experimental

Crystals of CssZnCly with the B-K;SO4 structure was grown by cooling a
molten mixture containing stoichiometric amounts of CsCl (purity 99.9%) and ZnCl,
(purity 99.9%) purchased from Wako Pure Chemical Industries, Ltd. The obtained
crystalline powder was dried iz vacuo and then sealed in glass tubes with nitrogen gas
for DTA and NMR measurements.

Differential thermal analysis (DTA) was carried out to confirm reported phase
transitions found in a range 100-300 K. The sample temperature was determined within
0.2 K by using a chromel-constantan thermocouple.

To confirm lattice parameters, X-ray powder diffraction was measured and

106



their temperature dependences were obtained using a Phillips X’Pert PW3050/00
diffractometer in a range 180-360 K.

The '**Cs NMR spectra were measured with a Bruker MSL-300 NMR system
at a Larmor frequency of 39.4 MHz in a range 210-362 K. A saturated CsCl aqueous
solution was used as a standard of frequency shift and the setting the pulse width. All
133¢s NMR spectra were measured by applying a single detection 90° pulse with a width
4-6 ps. 'Cs NMR T) measurements were performed with a Bruker MSL-300 NMR
system at a Larmor frequency of 39.4 MHz using the saturation-# 90° pulse sequence in
a range 211-364 K. The sample temperature was controlled within =0.5 K with a VT-
1000 temperature controller and determined by a copper-constantan thermocouple with
the same accuracy. The uncertainty in the 7'} measurement was estimated té be within

5 %.

3.3.3 Result

No thermal anomaly was detected by DTA measurement between 100 and 300
K. An X-ray powder diffraction pattern observed at ca. 300 K is shown in Fig. 3. 2
together with diffraction lines simulated by using previously reported atomic
coordinates determined at room temperature [39]. Lattice parameters determined from
the obtained pattern at ca. 300 K given below agreed well with reported values shown in
parentheses: 4 =9.76 A (9.7577 A), b=7.41 A (7.4004 A) and ¢ =12,98 A (12,9704 A).
Temperature dependeences of laitice parameters are shown in Fig. 3. 3. Lattice
parameters «, b and ¢ and the cube root of unit cell volume ¥ ' decreased with

temperature decrease.
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Fig. 3.2  (a) An X-ray powder diffraction pattern observed at ca. 300 K in CsZnCl,.

(b) A simulated powder pattern using reported atomic coordinates [39].
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Fig. 3.3 Temperature dependences of the lattice parameters e (O), b (A) and ¢ (O),

and the cube root of a unit cell volume V' (@) observed in CsyZnCly.
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Quadrupolar perturbed '*Cs NMR spectra observed at 362, 294 and 210 K are
shown in Fig. 3. 4. The width of a 90° pulse tuned for the measurement of powder
sample of Cs,ZnCly was the same as that in the standard CsCl aqueous solution. This
suggests that all single quantum transitions were contained in observed 13Cs NMR
spectra indicating that small quadrupole coupling constants (e*Qg/h). The observed line-
shapes are explainable by the superposition of two 1st order perturbed spectra, This
result is consistent with the reported crystal structure containing two crystallographically
nonequivalent Cs ions [39]. The estimated values of ¢*Qg/h and asymmetric parameter
7 at 300 K were estimated to be 150230 kHz and 0.05% 0,05, and 200270 kl{z and
0.50.1, respectively, by referring to the values obtained from the single crystal '*°Cs
NMR measurement in Cs;HgBry [42].

The recovery of '**Cs magnetization after a 90° pulse could be reproduced by a
single exponential curve in the whole temperature range studied and a unique 7} value
could be determined, Temperature dependences of ' Cs NMR 77 ate shown in Fig. 3. 5.

The Ty increased with temperature decrease.

110



S L
VSO

-
-

v/ kHz

Fig. 3.4 Quadrupolar perturbed Bos NMR spectra measured at 39.4 MHz at 362 (a),
294 (b} and 210 K (¢) in CsZnCly,
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Fig, 3.5 Temperature dependences of BCs NMR 7 in Cs,ZnCly (@), Cs;3ZnBry (A)
and Cs;Znly (M) with the B-K;SO04-type structure, and CspCdly (O) and CsHgly (4)
with the Sr2GeSy-type. Broken and Solid fines are theoretical curves calculated by using

eq. (2.6) for compounds with the former and the later structures.
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3.4 Cesium tetrabromozincate Cs:ZnBry
3.4.1 Introduction

Cesium tetrabromozincate CsyZnBry forms colorless crystals and takes an
orthorhombic B-K;S04 structure (space group Prma Z = 4) at room temperature [43].
Three 3'Br NQR signals with an intensity ratio 2:1:1 in good agreement with the crystal
structure were reported in the temperature range between 77 K and 300 X [38, 44].
From the comparison of *'Br NQR spin-lattice relaxation times TIQ observed for
respective peaks and their temperature dependences, it was suggested that the libration
of tetrahedral ZnBr;~ ions about g-axis is further excited than around the other axes in
the temperature region between 77 and 300 K [44]. No phase transiton other than
meliing at 850 K [41] was reported in Cs2ZnBry below 300 K down to at least 5 K from
the temperature dependence of Sipy NQR measurement [18)]. The dielectric constant
measured along b-axis has been reported to show a broad maximum around about 70 K

but no anomaly due to a phase transition [41].

3.4.2 Experimental

Crystals of CszZnBry with a 3-KaSO4 structure were grown with cooling a
molten mixfure containing stoichiometric amounts of CsBr {purity 99.9%) and ZnBr,
(purity 99.9%) purchased from Wako Pure Chemical Industries, Ltd. The obtained
crystalline powder was dried in vacuo and then sealed in glass tubes with nitrogen gas
for DTA and NMR measurements,

DTA was carried out to confirm reported phase transitions in a range 100-300

K. The sample temperature was determined within =0.2 K by using a chromel-
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constantan thermocouple.

To confirm lattice parameters, X-ray powder diffraction was measured and
their temperature dependences were obtained using a Phillips X'Pert PW3050/00
diffractometer in a range 180-360 K.

The '**Cs NMR spectra were measured with a Bruker MSL-300 NMR system
at a Larmor frequency of 39,4 MHz in a range 209-368 K. A saturated CsCl aqueous
solution was used as a standard of frequency shift and the setting the pulse width. All
13¢s NMR spectra were measured by applying a single detection 90° pulse with a width
4-6 ps. Bs NMR T, measurements were performed with a Bruker MSL-300 NMR
system at a Larmor frequency of 39.4 MHz using the saturation-z- 90° pulse sequence in
a range 173-373 K, The sample temperature was controlled within £0.5 K with a VT-
1000 temperature controller and determined by a copper-constantan thermocouple with
the same accuracy. The uncertainty in the 7 measurement was estimated to be within

5 %.

3,4.3 Resuit

No thermal anomaly was detected by DTA measurement between 100 and 300
K. An X-ray powder diffraction pattern observed at ea. 300 K is shown in Fig. 3. 6
together with diffraction lines simulated by using previously reported atomic
coordinates determined at room temperature [43]. Lattice parameters determined from
the experimental pattern at ca. 300 K given below agreed well with reported values

shown in parentheses: & =10.22 A (10,196 A), b =7.73 A (7.770 A) and ¢ =13.54 A
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(13.517 A). Temperature dependeences of lattice parameters are shown in Fig. 3. 7.
Laltice parameter @ increased with temperature decrease down to ca, 330 K and showed
the maximum at ca. 330 K and ¥ " showed plateau above ca.330 K. Both parameters a
and V' decreased with temperature decrease in a range below ca. 330 K. Parameters &
and ¢ decreases monotonically with cooling in the whole temperature region studied.
Quadrupolar perturbed 'Cs NMR spectra observed at 367, 299 and 210 K are
shown in Figs. 3. 8. The width of a 90° pulse tuned for the measurement of powder
samples was the same as that in the standard CsCl aqueous solution. This suggests that
all single quantum transitions were contained in observed 133Cs NMR spectra indicating
that small '**Cs quadrupole coupling constants (e’Oqgih) . The observed line-shapes can
be explained by the superposition of two 1st order perturbed spectra. This result is
consistent witl the reported crystal structure containing two crystallografically
nonequivalent Cs ions [43]. Estimated values of ¢*Qg/h and asymmetric parameter 7 are
12030 kHz and 0,1%0,1, and 25070 kHz and 0.5 0.2, respectively, by referring to
the values obtained from the single crystal '*Cs NMR measurement in Cs;HgBry [42].
The recovery of '**Cs magnétization after a 90° pulse could be reproduced by a
single exponential curve in the whole temperature range studied and a unique 7 value
could be determined. Temperature dependences of '**Cs NMR T are shown in Fig, 3. 5.

The 7) increased with temperature decreasing.
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Fig. 3. 6 (a) An X-ray powder diffraction pattern observed at ca. 300 K in Cs;ZnBry,

(b) A simulated powder pattern using reported atomic coordinates [43].
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Fig. 3. 7 Temperature dependences of lattice parameters @ (O), b (A) and ¢ ([J), and

the cube root of a unit cell volume V' (@) in CsyZnBry.
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Fig. 3.8 Quadrupolar perturbed ”3Cs NMR spectra measured at 39.4 MHz at 367 (a),
299 (b) and 210 K (¢) in CspZnBra.
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3.5 Cesium tetraiodozincate CsyZnly
3.5.1 Introduction

This compound exhibits an incommensurate phase, but is assumed to be
classified to the group together with CsZnCly and Cs;ZnBry as an exception because
the IC phase and the phase transition sequence in this compound is quite different from
the group discussed in chapter 2,

Cesium tetraiodozincate CsyZnly forms light yellow crystals [41] and takes an
orthorhombic $-K230y structure (space group Prma Z = 4) at room temperature [45, 46).
According to AC calorimetry [16], X-ray and '’ NQR measwements [45], three
thermal anomalies have been reported as the N-IC fransition at Tije= 116.9 ¥, the C-IC
transition at 7c = 107.58 K and the other structural phase transition from a monoclinic
commensurate to a triclinic structure at Te = 93.77 K. On the other hand, the adiabatic
calorimetric study showed four thermal anomalies including a very small additional one
at Tor = 104.44 K [47]. The IC phase in CsyZnly has been characterized by the
modulation wave vector qic = (1-8 )a*/2 which is 2 or 3 times larger than that in the
group discussed in chapter 2, Furthermore, two different space groups, P2;/n (Z = 8)
(45] or P2\/m (Z = 8) [48], were reported independently as the structure of the C phase
and both structures have a two-fold superlattice along a-axis. These structures are also
different from that in the previous compounds discussed in chapter 2. In the C* phase,
the space group becomes PT (Z = 4) in which the unit cell volume is a half of that in

the C phase, i.e., the same size as that in the N phase, Three '>’I NQR lines of +1/2&
*3/2 transitions with an intensity ratio 2:1:1 consistent with the crystal structure

determination performed at room temperature were observed at 298 K [38). Eight NQR
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lines, which are expected to be detected in both P2y/n (Z = 8) and P2i/m (Z = 3)
structures in the C phase, and P1 (Z = 4) in the C* phase, were observed in a range 80 K
<T<108 X [45, 49]. The phase transition at g+ reported by the measurement of

adiabatic calorimetry [47] has not been confirmed clearly, though extensive studies of
X-ray diffraction [45, 48-52], dielectric [41, 45, 53,], Raman scattering [19, 54, 55],
birefringence [55-57], '*'I NQR [38, 45, 49, 52] and '¥Cs NMR spectrum [52]

measurment were performed.

Te=938K (Tcr=104.4 K) Tc=107.6 K Tic=1169K
commensurate — commensurale — commensurate — incommensurate — normal
P1 (P1) P2\/n or P2i/m Puma
Z=4 (Z=4) Z=3 Z=4

3.5.2 Experimental

Crystals of CsyZnly with the P-KsSO4 structure were grown by cooling a
molten mixture containing stoichiometric amounts of CsI (purity 99.9 %) and Znl,
{purity 99.5 %) purchased from Wako Pure Chemical Industries, Ltd. The obtained
crystalline powder was dried in vacuo and then sealed in glass tubes with nitrogen gas
for DTA and NMR measurements.

DTA was carried out to confinm reported phase transitions in a range 90-300 K,
The sample temperature was determined within 0.2 K by using a chromel-constantan
thermocouple.

To confirm lattice parameters, X-ray powder diffraction was measured and

their temperature dependesices were obtained using a Phillips X'Pert PW3050/00
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diffractometer in a range 180-360.

The 'Cs NMR spectra were measured with a Bruker MSL-300 NMR system
at a Larmor frequency of 39.4 MHz in a range 219-359 K. A saturated CsCl aqueous
solution was used as a standard of frequency shift and the setting the pulse width, All
133Cs NMR spectra were measured by applying a single detection 90° pulse with a width
4-6 ps. 'Cs NMR Ty measurements were performed with a Bruker MSL-300 NMR
system at a Larmor frequency of 39.4 MHz using the saturation-z- 90° pulse sequencs in
a range 204-371 K. The sample temperature was controlled within +0.5 K with a VT-
1000 temperature controller and determined by a copper-constantan thermocouple with

the same accuracy. The uncertainty in the 7} measurement was estimated to be within

5 %.

3.5.3 Result

DTA thermograms measured on heating showed endothermic anomalies due to
phase transitions at 92.310.6 and 106.9%0.8 K in good agreement with previously
reported phase transition temperatures 7o and 7¢, respectively [16]. No thermal
anomalies could, however, be detected around Tic= 117 K and Ter = 104 K reported as
very small peaks by the adiabatic calorimetry measurement [47]. The measured crystals
are expected to form an N phase above 117 K.

An X-ray powder diffraction pattern recorded at ca, 300 K is shown in Fig. 3.9
together with the diffraction lines calculated using atomic coordinates reported at room
temperature [46]. Lattice parameters determined from the experimental pattern observed

at ca. 300 K given below agreed well with reported values (in parentheses): ¢ =10.81 =&

121



0.02 A (10.812 A), b =8.32:£0.02 A (8.306 A) and ¢ =14.39+0,03 A (14.464 A),
Temperature dependeences of lattice parameters are shown in Fig, 3. 10, 'fhe parameter
¢ decreases upon cooling from 360 K, while g showed a minimum at ca. 300 K.
Temperature dependences of b and 7' gave a steep decrease on cooling and a plateau
above and below 300 K, respectively.

Observed quadrupolar perturbed *Cs NMR spectra are shown in Fig, 3, 11,
Since a 90° pulse tured for the measurement of the powder sample had the same width
as that adjusted in the standard CsCl aqueous solution, all single quantum transitions in
133Cs nuclei of 7= 7/2 are expected to be contained in observed **Cs NMR spectra, and
133¢s nuclei in this sample can be considered to have small quadrupole coupling
constants (¢’Qqg/h) . The line shapes are explainable by the superposition of two 1st
order perturbed spectra. e*Qqg/t and 77 observed at ca. 300 K were determined to be 140
430 kHz and 0.05+0.05, and 20070 kHz and 0.51+0.2, respectively, by referring to
the values obtained in a single crystal 33Cs NMR measurement in Cs,HgBry [42].

The recovery of Bes magnetization after a 90° pulse could be reproduced by a
single exponential curve in the whole temperature range studied and a unique 7 value
could be determined. A temperature dependence of '**Cs NMR Ty is shown in Fig. 3. 5.
The T increased with the temperature decrease, and the temperature gradient became

gentle below ca. 340 K.
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Fig. 3.9 (a) An X-ray powder diffraction pattern observed at ca. 300 K in CsyZnls. (b)

A simulated powder pattern using reported atomic coordinates [46].
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Fig. 3. 10 Temperature dependences of lattice parameters a (O), b (A) and ¢ (L),

and the cube root of a unit cell volume ¥ '* (@) in CsyZnly,
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Fig. 3. 11  Quadrupolar perturbed 1305 NMR spectra measured at 39.4 MHz at 359 (a),
298 (b) and 219 K (c) in CspZnl.
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3.6 Modification-B of Cesium tetraiodocadmate Cs.Cdl,
3.6,1 Introduction

As mentioned in subsection 2.5.1, Cs;Cdly crystals grown from the aqueous
solution contain a small amount of water and take the modification-B with a monoclinic
Sr2GeSy structure (P2i/m, Z = 4) [59, 60]. The modification-B undergoes no phase
transition below room temperature. Three lines with an intensity ratio 1:2:1 which
agrees with the ratio of nonequivalent 1 sites in the structure determined were observed
between 77 and 373 K by the '*I NQR measurement [8]. Upon heating, Cs,Cdl4

crystals transform from the modification-B to -A at ca. 420 K [6] and melts 720 K [61].

3.6.2 Experimental

Crystalline Cs,Cdl; was grown from an aqueons solution using a similar
manner described in Chapter 2. In this chapter, results on NMR measurements for non-
annealed sample to investigate the behavior of the modification-B of Cs,Cdly with the
SraGeS, structure are discussed,

DTA was carried out to confirm reported phase transitions in a range 100-360
K for the modification-B of Cs,Cdls. The sample temperature was determined within
#-0.2 K by using a chromel-constantan thermocouple,

To confirm lattice parameters, X-ray powder diffraction was measured and
their temperature dependences were obtained using a Phillips X’Pert PW3050/00
diffractometer in a range 170-360 K for the modification-B of CsyCdly.

The "**Cs NMR spectra were measured with a Bruker MSL-300 NMR system

at a Larmor frequency of 39.4 MHz in a range 220-367 K for the modification-B of
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Cs,Cdly. A saturated CsCl aqueous selution was used as the standard of frequency shift
and for the setting of the pulse width. All '*3Cs NMR spectra were measured by
applying a single detection 90° pulse with a width 4-6 ps, 1305 NMR 7, measurements
were performed with a Bruker MSL-300 NMR system at a Larmor frequency of 39.4
MHz using the saturation-z- 90° pulse sequence in a range 220-365 K. The sample
temperature was controlled within #0.5 K with a VT-1000 temperature controller and
determined by a copper-constantan thermocouple with' the same accuracy. The

uncertainty in the 77 measurement was estimated to be within 5 %.

3.6.3 Result

No thermal anomaly was detected by DTA measurement below 300 X. A large
anomaly, however, was observed ‘at ca. 420K corresponding to the transition to
modification-A called the o~} transition. An X-ray powder diffraction pattern observed
at ca. 300 K for the modification-B without annealing is shown in Fig. 2, 20. Lattice
parameters determined from the plattem obsetved at ca, 300 K together with the reported
values [59] shown in parentheses are given by a =7.84 A (7.838 A), b =8.40 A (8.403
A), ¢=11.05 A (11.048 A) and B=110.3° (110,57°), Temperature dependences of lattice
parameters for the modification-B are shown in Fig. 3. 12. Lattice parameters a, & and ¢

and the cube root of a unit cell volume ¥'* are slightly decreased upon cooling.
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Fig. 3. 12 Temperature dependences of lattice parameters a (O), b {A) and ¢ ((3),

and the cube root of a unit cell volume ¥7'? (@) in the medification-B of Cs,Cdl,.
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Quadrupolar perturbed '**Cs NMR spectra are shown in Fig, 3. 13. The width
of a 90° pulse tuned for the measurement of powder sample was almost the same as that
adjusted to the standard CsCl aqueous solution. This suggests that all single quantum
transitions were contained in observed '3*Cs spectra, and '*3Cs nuclei have small
quadrupole coupling constants (e*Qq/h). The observed line-shapes are considered to be
explained by the superposition of two 1st order perturbed spectra, because of the
existence of two crystallographically nonequivalent Cs ions as previously reported [59,
60].

The recovery of *Cs magnetization after a 90° pulse could be reproduced by a
single exponential curve in the whole temperature range and hence T could be
determined. A temperature dependence of 3¢5 NMR 7y is shown in Fig. 3. 5. The 7|

increased with temperature decreasing.
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Fig. 3. 13 Quadrupolar perturbed '*Cs NMR spectra measured at 39.4 MHz at 367 (a),
299 {b) and 220 K (¢) in the modification-B of Cs,CdI.
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3.7  Modification-B of cesium tetraiodomercurate Cs,Hgly
3.7.1 Introduction

Crystalline cesium tetraiodomercurate Cs,Hgly of modification-B is yellow and
takes a monoclinic Sr;GeSy structure (space group P2i/m £ = 2) at room temperature
[62]. Dielectric constants of this compounds have been reported to increase
monotonically along b-axis and slightly decrease along a-axis with temperature decrease
down to the liquid helium temperature [63]. The negative Curie-Weiss temperature
shown from the dielectric constant measurement along b-axis means that the net
interaction between the molecular dipole wnits is antiferroelectric in the modification-B.
No anomaly related to the phase transition was observed in the modification-B below
300 K [63]. On the other hand, a phase transformation to a pale red modification-A,
which is considered to be a superionic state [64], has been reported at 518 K [65]. It was
shown by the ’I NQR measurement that the modification-A of this compound has
phase transitions at 200 K and 255 K. Three and sixteen NQR lines were reported above
255K and below 200 K, respectively [12]. The fact that NQR signals were not observed
between 200 and 255 K is explainable by the appearance of an IC phase in this
temperature region [12] but the phase character in the modification-A has not been

investigated in detail.

3.7.2 Experimental
Crystals of Cs;Hgly with the SryGeSy structure were grown by cooling a molten
mixture containing stoichiometric amounts of CsI (purity 99.9%) and Hgly (purity

99.9%) purchased from Wako Pure Chemical Industries, Ltd. The obtained crystalline
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powder was dried in vacuo and then sealed in glass tubes with nitrogen gas for DTA and

NMR measurements.

DTA was carried out to confirm reported phase transitions in a range 100-300
K for the modification-B of Cs;Hgly, Furthermore, DTA was carried out for the
modification-A in the temperature range 100-350 K after the sample was put in a glass
tube and kept at 550K in oi]lbath for 1 hour to obtained the modulation-A. The sampie
temperature was determined within & 02 K by using a chromel-constantan
thermocouple.

To confirm lattice parameters, X-ray powder diffraction was measured and
their temperature dependences were obtained using a Phillips X'Pert PW3050/00
diffractometer in the ranges 180-360 K for the modification-B and 180-550 K for the
modification-A after annealing at ca. 550 K.,

The Cs NMR spectra were measured with a Bruker MSL-300 NMR system
at a Larmor frequency of 39.4 MHz in a range 214-358 K for modification-B of Cs;Hgl.
A saturated CsCl aqueous solution was used as a standard of frequency shift and for the
setting of the pulse width. All 3¢5 NMR spectra were measured by applying a single
detection 90° pulse with a width 4-6 ps. 13503 NMR T} measurements were performed
with a Bruker MSL-300 NMR system at a Larmor frequency of 39.4 MHz using the
saturation-- 90° pulse sequence in a range 214-359 K for the modification-B of
CspHgly. The sample temperature was controlled within £0.5 K with a VT-1000
temperature controller and determined by a copper-constantan thermocouple with the

same accuracy. The uncertainty in the T measurement was estimated to be within 5 %.
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3.7.3Result

No thermal anomaly was detected by DTA measurement below 300 K in the
modification-B of Cs;Hgls. On the other hand, two phase transitions at 258.3 0.6 and
2373 *0.8 K, and another possible phase transition with a small anomaly in the noisy
background were observed at 3192 K in the modification-A observed by superccoling
after annealed at ca. 550 K, though the modification-A was transformed into the
modification-B in several hours.

X-Ray powder diffraction patterns observed at ca. 300 K for the modification-
B without amnealing together with the simulated pattern used atomic coordinates
reported at room temperature [62], and for the modification-A after annealing are shown
in Figs, 3. 14-15. Lattice parameters determined from the experiental pattern observed
at ca. 300 K together with the reported values [62] shown in parentheses in the
modification-B are & =7.74 A (7.734 A), b =8.39 A (8.386 A), ¢ =11.03 A (11.019 A)
and p=110.1° (110,06°) for the modification-B, and =10.90 A,  =8.30 A and ¢ =14.90
A for the modification-A, The obtained parameters in the modification-B agree well
with the reported values. On the other hand, the modification-A of Cs,Hgly may have a
symmetry higher than Pnma, because the number of diffraction peaks were much less
than those of other Cs;MXy compounds with the f-KoSO4 structure. Temperature
dependeences of lattice parameters for the modification-B and -A are shown in Figs. 3.
16-17. For the modification-B, all parameters slightly decreased upon cooling, All
parameters in the modification-A were slightly decreased above ca, 340 K, while steeply

decreased below the temperature upon cooling.
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Fig, 3. 14 (a) An X-ray powder diffraction pattern observed at ca. 300 K in the
modification-B of CsyHgly, (b) A simulated powder pattern using reported atomic

coordinates [62].
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Fig. 3. 15 X-ray powder diffraction patterns observed at ca, 340 (a), 300 (b), 245 (c)
and 180 K (d) in the modification-A of CszHgls.
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Fig. 3. 16 Temperature dependences of [aftice parameters a (D), b (A) and ¢ (),
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Fig, 3. 17 Temperature dependences of lattice parameters a (O), b (A) and ¢ (1),

and the cube root of a unit cell volume ¥'* (@) in the modification-A of Cs;Hgl,.
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13Cs NMR measurements of modification-A was not carried out because this
modification is unstable and gradually fransformed to B. Quadrupolar perturbed Mes
NMR spectra for the modification-B are shown in Fig, 3. 18. Since a 90° pulse width
tuned for the measurement of powder samples was close to that for the standard CsCl
aqueous solution, all single quantum transitions were assumed to be contained in
observed *Cs NMR spectra indicating that '**Cs nuclei have small quadrupole
coupling constants (e*Qg/h). The observed line-shapes are considered to be explained by
the superposition of two lst order perturbed spectra, because of the existence of two
crystallographically nonequivalent Cs ions as previously reported [62].

The recovery of *Cs magnetization after a 90° pulse could be reproduced by a
single exponential curve in the whole temperature range studied and a unique 7 value
could be determined. A temperature dependence of 13Cs NMR 7y in modification-B is

shown in Fig, 3. 5. The T) increased with temperature decrease.
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Fig. 3. 18 Quadrupolar perturbed 133Cs NMR spectra measured at 39,4 MHz at 328 (a),
299 (b) and 214 K (¢) in the modification-B of CspHgl.
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3.8  Discussion
3.8.1 Thermal expansion

Averaged coefficients of linear and cubical expansions were estimated from
temperature dependences of lattice parameter using eq. (3.15)-(3.16) and are listed in
Table 3.4. B-K2SOs- and SryGeSs-type compounds without IC phase at low-
temperatures, i.e., Cs;ZnCls, CspZnBry, and CspCdly and Cs;Hgly of modification-B,
have coefficients of linear expansion along g-axis &, smaller than those along other
axes. In compounds with analogous crystal structure, values of thermal expansions are
rapidly getting large with halogen size. Comparing them in the compounds with the
same halogen I, SrGeSs-type compounds (Cs;Cdly and CsyHgly of modification-B)
were shown to have thermal expansion smaller than those of the B-K2S04-type (CsyZnly
and CsyHgl, of modification-A). This result implies that lattice vibrations in Sr,GeSs-

type structures has an anharmonicity smaller than in B-K,8O4-type.
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Table 3.4 Averaged coefficients of liner expansions @&, , @, and &, along a-, b- and

c-axis and those of cubical expansion @, in C$;MX; compounds in the given

temperature regions.

Compound  Structure  Temperature a, ! a, ! a, f a, !
¥

c

Region 09K 105K 10%g! 196K

CsZnCly  B-KoSO4 180-360K 116 41.9 37.4 91.1
CsaZnBry  B-KzS0, 180-330K 45,6 51.5 61.4 147.5
330-360K  -86.4 51.5 61.4 18.5
CspZnly  p-Kp804 180-300K  -56.0 69.3 39.8 50.1
300-360K 896 2237 39.8 355.2
Cs,Cdly SrpGeS,  170-360K 105 473 31.9 94.0

CsoHgly SrpGeSy  180-340K 18.6 49.8 31.5 103.4

CspHgly  (B-K2S0O,) 180-238 K 217.7 402.1 109.4 729.7
258 - 550 K 41,7 79.5 25.7 146.6

3.8.2 '8 Cs NMR relaxation caused by lattice vibrations and temperature dependence of
covalency

The '3Cs NMR T, observed in the foregoing compounds can be considered to
be only governed by normal lattice vibrations because they have no phase transitions.
Temperature dependences of 1330s NIMR T were fitted by eq. (2.6) with a constant A as
shown in Fig. 3. 5. The fitted curves well reproduced the experimental data obtained
except for Cs;ZnXy (X = Cl, Br, I). In zincates, the estimated 7 obtained by the fitting
calculation was too large comparing with the experimental data in the low-temperature
region. This result is considered to suggest that 4 is not a constant but a function of

temperature, because the other relaxation mechanisms could not be found, Temperature



dependences of A given by the relation A(T ) =7, T derived from eq. (2.6) are
plotted in Fig. 3. 19. A(T')’s for all Cs;ZnX; compounds increased exponentially with
temperature decrease and that for both modification-B crystals of Cs;Cdly and CsyHgly
also increased slightly upon cooling. The gradienis of A(7 ) showed various values
depending upon halogens and crystal structures. Sr,GeS,-type compounds, i.e., Cs>Cdly
and Cs;Hgls of modification-B, showed a very small temperature dependence, while the
B-K2804-type gave large values. In CsoZnBry, the gradient of A(T ) showed a
characteristic temperature dependence and is very small above 330 K but large below
this temperature. In Cs»Znly, A(T') values are not discussed, because T vales below 300
K are considered to be contains the influence of the N-1C phase transition at 7ie= 117 K.
The temperature variation of 4 is considered to be derived from the fact that F, in eq.
(2.5), which relates to from the fluctvation of electric field gradient, depends on
temperature, Upon cooling to 180 K, the values of F> which is proportional to covalency
A, increased to 1.24, 1.26, 1.05 and 1.02 for Cs;ZnCly, CsZnBry, and modification-Bs
of Cs,Cdl, and Cs,Hgly, respectively, relative to those at 360 K. The absolute value of
F, estimated from experimental data was larger than that the electrostatic value
calculated using coordinates of counter ions, because the external charges distort the ion
in question[], and the covalency given by eq. (2.3) further increases electric field
gradient made by the bond electrons much closer to the nucleus in question than the
interionic distance R[]. Furthermore, the #/ induced by covalency A' depends
exponentially on R as given by eqs. (2.3) and (2.4). Thermal contractions of Cs-X
distance with the temperature decrease from 360 to 180 K estimated by using relative

values of I, at 180 X to that at 360 K and eq. (2.4) are ca. 0.07 A, 0.08 A, 0.02 A and
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0.005 A, respectively, for Cs;ZnCly, Cs9ZnBry, and modification-Bs of Cs,Cdly and
CsyHgly assuming that temperature variations of electric field gradient are induced only
along the direction with the maximum EFG component Vzz. Thus, if the assumption that
the distance dependence of F; is induced from only that of 2’ is correct, the temperature
dependences of lattice parameter can be related with A(T"), In fact, Cs;Cdl, and Cs;Hgl,
crystals of modification-B with small thermal expansions showed small gradients of
A(T ). For Cs;ZnBry, A(T ) inappreciably depends on temperature in the temperature
range above ca. 330 X with very small thermal expansion, but showed a remarkable

temperature dependence in the range below ca. 330 K with a marked thermal expansion.

3.8.3 The total degree of covalency and chemical shifts of "’Cs NMR lines

Temperature dependences of peak frequencies in 1¥Cs NMR central lines
observed in Cs;MX, compounds are shown in Fig. 3. 20, The observed NMR lines
showed a Jarge anisotropy of chemical shift [42] and in the shifts also contains the
second order effect of quadrupolar interaction given in eq. (3.6). The isotropic chemical
shifts are obtained from peak frequencies at ca, 300 K by subtracting the effects of
anisotropy and second order shifts estimated from the line-shape of central line and eq.
(3.6), respectively, as listed in Table 3.5. Their temperature dependences are shown in
Fig, 3. 21. For modification-B in Cs;Cdls and CspHgls, since the estimation of eng/h
and 7 is difficult, 5 kHz is assumed as 2nd order perturbed shift referring to the data of

other Cs;MX, compounds.
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Fig. 3. 19 Temperature dependences of A(T) values in eq. (2.6) obtained by
substitution of **Cs NMR T for Cs:ZnCly (@) and CsZnBry (A) with the B-K»S04-
type structure, and Cs;Cdly (O) and Cs;Hgly (A) with the SrGeSa-type. Solid lines are
fitting curves assumed exponentially temperature dependent functions, For Cs;ZnBry,

the temperature dependences change drastically at about 330 K.
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Fig. 3. 20 Temperature dependences of central peak frequencies v in s NMR
spectra for Cs,ZnCly (@), Cs:ZnBry (A) and CsyZnly (M) with the B-KpSOs-type
structure, and Cs2Cdly (+) and CsaHgly (X} with the SryGeS4-type.
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Table 3. 5 Chemical shifts estimated from peak frequencies after corrections of the
anisolropy of chemical shifts in the central lines and the 2nd order perturbed shift

derived from eq. (3.6) in Cs;MX, compounds,

Compound  Peak Frequency Frequency Correction / Hz Chemical
/Hz ' Shift / ppm

Anisotropy of 2nd Order
Chemical Shift  Perturbed Shift

Cs2ZnCly 328 +140 +5 12
6131 -300 +7 148

Cs,ZnBry 1298 -300 +2 25
7441 ~400 +11 179

CsyZnly 1252 -300 +3 24

7618 + 60 +7 195

CsyCdly 5911 -300 (+5) 143

6918 +300 (+5) 183

CsHely 6890 + 0 (+5) 175

8993 + 0 (+3) 228
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Fig 3. 21 Temperature dependences of chemical shifts observed in 133Cs NMR spectra
for Cs,ZnCly (@), Cs2ZnBrg (A) and Cs;Znly (M) with the 3-K2804-type structure, and
Cs,Cdly (+) and Cs;Hgly (X) with the SroGeSs-type.
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The covalency A is estimated from the observed isotropic chemical shift and eqs. (3.11)-

(3.14) and the difference of the covalency derived from the crystal structure is discussed

below. The value of (1/ r’)aé‘ for the 5p-orbital in a Cs atom was given as 1.29 by

Barnes and Smith [29] but those of 5d- and 4f-orbitals have not been known. To
estimate the values of (1/ ;‘3>a§ for 5d- and 4f-orbitals, the radial functions R, (#) in

the Slater type orbital given by

RI"J (’,) - A”rn—le ey (3.]9)

are assumed, where A, is the normalization constant expressed by

* n+1/2
A, =[ZZ J [(2m!] ™, (3.20)

na,

and #, I, r, ag and Z* are the principal and the azimuthal quantum number, the Bohr
radivs and the effective nuclear charge. For the 6p-orbital, if (‘1 / :'3>a3 is equal to 1.29,
Z* takes 35.8. Since the effective nuclear charge taking into account the shielding by
inner orbitals is given by Z* = Z’- n [29], 36.8 and 37.8 were used as Z* for 5d- and 4f-
orbitals, respectively, Using eq.(3.19)-(3.20) and Z*, (l / r“)ag for 5d- and 4f-orbitals
were estimated to be 4.43 and 20.09,

The total degrees of cavalency in cesium halides CsCl, CsBr and Csl with the
CsCl structure are estimated by substituting chemical shifts reported by Gutowsky and
MxGarvey [65] and AE values calculated by the equation applied the Born-Mayer

repulsion effect to eq.(3.17) in eq. (3.11) and listed in Table 3. 6.
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Table 3. 6 The degrees of covalency A of Cs ions estimated from reported chemical
shifts [65], AE given by eqgs. (3.12)~(3.14) taking into account the Born-Mayer repulsion

potential, the reported value (1 /i )pag [29] and the calculated (1/ J'3>”ag in CsX

compounds with the CsCl structure [66].

Compound  o/fppm AE/eV (1/}*3)Pag (]JJ'3>da§ (1/;~3)ra3 Al %

CsCl 163 3.92 1.29 4.43 20.09 32
CsBr 208 8.36 1,29 4.43 20.09 39
Csl 252 7.56 1.29 4.43 20.09 42

The degree of covalency in these compounds calculated by Pauling’s [22] and
Sanderson’s [21] methods using the values of electronegativity are 26.6 % and 18.7 %
for CsCl, 33.2 % and 23.2 % for CsBr ,and 44.5 % and 31.3 % for Csl, respectively.
Degrees of covalency determined from NMR chemical shifts are consistent well with
these values calculated from negativities. Therefore, the method to estimate the
covalency discussed in the subéection 3.2.1 (b) is reasonable.

The total degrees of Cs covalency in CsyZnCls, CszZnBry and CsyZnly with the
B-K2804-type structure and the modification-Bs of Cs;Cdl; and Csolgls with the

SryGeSy-lype structure are estimated by eq. (3.11} and listed in Table 3. 7.
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Table 3.7 The degrees of Cs covalencies A estimated from chemical shifts, AE given

by eqs. (3.12)-(3.14) taking into account the Born-Mayer repulsion potential and the

reported values (1 /rt )pcrg [29], and the calculated (1 / 1'3>d faf,‘ in Cs3MX4 compounds.

Compound Structure o /ppm AE/eV A%
CsaZnCly B-KaS0Q4 12, 148 9.18 2,24
CszZnBiy B-K,S04 25,179 8.54 4,27

CsaZnly B-K280;4 24,195 7.66 3,26
Cs,Cdly SraGeSy 143, 183 7.44 19,26
CsyHgly SrGeSy 175, 228 7.47 23,32

Consequently, we can see that one of two crytallographically nonequivalent Cs ions in
Cs;MX; crystals with the p-K,;SOg4-type structures has covalencies lower than in the

other Cs ion of the B-KySOy-type and both ions of the Sr;GeS4-type structures.

3.9 Conclusion

133Cs NMR 7 observed in Cs3ZnCly, Cs:ZnBry, CspZnly with the B-KaSOu-
type structure and CsoCdly and Cs;Hgly of the modification-B crystals with the SrGeSy-
type increased with temperature decrease in the whole lemperature region studied.
Temperature dependences of 7y in the Sr,GeS;-type compounds were explained well by
the two-phonon Raman process caused by normal lattice vibrations. But temperature
dependences of T} in CsyZnCly and Cs;ZnBry were unexplainable by the simple

theoretical treatment of lattice mode. The deviations in the calculation from
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experimental data were getting large with decreasing temperature, In Cs,Znl,, influence
from the low-temperature N-IC phase transition seems to be contained additionally. This
is because the fluctuation of the electric field gradient relating to the relaxation is
increased upon cooling. This fluctuation increase of electric field gradient can be
explained by the increase of the degree of covalency in interionic bonds, which relates
the shortening of interionic distance., These speculations from their temperature
dependence consistent with results of thermal expansions of crystal lattice and imply
that lattice vibrations in the p-K;S504-type structure are more anharmonic than those in
the SroGeS4-type. It was shown from 3¢5 NMR chemical shift measurements that one
of two crytallographically nonequivaient Cs sites in Cs;MXy crystals with the B-K;SOq-
type structures has covalency lower than in the other Cs site of the 3-K,50,-type and
both sites of the Sr1GeS4-type structures. These differences between A and B derived
from crystal structures are considered to lead the appearance of the IC phase only in

Cs,MX4 compounds with the f-KSOs-type structure.
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