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ABSTRACT

The pressure and temperature dependences of in-
elastic light scattering werc investigated in SbSl
and Ndg gLag,5P5O14. SDSI exhibits a tricritical
point at pt = 1.4 kbar and T¢ = 235°K, and the be-
havior of the soft mode is discussed in terms of

mean-field theory. In Ndg,sLag_ sP5014, the soft
mode is Raman-active in both phases and a strong
interaction is observed between the soft mode and

an acoustic mode.

It is well established that many structural phase transi-
tions in solids are accompanied by a so-called soft phonon
mode.l The frequency of this mode deccreases as the transition
temperature is approached and, at a second-order phasc transi-
tion, the soft-mode frequency vanishes at the transition tem-
perature. The soft mode is a normal mode of lattice vibration

of the solid and thce symmetry of the new phase is determined
by the eigenvector of the scft mode; that is, the structure
of the low-symmetry phase is just the structure of the high-
symmetry phase with thc atomic motion associated with the soft
mode superimposed on the high-symmetry structure. Thus, both
the dynamic and static properties of the transition can be in-
vestigated by mecasuring soft-mode responsce using either in-
elastic light or ncutron scattering or other techniques.

The two types of soft-mode transitions to be discussed are
the ferrocleciric transition in antimony sulphoiodide and the
ferroclastic transition in the rarec earth pentaphosphates. In




‘phase, the transition is observed to be strongly first order

the case of a ferroelectric transition, the order parameter is
the spontaneous polarization, whereas the order parameter of a
ferroelastic transition is the spontancous strain.

Antimony sulphoiodide (SbSI) is a semiconductor which un-
dergoes a ferroelectric phase transition at 292°K at atmos-
pheric pressure. The crystal has orthorhombic structure in
both phases with point groups Dzp in the paraelectric phase
and C2y in the ferroelectric phase. Although by symmetry the
transition is allowed to be second order and there can be no
first order (piezoelectric) coupling between the soft mode and
any of the acoustic modes of the crystal in the paraelectric

at atmospheric pressure. The transition in SbSI is of interest
because it is the only known displacive ferroelectric which ex-
hibits a tricritical point.2 The tricritical point corre-
sponds to the point in the temperature-pressure space where
the phase transition changes from first to second order.3

The soft mode is infrared active in both phases, but it is
not Raman active in the paraelectric phase. It is, of course,
Raman active in the ferroelectric phase. The temperature de-
pendence of the Raman spectra at atmospheric pressure has been
investigated by several groups, 4-6 and Balkanski and coworker<7
have measured the pressure dependence of the Raman spectra in
SbSI at very low pressures ior temperatures near the atmos-
pheric pressure transition temperature of 292°K. The pressure
dependence of the Raman spectra for the spectral region con-
taining the soft mode is shown in Fig. 1 for pressures near
the transition pressure of 4.54 kbar at 119°K. These data
were taken with the 6764 A line of a krypton laser where the
sample is transparent, and He gas was used as a pressure medi-
um. As the pressure is decreased below the transition pres-
sure, the soft mode first appears as a shoulder on the laser
line. On further decreasing the pressure the soft mode moves
smoothly out from zero frequency as a well-defined, under-
damped excitation. Note that data are shown for very small
pressure intervals. Data were actually taken in smaller in-
tervals than shown, and the transition appears to be continu-
ous at this temperature. As the soft mode moves to higher
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at various pressures near p.

at 119.4°K.

Fig. 2. Pressure dependence of
the low-frequency Raman-active
phonons in the ferroelectric
phase of SbSI.
frequency, it interacts with other optic modes of the lattice.
The pressure dependences of the various mode frequencies in
this low frequency region of the spectrum are summarized in
Fig. 2. Mode couplings are evident at ~1.8 and 3 kbar. These
couplings are actually quite weak; in fact, computer fits to
the spectrum in the region of the intefaction with the mode at
n32 cmﬁl, assuming damped harmonic oscillator responses for
the modes which were coupled through a real interaction, gave
couplings of 2 em™1 compared with the mode frequencies of
30 cm_l. The main point to bec made from the data in Fig. 2
is that the transition appears to be continuous at this tem-
perature; the soft-mode frequency goes smoothly to zero, the
40 c:m'1 mode splits continuously with pressure, and there are
no discontinuities in any of the mode frequencies at the tran-
sition. I should also emphasize that there is some ambiguity
in the soft-mode line shape. The mode is not quite Lorentzian
so the soft-mode peak position has been plotted. |
Although these data seem to indicate that the transition is
second order, it is difficult to determine the order of a
phase transition by measuring eithcr.the temperature or
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active in both phases were moni-

a function of pressure. Figure 3 shows the pressure depend-
ence of the w = 0 scattering at two different temperatures.
Since the scattering volume is inside the sample, I(0) essen-
tially monitors the intensity of the transmitted laser beam.
That is, the dominant contribution to I(0) is observed to be
due to changes of the intensity of the laser beam in the
scattering volume rather than to changes of the scattering
cross section. Quite similar results were obtained by monitor-
ing the intensity of a Raman-active phonon through transition.

Consider first the trace taken at 272°K; as the transition
is approached from the paraelectric phase I(0) decreases. At
the transition the intensity drops discontinuously as the
crystal undergoes a first-order transition and domains are
formed which scatter light out of the beam. As the pressure
is further decreased the domain size increases and I(0) in-

creases. Completely analogous results are obtained if we make

measurements as a function of temperature at constant pressure.
In this temperature and pressure range there is also consider-

able hysteresis in either the transition temperature T at
constant pressure or the transition pressure p. at constant
temperature. The transition is definitely first order.

As the transition temperature is decreased with pressure
the discontinuity in I(0) and the hysteresis in Te (p.) de-
creases until Te < 235°K. I(0) then changes continuously
through the transition as illustrated by the data shown for
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234°K in Fig. 3. Herce I(0) decrcases smoothly as TC is ap-
proached, attains a minimum of the transition with no dis-
continuity, then incrcascs smoothly as the system moves away
from the transition. Again, completely analogous results were
obtained as a function of temperature at constant pressure,
and the behavior is independent of whether the measurements
are made with increasing or decreasing pressure or temperature.
For TC < 235°K we observed no hysteresis within experimental
uncertainty. The transition thus appears to be second order
for pressures above about 1.4 kbar. Since the transition is
unambiguously first order for lower pressures, SbSI apparently
exhibits a tricritical point at 235°K and 1.4 kbar.

The expected behavior near a tricritical point can be ob-
tained from Landau's theory of continuous phase transitions.8
The free-energy F can be written as:

1 2 Y sl 1
F = TA(T - TC)PS # ZBPS + ECP . (1)

where Ps is the spontancous polarization, A is a constant and
B and C are taken to be slowly varying functions of tempera-
ture and pressure. For C > 0, Eq. (1) describes a first-order
transition if B < 0, a second-order transition if B > 0, and a
tricritical point at B = 0. For a second-order transition,
the stability conditions yield the inverse susceptibility

x—l as

>
1]

A(T - T , T > T, (2a)

>
|

28(T, - T} o, T < T, , (2b)

and PS has a temperature dependence of the form

L
oC - -
PS (TC T)™= . (3)
Necar a tricritical point Tt these expressions become

X = A(T - Tt) s T ¥ Tt (4a)

>
I

AN(T, - T) , T <T, (4b)

with
3 :
Qo (Ty - DY . (5)
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‘ ] L\ | susceptibility, on
! ! ?WHwM(WH) >  the other hand, does
Fig. 4. w? Vs p at different tempera- not change; rather

changes from 2 to 4. Since Raman scattering probes Xx(w), this

- ) treatment predicts that the functional form of w will not
change, but that there will be a change in the slope of wz VS
T or p near the tricritical point.
The pressure dependence of the soft mode is illustrated in
Fig. 4 for tempcratures above and below 235°K. The peak posi-
‘ tion is again plotted in this figure because of the ambiguity
in the line shape. The data follow an wz « p dependence as
expected although there is some deviation near P.s however,
this deviation is probably an artifact of the asymmetric line
shape and the increasc in the ratio of the damping to the
frequency as w decrecases. These data illustrate that the
| slope of wl vs p decreases from w? = 218(pC - p) at 231°K to
w? = 125(pC - p) at 119°K. Unfortunately, the soft mode is
not Raman active for T > TC so that the slope ratio has not
been directly measurcd. However, it is known from dielectric
measurement59 that SbSI obeys a Curie-Weiss law with pressure
in the paraclectric phase and that the Curic constant is es-
sentially temperature independont.g Combining that observa-
tion with the observation that SbSI obeys the Lyddane-Sachs-
Teller relation indicates that the change in the slope should
be very nearly equal to the change in the slope ratio.  In
{ view of the uncertaintics in this analysis, the change of 1.75

T



observed as the temperature is decrcased from about 4° below
the tricritical point to well below the tricritical point is
in reasonable agrecment with the mean field value of 2.

Samaralq has recently measured the pressure dependence of
the dielectric constant and directly determined the change in
the slope ratio of X'I near this point. He observed a qualita-
tive change in the dielectric response € with pressure; the
maximum in € incrcased with increasing pressure indicating
that the transition had become more nearly second order. Al-
though € did not diverge for TC < 235°K, presumably because of
material problems, the slope ratio was observed to change from
2 at low temperatures to 3.4 at 233°K.

Summarizing the results on antimony sulphoiodide, the di-
electric measurcments seem to corroborate the conclusion drawn
from the light-scattering measurements that there is a change
in order of the phase transition with pressure. unfortunately,
the dielectric mecasurements are not as definitive as the light-
scattering measurcments becausc of material problems. Light-
scattering appears to be a much more reliable technique for
investigating tricritical behavior in this material because
measurements can be made inside the sample which avoids sur-
face effects.

Another type of soft-mode system is illustrated by the rare
earth pentaphosphates. The chemical formula for these materi-
als is REP5014, and several crystal structures have been ob-
served for different rare carths depending on the size of the
rare carth ion, the temperature, and the pressure of the
measuremcnts.11 We will consider materials which undergo a
ferroclastic phase transition {roh orthorhombic DZh symmetry
to monoclinic CZh symmetry on cooling. Examples of crystals
with this symmetry change are TbP5014, LaP5014, NdPSO14 as
well as mixed crystals of these constituents.

The phasc transition is thought to be a second-order dis-

1a It was recently shown by Fox,

placive structural transition.
Scott and Bridcnbaugh13 that this transition is accompanied by
a soft zone-center optic mode which' is Raman active and under-
damped in both phases. Figure 5 shows the Raman spectra as a

function of temperaturc taken at pressure of about 2 kbar for
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Fig, 5. Raman spcctra of Fig. 6. Brillouin spectra of
Ndp,slag, 55014 at 2 kbar NdO.SLaO.SPSOlg showing the tem-
for various temperaturcs in peraturc dependence of the
the ferroelastic phase. transverse acoustic mode Cs55

and the longitudinal mode (C33
in the second order of the
Fabry Perot) for temperatures
below T..
the mixed crystal NdO.SLaO.SP5014’ The frequency of the soft
mode decrcases as thc transition temperature is approached,
The mode remains underdamped throughout the region of the
transition and intcractions of the soft mode with other optic
modes of the system can be scen at various temperatures in the
ferroelastic phase., Remarkably similar behavior is observed
for the isomorphous rarc carth pentaphosphates investigated
to date. The soft-optic mode does not vanish at the transi-
tion. In fact, the lowest frequency observed is 19.5 cm-l.
An interesting question concerning the phase transition
between DZh and CZh symmetries accompanied by a soft-optic
mode is the possibility of the interaction of the soft mode
with an acoustic mode. Although by symmetry there can be no
first-order interaction between the optic and acoustic modes

for D2h point groups, it was shown by Miller and Axel? that




there can be higher order interactions between acoustic modes
and Raman-active optic modes which are non-negligible. The
effect of this interaction on the acoustic mode is given in
Bq. {06),

(0)

Cijk1 © Cijk1 - L

__2.1___ Fis(m) Fyp(m) (6)

m me(m)

where Cijkl is the renormalized value of the elastic constant
ngi], W, is the frequency of the optic mode of branch m with
eigenvector e and the Fij(m) are functions of the Raman-
scattering cross sections.

LEquation (6) indicates that, if a mode of a frequency we
softens, as W, decrcases at some point the elastic constant
Cijkl will vanish before Wy = 0. Thus it is not possible for
the frequency of a Raman-active mode to vanish without the
crystal first becoming unstable with respect to a homogencous
elastic deformation. For D2h symmetry, this treatment indi-
cates that Cgg will be renormalized by the soft-optic mode.

To check this prediction, we investigated Brillouin scatter-
ing in the rarc earth pentaphosphates and Fig. 6 illustrates
the Brillouin spectra for various temperatures between room
temperature and the transition temperature of 135.5°C. This
figure shows onc frece spectral range of the Fabry-Perot, and
the acoustic modc governed by CSS as well as the longitudinal
mode governed by C35 are shown.

The transverse acoustic mode governed by C55 softens rapid-
ly and jts intensity increases by a factor of ~300 between
room temperature and Te, reflecting the interaction with the
soft-optic mode discussed above. The longitudinal mode, on
the other hand, displays only a small frequency increase with
increasing temperature with no anomaly at the transition.

The temperature dependence of the acoustic mode frequency,
plotted as wz(m CSS) is shown in Fig. 7. Since the tempera-
ture dependences of the density and the refractive index are
expected to be small, Fig. 7 is essentially a plot of the
temperaturce dependence of Cce.  As the temperature is de-
creased CSS decreases, attains a minimum at Tc’ then increascs
as the temperature is further decreased. llowever C55 did not

vanish at TC; the lowest value observed was 0.3% of the room
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