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We have performed accurate temperature studies of the parameters of the soft mode 
[frequency, half-width, and intensity of the corresponding line of the Raman scattering 
spectrum (RSS)] in Hg2C12 and Hg2Br2 single crystals over a wide temperature range 
( 100-300 K) ,  including the phase-transition point. Above the phase-transition point the 
temperature dependence of the frequency of the soft mode at the X point of the Brillouin zone 
of the paraphase is described by a power-law function with the critical exponents 
P' =0.50*0.02 (Hg2C12) and P' =0.5 1 zt0.02 (Hg2Br2). At temperatures T <  T, the 
temperature dependence of the frequency of the soft mode is not described by a simple power- 
law function. The resulting characteristics of the soft mode show that the phase transition 
in Hg2C12 and Hg2Br2 is close to the triple point. The model proposed for the phase 
transition explains the temperature dependence of the soft-mode frequency and the temperature 
dependence of the intensity of the RSS spectrum both above and below the phase- 
transition temperature. The shape of the second-order RSS line is described successfully on 
the basis of a quadratic phonon dispersion law near the X point of the Brillouin zone. 
Anomalous behavior of the frequency and integral intensity of the RSS of the soft mode as 
T-. T; was observed close to the phase transition. This anomaly can be explained by 
the interaction of the soft mode and a relaxation mode. 

Monovalent mercury halides Hg2X2 (X=Cl, Br) at 
room temperature have a unique crystalline structure, con- 
sisting of weakly coupled chains of parallel linear mole- 
cules X-Hg-Hg-X (symmetry space group 0;; with one 
molecule per unit cell). The simplicity of the crystalline 
structure, combined with the well defined effects of a phase 
transition (PT) make monovalent mercury halides conve- 
nient model objects for studying the general problems of 
structural phase transitions in crystals.' 

On the basis of investigations of PT effects in first- 
order Raman scattering spectra (RSS), including observa- 
tion of a soft mode, reaching extremely low frequencies2 
-2 cm-2 as T- T; (T,= 186 K for Hg2C12 and 144 K 
for Hg2Br2) below T,, Barta et u Z . ~  concluded that the 
phase transition 0;;- 0:; in Hg2X2 is induced by a soft 
TA mode at the X point of the Brillouin zone of the tetrag- 
onal phase and is accompanied at temperatures T<T, by 
doubling of the unit cell. Further detailed experimental 
investigations of PT effects in second-order RSS (in par- 
ticular, observation for T > T, of a soft mode at the bound- 
ary of the Brillouin zone14 and IR spectra5 as well as the 
group-theoretical analysis performed in Refs. 4 and 5 are in 
complete agreement with the conclusion drawn in Ref. 3 
concerning the nature of the PT in Hg2X2. The validity of 
this result was confirmed unequivocally in subsequent 
x-ray6 and neutron7 diffraction studies. 

The structural phase transition 0;;- 0:; was studied 
on the basis of the Landau phenomenological theory of 
second-order phase  transition^.^ The thermodynamic po- 
tential with a two-component order parameter was 
constructeds taking into account the nonlinear (stric- 
tional) interaction of the order parameter with the defor- 

mation and used to determine the theoretical temperature 
dependence of the soft-mode frequency above and below 
T, . However, the experimental temperature dependence 
vsM(T) below T, (Refs. 2 and 3) does not fit within the 
Landau's phenomenological theory of second-order phase 
transitions. It was conjectured that these discrepancies 
could be due, in part, to enhancement of fluctuations near 
a phase transition. It should be noted that high-precision 
measurements of vSM(T) were not performed in Refs. 2 
and 3. 

In the present work we performed accurate tempera- 
ture studies of the soft-mode parameters (frequency, half- 
width, and intensity of the corresponding lines in the RSS) 
in Hg2C12 and Hg2Br2 single crystals over a wide temper- 
ature range (100-300 K ) ,  including the PT point. The 
soft-mode characteristics obtained show that the PT in 
Hg2C12 and Hg2Br2 is close to the triple point, in agree- 
ment with the results of experimental investigations of the 
heat capacity and spontaneous deformation in Hg2X2 
(Refs. 9 and 10). 

Anomalous behavior of the frequency and integral in- 
tensity of the soft-mode RSS as T -  T; was observed close 
to the phase-transition point. 

1. EXPERIMENTAL RESULTS 

It is well known3 that in the paraphase ( T > T,) of 
monovalent mercury halides the soft mode is a TA vibra- 
tion at the X point of the Brillouin zone of the paraphase. 
When this mode condenses ( TGT,), the X point of the 
paraphase is transformed into the r point of the Brillouin 
zone of the ferroelectric phase. For this reason, new lines, 
including also the soft-mode line, which is observed below 
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T ,  as a low-frequency narrow line, whose frequency vsM 
becomes quite low as T -  T,,') appear in the first-order 
RSS. In this connection, the soft-mode RSS was investi- 
gated using a Dilor 2-24 triple Raman spectrometer, hav- 
ing a very low level of scattered light, with an Ar' laser 
( A  = 5145 A). An iodine filter was employed, which made 
it possible to further reduce the Rayleigh scattering back- 
ground near the exciting line. The power of the Ar' laser 
beam on the sample was less than 20 mW. This low power 
level made it possible to reduce local heating to a mini- 
mum. With the same aim, measurements of the RSS of 
Hg2Br2 single crystals were performed with the help of a - 10 mW He-Ne laser. The investigated samples were 
placed in a specially constructed optical cryostat through 
which nitrogen gas was blown and in which the tempera- 
ture could be regulated continuously. The temperature was 
determined with an accuracy of ~ 0 . 0 5  K. 

The soft-mode RSS was investigated simultaneously in 
the anti-Stokes and Stokes regions in the spectral range 
-25-+25 cm-' on oriented Hg2X2 single crystals in 
z(xx)y geometry; this made it possible to measure small- 
angle light scattering at the same time that the soft-mode 
RSS was recorded." The experimental arrangement em- 
ployed for recording the RSS and the small-angle scatterng 
is displayed in Fig. la. Figures 1 (a, b, c, and d )  and 2 (a, 
b, c, and d)  display, respectively, the soft-mode RSS of 
Hg,C12 and Hg2Br2 at different temperatures ( T < T,). 

FIG. 1 .  Soft-mode Raman-spectra of Hg2CI, crystals 
at different temperatures: a) T=170.3 K; b) 
T=185.6 K; (b, c )  T=185.8 K; d )  T=185.9 K; e )  
T=186.0 K; f )  T=206.5 K; g) T=217.6 K; h) 
T=242.7 K; and, i )  T=261.4 K. The dashed 
line represents the computed RS spectrum of the 
soft mode. A)  Experimental arrangement used to 
record the RSS and small-angle scattering: 
1-sample; 2-screen; 3, 5-lenses; &photo- 
detector; bspectrometer slit. 

The dashed curves represent the soft-mode RSS obtained 
with the help of the formula 

I ( v )  =IsM(Y) + ~ R I R ( Y )  +hdbt (1 

where ISM(v) is the spectral density of the light intensity, 
corresponding to first-order Raman scattering of the soft 
mode; IR(v)  is the spectral density of Rayleigh scattering; 
Ib is the background; and, hR and hb are constants. 

In the damped harmonic oscillator model the spectral 
density of the intensity of the first-order soft-mode RSS is 
determined by a formulaI2 describing simultaneously the 
Stokes and anti-Stokes components of the RSS: 

where rsM and V S ~  respectively are the damping and fre- 
quency of the soft mode; n (Y) is the Bose-Einstein factor, 
which is equal to kT/fiv in the classical approximation 
( k T 9  .fiv); and Y = vi- vf, where vi and Y,- are the frequen- 
cies of the incident and scattered light respectively. The 
quantity A,  is the product of the incident radiation power, 
the squared parameter of the linear photon-phonon inter- 
action, a geometric factor depending on the scattering vol- 
ume, the angular aperture of the spectrometer, and so on. 
Since the soft-mode RSS was measured in arbitrary units 
(see Figs. 1 and 2), we assume that A ,  is the squared 
photon-phonon interaction parameter, because the other 
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factors appearing in Al remained unchanged in the course 
of the experiment. It is convenient to determine Al in terms 
of the integrated intensity of the RSS of the soft mode: 

where I!'&= $ >ISM(v)dv. 
Since Rayleigh scattering significantly affects the soft- 

mode RSS only near a phase-transition point 
[AT= T,- T < 5 K for Hg2C12 and < 2 K for Hg2Br2; see 
Figs. 1 and 2 (b, c, d)], the intensity of the Rayleigh line at 
the phase-transition point [Figs. 1 and 2 (e)] was used for 
IR in the calculations. In so doing, it was assumed that IR 
does not depend significantly on the temperature. 

Five parameters were used as adjustable parameters in 
, order to analyze the soft-mode RSS with the help of Eq. 

( 1 ) : Al , r S M ,  vsM , hR , and hb . The parameters were cho- 
sen so as to obtain the best agreement between the exper- 
imental and computed RSS of the soft mode (dashed line 
in Figs. 1 and 2). When Eq. ( 1 ) is used (the Stokes and 
anti-Stokes components of the RSS are determined at the 
same time), the value of the most important characteristic 
of the soft mode-the frequency-is determined most ac- 
curately. In our work the frequency of the soft mode was 
determined to within * 0.1 cm- '. Other characteristics of 
the soft mode were also determined: the integral intensity 
I''& and the damping r sM.  

In investigations of the soft-mode RSS certain difficul- 
ties usually arise in determining the phase-transition tem- 

FIG. 2. Soft-mode Raman spectra of Hg,Br, 
crystals at different temperatures: a )  T =  141.7 
K; b) T=143.3 K; c )  T=143.6 K; d)  
T =  143.7 K; e) T =  144.0 K; f)  T =  157.5 K; 
g) T=166.8 K; h )  T=182.5 K; and, i )  
T=263.0 K. The dashed line represents the 
computed RS spectrum of the soft mode. 

perature T, ,  because as T -  T ,  the line corresponding to 
the soft mode generally becomes weaker and the soft mode 
becomes overdamped, making it difficult to distinguish the 
soft mode against the background Rayleigh line. As a ref- 
erence for T ,  we employed the small-angle light scattering, 
which makes it possible to record the moment of the phase 
transition accurately. 

The temperature dependences of the frequency (a) and 
the integral intensity r$& (b) of the soft mode and the 
intensity IsALs (c) near the phase transition point are pre- 
sented in Fig. 3 for Hg2CI2 (Fig. 3a) and HgBr2 (Fig. 3b) 
single crystals. As T -  T ,  the frequency of the soft mode 
practically does not change and it remains finite: -3.5 
cm- ' for Hg2C12 and -2.5 cm- ' for Hg2Br2. As PtA-0 
the intensity ISALS at the PT point has a pronounced max- 
imum associated with strong diffuse scattering of light 
caused at T--, T ,  by the "chaotic" state of in the experi- 
mental crystals." Some samples employed for measuring 
the RSS and small-angle scattering consisted of Hg2C12 and 
Hg2Br2 single crystals on which measurements of the heat 
capacity Cp were performed by the method of adiabatic 
c a l ~ r i m e t r ~ . ~ " ~  The intensities and IsALs measured on 
these samples are displayed in Fig. 3 (crosses). The figure 
also displays the experimental values of the heat capacity 
Cp from Refs. 9 and 10 [Figs. 3a and b (d)]. The maximum 
of Cp, the maximum of ISALS, and the moment at which 
the line corresponding to the soft mode vanishes (I:h=O) 
all occur within 0.1 K of one another. On the basis of these 
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measurements we determined the temperature of the phase 
transition to be Tc= 186.0,tO.l K for Hg2C12 and 144.0 
* 0.1 K for Hg2Br2. 

Above T, the soft mode is a TA vibration at the X 
point of the Brillouin zone of the paraphase. First-order 
light scattering by this vibration is forbidden by wave- 
vector selection rules. The soft mode nonetheless appears 
in the second-order RSS, which is determined by the pho- 
non states from the entire Brillouin zone.4 For this reason, 
phonon dispersion must be taken into account at temper- 
atures T > T, . The spectral intensity of the second-order 
RSS is determined by the formula 

ISM(u) - [ I + ~ ( w / ~ ) ] ~ w - ~ D ( w / ~ ) ,  (4) 

where D(w) is the single-phonon density of states. 
In Ref. 7 it is shown that in Hg2C1, the dispersion of 

the soft mode near the X point of the Brillouin zone of the 
tetragonal phase is described satisfactorily by a quadratic 
function wiM(q) = w ~ + A , ~ ~ + A ~ ~ ~ + A ~ ~ ~ ,  where the wave 
vector q is measured from the X point of the Brillouin zone 
and ill, ,I2, A3 > 0 are parameters of the dispersion of the 
soft mode in the directions, respectively, X-A-l?, X-E-Z, 
and X- W-P (l?, A, X, E, W, P, and Z are singular points 
of the Brillouin zone). In this case the density of states has 
the form 
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60 FIG. 3. Temperature dependence of the soft- 
mode frequency VSM (a), the soft-mode inten- 

120 sity Ilk& (b), the small-angle scattering inten- 
sity Is,,, (c),  and the heat capacity C,, (d)  of 
Hg2C12 (A)  and Hg2Br2 (B) crystals near the 
phase-transition point. 
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where wx is the phonon frequency at the X point of the 
Brillouin zone. Since Al(A2, A3 holds according to Ref. 7, 
vibrations with wave vector in the direction X-A-r of the 
Brillouin zone are mainly manifested in the second-order 
RSS.~ 

Thus the spectral intensity of lines in the second-order 
RSS of the soft mode at the X-point of the Brillouin zone in 
Hg2X2 is determined by 

+ d .- 
+ 
v 7 

k - t 
.k 

+$& +++ + 

m c + + + +  + 4+ '' + 
1 1  1  I b 1 1  1 

i+ C . 
t 

f" < 
*:a . ++ 

;; . *+ 
I I l l ) I l  *+ -+ 

b +++ 
* + - 

* a +  . 
- -+ 

+ . I 
, , I I ' I ,  

4 2 ' .  '"-b.. . a 
0 .  

an 

I 

185 186 

where A2=const, which is determined in terms of the in- 
tegral intensity IF of the second-order RSS as follows: 

where I? = />Ix(w)dw. 
The second-order RSS of the soft mode of, respec- 

tively, Hg2C12 and Hg2Br2 at different temperatures above 
Tc are displayed in Figs. 1 and 2 (f, g, h, i). The dashed 
line represents the soft-mode RSS obtained with the help of 
Eq. ( 1 ), where IX(w) is given by Eq. (6). It should be 
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FIG. 4. Temperature dependence 
of the soft-mode frequency vs, 
( T < T , )  and o, (T>T, )  of 
Hg2C12 (a) and Hg2Br2 (b) crys- 
tals. 

noted that in this case the doubled soft-mode frequency at 
the X point (204) is different from the frequency of the 
intensity maximum observed in the second-order soft- 
mode RSS (w,,,= 1 .51'22 . a,) (see Figs. 1 and 2). 

Figure 4 displays the temperature dependence of the 
frequency V ~ M  and the frequency w, obtained for Hg2C12 
(a) and Hg2Br2 (b) crystals from the first- and second- 
order RSS. The frequency ox as a function of the reduced 
temperature t=  (T-T,)/T, for T >  T, is presented in 
Fig. 5 in a log-log plot. In the temperature ranges 
6.45 . < t < 0.46 (Hg2C12) and 6.17. lop2 < t < 0.8 
(Hg2Br2) the experimental points are fit well by a straight 
line. This makes it possible to approximate the temperature 
dependence of the soft-mode frequency by the formula 

and the exponents were found by the least-squares method 
to be 8'=0.50*0.02 (Hg2C12) and 0.51 *0.02 (Hg2Br2). 
The values of the coefficient g were also determined: 6.1 
cm-' (Hg2C12) and 4.8 cm-' (Hg2Br2). In the tempera- 
ture ranges t < 6.45 . (Hg2C12) and t < 6.17 . loF2 
. (Hg2Br2) the kxperimental points deviate systematically 
from a straight line in the direction of a weaker tempera- 

A log-log plot of the temperature dependence of V ~ M  at 
temperatures T < T, is shown in Fig. 6. It  is obvious from 
this figure that, in contrast to the temperature dependence 
of the soft-mode frequency above T,, the temperature de- 
pendence of the soft-mode frequency is not described by a 
power law over the entire temperature interval of the mea- 
surements (AT-85 K for Hg2C12 and AT-45 K for 
Hg2Br2). In this case the experimental points are described 
well by the formula 

Y ~ ~ = ~ ~ + ~ ~ ( T , - T ) ' / ~ + ~ ~ ( T , -  T) ,  (9)  

where the least-squares values of the coefficients are as 
follows: bo= 10 ~ m - ~ ,  b, =7.3 ~ m - ~ .  K-"~, b2=0.80 
cm-2 - K - I ,  T,= 186.0 K ( H g 2 9 ) ;  bo= 3.8 cm-l, 
b1=4.3 c ~ - ~ . K - ' / ~ ,  b2=0.58 cm- . K-', Tc=144.1 K 
( Hg2Br2 

Figure 7 displays the temperature dependence of the 
soft-mode damping rSM below T, for Hg2C12 (a) and 
Hg2Br2 (b). As the temperature changes, the damping rsM 
increases linearly. Close to the phase-transition point (AT 
< 0.2 K for Hg2C12 and < 0.5 K for Hg2Br2) TsM increases 

ture dependence of ox. 

Ig vsm 

FIG. 5. Log-log plot of the soft-mode frequency ox versus the reduced FIG. 6. Log-log plot of the soft-mode frequency vs, versus the reduced 
temperature t: Hg2CI, (a) and Hg2Br2 (b). temperature t: Hg2C12 (a) and Hg2Br2 (b). 
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(b). As the temperature decreases, I? increases nonlin- 
early as T + T:. At temperatures T < T ,  the soft-mode 
appears in the first-order RSS: At first the intensity of the 
soft mode I'$, increases rapidly over a narrow temperature 
interval ( A T  - 2 K for Hg2C12 and -- 1 K for Hg2Br2), and 
then away from the phase-transition point it decreases. 
Note that the intensity of the second-order soft-mode RSS 
above T,  is one or two orders of magnitude lower than the 
soft-mode intensity below the phase-transition point. 

We now consider the behavior of the soft mode within 
the Landau phenomenological theory for different types of 
phase transitions. For pure improper ferroelastics near the 
phase transition point the Landau thermodynamic poten- 
tial can be written as a series in power of the small order 
parameter (for our purposes it is sufficient to consider the 
case of single-component order parameter interacting with 
one component of the elastic strain tensor) :I2 

FIG. 7. Temperature dependence of soft-mode damping rSM in Hg2CI2 
(a) and Hg2Br2 (b) crystals. 

where Qo is the thermodynamic potential of the paraphase; 
p, , G, and K are elastic constants; E is the lattice strain; C 
is-the modulus of elasticity; and p is the equilibrium value 

nonlinearly. However, the experimentally observed soft of the order parameter. The simplest linear temperature 
mode does not become overdamped ( rSM < 21'2~SM). dependence A =A ( T - T,)  , is chosen for the coefficient of 

Figure 8 displays the temperature dependence of I",; p2. After the functional (10) is minimized with respect to 
( T < Tc)  and FT ( T  > Tc)  for Hg2C12 (a) and Hg2Br2 E the thermodynamic potential assumes the form 

1 
'nt 

f&, arbitrary units I,,,, arbitrary units 
:-.*s: :- - . .  I = 

* . .  . a . . . . . 
----C 

FIG. 8. Temperature dependence of the total RSS intensity P& ( T  < T,) of the soft mode and the intensities of the maximum of the second-order RSS 
I,,,, ( T > T,) of Hg2C12 (a) and Hg2Br2 (b) crystals. 
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FIG. 9. Temperature dependence of the soft-mode frequency of Hg2C12 
(a) and Hg2Br2 (b) crystals. The dots are the experimental points and the 
solid line was computed theoretically. 

The temperature dependence of the order parameter is 
then written as 

The temperature dependence of the soft-mode frequency 
will have the form 

(AIM) (T-  T,) for T>T, ,  

( 2 / ~ ) p ~ ( L I ~ + 2 ~ p ~ )  f o r T < T , ,  (13) 

where M is the "mass" of the soft mode. 
For a second-order phase transition far from the triple 

point ~ ) ~ A . G ( T , -  T )  the temperature dependence of the 
order parameter is given by the law 

and the temperature dependence of the soft-mode fre- 
quency below T, has the form 

If, however, < ~ A G (  T, - T), then the phase transi- 
tion is close to the triple point. In this case the order pa- 
rameter will have a different temperature dependence: 

The temperature dependence of the soft-mode frequency at 
temperatures T < T, in this case will have the form 

At temperatures T > T ,  the behavior of the soft-mode 
frequency in the region of where the Landau theory is 
applicable does not depend on the character of the phase 
transition and is determined by the formula 

Depending on the type of phase transition, the behav- 
ior of vSM(T) at temperatures T < T, is of a qualitatively 
different character [compare Eqs. ( 15) and ( 17)]. For a 
second-order phase transition the temperature dependence 
of the soft-mode frequency is described by a power-law 
function with critical exponent P=0.5. For a phase tran- 
sition close to the triple point the temperature dependence 
vO(T) is determined simultaneously by two terms, which 
depend on the temperature as (T,- T)1/2 and (T,- T)'l4. 

The experimental temperature dependence of the soft- 
mode frequency in Hg2C12 and Hg2Br, at temperatures 
T < T, is described well by a function of the form (9), 
which fits within the Landau phenomenological theory of 
phase transitions near the triple point [see Eq. (17)l. This 
result also agrees with the experimental data819 on the heat 
capacity Cp( T)  and spontaneous deformation E ( T)  , for 
which the following values were obtained for the critical 
indices: a z 0 . 5  (C,) and 2 P ~ 0 . 5  (E). 

We now compare the experimental temperature depen- 
dence of the soft-mode frequency VSM(T) (9) in Hg2C12 
and Hg2Br2 crystals with the theoretical curve vo( T)  ( 17). 
Note that in Eq. (9) bo#O. This is related, in all proba- 
bility, with dynamical phenomena (for example, interac- 
tion with a relaxation mode). In this case the experimen- 
tally observed renormalized soft-mode frequency VSM is 
related to the unrenormalized soft-mode frequency viM by 
the relation12 

where a2 is the parameter characterizing the interaction of 
the soft mode with the relaxational mode. 

Figure 9 displays the temperature dependence obtained 
using Eq. (9) of the soft-mode frequency vgM of Hg2C12 
(a) and Hg2Br2 (b) crystals. We assumed a2=bo. The 
solid line represents the temperature dependence vO(T), 
obtained using the formula ( 17), where the parameters of 
the thermodynamic potential were determined by an inde- 
pendent method from the temperature dependence of the 
heat capacity and spontaneous def~rmation:'~ 
P1/A2=20 1018 K2/ergs (Hg2C12) and 19 1018 K2/erg 
(Hg2B;%); G/A3 = 1.1 - ~ ~ / e r ~ ~ ~  g 2 C 2  and 
1.7 - 10 K /ergs2 (Hg2Br2). The quantity (A/M) = ~ Z / T ,  
was determined from the temperature dependence of the 
soft-mode frequency at the X point of the Brillouin zone of 
the paraphase (8). Good agreement is observed between 
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A,. arb. units 
I 

A,, arb. units 

the temperature dependence vgM(T) and the theoretical 
curve; this indicates that the phase transition in Hg2X2 
occurs near the triple point. 

In order to compare the experimental results for the 
soft-mode intensity above Tc with the results of the 
Landau phenomenological theory, the temperature depen- 
dence Az - (I?~,)/T' [see Eq. (7)] is displayed in Fig. 10. 
This quantity remains constant, as predicted by the theory, 
over a wide temperature interval. 

The character of the temperature dependence of the 
squared order parameter can be determined by analyzing 
the soft-mode intensity below T,. Since first-order Raman 
scattering by the soft mode in the paraphase of calomel is 
forbidden by the selection rules, the relation between the 
dielectric permittivity E of the crystal and the order param- 
eter p is determined by a quadratic law AE - p2. Taking 
this fact into account and representing p as a sum of the 
static order parameter po and the dynamic component pd, 
we can easily show that A ,  - p;. Figure 10 displays the 
temperature dependence A - ( l ' !hdM)/~.  The figure also 
displays (dashed line) the temperature dependence 
pi-(Tc-T)"' "normalized" appropriately. It is ob- 
served that the experimental values agree qualitatively with 
the theoretical temperature dependence; this confirms the 
conclusion that the phase transition in Hg2C12 and HgzBr2 
occurs close to the triple point. 

The ratio of the intensities of the first and second order 
soft-mode RSS also makes it possible to estimate the range 
of applicability of the Landau theory. According to Ref. 
12, in the critical region these intensities must be of the 
same order of magnitude. According to our estimates, this 
region is of the order of 0.1-1 K, which agrees with the 

FIG. 10. Temperature dependence of the 
squared photon-phonon interaction pa- 
rameter A,  ( T  < T,) and the parameter A, 
( T >  T,) of Hg,Cl, (a) and Hg2Br2 (b) 
crystals. The points are the experimental 
data and the dashed line was computed 
theoretically. 

estimate obtained in Ref. 10 from the Levanyuk-Ginzburg 
criterion. 

As has already been mentioned above, as T+ T; the 
experimentally observed frequency VSM in Hg2X2 does not 
approach zero (Figs. 3A, B (a), and 5), as the Landau 
phenomenological theory requires [see Eq. ( 17 )I, but 
rather reaches some finite value vmi,,-it "saturates" 
(vmin-3.5 cm-I for Hg2C12 and vmi,-2.5 cm-' for 
H ~ ~ B ~ , ) . ~ )  The "saturation" of the soft-mode frequency as 
T-+ T; is due, in all probability, to the interaction of the 
order parameter of Hg2X2 with a relaxational mode. Ex- 
periments on neutron scattering in Hg2C12 have shown7 
that as T- T: a central peak is observed together with the 
soft mode from the X point of the Brillouin zone of the 
paraphase. This is one manifestation of the interaction with 
the relaxation mode whose interaction parameter is 62 at 
the phase transition point s'= miin  -0.035   me^)'. In all 
probability this can explain the deviation of the experimen- 
tal values of the frequency wx near the phase-transition 
point ( T > T,) (see Fig. 4) from the theoretical relation 
( 18), which neglects the interaction with the relaxational 
mode. 

The anomalous behavior of the intensity near the 
phase-transition point can also be explained, in all proba- 
bility, by the interaction of the soft mode with a relaxation 
mode, since as the phase-transition point is approached 
p2 + 0 and dM - di ,#O. 

In conclusion, we note that according to Refs. 2 and 3 
VSM- ( Tc- T ) ~ ,  where 8~ 1/3. This value of the critical 
exponent arises became the experimental temperature 
dependence vSM(T) (9), which is determined simulta- 
neously by two terms depending on the temperature as 
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( T,- T )  ' I 2  and ( Tc- T )  'I4, can easily be approximated 
by a power-law function with a value of P close to 1/3. 
Another possible explanation of this behavior of the soft- 
mode frequency is the effect of critical fluctuations. It 
should be noted, however, that in this case the fluctuations 
should result in the same change in the temperature de- 
pendence of the soft-mode frequency both above and below 
the phase-transition point. The experimentally observed 
functions vSM(T) and ox(T)  have completely different 
power-law dependences (8,9). In addition, if the tempera- 
ture dependence vsM(T) below Tc is due to critical fluc- 
tuations in the entire measured temperature range, then 
this would necessarily result in strong damping of the soft 
mode in this temperature interval. However, anomalous 
behavior of the soft-mode damping constant r S M ( T )  is 
observed only close to the phase-transition point (Fig. 5). 
If fluctuations are critical, then the temperature depen- 
dence VSM = ( T - T , ) ~  for T < T, should follow a power 
law with exponent p> 0.5 (Ref. 12), which is not observed 
experimentally. In addition, in the critical region the inten- 
sities of the first- and second-order soft-mode RSS should 
be comparable in magnitude. The experimentally observed 
ratio of the soft-mode intensities in Hg,X, below and above 
T, indicates that the critical region in monovalent mercury 
halides is quite narrow. 

Thus, the obtained experimental data can be described 
successfully within a phenomenological theory, assuming 
that the phase transition in monovalent mercury halides 
occurs near the triple point. The model proposed for the 
phase transition explains the temperature dependences of 
the soft-mode frequency and the temperature dependences 
of the RSS intensity above and below the phase-transition 
temperature. The shape of the second-order RSS line is 
described successfully on the basis of a quadratic phonon 

dispersion law near the X point of the Brillouin zone. 
We thank A. A. Kaplyanskii, A. P. Levanyuk, V. S. 

Vikhnin, and A. K. Tagantsev for fruitful discussions and 
for their interest in this work. 

 he soft mode at the center of the Brillouin zone of the ferroelectric 
phase of Hg2X2 is denoted by v s ~ ,  in contrast to os, which denotes the 
soft mode from the boundary of the Brillouin zone of the paraphase. 

2 ' ~ h i s  fact explains the existence of a "gap," observed in Ref. 4, between 
the combination soft-mode tone 04., = vT * v s ~  and the fundamental 
vibration v: at T =  T ,  in the RSS of Hg2X2. 
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