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Abstract 
X-ray diffraction and Raman spectroscopy experiments 
have been used to investigate different phases of 
CszHgBr4, dicesium mercury tetrabromide, from room 
temperature to 213 K. Structural analyses have shown 
that the crystal could be described, in the normal and in 
the incommensurate phases, both by ordered and 
disordered models, but the latter gave more consistent 
results. Raman results corroborate the descriptions 
based on X-ray analysis; the presence of an extra peak, 
which according to group theory should be forbidden in 
an ordered structure, indicates the lack of local 
symmetry and was associated with an orientational 
disorder of [HgBr4] 2- tetrahedra. In the transition from 
the incommensurate to the commensurate phase a 
multi-soliton behavior was observed. The CszHgBr4 
crystal in the low-temperature commensurate phase is 
composed of two types of ordered pseudomerohedral 
twinned domains. 

1. Introduction 
The compounds classified in the well known A2BX4 
family are generally considered as candidates to present 
modulated structures in their phase-transition 
sequence. Some ot-K2SO4-related crystals have been 
shown to present disordered structures with the X 
atoms occupying two very close positions (Aleksandrov, 
1993). Among those exhibiting modulated phases two 
compounds, Cs2CdBr4 and Cs2HgBr4, are special; their 
phase transition from the incommensurate to the 
commensurate phase occurs .at q = 0, i.e. without the 
appearance of a superstructure (Altermatt et al., 1979) 

CszCdBr4 crystals present four different phases on 
cooling from room temperature 
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The structural phase transformations were character- 
ized by changes in the orientation of the [CdBr4] 2- 
tetrahedra. In general, no significant modifications in 
the internal structure of the tetrahedron could be noted 
in all phases. The Cs2CdBr4 room-temperature (RT) 
structure is isomorphous to fl-K2SO 4 (space group 
Pnma): Cd, both Cs and two Br atoms are in the .m. 
mirror plane and the other two Br atoms are related to 
one another by this symmetry element. A projection 
along the a axis makes evident a pseudohexagonal 
aspect of the structure. In the RT phase the existence of 
static disorder was excluded by the unique NQR signal 
(Altermatt et al., 1984). Between 252 and 237 K weak 
satellite reflections were observed and this phase (INC) 
could be well described as incommensurate in the 
Pnma(iss)  space group (Speziali & Chapuis, 1989). The 
INC structure is described by a rotation wave of the 
[CdBr4] 2- tetrahedra around the a axis with an arnpli- 
tude of almost 7 °. After the INC --~ LTa phase transi- 
tion the crystal structure is described in the P21/n space 
group with two pseudomerohedral twinned domains. In 
each domain the [CdBr4] 2- tetrahedra are simulta- 
neously rotated by "-7 ° around the a axis with a slight 
displacement in the b direction. 

Phase transitions in Cs2HgBr4 were first observed by 
Semin et al. (1978), using NQR experiments. 

According to Altermatt et al. (1984) CszHgBr4 
presents a phase-transformation sequence similar to 
that presented by Cs2CdBr4 with an extra phase tran- 
sition, leading to one more low-temperature phase 
(LT3). 

So far, no reference to structural disorder in 
Cs2HgBr4 and Cs2CdBrg crystals have been made. 
Pakhomov et al. (1978) refined the RT phase of 
Cs2HrBr4 in the Pnma space group and found a large 
distortion in the [HgBr4] 2- ion. 
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Table 1. Cs2HgBr 4 crystal data and data collection parameters in the different phases studied 

Crystal data 
Chemical formula 
Mr 

Cell setting 
Space group 
a (A) 
b (A) 
c (A) 

(o 2 
V (A 3) 
Z 
Dx (Mg m -3) 
Radiation type 

(£ )  

No. of reflections for cell measurement 
20 range (o) 
Crystal shape, color 
Crystal size, radius (mm) 
tz (ram-') 
Measurement temperature (K) 

Data collection 
Diffractometer type 
Data collection method 
Absorption correction type 

max 

~ n  
No. of reflections measured 
No. of independent reflections 
No. of observed reflections [I > 3tr(/)] 
Rim 
Maximum value of 0 (o) 
Range of h, k, l 

No. of standard reflections 

Cs2HgBr4 
786.02 

Phase I (RT) Phase II (INCav) Phase III (LTI) 
Orthorhombic Orthorhombic Orthorhombic Monoclinic 
Pn21a Pnma Pnma P21/n 
10.243 (2) 10.270 (2) 10.240 (1) 10.231 (1) 
7.923 (1) 7.946 (1) 7.900 (1) 7.873 (1) 
13.890 (2) 13.935 (2) 13.888 (1) 13.906 (1) 

90.000 (7) 
1127.2 (3) 1137.1 (3) 1123.5 (3) 1120.1 (2) 
4 4 4 4 
4.630 4.590 4.645 4.660 
Mo Kt~ Ag Ka Ag Ktr Ag Ka 
0.7107 0.5608 0.5608 0.5608 
40 55 50 65 
10-20 15-30 15-30 15-30 

Spherical, transparent 
0.14 (1) 0.065 (5) 0.065 (5) 0.065 (5) 
34.12 18.22 19.07 18,50 
295 295 230 213 

Siemens P4 
0/20 

Spherical 
Phase I (RT) Phase II (INCav) Phase III (LT1) 

0.024 0.184 0.180 0.180 
0.0072 0.170 0.165 0.166 
1548 4053 849 1250 
1419 1604 775 1250 
1320 768 726 1223 
0.033 0.055 -- - 
25 22.5 22.5 22.5 
-12  -+ h -+ 13 - 9  -+ h --~ 14 0 -+ h -+ 13 0 --+ h --+ 13 
-10---~k----~ 13 0---~k---~ 10 0---~k---~ 10 0---~k----~9 
- 1 8 ~  l ~  18 -18- -~  I ~  18 0- -~  l ~  18 - 1 7 ~  I ~  18 
3 3 3 3 

In the present work Cs2HgBr4 was systematically 
studied in three different phases using X-ray diffraction. 
A number of samples have been used in different data 
collections employing Ag Koe, Mo Koe and Cu Koe 
radiation. DSC (differential scanning calorimetry) 
measurements were used to identify the phase-transi- 
tion temperatures. The RT phase was exhaustively 
investigated and structural descriptions based on 
ordered, disordered and anharmonic vibration models 
in Prima and Pn2aa have been tried. The average 
structure of the INC phase was investigated in a similar 
way to that used in the RT phase and the temperature 
dependence of the modulation vector could be 
observed. 

2. Experimental 

The first attempts to study the Cs2HgBr4 structures in 
different phases considered the total similarity between 
this compound and CszCdBr4, and the same crystal- 
lographic structures in the phase transformation were 
assumed for both. Single crystals of Cs2HgBr4 were 
grown from the melt using the Bridgman technique. 

The phase-transition temperatures were confirmed by 
DSC experiments using single crystals and powder 
samples; a small hysteresis was verified in T2 [7"2 = 
232.1 (2) K on cooling and 7"2 = 234.4 (2) K on heating]. 

Different CsEHgBr4 spherical samples with radii 
0.065 (5) and 0.14 (1) mm were prepared for all the X- 
ray experiments. Diffraction measurements were 
performed on a four-circle diffractometer (Siemens P4) 
with graphite-monochromated radiation. Data collec- 
tions were performed using XSCANS (Fait, 1991) 
software, employing intensity-dependent scan speeds in 
the 0-20 scan mode. In order to investigate the crystal 
structure at different low temperatures, samples were 
cooled by a stream of nitrogen gas; the temperature 
stability was better than 0.5 K. In the RT phase data 
collection was performed at 295 (2) K, in the INC phase 
at 238.0 (5) K and in the LTa phase at 213.0 (5) K. The 
lattice parameters in all measurements were determined 
by a least-squares fit of 40 or more reflections 
(depending on the phase) in the range 0.233 _< sin0/,k _< 
0.462. 

Different X-ray radiation was used in the diffraction 
measurements. For structural studies of all the phases 
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Table 2. Correlation diagram for the internal modes of  Cs2HgBr4 in the RT  phase 

Molecule point group Site group (or - m) Crystal point group 
(Ta43m) ( D2hmmm ) 

AI(Vl) ~ A ' ~ _ _ _ _ . . . . . . _  Alg (x2, y2, z 2) 
~ / /  ~ ~  B,g (xy) 

E ( v , ) < . ~ /  / \ ~ ~ 8 ~  (xz) 
/ ~ ~ B ~  (yz) 

vl, 2vs, v2, 2v4 
v3, v2, v4 
vl, 2v3, v2, 2v4 
v3, v2, v4 
Y3, P2, I)4 
Pl, 2v3, v2, ~4 
I)3, I)2, I)4 
vl, 2v3, v2, 2v4 

(RT, INC and LT1) Ag Ka  radiation was employed in 
order to minimize the absorption effects (#Ag K,~ --~ 
19 mm-1). In order to analyze the anomalous scattering 
effect in the RT phase, and consequently the existence 
of a symmetry center in the structure, 774 Friedel pairs 
[I > 3o-(/)] were collected using Mo Kct radiation 
( # M o  Ka' "~ 35 mm-1). Owing to the small value of q 
('-~0.17a*) Cu Ka  radiation (#cu K~, --~ 93 mm -1) was 
used in the study of the satellite reflection behavior 
between T1 and T2. 

Data reduction was performed using DA TARED and 
structure refinements were performed using REFINE, 
both programs from the JANA96 Crystallographic 
Computing System (Petricek & Dusek, 1996). A sphe- 
rical absorption correction, according to the wavelength 
used in the different measurements, was applied to all 
the data. The functional wR~f was refined in the full- 
matrix mode. Ordered and disordered models have 
been refined in all the phases. Harmonic and anhar- 
monic atomic displacement refinements were also 
performed. 

Table 1 shows a summary of crystal data and data 
collection parameters in RT, INC and LT1 phases. 

3. Results 

3.1. RT and INCav structures 

Results found in the literature consider Cs2HgBr4 as 
isomorphous to Cs2CdBr4 with Pnma symmetry at room 
temperature. Group-theory analysis shows that these 
compounds present 81 optical modes in this phase, from 
which 60 are internal and 30 are active in Raman. Table 
2 shows a diagram which correlates the 43m (Td) point 
group of the free [HgBr4] z- ion, the site group m(Cs) 
and the factor group mmm(D2h) of the crystal. The 
number and assignment of the internal modes asso- 
ciated with each irreducible representation of the 
mmm(D2h) point group is given in the right-hand side 
of this table. In an ordered structure the v~ breathing 
mode of B~g and B3g representations would not be 
observed in a (xy) scattering geometry and only one 
stretching mode (v3) could be present, owing to the fact 

t ~R = ~ ~l& - F f ~  ~.,F~o. 

that the [HgBr4] 2- ion is placed in sites with .m. 
symmetry (Dmitriev et al., 1989). In CszHgBr4 crystals 
the internal stretching mode should be observed in the 
130-230cm -1 interval. Nevertheless, Raman experi- 
ments have shown an unexpected result: two peaks with 
practically the same intensity are observed in this 
interval for Big and B3g symmetries (Fig. 1). One of the 
peaks is associated with v3 (162 cm -1) and the extra one 
is associated with the vl mode (179 cm-1). This result 
violates the previous group-theory analysis. It could be 
stated that there is a local symmetry break related to an 
orientational disorder of [HgBr4] 2- tetrahedra. The 
complete Raman analysis has been reported by J6rio et 
al. (1998). 

In order to decide which structure, in agreement with 
Raman results, better describes Cs2HgBr4 crystals, 
different models were considered in the X-ray 
measurements refinements: a disordered structure 
described in the space group Pnma (Pnmades), an 
ordered structure described in the space group Pn2~a 
(Pn21aord) and a disordered structure described in space 
group Pn21a (Pn21ades). In the Pnmades model the two  

Br atoms, which in an ordered model should be placed 
on the .m. mirror plane, are assumed to be out of the 
plane; the other two Br atoms in the Br 4 tetrahedron 

. , , ~ "  , - - ' - r - , - - - - ~  

130 180 230 

Frequency (cm- 1) 

Fig. 1. Raman spectrum obtained for the x(yz)g configuration in the 
range of internal modes in the RT (290 K) phase: the presence of 
the peak at 179cm -~, Vl mode, violates the group-theory 
prediction. 
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Table 3. Results obtained in Cs2HgBr4 structure refinements 

Pn2~ao~d and Pnmao~d refinements in the RT phase are presented for the sake of comparison. All the refinements used data collected with 
Ag Kc~ radiation. 

Data collection 
Phase I (RT, 295 K) Phase II (INCa,~ 235 K) Phase III (LT, 213 K) 

Pn21aord Pnmao~d Pnmad~ Pnmad~.~ P211no~,~ 
Use of F F F F F 
R 0.0414 0.0454 0.0410 0.0413 0.0363 
wR 0.0347 0.0376 0.0333 0.0490 0.0411 
S 1.14 1.31 1.13 1.60 1.42 
Reflections used in refinement 1604 1604 1604 775 1223 
No. of parameters refined 65 41 56 56 67 
Weighting scheme lla(F) lhr(F) lkr(F) l/or(F) I/a(F) 
Maximum A/e.s.d. 0.0111 0.0005 0.0005 0.0001 0.0002 
Apmax 3.3 3.3 3.3 7.7 8.7 
Ap~, -4.7 -3.9 -3.9 -7.1 -8.2 
Extinction correction type II 0.55 (5) 0.67 (5) 0.63 (5) 0.53 (5) 0.39 (6) 
X parameter or twin volume ratio 0.5 (2) -- -- -- 0.41 (4) 
Atomic scattering factors International Tables For Crystallography (1992, Vol. C) 
Computer programs used JANA96 (Petricek & Dusek, 1996) 

are no longer related by this symmetry  element.  As a 
consequence,  a second te t rahedron is generated and the 
occupation parameter  for these atoms had to be 
considered as ½. In the Pn21aaes model two Br tetra- 
hedra were refined independent ly;  refinement of occu- 

1 pat ion parameters  for Br atoms converged to almost 3" 
At tempts  to split Cs and Hg positions did not converge 
and, for this reason, in all the disordered models these 
atoms were kept  on the mirror  plane. 

The first structural studies were developed using 
large data sets collected with Ag Kc~ radiation, 
containing few Friedel pairs. All the refinements 
considering the previously stated models clearly indi- 
cated that the crystal has a disordered structure in RT 
and INC phases. However,  no relevant differences 
could be found between the results in noncentrosym- 
metric and centrosymmetr ic  space groups, mainly if one 
considers that the increase in the number  of refined 
parameters  generally improves the agreement  para- 
meters. 

Structure refinements of the Pn2taora model using 
the set of Friedel pairs measured with Mo Kc~, without 
averaging I(h) and I(h),  have shown that two sets of 
atomic positions related by .m. give the same results for 
the agreement  parameters.  The ref inement  of the Flack 
parameter  (Flack, 1983) for the set of Friedel pairs, 
measured with Mo Kot, converged to x = 0.46 (4), 
indicating that in the noncent rosymmetr ic  model,  x 
moved close to i to eliminate the calculated differences 
between l(h)  and I(h). The parameters  obtained for the 
refinements of the Friedel pairs measured with Mo Kot, 
using the Pnmaaes model (R = 0.0366, wR = 0.0504 and 
S = 2.25), are bet ter  than those found using the Pn21ades 
model (R = 0.0428, wR = 0.0540 and S -- 1.76), even 
though the total number  of parameters  increases from 
56 to 100. This set of results leads to the conclusion that 
the disordered Pnma space group is indeed the most 

accurate to describe the macroscopic symmetry  of the 
crystal. 

Raman  spectroscopy experiments  performed in the 
INC phase gave approximately the same results as 
those obtained in the RT phase. As a consequence,  a 
similar strategy was used in the study of the RT phase 
and in the study of the average structure of the 
incommensurate  phase (INCa,,). The parameters  
obtained in the refinements of the Ag Kc~ data are listed 
in Table 3; refinements performed in Pn21aord and 
Pnmaord models in the RT phase are shown for the sake 
of comparison. The atomic coordinates and Ueq para- 
meters are listed in Table 4.t  The atomic ar rangement  
in the RT phase can be seen in Fig. 2 (Burnet t  & 
Johnson,  1996; ORTEPIII),  with the structure in the 
INCav phase being very similar. The distance between 
similar Br atoms in two related te t rahedra  lies in the 
range 0.2-0.5 A. 

3.2. Modulated phase characterization 

The existence of a modulat ion between 245 and 
233 K was evidenced by the presence of many weak 
satellite reflections at H -- (h + q ) a * .  kb * + lc*. Owing 
to the low intensity of the satellites only very few of 
them could be centered by the usual processes, giving 
q ~" 0.16. In order  to optimize the value of q an alter- 
native process was employed.  For each tempera ture  the 
lattice parameters  were determined as described in §2. 
After  this, slow o~ scans around ! t  = ( h .  0.16 + g,)a* + 
kb* ÷ lc*, with different values of gi, were pc.rformed 
and the center  0, of each profile was determined by a 
least-squares fit using Voigt curves. The average value 
of 0 was used to calculate the value of q with ]It] 2 = 

t Lists of anisotropic displacement parameters and structure factors 
have been deposited with the IUCr (Reference: SH0100). Copies may 
be obtained through The Managing Editor, International Union of 
Crystallography, 5 Abbey Square, Chester CH1 2HU, England. 
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Table 4. Fractional atomic coordinates (f~) and equivalent isotropic displacement parameters (.~2) in the different 
phases o f  Cs2HgBr4 

The results concern the measurements performed using Ag Ka ( ~ ' A g  K s  = 0.5609,~); p represents occupation parameter and 
U~q = (1/3) ~i ES UiSaialaiai • 

p x y z Ueq 

RT phase, Pnmades (295 K) 
Hg 1.0 0.2215 (1) 1/4 0.4235 (0) 0.0529 (2) 
Csl 1.0 0.1207 (1) 1/4 0.099 (1) 0.1015 (6) 
Cs2 1.0 -0.0173 (1) 1/4 0.6723 (1) 0.0619 (4) 
Brl 1/2 -0.0263 (2) 0.2245 (23) 0.4096 (1) 0.0883 (34) 
Br2 1/2 0.3212 (2) 0.2387 (21) 0.5933 (1) 0.0979 (16) 
Br3 1/2 0.3296 (13) 0.5217 (20) 0.3537 (12) 0.0813 (25) 
Br4 1/2 0.3098 (15) 0.4967 (23) 0.3263 (13) 0.1121 (46) 
INCav phase, Pnrnades (235 K) 
Hg 1/2 0.2210 (1) 1/4 0.4236 (1) 0.0421 (3) 
Csl 1/2 0.1194 (2) 1/4 0.0993 (2) 0.0853 (10) 
Cs2 1/2 -0.0167 (1) 1/4 0.6720 (1) 0.0499 (6) 
Brl 1/2 -0.0266 (3) 0.2246 (43) 0.4097 (3) 0.0672 (61) 
Br2 1/2 0.3221 (3) 0.2439 (29) 0.5938 (2) 0.0906 (21) 
Br3 1/2 0.3292 (17) 0.5272 (25) 0.3577 (12) 0.0736 (41) 
Br4 1/2 0.3111 (19) 0.4943 (24) 0.3226 (12) 0.0871 (53) 
LT1 phase, P21/n (213 K) 
Hg 1.0 0.2210 (1) 0.2473 (2) 0.4245 (1) 0.0394 (2) 
Csl 1.0 0.1186 (1) 0.2584 (4) 0.1020 (1) 0.0790 (7) 
Cs2 1.0 -0.0159 (1) 0.2597 (3) 0.6718 (1) 0.0450 (4) 
Brl 1.0 -0.0278 (2) 0.2550 (6) 0.4103 (2) 0.0737 (10) 
Br2 1.0 0.3242 (2) 0.2858 (5) 0.5930 (2) 0.0609 (11) 
Br3 1.0 0.3246 (4) -0.0333 (4) 0.3616 (3) 0.0689 (11) 
Br4 1.0 0.3143 (4) 0.4890 (4) 0.3183 (3) 0.0768 (13) 

[2sin 0/Z] 2 = (h + q)2a2* + k2b 2. + /2e2". This p r o c e d u r e  

was r e p e a t e d  for d i f fe ren t  ref lect ions  in o rde r  to ob ta in  
the  r ep re sen t a t i ve  average  value of  q for that  
t empera tu re .  In spite of  the  e x p e r i m e n t a l  difficulties of  
this m e t h o d  and  the  large uncer t a in ty  in the  individual  
values, a d e p e n d e n c e  of  q with t e m p e r a t u r e  [q = q(T)]  
could  be reg i s te red  (Fig. 3). 

3.3. L TI structure and INC ++ L TI phase transition 

The  LT1 phase  is o b s e r v e d  be low T = 233.7 K for 
Cs2HgBr4. A l t h o u g h  the  latt ice p a r a m e t e r s  wou ld  
indica te  an o r t h o r h o m b i c  s y m m e t r y  for this phase,  the  
o b s e r v e d  ex t inc t ion  rules did  no t  r easonab ly  satisfy any 

-~,,~i-,,'-_--'t r%-'~----~,O'kJ t . ) w ~ ! . ~ ' l  

<c. 

O s, 0 

Fig. 2. Cs2HgBr4 disordered structure in the RT (295 K) phase, 
projected along the a axis. 

Br4 

Br2 j , ~  
Cs2 0 [ ,~'-'-.~X)"Br 1 

~"Hg "~5l~ 
Br3 

o r t h o r h o m b i c  space group;  however ,  they  satisfy the  
monoc l in ic  P2a/n space group.  St ructure  r e f inemen t s  of  
this phase  using d i f fe ren t  d i s o r d e r e d  m o d e l s  failed. The  
best  r e f inemen t s  were  o b t a i n e d  using an o r d e r e d  m o d e l  
in which the  s t ruc ture  was desc r ibed  by two monoc l in ic  
p s e u d o m e r o h e d r a l l y  tw inned  domains ,  with a twin 
v o l u m e  rat io of  "~½. The  a g r e e m e n t  p a r a m e t e r s  of  the  
r e f inemen t s  are  p r e s e n t e d  in Table 3. A t o m i c  para-  
me te r s  for the  LTa phase  ref ined in the  P2fln space 

O.20 - 

0.19 

0.18 

0.17 

0.16 

0.15 

0.14 

0.13 

11.12 

(1.11 
232 

• Values obtained by curve fitting 
t, Values obtained by conventional centering methods 

i i i i | i 

234 236 238 240 242 244 
Temperaturc (K) 

Fig. 3. Temperature dependence of the modulation vector. Values 
obtained by both the usual and alternative centering processes are 
indicated. The large uncertainty is due to the very low intensities of 
the satellite reflections. 
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group are listed in Table 4 and the atomic arrangement 
in the unit cell can be seen in Fig. 4. 

The study of the behavior of some reflection inten- 
sities evidenced phase coexistence in the neighborhood 
of the INC ++ LT~ phase-transition temperature, 229 < 
T < 232 K. Fig. 5 shows the intensities of some main 
and satellite reflections near the 'lock-in' phase transi- 
tion; it can be seen that while the main 120 and 160 
reflection intensity increases, the satellite 32111, 1601 
and 1201 intensity decreases, but only becomes zero 
below 229 K. It should be noted that both 160 and 120 
main reflections are forbidden in the INC phase 
according to its space-group symmetry. 

4. Conclusions 

The phase-transition sequence of Cs2HgBr4 has been 
confirmed by DSC experiments using both powder and 
single crystals, and the temperature values for each 
transition agree with the literature. Raman spectro- 
scopy experiments evidenced the existence of disorder 
in CsEHgBr4 crystals: an extra line corresponding to the 
va breathing mode of the [HgBr4] 2- tetrahedron was 

Cs2 @ % 2 ~ ' B r  3 <~Cs,  

Fig. 4. Cs2HgBr4 structure in the LT1 (213 K) phase, projected along 
the a axis. 

20 :)" ', "", 

,i "% 

l0 ..\0'/ ¢ "  ...... "'~ .... ~r -~ ... (1201) ........ t * 
"~ (1, J~;\.' .. A "~--_.t~ ......... 

-= 5 ~ i6d) - >:~,:..~ 

0 

• • • t • i • . 

228 230 232 234 236 238 240 242 2~14 2'~6 
Temperature (K) 

Fig. 5. The intensity behavior of satellite and main reflections as a 
function of temperature, near the INC ++ LT~ phase transition, 
during the cooling process. The intensities were calculated by 
adjusting the profiles using Voigt curves. 

observed, but it should be absent if the structure was 
perfectly ordered. It might be emphasized here that 
disordered structures have been reported for several 
A2BX4 crystals, where each X atom can statistically 
occupy two distinct positions (Aleksandrov, 1993) and 
the degree of disorder is different for different 
compounds; in general, Fourier synthesis can not show 
a split in the X positions. 

Generally, large atomic displacement parameters 
verified in refinements could be interpreted under 
considerations of disorder and/or thermal anharmoni- 
city. In the present work no significant improvement 
was observed when anharmonic refinements, B + F and 
B + F + A, were compared with harmonic ones, only B, 
despite the increase in the total number of refined 
parameters (B, F and A represent the second, third and 
fourth rank displacement tensors, respectively). More- 
over, the Fourier synthesis has shown atomic position 
splitting, even considering anharmonicity effects. By 
previous considerations it could be stated that only 
thermal effects did not justify some of the large atomic 
displacement parameters found in the refinements. 

Statistical parameters obtained in different refine- 
ments of Cs2HgBr4 structures indicate the disordered 
model in the space group P n m a  as more convenient to 
describe the RT and INCa,, structures. The transition 
from the INC to the LT1 phase occurs with a phase 
coexistence in a temperature interval of almost 4 °. 
Raman experiments have shown that the disorder 
decreases with temperature, but only vanishes near T-- 
100 K, i.e. in the LTa --+ LT2 phase transition. The 
structure of the LT1 phase is satisfactorily described in 
the space group P2a/n with two ordered twinned 
domains. 

The main driving forces for the phase transitions in 
Cs2YBr4, Y = Hg and Cd, are the Cs ~ Br attraction 
and the Br +-~ Br repulsion. In both compounds the 
phase transformations are described by a rotation wave 
t h r o u g h  YBr4  tetrahedra, which changes the environ- 
ment of the Cs atoms (Altermatt et al., 1984; Speziali & 
Chapuis, 1989). The cavities around the two Cs posi- 
tions have different sizes, as can be seen by the large 
difference in the Ueq values of the Cs atoms. 11 Br 
atoms define the larger cavity around Csl and the 
smaller one around Cs2 is defined by nine of them. 
Considering that only Br atoms are affected by the 
disorder, the large difference in the Ueq parameters for 
Csl and Cs2 indicates that the Cs ÷ ++ [HgBr4] 2- 
interaction is different for each Cs atom. This difference 
would modify the electric potential, allowing the 
bromide tetrahedron to choose two or more orienta- 
tions in the structure, which gives rise to the disorder 
verified in RT and INC phases. In the LT1 phase the 
difference between the Cs2 ÷ and Csl + interaction with 
the [HgBr4] 2- tetrahedron is very small and the split in 
the Br positions is not large enough to be solved by X- 
ray refinements. 
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The appearance of the main reflection in the INC 
phase characterizes a transition through the multi- 
soliton limit. In other words, throughout the phase 
coexistence region, parts of the crystal change from the 
INC phase to commensurate. Once the LT1 commen- 
surate phase is twinned, it can be stated that in the 
coexistence temperature range the [HgBr4] 2- tetra- 
hedron chooses one of the two extreme modulated 
configurations with q(T) suddenly jumping from q(T) = 
0.168a* to q(T) = 0. 

According to all the results presented here the phase- 
transition sequence for Cs2HgBr4 would be summarized 
as follows 
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