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The Raman scattering (RS) spectra of crystals of the homologous calomel series, possessing at room
temperature a tetragonal structure with a single linear molecule Hg,X, (X = Cl, Br, I) in the primitive cell
(space group D,,!”) are investigated in the 10 to 300°K temperature range. When the crystals are cooled
below T, =185°K (Hg,Cl,) or T. = 143°K (Hg,Br,) the RS spectra undergo a number of qualitative
changes (appearance of new lines and splitting of degenerate oscillations), which point to a structural
transition of the lattice to the orthorombic phase D,,!” with a double unit cell. Polarization of the RS
spectral lines of the low-temperature phase is measured in samples made monodomain by uniaxial
compression. The structural transition is analyzed within the framework of the phenomenological Landau
theory of second-order phase transitions. It is shown that in Hg,X, crystals a transition of the displacement
type is due to lattice instability with respect to oscillations from the acoustic transverse branch (soft mode)
at two non-equivalent X-points on the boundary of the Brillouin zone of the tetragonal phase. The
transition is characterized by a two-component order parameter and is accompanied by a spontaneous
strain in the basal plane of the D,,'” lattice (“improper” ferroelastic). Five of the six new RS-spectrum
lines predicted by the theory are found below T.. The intensities of the new lines (normalized by taking
into account the temperature dependence of the phonon occupation numbers) and widths of the doublet
splitting are linear functions of the squared frequency of the soft mode. The parameters of the model
thermodynamic potential for calomel are determined from data on the dependence of the soft-mode
frequency on the temperature, on the uniaxial compression, on the magnitude of spontaneous strain, and on
the monodomainization threshold stress. The jumps in the specific heat and elastic constants at the

transition point are estimated.

PACS numbers: 78.30.Gt, 64.70.Kb

A new interesting group of materials, halides of mono-
valent mercury, Hg,X, X=Cl, Br, I, was recently
synthesized'! in the form of synthetic single crystals.
These isomorphic compounds have a unique crystal
structure at 20 °C, consisting of parallel chains of
linear molecules Hg,X,, which are relatively weakly
coupled to one another. The molecules form a body-
centered tetragonal lattice Di,’, with one molecule per
unit cell.'®). The chain structure of the Hg,X, crystals
leads to an extraordinarily strong anisotropy of their
physical properties. Thus, the crystals of calomel
(Hg,CL,) have a very large elastic anisotropy (one of the
sound velocities is the lowest of the velocities known in
the condensed phase and is comparable with v, in airf®?),
and has a record value of optical birefringence (An
=+0.65™1), Inf%8 investigations were made also of
the spectroscopic properties of Hg,X, single crystals,
namely the IR spectra and the Raman scattering (RS)
spectra.
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The study of the RS spectra has revealed'” that at
temperatures lower than T,=185 K (Hg,Cl,) and T,
=143 K (Hg,Br,) they undergo a number of qualitative
changes that point to a phase transition. The main ef-
fect consists in the appearance, in the first-order RS
spectra, of additional weak lines at T< T,, which are
missing at T> T,.!" The existence of a phase transition
was directly confirmed by observation of the domain
structure of Hg,Cl, and Hg,Br, at T< T..'® According
tol® at T< T, the tetragonal point group of the crystal
D,, is lowered to the centrosymmetrical orthorhombic
group D,,, with onset of spontaneous deformation; the
samples can become single-domain by uniaxial com-
pression (a “pure” ferroelastic).

In this paper, to explain the microscopic nature of
the phase transition in Hg,X,, we report a detailed in-
vestigation of the RS spectra of the compounds Hg,Cl,
and Hg,Br, at T<T,. The clear-cut manifestation of
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FIG. 1.

Unit cell of Hg,Cl,.

the phase-transition effect in these spectra, particular-
1y the observation of the soft mode, ' has made it pos-

sible to interpret in detail the nature of the transition

in Hg,X,. It is shown that it is the structure transition
D!} - D}] with doubling of the unit cell. The transition
is due to phonon instability, at T < T, of the transverse
acoustic branch of the vibrational spectrum at the point

X on the boundary of the tetragonal-phase Brillouin

zone (improper ferroelectric). The Landau thermo-
dynamic theory has been developed for a second-order
transition in Hg,X, as in an improper ferroelastic with
a two-component transition parameter.
eters of the thermodynamic potential were determined
from comparison with experiment and used to calculate
the discontinuities of a number of physical quantities

in the transition,

The param-

1. EXPERIMENTAL INVESTIGATION OF RS SPECTRA

A group-theoretical analysis'®® of the fundamental
vibrations of the D}] tetragonal lattice sets out from a

crystal structure in which the linear molecules Hg,X,
form a body-centered tetragonal (BCT) lattice with one
molecule per unit cell (Fig. 1). The table lists the re-
sults of this analysis: the symmetry of the oscillations
at the point I' (column 3) and the selection rules (col-
umn 2), The theory predicts four frequencies of the
even oscillations active in the RS spectra, and two fre-
quencies of the odd oscillations active in the IR spectra.
The experimental results on the IR spectra’®! and on
the first-order RS spectra'® at 20 °C are in full agree-
ment with the conclusions of the theory. The experi-
mental values of the fundamental frequencies are given
in column 1 of the table.® The frequencies observed in
the RS spectra pertain to the libration (v,), deforma-
tion (v,), and valent (v,, v,) vibrations of the molecules,

\ .
The temperature dependences of the first-order RS
spectra of the crystals Hg,Cl, and Hg,Br, were investi-
gated in the interval from 300 °K to helium tempera-

. tures (T=10°K), including the critical points T,. The

RS spectra were recorded with a “Coderg-PHO” double
monochromator using a “Spectra Physics” 60-mW He-
Ne laser. To determine the scattering tensor, the mea-
surements were made at a 90° geometry of observation
in polarized light on oriented single erystals. The
crystal drawing procedure was described inf!!, They
were oriented on the basis of the perfect cleavage of
tetragonal crystals on the (110) and (110) planes. At
T>T, the tensor was determined in terms of tetrag-
onal axes x, ¥, and z parallel to [100], [010], [001]
respectively (Fig. 1).

The polarization of the RS spectra of Hg,X, crystals
in the low-temperature orthorhombic phase was in-
vestigated at T="77 °K «< T, on single-domain samples,
The single-domain state was induced by uniaxial com-
pression of the single crystals at 77°K along [110]
(Fig. 1), with the single-domain state preserved after

Fundamental frequencies and vibration symmetries of HgyX; crystals.

Phase D} (T > T)

Phase DI} (T < T,)

T =30 K T=%K
aje M T'(Dyy) X, (D) r-sT Xy T @, M,
Hg:Cla HeuBr, e T ‘ * Pan ! we Hg.Cls HeuBra
1 2° 3 4 5 6 7+ 8
RS frequencies, cm™ [°_]
1= 40 35,6 3z, 2y E, Bog+ Bsg | Bayg+Bsg | Au+ By Z» — —
v =137 91 Iz, 2Y Eg, Bog -+ Bsg | Bag+ Byg | Ay+ By Z — -
vy = 167 135 22, zz 4 yy Arg Ag Ay By, X — —
ve =275 220 |z, w4ty Ay Ay Ag Bsu X - -
IR frequencies, cm™ [*] RS frequencies, cm™
VT =67 41 z, y E,TO By, Byy A, XX, YY, 22 | vi'=T2 |- 52
L
vi=135 % — E,LO By, By, By, Xy vE | 97
Vi = 254 168 z Ay TO B By, By zX VI =265 476
vy =299 196 — Ay LO — — —
Sound velocity**[*1, cm/sec-107%
204507 fa107 = 0-347 E,TA By, B, A, XX, YY, ZZ |vsy =13.6| 8.7
s foo) = 1-084 ApTA By By By zx vy=39 35
a0 (ifo] = 2.08 E, LA By, Bgy By, Xy — —

*Single indices—nonzero components of the dipole-moment vector M;, double indices-components of the scattering tensor a
0. In column 7 are given the selection rules only for the lines that appear at 7<T.
**The first and second subscripts represent respectively the propagation direction and the wave polarization.
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FIG. 2. Temperature dependences of the frequencies of the
first-order RS spectra: a) Hg,Cl,, b) Hg,Br,.

removal of the load.®! In the rhombic domain®® its
principal axes are X![110], Yu[110], Zi[oo01] (Fig. 1),
and the scattering tensor is determined in terms of
these axes. The depolarization due to the experimental
errors did not exceed 7%. The temperature dependence
of the RS line intensity was also measured on single-
domain uniaxially compressed samples in polarized
light.

The results of the investigation of the first-order RS
spectra are gathered in Fig. 2. The ordinates repre-
sent the spectral intervals in the region of the fundamen-
tal frequencies that are active in the RS of tetragonal
crystals at T> T, (see the table), and also the intervals
in which the appearance of new first-order RS lines is
observed at T< T,. The solid lines show the tempera-
ture dependence of the position of the four fundamental
frequencies (24,, and 2E,) observed at T> T, in the RS
spectra of tetragonal crystals (see the table). When
the crystal is cooled from 300 °K, a slight short-wave
shift of these frequencies takes place. At the point T,
all the curves have a distinct anomaly, and the frequency
of the doubly degenerate deformation vibration v,(E,) is
split into a polarized (ZX, ZY) doublet whose width in-
creases with further cooling of the crystal below T..

\ o
A\
\
™

I3

a

FIG. 3. Temperature dependence
of the intensity I of the Hg,Cl, .
lines: squares—v gy, circles—
V4, triangles—-vg"-. the dark and
light symbols represent the mea-
sured and relative intensities,
respectively.
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FIG. 4. Line of soft mode in the RS spectra of Hg,Br,.

The primes denote the positions of the new first-order
lines that appear in the RS spectra at the point T'=T,
and become stronger with further decrease of tempera-
ture below T,. The new lines are polarized. Alto-
gether we succeeded in observing in the spectra of
Hg,Cl, and Hg,Br, five new lines each, with properties
that were analogous in the RS spectra of both crystals.

1. The line v/, at a distance 2—3 cm™!, on the long-
wave side, from the frequency v, of the libration E,
vibration. The line is fully polarized in the off-diagonal
component ZX, Its intensity increases with increasing

T.- T (Fig. 3).

2. The line v{’ in the region of the fundamental fre-
quency vy (E,TO), of the vibration active in the IR ab-
sorption. The line is observed in diagonal polarization
YY, and its intensity increases with increasing T, - T
(Fig. 3). A characteristic feature is a relatively large
(5-7 em™) short-wave shift of the line v7’ when the
crystal is cooled from T, to 10 °K (Fig. 2).

3. The line v}’ in the region in which are located the
frequency v, of the deformation E, vibration and the
frequency vt of the longitudinal E,LO vibration. The
very-low-intensity line ug' is superimposed on the
short-wave slope of the v, (E,) line and it can be re-
liably separated in the spectra only in polarized light,
The polarization of v’ corresponds to XY,

4. The line v¥" in the vicinity of the frequency v of
the transverse A,, 70O vibration active in the IR spec-
trum. The line has an off-diagonal polarization ZX
and is very weak (it is observed only when cooled to
10 °K, so that the second-order RS spectrum is frozen
outm]).

5. The line vg, in the low-frequency region of the
spectrum is the most important line of the additional
SR spectrum that appears at T< T, (Fig. 4). The fre-
quency of this line depends extraordinarily strongly on
the temperature: As T — T the frequency vg,—0,
thus undoubtedly indicating that this line belongs to the
soft mode., The line is polarized indiagonal components
predominantly in YY, The line is very narrow, and its
half-width (Av=1.5 cm™) varies little as T— T (Fig.
4), so that the growth of the damping Av/vg, as T~ T
is due mainly to the decrease of the frequency vg,.

The intensity of the v, line with increasing 7,- T
first increases rapidly and then, going through a maxi-
mum, decreases, thus distinguishing the behavior of
this line from the other appearing lines (Fig. 3).

An exceedingly strong dependence of the soft mode in

C. Bartaet al. 746



av/v,%

I
2
s /\/I
T 4 0
v, 1 \
L

20|

o s e

0~

—

L \.\
| T I |

4 0 20 30 w
T

FIG. 5. Temperature dependence of the relative frequency
shift of the soft mode of Hg,Br, under uniaxial compression
(0t1103=0.34 kg/mm?. Insert—spectrum of soft mode in the
free crystal (1) and in the crystal stressed at ¢=0.5 kg/mm?
(2) at T,— T=5°

the RS spectrum on the uniaxial compression stress of
one-domain samples along the [110] axis was observed.
The deformation noticeably increases the frequency and
intensity of the v, line (Fig. 5). The effect is larger
the closer the sample temperature is to T.. Figure 5
shows the dependence of the relative deformation line
shift [V g,(0) = v 5,(0)]/vsy(0) on T, - T. We succeeded
in observing a more than 30% relative increase of the
soft mode frequency (at T, - T=5 °K and at a stress ¢
=0.5 kg/mm?—insert of Fig. 5).

The effective appearance of new lines in the SR spec-
tra of the crystals following the phase transition was
first correctly explained!!®! in a study of similar phe-
nomena in the RS spectra of SrTiO, (structural phase
transition at T,=110°K). The increase in the number
of fundamental vibrations which appears in the first-
order RS spectra at T< T, points to a doubling of the
number of molecules in the cell following the transition.
A similar transition is induced by the soft mode corre-
sponding to the lattice vibration at the boundary of the
Brillouin zone (BZ). As a result, at T < T, the BZ
instability point shifts to the center (the I' point) of a
new low-temperature phase, with half the volume of the
BZ, and consequently, the vibrations from this point
become active at T< T, in first-order processes.

On the basis of this idea and the experimentally ob-
served properties of the RS spectra at T < T, it becomes
possible to propose a concrete model of the phase tran-
sition, explaining all the known experimental data on
the phase transition in Hg,X,.

2. PHENOMENOLOGICAL THEORY OF STRUCTURAL
PHASE TRANSITION IN Hg, X,

A. Model of transition and Landau thermodynamic
potential

The body-centered tetragonal (BCT) lattice corre-
sponding to the Hg,X, structure at 7> T, has in the
(x, v, 2) frame the basis vectors

a a ¢ a a ¢ a a c
a’(?'—?'?)' nz(—T'T’?)’ 33(7,2, ?), (1)

where a and c are the parameters of the unit cell (Fig.
6a). The reciprocal lattice vectors are
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1 1 1 1 1 1
b(g07) B(0g) B(0). @)
The first Brillouin zone of the BCT lattice, shown in
Fig. 6b by the solid line, has singular points on its
boundary, namely Z(0, 0, 1/c) and the two nonequivalent
X points X,(1/2a, 1/2a, 0) and X,(1/2a, - 1/2a, 0).

According to our concepts the transition is induced
by phonon instability at the X points of the Brillouin zone
of the BCT lattice at T<T,, The low frequency of the
observed soft mode (V55 ~ 10 ~15 cm™) attests to the
fact that the corresponding vibration is connected with
the acoustic mode of lowest energy in the elastic spec-
trum of Hg,X,. This mode, judging from acoustic mea-
surements, ! is the transverse TA mode with displace-
ments of the atoms in the basal plane of the crystal.

We consider two non-equivalent points on the Bril-
louin-zone boundary of the BCT lattice, X; and X,, with
coordinates K(X,)= zb, and K(X,)=3(b, - b,). The vec-
tors K(X,) and K(X,) form a star of the irreducible rep-
resentation of the tetragonal group of the crystal D,,.
The point group of the wave vector K(X;) corresponds to
D,,. The acoustic transverse displacements in the
basal plane at the points X; and X, correspond respec-
tively to the representations B, and B,, of the group of
the wave vector D,,.

The eigenvectors of the representations By, [K(X,)]
and Bzu[K(Xz)]
@i=exp[—2inK(X,)r]$s.(r), @.—exp[—2inK(X,)r]Ps,.(r) (3)

form a basis of a two-dimensional irreducible repre-
sentation 7 of the space group of the crystal D}], (1]

The representation 7 is active in the induction of the
phase transition, since [7]® does not contain a unit rep-
resentation, and {T}z, which does not contain a null-star,
has no common representations with the vector repre-
sentation. Inasmuch as the representation 7 is two-di-
mensional, the transition parameter remains two-com-
ponent, The electron density in the crystal will be ex-
pressed in the form

p (r) =potci@itc.q., (4)

FIG. 6. Bravais lattice (a) and Brillouin zone (b) of Hg,X,
crystals in the tetragonal and orthorhombic phases. The
Bravais lattice points which are not congruent at T <T, are
differently designated.
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FIG. 7. Atomic displacements in
Hg,X, following the structural
phase transition D}} (a) —D}} (b).

where p, is the density in the tetragonal crystal and ¢,
and ¢, are the parameters of the transition (displace-
ment), which transform like ¢, and @,.

We consider the product [7]2. Since the point group
of the vectors K; - K; (i, j=1, 2) corresponds to Dy, (2K,
and 2K, are equivalent to K=0, and the vector K, +K,
is equivalent to K(Z)), the expansion of [T in the ir-
reducible representations of the group D}] takes the
form

[T]2=A11(F)+le(r)+Bll(z)‘ . (5)

where A,,, B,,, B,, are the representations of the point
group D,,, and the parentheses of (5) contain the corre-
sponding points at the center (I') and the boundary (Z)
of the Brillouin zone,

The eigenvectors of these representations and the
corresponding transition parameters are given by

A[g: $2+y27 ;J; C(z+c’::
By zy; ¢ —cot. (6)
B,(2): -, CiC2.

Expanding the specific (per molecule of Hg,X,) thermo-
dynamic potential ®(c,, ¢,) in terms of invarients made
up of components of the displacement parameter and of
the strain tensor ¢; in the Voigt notation, ¥ we obtain

(D:l/za(cxz‘)'czz) +'/451 (sz’*czz)2"“1/452(20102)2
+1/.B (C;z‘-czz) Es+‘/ED(Ciz+022) (e4te.—2¢s)

+1/,F (c24c;?) (g4 te,tes) + (‘/z Zcusiﬁr‘z 0-‘5«) v, )
i g

where c¢;; are the elastic constants, o0; is the stress ten-
sor, v=3a% is the volume of the unit cell, and o, By
B,, B, F, D are the parameters of the potential and are
functions of the temperature.

Using the conditions for the minimum of the thermo-
dynamic potential 8%/8¢, =0 and changing over to new
variables
¢=arctg] (c,—c2)/ (este2) 1,

pt=c,*tc’,

we rewrite (7) in the form
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O="/,ap*+/ip* (Y, sin’ 2¢+, cos® 29) +'/.Bp’ sin 2¢ 5605
+‘/2Dpz[ (0,+0,) (s“-i*s,,—Zs_,z) +20, (Su“"Su) ]

+/.Fp*[ (0:+02) (814 5,31853) 105 (2815 80s) ] —*/50 2 845005 (8)
4

where S;; are the elastic moduli and
1 I I
'Yt=ﬁt—2—vB’3u—7y '{z=pz——v',
I1=D"(5,3+512—48157F2533) +2FD (84, 8515—815—Sss)
+F2(3u+312+33u+3n). (9)

We examine the potential ¢ (8) of the Hg,X, crystals
in the absence of external stresses: 0;=0. The mini-
mum conditions are of the form

0
o =p[atp®(y, sin® 2¢-1v, cos? 2¢) ] =0, (10)
0 1 .
5—€P= 79 (44—, sin 4¢=0, (11)
a0 9*0 3*0 P \*
— y,  — —_ >
dp* dp* O¢? (ap G(p) (12)

The solutions (10) and (11) under the conditions (12)
take the form

L p=0 if a>0; (13)
II. cos2¢=0, p’=—a/y, if a<0, 1.>7,>0; (14)
1L sin29=0, p'=—a/1: if a<0, 71,>Y:>0. (15)

The solution I, where the components ¢, and ¢, of the
transition parameter are equal to zero, obviously cor-
responds to the high-temperature (T > T,) tetragonal
phase. Solutions I and III correspond to two low-tem-
perature phases (II and III), into one of which, depend-
ing on the ratio of the parameters y, and y,, a transi-
tion can take place at T< T,, Inasmuch as a>0at T
>T,and a<0at T< T, we can put a=X(T-T,), where
A >0 is a parameter; o vanishes at T=T,,

B. Properties of low-temperature orthorhombic phase

In phase III, the transition-parameter components
¢, and ¢,, which can be regarded as projections of the
displacement of the molecule Hg,X, on the rhombic axes
X and ¥, determine in accordance with (15) four domain
types (cy=+cy= +p/+/2) with molecules displaced along
the tetragonal axes +x and +y. The structrual phase
transition I—III should have been accompanied by a
splitting of the unit-cell volume into four and by spon-
taneous deformation (at T< T,) along the z axis, and the
symmetry of phase III is tetragonal. The potential (7)

. admits of no connection between the displacements of

the molecules and the shear deformation o in phase III.
The indicated characteristics of phase III contradict the
experimental data,

In experiment, a transition to the low-temperature
phase II is realized (i.e., v, >¥,). For this phase, the
solution (14) admits of formation of four types of do-
mains, which differ in the orientation of the displace-
ments of the molecules Hg,X, in the lattice along the
rhombic axes:

2) ¢,=—p, =0 (@=5n/4);
4) ¢,=0, c;=—p (@=3mn/4).

1) c=p, =0 (@p=n/4);
3) =0, co=p (p=Tm/4)};

Figure 7b shows schematically the displacements in
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the individual domain 1), Two parallel shifts of the
centers of gravity of the molecules Hg,X, take place
here along the [110] directions, *’ and the directions of
the shifts are opposite in neighboring atomic planes
(110). The domains 2) differ from 1) only in the signs
of the shifts that occur in the same systems of (110)
planes. In domains 3) and 4) the corresponding dis-
placements occur in a perpendicular system of (110)
planes,

The structure of the domain of phase II (Fig. 7b) is
thus the result of the “freezing, ” at T< T,, of the dis-
placements of the molecules in the transverse acoustic
wave with wave vector in one of the X points of the
Brillouin zone of the BCT lattice and with polarization
in the (001) plane., A simple analysis of the geometry
of this structure shows that the positional symmetry of
the Hg,X, molecule is lowered by the transition from
the tetragonal D, to the orthorhombic C,,, and the point
symmetry of the entire crystal is lowered from D,; to
D,,. The molecules in the neighboring (110) planes (the
domains 1) and 2)) become non-congruent and the num-
ber of molecules per cell doubles, The dashed lines in
Fig. 6a delineate the new orthorhombic cell (they join
the molecules that remain congruent); this cell corre-
sponds to a base-centered orthorhombic lattice. The
principal axes, Z, X, Y of the orthorhombic axis are
directed along the previous axis of the tetragonal crys-
tal [001], [110], and [110]. The conclusions with
respect to the structure follow also rigorously math-
ematically from the condition that the plane p(r) (4)
at ¢; =0 or ¢, =0 is invariant to the corresponding sym-
metry transformations, These transformations identify
the space group of the low-temperature phase II as D}/,

The basis vectors of the base-centered orthorhombic
lattice, in the coordinate system connected with the
rhombic axis X=(x-¥)/V2, Y=(x+y)/V2, Z=z, are
given by (Fig. 6)
a;/=(—T.\', 0, 72), (16)

a/=(0, 2tv, 0), a’=(7s, 0, 12),

where

= (1—ete)aly2,  tr=(1Fe+e)alyS
1z=(1+¢5") ¢/2;

el, eJ,ed are the components of the spontaneous stress
tensor produced at T'<T,.., The stresses obtain from
the condition that ® be a minimum at T'< T,

evtmert= 2 [(ucten) (P4D) Hsu(P-2D)], (1
es'= MZT‘{_UTE) [25ss (F+D) +ss(F—2D) ], (18)
a.°=%su sin 2¢. (19)

It follows from (17)—(19) that the spontaneous stress &)

is the same in domains 1) and 2) (sin 2¢ = +1); for the
other pair of domains, 3) and 4), the sign of €] is oppo-
site (sin 2¢ = -1) and is also the same for the two do-
mains. Consequently the domains 1) and 2) do not differ
from each other in any way with respect to their mac-
roscopic properties, The same pertains to the pair 3)
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and 4) (“antiphase domains**!), The domain pairs 1),
2) have a different “orientation” of the spontaneous
strain and other macroscopic properties than the do-
main 3), 4). In particular, optical birefringence should
take place in the xy plane, while the indicatrix axes are
parallel to [110] and [110] and differ ina rotation through
90° for the two pairs of domains. From the condition
that the medium be continuous at the domain boundaries
it follows that the domains 1), 2), and 3), 4) are sep-
arated by boundaries inclined 45° to the rhombic axis,
i.e., directed along [100] and [010].

At the transition point, jumpwise changes take place
in the heat capacity of the crystal

AC,=MT./2y, (20)

and in the elastic constants c¢,;;. The jumps of the elas-
tic constants Acyy=cyyl pz -4yl p.rg are equal to

F+D)? F-2D)*
Acy=Ac=Ac,,=— ( 2‘{‘”) ) Cu=—“(2Tv)'
F+D) (F—-2D —2D) B si
Acp—toym— TTDVE=2D) - (F-2D)Bsin2g  (31)
2¢,v 2Y,v
F+D)B sin 2 . B
AewmAeym— LDV BSIn29 B
AR 2yv

We consider now a transition in the presence of ex-
ternal stresses and confine ourselves to the most im-
portant case, when the stress oy differs from zero and
all other 0,(i #6)=0. The displacement parameter in
phase II is defined by the equation

p*=—[A(T'—T.)+Bsw0s sin 2¢1/y,, cos 29=0, (22)
which determines the dependence of T, on the external
stress:

AT.=—BA 5440, sin 2. (23)

For domains that differ in the sign of sin 2¢, the tem-
perature T,, the displacement parameter p, and the
frequency of the soft mode at 04>0, if B>0, increase
(sin 29 =-1, AT.>0), or else decrease (sin 2¢=+1,
AT.<0). The condition 8°®/8¢?> 0 for the stable equi-
librium of the domains with AT, >0 is satisfied at all
stresses 0,. At the same time, domains with AT_<0
become unstable (8°®/9¢2=0) at a stress

o MTe—TDew [ 40
lovl= =52 (1 ” ) (24)

Thus, if B>0, only the antiphase domain 3) and 4) with
sin 2¢ = =1 remain in the crystal at 04> 03; this corre-
sponds macroscopically to the crystal becoming single-

domain,

C. Influence of phase transition on the optical spectra

The solution II (14) for the individual domains yields
a zero value for one of the two components of the tran-
sition parameter, c, or ¢,. This means, with (3) and
(4) taken into account, that the transition is due to the
instability of the acoustic vibrations in one of the X
points. Let this be the vibration B,, at the point X, (the
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domain of Fig. '7Tb), We then have for the vibration fre-
quency of the acoustic soft modes at X; and X, near the
transition temperaturef ]

1 90 [ AMI-T)/M, T>T.
2 == ———
oKX =5 ap" {2A(Tc~T)/M. r<T.’ 25)
WK =TT [ METAL TR )
Mp* d¢*

%(TC—T) (11—1) . T<T.

b

where M is the mass of the Hg,X, molecule.

At T>T,, the vibrations at the points X; and X, are
doubly degenerate. At T<T,, the degeneracy is lifted,
since X, and X, goes over into different points of the
Brillouin zone of the low-temperature base-centered
orthorhombic lattice. For this lattice, the reciprocal
vectors are given by

b/=b,—!/sh;, b./='fhs, b’=b.—/,bs; 27
its Brillouin zone is shown by the dashed line in Fig.
6b, It is seen that X,(bs/2) corresponds to the recipro-
cal vector b; and consequently goes over to the center
(the T point) of the Brillouin zone of the orthorhombic
lattice. The point X, (3(b, —b,)) lands on the boundary
of the new Brillouin zone at the point Z.

The X,~T jump causes all the vibrations at X; which
were not optically active at 7> 7., including the soft
mode wg,, to become optically active in first order at
T< T,. The selection rules for the new fundamental
vibrations at T< T, can be easily obtained with the aid
of group theory: by analyzing the symmetry transfor-
mations of the vibrations at X, in the X, ~T jump, or
else by direct derivation of the symmetry of the funda-
mental vibrations of the crystal D} with two Hg,X,
molecules per cell, having positional symmetry C,, (by
the method described in'!*), The table lists the re-
sults of the calculations for the vibrations of all the
branches of the elastic spectrum of the tetragonal crys-
tal Hg,X, at the X point, which go over at T < T, to the
T point of the orthorhombic crystal, Column 4 indicates
the symmetry of the branches of the point X fora tetrag-
onal crystal. In the right-hand part of the table (col-
umns 5-8) are given the data for the orthorhombic
crystal D}], Column 5 lists the symmetry of the funda-
mental vibrations of the point T (D,,), coming from the
fundamental vibrations of the tetragonal crystal at the
point T (Dy,) (column 3). The main effect of the Dy,

- D,, transition at the I point is the doublet splitting of
the doubly degenerate E, vibrations. In column § is in-
dicated the symmetry of the point I' (D,,) of the vibra-
tions resulting from vibrations at the X, point of the
Brillouin zone (column 4) of the tetragonal crystal, For
these new fundamental frequencies, column 7 lists the
selection rules in the IR and RS spectra. It is seen
that in the RS spectrum at T < T, there can appear vi-
brations from the point X of all the “odd” branches of
the spectrum of the tetragonal crystal-three optical
branches and three acoustic branches. The vibrations
of the “even” branches at X can yield new lines in the
IR spectra of the orthorhombic phase.
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It follows from general considerations that at T< T,
the splitting of the fundamental E, vibrations, just as
the intensity I, of the lines of the RS spectrum from the
X point, is proportional to the square of the displace-
ment parameter p. In the Landau-theory approxima-
tion we have I, < p*« (T, - T). Therefore the intensity
of the Stoke’s lines of the developing RS spectrum is

I~I(T) [n(T)+11, (28)
where #(T) =[exp(#w/kT) — 1] is the usual temperature
characterizing the population of the vibrational modes.

3. COMPARISON OF EXPERIMENTAL RESULTS
WITH CALCULATION

The calculated data in the table account well for the
experimental results on the RS spectra at T < T, (Sec.
1). In particular, they explain the observed polarized
splitting of the degenerate frequency of the deformation
vibration v,(E,) in the transition Dy, = D, (E, = By, + By,).
The absence of an analogous splitting in the other de-
generate librational vibration v,(E,) is more readily due
to the smallness of this splitting (it is estimated that
~0.3 cm™, if it is assumed that the relative splitting of
v, is ~ 1% as that of v,),

The theory (columns 6 and 7 of the table) explains
also the properties of the new lines that appear in the
RS spectrum at T < T, and correspond to the fundamen-
tal vibrations of the D}] phase, coming from the X
point of the DY} erystal. The experimental frequencies
of the new lines are given in column 8. Experiment
has revealed five new lines out of the six theoretically
possible. The line positions and polarizations agree
with the calculation. The frequencies of the three op-
tical branches vI’, vE’ | vI" which appear in the RS
spectrum from the X point (column 8) are close to the
fundamental frequencies of the corresponding branches
E,TO, E,LO, A,,TO, known from the IR spectra (col-
umn 1), This points to a small dispersion of the in-
tramolecular dipole vibrations (an exact comparison of
the frequencies is made difficult here by the fact that
the IR spectra’® and the RS spectra were measured at
different temperatures).

Vibrations (vg, and v}) from the X point of two trans-
verse acoustic branches appear in the RS spectra also
at T< T,; one of them is a soft mode. The values of
vgy and V, agree with the estimates of the frequencies
of these modes at the X point, carried out for Hg,Cl, in
the Debye approximation on the basis of the known (col-
umn 1) sound velocities:

11701 G= roos) G= o
'VTA(Bsu)=Umn|c—=1scm_', ’VTA(BW)=U(“01—;=,54Cm y

where g, = (V2a)™! is the reciprocal wavelength of the
phonon at the X point (@~ 4.5 A), and c is the speed of
light, As expected, owing to the dispersion of the
acoustic branches, the experimental frequencies are
lower than the Debye frequencies, The vg, and v} vi-
brations at T< T, are obviously of the translational
type. It is seen from column 6 of the table that the soft
mode v, is fully symmetrical (4,) at T< T,, as is also
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FIG. 8. a) Width of the doublet v,(E,) and b) relative intensity

I, of the produced lines at T< T,, as functions of v, (the ex-~
perimental points correspond to Fig. 3) (Hg,Cl,).

the opposite v}’ vibration connected with the E,TO
branch. Since they have the same symmetry, these vi-
brations interact with each other. This explains the
appreciable decrease of the frequency of VST' as T~ T;
(Fig. 2). It is due to the interaction of V5T * with the
soft mode, whose frequency vg,—~ 0.

The detailed agreement between the experimental and
calculated data on the RS spectra offers convincing
evidence in favor of the transition model used in Sec. 2.
The consequences of this model, described in Sec. 2,
explain also all the other known experimental facts con-
cerning the orthorhombic macrosymmetry of the phase
(with inversion center), the directions of the optical
axes in it, the orientation of the domain walls, and the
ferroelastic properties. ®! The space group of the low-
temperature phase D!, obtained on the basis of an
analysis of purely spectroscopic data, is confirmed by
direct x-ray structure measurements of Hg,Cl, at low
temperatures, ®

We note also that a microscopic harmonic-approxima-
tion calculation of the vibrational spectrum of Hg,Cl,
at the X point on the basis of the data for the I' point
(elastic and dielectric constants, fundamental fre-
quencies), has yielded for the frequency of the trans-
verse acoustic branch in X an imaginary value, which
also attests to the instability of the mode, {14!

It is of interest to compare quantitatively the experi-
mental results with the conclusions of the Landau phe-
nomenological theory (Sec. 2). This comparison is
hindered to some extent by the fact that the main tem-
perature dependences of this theory, g < T,~ T and
v%,= T, - T near T, are usually not satisfied, owing to
correlation effects and to the large fluctuations of p and
¢." 21 Although no precision measurements of vg,(T)
were made for Hg,X,, within the limits of experimental
accuracy the obtained curves (Fig. 2) are definitely in
better agreement with the relation v3, < T,~ T in a cer-
tain vicinity of 7,. A relation of this type way estab-
lished earlier, for example, for the structural phase
transition in SrTiO,.'% In'®! it was shown also, with
SrTiO; as an example, that the proportionality p?(T)
ay2, (T) is satisfied in experiment in a sufficiently wide
range of T, - T, although the functions p?(T) and vZ,(T),
when taken separately, deviate significantly from
those predicted by the Landau theory. This circum-
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stance allows us to use for Hg,X, the experimentally ob-
tained values of vg,(T) as an argument when checking
on the theoretical dependences of various quantities on
the (unknown) displacement parameter p (7).

In Fig. 8 (curve a), the experimental width of the
doublet splitting at T< T, of the frequency v, of the de-
formation vibration E, (= B,, + B;,) is plotted as a func-
tion of v%,. A linear relation is obtained, as predicted
by the theory (A «p*—see Sec. 2). In the analysis of
the intensities of the produced SR spectral lines we
must start from values of I in which account is taken
of the population of the phonon modes n(7) (28). Fig-
ure 3 shows the normalized “relative” values of [y(7T)
obtained for the frequencies vg,, v;, and vI’ from the
experimental values of I¢(T) with allowance for the
quantity n(7 +1) (for the soft mode v, the quantity »(T)
takes into account the temperature shift of the fre-
quency. It is seen that the temperature dependences
of the intensity for the different lines is practically the
same and is described by a universal I(T) curve
(shown dashed in Fig. 3). Figure 8 shows the I(7)
curve of Fig. 3, recalculated in terms of the function
v5u(T) into the function I(v%,), which is linear (curve
b) as follows from the theory (I, p?).

For Hg,Cl,, the parameters of the thermodynamic
potential (8) were estimated from the comparison of the
experimental data with four theoretical dependences:

a) The temperature dependence of the frequency of
the soft mode v g, (25) determines the value of A, The
experimental values were taken for the interval 0,68
<T/T,<0. 88, where vZ,(T) is approximately linear,
In (25) we have M =472 a,u, (the mass of the Hg,Cl,
molecule),

b) The dependence of the temperature shift AT, of
the transition on the uniaxial compression stress o, (23)
yields the value of B. The shift AT, is determined
from the experimental shift of the frequency of the soft
mode following a compression 0; ;01 (0= = 20; 4407)—

Fig. 5; the value of dv2,/do,,,,;, was considered in the
region 0.68< T/T < 0. 88.

¢) The spontaneous deformation €} (19) in the low-
temperature phase was used to determine y,. From
the prelimary x-ray structure measurements of the
orthorhombic lattice constants at T=125°K, a value =)
=0, 1% was obtained from formula (186).

d) The monodomainization stress o3 (24) yields an
estimate of the ratio y,/v,. The value of 03 was ob-
tained from experiment on the monodomainization of
multidomain samples by compression along [110], t®
Since the influence of the domain walls and the presence
of structure defects can greatly lower the real stress,
it can be assumed that oJ >0,,, where 0,,, =10 kg/cm?
is the observed threshold monodomainization stresst®
at T="77°K. '

In this manner, under the assumption that F=D=0,
and using cgg=12,25%10!° dyn/ecm? 3! we obtained the
four constants of the potential (8):

A=38erg/cm®°K, |B|=3-10° erg/cm®
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¥1=2,4-10% erg/cm*, 1—7,/¥,>0.0060.

From these values we can estimate the heat-capacity
jumps (20) AC, =0, 08 cal/mole-K and of the elastic
constant (21) expected in the transition (the largest
jump, amounting to ~15%, is ACg=1. 7% 10'°dyn/cm?).

We note in conclusion that Hg,Cl, and Hg,Br, are pure
extrinsic ferroelastics with a two-component transition
parameter connected with the soft mode at the point X
on the Brillouin-zone boundary. It is important to note
that the double degeneracy of the soft mode at T> T, is
due to the existence of two nonequivalent points X on the
boundary of the zone. This distinguishes the case of
Hg,X, from the classical case of the 110 °K transition
in SrTiOg, where the fact that the transition parameter
is not one-dimensional is due to the (triple) degeneracy
of the intrinsic oscillation at one point (R) of the Bril-
louin zone,

The simplicity of the crystallographic structure and
of the fundamental spectrum of Hg,X,, and the clear-
cut spectroscopic manifestations of the phase transition
(in particular, the narrowness of the soft-mode line,
which makes it possible to trace the decrease of its
frequency as T— T to the lowest published value of
several cm™') make Hg,X, a convenient object for the
study of general problems in structural phase transi-
tion in crystals.
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8hwe point out the (accidental?) proximity of two frequencies,
of the deformation vibration v,(E,) and of thelongitudinal vi-
bration v¥ (E,LO), which takes place for Hg,Cl, and Hg,Br,.

4)El= Exrr E2TEyyy €35 &gy The

g =8y, E5=8.,, Eg=E.
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stresses o; are similarly designated later on.

5)Calculation shows that the ratio of the displacements of the
Hg and Cl atoms for the transverse acoustic branch By, at
the X, point is 1.16, i.e., the Hg,Cl, molecules bend and as-
sume a trapezoidal shape. As a result, the molecule chains
that are linear at T >T, acquire a “crankshaft” shape at T
<T, (Fig. 7).

6)The measurements were performed by M. E. Boiko and A. A.
Va“lpolin at the A. F. Ioffe Physico-technical Institute.
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