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EPR evidence of extrinsic symmetry-breaking defects in nominally pure KTa03
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EPR measurements on nominally pure (undoped) KTa03 single crystals at low temperature (4.2 K) are
reported. Evidence is brought of impurity defects analyzed through the experimental spin-Hamiltonian
parameters. Axial EPR spectra of Fe + in different cation positions are detected. An orthorhombic
spectrum is found and attributed to Fe + substituting for K+ ions and involving nearby potassium va-
cancies as charge compensators. Manganese impurities are also observed following illumination of the
sample to cause a change of the Mn valence state.

I. INTRODUCTION

Phase transitions induced by dipole impurities in high-
ly polarizable crystals are the subject of steadfast atten-
tion in recent years. One of the most investigated materi-
als is the incipient ferroelectric KTa03. Its cubic
perovskite phase is stabilized down to low temperature. '

The cubic symmetry is broken down in mixed crystals
K, „Li„Ta03 (KTLi), K, „Na Ta03 (KTNa), and
KTa, „Nb 03 (KTNb) owing to dipole interaction of
off-center Li+, Nb +, and apparently Na+ ions. In
these compounds the behavior of the polar state below
the transition temperature T, is very complex. Both the
ferroelectric and dipole glass state have been invoked.
Some low-temperature features have been discussed in
terms of "quadrupole glass, " "cooperative dipole
glass, " or "displacive ferroelectric order-disorder-like
transition. " Whatever model is used to explain this
low-temperature polar state, symmetry-breaking (SB) de-
fects yielding random electric and elastic fields should
be taken into account. The local dipole moments of SB
defects may polarize adjacent unit cells giving rise to fer-
roelectric microregions.

There are indeed several indirect indications of SB de-
fects in KTa03 mixed compounds, as defect-induced
first-order Raman scattering " and second harmonic
(hyper-Rayleigh) light scattering. ' SB defects were also
proposed to exist in nominally pure KTaO3, as suggested
by near-infrared Auorescence spectra at low tempera-
tures"' and photoluminescence' measurements. More-
over, the light induced photocurrent in KTaO3, ' as well
as in KTLi, ' is supposed to be connected with defect-
related photocarriers. '

It should be noted that, despite all the reported experi-
mental evidence, there are different opinions and no
direct indication about the nature of the SB defects. It
was suggested that the relevant defects in KTa03 are in-

trinsic, "' whereas other workers proposed an important
role of unknown impurities. ' ' ' So, the direct
identification of these defects is of great importance in
understanding their role on the phase transitions.

In this paper we report the results of EPR measure-
ments on nominally pure (undoped) KTa03 single crys-
tals, and present evidence of the extrinsic nature of the
main defects. The investigations have been carried out at
low-temperature (4.2 K) to reveal weak EPR signals from
small amounts (less than a few ppm) of paramagnetic im-
purities. Light illumination of the samples allowed us to
observe otherwise nonparamagnetic centers by changing
their valence state.

II. EXPERIMENTAL DETAILS

Two KTaO3 single crystals have been studied: sample
1, grown by spontaneous crystallization technique, is an
optically transparent and colorless sample. Sample 2,
grown by Czochralski method, has a slightly yellow
color. The starting components are 99.99% pure Ta205
and 99.999% pure KzCO3 with the excess of the latter.
The samples have lamellar form, the crystalline (100)
plane of cubic lattice being parallel to the main surfaces.

EPR measurements have been performed using a low-
power X band EPR spectrometer (9.45 GHz) with an Ox-
ford system for low-temperature experiments. The spec-
tra have been taken at 4.2 K. Refinement of the orienta-
tion of the samples in the magnetic field B has been
achieved by minimizing the multiplicity of the signals
arising from known axial defects with an accuracy better
than 0.2'. Sample illumination experiments have been
performed with a 200 W short arc Hg lamp.

III. RESULTS

Both of the KTa03 samples show well defined EPR sig-
nals at 4.2 K. In total, we have identified four signals
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FIG. 1. EPR spectrum (v=9.45 GHz) of nominally pure
KTaO, (sample 2) at 4.2 K, with 8 ll [100]. Axial Fe'+ lines (the
broader line appears as wings at the sides of the strong narrower
line) are indicated together with the orthorhombic Fe'+ lines
and the six resonance lines of the hyperfine structure of the
(
—5/2~ —3/2)& transition of the light-induced Mn + spectrum

(see also Table I).
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FIG. 2. Angular dependence of the orthorhombic Fe'+ EPR
spectrum (sample 2) in the (001) plane at 4.2 K. ~ and ~ denote
transitions between +3/2 and +1/2 Kramers doublets, respec-
tively. The solid lines are obtained from the best-fitting com-
puter calculation.

with local symmetry lower than cubic: two axial, an or-
thorhombic one, and a signal induced by Hg-lamp irradi-
ation (Fig. 1). Only an axial signal has been detected in
the sample 1, whilst we have observed both of the axial
signals and the orthorhombic one in the sample 2; see
Fig. 1. Illumination of the samples causes no detectable
change of the preexistent signals but does produce the ap-
pearance of another signal in sample 2 only. In the fol-
lowing sections we report the details of the features of the
EPR signals.

A. Axial signals

We have observed two kinds of axial spectra with the
same angular dependence on the magnetic-field direction
but of very diFerent linewidths (a few tenths of mT
against several mT). They consist of three lines, one with
g=6 and the others with a strong angular dependence
when B is rotated in a (001) plane. The narrow spec-
trum, the only one observed in sample 1, is an order of
magnitude less intense than in sample 2. The angular
dependence in the (001) plane indicates that the defect
axis is along the (100) directions. Both of these axial
signals can be attributed to Fe + ions as discussed after-
wards.

B. Orthorhombic signal

In sample 2 we have also observed an orthorhombic
signal whose angular dependence at T =4.2 K for 8 in
the (001) plane is shown in Fig. 2. Its anisotropy and
multiplicity indicate that the z axis of the responsible de-
fect is along any of the (110) crystal directions. Com-
puter calculation of the crystal-field parameters has been
achieved by fitting the measured angular dependence of

the spectrum with the spin Hamiltonian of orthorhombic
symmetry in the form'

H=I3(g„B,S, +g 8 S +g, b,S, )+—,'(bzOz+bzOz)

+ 6'o(b404+b4—04+b40~) .

The obtained values are the following: g = 1.990,
Qy ' 996& Qz 1 998, b2 =D =0.474 cm
b2 =3E=0.276 cm ', b4 = —2X 10 " cm
b4=2. 1X10 cm, and b4=1. 1X10 cm with the
z axis along [110] directions. ' The calculated angular
dependences are plotted in Fig. 2. The crystal-field pa-
rameters are temperature dependent and EfD decreases
with increasing the temperature.

C. Light-induced signal

After a few minutes of continuous Hg-lamp illumina-
tion of the sample 2 at 4.2 K we have observed an EPR
spectrum. The light-induced EPR centers prove to be
very stable. The heating of the sample up to room tem-
perature does not lead to any change of the spectrum
after recooling at 4.2 K. The spectrum disappeared com-
pletely only after several hours at room temperature. We
have not observed any noticeable changes of the axial and
orthorhombic EPR spectra during illumination and heat
treatment of the sample 2.

When the magnetic field is along a (100) crystal axis
the spectrum consists of several sextets of lines in a wide
magnetic-field range. The typical structure due to the
hyperfine interaction with a nuclear spin I =5/2 allows
us undoubtedly to assign the light-induced spectrum to
Mn + paramagnetic centers (S =5/2, I =5/2). The line
positions arising from parallel and perpendicular defect
orientations are well reproduced (see Table I) by the fol-
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TABLE I. Experimental and calculated resonance fields 8„
for axial Mn + EPR spectrum with 8~~ [100]. Parameters of cal-
culation are presented in the text.

8, experimental (mT) B„calculated (mT) Transition

121.9
130.2
138.8
148.0

162.7
167.2
172.2
181.5
191.2
199.3
286.9
294.8

303.2

311.7
313.5
320.9
329.7
330.5

345.8
356.0
358.7
364.0

121.75
130.16
138.92
148.03
153.11
157.48
162.79
167.24
172.43
181.93
191.35
199.94
286.50
295.13

302. 10
304.37
311.32
313.34
320.55
329.52
330.09
332.83
345.39
355.93
359.26
364.21
369.84

( —5/2~ —3/2)~
( —5/2 —3/2)
( —5/2 —3/2),
( —5/2~ —3/2)~
( —3/2~ —1/2)~
(
—5/2 —3/2)

( —3/2~ —1/2) J

( —5/2~ —3/2)~
( —3/2~ —1/2)q
(
—3/2~ —1/2)~

( —3/2~ —1/2)~
( —3/2~ —1/2)q

( 1 /2~ 1 /2 )g

mixed

mixed

( —1/2~1/2
mixed

( —1/2+-+1/2) i
mixed

( —1/2~1/2),
( —1/2~1/2
( —1/2 1/2)

II

( —1/2~1/2)
mixed

(
—1/2~1/2)

II

( —1/2~1/2)
II

lowing p~~~~~t~~~: gII =1.9978, g, =2.0004, b', =0.153
cm ', b4= —1.2X10 cm ', b4=2X10 cm

AII
= —85 9X10 " cm ', and Az= —82 7X10

cm '. All these values correspond to those previously
determined at 77 K in E band (20 GHz) (Ref. 19) with
the exception of the b2 value which changes from 0.148
to 0.153 cm ' owing to its temperature dependence.

IV. DISCUSSIOX

This work has been undertaken to determine the na-
ture of the paramagnetic defects in undoped potassium
tantalate. We have succeeded in revealing impurities that
may be identified as the SB defects supposed to exist in
KTaO3.

The axial spectra constitute indeed clear evidence of
the presence of iron impurities in axial sites. In fact, they
correspond to the EPR spectra of axial Fe + (spin
S =5/2) observed in iron doped KTao3. It is known '
that the doping of KTaO3 by iron ions induces two types
of axial centers arising from Fe + ions substituting for
Ta + or K+ ions, with nearest-neighbor charge compen-
sation (oxygen vacancy Vo or interstitial 0, respective-
ly). Because of the large value of the crystal-field parame-
ter D (bz) (D =1.44 cm ' for Fe +-Vo and D =4.46

'Resonance line coincides with that of rhombic or axial Fe'+
center.
Resonance line is not observed.

cm ' for Fe +-O ), the axial Fe + spectrum in X band
consists of three resonance lines arising from the transi-
tion within the + 1/2 Kramers doublet (S,s = 1/2,
g~~ ff 2, gi, ir

=6) from each one of the possible defect
orientations along [100], [010], and [001] directions.
The EPR line positions of the two variants of Fe + axial
center coincide in the X band range but their linewidths
are difterent (less than 1 mT for Fe -0 center in K+
site and about 5 m T for Fe +-Vo center in Ta + site at
4.2 K). All these features are observed in the sample 2;
see Fig. 1. On the other hand, the sample 1 shows only
one weak axial spectrum (arising from a few ppm of iron
impurities) which can be identified from its narrow
linewidth as due to axial Fe + centers in K+ positions.

We suggest that the orthorhombic spectrum also arises
from Fe + ions at K+ sites. Both the angular depen-
dence and the range of g values show several similarities
with another orthorhombic spectrum previously ana-
lyzed' and attributed to Fe ions substituting for Ta +
with a nearby interstitial bivalent positive ion for charge
compensation in the (110) direction. But, two features
discriminate our orthorhombic spectrum from the previ-
ously observed one: (i) the angular dependence of the line
positions clearly deviates from the reported one, pointing
to difFerent crystal-field parameters for this center and (ii)
we observe a superhyperfine structure of the line with
g,&=4.3 when 8~~[100]. These features suggest that the
observed spectrum can be considered as arising from
another orthorhombic Fe + center located in a different
site of the host. Similarly, Fe + ions in axial sites give
rise to two variants of EPR signals in doped KTa03 aris-
ing from Fe + ions substituting for Ta + or K+. This
fact leads us to suggest that the spectrum is due to Fe +
in orthorhombic K+ sites. In this case a narrower
linewidth is expected than that of the other orthorhombic
spectrum, as it happens for the two variants of axial Fe +
signals. Really, we have observed such a difference that
is just the cause of our success in resolving the
superhyper6ne structure at g =4.3. In fact, the
temperature-independent linewidth of the orthorhombic
signal arising from Fe + substituting for Ta + was pro-
posed to be determined by unresolved superhyperfine in-
teraction with nearby nuclei. As regards the temperature
dependence of the crystal-field parameters, the ortho-
rhombic Fe + defect shows a behavior similar to that of
the axial Fe + center in K+ sites, whereas Fe + occu-
pying Ta + positions is characterized by temperature-
independent parameters. ' ' Following these correspon-
dences, we tentatively attribute the signal to Fe + in K+
orthorhombic sites. But Fe + ions substituting for K+
ions introduce an excess of positive charge and call for a
charge compensation. Hence the suggested model is a
Fe + ion in K+ site with nearby potassium vacancies VK
for charge compensation: since the orthorhombic z axis
is along the ( 110) directions, one can expect that charge
compensation occurs by either a next-nearest-neighbor
potassium vacancy VK in [110] direction or by two
nearest-neighbors VK in [100]and [010]directions.

This type of charge compensation should also be taken
into account for the axial Fe + center in K+ site. In fact,
a model with a nearest-neighbor potassium vacancy in a
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(100) direction for charge compensation (Fe +-V~
center) can be regarded as an alternative model to the
Fe +-0 attribution previously suggested for this
center and apparently supported by the observed in-
crease of the EPR spectrum under sample treatment in
oxygen atmosphere; actually, the increase could be
caused by an oxidation-induced shift of the Fermi level
with change of the valence state of the impurities.

We remark that the iron defects responsible for the re-
ported EPR signals are SB defects: owing for their dipole
moment, they can induce polarization clusters. So, iron
impurities in KTa03 must be considered in interpreting
the optical properties. In particular, the assumption
that the enhanced luminescence in reduced samples is
caused by oxygen vacancies' ' may have an alternative
explanation connected with the change of the valence
state of iron ions possibly involved in the optical emission
process.

It is noteworthy that all these types of defects involve
K+ sites, as substituted cationic sites or vacancy sites for
charge compensation, in both the investigated samples.
Really, the presence of K+ vacancies in the host is also
important for discussing the nature of the axial Mn +

center observed in this work after illumination.
There are different points of view about the model of

the Mn + center. In an early work, Hannon suggested
that the Mn + ion was substitutional for a Ta ion with
an adjacent oxygen vacancy, and it was argued that the
observed motional narrowing of axial Mn + EPR lines at
high temperatures arose from hopping of an oxygen va-
cancy between inequivalent sites. However, it was
shown that EPR results could be described by consider-
ing an off-center position of Mn + on K+ site. An
analysis of the Mn + hyperfine constant in KTa03 as
well as the value of activation energy of the hopping pro-
cess, showed that Mn + ions should be located on K+
site with K+ vacancy nearby, and the hopping process
should be connected with equivalent Mn + off-center po-
sitions. Taking into account that the observed Fe +

centers call for K+ vacancies in the host, the supposed
existence of Mn +-VK centers in KTa03 becomes now

more reliable.
Whereas the KTa03 crystals doped with Mn ions the

Mn + EPR spectrum is observed without any light exci-
tation 2o, 2s, 26 in our sample the presence of Fe3+;ons
probably forces the Mn ions into the trivalent valence
state (EPR inactive because of a too short spin lattice re-
laxation time ), as in KTa03 crystals codoped with ti-
tanium and manganese. The stability of these centers
after illumination can be explained by hole trapping in
iron of other nonparamagnetic impurities, but the ques-
tion is still open: in fact, we have not observed any light-
induced change of the Fe + EPR spectra, but the Mn
spectrum is weak and the possible effects of its intensity
changes on the Fe + signals are expected to be beyond
the experimental accuracy.

V. CONCLUSIONS

Low-temperature EPR investigations of nominally
pure KTa03 single crystals show that iron (in concentra-
tion of a few ppm) is present as the main impurity. Fe +

ions constitute SB defects as indicated by the local sym-
metry reduction. All these defects involve cationic sub-
stitution, where the charge compensation is achieved
through K+ vacancies or 0 ions.

A previously unobserved orthorhombic spectrum of
Fe + confirms the peculiar capability of iron ions to sub-
stitute for both K+ and Ta + ions, thereby producing
both axial and orthorhombic paramagnetic centers.

Finally, manganese impurities, apparently related to
the sample growing method, are detected by light excita-
tion. Their charge state in nominally pure potassium tan-
talate seems to depend on the presence of other impuri-
ties.
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