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Abstract. Far-infrared reflectivity measurements of,CslBrs crystal were performed over the
frequency region 15-600 cm and temperature region 10-297 K. All transverse lattice modes have
frequencies below 230 cm because of the heavy atoms in thexCdBr4 crystal. A sequence

of phase transitions can be identified on the basis of the activation of new modes below the phase
transition temperatures due to the lowering of the crystal symmetry on cooling. Factor-group
analysis was carried out and selection rules found for the infrared activity of phonon modes in the
incommensurate and commensurate phases, and the results were compared with the experimental
data.

1. Introduction

CsCdBry crystal belongs to the rich group of well knownBX4-type crystals. Due to the
sequence of various phase transitions that they exhibit, {B&Acrystals have become viewed
as almost model crystals for the investigation of structural phase transitions. A particular
peculiarity of these crystals is the existence of an incommensurate (IC) phase between 237 and
208 K.

At room temperature, GEdBI, is isomorphous t@-K,S0O, crystal (space groupnma,
Z = 4[1]). Upon cooling it undergoes several successive phase transitions. Summarizing the
published data concerning x-ray investigations of @Bt structure [1, 3—6] ané'Br NQR
studies [2, 3, 7], one can identify the sequence of phase transitions shown as table 1.

Table 1. The sequence of phase transitions.

| 11 (IC) I v \Y VI

Poma pJima P2/nll P2/nll ri Pl

Z=4 ki ~0.15 Z=4 orPl,Z=4 Z=4 Z=8
Ty = 252K T, = 237K T3 = 208 K T; =156 K Ts = 130 K

The temperatures;, T, and T, of the phase transitions were observed by means of NQR
studies [2, 3, 7]. Another phase transitiorifatwas found from dielectric measurements [4].
The observation of a new phase transition temperatufg\aas reported later on the basis of
an x-ray study [6].
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Figure 1. FIR reflectivity spectra of G&dBI, at different temperatures for (&) || , (0) E || y
and (C)E | =z polarizations. The increase at the low-frequency end in some cases is an artefact
caused by the partial transparency of the sample.

Condensation of &, soft mode at the poirk; ~ 0.15a* of the Brillouin zone leads to an
IC (II) phase with theP{;";'“ symmetry (superspace-group notation) [3]. Usitgr NQR [2]
and x-ray [5] investigations, it was shown that the soft-mode condensation causes a rotation by
7-8 around thez-axis and a slight displacement in thelirection of all CdBﬁ‘ tetrahedra.

From the optical observation of the effect of external stress on the domain structure, it was
concluded that both the phases lll and IV are ferroelastic [4]. The space @2ymll

was proposed in references [2, 3, 5] for phases Ill and IV,flusymmetry was established

for phase IV in reference [4]. The space groBf was also proposed for the phase below
156 K [5] on the basis of x-ray measurements. But in a more recent x-ray study [B[lthe
symmetry was confirmed only for phase VI below 130 K, while the symmetry of phase V was
not established.

Although the acoustic properties and optical birefringence were studied in detail as
functions of temperature and hydrostatic pressure [8, 9], and recently the temperature
dependences of Raman [10, 11] and Brillouin [9] spectra were reported, infrared (IR) data
and other lattice dynamics studies are lacking fos@iBr,.

We set out to perform a complex study of the lattice dynamics ofC@Br,; crystal
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Figure 1. (Continued)

comprising experimental far-infrared (FIR) investigations over a wide temperature range and
numerical simulation of lattice dynamics. In this paper we present the experimental results,
their evaluation and a comparison with factor-group analysis. The data obtained will be used
for lattice dynamics modelling in the following paper (paper II).

2. Experimental procedure

CsCdBry crystal was grown from the melt by the Czochralski method. The crystallographic
axes were determined by x-ray diffraction. An easy cleavage was observed along the plane
perpendicular to the-axis. Plane-parallel samples of (010) and (001) orientation of typical
size 9x 7 x 1 mn? were cut and polished. Owing to sample cracking on polishing, we were
unable to prepare samples thinner than 1 mm. Therefore we were unable to investigate the
transmission spectra.

Near-normal polarized FIR reflectivity measurements (17-600'fwere performed
using a Fourier transform interferometer, Bruker IFS 113v, at temperatures of 10-297 K. A
liquid-helium-cooled Si bolometer operating at 1.5 K was used as a detector.
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Figure 1. (Continued)

3. Results and evaluation

The FIR reflectivity spectra taken at various temperatures in the region 10—297 K for all three
polarizations,E || x, y, z, are shown in figure 1. The reflectivity speciRéw) were fitted

with the well known formula [12]
Vet (w) — 1
Jer(w) +1
where the generalized four-parameter damped oscillator model [12] was used for the complex
dielectric function:

2

)

R(w) = ‘

2 2.
jo % T 1Yjow

Q
() = ') +ie" (@) = £ [ | Q2 @
j

— 2+ v :
o T @ Y jro@

Heree,, denotes the high-frequency optical permittivi§y;to, 2.0 are eigenfrequencies
and2;1o, ;L0 damping constants of the transverse (TO) and longitudinal (it@)mode,
respectively. This model is adequate for the description of overlapping and interacting modes
with asymmetric phonon absorption line shapes. This situation may occur in the case of
CsCdBry crystal owing to the overlap of the regions of external lattice vibrations 6fa@d
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Table 2. Frequencies of the observed IR modes at 297 K (phase I) and 10 K (phase V1), and their
symmetries. The letters vw, w, m, s and vs in parentheses indicate very weak, weak, medium,
strong and very strong IR strength, respectively. The symmetry species are related to the phases |
and VI at 297 and 10 K, respectively (see table 5, later).

E|x E|y E|z
10K 297K 10K 297K 10K 297K
Au B3u Au BZu Au Blu
25(w) — 18(w) — 20(m) —
32(w) 32(w) 20(w) — 22(vw) —
35(vw) — 26(m) — 30(s) 32(s)
44(m) 43(w) 30(vs) 32(s) 49(m) 44(m)
47(vw) — 37(w) — 54(m) —
51(m) 49(m) 39(m) — 61(m) 58(m)
57(vw) — 49(s) 49(s) 65(w) 64(s)
62(m) — 53(s) — 69(s) —
67(s) 65(s) 63(m) 61(w) 72(vs) 71(s)
79(s) 75(w) 66(vw) — 80(s) —
82(s) — 68(vs) — 159(w) —
86(vs) 85(vs) 74(vs) 71(s) 172(m) 173(w)
182(m) — 85(m) — 174(vw) —
191(s) 191(s) 94(w) — 180(m) —
202(s) 198(w)  182(s) — 187(vs) 184(vs)
186(vs) 183(s) 196(vw) —
196(m) — 200(w) 200(vw)
203(m) — 203(vw) —
207(vw) — 227(m) —

Table 3. Compatibility relations among the irreducible representations along the main directions
of the Brillouin zone in thePnma (D3f) phase (0< u1, po, us < 1/2).

r = X r A Y r A Z
(k=0) (k=pa*) (k=3a") (k=0 (k=ub") (k=3b") (k=0 (k=pnc") (k= 3c)
13Ag 13A4 13Ag
26X, 21A1 26A1
13Bgy 8By 13Byy
52X1 42Yq 527
13Byg 8Bi1g 13Byg
26%3 21A4 26A 4
13Byy 13Bgy 13Bgy
8B3g 13Byg 8B1g
162, 21A5 16A»
8Ay 8Ay 8A,
32X, 42Y>, 322,
8B1g 8Bsyg 8Bsg
1634 21A3 16A3
8B2y 13Buy 8B2u

(CdBr)?~ ions and internal vibrations of (CdBf~ groups. Furthermore, the values of the
LO mode frequencies can be obtained from this model immediately.

The temperature dependences of TO mode frequencies for different symmetries evaluated
from the FIR reflectivity spectra are presented in figure 2. These frequencies roughly
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Figure 2. Temperature dependences of TO phonon frequencies calculated from the fifs tb ¢q)
(b) E || y and (C)E || z FIR reflectivity spectra.

correspond to frequencies of maxima in dielectric loss spectta,), which were calculated

from the fit to the reflectivity spectra shown in figure 1 and are depicted in figure 3. The values
of the TO frequencies obtained for marginal temperatures (room temperature and 10 K), and
their classification is shown in table 2.

4. Discussion

According to the factor-group analysis, in the high-temperature phase | [11] the 84 vibrational
modes of CgCdBry crystal at the Brillouin zone centre are classified in terms of irreducible
representations as follows:

() = 13Ag + 8Byg + 13Byg + 8Bsg + 8A, + 13By, + 8By, + 13Bs, ©)

including the 1B, + 1By, + 1Bg, acoustic modes. The rest of thg BB, and B, modes

are IR active, while all modes with gerade (g) symmetry are Raman active. The modes of
A, symmetry are silent in Raman and IR spectra in this phase. All of the mode activities are
summarized in table 3.

For the mode classification (3), we have taken into account external and internal vibrations
together, because all of the observed modes lie in the low-frequency region below 230 cm
due to the large mass of structural units of this crystal. According to references[11, 13-15], the
CdBlﬁ‘ groups have very low-frequency bending vibrations in the regions 49-53(#®) and
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Figure 2. (Continued)

61-75 cnT! (v4) and stretching vibrations in the regions 161-166 €(n;) and 177-181 cmt
(v3). Analogously to the case for other representatives of &4 family (e.g. CsHgCly),
we can suppose that the external lattice vibrations e©@Br; crystal lie below 90 cm?. This
implies that in the region of 50-90 crhthe external and internal bending vibrations are mixed
together and most probably overlapped. Due to this, the number of observed lines is much
smaller than theoretically predicted. As one can see from figures 1 and 2, the IR spectra for all
polarizations are localized in two separate parts. In the low-frequency part below 90itm
seems to us, there are external and internal (bending) vibrations and in the high-frequency part
(between 170 and 230 cr) strong pure internal (stretching) vibrations of C@Bgroups are
observed.

As one can see from figures 1 and 2, no new modes are observed in FIR speEtiafor
andE || z polarizations in the IC phase beldly = 253 K. Only one weak mode appears, at
43 cnT?, in the E || y spectrum of the IC phase. This mode is activated from the Brillouin
zone centre (th& point) because it remains active in the FIR spectra also in non-modulated
phases at lower temperatures. The mode is probably IR active already in phase |, and it appears
in the spectra of the IC phase only due to lower phonon damping at low temperatures.

It is known [16] that the condensation of a soft mode at some intermediate point of the
Brillouin zone with an irrational valug; of the wave vector, leading to a phase transition into
the modulated phase, induces the appearance of IR- or Raman-active madds it = 1,
2, ...,;k; isthe wave vector of the frozen-in soft mode) which were inactive in the same spectra
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Figure 2. (Continued)

in phase I. The activation of the new modes in the IC phase takes place owing to the bilinear
coupling between these modes and those from the Brillouin zone centre active in phase I.

To find the symmetry type and activity of the phonon modekmak; in the IC phase, one
has to determine the corresponding bilinear coupling terms in the thermodynamic potential of
the IC phase. To do this, one has to decompose the direct prai]ét® X; into irreducible
representations, wherg, and%; (i = 1, ..., 4) arerrreducible representations of the soft
mode and the mode of wave vector= ua* (0 < u < 1/2) whose activity we investigate,
respectively ({--]™ denotes the symmetrizedth power [16]). Only those products which
have the resultings-vector equal to zero have to be considered. Then the corresponding
irreducible representations are point-group representationsiapisiat and directly determine
the activity of the mode in question. To perform the above-mentioned analysis, we have used
the compatibility relations among irreducible representations alony tieection ¢ = na*)
of the phase-I Brillouin zone. These are listed (together with compatibilities along the
(k = ub*) andA (k = uc*) lines) in table 3.

The results of our analysis at wave vectérs 2k; and J; are presented in table 4. It
should be noted that the strength of activated modés & proportional ton? while the
strengths of those atk2 and 3; are proportional ta* and»®, respectively, wherg is the
order parameter (the amplitude of the frozen-in soft mode).

From table 4 one can see that, to a first approximation (modesfiigravhose IR strength
is proportional ton?), 16, 26 and 16 new IR modes are active in #e|| x, y, z spectra,
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Figure 3. Dielectric loss £’ (w)) spectra calculated from the fits to the reflectivity spectra shown
in figure 1.

Table 4. Symmetries and numbers of phonon branches in different spectrain the IC phase activated
by the frozens, soft mode.

Activity ki 2k; 3k;

Ag(qu ¥y, z22) 16X, 2631 16X,
Bau(x) 16X, 26%; 16%;
Bag(yz) 26%; 163, 263
Au(—) 26z, 16z, 263
Bog(x2) 16X, 26%X3 1634
B1u(z) 1624 2633 1634
Big(xy) 2633 16%4 26%3
Bau(») 26¥; 16%,; 26%3

respectively. The degeneracy of modegkaand —k; existing in phase | is lifted in the IC
phase due to the interaction with the frozen soft mode.

The specific lattice excitations in the IC phase, the long-wavelength amplitudon and
phason, are not IR active, but are only Raman active [16]. The amplitudon should be active in
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Figure 3. (Continued)

the totally symmetric g spectra and the phason in thg, 8,4 and By spectra for propagation

along thex-, y- and z-axes, respectively [17, 18]. However, no significant changes in the
Raman spectra were seen at the I-ll transition, and neither of these modes were detected, from
which it was concluded that the transition is of the order—disorder type [10, 11].

The phase transition from the IC to the monoclinic phase lll (space gripn) is
accompanied by the appearance of new lines in the IR spectra. As one can see from figures 1
and 2, one new stretching mode in tBe|| « spectrum, six new ones in the || y spectrum
and three new ones in thB | z spectrum are observed At= 225 K. The appearance of
new modes in this phase can be explained using the correlation diagram for the irreducible
representations of phases I, Ill and V (table 5). As one can see from table 5 [11], the total
number of normal modes of both,Aand B, symmetry must increase to 21 at the direct I-IlI
phase transition. It should be noted that the modes,afilich are symmetry forbidden in IR
and Raman spectra in phase I, according to the selection rules, become allowe#ifi the
IR spectra in phase lll. But no dramatic changes in this spectrum are seen.

It is also the case that no significant changes in spectra of any polarizations are observed
at the llI-IV phase transition. This speaks in favour of th2;/n symmetry for phase
IV, for which either theP2;/n or the P1 space group was proposed on the basis of x-ray
measurements [6].
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The IV-V phase transition to the triclinie1 phase is accompanied by the observation
of six new IR modes. The number of symmetry-allowed modes in phase V increases to 42
(table 5). The observation of new frequencies of (ﬁﬁBﬁretching vibrations d@ = 150 K
in phase V (180 and 224 crhfor E | z polarization and at 208 cm for E || y polarization)
indicates the change of the site symmetry of the Cﬁdlglroup and some deformation of these
groups. Itis worth noting that an underdamped soft mode was observed in the Raman spectra
(Ag symmetry in phase IV) at this phase transition, which allowed us to reach the conclusion
that the IV=V phase transition has displacive character [10, 11].

The appearance of new modes and a significant narrowing of the lines is observed in IR
spectra for all polarizations at the lowest-temperature V-VI phase transition. In reference
[11], an assumption was made that the unit-cell volume was doubled due to the soft-mode
condensation at thel/2)(b* + ¢*) point of the Brillouin zone boundary, in analogy with the
cases of CgHgBr,4, Rb,ZnCl, and K;ZnCl, crystals [19]. If this assumption is correct (see
the factor-group analysis in table 5), it could explain the observed considerable enrichment of
the IR spectra (four, six and two new modes for|| z, y, z polarization, respectively—see
figure 2) at low temperatures.
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Table 5. The correlation diagram for irreducible representations in the commensurate phases |, lll,
IV, V and VI (after reference [11]).

I I, v \% \
Puma (D%ﬁ) P2;/nl1l (Cgh) 41 (C|1) Pl (C|1)

13Ag(xx, yy, z2)

21Ag(xx, ¥y, 22, y2)
8539()72)

42Ag(xx, yy, 22, ¥z, Xy, x7)  B4Ag(xx,yy, 22, ¥z, Xy, X2)
SBlg(XY)
21By(xy, xz)
13Byg(xz)

8Au(—)

21Au(x)
13Bgu(x)

42A(x, y, 2) 84A,(x, y,2)
13B1u(2)
21By(y, 2)
8B2u(y)

5. Conclusions

Far-infrared reflectivity data enabled us to determine the dielectric function and polar mode
frequencies of G&dBIy crystals in all of the six known phases between room temperature
and 10 K. Activation of a new weak mode was observedHof y polarization at the phase
transition to the IC phase. However, this mode also remained active in the spectra at lower
temperatures (in non-modulated phases); therefore it belongs to the Brillouin zone centre. No
new modes with wave vectgr = tmk; are seen in the IC phase, obviously due to their low
oscillator strengths. Nevertheless, the symmetry and number of new phonon modes which can
be theoretically activated by the freezing of igsoft-phonon branch were determined using
group theory. Due to the absence of any changes in the IR spectra at the I1I-IV phase transition,
the monoclinicP2;/n11 symmetry of phase IV (208 T > 156 K) is more probable than

the triclinic P1 one. The appearance of new internal vibrations in phase V probably implies
deformation of the CdEﬁF groups due to the lowering of the site symmetry at leagtto The
existence of the questionable last phase transiti@g &hs clearly confirmed by the activation

of eleven new modes in our FIR spectra.
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