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The 93Nb nuclear magnetic resonance spectra of a mixed KTa1−xNbxO3 sKTNd single crystal withx=15%
have been measured. The observation of an unresolved quadrupole-induced first-order satellite background
below the sharp central 1 /2↔−1/2 transition already in the cubic phase demonstrates that the Nb ions are
dynamically disordered between off-center positions rather than being located at the high symmetry central
perovskite site. The angular dependence of the second moment of the satellite background further shows that
these distortions and the biasing of the Nb hopping are of rhombohedral symmetry, i.e., the Nb ions are
effectively displaced along thef111g body diagonals. The two-order-of-magnitude difference between the
spin-latticesT1d and spin-spinsT2d relaxation times indicates a two-time scale behavior: the faster time scale
can be tentatively assigned to biased hopping of the Nb ion and the slower one to flipping of rhombohedral
nanodomains which percolate at the ferroelectric transition. This also agrees with the observed huge increase
in the second momentM2 at the transition to the ferroelectric phase atTC=135 K.
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INTRODUCTION

Potassium tantalate, KTaO3, is considered to be a quan-
tum paraelectric, the ferroelectricity of which is suppressed
by quantum fluctuations.1,2 It has a cubic perovskite structure
all the way down to the lowest temperatures measured. Po-
tassium niobate, KNbO3, on the other hand, is ferroelectric
up to 700 K. The mixed system KTa1−xNbxO3 sKTNd exhib-
its a ferroelectric transition forxù0.8%. The transition tem-
peratureTC varies3 with x asTC~ sx−xCd1/2. The dopant Nb
is replacing Ta and has been supposed to occupy the central
Ta site with a negligible ionic size misfit.

KTN was considered to be a ferroelectric solid solution
until Samara4 discovered glassy type dielectric dispersion
upon hydrostatic pressure. He concluded that the Nb ions
under pressure were off center for times up to milliseconds
and that they formed clusters with distributed relaxation
times. At ambient pressures1 bard the Nb should be static
and off center. According to a recent study of the same
author5 Nb is actually not static but hops between off-center
positions. A number of experiments6,7 indicate that at lower
temperatures the motion of the niobium ions becomes corre-
lated and polar nanoregions form. Dielectric dispersion in the
kHz–MHz range was observed by Sommeret al.8 and a
strong frequency dependence of the hysteresis loops by
Knausset al.9 indicating relaxor behavior. Local distortions
were also inferred from the observation of first order Raman
scattering lines.10 Extended x-ray absorption fine structure
sEXAFSd data11 have now convincingly shown that the Nb
ions should be off center in a sample containing 9% Nb.

A model was recently proposed12 describing the evolution
of Nb correlations, suggesting in particular the existence of a
two time-scale dynamics.

Van der Klinket al.13 observed by nuclear magnetic reso-
nancesNMRd that the93Nb sI =9/2d satellites are wiped out

in a mixed KTN crystal and concluded that Nb fluctuates
around the central position at a rate exceeding 104 s−1 above
TC whereas it stays off center for a longer time belowTC.
This was later confirmed by a study of the effect of the
polarization fluctuations on the elastic constants. In this
study, Knausset al.6 showed that the coupling of polarization
fluctuationssfrom hopping Nb ionsd to acoustic waves could
be turned off or enhanced by the application of appropriately
oriented dc electric fields. Rodet al.14 suggested that polar-
ization fluctuation clouds form and from the width of the
93Nb NMR central transititon follows an estimate for the
maximum 93Nb second order shift, which gives an upper
limit of d,0.15 Å. They stated that this shift is nonzero
within a time interval up to 100 ns.14 The 93Nb spin-lattice
relaxation rate shows a maximum atTC as expected for a
classical ferroelectric. It should be noted that well-resolved
Nb satellites were observed in pure KNbO3 in the ferroelec-
tric phase.15 The quadrupole coupling in KNbO3 is huge,
indicating a sizeable off-center shift of the Nb ion. In the
room temperature orthorhombic phase, the Nb quadrupole
coupling constante2qQ/h is 23.5 MHz and the asymmetry
parameter of the electric field gradientsEFGd tensor ish
=0.8.

In spite of many investigations, the origin of the Nb off
center shifts and the Nb dynamics in KTN are still not well
understood.

To throw additional light on the microscopic nature of the
Nb off center shifts and disorder in KTN, we decided to
study the angular dependence of the quadrupole perturbed
93Nb NMR spectra of a KTN single crystal doped with 15%
Nb. We used the “exorcycle” pulse sequence appropriate for
the study of satellites with minimal signal distortions. This
sequence has been recently used in the47Ti and 49Ti NMR of
BaTiO3 sRef. 16d to detect the first order satellite back-
ground, demonstrating the existence of off-center Ti sites in
the high temperature cubic phase.

PHYSICAL REVIEW B 71, 144110s2005d

1098-0121/2005/71s14d/144110s5d/$23.00 ©2005 The American Physical Society144110-1



We particularly hoped to see whether aboveTC the Nb ion
occupies the central position with occasional fluctuations
around this position or whether it is disordered between off-
center sites. In the first case the Nb quadrupole coupling
should be zero by symmetry whereas it should be nonzero in
the second case.

We also wanted to check if the off centering of the nio-
bium is static—as first suggested by Samara4 and the EXAFS
data9—or dynamic. In case of static Nb off-center sites, well
resolved first order satellites should be observable. If how-
ever the disorder among off-center sites is dynamic, the sat-
ellites should be broadened or smeared out.

EXPERIMENT

The 93Nb sI =9/2d NMR spectra were measured at a Lar-
mor frequencyvL /2p=92.917 400 MHz corresponding to a
magnetic field 9.2 T. The KTN single crystal had aTC
<135 K and was doped with 15% Nb.

The sample dimensions were 5.5 mm38 mm33 mm
with the surfaces parallel to the crystallographics010d
planes. The samplef100g axis was perpendicular to the ex-
ternal magnetic field and the sample was rotated around the
axis f100g by an angleq.

The two pulse, four phasesxx,xy,x-x,x-yd “exorcycle”
pulse sequence was used to avoid signal distortions. The
length of thep /2 pulse was typically 2ms. The spin-spin
relaxation timeT2 was determined by fitting multiple expo-
nentials to the decay of the signal vs pulse separationt at
various frequency offsets. The spin-lattice relaxation timeT1
was measured by the saturation recovery techniques.

RESULTS AND DISCUSSION

The 93Nb NMR spectra in the cubic phase at 290 K, and
in the rhombohedral phase at 80 K, are presented in Fig. 1.
The line shape is a two-component one. It exibits a sharp
central line and a broad background. The line shapes are very
close to those observed for47Ti and 49Ti NMR in the cubic
phase of BaTiO3.

16 By analogy with the case of Ti in
BaTiO3, we can assign the broad background component to
unresolved or poorly resolved first order satellites,
±1/2↔ ±3/2, ±3/2↔ ±5/2, ±5/2↔ ±7/2, and
±7/2↔ ±9/2, and the central sharp component to the
1/2↔−1/2 transition, which is not affected by quadrupole
coupling in first order.

The frequency shift

Dnm = nm−1↔m − nL s1d

of the m−1↔m transition with respect to the Larmor fre-
quencynL is given, in first order, by

Dm = − nQsm− 1
2ds3 cos2 u − 1 +h sin2 u cos 2fd/2, s2d

wherenQ=3K / f2Is2I −1dg denotes the quadrupole frequency.
Here K=e2qQ/h is the quadrupole coupling constant. It is
related to the largest eigenvalueVzz=eq of the EFG tensor,
which, according to the point charge model, is proportional
to the square of the off-center shift of the Nb ion.h=sVxx

−Vyyd /Vzz is the asymmetry parameter of this tensor.u andf

are the tilt and azimuthal angles of the direction of the ex-
ternal magnetic fieldB with respect to the EFG tensor eigen-
frame. Thusf and u are the first two Euler angles of the
x-convention matrixRsf ,u ,cd sRef. 17d that describes the
rotation of the crystal frame with respect to the laboratory
frame XYZ, i.e., the rotation of the crystal in the external
magnetic fieldB0iZ. As the NMR response is invariant to
rotations of the sample about any axis parallel toB0, fre-
quency shift does not depend on the third Euler anglec.

The central line shifts in second order only. Forh=0, the
shift is given by

n1/2↔−1/2 =
− nQ

2

16nL
sa − 3/4ds1 − cos2 uds9 cos2 u − 1d,

s3d
a = IsI + 1d.

The integral intensities of the central component and the
broad background component are in the ratio 0.15, as pre-
dicted by theory.16

FIG. 1. 93Nb NMR spectra of KTa0.85Nb0.15O3 in the high tem-
perature cubic phase at 290 K and low temperature ferroelectric
phase at 80 K.
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This demonstrates that the broad background component
is indeed due to unresolved satellites. A nonzero electric field
gradientsEFGd tensor thus exists at the Nb sites as a result of
off-center displacements of the Nb ions in the cubic phase.
Besides this contribution, it is important to note that imper-
fections in the crystal, created by impurity ions, strains, va-
cancies, interstitials, etc., will also produce an EFG. They
will however only contribute to the isotropic background.

The dependences of the second moment of the satellite
backgroundM2sqd on the orientation of the crystal in the
magnetic field in the high temperature cubic phase at 290 K
and low temperature ferroelectric phase at 125 K are shown
in Fig. 2.

In additon to an isotropic part we see a well-defined an-
isotropic part demonstrating local breaking of the symmetry
of the high temperature cubic phase. Such an angular depen-
dence should be absent for an EFG created by random im-
perfections.

The theoretical angular dependence of the second moment
of the 93Nb satellite spectra for rhombohedral distortions is16

M2sqd = M2
0 + K29s2I + 3ds5 + 3 cos 2qdsin2 q

640I2s2I − 1d
. s4d

The observed angular dependence best agrees with rhom-
bohedral distortions of the cubic symmetry due to Nb ion
shifts along the body diagonals.

The calculations were made for the static case and aver-
aged over all symmetry allowed domain orientations. Be-
cause of this averaging the first momentM1 does not depend
on the orientation of the crystal.

It should be noted that the calculated angular dependence
is also valid in the dynamic case where it appears as a pref-
actor in the spin-spinsT2d relaxation time.

Our results thus confirm that aboveTC the equilibrium
position of niobium is off-center along the body diagonals
and that it is not occupying the central position even on the
time average.

From the theoretical formula for the rhombohedral angu-
lar dependence ofM2 and the experimental results we can
obtain the values for the quadrupole coupling constantK and
from it the 93Nb quadrupole frequencynQ=3K /2Is2I −1d. At
room temperature in the cubic phasenQ is 342 kHz. It in-
creases to 1225 kHz belowTC at 125 K.

The off-center sites of the Nb ions are thus effectively
displaced along thef111g directions, i.e., along the body di-
agonals, both at 290 K in the cubic phase and at 125 K in the
distorted phase. This agrees with the EXAFS data. The Nb
hopping is strongly biased, meaning that the Nb preferen-
tially hops within a subset of its eight symmetry-related off-
center positions. This, according to the Chaves model,18 is
what leads to local breaking of the cubic symmetry and the
formation of differently oriented noncubic nanodomains as
well as spatial disorder due to spatially varying orientations
of the nanodomainsscf. Ref. 16d. We thus have both dynamic
disorder due to biased Nb hopping within a nanodomainsin-
tersite hoppingd and much slower fluctuations in the orienta-
tions of the nanodomains.

On cooling down from room temperature there is a small
but significant shiftDn of the central12 ↔−1

2 component line
towards lower frequenciessFig. 3d demonstrating an increase
in the quadrupole frequencynQ.

The shift of the central line is continuous in the cubic
phase but exhibits a change in slope and a break at the tran-
sition to the ferroelectric tetragonal phase aroundTC
<135 K. Due to the increasing quadrupole coupling, the
broad background component eventually moves out of the
NMR observation window. Another change in the slope in
the Dn vs T plot can be seen at the transition to the ortho-
rhombic phase around 115 K.

The sequence of phase transitions in KTN is thus similar
to the one in BaTiO3. However, in contrast to BaTiO3, the
central 1

2 ↔−1
2 transition does not split atTC fFig. 4sadg as

would be expected if macroscopic 90° domains were to form
in the tetragonal phase.16 This demonstrates the presence of
persisting disorder in the ferroelectric tetragonal phase, ab-
sent in BaTiO3, as well as a large increase in the quadrupole
coupling. The absence of a fully ordered ferroelectric phase
in KTN below TC is also seen in x-ray and neutron results,
which do not show a splitting of the Bragg peaks but a very
large increase in the Bragg intensitysrelief of extinctiond.19

FIG. 2. Angular dependence of the second momentM2 in the
high temperature cubic phase at 290 K and the tetragonal ferroelec-
tric phase at 125 K for a rotationf100g perpendicular toB0.
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Instead, there is a huge increase in the second moment of the
Nb spectrumfFig. 4sbdg below TC.

The Nb quadrupole coupling frequenciesnQ, associated
with the temperature dependence of the position of the cen-
tral line and of the second moment, are several orders of
magnitude lower than the frequencies of the dielectric relax-
ation modes,102 MHzd associated with the hopping of the
Nb ions among symmetry-related wells. The Nb NMR spec-
trum is thus observed in the limit of complete but biased
motional narrowing. Incomplete restoration of the cubic
symmetry and biased hopping can be directly inferred from
the presence of the satellite background.

To further investigate the possible two-time scale dynam-
ics of Nb mentioned above, we measured the temperature
dependences of the Nb spin-latticesT1d and spin-spinsT2d
relaxation timesssee Fig. 5d. A two exponential magnetiza-
tion recovery expected for theI =9/2, was observed. In
agreement with the results of Rigamonti,20 there is a dip in
T1 at TC. This implies a critical slowing down of the Nb
intersite hopping, as expected at a ferroelectric phase transi-
tion.

T2 as well shows a dip atTC. It is by two orders of mag-
nitude shorter thanT1. This can be understood by examining
the respective expressions for the two relaxation times.T1 is
related to the spectral densities of the EFG tensor fluctua-
tions Jsvd at the Larmor frequency,vL, and at twice the
Larmor frequency, 2vL,

1

T1
= fK1JsvLd + K2Js2vLdg, s5d

whereas the expression forT2
−1 of the satellite background

contains an additional term21 that is proportional to the spec-
tral density atv=0, i.e., at very low frequencies,

1

T2
= fC0Js0d + C1JsvLd + C2Js2vLdg. s6d

C0=0 for the central12 ↔−1
2 transition whereas it is nonzero

for the satellite transitions.

FIG. 3. Temperature dependence of the position of the central
1
2 ↔−1

2
93Nb NMR line relative to its position at 310 K.

FIG. 4. sad The 93Nb NMR spectrum belowTC at 125 K sbd
Temperature dependence of the second momentM2 of the 93Nb
NMR spectrum showing a sudden increase at the transition to the
ferroelectric phase atTC<135 K.

FIG. 5. sColor onlined Temperature dependences of the93Nb
spin-lattice sT1d and spin-spin sT2d relaxation times in
KTa0.85Nb0.15O3.
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Similarly to the case of BaTiO3 and PMN,16 the motion
measured by theJs0d term in KTN can be related to the
flipping of nanodomains or the reorientation of polar nanore-
gions. However, the observed value ofT2 in KTN is in the
ms range and thus considerably longer than in BaTiO3. It can
account for part but not all of the satellite width. The homo-
geneous broadening is thus superimposed on an inhomoge-
neous broadening due to a disorder which is nearly static on
the NMR time scaletNMR

−1 <ÎM2.

CONCLUSION

We have studied the quadrupole perturbed93Nb NMR
spectra of a KTN single crystal doped with 15% Nb. Mea-
surements of the shift of the central line, the angular depen-
dence of the second moment,M2, the two relaxation times,
T1 andT2, and their temperature dependencies, show that, in
KTN,

sid Nb ions at all temperatures reside in off-center posi-
tions alongf111g directions and the local breaking of the
cubic symmetry is of rhombohedral nature;

sii d The disorder is dynamic, i.e., the Nb ions undergo
biased hopping within a subset of available symmetry-related
off-center positions;

siii d The Nb dynamics takes place on two very different
time scales. On a short time scale, Nb undergoes rapid inter-
site biased hopping within individual nanodomains or polar
nanoregions and, on a longer time scale, the orientations of
these nanoregions fluctuate slowly. The flipping of the polar
nanoregions, i.e., the noncubic nanodomains, is of the order
of tNMR

−1 , whereas the Nb intersite hopping,tk111l
−1 , is much

faster,

tk111l ! tNMR ø tpolar clusters. s7d

In contrast to the Nb intersite hopping, the flipping motion
of the polar nanoregions is not critical atTC. KTN with x
=15% thus behaves as a “weak” relaxor undergoing a series
of ferroelectric transitions in analogy to BaTiO3. It exhibits
both “order-disorder” and “displacive” components in the
phase transition mechanism.
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