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Infrared study of oxygen vacancies in KTa03
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The temperature dependence of the reAectance in the range 30—1500 cm, the transmission in
the vicinity of 3500 cm ', and the Raman spectrum at 15 K of high-purity KTa03 are compared
with the same properties of reduced KTa03 with oxygen vacancies. Phonons at critical points in
the Brillouin zone are observed, while disruption of the Ta-0-Ta chains in the reduced material gen-
erates at all temperatures an overdamping of the ferroelectric soft mode, which is no longer detect-
able. The analysis of the transmittance of both samples in the vicinity of the OH stretching-mode
frequency supports the conclusion that an interaction exists between the OH radicals and the fer-
roelectric soft mode in the high-purity KTa03 samples.

INTRODUCTION

KTaO3 or potassium tantalate is designated as a quan-
tum paraelectric or incipient ferroelectric that does not
undergo a ferroelectric phase transition like BaTiO3 or
KNb03. Nevertheless, the KTa03 dielectric constant
does increase rapidly with decreasing temperature, while
its lowest infrared-active mode softens. ' KTa03 is a
model system in which to study soft-mode behavior and
phonon-phonon interactions. Chaves, Barreto, and Ri-
beiro have developed a theory for this system based
upon a fourth-order anharmonic Hamiltonian, while Mi-
goni, Biltz, and Bauerle have invoked a nonlinear aniso-
tropic behavior of the 0 polarizability. Recently, Per-
ry et al. ' showed that only the nonlinear polarization of
the oxygen along the Ta-0-Ta chains can account for the
observed second-order Raman scattering and frequency
shift of the ferroelectric soft mode. Hybridization of
O p states with neighboring Ta d states according to
Bussmann et aI." would also provide an additional an-
isotropic enhancement of polarizability along the Ta-0-
Ta chains. In addition to the strong second-order Raman
scattering, spectra of pure KTa03 samples exhibit weak
peaks at the position of single-phonon frequencies 200
cm ' (TO2), S50 cm ' (TO3), and 827 cm ' (LO2), result-
ing from microscopic ferroelectric regions extending over
a few unit cells. ' ' Grenier et al. ' observed a near-
infrared luminescence around 14 570 cm ' associated
with Ta + ions near oxygen vacancies in KTaO3, and
Jandl, Grenier, and Boatner' showed that oxygen vacan-
cies are responsible for the formation of ferroelectric mi-
crodomains. Bauerle et al. ' investigating the ferroelec-
tric soft mode in semiconducting SrTi03 by
temperature-derivative Raman spectroscopy and inelastic
neutron scattering, observed a remarkable increase of the
ferroelectric mode frequency as the oxygen vacancy con-
centration increases due to the inAuence of an enhanced
polarizability in the Ti06 octahedron. One of the

prominent impurities found in KTa03 is hydrogen as evi-
denced by the OH stretching vibration mode in the near
infrared at about 3SOO cm '. Houde et al. ' have
claimed that the splitting of the OH mode observed at
low temperature is related to Auctuations of the ferroelec-
tric soft mode. Jovanovic et al. , however, have attri-
buted the OH-mode sidebands to interactions with im-
purities and defect centers.

In the present article we study the efFect of oxygen va-
cancies on the ferroelectric soft mode and the OH
stretching vibration in KTa03 by comparing the infrared
spectra of high-purity and reduced high-purity samples.

SAMPLE PREPARATION
AND EXPERIMENTAL SETUP

A high-purity KTa03 crystal was cut in half. One-half
of the crystal was used as the reference sample, and the
other was subjected to an anneal for 2 h in a hydrogen at-
mosphere at 1000 K. The annealed crystal remained
colorless even though it was reduced, and consequently,
was slightly conducting (X (10' cm ). ' The two sam-
ples were mounted in a continuous Aow, regulated-
temperature helium cryostat, and infrared reAectance and
transmittance spectra were taken with a Fourier-
transform interferometer (BOMEN DA3.002) using glo-
bar and mercury sources, Ge and Si bolometers, and KBr
and Mylar beamsplitters. The reflectance spectra in the
range from 4500 to 30 cm ' were normalized with
respect to aluminum spectra taken at the specimen tem-
perature. Reflectance spectra of high-purity and reduced
high-purity KTa03 in the range of 1500 to 30 cm ' and
the transmittance around 349S cm ' are shown in Figs. 1

and 2, respectively, as a function of temperature.

ANALYSIS OF THE REFLECTANCE SPECTRA
AND DISCUSSION

The high-frequency dielectric function e( ~ ), the trans-
verse and longitudinal frequencies co z- and co.L, and the
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FIG. 2. Infrared transmittance of ultrapure KTa03 at (a) 300
K, (b) 15 K and reduced KTa03 at (c) 300 K, {d) 15 K.

TABLE I. Phonon oscillator parameters of ultrapure KTa03
at 300 K. All frequencies and dampings are in cm

for the ferroelectric soft mode), the oscillators at 710 and
752 cm ' correspond to combination bands with a weak
oscillator strength and a strong damping.

In Figs. 1(b)—1(f), the infrared spectra of the reduced
high-purity KTa03 are shown with the model fit as a
function of temperature. In Table II the corresponding
parameters used in the fit are given for each temperature.
All transverse frequencies coT of the reduced sample with
oxygen vacancies differ from those of the high-purity
specimen. Actually, the infrared active modes of high-
purity KTa03 are no longer observed. The coT frequen-
cies listed in Table II correspond to vibrations detected in
stress-induced Rarnan, differential Raman, differential
Auorescence measurements, and vibronic spectra of
pure KTa03. ' The 212- and 593-cm ' modes are pho-
nons at the [100] zone boundary. The 2S6-cm
mode, observed only in differential fluorescence, is attri-
buted to a critical point. The 364-cm ' mode is a corn-
bination of the two phonons (191 and 172 cm ') at the
[100] zone boundary, ' while the 427- and 631-cm
features correspond to local modes observed in the vib-

ronic spectra. ' Finally the 882- and 948-cm ' vibrations
are, respectively, combinations of 631 with 256 cm and
593 with 364 cm

The coT frequencies in the reduced KTa03 show a ten-
dency toward softening at low temperatures, while the os-
cillator strengths and their corresponding longitudinal
frequency QI (Ref. 2) increase. Such a behavior would
result from an ordering of the ferroelectric microdomains
observed in photoluminescence. ' ' The phonon damp-
ing in the reduced KTa03 is typically 3 times larger,
rejecting the effects associated with the oxygen vacan-
cies. Even though the overall infrared refiectance is
strongly affected by disorder-induced phonons, the
second-order Raman scattering of the reduced KTa03
sample is almost identical to that of the untreated high-
purity sample (Fig. 3). The two new peaks indicated by
arrows observed at 200 and 548 cm ' are due to symme-
try breaking in microdomains of oxygen vacancies. They
correspond, respectively, to TO2 and T03 of the
infrared-active modes of pure KTa03. The major effect
produced by the oxygen vacancies is thus seen to be a
breakdown of the momentum conservation rule without
any noticeable variation of the phonon frequencies.

Another important consequence of the oxygen vacan-
cies is the disappearance in the infrared reAectance spec-
tra of the ferroelectric soft mode at all temperatures
probably because of overdamping by partial disturbances
in the Ta-0-Ta chains. Consequently, it becomes ambi-
guous to interpret single lines in temperature-derivative
second-order Raman of reduced SrTi03 as observable
overtones of a ferroelectric mode that is strongly shifted
toward higher frequencies. ' The disappearance of the
ferroelectric soft mode in the reduced sample reAects the
important role played by the oxygen polarizability, the
Ta-0-Ta chains, and the long-range interactions. These
interactions are less important in the second-order Ra-
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TABLE II. Phonon oscillator parameters of reduced KTaO& at various temperatures. All frequen-
cies and dampings are in cm

300
200
100
50
10

215
221
223
220
214

429
431
427
426
428

25
20
15
13
32

4.5
6.9

10.1
6.8

21.6

245
254
266
250
313

300
200
100
50
10

256
250
250
249
246

226
230
233
228
235

40
30
20
25
24

8.0
10.7
12.3
13.2
7.2

373
358
356
370
313

300
200
100
50
10

593
598
590
594
592

816
819
820
821
817

45
46
40
48
39

1.9
2.3
4.0
3.2
3.6

705
689
742
722
726

300
200
100
50
10

364
369
367
369
366

342
343
345
346
346

50
55
60
56
51

0.6
0.8
0.9
0.8
0.8

380
38S
382
383
380

300
200
100
50
10

427
425
421
419
419

412
406
405
405
406

31
32
35
33
38

0.01
0.09
0.08
0.09
0.10

427
427
423
420
421

300
200
100
50
10

631
628
627
629
629

621
617
624
622
624

48
45
30
37
33

0.5
1.2
0.4
0.7
0.5

671
691
64S
663
652

300
200
100
50
10

882
881
876
878
874

898
898
896
899
899

53
50
70
80
80

0.04
0.06
0.07
0.07
0.08

886
885
880
883
879

300
200
100
50
10

948
937
927
933
935

952
944
937
940
937

47
45
60
60
57

0.01
0.02
0.03
0.02
0.01

949
939
929
934
935

300
200
100
50
10

4.0
5.8
6.5
6.0
6.6

0.000 17
0.000 38
0.000 91
0.000 80
0.000 52



43 INFRARED STUDY OF OXYGEN VACANCIES IN KTa03 7559

man processes as can be seen from the similarity of the
untreated high-purity and the reduced high-purity sam-
ple spectra.

STUDY OF THE OH STRETCHING MODE

Hydrogen impurities in KTa03 and SrTi03 have been
the subject of a number of recent investigations. ' '

Two origins have been proposed for the OH-stretching-
mode sidebands observed at low temperatures. Impuri-
ties have been invoked by some authors, ' while others
have related the low-temperature splitting to fluctuations
of the ferroelectric soft mode. ' ' Our reduced KTa03
sample with its overdamped ferroelectric mode consti-
tutes a test for either explanation. We have measured the
high-resolution (-0.05 cm ) transmission spectra in
the vicinity of the OH stretching mode —3480 cm
Figure 2 shows the transmission of the untreated high-
purity sample [Figs. 2(a) and 2(b)] and the reduced sam-
ple [Figs. 2(c) and 2(d)] for both temperatures 300 and 15
K. At 300 K both samples have identical absorption
bands located at 3473 and 3482 cm ' with comparable
half-bandwidths (HBW —3 cm '), suggesting that there
is no effect from the oxygen vacancies on the OH stretch-
ing mode. However, a large difference is observed at 15
K. While six narrow bands (HBW-0. 3 cm ') develop
in the untreated high-purity sample at the same frequen-
cies reported previously, ' the two bands of the reduced
high-purity sample are shifted to slightly lower frequen-
cies with no multiple side bands, and their HBW remains
large (-2.6 cm ') because of disorder induced by the
oxygen vacancies. At high temperature two bands occur
at the same frequencies (3473 and 3482 cm ') in both
samples. They are interpreted as originating from the
inequivalent positions of the OH dipoles due to the pres-
ence of impurities in the sample. However, at low tem-
perature there is a significant frequency shift between the

two bands at 3478 and 3487 cm ' of the reduced sample
versus the corresponding bands at 3486 and 3496 cm
for the untreated high-purity sample. Identical impuri-
ties, even in small concentrations, should be present
equally in both samples since they were cut originally
from the same high-purity crystal. If impurities were the
dominant infl. uence on the OH stretching-mode, their
effect should be the same for the two samples both at
high and low temperatures. In the high-purity sample
the observation of six narrow bands confirms the predict-
ed location of the hydrogen atoms in the neighborhood of
an oxygen atom along the K-0 diagonal. ' When the
atomic displacements associated with the zone-center fer-
roelectric phonon are taken into account, three ine-
quivalent positions for each band of the OH dipole occur.
Hence the difference between the two absorption spectra
[Figs. 2(b) and 2(d)] is due to the presence of the fer-
roelectric soft mode in the high-purity sample and its ab-
sence in the treated sample.

CONCLUSION

In KTa03 with oxygen vacancies, the infrared
reflectance is strongly perturbed, while the Raman spec-
trum is only slightly influenced. The ferroelectric soft
mode is strongly overdamped because of induced disorder
in the Ta-0-Ta chains, and consequently the OH
stretching-mode frequencies are affected, pointing to the
existence of an interaction between the OH radicals and
ferroelectric fluctuations in pure KTa03.
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