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Complete spectrum of long-wavelength phonon modes in Sn2P2S6 by Raman scattering

J. Hlinka, I. Gregora, and V. Vorlı´ček
Institute of Physics ASCR, Praha, Czech Republic

~Received 17 September 2001; published 24 January 2002!

The paper presents polarized Raman spectra of Sn2P2S6 measured in various backscattering and near-
forward and right-angle scattering geometries atT515 K. The complete sets ofATO8 , Ax8 , Az8 , ATO9 , andALO9
mode frequencies are determined. The essential problem of symmetry assignment was solved with the help of
measurements of directional dependencies of the oblique mode frequencies.
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-

r

c,
al
nd
te
d
o
c
lta

ic

al

u
-

iv
io

b
d
ti
e

s
n
o

ob
oo

i
o
e

e

s

sic

o
l

ken

an-

tudy
or

hic
od

ws

t
n

I. INTRODUCTION

The crystal of Sn2P2S6 is a well-known uniaxial semicon
ductor ferroelectric with Curie point near 337 K.1,2 Its prop-
erties have been recently reinvestigated by a numbe
methods, including inelastic neutron scattering,3 x-ray
photoemission,4 birefringence,5 and Mössbauer6 and
ultrasonic7 spectroscopies, as well as by dielelectri8

acoustoelectric,9 and electro-optic10 measurements. Sever
promising applications of this material have been fou
too.11–16The basic research on this crystal is also motiva
by the lucky occasion that the ambient pressure phase
gram of solid solution Sn2P2S6-Sn2P2Se6 possesses a s
called Lifshitz point, a rare triple point where the paraele
tric, ferroelectric, and incommensurate phases simu
neously coincide.17,18

There are two equivalent formula units in the monoclin
unit cell of this crystal. In the paraelectric phase (P21 /n,
Ref. 19!, both symmetrical Sn2P2S6 units are located at the
center of inversion, which leads to 13Bu114Au infrared ac-
tive and 15Bg115Ag Raman active zone center optic
modes.20 In the ferroelectric (Pn) phase21 the 13Bu115Ag
and 14Au115Bg modes merge into 28A8 and 29A9 modes,
respectively. The ferroelectric phase transition is continuo
so that just belowTc , A8 andA9 modes can be further clas
sified asA8(Ag), A8(Bu), A9(Bg), or A9(Au). The A8 and
A9 modes are all simultaneously Raman and infrared act
and they can be, in principle, distinguished by polarizat
analysis.20

The knowledge of the full optic phonon spectrum is o
viously quite essential for a design and/or a test of any mo
of interatomic interactions. Nevertheless, such a full op
phonon spectrum was missing till now. Most of the publish
Raman data so far were either unpolarized22 or devoted to
the lowest-frequency23–28 or highest-frequency mode
only.25,28The full spectral range was covered in Refs. 20 a
29–31, but only Ref. 20 provides a list of observed phon
frequencies. Unfortunately, this early work is based on
lique mode measurements and moreover the reported r
temperature spectrum is not quite complete.

Such a situation has probably three essential causes: F
it turns out that the overlap and asymmetry of the phon
lines make any straightforward identification of the observ
mode frequencies atT . 200 K impossible. Second, th
naturally weak ~‘‘activated’’! A8(Bu) and A9(Au) modes
cannot be easily distinguished from unwanted ‘‘phantom
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due to an unavoidable polarization leakage or even ‘‘intrin
disorder’’ ~reported in Ref. 32!. Third, the direction of dipo-
lar strengths of theA8 modes is not fixed by symmetry s
that one encounters obliqueA8 modes in almost all usua
scattering geometries.

In order to overcome these problems, we have underta
detailed low-temperature measurements~at about 15 K! in a
number of scattering geometries~Fig. 1!. As a result, we
could determine the complete spectrum ofA8 and A9 TO
modes as well as their dipolar strengths and complicated
gular dispersion of the extraordinary~oblique! modes.

II. EXPERIMENTAL DETAILS

The various polished samples used in the present s
were cut from single crystals grown by the chemical vap
transfer technique at Uzhgorod University. Crystallograp
orientation was determined by optical method in Uzhgor

FIG. 1. Scattering geometries used in the present work allo
right-angle~a! and near-forward~b! scattering by phonon with wave
vector qiy, as well as backscattering from cylindrical samples~c!
that allows a gradual change of theq vector orientation with respec
to the crystal axesx, y, and z. The incident and scattered photo
wave vectors are denotedk i andks . Scheme~d! shows anglesw, u,
andc used in Figs. 3, 5, and 7.
©2002 The American Physical Society08-1
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and checked by x-ray precession photography in our In
tute. All the samples were optically transparent, with a ty
cal dark orange color.

Raman scattering experiments were performed with 51
nm Ar and 647.1 nm Kr laser excitation lines. The scatte
light was analyzed using a SPEX 14018 double spectrom
equipped with standard single-channel photon counting
tection. Samples were placed in a continuous-flow liquid-
cryostat, where they were convection cooled in the He
change gas to about 15 K~as verified from the Stokes t
anti-Stokes ratio of the low-frequency spectra!. In view of
numerous closely separated and overlapping Raman li
the spectral slit width was kept rather narrow—typica
0.2 cm21 in most of the recorded spectra.

The positions of the lowest-frequency phonons, measu
subsequently in Stokes and anti-Stokes spectra, served
for accurate calibration of the origin of the frequency sc
~‘‘laser position’’!. In order to enhance the accuracy furth
care was taken to minimize influence of long-term drifts
the spectrometer calibration of the laser and of the str
Raman line~at 384 cm21) in the course of the measureme
cycles. After appropriate calibration corrections, the spe
were reduced, i.e., divided by the Bose-Einstein tempera
factor, in order to obtain relative Raman susceptibilities.

Despite the narrow spectral slit width used in our me
surements, the peak shapes were often resolution limited
obtain phonon frequencies, however, the spectra could
satisfactorily fitted to Lorentzian profiles, except in the lo
frequency range where fitting by Voigt profiles~Lorenzian
convoluted with a Gaussian of appropriate width! gave
markedly better results.

Since the aim of the present study was to distingu
among transversalA8 andA9 modes as well as various ob
lique mode frequencies, the polarized Raman spectra w
recorded in a number of different scattering geometries~Fig.
1, Table I!, allowing to reach the desired combinations
phonon scattering vectorq and the component of the pola
ization tensor. To this end we have polished either the
faces of rectangular samples or surfaces of cylindr
samples having their axes parallel to the crystallograp
axesa andb.

Here and further on,x,y,z are parallel to thea,b,c edges
of the ‘‘pseudo-orthorhombic’’ unit cell withb591.5°, and
a.b.c. For the purposes of this paper, the difference
tween 91.5° and 90° can be neglected and the directiox
andz are regarded as perpendicular. Then, the Raman te
components (xy) and (yz) correspond toA9, while (xz) and
all diagonal components correspond to theA8 irreducible
representation.29 It can be seen from the Table I that theATO8
and ATO9 , as well as the oblique modesAx8 and Az8 ~with
qix,qiz) can be measured in the standard backscattering
ometry. Unfortunately, scattering by theALO9 modes cannot
be realized in any backscattering geometry. For this rea
the two unconventional right-angle@Fig. 1~a!# and near-
forward @Fig. 1~b!# scattering geometries were devised,
lowing observation ofALO9 modes. The angle between inc
dent and scattered photon wave vectors in near-forw
scattering was as large as 12°~outside of the sample!, in
06430
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order to avoid polariton effects.
Finally, the cylindrical samples@Fig. 1~c!# allowed to in-

vestigate angular dispersion curves of oblique modes
means of systematic backscattering measurements at va
angles of incidence~each 10°). Due to a small~5 mm! cyl-
inder diameter, we have probably introduced an error of63°
in each angle setting, but this error did not accumulate si
the crystal holder was fixed directly to the goniomet
circle. Actually, such random angular fluctuations turned
to be negligible here because of the relatively mild a
smooth course of the observed angular dispersion.

III. SYMMETRY ASSIGNMENT OF THE OBSERVED
RAMAN LINES

One can consider the Sn2P2S6 crystal as consisting o
Sn21 cations and P2S6

42 molecular anions.33–35 Let us first
imagine P2S6

42 anions to be relatively rigid, so that the in
teraction between the mentioned constituents are neglig
in comparison with intramolecular forces. The vibration
spectrum should in this case split into two distinct parts—
high-frequency part involving internal degrees of freedom
the P2S6

42 anion and a low-frequency part including the e
ternal modes~translations of Sn21 and P2S6

42 and P2S6
42

rotations!. In the case of the ferroelectric phase, one wo
expect 10A8 and 11 A9 external modes and 18 Davydo
doublets (A8,A9) of internal modes.

In reality, the concept of P2S6
42 anions has somewhat lim

ited applicability here. The theoretical estimations35 show

TABLE I. Various geometrical arrangements for Raman scat
ing used in the present study. The labelsb corner,a plate, andb
cylinder in the second column refer to the scattering geomet
sketched in Figs. 1~a!, 1~b!, and 1~c! respectively, and horizonta
~H! and vertical~V! polarization is defined with respect to the hor
zontal scattering plane defined byk i and ks wave vectors in Figs.
1~a!–1~c!.

Scattering Type of Selected Polarization
mode sample phonons

Back a face qix ATO9 x(zy) x̄
Ax8 x(yy) x̄,x(zz) x̄

Back b face qiy ATO8 y(zx) ȳ,y(xx) ȳ,

y(zz) ȳ

Back c face qiz ATO9 z(xy) z̄
Az8 z(yy) z̄,z(xx) z̄

Right b corner qiy ATO8 VV
angle ATO8 , ALO9 HV

Forward a plate qiy ALO9 x(zy)x
ATO8 x(yy)x

Back b cylinder q'y A8, ATO9 Unpolarized

Back a cylinder q'x A VH
8-2
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COMPLETE SPECTRUM OF LONG-WAVELENGTH PHONON . . . PHYSICAL REVIEW B65 064308
that the lowest-frequency vibrational frequencies of a f
P2S6

42 anion~such as the twist of PS3 groups around the P-P
bond! are comparable with the frequencies of the exter
modes. The experimental spectrum does not show any c
gap between internal and external modes either. Never
less, the seven bond stretching modes (Eu1Eg1A2u
12Ag , corresponding to six P-S and one P-P essenti
covalent bonds of P2S6

42! are well separated from the rest
the spectrum. In the Sn2P2S6 crystal, they give rise to seve
Davydov doublets (A8,A9). Five of them belong to the
550–610 cm21 band, while the remaining two doublets a
located near 384 cm21 and 440 cm21 in Sn2P2S6 crystal
itself20,22 as well in a number of other crystals containin
P2S6

42 units.30,36–38

Systematic assignment of the internal modes be
300 cm21 on the basis of the available model calculatio
for the isolated P2S6

42 ion is still problematic, and although i
was proposed by several authors22,20,30 in the past, we will
not try to do it here. Instead, we concentrate on the clas

TABLE II. Frequencies ofA8 Raman modes at 15 K. Frequen

cies Vm@ x̂# andVm@ ẑ# correspond to themth oblique modes with

wave vectorsqi x̂ andqi ẑ, respectively, whilewm anduSmu give the
orientation and absolute value of the screened dipolar strength
tor Sm defined by Eq.~7! in Sec. IV.

Vm@TO# Vm@ x̂# Vm@ ẑ# uSmu wm

m (cm21) (cm21) (cm21) (cm21) ~deg!

1 589.85 600.90 594.70 108 22
2 581.45 581.90 586.30 76 113
3 569.65 569.90 573.40 74 103
4 559.90 562.60 560.00 56 5
5 556.40 557.15 559.50 87 120
6 442.95 445.20 443.75 51 31
7 384.05 384.05 384.25 12 77
8 275.15 279.00 281.95 58 56
9 269.45 269.50 269.60 11 67
10 250.00 259.65 250.30 59 8
11 247.65 248.05 248.00 31 19
12 215.85 216.20 231.00 68 82
13 206.25 210.05 206.50 39 19
14 196.75 196.75 198.40 27 94
15 181.85 182.45 183.25 21 61
16 177.35 178.65 178.40 26 133
17 166.05 166.95 168.60 29 65
18 145.65 150.25 146.00 9 35
19 128.20 144.65 141.30 21 102
20 121.55 128.15 126.60 37 124
21 106.90 120.75 116.15 83 1
22 94.45 98.20 106.90 47 17
23 82.80 89.25 94.20 69 16
24 79.60 80.15 82.70 113 107
25 70.10 72.20 70.83 53 36
26 59.55 60.15 59.70 22 157
27 46.05 46.30 51.80 45 103
28 39.10 39.35 41.90 47 101
06430
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cation of the observed modes by relevant irreducible rep
sentations (A8,A9), and on phonon wave vector~taking care
to distinguish frequencies of TO, LO, and oblique mode!.
The results are given in Tables II and III. Since this task
the Sn2P2S6 crystal is completely solved, we describe th
procedure in detail below.

A. 550–610 cmÀ1 band

As just mentioned, there are fiveA8 and fiveA9 modes
expected in this frequency band. All fiveATO8 frequencies can

be indeed found from oury(xx) ȳ spectra in agreement with
previous studies~Fig. 2!. Figure 3~a! shows the angular de
pendence of the frequency of the modes withq'y. The angle
betweenq andx in thexz plane denotedw ranges only from
0 to p, because thep –2p interval is equivalent@see Fig.
1~d!#. The data represented by full circles in Fig. 3~a! were
obtained from the measurements in backscattering geom
without a polarizer, so that bothA8 and A9 modes do con-
tribute simultaneously. However, they are easy to dis
guish. The five branches with no angular dependence co
spond to theATO9 frequencies, because the scattering phon

c-

TABLE III. Frequencies ofA9 Raman modes at 15 K.

m Vm@TO# Vm@LO# uSmu
(cm21) (cm21) (cm21)

1 601.80 607.1 65
2 586.45 587.7 31
3 571.90 578.5 90
4 563.75 564 21
5 558.90 560 46
6 440.25 441 25
7 381.95 382.1 10
8 284.20 289 9
9 278.50 284 65
10 264.05 266 38
11 251.00 251.3 14
12 227.55 228 14
13 218.15 218.5 12
14 208.50 209 13
15 202.60 203 12
16 189.85 191 18
17 183.55 184 12
18 160.50 160.7 5
19 152.50 154.4 14
20 138.70 144 21
21 132.05 133.7 13
22 119.70 125.2 4
23 107.30 119.5 9
24 87.95 107 54
25 78.35 85 74
26 73.60 74.7 42
27 61.05 61.9 3
28 56.50 61 57
29 41.10 42.4 25
8-3
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wave vectorq remains perpendicular to the dipole mome
associated with theA9 modes. On the other hand, dipol
moments of theA8 modes lie in thexz plane so that the
macroscopic depolarization field causes the observed ang
dispersion of the fiveA8 branches.

With the help of the Fig. 3~a! we could safely assign al
the modes in the standard backscattering spectra, inclu
the ‘‘ghosts’’ due to the polarization leakage. The spec
were then fitted by an appropriate number of Lorentz
peaks in order to obtain theATO9 , Ax8 and Az8 frequencies
provided in the Tables II and III. Let us stress that the step
mode assignment based on the continuity of angular dis
sion in Fig. 3~a! was a very essential one. For example,
would otherwise hardly know that the strongest peak in
z(yy) z̄ spectra~see bottom of Fig. 4! is actually aA8-A8
doublet. Figure 4 shows that this doublet becomes cle
distinguished at another angle of incidence. Additionally,
cording the whole angular dependence allows us to ‘‘tun
the optimal geometry for the modes with very weak intens
For example, without Fig. 3~a! we would completely miss
theAz8 mode near 586.3 cm21, which has very low intensity

in both z(xx) z̄ andz(yy) z̄ spectra.
Figure 3~c! shows the angular dispersion in theyz plane.

The anglec betweenq and y is taken between 0 andp/2
only since the rest is merely related by symmetry. As
wave vector of the phonon involved in scattering is now in
general position with respect to the symmetry plane, theA8
andA9 modes are mutually coupled. The observed branc
are of a mixedA8–A9 character and the exactA8 and A9
symmetry is recovered only forqiy andqiz. The dispersion
curves were obtained in backscattering geometry w
crossed polarizations~in order to favor theA9-like modes.!
One of the polarizations was kept parallel tox direction so
that theqiz measurement corresponded to thez(yx) z̄ geom-
etry, which allowsATO9 modes. Actually, some of theAz8
modes were observed due to the polarization leakage,
Theqiy limit case represents they(zx) ȳ geometry. No extra
modes due to the polarization leakage are expec

FIG. 2. Raman spectrum in they(xx) ȳ scattering geometry a
T515 K. Insets: Enlarged spectra of high-frequencyATO8 stretch-
ing modes.
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here—bothy(xx) ȳ andy(zz) ȳ would provideA8 modes. As
already mentioned, theA9 modes withqiy (ALO9 modes! can-
not be detected in an ideal backscattering geometry at
Nevertheless, the missing values ofALO9 frequencies can be
obtained by extrapolating of theA8–A9 mixed branches in
Fig. 3~c! to the qiy limit. Obviously, the requiredALO9 fre-
quencies are those that do not coincide with the previou
determinedATO8 frequencies. Four of the five searchedALO9
frequencies are determined without ambiguity; the remain
ALO9 mode is partly overlapped by a nearbyATO8 mode. Thus,
we can only say that its frequency is around 560 cm21.

B. 440 and 384 cmÀ1 bands

Assignment of the two Davydov pairs near 440 a
384 cm21 is quite easy since both bands are well separa
from other parts of the frequency spectrum. The 440 cm21

FIG. 3. High-frequency stretching mode frequencies as a fu
tion of phonon wave vector direction. Parts~a!, ~b!, and~c! shows
dependence on anglew with q'y, angleu with q'z and anglec
with q'x, respectively@see Fig. 1~d!#. Small symbols are experi
mental phonon frequencies and full and open circles stand for
modes assigned asA18–A58 and A19–A59 modes, respectively. The
continuous curves are calculated according to the procedure
scribed in Sec. IV and large crosses (3) mark their maxima or
minima associated with independently determined TO frequenc
8-4
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band, originating from theA2u band of P2S6, is necessarily
of a very low scattering intensity~enlarged in inset of Fig. 2!.
In spite of that we were able to distinguishATO8
5443 cm21, ATO9 5440.3 cm21, Ax85445.2 cm21, and
Az85443.7 cm21. We have no clear direct observation
ALO9 , but it seems that the assumptionALO9 2ATO9 <1 cm21

is quite consistent with our data and calculations35 as well as
published ir spectra.22

On the other hand, the 384 cm21 line is one of the stron-
gest Raman lines in the whole spectrum. In all our spe
we have actually observed a doublet which we interpre
due to the Davydov (A8–A9) splitting. Using suitable back
scattering geometries we have obtainedATO8
5384.05 cm21, Ax85384.05 cm21, Az85384.25 cm21,
and ATO9 5382 cm21. The remaining frequencyALO9
5382.1 cm21 was obtained from the near-forward scatte
ing geometry.

FIG. 4. Backscattering Raman spectra for different phon
wave vector orientations. Dashed lines correspond to the positio
dispersionlessA9 modes, arrows to the obliqueA8 modes. Top and
bottom spectra are polarized (yy); spectra taken for intermediat
angles are not polarized.
06430
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C. 240–300 cmÀ1 band

There is a kind of gap around 240 cm21 in all the mea-
sured spectra, so that it is convenient to consider
240–300 cm21 band separately. In total, eight branch
were found on theq'y angular dispersion in this frequenc
region. Half of them were attributed to theA8 modes@two of
them due to the obvious dispersion~see Fig. 5!#, and two flat
ones due to the correspondence with independent mea

ment of ATO8 modes iny(xz) ȳ, y(zz) ȳ, and y(xx) ȳ geom-
etry ~last given in Fig. 2!.

The ATO9 frequencies were obtained by extrapolation
the y-z angular dispersion as in Sec. III A, except for th
lowest-frequencyA9 mode. Its frequency was obtained d

rectly from one of oury(xx) ȳ spectra where this mode ap
peared as a clear shoulder.~A mode withq not exactly par-
allel to y could contribute due to a finite aperture of th
detector or small missalignment.!

D. Modes below 240 cmÀ1

Quite similarly, one can assign the remaining 17A8 and
18 A9 modes below 240 cm21. These obvious rules wer
useful in the identification ofA8-type modes:

n
of

FIG. 5. Angular dispersion in the 150–300 cm21 region. Parts
~a!, ~b!, and~c! show the dependence on anglew with q'y, angleu
with q'z, and anglec with q'x, respectively, as in Fig. 3.
8-5
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~1! Branches with clear dispersion in thexz plane belong
to theA8 type.

~2! There is just a singleA8-type branch in between of th
two subsequentATO8 frequencies.

~3! Every ATO8 corresponds to a pair of inversion relate
extrema of anA8-type branch.

Let us comment only on the fewA9 modes that deserv
particular caution. At first, there are twoATO9 modes that are
almost completely masked by the neighboringA8 modes: the
ATO9 modes near 183 and 208 cm21. The 183 cm21 doublet

was partially resolved in ourx(zz) x̄ andx(yy) x̄ spectra@the

FIG. 6. Observations of theA9 modes in various scattering ge
ometries. Point symbols are experimental data; solid lines s
fitting by a sum of Lorentzian curves. The upper mode from

doublet near 180 cm21 in the backscatteringx(yy) x̄ spectrum~a!
could be assigned as theA9 mode because it appeared as quite
strong peak in VH polarized spectra for certain directions of pho

wave vectorq'y ~b!. Thex(zy) x̄ spectrum~c! allows us to identify
the A189 ~TO! mode, which is missing in almost all other spect
The relative intensity contrast between HV~d! and VV ~e! polarized
right-angle scattering spectra allows us to identifyA9~LO! modes,
such asA179 ~LO!.
06430
latter shown in Fig. 6~a!#. As the higher peak of the double
corresponds to the maximum found in the cross-polari
geometry with one polarizer along theŷ direction @back-
scattering withq' ŷ, w5115°, shown in Fig. 6~b!#, we have
assigned the higher peak as anA9 mode. TheATO9 mode
appeared near 208 cm21 as a shoulder of the 13thA8 branch
in a number of spectra, but it could be resolved only
cross-polarized spectra forw5115° @Fig. 6~b!#. Second,
there is a very weakATO9 mode near 160 cm21, which was

clearly seen only inx(zy) x̄ spectrum@Fig. 6~c!#. Finally, due
to the mode overlapping or small intensity, we could det
mine only a fewALO9 modes from theq'x angular disper-
sion. For this reason, two complementary scattering ge
etries allowing measurement ofqiy modes were used to
record complementary information. For example, theALO9
near 183 cm21 was detected in right-angle geometry@com-
pare cross-polarized HV and parallel-polarized VV spectra
Figs. 6~d! and 6~e!# while the ALO9 modes near 209 and
228 cm21 were found in near-forward scattering.

E. Synthesis and general remarks

In total, we have analyzed about 100 different spectra.
observed features have been consistently assigned by
method described above. As a result, we have observed
man lines corresponding to all 28A8 and 29 A9 TO modes
and a vast majority of the searched oblique modes. We co
also determine all 29ALO9 frequencies, although resolutio
of three of them~228, 441, and 561 cm21) was quite diffi-
cult so that these three frequencies are determined wi
larger error of about62 cm21.

After completing the mode assignment, several spec
measurements were repeated in order to test the experim
error in frequency determinations. It turned out that the
producibility was excellent (60.3 cm21), but since the
analysis showed that these frequency shifts are quite sys
atic and smoothly evolving with the measurement tim
(0.1 cm21/h), additional corrections were made. For th
purpose, the average measured frequency of the st
384.05 cm21 ATO8 mode was taken as a reference, and
frequency scale of all spectra was contracted or elongate
order to match the reference mode frequency exactly. Su
correction, applied to the data in the Tables II and III, nev
exceeds 0.3 cm21, but it clearly leads to smoothing of th
angular phonon dispersions~Figs. 3, 5, and 7!. This shows
that the correctedrelative phonon frequency precision o
well-resolved peaks is actually better than 0.1 cm21. Obvi-
ously, the absolute precision of the frequencies in Table I
only about 1 cm21.

IV. DIPOLAR STRENGTHS AND DISPERSION OF
OBLIQUE MODES

Due to the lack of an inversion center in the investiga
crystal, all the optic modes are polar. Therefore, each pho
coordinate can be associated with a dipolar momentdm

5em* um , where em* and um5uumuûm are the conveniently
chosen effective charge and amplitude of displacement of

w
e

n

.
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mth mode~such thatem* um gives the dipole moment of th
unit cell!. For amth mode with a small but finite wave vecto
q, displacement of themth phonon coordinate creates a d
polarization field39,40 with amplitude

Edep,m@ q̂#52
em*

e0V0
~um•q̂!q̂, ~1!

whereq̂5q/q is the unit vector parallel to the phonon wav
vector andV0 is the unit cell volume. We have seen that
a convenient choice of the phonon wave vector, the depo
ization field can be completely eliminated either for allA8

modes~if q̂iy) or for all A9 modes~if q̂'y). Let us now
consider the general case when the depolarization fiel
nonzero, i.e.,q̂•umÞ0. The harmonic equation of motion fo
such a mode can be written as

mmüm1mmVm
2 @TO#um5em* ~Edep@ q̂#•ûm!ûm , ~2!

wheremm andVm
2 @TO# are the effective mass and the squa

of the transversal optic frequency associated withum , re-

FIG. 7. Angular dispersion in the 30–150 cm21 region. Parts
~a!, ~b!, and ~c! show the dependence on anglesw, u, andc, re-
spectively, as in Figs. 3 and 5.
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spectively. The total depolarization fieldEdep@ q̂# includes
contributions of all the modes withq̂•unÞ0:

Edep@ q̂#5x`•Edep@ q̂#2(
n

en*

e0V0
~un•q̂!q̂, ~3!

wherex` is the high-frequency susceptibility tensor.
Combining Eqs.~2! and ~3! provides a homogeneous s

of bilinearly coupled equations of motion. The dynamic
matrix of such system, written in the basis of TO mod
reads simply:42

~D !m,n5dm,nVm
2 @TO#1

1

e~ q̂,`!
~M n•q̂!•~Mm•q̂!, ~4!

where the angular function

e~ q̂,`!511q̂•x`•q̂ ~5!

~given in a somewhat less general form in Ref. 42! describes
the screening by the high-frequency dielectric response
propriate for a field alongq̂ and

Mm5
em* ûm

Amme0V0

~6!

are the usual vectorial dipolar strengths.42

The frequencies of the oblique~extraordinary! modes for
any q̂ can be obtained as square roots of eigenvalues of
above dynamical matrix@Eq. ~4!#. Obviously, Mm,x5Mm,z
50 for all A9 modes andMm,y50 for all A8 modes. More-
over, the (M n•q̂)•(Mm•q̂)/e(q̂,`) in the dynamical matrix
@Eq. ~4!# can be well approximated by (Sn•q̂)•(Sm•q̂) with
screened dipolar strengths

Sm5
Mm

Ae~ ûm ,`!
, ~7!

since the high-frequency dielectric constant measured a
the principal directions differs43 by less than 10% in our
case. Consequently, we can use approximative dynam
matrix

~D !m,n5dm,nVm
2 @TO#1~Sn•q̂!•~Sm•q̂!, ~8!

which is equivalent to the one introduced in Refs. 39 and
for its definition only the complete sets ofVm

2 @TO# andSm

are necessary.
These parameters can be found by fitting the measu

dispersion curves, as suggested e.g., in Ref. 40. Howe
since the exact analytical solution for the present inve
eigenvalue problem is known, one can evaluate the abso
values of Cartesian componentsSm i directly using the pho-
non frequencies from Tables II and III. Applying the wel
known relations41 subsequently toALO9 mode frequencies
Vn@LO#,
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uSmyu5A Pn~Vn
2@LO#2Vm

2 @TO# !

PnÞm~Vn
2@TO#2Vm

2 @TO# !
, ~9!

to Ax8 mode frequenciesVn@ x̂#,

uSmxu'
uMmxu

Ae~ x̂,`!
5A Pn~Vn

2@ x̂#2Vm
2 @TO# !

PnÞm~Vn
2@TO#2Vm

2 @TO# !
,

~10!

and toAz8 mode frequenciesVn@ ẑ#,

uSmzu'
uMmxu

Ae~ ẑ,`!
5A Pn~Vn

2@ ẑ#2Vm
2 @TO# !

PnÞm~Vn
2@TO#2Vm

2 @TO# !
,

~11!

one can obtain absolute values of all nonzero componen
Sm . ~In fact, frequencies of three of theA8 modes
(V7@ x̂#,V14@ x̂#, andV22@ ẑ#) were shifted by 0.01 cm21 to
avoid divergence in the above equations.!

It remains then to figure out the signsm of the Sm,x /Sm,z

ratio for ATO8 modes. This can be done by inspection of t
extremal points in theq'y dispersion. First, one has to lo
cate those extremal points on theA8 dispersion curves tha
correspond to the already known frequencies ofATO8 modes.
They are shown in Figs. 3, 5, and 7. Obviously, the T
extrema mark directions perpendicular to the correspond
dipolesdm5em* umiSm . The signsm of Sm,x /Sm,z is positive
if the pair of the inversion relatedATO8 extremal points falls
in even quadrants, and negative in the opposite case.
absolute values ofSm and, for theA8 modes, also the angle
wm betweenSm andx are given in Tables II and III.

It is interesting to note that a vast majority ofSm vectors
for the A8 modes actually falls quite close either to thex or
z directions. For example, theATO8 modes with m
51,4,10,11,13,21,22,23 can be considered asx polarized,
and the ATO8 modes with m53,7,12,14,19,24,27,28 ar
clearly z polarized. It can be taken as support for t
‘‘pseudo-orthorhombic’’ definition of the unit cell with a
monoclinic angleb of almost 90°, used widely in previou
papers and adopted here.

Finally, the frequencies of oblique modes in an arbitra
direction can be calculated from Eqs.~8!–~11! using the val-
ues given in Tables II and III. Results of such calculatio
are shown by continuous lines in Figs. 3, 5, and 7. There
ordinary branches~TO-LO! with minima at a TO frequency
and maxima at a LO frequency, but there are also branc
with an inverse order~LO-TO! as well as TO-TO@e.g., the
V1@TO#2V2@TO# A8 branch in Fig. 3~a!# and LO-LO
branches@e.g., the highest-frequencyA8 branch in Fig. 3~a!#.
The existence of such branches together with the chara
istic shape of the dispersion curves points to the underly
anticrossings of ‘‘bare’’ branches with a more standard an
lar dispersion.
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V. DISCUSSION AND CONCLUSION

In the present study, undertaken at a temperature of a
15 K, we have not detected any line shape anomalies.
very few asymmetric peaks were identified as unresol
doublets, consistent with the complete mode enumera
given here in Tables II and III.

At the same time, we have observed that intrinsic li
shape asymmetry certainly does appear in several line
temperatures above 100 K. Investigation of the gradual
velopment of that asymmetry, line broadening and line f
quency shifts with increasing temperature might be of int
est but it is beyond the scope of this study. In fact, it wou
be particularly useful for elucidating the detailed relation b
tween the phonon modes reported here and those meas
at room temperature, for example in the Ref. 20.

On the other hand, there is one available independ
measurement of a low-temperaturez(xx) z̄ spectrum that can
be straightforwardly compared with the present data. Figu
5.1. and 5.2 of the Ref. 44 shows 8-9 phonon lines obser
between 40 and 90 cm21. These findings are quite similar t
our measurements, and only five of the reported lines can
identified with the expectedA8 modes (m524–28). The ad-
ditional shoulders and weak modes shows that the prob
of ‘‘polarization leakage’’ does not appear in our experime
only. We suspect that the partial depolarization or the par
removal of the Raman selection rules may arise due to
intrinsic bulk or surface property of the Sn2P2S6 crystal it-
self.

In any case, we have shown here that there is an alte
tive way to assign modes, which does not rely on the us
polarization analysis. As far as the modes of different sy
metry species can be distinguished by the direction of th
dipolar strength, it is sufficient to record directional dispe
sions of oblique mode frequencies. In the case of thePn
symmetry crystal, it requires one merely to record directio
dispersion for a phonon wave vector in the glide plane and
one other perpendicular plane. This approach, largely
successfully used here could be useful in investigations
other crystals for which the polarization analysis happens
be in doubt. Obviously, the approach is most advantage
for polar monoclinic crystals such as Sn2P2S6, since besides
the symmetry assignment it allows us also to determine
orientations of dipolar strengths of the phonon modes po
ized in the monoclinic mirror plane.
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