
P H YS ICAL REVIEW VOLUME 183, NUMBER 2 10 J ULY 1969

Optical Phonons in Mixed Sodium Potassium Tantalates
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The infrared and Raman spectra of members of the mixed-crystal system Na, K&,Ta03 have been
studied at temperatures from 4 to 600'K for x=0.0, 0.12, 0.40, 0.65, and 0.85. The infrared data indicate
that the low-frequency phonons are "soft" modes and are responsible for the ferroelectric phase change.
The temperature dependence of the modes has been correlated with the dielectric behavior and is in agree-
ment with current theories of displacive ferroelectrics. In the paraelectric phase, the Raman spectrum is
entirely second order and qualitatively independent of cation concentration. First-order Raman bands are
observed in the ferroelectric phase for x(0.70 and a C4, structure is strongly indicated. The frequencies of
the optical modes at the center and at the boundary of the Brillouin zone have been deduced as a function
of temperature and composition.

INTRODUCTION

HK crystal KTa03 has the cubic perovskite struc-
ture (symmetry group 0&). X-ray data by Davis'

which were obtained only at room temperature show
that samples with concentrations from 0 to 70%
NaTa03 remain cubic, with an almost linear decrease in
lattice constant from 3.984-3.944 A. Further increase in
sodium content causes the lattice constants to decrease
sharply and to show a well-defined c/u ratio. Initially,
the structure becomes tetragonal, gradually shearing to
pseudomonoclinic as the concentration approaches pure
NaTa03.

The dielectric properties of KTa03 have been in-
vestigated by Wemple2 and indicate Curie —Weiss-law
behavior with an extrapolated Curie temperature (Tg)
of 1—3'K. Davis' has obtained dielectric data of the
mixed-crystal system NaTa03-KTa03 as a function of
temperature. Tg rises with Na concentration to a
maximum of 65'K for a sample with 48% NaTa03, falls
with higher NaTa03 concentrations, and becomes nega-
tive at 72% NaTa03. The temperature-dependent
dielectric constant undergoes a region of anomalous
behavior in the midrange of Na composition as shown in
Fig. 1. This has been interpreted by Davis' as a ferro-
electric transition at the higher temperature, possibly
followed by a phase transition to a tetragonal (C4„)
structure at the lower temperature.

The cubic perovskites, with 5 atoms per unit cell,
necessarily possess 15k degrees of freedom. Recourse to
simple group theory' ' predicts that at the center of the
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FIG. 1. Temperature dependence of the dielectric constant for
Na K~ Ta03, after Davis (Ref. 1). Dashed line corresponds to
the right-hand scale.
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Brillouin zone these will consist of three triply de-
generate infrared active (optic, symmetry F&„)modes,
one triply degenerate infrared and Raman inactive
(optic, symmetry F2„)mode, and one triply degenerate
translational (acoustic, symmetry Fz„)mode. A further
consideration, however, is the existence of long-range
electrostatic forces between the component ions. '~
These cause the boundary conditions for the longitudinal
and transverse modes to differ. ' thereby lifting the
degeneracy of optic modes of Ii

& symmetry. ' Thus, the
final description of the k=0 phonon system of such
crystals gives three doubly degenerate transverse optic
modes and three nondegenerate longitudinal modes, one
doubly degenerate transverse optic mode, which in turn
is degenerate with a single longitudinal mode, and three
acoustic modes (with o&= 0).'

If the symmetry of the crystal is reduced to tetragonal
(C4, as in the case of BaTi03 at room temperature'0),
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OPTlCAL PHONONS IN Na Ki, TaTa03

FIG. 3. Low-frequency reflectance
spectra as a function of sample and
temperature.
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the phase change directly and to verify that the spec-
trum in the cubic phase is indeed second order.

EXPERIMENT

The Na, K&,Ta03 crystals used had x=0, 0.12, 0.40,
5 d 0.85 and were grown by the method used by

1 wereWemple, "modi6ed as described by Davis. They
cut and polished to square plates approximately 1X6)&6
111m Wl'th the (100) planes in the surfaces.

elow 250The infrared reAectance measurements below

cm ' were made with the Michelson interferometer'
used by Perry and McNelly. "At higher frequencies, a
Perkin-Elmer model-521 grating instrument was used.

hr u htheuseofanTemperature control was achieved throug e

ordinary cold-tail Dewar.
The Raman studies were made on a Cary mode
'th H -Ne laser excitation and right-angle scatterin

and X(FX)F did not make important qualitative

Temperature control at lower temperatures in this case
d with a continuous gas transfer ewar

with quartz windows. The cold gas was o taine ei er

b t en through a coil inversed in a dry-by passing ni rogen
ice-acetone bath or liquid nitrogen in a Dewar, or by
transferring gas boiled oR by power dissipated in liquid

%em le Ph.D. thesis, Department of Electrica
'

al
963 (un ublished); Technical Report No.e . g, , ( P

~ MITC bd, M-.,425, Research Laboratory of Electromcs,

~ ".---"„., 5 7~ C. H. Perry, R. Geick, and . . oung,
(1966).

RESULTS

Continuous reflection spectra were obtaine by re-
normalizing the data of the interferometer to those of
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FIG. 4. Low-frequency conductivity derived from KK analysis of
the re6ectance spectra.

6cations, this procedure allowed temperature control to
less than a degree within the regions 8—50, 77—120,
210—300'K. The temperature was monitored by a pre-
cisely calibrated doped germanium 4-wire resistance
thermometer and by a copper-constantan thermocouple,
both of which were mounted on the small bracket that
held the sample. Elevated temperatures were obtained
with a Variac-controlled 40-Wheating element on which
the sample was mounted with a copper bracket, inside
an enclosure to restrict convection but not conduction
or radiation. These temperatures were monitored with
the copper-constantan thermocouple. Temperature con-
trol with this arrangement was &5'K.
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the grating spectrometer. This was done by comparing
the two data sets in the spectral region covered by both
instruments, and resulted in consistent values for the
reflectance maxima at low frequency. The extrapolated
"dc" reQectivities obtained from this procedure also
compared favorably with those calculated from Davis's'
dielectric constant data. Examples of these spectra at
room temperature are presented in Fig. 2, while the
low-frequency data of samples at various temperatures
appear in Fig. 3. Each of the details in Fig. 3 is the
result of the average of at least two interferometer runs,
and of as many as six. These reQectance spectra were
subjected to a Kramers-Kronig (KK) analysis/"4" to
obtain the real and imaginary parts of the dielectric
constant (e' and e") and the reciprocal dielectric con-
stant (g' and rl"), the conductivity (0.= 2e"v), and the
resistivity (p=2g"/v). A representative series of low-

frequency conductivities is presented in Fig. 4.
The Raman spectra are the average of several re-

tracings of the regions of interest. Room-temperature
results for most samples are presented in Fig. 5, while

Fig. 6 shows the results for the entire temperature range
for the sample nearest midrange of composition.

The Cary SI is capable of running with either the
conventional single slit or with a double sht for grcatcr
signal. The latter is usable only above 200/cm '. This
accounts for the appearance of the Raman spectra
presentation, the lower intensity plots below 300 cm '
being single-slit results, and the remaindej; double-slit
results. No eGort has been made to rcnormalize one or
the other of these for purposes of presentation, since the
current form is considered more indicative of the quality
of the results obtained.

IT. S. Robinson, Proc. Phys. Soc. (London) 865, 9IO (1952).
~ C. H. Perry, R.¹Khanna, and G. Rupprecht, Phys. Rev.

j.85, A408 (1964).

XHSCUSSIOÃ

The infrared studies provide the frequencies of the
independent erst-order lattice modes and establish a
starting point for the Raman work. In Fig. 2, the large
dip, which occurs between 450 and 550 cm ', corresponds
to the highest-frequency transverse optic mode (TO4),
the shoulder at the left to the lowest mode (TOg, the
"soft" mode), and for the two with the lowest percent of
Xa composition the dip between j.90 and 200 cm '
corresponds to the next highest mode (TO2). Proceeding
to the reflectance spectra for the two samples with the
highest percent of sodium, however, one can see that the
reduction in lattice symmetry becomes visible through
the splitting of previously obtained lines, and the intro-
duction of new ones. For the NaQ, 4QKQ, OQTa03 sample the
T02 mode displays "two-mode" behavior'5 with the
introduction of the lower-frequency mode at approxi-
mately 138 cm '. As one proceeds to higher concentra-
tions of Na, the relative strengths of these two lines

change, with their integrated intensities varying ap-
proximately in the same ratio as the ratio of the Na to
the K concentration. Further splitting of these lines
occurs in the NaQ. S~KQ.~STa03 sample where the struc-
ture is orthorhombic. '*'Q In addition, the previously
degenerate and infrared-silent LO2. TO3 modes (for-
merly of F2 symmetry) are visible in this sample in the
region 210—280 cm '. These low-frequency details and
their temperature dependence may be seen more clearly
in Fig. 3. The frequencies of the active To modes may
be obtained from the maxima of the conductivity and
the frequencies of the corresponding I0 modes from the

'~ G. Lucovsky, M. Srodsky, and E. Burstein, in I-w'alised
Egc@ggyes ie Solids, edited by R. F. %allis (Plenum Press, Inc.,
Ne~ York, 1968), p. SM.
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FIG. 6. Temperature-dependent Ra-
man spectrum of Nap. 4pKp. ppTa03.
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peaks in the resistivity. 2' '7 These are the frequencies
shown in Table I. The conductivity and resistivity give
the upper and lower bounds on their respective fre-
quencies for materials exhibiting single-mode behavior
(or having isolated TO-LO frequency pairs). 2' For
materials with relatively small damping of the optic
modes, however, the difFerences between the upper
bound, lower bound, and the actual frequency are quite
small. The materials examined in this work meet the
above criteria; the expected deviations in frequency
from the values given are much less than the experi-
mental error (&5 cm ' for frequencies greater than
about 40 cm ').

Cochran predicts that the frequency dependence of
the soft mode should be sr'~ (T—Tc)."This holds quite
well within the experimental error above the Curie
temperatures of the samples with @=0,0.40, and 0.85.
However, none of the bands labeled TO~ agree with the
predicted frequency dependence for soft-mode behavior
for the samples O. j.2 and 0.65. Using Davis's dielectric
data' and assuming that the Lyddane-Sachs-Teller
(LST) relation can be applied to these mixed-crystal
systems, both the 0.12 and 0.85 samples predict fre-
quencies that are considerably lower than those ob-
served and shown in Table I. The experimental error in
the frequency measurement determined from the infra-
red reQectance data may be as much as +10 cm ' for
frequencies less than about 30 cm '. However, the
values observed in the Raman measurements in the
ferroelectric phase are still high and it is possible that

F. Seitz, Modern Theory of Solids I'McGraw-Hill Book Co.,¹w York, 1940), Chap. XVII, p. 635.
2~ A. S. Barker, Jr., in Infrared Behavior of Ferroelectric Crystals,

Iierroelectricity, edited by E. F. Weller (Klsevier Publishing Co.,
' Amsterdam, 196/).

J. F. Parrish, Ph.D. thesis, Department of Physics, MIT,
1969 (unpublished).

these bands are not the soft modes normally referred to
in the perovskites but are the higher of soft-mode pairs
displaying two-mode behavior similar to TO2 mentioned
above.

Figures 5 and 6 are representative of the Raman
spectra obtained, and correspond to the diagonal ele-
ments of the Raman tensor. The most important feature
to be noticed in Fig. 5 is the close correspondence be-
tween the Raman spectra as the NaTa03 concentration
is varied. The frequency change is quite gradual, rela-
tive intensities remain the same, and for the most part
no new frequencies occur. VVe take this to mean that
while the unit cell cannot be strictly the same in each
case, nevertheless there must exist a pseudo-Brillouin
zone which qualitatively varies very little as the compo-
sition is varied. This is con6rmed by the room-tempera-
ture x-ray measurements on these materials. ' One may
expect the changes in frequencies associated with the
phonon system to arise from the average mass change
and the average change in lattice constant. The first-
order frequencies obtained in this study, however, can-
not be correlated directly with those expected from
variations in the reduced mass, and the nature of the
anharmonicity of the lattice vibrations would have to be
known to deal with the relation between frequency and
lattice constant. %'e are thus limited to the conclusion
that the assignments of the phonon contribution to the
various bands are consistent from one composition to
the next. The Anal points of interest in Fig. 5 are the
bands marked W, Z, F on the spectrum for 85%

. NaTa03. These are interpreted as the TO4, LO3, and
LO~ or TO2 at zone center that become Raman active
because of the reduction in symmetry with increasing
Na Ta03 percentage mentioned above.

For the two samples with the highest Curie tempera-
tures (40% NaTa03 7@=55'I; 65% NaTa03 Tg
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TABLE l. Frequencies of the TQ and LO phonon modes for %=0.

Sample KTaOs Nao. 1sKo.ssTaOs Nao. soKo. soTaOs Nap. ssKp. ssTaOs Nao. ssKo. 1sTaOs

Temper-
ature
('K)

Type

TO1
LO&

TOR

463 295 232 126 12 295 80 10 295 80

IR IR IR IR IR
No first-order

Raman down to 5'K.
No ferroelectric

transition
106 88 79 58 25
184 184 184 184 183

IR IR IR
No first-order

Raman down to
30 K.

Tc =15'K
75 50 48

186 183 183
150

150
156

199 199 198 198 196 198

IR IR R IR
No first-order

Raman observed
down to 37'K.

To =37'K
102 81 42 39
186 186 186

138 132 128 129

IR IR R IR R IR R R IR R IR

No ferroelectric transition

Tg =35 K
72 Si 75 75

192
132

138 132 137 132 136
144

195

70 66 6S 57

130 132 130 132

147 150 147

195 195

30 10 295 80 21 10 10 295 295 109 80 24 10

198 198 204 201 200 198 198 204 204 200 205

LOs/TOs

LOs
TO4
LO4

421 421 421 421 420 420 420 414 414
547 547 547 547 540 540 540 576 573
838 838 838 837 819 819 819 849 849

253 250

414 408 410
572 570 585 582 579 582 578
850 849 864 864 862 864 862

255 255
270
414
584
864

216 219
246 246
258 261
270 270

4SO 414 450 414
584 580 584
864 864

=35'K), sharp. peaks arise at the lowest temperatures
at approximately 42, 128, 200, 255, 572, and 850 cm ' for
the former and at 137, 253, 579, and 862 cm 'for thelat-
ter. Examples of the Raman spectra of Nap. 4pKp. 6pTa03
at various temperatures may be seen in Fig. 6. These
peaks are interpreted as first-order Raman lines and are
in good agreement with the bands seen in the infrared as
shown in Table I. The appearance of a first-order
Raman spectrum is presumed caused by a lowering of
the symmetry of the crystal and in. the case of 40%
NaTa03 this can be seen to occur at approximately the
same temperature as the lower-temperature minimum
of the 1/e plot in Fig. 1. There is no evidence for the
existence of these lines at temperatures of 49'K and
higher for the 40% NaTaOq sample and this indicates
the probable lack of any symmetry change to C4, at the
55'K Curie temperature. The behavior of the Raman
spectra of the Nap. 6&Kp.34Ta03 sample is qualitatively
similar but exhibits no sharp low-frequency line above
30 cm '. Also, the dielectric constant of this sample
possesses no anomalous behavior and the apparent
phase transition (at 35'K) is approximately at the
Curie temperature.

The infrared and Raman studies must meet several
requirements to be used most successfully with the
available x-ray data in limiting the possible lattice
symmetries. The Raman investigations must distinguish
between the various polarizations of incident and scat-
tered light. Lack of uniformity in the pelarization of the
crystal defeated these measurements. The observed
half-widths of the lines must be sufficiently small to
allow the possible splittings to be seen. In both the
Raman and infrared, the instrumental half-widths were
substantially less than the width of the observed lines,
but no splitting attributable to crystal anisotropy could
be detected with the exception of the saLDpIc with the

highest Na concentration. Therefore, the mixed crystals
must have a structural symmetry which allows no
splitting, or one in which the splitting is smaller than the
linewidths observed. In either case, it is impossible to
discern the crystal's symmetry on the basis of line
multiplicity.

The highest symmetries which permit a permanent
dipole moment to exist are C4, and C6„.A structure with

C6, symmetry would require the Ta03 octahedra to be
linked in quite a different manner from the cubic
perovskite structure and the phonon frequencies of the
two phases could be expected to differ considerably.
This diGerence is not observed. Thus, the most reason-
able assumption to make regarding the symmetry of the
ferroelectric phase is C4„similar to a large number of
other perovskite ferroelectrics.

Because of the mode splitting and infrared and
Raman activity required by C4„symmetry and ex-

plained above, the assumption must be made that the
splittings involved are smaller than the linewidths ob-
served (this would be necessary for Ctt„also).Thefurther
assumption must be made that the former F2 mode is
too weakly coupled to a dipole moment to be seen in the
infrared. This is found to be true for a wide variety of
perovskites, in particular BaTi03,"so it seems justified
here. Further consideration of more complex space
groups has not been made since the data presented here
is considered insufIiciently detailed to provide the
information that would be necessary.

One requirement of a second-order transition is that
any distortion involved, leading to a structure of lower

symmetry, evolve continuously from a value of zero at
the transition temperature. '9 A small departure from a
high syrnrnetry toward a lower one will result in a

» C. Hams, Phys. Rev. 140, 863 (j.965).
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become sharper with decreasing temperature. Since the
ensity of states varies considerably throughout the

Brillouin zone, and since the shape of a second-order
an can generally be attributed to th

' t,"th
i e i ood is high that a given distinctive peak in the

Raman scatter is caused by phonons in a fairly narrow
region of the zone. Therefore the suppos't' ' '

ifi
at t e requencies chosen for the various second-order

processes represent these processes over narrow regions
o the zone if one can consistently make unambiguous
se ection of frequency on the basis of the d'

an s apes.
o e cstinctcve

ons end Phonon Interactions, edited by"E.Burstein, in Phonon
a W. A. Benjamin, Inc., New York, 1964), p. 276.

The temperature and composition dependence of the
phonon dispersion curves will, in general, be due to that
o the linear lattice force constants, the electrostatic
restoring force, and the phonon self-energy (i.e., the
anharmonic portion). Without a detailed understanding

of the dis
of each of these, one has no assurance th t th b h
o e aspersion curve as a function. of temperature and
composition will be uniform from the center to the edge
of the zone. The dependence of the frequencies of
second-order bands on temperature and composition is a
sum of the individual phonon dispersion curves weighted

by the density of states of their partners in the combi-
nation process. For this reason, the temperature depen-
dence of the frequency of a given overtone band could be
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TACTILE II. Assignments of the phonon mode and their average frequencies at the zone boundaries based on Figs. 7 and 8.

Na(%) 12
QTemper-

Qature 30 110 214 295 458 591
X('K)

Mode+

40

30 36.5 49 97 210 296 437 583 100 130 218 295

85

33 109 210 296 433 586

TA
LA
TOi
LOi
TOR
TO4

50 55 58
277

160 159
320 315 312
200 200 204
522 525 527

60 65 67
272 263 258
159 157
310 305 303
208 213 220
528 531 531

55 55 56 57 60

315 315 314 313 310
200 197 191 191 190
539 539 540 540 541

308 304 300
192 192 195 175 175 181 184
542 545 548 552 553 553 556

183 183 184 185 186 185
564 565 566 565 564 565

62 66 70 58 59 61 63 64 65 66 66 67 69

positive, for instance, while the temperature-dependent
contribution of this phonon to some other combination
process could be negative. If, however, it is assumed
that the principal scatter results from processes within
small portions of the Brillouin zone, inferences can be
drawn regarding the temperature- and composition-
dependent frequency contribution of various phonons to
the bands observed. This procedure has been used here.
Reasonable agreement with neutron data noted by
Perry et ul. ,

13 who followed a similar analysis, indicates
the validity of these assumptions. The neutron data
were available only for points 6 and X in the Brillouin
zone and the agreement with Raman results implies,
therefore, that processes at these points are the pre-
dominant causes of the in.elastic scattering observed.
This supposition is substantiated considerably by the
fact that there is negligible change in the second-order
spectrum upon the ferroelectric phase change. If this
change does indeed involve a transition to C4, sym-
metry, the group of the wave vector at 6 does not
change at all and that at X loses only the inversion.
Thus, these two points, with their associated selection
rules, are least affected and contributions from processes
with wave vectors located there will remain approxi-
mately constant.

The temperature dependence of the band intensities
may also be used to discriminate between summation
and difference processes. If co; and coy are two phonon
frequencies, then the dependence of the intensities of the

two processes on phonon occupation numbers is

M&+Glp ~ j.+Ng+Bp+N&%p,

GO&
—Gdy ~Q&%p+Rp,

where n;, e~ are the respective occupation numbers
given as a function of temperature by Bose statistics. "
Thus as temperature is lowered, a difference process
will disappear while a summation process will approach
a constant integrated intensity.

These studies allow one to deduce the "average" be-
havior of individual phonons near the zone boundary.
The conclusions reached are probably applicable to a
very limited number of points near the boundary.
Table II lists those frequencies which have been de-
termined. The assignments have been based on the
work of Perry, Fertel, and McNelly, "and of Nilsen and
Skinner'4; both of these in turn depended on the
neutron work of Shirane, Nathans, and Minkiewicz'7 for
the assignment of the low-frequency modes.
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