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Pressure-induced ferroelastic instability and lattice dynamics of CgHgCl, crystals
within the semiempirical rigid-ion model
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An analysis of the lattice dynamics of £4gCl, crystals and their relation to the pressure-induced proper
ferroelastic instability is reported using a semiempirical rigid-ion model in the quasiharmonic approximation.
The model parameter@ffective radii and charges of iohsiave been adjusted to satisfy the equilibrium
configuration of the observed structure in the normal phase. The influence of unharmonicity has been intro-
duced into the lattice dynamics simulation indirectly through the changes of the lattice parameters that occur
under the action of temperature and hydrostatic pressure. Such a simple model reproduces the lattice instability
leading to the appearance of the proper ferroelastic phase. It has been shown that the lattice loses its stability
with respect to the transverse-acoustical mode(khb) whereas the soft optical mod84, symmetry atk
=0) remains stable. This is in agreement with the phenomenological theory. The rigid-ion model also repro-
duces the line of the proper ferroelastic phase transitions inPtiephase diagram which is close to the
experimentally observed phase diagrd80163-182¢08)03729-1

[. INTRODUCTION from the incommensurate to proper ferroelastic piapace
groupP2,/all) in theP-T phase diagram change into the
At atmospheric pressure the ££&)Cl, crystal possesses a line of the second-order phase transition from the normal
series of structural phase transitions including two transitionphase into the proper ferroelastic phase. ThereforeR at
into the incommensurate phase_ The |n|([a‘])rmab phase of > PK the ferroelastic instability can be considered within the
CSZHgC|4 haSa_KZSO4_type structure with a space group of Semlemplrlcal Hgl(_:l-lon mOde! using the We”'kn(.)Wr.] soft-
symmetryD 18 (Pnmg) and four formula units per unit céll.  mode CO”C_QpQ-Th'S concept is based on the principle of
On cooling this crystal undergoes six successive phase tra ttice stability according to which the lattice remains stable
sitions atT, =220 K. T~=195 K. T-=184 K. T-=182 K if all the frequencies of the normal phonon modg¢k) are
T.=166 Kl andT :’184 K2 Ac’co?ding 0 ihez results of €@l for any wave vectok in the Brillouin zone. The lattice
8 ' 4 X loses its stability when the frequency of some phonon mode
nuclear magnetic resonance measurerniehis system ex-

o ) (soft mode tends to zero at a certain value of temperature
hibits the incommensurate phase betwggandTc . Acous- and pressure. Accordingly, the second-order structural phase

tic and optical measurements were used in thg Investigatiop, ysition is usually considered as a condensation of the soft
of the pressure-temperatureP{T) phase diagram of qniical mode. However, in the case of proper ferroelastic

4 )
Cs,HgCl, crystals. It was shown that the incommensurate 46 transitions some peculiarities of lattice instability can
phase in theP-T phase diagram ends in the triple point at e expected because of the bilinear coupling between the soft
Px~140 MPa andT~220 K, where the two lines of the ,nical normal coordinate and deformation. This causes the

incommensurate phase transitions merge into one line of thgiiical slowing down of the transverse acoustic phonons in
ferroelastic phase transitions. The anomalous decrease in the

velocity of the pure transverse-acoustic wa¥g (relevant

elastic constanC,,=pV3) which occurs atP>Py in the

vicinity of the direct phase transition from the normal into 2007

the ferroelastic phade(Fig. 1) clearly indicates that this I cooooom— Xawee==
pressure-induced phase is proper ferroelastic phase with the .
component of the spontaneous deformatibp,=U,. Thus T o0l ;1‘1 ,TL
inhomogeneous (incommensurade structural ordering =

changes aP> Py into the homogeneous ferroelastic order- ;

ing. The nature of the corresponding triple point in ther + — 0.1 MPa
phase diagram of GeIgCl, crystals has been considered in 700 °— 57
detail only within the framework of the phenomenological :: lfg
theory?® whereas the microscopical aspects of this phenom- . — 147

ena remain unknown.

1 1
It is necessary to remember that the proper ferroelastic 180 200 TK)
phase with a component of spontaneous deformdtigrin
Cs,HgCl, crystals appears at relatively low hydrostatic pres-  FIG. 1. The temperature dependence of shear ultrasonic velocity
sure (above 10 MPR* However, only at the triple point v,(k|[010], €][001]) of Cs,HgCl, crystals at different pressurés
(Pk,Tk), does the line of the first-order phase transitions(Ref. 4.
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the region of the phase transition from the normal to the ] T
ferroelastic phaséFig. 1). Thus, the lattice loses its stability 9160 T | T, g~
with respect to the acoustical vibration whereas the fre-
guency of the soft optical mode remains positive and real at
the phase-transition poift,. Although this fact is known in

2130 T,
the phenomenological theory, it has never been considered '%wm" Q

V. (m/s)
%E,Eé

from a microscopic point of view. Clear understanding of the T 410
microscopic mechanism of the pressure-induced ferroelastic 21007 P

instability in CsHgCl, crystals is also very important from : . : i i : . :
the viewpoint of a nature of the triple point in tie T phase 240 250 260 270
diagram in which the incommensurate instability changes 2060 T 200
into the proper ferroelastic one. ff"—

In this paper we present the theoretical treatment of the o~ T,
lattice (_le_na_mics of Czs_HgCI4 crystal _Within the_z fra_mework € 2040 \ e s 240
of the rigid-ion model in the harmonic approximation for the . \.To W/
normal phase. Our attention is devoted to the ferroelastic = 1 \.‘:0 'f—— 210
instability which occurs under applied hydrostatic pressure. 2020 4 T, o — 190
We have restricted the analysis to the low-frequency external ' 160 Mpa
phonon modes which give the most complete information -
about the nature of the pressure-induced proper ferroelastic 220 230 240 250

phase transition. The phonon spectra calculations were per- T.K)

formed at different values of hydrostatic pressure and tem- g, 2. The temperature dependence of the longitudinal ultra-
peratures. Influence of the interatomic unharmonicity wassonic wave velocity/s(k||[[001], €][001]) of Cs,HgCl, crystals at
introduced indirectly through the changes of the lattice padifferent pressure®.

rametersa,b, andc, which have been determined in each
case from the experimental data of ultrasonic and dilatomet- . . L .
ric (presented belowmeasurements. The results of the mi. orgin of phase V is still unknown. Using the results of our

croscopical consideration are compared with the sequencé‘%evious measuremefitand daFa ShOW_” in Figs. 1 and 2
of phenomenological theory and experimental data. one can present the-T phase diagram in the form shown in
Fig. 3 for the hydrostatic pressures ©6.470 MPa. As the

pressure increases, the temperature region of proper fer-
roelastic phase becomes narrower. At the hydrostatic pres-
sure about 600 MPa, one can expect inKIsCl, crystals

The P—T phase diagram of GblgCl, crystals was deter- another polycritical point where the proper ferroelastic phase
mined by Kityk et al* for the pressure region of 0:1180  Wwould disappear. This polycritical point has not been ob-
MPa using the acoustical method. In the present work weerved in our experiment since the crystal samples are
have expanded the range of applied pressures up to 570 MPRaacked atP>570-580 MPa.
The acoustical measurements have been performed on a
single CsHgCl, crystals which were grown from melt by
the Bridgman method. We used the following crystallo-
graphic orientation:c>a>b (c~.3b, where a is the
pseudohexagonal ayisThe size of the plane parallel speci-
mens was typically of &x4x4 mnt. Relative velocity

II. P-T PHASE DIAGRAM

260

changes of the longitudinal ultrasonic waves were measured 2401
by the pulse-echo overlap metHodith an accuracy of the

order of 10 4—10"°. The accuracy of the absolute velocity o
determination was about 0.5%. The acoustic waves in the o 2204

samples were excited by LiNkQransducers with the reso-

nance frequency =10 MHz, bandwidthf=0.1 MHz, and

acoustic powerP,=1—-2W. The acoustic investigations 200
have been performed at constant values of hydrostatic pres-

sure with the rate of temperature change of about 0.3 K/min.

Figure 2 shows the isobaric temperature dependences of 180 ] : . . . .
the longitudinal ultrasonic wave velocity/;(k|[001], 0 100 200 300 400 500
e|[001]) at different pressureB. The phase transitions from P (MPa)

the normal to the proper ferroelastic phase are clearly mani- g 3 p—T phase diagram of GBIgCl, crystals: 0 is the
fested in the anomalous ghangesﬁg(T) n.e_arT(_). The tem-  pormal phase, | is the incommensurate phase, Il is the improper
perature of the ferroelastic phase transition increases undedrroelectric phase, Il is the improper ferroelastic phase, IV is the
the applied hydrostatic pressure. In the high-pressure regioRroper ferroelastic phase, V is the unknown monoclinic
the phase transition from the proper ferroelastic phase t@hase;--O---O-- To(P) is the line calculated within the

phase \(in the notation of Ref. Ylis observed al =Tg. The  rigid-ion model.
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TK) FIG. 5. Thermal expansion of gi4gCl, crystals along the prin-

cipal crystallographic axis.
FIG. 4. The temperature dependences of the linear compressibil-
ity constantsK;; of Cs,HgCl, crystals.

assume that such a behavior is caused by the strong influence
lll. THERMAL EXPANSION AND LATTICE of fluctuation effects as well as small values of coupling
COMPRESSIBILITY constants; corresponding to the interaction between the de-
ormation components U; and order parameterQ
EUin—type coupling. In this respect, the dilatometric mea-
urements are in a good agreement with the ultrasonic’data.

The microscopic and semimicroscopic considerations o
the lattice instability induced by high hydrostatic pressure
are frequently based on the computer simulation of the lattic&
dynamics within the rigid-ion model in the harmonic ap-
proximation. The influence of the unharmonicity, which
causes the lattice instability at the structural phase transition,
can be introduced into this simulation indirectly through the IV. PHONON SPECTRA OF Cs,HgCl, CRYSTALS
changes of the lattice parameters under hydrostatic pressure (T=293 K, P=0.1 MP3)
and temperature. The coefficients of the lattice compressibil-
ity and thermal expansion, which are necessary in this case, In this paper our attention will be devoted to the ferroelas-
have been determined from the acoustical and dilatometritic instability which occurs under the applied hydrostatic
measurements. Our previous ultrasonic investigatibn@re  pressure. Only the external vibration would play a main role
recently completed by measurements for several additiongh the lattice-dynamical model of the ferroelastic instability.
geometries of ultrasonic propagation in order to obtain comThys, we performed the lattice dynamics simulations using

plete el_astic constant tens@gj ..9 Using this. tensor we havg _the simple rigid-ion model with the Hg§:T groups reduced
determined the tensor coefficients of the linear compreSS|b|If0 figid bodies. This model implies consideration of the

ity K;; . One can note that the tensor of compressibility cony o gjational vibration of Cs ions as well as translational

stants in the normal and incommensurate phases contains . . . _
. and rotational vibrations of the tetrahedral groups IigCI
only diagonal components,;, K,,, andKs;, wherea;

—0 for | #i. The temperature dependences of the compress-[he internal degrees of freedom connected with deformation

ibility constantsk;; (T) obtained in such a way are presentedOf the tetrahedral gr.oups. are ngglected. The unit Eell in the
in Fig. 4. One can see that the anomalies rigare more or normal phase contains eight Céons and four HoGf tet-
less clearly observed in the temperature dependences Bihedral groups.There are therefore 48 external modes,
Koo(T) andKg5(T). Contrary to expectations, the anomalousWhich can be classified in the Brillouin-zone center as 36
changes of the compressibility constakts are continuous translational ~ modes  (&;+3B1y+6By3+3B3g+3A,
in the region ofT, . This unusual behavior is attributed to the +6B,+3B;,+6B3,) and 12 rotational modesAg+2B,
fluctuation effects. The detailed phenomenological consider+ Byg+2Bgg+2A,+ By, +2B,,+Bg,). The compatibility
ation is given in Ref. 9. relations between the irreducible representation along the
The thermal expansion of g4gCl, crystals along the symmetricalA direction k= wb*, 0<u<1/2) are presented
principal crystallographic axes was measured using capacin Table I. This direction is especially important in our con-
tance dilatometer. The plane-parallel specimens are typicallgiderations because it contains the transverse-acoustic mode
8x8x8 mn? in size. The accuracy of the dilatometric TA,. The symmetry of this mode at theline is the same as
measurements was about 2 nm. Figure 5 shows linear thethe symmetry of the soft optical mode, which is the essential
mal expansion£L/L) as a function of temperature. As one reason for the ferroelastic instability, as will be shown be-
can see from this figuré\L/L along theb axis is essentially low.
larger thanAL/L measured along tha or c direction. The Numerical modeling of the lattice dynamics of ££igCl,
kinks of the temperature dependenckk/L that usually crystals has been performed using the modified program
would be expected in the region of phase transition from theispr'° The potential energy of the interatomic interac-
normal to the incommensurate phase, are not observed. Wmens has been considered as a sum of two contributions:
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TABLE |. Compatibility relation between the irreducible representations
along theb axis for thePnma space group.

k=0 k=pub k=(1/2)b

TA
—_—
¢ 12

5B2u / Al\
T

TBy—

long-range Coulomb and short-range Born-Mayer-type inter(k=b*). One can note that the parameters mentioned

actions: above satisfy the lattice stability for all external vibrations
along theX (k= pua*), A(k=ub*), and A(k=puc*) lines.
. 12 2 1 Z(Kk)Z(K'k'")e? As it can be seen from Fig. 6, the phonon modes are twofold
24 “ 4meo r(IKK.I'K'K) degenerate at the Brillouin-zone boundary, which is in agree-
KK’

ment with the compatibility relations shown in Table I. The
Raman spectra of the gi4gCl, crystals for different scatter-
br(IKk,1"K'k") ing geometries al =293 K are shown in Fig. 7. The com-
+a — — (1) parison between the calculated phonon frequencies at the
R(Kk)+R(K’k") _Brillouin-zone_ center K=0) and Raman spectroscopy data
wherea=1822 eV,b=12.364;1, |" are the index numbers 'tf] preslenltet‘?' n Ta%'e Il. In ge”te.ra'* t.thh‘? agrezeong/e”tTﬁ?tWee”
of the unit cell;K, K" are the indices of the ion groufs, beec%igilfdgrgg 21: Soo%xgg::en:nner:tsi:v vlvel?ake_ into gccolusng?r?at
de_notes lonic Species |n.t_he corrgspondlng molecular 9roufy,e resulting atomic equilibrium configuration has been ad-
e is the electron charge; is the distance between the ions

o justed using only static structural déta.
with indicesK, k andK’ k’. The model parameters for the J g only
interatomic forcedeffective chargeZ(K,k) and effective v, FERROELASTIC INSTABILITY: RIGID-ION MODEL
radii R(K,k)] which were used in the dynamical analysis, ) )
were determined by the condition that the resulting atomic S it follows from Fig. 6, the phonon spectra of £8Cl,
equilibrium configuration would be a good approximation to Crystals is characterized by the low-frequency optical branch
the observed structure, i.e., according to the crystal structure A A A A
stability. The corresponding equilibrium configuration is de-

termined by 120 f\ L \

10 Lo I R —— —/——-ﬂ\
———| =0 2 T
301K |

K
k,K

whereU,(1k) is the displacement component in thalirec- 'g LT ——
tion for the ion with the index numbés. The optimization = Y~ = T T
procedure has been performed by taking into account the \/ i

electrical neutrality conditiofZ ,Z(K,k)=0]. Finally we wr ] 4

have obtained the following values for the effective param- " T
eters: 26 - _\/'_ /—\
Z(C9=0.73, Z(Hg)=0.1, Z(Cl)=-0.39; ) 4 T S S AT TS
0001020304050403020100 0001020304050403020100
k /b¥ k/b*

R(C9=3.22 A, R(Hg)=0.8 A, R(Cl)=1.53 A.

FIG. 6. Phonon spectra of ¢4gCl, crystals along the sym-

Figure 6 shows calculated phonon-dispersion curves ofetricalA line (k=ub*) at T=293 K calculated within the rigid-
Cs,HgCl, crystals within the rigid-ion model at the ling ion model.



PRB 58 PRESSURE-INDUCED FERROELASTIC INSTABILN . .. 2509

4 1/1, determined from the experimental data of the thermal expan-
sion and ultrasonic measurements using the following rela-
tions:

a=(1-KpyP)ar,

b=(1—KxP)br, 3

g YAX)Z C:(l_K33P)CT.

Here K41, Ky, and K5 are the linear compressibility con-

Ag: Z(YY)X stants along tha, b, andc axes, respectively, ara, by,

and cy are the lattice parameters at temperatliren our
modeling, we used two assumptions concerning the atomic
Ag: Y(ZZ)X structure distortion. First, we assumed that the temperature
and hydrostatic pressure do not influence the fractional
atomic coordinates in the unit cell. Second, we considered
the tetrahedral HgGlgroups as undeformed bodies, there-
Big: Y(XY)Z fore only the fractional position of Cs and Hg ions have been
kept. Lattice-dynamics calculations show, that in the first
case we get a gradual rise of all normal mode frequencies as
Bag : Z(XZ)Y the pressure increases up to 1.2 GPa. Thus any lattice insta-
bility, including the ferroelastic one, cannot be obtained in
the model with deformed tetrahedral groups.

o

5

B3g: ZYZ)X An opposite situation takes place if we assume that the
(E =0 T6a 50 T > tetrahedral groups are rigid. In this case, several frequencies
Vv (cm‘l) of the optical mode, including the lowest one, fall down

under the applied hydrostatic pressure. Figure 8 shows a part
FIG. 7. Low frequency part of Raman spectra 0B§Cl, Crys- o the phonon spectra for two fixed temperatufes266 K
tals at different scattering geometries. and 220 K, at different values of the applied hydrostatic pres-
) o sureP. As the pressure increases, the low-frequency optical
_of B3y symmetry in the center of_the B_rllloum_zone. Follow- mode 0fB3, sSymmetry(atk=0) decreases, which is accom-
ing the general symmetry consideration, this mode can bganied by decreasing of the slope in the transverse-acoustical
associated with the soft optical mode which is responsiblg) znch TA . The slope of the acoustical branch kat 0
for the proper ferroelastic phase transition. At the same time@qu(—ﬂS zero aP,= 140 MPa(T=T,=220 K) and P;=558
we expect that the transverse-acoustical mode Wauld  ppa (T=T,=266 K), which corresponds to the limit of the
play an important role in the ferroelastic instability. Both |5ttice stability (phase-transition point The case, withP
modes have the same symmetry at théine and therefore, _ 146 MPa T=220 K), andP=570 MPa =266 K)
their bilinear coupling is expected to be essential for theyorrespond to the unstable lattice. In order to obtain good
ferroelastic phase transition. N _ agreement between the experimental and calculated values of
Modeling of the ferroelastic instability was carried out ¢ phase-transition pointPg,T,) in the P-T phase dia-
thrpugh the changes of the Ia_ltt|ce parameterd, andc, gram, the effective parameters of the rigid-ion model had to
which appear under hydrostatic presstr@nd temperature e corrected slightly. From the physical point of view, this
T. The phonon spectra were therefore calculated at differenyocedure is correct if we remember that the effective param-
values of temperature and hyd.rostgtlc pressure. In each Casfers (charges and radiiare defined by the charge-density
we used the harmonic approximation at given valliesnd  gijstribution, which can be changed with temperature and hy-
P. The lattice parameters for a given valueToandP were  qyostatic pressure. In our simulation, we have observed that
the effective radius of the Cl-ion essentially influences the
TABLE Il. Raman frequencies of GBIgCl,: experimental and |attice stability. We have found that the best agreement be-

calculated within the rigid-ion model. tween experimental and calculated phase-transition points
(To, Po) is obtained withR¢ (140 MPa, 220 K=1.552 A
Ag Big Bag Bag andR (558 MPa, 266 K=1.4 A, whereas all other param-

eters remain unchanged. Using these values and assuming a

Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt.
linear dependence dR®¢, on pressure and temperature, one

34 24 18 23 38 33 14 obtains

47 43 39 38 54 40 31

59 60 59 67 60 61 58 60 Rci(P,T)=1.552-0.001 652T — 220

65 91 8 69 8 —0.000 181 8P—140). 4)

82 94 93 93 89 99 94

99 100 100 103 Here T is taken in K andP is taken in MPa. Introducing
116 109 120 empirical Eq.(4) into the lattice-dynamics calculation we

obtain the line of the ferroelastic phase transitiy{P) in




2510 A. V. KITYK et al. PRB 58
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FIG. 8. Part of the calculated phonon spectra ofHZsCl, crystals afl =266 K (a) andT=220 K (b). The soft mode 0By symmetry
(atk=0) and the transverse-acoustic mode,Take shown at different hydrostatic pressures. Curves 0,400,520&1Bad 0,100,130 MPa
(b) correspond to the stable lattice; curves 558 MBaand 140 MPab) are the points of the ferroelastic instabilifhe phase-transition
point); curves 570 MPda) and 146 MP&b) correspond to the unstable lattice.

the P, T-phase diagram shown by the dashed line in Fig. 3Here,Q is the normal optical phonon coordinate of tBg,

Agreement between the experimesblid line) and theory  symmetry akk=0, U,=Uy is the deformation, an€3, is

(dashed ling is excellent, taking into account that the the elastic constant far from region of the phase transition

pressure-temperature structure distortion has been modelgdR<P.). After insertingU ,= dZ/dy (Z is thez component

Coming back to the evolution of the phonon spectra near thef the displacement vectoand taking the Fourier transform,

normal-ferroelastic phase transitidirig. 8, we have to Eq.(5)is

point out a very important peculiarity of these spectra. Tak-

ing into account that the slope of the acoustical branch de- 1, L 1, .

fines the phase velocity of the transverse-acoustical phonons F:J fdy:; 5 @o(K)QQy + 5 wTA(K) ZiZi

(V=dwta/dk), one can see their critical slowing down at

the proper ferroelastic phase transition which is in good

agreement with ultrasonic dat@ee Fig. L At the same +iak(ZQy — QuZg ] (6)

time, the soft-mode frequency is still real. Therefore, the

rigid-ion model clearly confirms the fact that the proper fer-Here, the normal coordinate®, and Z, correspond to the

roelastic phase transition occurs due to the instability of theoft optic and transverse-acoustic modes, respectively;

acoustical phonons. wo(k) and wya(k) are the corresponding ‘“uncoupled”
mode frequencies that may be presented for sknak

VI. FERROELASTIC INSTABILITY: w2(K)=Ag(Pe—P)+ yk2+ - - - , @
PHENOMENOLOGICAL MODEL

Comparison between the microscopical and phenomeno- wa(K)=Cak?+- - . (8)
logical models is very useful for a better understanding of

the mechanism of the ferroelastic phase transition. Obyil order to find the dispersion curves of the coupled modes

ously, proper ferroelastic instability is caused by the bilineatV® Shall assume that the damping of these modes is small

coupling between the soft optical and acoustical mode gnough and is neglected. One then constructs a Lagrangian

which can be reproduced within the phenomenological'SINgF as the potential energy:
theory. To show this, let us consider the quasiharmonic part 1
of the free-energy density: L=T-F= EZK (QuQ¥ +2ZZi) —F. ©)

2

Q
ay

The Lagrange equations of motiond/€lt) (9L/IP)
— dLIdP =0 (P=Qy, Z) can be separated into pairs of
(5) coupled equations:

1 0,2
+ C(QU4+ §C44U4.

1 ) 1
f=5Ao(Pc—P)Q%+ 5y
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Po=Pc— a?/CA,. 17

It follows from Eg. (17), that the ferroelastic instability oc-
curs atPy<P., where the soft optical mode frequeney is

still positive and real, whereas the phase velocity of the
transverse-acoustic phonoNg=+/C44/p~Q _(k)/k tends

to zero. This agrees with the results of calculations within the
rigid-ion model, as well as with the experimental data pre-
sented in Fig. 1. The same result can be obtained directly
from Eg. (5) for k=0. After eliminating deformatiorlJ,
from the free energy, we obtain

1 2 0 2
F=5Ao(Pc=P—a?/AiCyy) Q% (18)

which leads to the relation in EqL7). The phase velocity,
can easily be found using the Slonchewski-Thomas equation

k
i - —— - PF [\ 7T P
FIG. 9. Schematic representation of dispersion curves resulting C,=C0 — _ (19)
from bilinear interaction between the soft optical and transverse- it Te FIVA 9*Q dQdU,
acoustical phonon modd&q. (15)]: dashed lines are uncoupled . . .
acoustic and soft optic modes, and solid lines correspond to couplediSerting Ea.(5) into Eq. (19) one obtains
modes. 2 112
Y ‘ (20)
.. 47T | 4T 0
Qi+ 03Q+iakZ,=0, (10 Vol ™ Ag(Po—P)+a?/Cy,

. This equation clearly shows that,— 0 for P— Py,
2+ 02, Z— i akQ=0, (12)
, , . . VIl. CONCLUSIONS
which for trial solutionsQ,= —Q2Q, andZ,= —0?Z, re-

duce to We have here presented the lattice-dynamics analysis of
(wg—QZ)QkHaka:O, (12) Cs,HgCl, crystals in the case where the pressure induces a

proper ferroelastic instability. We have used a semiempirical

(w%A—QZ)Zk—iakQFO. (13) rigid-ion model in the quasiharmonic approximation. The

model parameters, i.e., the effective radii and charges, have
The corresponding secular equation takes a simple form: been adjusted at=293 K in order to satisfy the experimen-
tally observed equilibrium configuration of the lattice struc-
ture. The calculated frequencies of the external phonon
modes ak=0 are in good agreement with Raman scattering
. ) data. The influence of unharmonicity, which is a general rea-
and has two analytical solutions: son for the lattice instability at second-order phase transi-
1 tions, has been indirectly introduced into the Iattice-
02 =Z{(03+ 02,) *[(05— 024)?+4a?k?]Y. (15) dynamics simulation through the changes of the lattice
-2 parameters that occur under the action of hydrostatic pres-
sure and temperature. The changes of lattice parameters were

These results are summarized in Fig. 9 where the disper-_.. ; . : .
. . " o N estimated using the data of ultrasonic and dilatometric mea-
sion curves of “uncoupled” and *“coupled” modes are

shown. The bilinear interaction between the optical anasurements. Su_ch.a simple model is alrea_dy sufficient to re-
acoustical modes leads to the “repulsion” of the optical andproduce quantitatively the phonon dynamics near the proper

acoustical branches resulting thus to the decrease in the slofeerrOEI""StIC phase transition. Particularly, the present analysis

: " Bupports the idea that the origin of the ferroelastic instability
of the lower acogsncal branc®l _ (k). The phase transmpn observed in these crystals is essentially related to the soft
occurs at a certai® = P,, where the slope of the acoustical

) optical mode B3, symmetry atk=0) and the transverse-
branchQ_(q) equals zero ak—0 {i.e., dQ_(k)/dK|c~¢ . 9 * . ]
—[Q (K)/k]2=0}. This gives acoustical mode T4Kk||b*). It is clearly shown that the lat

tice loses its stability with respect to the acoustical vibration
w%w%\:azkz_ (16) wherggs the_soft o_ptical modg re_me_tins stable at the phase-
transition point. This conclusion is in excellent agreement
By taking into account that in the limk—0, w3~Ay(Pc  with the predictions of the phenomenological theory and ex-
—Py) at P=Py, Eq. (16) transforms into perimental data.

wi—0?%  iak

=0 14
—iak w3,—Q? 4
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