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Extensive Raman scattering and neutron-diffraction studies of LiKSO, have recently been carried
out in our laboratory at Trombay. In order to understand the experimental observations in Raman
scattering, we have resorted to lattice-dynamical calculations. A model based on an atom-atom po-
tential function comprised of the Coulombic and short-range interactions as well as covalent in-
teractions is used to calculate the phonon dispersion relation in LiKSO, [in two space groups P 6;
(CH and P31c(C%,)]. The rigid molecular-ion model is used for studying external modes, and an
atomic model is used for studying both the external and internal modes in the lattice. Comparison
of the theoretical phonon frequencies with those obtained from optical techniques shows that for
most of the frequencies the agreement is reasonable. From results of studies in which one of the pa-
rameters of the potential function was systematically varied, an incommensurate soft mode belong-
ing to ET symmetry is predicted at a wave vector of nearly 0.4¢ *. This mode involves librations of
sulfate ion about axes in the basal plane. Details of analysis of phonon eigenvectors and LO-TO
splittings are presented and compared with experimental results.
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I. INTRODUCTION

The lattice modes in LiKSO, have been investigated by
Raman scattering! ~* and infrared absorption.! Physical
properties such as thermal expansion® and dielectric con-
stant®” have also been studied, and several phase transi-
tions have been suggested. It is believed that reorientation
of the sulfate tetrahedra play an important role in these
transformations. The vibrational energy levels of the sul-
fate ion in different crystalline environments are also of
interest because of the distortion from the perfect
tetrahedral configuration in the free state.®’

In this paper we report a lattice dynamical study of
LiKSO, in the room-temperature phase P63 (C%) and in
the low-temperature phase’ P3lc (C%,) (T,~201 K).
These studies were undertaken to make the eigenvector as-
signments of the mode frequencies observed by Raman
scattering and infrared absorption techniques as well as to
compare the theoretical values of LO-TO splittings with
those observed in infrared (ir) and Raman data.!?

In Sec. II we recollect the crystallographic and group-
theoretical information relevant to the dynamical problem
of external and internal vibrations of LiKSO, in the solid
state. This is followed, in Sec. III, by a description of the
model of interatomic interactions used in this study. The
adjustable parameters of the interaction potential function
were arrived at by taking into account the equilibrium of
the crystal. In this context, rotational invariance condi-
tions have played a subtle role. Results of the calculations
and discussion are given in Secs. IV and V, respectively.

II. CRYSTAL STRUCTURE AND GROUP-
THEORETICAL CLASSIFICATION
OF LATTICE VIBRATIONS

Crystal structure of LiKSO, at room temperature has
been studied previously using x-ray diffraction'® and re-
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cently by neutron diffraction.!!> At room temperature
the system is associated with the space group P6; (C¢)
(Ref. 13), and there are two molecules in the hexagonal
unit cell as shown in Fig. 1. The cell dimensions and
atomic coordinates obtained from neutron experiments are
given in Table I. The atomic positions in the low-
temperature phase P31c (C3,) have not been determined
so far. For the purpose of our study, the atomic coordi-
nates for this phase are obtained from the P6; phase on
the basis of reorientation of the second sulfate tetrahedron
(molecule number 6) by 60° in the P31c phase as suggested
in Ref. 2.

There is only one high-symmetry direction in the P64
phase and this is the hexagonal ¢ axis (and corresponding-

X

FIG. 1. Crystallographic structure of LiKSO,. The figure
shows projection on basal plane. Location of oxygens shown at
the corners of the triangles, sides of which are in full lines, cor-
responds to the P6; phase. One of these tetrahedra is assumed
to have rotated by 60° about the triad axis in the phase P3lc,
and oxygen positions in this phase are shown linked by dashed
lines. Cartesian axes X and ¥ are also shown. Z axis is normal
to the plane of the figure pointing outwards.
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TABLE 1. Atomic coordinates in phase P6; of LiKSO, at 300 K. a =b=5.14 A, c=8.617 A,

a=B=90", and y =120".

Atom Molecule Fractional coordinates
number Atom number u v w -
1 Li 1 + 1 0.8147
2 Li 2 2 + 0.3147
3 K 3 0 0 0
4 K 4 0 0 0.5
5 s T 3 0.2066
6 o) T % 0.0357
7 02 5 0.3417 0.9397 0.2587
8 0oQ) 0.0603 0.4020 0.2587
9 0(2) 0.5980 0.6583 0.2587
10 S 2 + 0.7066
11 o) 3 + 0.5357
12 oQ) 6 0.6583 0.0603 0.7587
13 oQ) 0.9397 0.5980 0.7587
14 oQ) 0.4020 0.3417 0.7587

ly the ¢ * axis in reciprocal space). The modes propaga-
ting along the € * direction can be classified in terms of
the irreducible representations of the group of the wave
vector 4, Go(q). The irreducible multiplier representa-
tions (IMR’s) for the group of the wave vector, C¢ associ-
ated with the hexad axis are given in Table II(a). In the
atomic model'* appropriate to the study of both the exter-
nal vibrations and the internal vibrations of the sulfates
(SO4*~), there are 42 degrees of freedom associated with

the unit cell. In the rigid molecular-ion model'® where the
sulfate ions are treated as rigid units, one is left with 24
degrees of freedom, associated with external modes only.
The classification of the modes in terms of the IMR’s are
as follows: For the atomic model,

74 +7B +71E} +7ET +7E+ +7E7 .

For the rigid molecular-ion model,

TABLE II. Irreducible multiplier representations. (a) Phase P6; (C¢). In the space group P 6;, the
operations Cg, C,, and Cg! are associated with the fractional translation vector 7= (0,0,—;—). (b) Phase
P31c (C%,). In the space group P31c, operations ,(1), ,(2), and o,(3) are associated with the fraction-

al translation vector 7= (0,0,% ).

(a) Phase P6, (C¢); g along hexad axis; Go(q)={Cs}
Point-group operations of Cg

Representation E Cs Cs C, ;! c!
A 1 1 1 1 1
B 1 —1 1 —1 1 —1
Ef 1 € —€* -1 —€ €
ET 1 e —€ —1 —€* €
EF 1 —€ —€* 1 —€ —€*
Ey 1 —€* —€ 1 —€* —€

e=exp(im/3)

(b) Phase P31c (C%,); q along the €* axis; Go(q)={Cs,}

Point-group operations of Cj,

Representation E C; ci! o, (1) o,(2) ’ 0,(3)
A 1 1
B 1 —1 —1 —1
E 2 —1 0 0
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44 +4B +4E{ +4ET +4EF +4E; .

The symmetry vectors for the modes propagating along
the hexagonal axis and appropriate for the rigid molecular
model were derived using standard group-theoretical tech-
niques'*~1 and are given in Table III. These describe the
nature of the “molecular” and atomic displacements cor-
responding to various representations and are also used for
block diagonalization of the eigenvalue equations of the
lattice motions in the numerical calculations.

An important point to note is that although the repre-
sentations [in Table II(a)] are all one dimensional and,
hence, degeneracy among modes belonging to the different
IMR’s is not demanded by spatial symmetry, additional
degeneracy is expected due to time-reversal symmetry.!’
At the zone center, modes of E{ symmetry should be de-
generate with those of E{” and modes of E; with those of
E; . At the zone-boundary point (0,0,+ %c*), the degen-
erate pairs are (E{",E5 ) and (E{,E3F). In our study, we
find that these demands of degeneracy due to symmetry
lead to stringent constraints on the adjustable parameters
of the potential.

The crystallographic structure of the low-temperature
phase P31c (C3%,) is also indicated in Fig. 1. The ¢ axis
continues to be the unique high-symmetry direction, now
a triad axis, in this phase also. The IMR’s of the point
group Cj, underlying this space group are useful in classi-
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fying the modes propagating along the ¢ * axis and are
given in Table II(b). The classification of modes in the
atomic and rigid molecular-ion models for modes propa-
gating along the € * direction in this phase are as follows:
For the atomic model,

74 +7B +14E .
For the rigid molecular-ion model,
44 +4B +8E .

Symmetry vectors of modes propagating along this direc-
tion in the P31c phase are given in Table III for the rigid
molecular-ion model.

III. INTERATOMIC INTERACTIONS

We assume that the S and O atoms within a sulfate
cluster are covalently bonded and that different sulfate
clusters and Li* and K* atoms interact via nonbonded
interactions. We further assume that the latter interac-
tions can be approximated by a sum of two-body atom-
atom potentials given by

— brkk/

e’ Z(KZ(K')
R(k)+R (k")

)= — (1
V(r) o +a exp (1)

Trr!

The first term is Coulombic in nature and the second is

TABLE IIl. Symmetry vectors for LiKSOy in rigid molecular-ion model for q along the € * axis. x,
¥, and z refer to the translations along the x, y, and z axes. 6y, 6,, and 6, refer to the librations about
the x, y, and z axes. Numbers in parenthesis refer to the molecular numbers given in Table I. (a) Phase

P6;. (b) Phase P31c.

(a) Phase P6;

Representation Symmetry vectors
A z(1)+2z(2), z(3)+2z(4), z(5)+2z(6), 6,(5)+0,(6)
B z(1)—z(2), z(3)—z(4), z(5)—z(6), 0,(5)—6,(6)
Ef x(D4ip(1)+x(2)4ip(2), x(3)+iy (3)+x(4)+iy(4),
x(5)+iy(5)+x(6)+iy(6), 0,(5)+i6,(5)+05(6)+i6,(6)
ET x(1)—iy(1)+x(2)—ip(2), x(3)—iy(3)+x(4)—iy(4),
x(5)—iy(5)+x(6)—iy(6), 05(5)—i6,(5)+0,(6)—i6,(6)
EF x(D)+iy(1)—x(2)—iy(2), x(3)+iy(3)—x(4)—iy(4),
x(5)+iy(5)—x(6)—iy(6), 0,(5)4+i0,(5)—0,(6)—i6,(6)
Ey x(1)—iy(1)—x(2)+iy(2), x(3)—iy(3)—x(4)+iy(4),
x(5)—ip(5)—x(6)+iy(6), 6,(5)—i0,(5)—0,(6)+i6,(6)
(b) Phase P31c
Representation Symmetry vectors
A z(1)4+2(2), z(3)+2(4), z(5)+2(6), 6,(5)—06,(6)
B z(1)—z(2), z(3)—z(4), z(5)—2z(6), 6,(5)46,(6)
E x(1), x(2), x(3), x(4), x(5), 6,(5), x(6), 6,(6),

(1), y(2), y(3), y(4), p(5), 6,(5), p(6), 6,(6),
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short-range repulsive. ry; is the separation between atoms
k and k’. The indices k and k' may refer to the ions Li*
or K* or to any of the atoms that belong to different
molecular units (sulfates). The coefficients a and b are as-
sumed to be constants'®~2° with the values a=1822 eV
and b=12.364. Z (k) and R (k), the charge and radius of
atom k, are treated as parameters.

It is difficult to model the covalent-bond interaction in
the sulfate clusters, as such an interaction should involve
angle bending three-body interactions apart from the
two-body bond stretching interactions. We have employed
a simplified model in the present study by representing the
S—O bond-stretching potential as?!

(rso—ro)?
V(rso)z—CDeXp —-Tnc‘”—s—or—‘_o—“’ y (2)
SO

with c=1.0, =152 A=}, and ry=1.40 A. D is treated as
a parameter. In order to simulate the potential of bending
of O—S—O angles, we have assumed an O-O interaction
for any two oxygen atoms of the same sulfate unit given
by

e? [Z(0)]? —broo w
V(roo)=—-—L£ O M0 W g
(rOO) 47T€0 Yoo +sa exp 2R (0O) r600 ( )

where s and w are new parameters. Z(0) and R(O) are the
charge and radius parameters, respectively, of the oxygen
atoms that enter the nonbonded interaction given earlier
by Eq. (1).

Naturally, the unknown parameters have to be chosen
so as to obey the equilibrium conditions of the crystal
structure.’>?® The parameters Z (k) and R (k) in Eq. (1)
are determined by the requirement of vanishing forces on
the lithium and potassium atoms and the rigid sulfate
clusters, and vanishing torques on sulfates when the forces
and torques are evaluated at their equilibrium positions
and orientations. In addition, it is ensured that the pa-
rameters yield a reasonable value for the cohesive energy
of the crystal as expected from the known cohesive ener-
gies of other ionic crystals.

IV. RESULTS

We have carried out calculations based on the rigid
molecular-ion model'® and the atomic model'* to examine
the nature of lattice modes and to comment on various as-
pects of Raman and ir data in both the phases P65 and
P3lc. Phonon dispersion curves along the ¢* and 3*
axes have been obtained. Effect of variation of some of
the potential parameters on these curves have revealed cer-
tain new features of softening that would be of interest to
experimentalists. We shall first discuss details of the pho-
non dispersion curves and then comment specifically on
aspects related to Raman and ir data.

The program DISPR (Ref. 24) was used to compute lat-
tice frequencies in the rigid molecular-ion model. The
program was suitably modified to take into account co-
valent bond interactions in the atomic model calculations.
The input parameters are the structural data given in
Table I and the symmetry vectors?® given in Table III in
addition to the potential parameters.
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The potential parameters of Eq. (1) were obtained by
making use of the equilibrium conditions’>?* and also
some of the Raman frequencies. Least-squares fitting
with Raman frequencies was, however, not attempted.
The charges Z (k) and R (k) of the atoms Li, K, S, and O
are 0.95, 0.55, 1.1, and —0.65 and 1.375, 1.95, 1.0, and
1.35 1°\, respectively. We find that equilibrium conditions
had to be satisfied exactly to ensure degeneracy of the
modes at zone center.

A. Rigid molecular-ion model (external modes only)

1. Phase P63

Phonon dispersion curves calculated along the ¢* axis
and the a* axis are given in Figs. 2(a) and 3, respectively.
We note that the frequencies at zone center are in reason-
able agreement with those obtained from Raman and ir
data, as will be discussed later in Sec. V. But more impor-
tantly, we wish to draw attention to a striking feature that
can be seen in Fig. 2(a), namely, the occurrence of a dip in
the transverse acoustic branch of E{ symmetry. There is
an anticrossing between this TA branch with another TO
branch of the same symmetry, and thus the soft mode as-
sociated with the dip should be considered as a TO mode.
The mode is found to be highly sensitive to the short-
range potential parameters R(Li) and R(O). The variation
of the low-frequency phonon branches with R(Li) is
shown in Fig. 4(a). The small variation in R(Li), however,
does not affect significantly the static equilibrium, but if
R(O) is varied, then R(K) also has to be varied to maintain
equilibrium. Since the softening of the branch occurs at
nearly 0.4¢*, it can lead to an incommensurate phase
transition. The eigenvector of the soft mode involves
mainly libration of sulfate ions about axes in the basal
plane. In order to predict the thermodynamic parameters
at which the incommensurate phase transition may be ob-
served, it is necessary to calculate the free energy of the
system as a function of the thermodynamic parameters
and locate its minimum.?

Results discussed so far have certain similarities to
those in the study of K,SeQ, in which an incommensurate
soft transverse-optic mode was observed?’ by inelastic
neutron scattering. Subsequently lattice-dynamical calcu-
lations®® have sought to understand the nature of this
soft-mode behavior. The nature of bonding in K,SeQ, is
expected to be generally similar to that in LiKSO, al-
though crystallographic structures of the two systems are
quite different. In the dynamical calculations of K,SeO,
(Ref. 28) employing the rigid-ion model the soft mode was
“simulated” by small variations in a few of the force-
constant parameters. However, the atomic displacements,
associated with the soft mode in K,SeO, derived theoreti-
cally, do not agree well?® with those derived from the ex-
periment, and this disagreement is attributed to certain ef-
fects of anharmonicity due to mode couplings on the ex-
perimental determination of these displacements as well as
to the simplicity of the rigid-ion model that is employed.
In this respect it would be interesting to verify experimen-
tally the existence of a soft mode and determine its eigen-
vector in LiKSO, also.
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FIG. 2. (a) Phonon dispersion curves of LiKSO, in the phase P 6; along the hexad axis. (b) Phonon dispersion curves in LiKSO, in
the phase P31c along the ¢ * axis. Both the figures are drawn in extended-zone scheme.

The dispersion curves in the basal plane of LiKSO, be-
long to a single representation because the group of the
wave vector for any wave vector in this plane contains 600
only one element, namely the identity operation. An-
ticrossing of various branches in any direction in the basal

18

PHONON FREQUENCY (THz)

PHONON FREQUENCY (cm™")

The external mode frequencies for this phase were cal-
culated with the same set of parameters as was used for 200N6
phase. It may be noted that there are two one-dimensional s S )
representations and one two-dimensional representation
phase we have some modes (those belonging to E represen-
tation) doubly degenerate due to spatial symmetry along
are fourfold degenerate due to time-reversal symmetry.
Phonon dispersion curves for this phase along the ¢ * FIG. 3. Phonon dispersion curves of LiKSO, in the phase

plane arises because of this feature. Figure 3 shows the
nature of dispersion curves along the a* direction. No
softening of phonon branches occurs along this direction. 500 |
1%
2. Phase P3Ic X
the phase P63, but making use of appropriate crystal
structure information and symmetry vectors for this
—_——
associated with the point group Cj,, the group of the wave 100&%—&4
vector for § along the €* axis. Consequently, in this 2
this direction. In addition, at the zone boundary along ] | . |
2 %
¢ *, the 4 and B modes are degenerate and the E modes  SHONON WAVE VECTORT-
axis are shown in Fig. 2(b). In comparison with the P6;along the @* axis in the basal plane. The figure is drawn in
curves for the P65 phase shown in Fig. 2(a), we note that  reduced-zone scheme.
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the A- and B-type modes are similar in both the phases.
Secondly, at zone center and zone boundary, the E-type
modes in phase P31c have approximately the same fre-
quencies as those of the E{, E, E5, and E5 modes in
phase P6;. These observations are borne out experimen-
tally in that the frequencies do not change appreciably at
q~ 0 in going from P6; to P31c (except for the E; mode
at 41 cm™!). But one observes differences in behavior in-
side the Brillouin zone, that is, in the range of 0 < g <7 /c,
as the E modes are doubly degenerate throughout this
range. Alternate branches of the E-type modes in the
P31c phase are shown in the left- and right-hand sides of
Fig. 2(b) only to help in comparison with the curves of
phase P6,.

Figure 4(b) shows the low-frequency branches as a func-
tion of variation of the parameter R(Li). Unlike in the
case of phase P 6,, there is no softening that can lead to an
incommensurate phase.

B. Atomic model calculations
(external and internal modes)

The atomic model allows inclusion of all the internal
modes also. As mentioned in Sec. II, the potentials are
given by Egs. (1)—(3). The calculations were restricted to
phase P6; only, and dispersion curves were derived for
wave vectors along the ¢ * and 3 * axes. In conjunction
with Eq. (1), the same values of parameters, as in external
mode calculations, were used. As far as Egs. (2) and (3)
are concerned, two sets of calculations were carried out
with the parameters D, s, and w given by 5.3 eV and 1 and
15 eV A6, respectively, in one set and another in which
they were 3.6 eV and 70 and 780 eV AS. The first set of
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values were chosen on the basis that the frequencies of the
internal modes v; and that of the external modes are simi-
lar to those from the experiments but the frequencies of
angle-bending vibrations may not be properly reproduced.
The second set of the covalent parameters were derived by
using the internal frequency v,, corresponding to O—S—O
angle-bending vibration. Results of both calculations are
given in Table IV. Atomic model calculations for phase
P31c were not carried out as rather little additional infor-
mation can be obtained.

V. DISCUSSION
A. Comparison with optical data in phase P 6,

Comparison of calculated and experimental frequencies
at ?1'~6 can be made from Table IV. Group-theoretical
labeling of modes in the experiments was obtained by car-
rying out experiments in different configurations of the
crystal with respect to the incident and scattered light
beams and their polarizations. From Table IV we make
the following observations.

(i) The experimentally measured frequencies fall into
nearly three distinct ranges: (a) 1200—1000 cm™!,
comprising the v; and v, internal modes; (b) 650—370
cm ™!, comprising the v, and v, internal modes and some
external modes, a mixed region; and (c) 200—0 cm~!,
comprising the purely external modes.

(i1) Results of rigid molecular-ion and the atomic model
calculations also show the three distinct categorization of
frequencies given in (i) above.

(iii) Results of rigid molecular-ion model calculations
indicate that agreement between calculated and observed
mode frequencies up to 200 cm™! is within about 50

T I
(b) P31C
I ———
- ""“"“-.
//,/
,/
r/’l

L

0 -IV 0

PHONON WAVE VECTOR (00¢§)

FIG. 4. (a) Low-frequency modes in phase P 65 along the hexad axis as a function of variation of the parameter R(Li). The values
of R(Li) corresponding to the dashed line, chain line, and solid line are 1.36, 1.37, and 1.375, respectively. (b) Low-frequency modes

in phase P31c along the ¢ *

axis as a function of variation of the parameter R(Li). The values of R(Li) corresponding to the dashed

line and solid line are 1.36 and 1.375, respectively. Both figures are drawn in extended-zone scheme. Modes of 4 and B representa-

tion do not show any variation.
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TABLE IV. Comparison of experimental and calculated lattice frequencies at zone center.
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Calculated values (cm™')

P65 phase P31c phase
Experimental Rigid Rigid
Internal values® Atomic Atomic molecular-ion molecular-ion
Representation® modes® (cm™!) model? model® model model

A V3 1201 1180 1367
1122 1161 1367
v 1012 967 1138
1012 967 1128
Vs 630 547 608
624 492 547

430 331 521 561 561

370 277 482 490 490

204 224 207 200 200

202 221 204 197 197

162 116 119 121 120

131 100 101 101 101

acoustic acoustic acoustic acoustic

B v 1174 1367
vy 971 1136
V4 561 627

277 475 534 534

224 218 213 214

138 142 144 145

110 109 109 109
Et, ET vy 1200 1216 1159
1119 1199 1150
vy 649 576 650
636 508 600
vy 445 320 596
466 289 577

478 218 496 563 563

408 217 466 491 491

164 128 122 123 124

133 126 100 100 100

44 117 52 46
41 99 50 44 27
acoustic acoustic acoustic acoustic

E}, ET V3 1123 1199 1150
V4 637 512 601
) 467 292 576

404 197 465 493 493

131 139 92 89 91

82 83 82 84

61 42 39 45

2The modes of E type in the P31c phase are distributed under the E; and E, representations to show that the frequencies remain al-

most unaltered in going from P 6; phase to P31c phase, except the E{", E{ modes in the P6; phase at 44 cm

V1, v2, 3, and v, are internal modes of the sulfate ion.

-1

°The pairs of frequencies shown together by a curly bracket are LO-TO counterparts of a mode with respect to the wave vector along

the € * axis. .
D=53eV,s=1,and w=15eV AS,
*D=3.6 eV, s=70, and w="780 eV A",
cm~!. The agreement is rather poor in the mixed region
of frequencies. The atomic model results do not signifi-
cantly differ from those of the rigid molecular-ion model
in the purely external mode region except for a set of fre-
quencies at 117 cm ™! and 99 cm™! of the E, representa-

tion in one of the atomic model calculations.

(iv) The highest frequencies of the A representation are
well reproduced in the atomic model calculations with
D=5.3 eV, s=1, and w=15 eV AS. These vibrations
essentially involve S—O stretching and therefore are deter-
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mined by the potential given in Eq. (2). However, in the
mixed region of frequencies, agreement between results of
this atomic model calculation and experiments is rather
poor. In the second calculation based on the atomic
model, with the parameters D=3.6 eV, s=70, and w="780
eV A%, agreement in the mixed range of frequencies im-
proves as one would expect. But now the nature of LO-
TO splittings in the mixed and highest-frequency ranges
are grossly distorted.

These observations lead us to believe that the rigid
molecular-ion model gives a fairly good representation of
modes in the purely external mode region (see further dis-
cussion on LO-TO splittings in this region). The atomic
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model description has to be modeled in a different way to
take into account the angle bending and bond stretching,
etc., in a more natural way, say, by a valence force model.
Results from the atomic model calculations would yield
better agreement in the mixed region of frequencies if one
makes allowance for electronic polarization or three-body
interactions. We have not persued these options any fur-
ther since our objective was limited to understanding the
nature of modes observed experimentally; this objective is
met even with the limited studies reported in this paper by
examining the nature of eigenvectors, LO-TO splittings,
and the effect of variation of parameters on the calculated
lattice frequencies. We shall discuss these aspects now.

TABLE V. Square of the component of mass-weighted eigenvector |€4(k) |2 for the external modes at (a) §=0.002¢ * and (b)
q=0.5¢ *. i =T (translation) or R (rotation) of various vibrating units; j=mode index and k =molecular index.

Calculated
frequency | €ik)|?
j Representation (em™1) T(Li) T(K) T(SO,*™) R(SO2)
(a) d=0.002¢ *
1 A acoustic 0.05 0.27 0.68 0.00
2 121 0.04 0.72 0.23 0.01
3 200 0.00 0.01 0.01 0.98
4 561 0.91 0.00 0.08 0.01
5 B 109 0.00 0.97 0.01 0.02
6 144 0.01 0.03 0.73 0.23
7 213 0.00 0.00 0.26 0.74
8 534 0.99 0.00 0.00 0.01
9 Ef, Er acoustic 0.05 0.27 0.68 0.00
10 44 0.01 0.00 0.00 0.99
11 100 0.01 0.73 0.26 0.00
12 491 0.93 0.00 0.06 0.01
13 Ef, Ef 39 0.04 0.03 0.46 0.47
14 82 0.01 0.71 0.19 0.09
15 89 0.01 0.26 0.30 043
16 493 0.94 0.00 0.05 0.01
(b) G=0.5¢*
1 A, B 84 0.01 0.58 0.39 0.02
2 131 0.04 0.41 0.49 0.06
3 205 0.00 0.01 0.08 0.91
4 548 0.95 0.00 0.04 0.01
5 Ef, E5 12 0.02 0.07 0.14 0.77
6 47 0.03 0.20 0.55 0.22
7 95 0.02 0.74 0.24 0.00
8 493 0.93 0.00 0.06 0.01
9 E7, Ef 33 0.05 0.18 0.65 0.12
10 77 0.00 0.31 0.02 0.67
11 99 0.02 0.50 0.28 0.20
12 492 0.93 0.00 0.06 0.01
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B. Eigenvector assignment

Table V provides the square of the component of mass-
weighted eigenvectors |€i(k)|* corresponding to the
translation and rotation of an atomic or molecular unit k
for all the external modes at zone center (G=0.002¢C*)
and zone boundary (4=0.5¢*) This information along
with the symmetry-vector information given in Table III
has been useful in arriving at the nature of dynamics asso-
ciated with the various Raman and ir frequencies. The
present calculations have also provided definite informa-
tion about libration frequencies of the sulfate ions in LiK-
SO,. An interesting feature that emerges is that the fre-
quency corresponding to libration of SO, at zone center
about the ¢ axis (4 mode at 200 cm™!) is widely different
from that about an axis perpendicular to this axis (E{,
E7 mode at 44 cm™!). Detailed examination of the
eigenvectors of these modes from Table V(a) shows that
mixing of these rotational modes with any other transla-
tional mode is negligible. Experimentally, although both
the modes have been observed, only the 4 mode could be
identified with librations using the combined ir and Ra-
man data. The other significant result is that along the c*
axis throughout the Brillouin zone these modes are
predominantly rotational in character. This feature is
likely to be independent of specific choice of potential pa-
rameters employed in the present calculation. The fact
that the E(Ei,E{ ) mode corresponding to librations
about axes in the basal plane is rather soft could reflect in
large amplitude of such motions. Recent analysis of the
structural data by neutron diffraction!? corroborates this
picture in the sense that the displacement of the O(1) atom
perpendicular to the S—O(1) bond is significantly large,
suggesting comparatively less hindrance to such libratory
motion.

C. LO-TO splittings in the P 6; phase

We now wish to comment on the nature of LO-TO
splittings of various modes (§ ~ 0). The modes belonging
to the 4 and E, (E{ and E7) representations only are
polar and therefore they only exhibit LO-TO splittings.
Examination of the symmetry vectors (given in Table III)
shows that the LO modes belong to the 4 and B represen-
tation and the TO modes to the E; and E, representa-

tions, with respect to the wave vector § along the ¢*
axis.”’ In order to comment on the LO-TO splittings, we
have to identify the TO modes that belong to the A-type
representation and LO modes of the E;-type representa-
tion. These will be modes associated with the wave vec-
tors in the basal plane. However, since the group of the
wave vector for waves in the basal plane contains the iden-
tity operation only, all the modes belong to a single repre-
sentation, strictly speaking. In spite of this situation we
have followed the scheme given below in order to classify
modes. From among the modes that propagate in the
basal plane, first we collect those TO modes having atom-
ic displacements along the z axis. One set of modes
among these has frequencies very close to those of the B
modes propagating along the ¢* axis. The remaining
modes of this TO category are labeled as TO modes of the
A representation. Next we collect modes having displace-
ment in the basal plane. Once again there is one set with
frequencies nearly identical to those of E, modes propaga-
ting along the € * axis and they are doubly degenerate.
The remaining two sets (one set of TO modes and another
of LO modes) are labeled as modes of E; representation.
In fact we find that the difference between modes of either
B or E, representations for wave vectors g ~0 along the
¢ * and @* axes are less than 1 cm~! and hence we believe
that our procedure of labeling is reasonable.

In Table VI we give a comparison of the LO-TO split-
tings of the external modes at zone center as measured ex-
perimentally and as calculated using the rigid molecular-
ion model and the atomic model. Although the absolute
values of the frequencies may not match, particularly in
the intermediate region of frequencies for reasons already
discussed, the splittings as observed in the experiments are
in good agreement with the theoretical calculations.

VI. SUMMARY

We have reported in this paper the results of a lattice
dynamical calculation of the lattice frequencies of the
complex crystal LiKSO,4 based on an atomic model and
the rigid molecular-ion model. The nature of atom-atom
potentials used include parametrized Coulomb and short-
range interactions as well as covalent-bond interactions.
The rigid molecular-ion model using Coulombic and
short-range interactions provides a reasonable explanation

TABLE VI. Comparison of LO-TO splittings at zone center for the external modes on the basis of rigid molecular-ion model in

the P 6; phase. A=LO-TO.

Experimentally observed
frequencies (cm~!)

Calculated frequencies (cm™')
Rigid molecular-ion model Atomic model

Representation LO TO A LO TO A LO TO A
A 430 370 60 561 490 71 521 482 39

204 202 2 200 197 3 207 204 3

162 131 31 121 101 20 119 101 18

Ef, ET 478 404 74 563 492 71 496 466 30
164 133 31 123 100 23 122 100 22

44 41 3 46 44 2 52 51 1
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of the observed Raman and infrared data in the external
mode region where effects of internal vibrations are not
expected to be felt. Inclusion of covalent interactions in
the sulfate ion explains the bond-stretching high-fre-
quency modes.

These calculations have provided the correct assign-
ments of the Raman and ir data in the phases P6; and
P31c and have helped in understanding the nature of vari-
ous modes observed. The nature of LO-TO splittings ob-

served experimentally is borne out by the rigid molecular-

ion model calculations providing additional support to the

model.
The phonon dispersion curves would be helpful in com-
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paring with the neutron data as and when they become
available. An interesting outcome of the calculations is
the observation of a soft mode that leads us to predict that
there may be an incommensurate phase transition corre-
sponding to a soft mode at around 0.4¢* (or 0.87/c)
from the P6; phase and this mode involves librations of
sulfate ions. It remains to be investigated under what
thermodynamic conditions such a softening would be ob-
servable experimentally.’® Inelastic neutron experiments
as a function of temperature or pressure may throw some
light on this aspect and help in developing better theoreti-
cal models.
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