PHYSICAL REVIEW B VOLUME ¢4,

NUMBER 6 15 SEPTEMBER 1971

Long-Wavelength Optical Phonons and Phase Transitions in sbsIt

D. K. Agrawal and C. H. Perry
Solid State Spectvoscopy Labovatory, Department of Physics, Northeastern University,
Boston, Massachusetts 02115
(Received 15 January 1971)

The polarized infrared and Raman spectra of SbSI have been measured in the paraelectric

and the ferroelectric phases as a function of temperature.
of most of the optically active phonons have been determined in both phases.

The frequencies and the symmetries
A strongly tem-

perature-dependent A mode which is simultaneously Raman- and infrared-active has been ob-

served in the ferroelectric phase.

This low-frequency mode completely accounts for the tem-
perature dependence of the dielectric constant along the ferroelectric axis.

Kramers-Kronig

analyses of the polarized infrared spectra yielded the dielectric response functions and the TO-
and LO-phonon frequencies at the T' point of the Brillouin zone. A very-low-frequency soft A,
mode (~9 cm™) accounts for more than 90% of the static dielectric constant at room tempera-

ture.

It has been found that both infrared and Raman data aye consistent with the symmetry

change from C%, (two formula units/unit cell) to C3 (two formula units/unit cell) at 288 °K,
which finally changes to C} (our formula units/unit cell) at 233 °K. An intensity maximum in
the Raman spectrum at ~ 240 °K is due to resonant Raman effects where the energy band gap is
approximately equal to the laser excitation source energy of 1.96 eV.

I. INTRODUCTION

Long-wavelength optical phonons of the ferro-
electric semiconductor antimony sulphoiodide
(SbSI) have been investigated using far-infrared
and Raman spectroscopic techniques. 1=5 In the
present work, both infrared and Raman studies
have been carried out in the same crystals at sev-
eral temperatures in the paraelectric and the ferro-
electric phases. Both polarizations (Ellc and Elc)
and all Raman tensor components were obtained in
the entire phonon region 20-400 cm™. The com-
plete symmetry analysis of the Raman-active and
infrared-active phonon frequencies according to
the various irreducible representations of the pro-
posed space groups of SbSI has been carried out
in order to confirm the proposed space groups and
understand the mechanism of the phase transitions.
SbSI undergoes a first-order ferroelectric phase
transition®” at about 288°K.® The full crystal-
space-group symmetry changes from DY (Prawm)
in the paraelectric phase to C}, (Pra2,) in the
ferroelectric phase. Both phases have four for-
mula units per unit cell. Below T, it has been
shown that Sb and S atoms shift along the ferro-
electric c axis with respect to iodine by 0. 20 and
0.05 A, respectively.® This indicates that the
phase transition should be of a displacive type. !°
A second-order phase transition at about 233 °K
has been reported recently and the space group
finally changes to C2 (P2,) with four formula units
per unit cell.!* However, no anomaly in the di-
electric constant was observed at this transition. !?
It is unlikely that any soft mode should characterize
such a transition, but the symmetry changes should
manifest themselves in the infrared and Raman

'

spectra.

The evidence of the displacive character of the
first-order phase transition has been obtained from
the soft-mode behavior observed in Raman scat-
tering.? In the ferroelectric phase the lowest-fre-
quency mode (~50 cm™ at 100 °K) accounted com-
pletely for the temperature dependence of the static
dielectric constant in agreement with Cochran’s
theory of displacive ferroelectrics.!® Recent Raman
scattering experiments in the same temperature
range® suggest that coupling occurs between the
soft mode and another low-frequency mode (very
weak mode at 100 °K) of the same symmetry re-
sulting in level repulsion and intensity transfer of
the two modes. Our Raman scattering measure-
ments for the @,, Raman tensor component tend to
favor the existence of another weakband at ~30 cm™!
as observed by Harbeke et al.® However, our in-
frared measurements do not indicate the existence
of such a band in either the paraelectric phase or
the ferroelectric phase.

Recently Petzelt! measured the far-infrared re-
flectivity spectra of SbSI in the wave-number region
30-400 cm™ using a Fourier-transform Michelson
interferometer with a room-temperature Golay
detector. In the present infrared data, the signal-
to-noise ratio has been improved by at least an
order of magnitude using a liquid-helium-cooled
gallium-doped germanium bolometer detector.

This detector was used in the frequency region
20-250 cm™ where the energy of the conventional
infrared sources is particularly low. In the fre-
quency region 250-400 cm™, our data were also
obtained with a Golay detector and are in agree-
ment with Petzelt’s measurements. However, in
the low-frequency range for cLE, Petzelt reported
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bands at 56 and 66 cm~ which were not observed

in our infrared data. For cll E, our measurements
are in reasonable agreement with those of Sugawara
and Nakamura® and the low-frequency soft mode in
the paraelectric phase is probably situated below

10 cm™! and not as reported by Petzelt at ~22 cm™!.

II. EXPERIMENTAL

The single crystals used in the Raman investiga-
tions were thin needles (about 1-mm? cross sec-
tion), with the c axis along the needle axis. The
crystals were grown from the vapor phase, and
the growth faces were perpendicular to the [100]
and [010] directions. No attempt was made to
positively identify the crystal a and b axes as only
relatively minor intensity changes were observed
by interchanging the designated x and y directions.

The Raman spectra were recorded using an 80-
mW Spectra-Physics model No. 125 He-Ne laser
and Spex model No. 1400 double monochromator.
The detector was an ITT FW-130 photomultiplier
tube with S-20 photocathode and photoelectron
counting detection electronics. An oblique angle-
reflection geometry was used and the spectral res-
olution Av was normally ~2cm™. The temperature
control both above and below room temperature
was achieved with a variable-temperature continu-
ous-gas-transfer cryostat with fused quartz win-
dows.!* The temperature was monitored by a cop-
per-constantan thermocouple mounted on the small
bracket holding the crystal. The temperature sta-
bility of +1 °K could thus be achieved.

Figure 1 shows the Raman scattering geometries
for measuring the polarizability Raman tensor
components. Only TO phonons were excited as
the polarization of the incident beam was perpen-
dicular to the scattering plane for observing all
Raman-active phonon frequencies listed in Table II.
The scattering geometry was approximately back-
ward due to the high refractive index (~3-5) of these
crystals. !°

For the infrared measurements, a mogaic sam-
ple was prepared from several SbSI needles and
mounted such that their ¢ axes were paralle!. The
sample was about 5X10 mm? in area and had a
unique c¢ axis parallel to the longer side.

The reflectance spectra were measured with an
R.I.1I.C. FS-520 Fourier spectrometer (Michelson
type) adapted for 12-bit analog-to-digital conver-
sion.!® A mercury-arc source in conjunction with
a liquid-helium-cooled Ga-doped germanium bolom-
eter was used from 20 to 200 cm™, A Nernst glower
with a Golay pneumatic cell was used from 150~400
cm™!. A wire-grid polarizer was incorporated in
the instrument for measuring polarized spectra.

The normalized reflectance was calculated using
a freshly aluminized front-surface mirror as a
reference background. The plane of incidence was
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FIG. 1.
ing various Raman tensor components.
tering geometry is approximately backward. The crystal

Raman scattering geometries used for observ-
The effective scat-

axes are designated as @, b, and ¢. The polarization of
the incident and the scattered light is referred to x, y, z
axes fixed in space. The direction of light traveling in-
side the crystal projected backward is shown by the dashed
line. The crystal a and b axes can be interchanged with-
out changing the discussion in the text.

horizontal and the angle of incidence was approxi-
mately 74°. By orienting the sample so that the

c axis in the face was either vertical or horizontal,
either the m component (Ell¢) or the 0 component
(ELc) of the polarized spectra could be individually
excited.

III. GROUP THEORY

Antimony sulphoiodide undergoes a ferroelectric
first-order phase transition at about 288 °K. The
crystal space group changes from D} (Pnam) to
C), (Pna2,) while the crystal class remains ortho-
rhombic. At the second-order phase transition at
about 233 °K, group-theoretical analysis shows that
one of the following structural transitions can oc-
cur'!: '

9 1 2 2
CZv'. Cs: cs, cz-

Measurements of pyroelectric anisotropy however
indicate in favor of the transition!!

9 2
sz"’C2.

The full space-group symmetry has four formula
units per unit cell.

In the interpretation of infrared transmission
studies of SbSI powder, Blinc et al.!” suggest the
application of a simplified structure having only
two SbSI units per unit cell and the symmetry change

CZ, (P2,,.) ~ C3 (P2).

The interaction between the adjacent double chains
in SbSI structure can then be neglected and there
are only two SbSI formula units in the unit cell. It
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TABLE I. Number of optically active phonons in the proposed space groups of SbSI.
Optical activity
Number
Lattice of Infrared
space Formula optical (electric dipole Raman tensor
group units modes component) components
Full space group
(T>T,) Di} (Pnam) 4 33 2 By, (Ellc) 6 Ay (0, @y, 0)
5 By, (EI b) 6 By, (a,,)
5 By, (Ella) 3 By (@)
3 Bag (au)
(T<T,) C3,(Pna2y) 4 33 8A; (Elc) (Qygy yy» 22)
94, (@)
8 By (Ella) ()
8 B, (Elb) ()
T< T, C3(P2) 4 33 174 (Elc) (Olyy Oy X gy Oy)
16 B (Ell a, Ell b) (Qy, @)
Simplified space group
T>T, C},(P24,,) 2 15 24, (Elco 6 A (0lyy, Oy, Oy @)
4B, (Elc) 3 B, (a,, a,,)
T< Tc C}(P2y) 2 15 8A (Elc) (Qyggy Oy U gy O)
7B (Elc) Qg @)
has been shown? that the room-temperature-phase In the ferroelectric phase after the first-order
Raman data are consistent withthe simplified-space- phase transition at 288 °K, the full-space-group
group symmetry. symmetry changes to C3,. We also find 6 4,
The number of Raman- and infrared-active modes  +2 B;,~8 A; modes, 3 By +5 B,, ~8 B; modes,
for all full-space-group symmetries and simplified- and 3 By, +5 By, —~8 B, modes. These modes are
space-group symmetries are summarized in Ta- both Raman and infrared active. We find the
ble I. The correlation diagrams between the ir- remaining modes 6 Bj,+3 A,~9 A, modes, which
reducible representations of full-space-group are only Raman active.
symmetry change and simplified-space-group At the second-order phase transition at 233 °K
symmetry change are given in Fig. 2. The full- the symmetry changes from Cj,—~ C%. Also, 8 4,
space-group symmetry in the paraelectric phase is +9 A, ~17 A modes and 8 B, +8 B,~16 B modes,
D% (Pram). The factor group is isomorphic with all simultaneously Raman and infrared active.
the point-symmetry group D,, of the crystal lat-
tice. At the I' point of the Brillouin zone, the
Raman- or infrared-active optical phonons cor- FULL SPACE GROUP
respond to nonvanishing polarizability tensor or DI (Pogm) ¢3, (Pna2)) &2,
dipole moment components, respectively. Their n
number and symmetry is the same as irreducible 8, A A
representations of the point-symmetry group D,, Bz A, >
whose polarizability tensor components and dipole i“
moment components are nonvanishing. According B:“ 8
to group-theoretical analyses, the Dy, point group By > 8
with 12 atoms per unit cell has 33 optical modes Bau B
and 3 acoustic modes. Among the optical modes
. ¢ . SIMPLIFIED SPACE GROUP
there are 18 Raman-active modes having the sym- ¢ P2 con

metries

6A8+6B1¢+3B3&'+3B38’ :: >A

8, 8

3 silent modes belonging to the A, irreducible
representation, and 12 infrared-active modes
having 2 By, +5 B,,+5 Bj, irreducible representa- FIG. 2. Correlation diagrams of the symmetry change

tions. between the various space groups of SbSI.
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In the simplified-space-group symmetry where
the interaction between SbSI double chains is ne-
glected, there are only two SbSI formula units in
the unit cell. Since there are now six atoms per
unit cell, there are 15 optical modes. In the para-
electric phase the symmetry is CZ, and there are
6 A+ 3 B, Raman-active modes and 2 A,+4 B, in~
frared-active modes. At the ferroelectric tran-
sition C%,~C%, 64,+ 2A,~8A modes and 4B,

+ 3B, ~ 7B modes, and again all modes are both
Raman and infrared active. The raman and in-
frared spectra in relation to these group-theoret-
ical predictions are discussed below.

IV. RESULTS

A. Raman Spectra

According to group theory, (4,, A) and (B,, B)
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modes are allowed for a,,, o,,, @, a,, and @,,,
a,, polarizability tensor components, respectively.
The corresponding Raman tensors are'®

ad0 00e
0(4,A)=| db0 ], aB,B)=[{o00f].
00c¢ efo

The polarized Raman spectra were recorded at
many temperatures down to 15 °K. In the para-
electric phase the spectra were shown in an earlier
paper.? The results are summarized in Table II
in which a new 239-cm-! phonon has been included
as reported recently.* Nine observed Raman-ac-
tive modes of which six belong to A, and three be-
long to B, irreducible representation are in agree-

TABLE II. Assignments of Raman-active phonon modes (all frequencies are +1 cm™! of the values quoted),
T,~ 288 °K, T’ ~233°K.

T>T, T'<T<T, T<T'<T,
C%, (2 formula units) C} (2 formula units) ¢} (4 formula units)
299°K 250°K 100°K 15°K Raman
Symmetry Symmetry tensor
(cm™) species (cm™) (em™) em™) species components
41 41 A Olyyy Oy
cee 47 A gy
372, 29P 482 30° 532, 33° A Ay
51 A, 54 58 o A .
66 A, 70 71 73 A Oy Clpy
oo 92 A Qo
96 98 A Oy
107 A, 109 111 112 A gy Vg
137 A, 139 140 141 A gy Uy
149 A, 153 154 156 A Oy
o 170 171 A 0
248 254 257 A Oy Oy
258 262 A Oy
314 317 A Oy
319 A, 320 321 323 A [
37 B, 39 R 43 B Oy
54 55 B Oy
59 60 63 B oy
68 70 B Opy
78 79 B a,,
119 121 123 B oy
125 126 B Olgy
ce 136 B gy
212 B, 212 203 205 B [«
208 209 B Oy
239° B, 240 240 240 B [
268 272 B Oy
275 278 B o,
325 329 B 0y
333 334 336 B gy

2Strongly temperature~dependent mode.
bSee Fig. 4. Weak band discussed in Ref. 3.
°See Ref. 4.
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ment with theoretical predictions for the simplified-

space-group symmetry due to Blinc ef al. In the
ferroelectric phase the spectra above 233 °K have
been recorded at 250 °K. Six more new modes are
now Raman active, namely, 29, 37, and 248 cm™!
of A symmetry and 54, 119, and 333 cm™ of B
symmetry. There are in all 8 A modes and 7 B
modes observed in agreement with 15 theoretically
allowed bands according to simplified-space-group
symmetry C2 having 2 SbSI formula units in a unit
cell,

In the ferroelectric phase below 233 °K several
bands begin to show additional structure. This
results from a breakdown of the simplified-space-
group-symmetry selection rules, and the full-space-
group symmetry is now necessary for a complete
interpretation of the low-temperature Raman spec-
tra. The modes at 100 °K observed for all Raman
polarizability tensor components are listed in Ta-
ble II. The 320-cm™ mode splits into three com-
ponents at 314, 322 (A modes), and 325 cm™ (B
mode). The phonon at 248 cm™! shifts and splits
into 254- and 258-cm™' A modes. The modes at

SbSI 15°K Avu¥1.5cem™
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FIG. 3. Raman spectrum of SbSI at 15°K. The bands
labeled G are grating ghosts. The bands designated with
an arrow (i) are very weak bands, but may account for
the missing phonon modes according to full space group
C}. Av is the spectral resolution of the instrument in
wave numbers.
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FIG. 4. Raman spectrum
205°k of SbSI measured for the
*10 a,, polarizability tensor

component in the soft-mode
region, as a function of

265°K x5 temperature. Relative gain
s750 factors have been used to
K o 1 X .
indicate intensity changes
with temperature.
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\\285°K
T 1
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Wave number (cm-!)

121 and 125 cm™! are just resolved from the strong
110-cm™ mode. In all 14 A modes and 14 B modes
were positively identified at 100 °K.

On further cooling down to 15 °K the splitting of
most of the phonon modes is almost complete.
Further splitting is observed of the 96-cm™! mode
which is now split into 92- and 96-cm™ bands. The
spectra observed at 15 °K is shown in Fig. 3. A
total of 16 A modes and 14 B modes could be def-
initely identified at this temperature. This result
is in close agreement with group-theoretical pre-
dictions for full-space-group symmetry C% (P2,)
of 17 A and 16 B modes. The missing 1 A modes
and 2 B modes may be present in the spectra but
they could not be identified with confidence.

The temperature-dependent Raman spectrum for
¥ (z2)y in the ferroelectric phase is shown in Fig, 4.
The level repulsion of two close A phonon states
and the intensity transfer between the phonon modes
of the same symmetry are also observed in our data.®
The anticrossing frequency of the two phonons oc-
curs between 265-275 °K which is in close agree-
ment with the data of Harbeke et al.,% and these
researchers suggest that the ferroelectric-para-
electric transition involves two coupled optical
phonons of the same symmetry. However, our
infrared data in the ferroelectric phase could not
confirm such coupled-mode behavior possibly due
to the second mode having only weak optical ac-
tivity. In the paraelectric phase, symmetry con-
siderations allow only two infrared-active modes
for cll E. The low-frequency soft mode at ~9 cm™!
and a strong mode around 179 cm™ are the two
positively identified allowed modes. The presence
of a third mode of the same symmetry as the soft
mode in the paraelectric phase should not be pres-
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FIG. 5. Raman scattering intensities for 110- and

140-cm™! bands plotted as a function of temperature. At
about 240 °K the laser excitation energy coincides with
the electronic band-gap energy (w; =~ wp).

ent by symmetry arguments and could not be ob-
served.

The temperature dependence of the Raman fre-
quencies and their widths was obtained over the
entire temperature range. The Raman shifts for
a high frequency (~319 cm™) and a lower frequency
(~107 cm™) are ~4 and ~ 5 cm™, respectively.
This result that Raman frequency shifts are lower
for higher frequencies is in agreement with the
theoretical conclusions involving third-order an-
harmonic forces given by Maradudin and Fein, 1
Similar conclusions were obtained by Vishwanathan

|

Kmax -

R(- wy, w,, wo)OC/ dK

0

where w;, w,, and w, are the incident, Stokes,

and lattice-vibration frequencies, respectively.

The direct energy gap is Zw,, the reduced mass is
U, and the electronic wave vector is K. The Raman
scattered intensity is proportional to the square of
the Raman tensor R(- w;, @,, w,).

The Raman scattering intensities of the bands
increase with increasing temperature due to reso-
nant Raman effects as the band gap approaches the
laser excitation energy from above. Atabout 240 °K
the energy band gap Zw, coincides with the laser
excitation energy. Raising the temperature further
causes a sharp decrease in the Raman scattering
efficiencies due to increased absorption in the crys-
tal.

The theoretical intensity curves for the 110- and
140-cm-! phonons according to Eq. (1) are also
shown in Fig. 5. Comparison of the theoretical
curves with the corresponding experimental data

W, + Wy — W K—z W, - 5_2 -loc[( )1/2 ( )1/2
g T Wo 1+2# ¢ w1+2/.L We + Wy — Wy — W —wy ]’
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from classical arguments.?® The width of most of
the lines (8-12 cm™! at room temperature) de-
creased with decreasing temperature to 2 to 3 cm™!
at 15 °K. This agrees with the theoretical con-
clusion of Krishnan?*?! that the half-widths

should be approximately proportional to the square
root of the absolute temperature.

B. Resonant Raman Effects

SbSI is a semiconductor material with room-
temperature energy band gap of 1.88 eV for Elic
and 1,95 eV for Elc.®?® The band gap shifts with
temperature at an average rate dE,/dT=: - 1.5
X10- eV /°K.?® The resonant enhancement of Rama
scattering efficiency as the laser excitation energy
approaches the band gap from below has been ob-
served for several semiconductors.?™% Theoret-
ically, the qualitative resonant Raman effects were
explained by Loudon, 2728

In SbSI a marked increase of intensity is ob-
served on cooling from T, to 240 °K. Further
cooling down to 15 °K results in a decreased inten-
sity by a factor of about 3. The temperature de-
pendence of the relative intensities of the 110- and
140-cm ™ bands have been measured using a y(zz)y
configuration and the results are shown in Fig. 5.
With the laser excitation energy 1.96 eV a rather
broad maximum of the Raman scattering intensity
is observed at ~ 200 °K for each phonon mode.

Using a two-band parabolic model, ?® the fre-
quency dependence of the resonant term in the
Raman tensor for direct-energy-gap semiconduc-
tors is found to be

1)

]

indicates a reasonably good agreement, when the
band gap is more than about 5% above the laser
excitation energy. In the temperature region
around w; ~w,, significant deviations of the experi-
mental data from the theory are observed. A more
refined theory in the vicinity of the energy gap,

w, ~w,, is necessary in order to take into account
both the semiconducting and the ferroelectric ef-
fects.

C. Infrared Spectra

The infrared reflectivity spectra were obtained
from the Fourier transform of the interferogram
from a Michelson interferometer. Kramers-Kro-
nig analysis of the reflectivity data gives the real
and imaginary parts of the dielectric response func-
tion. The location of the TO modes is obtained as
the peaks in we " and the longitudinal modes were
located as peaks in — wn’’, where n=1/€, €=€'+i€"’

>
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and 7" '=Im(1 /e). ?®

Polarized far-infrared reflectivity spectra have
been measured in the wave-number region 20-400
cm™!., The spectra for cllE have been measured
at five fixed temperatures 298, 275, 210, 80, and
10°K. For clE, the spectra have been measured
only at 298 and 80 °K, as no significant tempera-
ture variation of the modes were observed.

The spectra for c||E are shown in Figs. 6 and 7.
At room temperature in the paraelectric phase,
two bands are observed at ~9 and ~179 cm™! .

The phonon mode at about 9 cm™! is not Raman
active in the paraelectric phase. In the far-infrared
reflectivity spectra Petzelt! reported a band at
~22 cm™ at 25°C. However, the reported reflec-
tivities in the low-frequency region are probably
low by 15 to 20% of the correct values due to the
porosity and the fibrous nature of the material.
Recently Sugawara and Nakamura® reported far-
infrared reflectivities for Ell ¢ at 300 and 83 °K.
Their low-frequency reflectivities, when properly
scaled to account for surface imperfections of the
crystal (about 5%), agreed with those calculated
from static dielectric constant values. A Kramers-
Kronig analysis of their 300 °K data then yielded a
very-low-frequency soft mode around afew wave
numbers. Our low-frequency room-temperature
experimental data and subsequent Kramers-Kronig
analysis is in close agreement with the results of
Sugawara and Nakamura. Scaling of Petzelt’s
measurements so that the extrapolated value of the
reflectivity at zero frequency agrees with that cal-

100 SbSI ¢l E

o
sol 298 °K

100

501 275 °K
1 1 1 | ! | )

Reflectance (%)
(¢
<)
T

(<) 100 200 300
Wave number (cm-!)

FIG. 6. Far-infrared reflectivity spectra of SbSI for
cllE at 298, 275, 210, 80, and 10°K. The spectra at 275
and 10 °K beyond 250 cm™! and below 20 cm™! have been
extrapolated in order to perform the Kramers-Kronig
analysis.
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FIG. 7. TO phonons for cll E at the Brillouin-zone
center (¢~ 0) obtained by Kramers-Kronig analysis of
the reflectivity data derived as peaks in we’’.

culated from static.dielectric constant data lowered
the 22-cm™! band to the vicinity of 5~15 cm™. Con-
sequently Petzelt’s conclusion that the 22-cm-!
mode accounted for only about 10% of the static
dielectric constant is probably incorrect and his
rather low absolute values of the reflectance may
be due to sample porosity.

The dielectric dispersion obtained from our re-
flection data by a Kramers-Kronig analysis gives
the location of TO- and LO-phonon frequencies.
The TO-phonon modes are shown in Fig. 7. For
the TO mode at ~9 cm™ the corresponding LO mode
is at ~111 cm!. Disregarding the contribution of
all the other modes to the static dielectric constant,
the Lyddane-Sachs-Teller relation for a single in-
frared-active mode is

EO/E"":wi/wg' ) (2)

where w; and w; are the TO- and LO-mode fre-
quencies and €, and € . are the static and high fre-
quency dielectric constants, respectively, parallel
to the ¢ axis. Taking €.=n% ~25, w,~111 cm™!,
and W, ~9 cm™, Eq. (2) gives for €,~ 3800, in-
dicating that this mode, in fact, contributes more
than 90% to the room-temperature observed value
~4500, 30

The fact that the mode at ~9 cm! is the 22-cm™
mode reported by Petzelt and not a new mode is
further supported by group-theoretical predictions;
that for both the full-space-group symmetry and
the simplified-space-group symmetry in the para-
electric phase for c| E only two modes are in-
frared active. The modes have been found at ~9
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TABLE III. Transverse and longitudinal 2~ 0 infrared-active phonons? (all modes are +5 cm™! of the values quoted
unless otherwise noted) in the paraelectric and ferroelectric phases of SbSI for Ell c.

T>T, (C}) T<T, (C)
(2 formula units) (2 formula units)
298 °K 275°K 210°K 80°K 10°K
wp 9 wp 16 42 46 45
wLb L) v e LI DECEY
wp 60 66 68 68
wg 111 W 100 98 98 98
Wy 108 110 110 110
wg, 115 118 119 119
Wp 138 140 140 140
wy, 140 142 143 143
Wy 179+10 Wp 178 £10 18010 175+10 176 £10
wg 217 £10 217 £10 217 £10 217 +£10
W 247 247 247 247
wg, 26110 wy, 271 271 271 271
2A11 modes are +5 cm-! of the values quoted unless otherwise noted.
®Not observed.
and 179cm™1. and the results are summarized in Table IV, In

The location of all the TO and LO modes for
cll E in both the paraelectric and the ferroelectric
phases are summarized in Table III, In the ferro-
electric phase there are six observed modes. Ac-
cording to the simplified symmetry, group theory
predicts eight modes. Thus the observed data is
consistent with the simplified space group CZ (P2,).
The Raman data indicate that the full space group
is more appropriate to interpret the optical modes
in the ferroelectric phase. However, the infrared
modes are rather broad especially the bands around
50, 66, and 176 cm™. Consequently the weak phonon
modes allowed by the full-space-group symmetry
cannot be resolved even at low temperatures and
are completely masked by the stronger bands.

The infrared spectra for cLE have been measured
at 298 and 80 °K. The spectra are shown in Fig. 8
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FIG. 8. Far-infrared reflectivity spectra of SbSI for

cLE at 298 and 80°K. The spectra below 50 em™ have
been extrapolated to 0 em™t.

the paraelectric phase, four bands at 78, 120, 270,
and 327 cm™! are identified as B, modes in agree-
ment with the simplified symmetry theoretical pre-
dictions, The bands at 56 and 66 cm™ reported

by Petzelt! are not observed in our data. Possibly
these two bands could be the A, Raman-active
modes at 51 and 66 cm™! made infrared active due
to strain in the material. Similar effects are in-
dicated in the transmission data of powders re-
ported by Blinc et al. in which several strong A,
Raman-active modes were observed in the infrared
spectrum in the paraelectric phase. In the ferro-
electric phase, six bands at 80, 124, 245, 270,
320, and 332 cm™ are observed. This is close to
seven B modes predicted by group theory with the
simplified unit cell assumption.

D. Soft-Mode Behavior

In the ferroelectric phase in the submillimeter
wave region a TO band shifting from 16 cm™! at
275 °K to 46 cm™ at 80 °K accounts completely for
the temperature dependence of the static dielectric
constant, A similar shift with temperature is ob-
served in the Raman data. Temperature depen-
dence of Wy, observed from both the infrared and
the Raman data is shown in Fig. 9. On the same
plot (4) X10%/[€,(T)], /% where €, (T) are taken
from Ref, 30, is also shown. It is seen that within
the experimental error there is good agreement
between the infrared and the Raman data and the
temperature dependence of the dielectric constant.

Application of Cochran’s theory for displacive
ferroelectrics!® to noncubic crystals can be made
using the generalized Lyddane-Sachs-Teller re-
lationship



4 LONG-WAVELENGTH OPTICAL PHONONS...

TABLE IV. Transverse and longitudinal k ~ 0 infrared-
active phonons (all modes are +5 em™! of the values quoted,
unless otherwise indicated) in the paraelectric and ferro-
electric phases of SbSI for Ellc.

T>T, (C3,) T<T, (C)
(2 formula units) (2 formula units)

298 °K 80°K
wr 78 wp 80
wy, 82 wy, 85
wr 120 wr 124
Wy 124 wy 128

wp 245 £10

wg 250 £10
wr 270 wr 270
wr, 276 wy, 272
Wy ~320
w? e
wg 327 wp 332
wy, 332 wy, 334

2Not observed.

€,(7) T YL ()2
€() I;I wr, (02
where [ refers to the ! axis of the crystal.
The logarithmic differential form of this equation
has been derived by Barker® andallows measure-

ments of the contributions of phonons to the dielec-
tric constant below T',:

AW AW
Aey 28wy 28w, .,
€ WLy Wro

-28wry  28wr;
“ry Wry

If only wr, is significantly temperature depen-
dent then

These two quantities are in reasonably good agree-
ment as shown previously in Ref, 2, In Fig, 9 the
close agreement of the infrared and the Raman
data and the dielectric-constant data also confirms
the hypothesis that SbSI is a displacive ferroelec-
tric similar to the perovskites.

V. CONCLUSIONS

Polarized infrared and Raman spectra of SbSI
have been measured in both the paraelectric and
ferroelectric phases as a function of temperature,
The frequencies and the symmetries of most of the
optical phonons have been determined inbothphases.
It has been found that full-space-group symmetry
C% (4 formula units/unit cell) is required in the
complete interpretation of the low-temperature

(< 233 °K) Raman data., The simplified space group
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proposed by Blinc et al. is applicable to the major
features of Raman and infrared spectra at room
temperature but breaks down at low temperatures
in the ferroelectric phase, This is due to the fact
that many of the sharp but weak Raman modes ob-
served at low temperatures are rapidly damped
out at higher temperature due to lattice anharmon-
icity.

The soft-mode behavior for the first-order phase
transition at 288 °K has been observed in both the
paraelectric and the ferroelectric phases., In the
paraelectric phase, the low-frequency mode is
situated at less than 10 cm™! at room temperature
and accounts for more than 90% of the quoted values
of the static dielectric constant, In the ferroelec-
tric phase, the soft-mode behavior has been ob-
served in both the Raman and the infrared spectra.
Its temperature dependence is in agreement with
the temperature dependence of dielectric constant
€,(T) as wry= 1/[€,(T)]¥?, confirming the dis-
placive nature of the phase transition in SbSI. The
soft mode in the ferroelectric phase passed smoothly
through the second-order phase transition C3,—
C% at 233 °K. Our temperature-dependent Raman
data in the ferroelectric phase are in close agree-
ment with the results of Harbeke et al, However
their coupled-mode-behavior observation could
not be confirmed in our infrared measurements in
the ferroelectric or the paraelectric phases. No
doubt the infrared activity of this mode is extremely
weak and its presence could not be distinguished
from the dominant soft mode in either phase. Also
group theoretically, the presence of another lower-
frequency mode is excluded in the paraelectric
phase. Resonant enhancement of Raman scattering
efficiency has been observed at about 240 °K where
the electronic band-gap energy coincides with the

40 —
§ 3o —
e
3
® Infra-red data //'
10— © Raman data 1
0 1 | 1 | L |
o 100 200 4300
Temperature (°K) T
FIG. 9. Temperature dependence of the ferroelectric

mode frequency. The solid line is a plot of (A x 10%)/
[€o(D)] 1/2 The dielectric-constant data have been taken
from Ref. 30. A has been found to be 26. 3 in the ferro-
electric phase and 23. 2 in the paraelectric phase.
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laser excitation energy of 1.96 eV.
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