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Dipole-glass behavior of lightly doped KTa1 Nb Os
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High-resolution x-ray di8'raction measurements have been performed between 10 and 300 K on
several single crystals of KTa& Nb 03 with x ( 0.157. Contrary to the published phase diagram,
no deviation from cubic symmetry is seen for x & 0.060. Instead, a low-temperature minimum in the
cubic unit cell volume is observed at a temperature T; which increases monotonically for 0.012 &
x & 0.060. Data for x=0.157, however, are consistent with the previously established sequence of
structural transitions from cubic to tetragonal to orthorhombic to rhombohedral symmetries. We
associate T; with the onset of a dipolar glass transition. In addition, a radial broadening of the
linewidths is observed at T;„,indicating the presence of strain in the lattice. Powdering small pieces
Rom these single crystals suppresses the unit cell minimum and stabilizes the cubic phase down to
10 K, even for x=0.157.

I. INTRODUCTION

An enormous amount of scientific effort, both exper-
imental and theoretical, has been devoted to the study
of the behavior of isolated impurities in systems with
soft phonon modes. i s One of the most interesting and
controversial questions concerns the nature of the low-
temperature phase in such systems in the dilute limit.
The mixed perovskite systems KTai, Nb~Os (KTN)
(Refs. 4—6) and Ki Li TaOs (KTL) (Refs. 7—9) have
played major experimental roles in this area of research.
In the context of KTN the question is do low levels of
the dipolar impurity Nb induce a true structural phase
transition to a ferroelectric phase in KTaOs, or does the
addition of Nb produce instead a dipolar-glass phase with
no change in structure?

Pure KTaOs is almost ferroelectric. Because the soft-
ening of the zone center transverse optic (TO) phonon
mode is stabilized at low temperatures by quantum fluc-
tuations, no change in symmetry occurs. For this rea-
son KTa03 is often called an "incipient" ferroelectric. By
contrast, pure KNbOs transforms from a cubic paraelec-
tric phase to a tetragonal ferroelectric phase at a transi-
tion temperature of 700 K, the change in symmetry being
due to the displacement of the oxygen octahedra along
the [001] direction. ii At lower temperatures KNbOs un-
dergoes two more structural transitions. A tetragonal to
orthorhombic distortion is produced by the displacement
of the Os octahedra along the [Gll] direction, followed

by a transition to rhombohedral symmetry at even lower
temperatures where the Os octahedra are displaced along

the [111]direction.
It is widely accepted that concentrated KTN under-

goes the same sequence of structural phase transitions as
the pure niobate compound, but at progressively lower
transition temperatures as the concentration of Nb is re-
duced. Measurements of the dielectric susceptibility as a
function of temperature reveal these structural changes
through the appearance of a peak at T„and form the
basis for the current phase diagram. There is, however,
considerable debate about what happens at very low im-

purity levels. Measurements of the dielectric constant
show only a single peak as a function of temperature for
z ( 0.050, implying a single transition. is Yet there is no
consensus on whether this peak signals the appearance of
a polar phase arising from a spontaneous displacement of
the Nb ions below T, and a corresponding change in sym-
metry, or the freezing of dipolar impurities in analogy to
the appearance of a spin-glass phase and thus no change
in symmetry.

Measurements of the inverse elastic compliance s&&

as a function of temperature on KTN samples with
z ( 0.046 by Hochli et aL show a sharp jump in the
same temperature range where the dielectric constant
reaches a maximum. This has been interpreted as evi-

dence of the symmetry breaking of the paraelectric (cu-
bic) phase in KTN in the limit of small z. Prater et
al.4 also argue in favor of a low-temperature ferroelectric
phase for 0.008 & x & 0.050 on the basis of Raman scat-
tering and optical-depolarization measurements. They
claim the oxygen neighbors of the Nb impurity are more
highly polarizable, producing long-range electric fields
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which stabilize the ferroelectric phase. In a recent Ra-
man study on a KTN sample with x=0.012, the appear-
ance of first-order scattering associated with the nonpolar
TOs mode at 15.5 K clearly indicates the occurrence of
a structural distortion. i4 The appearance of this Raman
line coincides with the observation of a very sharp maxi-
mum in the dielectric constant, strongly suggesting that
the transition is ferroelectric. By contrast, other recent
Raman and inelastic neutron scattering measurements on
the same KTN sample show that the energy of the zone
center optic phonon only reaches a minimum of 0.9 meV
at 20 K.is is In addition, a strong pressure-induced low-
frequency dispersion of e(T, u) has been observed in KTN
for x=0.020, suggesting instead that the low-temperature
polar behavior of KTN in the dilute limit is glasslike. s As
will be discussed below, x-ray difFraction experiments on
this x = 0.012 KTN sample do not show any evidence of
a structural phase transition down to 10 K.

A program of high-resolution x-ray diffraction exper-
iments has been carried out to look for measurable
changes in symmetry between 300 and 10 K in a series of
single crystal specimens of KTN in the limit x & 0.157.
Such a program is of obvious fundamental importance
in view of the fact that no diffraction data, x-ray or
neutron, has been used to corroborate the currently ac-
cepted phase diagram of KTN, particularly in the di-
lute limit. i" From these measurements we observe no
deviation from cubic symmetry at any temperature for
0.012 ( x & 0.060 within our experimental uncertainty.
Instead, a striking minimum in the volume of the cubic
unit cell is observed to occur at a characteristic temper-
ature T;„which scales with the impurity concentration.

beam.
The concentration dependence of the cubic lattice pa-

rameter a was measured at room temperature for three
of the powdered KTN single crystal samples spanning
the concentration range 0.012 & x & 0.157. The lat-
tice parameter a varied linearly as a function of the Nb
concentration x, consistent with Vegard's law.

III. RESULTS

A. Single crystal data

At sufficiently high concentrations of the dipolar impu-
rity Nb, KTN undergoes a sequence of three structural
phase transitions. i2 ii In order to verify this behavior,
the cubic (420) Bragg reHection of a single-crystal speci-
men of KTN with x=0.157 was monitored as a function
of temperature. The (420) reHection was chosen because
it was the highest order reflection attainable using the
four-circle spectrometer, and thus gave the largest avail-
able peak splitting in the tetragonal, orthorhombic, and
rhombohedral phases. An alignment of the crystal was
performed after equilibrating at each temperature.

Data for the (420) reflection are shown in Fig. 1 for
x=0.157 at Gve different temperatures which span the
range over which these transitions occur. The data were
taken cooling from room temperature. In each case the
spectrometer was set to scan the momentum transfer
along the radial direction. Thus the reciprocal lattice
units (rlu) in this figure correspond to 4a'//4z + 22 =
2a'/+5, where a' = 27r/a = 1.5745 A. i. The spec-

II. EXPERIMENTAL

The single crystal x-ray scattering measurements were
performed on a four-circle Huber spectrometer using
Ge(ill) crystals as both monochromator and analyzer.
A rotating Cu anode was used to produce the x rays.
Typical operating conditions were 200 mA at a voltage
of 40—50 kV. The wavelength used was 1.54051 A, cor-
responding to Cu Ko.i radiation. At the (200) Bragg re-
flection, typical room-temperature in-plane longitudinal
and transverse q widths (FWHM) were 0.0024 and 0.0030
A. i, respectively. All of the powder diffraction measure-
ments were performed on beamline X7A at the National
Synchrotron Light Source (NSLS). A Si(111)crystal was
used to monochromate the incident x-ray beam and a
Ge(220) crystal was used as analyzer.

Five samples were studied, having nominal Nb con-
centrations of x=0.012, 0.020, 0.030, 0.060, and 0.157.
Typical sample dimensions were 9 x 7 x 0.7 mm . Sam-
ple growth has been discussed elsewhere. i2 Each sample
was mounted on a Cu holder such that its large surface
(a polished [100] face) was accessible to the x-ray beam.
The holder was capped with a Be top, filled with He ex-
change gas, then attached to the cold finger of a closed-
cycle Displex refrigerator which varied the sample tem-
perature between 10 and 300 K to within +0.1 K. The
refrigerator housing was fitted with a cylindrical Be win-
dow to allow passage of the incident and reflected x-ray
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FIG. 1. Radial scans through the (420) Bragg reflection
as a function of temperature taken on a rotating anode four-
circle diffractometer. The sequence of splittings is consistent
with three structural phase transitions starting from a high-
temperoture cubic phase and ending with a low-temperature
rhombohedral phase.
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trometer resolution was improved by using the (333) re-
flection of the Ge analyzer instead of the (ill) reflec-
tion since then the sample scattering angle 2es (119.52')
more closely matched that of the analyzer 20~ (90.14').
In this con6guration, room-temperature in-plane longi-
tudinal and transverse q widths (FWHM) at (420) are
0.0028 and 0.0058 A. , respectively.

A single, sharp peak is observed from room temper-
ature down to 160 K, which is consistent with a cubic
structure. Upon further cooling to 142.5 K the peak
splits into two peaks having unequal intensities, due to
unequal domain populations. Although not well resolved,
this splitting signals a clear change in structural symme-
try. At 125 K the splitting increases significantly and the
relative peak intensities change, indicating a change in
the relative domain populations and yet another change
in symmetry. Below 115 K the line shape becomes sym-
metric, indicating that the domain populations are bal-
anced, but the peak remains split down to 10 K. Al-
though these measurements cannot uniquely specify the
crystal symmetry at each temperature, they do indicate
the presence of three structural phase transitions and are
thus consistent with the published phase diagram. ~z

Longitudinal scans through the (200) Bragg peak were
measured as a function of temperature for the lower con-
centrations, z & 0.030. Such scans are sensitive only to
tetragonal and orthorhombic distortions in the presence
of different domains. After a tetragonal distortion, for
example, residual strains in the lattice cause the crystal
to break up into domains in which the unique tetragonal
c axis can point along any one of the three pseudocubic
crystallographic axes. A longitudinal scan through (200)
will then see both the a- and c-axis lattice spacings and
two peaks will appear. In the case of a single domain,
only one peak would be present. In general, the relative
intensities of each peak will likely differ because the rel-
ative populations for each domain will differ. Such is the
case for the presumed cubic-tetragonal transition for the
x=0.157 sample, where the splitting at 142.5 K produces
two peaks with different intensities (see Fig. 1).

The temperature dependence of the cubic lattice spac-
ing a, determined from the position of the (200) reflec-
tion, is shown in Fig. 2. The most striking feature of these
data, aside from the absence of any detectable change
in symmetry down to 10 K, is the minimum in a that
appears in each of these dilute single crystal samples.
Equally striking is the fact that the minimum value of a
occurs at a temperature T;„which scales with concen-
tration, as is shown in Fig. 3.

In order to check for other possible changes in symme-
try, the (420) Bragg peak was also monitored as a func-
tion of temperature between 300 and 10 K for x=0.030
and 0.060 as had been done for the x=0.157 sample.
This reQection has the advantage over Bragg peaks of
the form (h00) of being sensitive to rhombohedral dis-
tortions. These should manifest themselves as a splitting
of the (420) peak along both the longitudinal or radial
direction as well as along the transverse direction. Never-
theless, no splitting of the (420) Bragg peak was seen at
any temperature for either concentration. The minimum
in the cubic lattice spacing, however, remains. In addi-
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tion, a significant homogeneous broadening of the Bragg
peak occurs at a temperature which corresponds well to
T~;„. This is shown in Fig. 4. The small anomaly at 100
K is not understood, but unlike the broadening at T;„,
it is not a reproducible feature of the data.

The spectrometer q resolution at (420) using the
Ge(333) reflection for the analyzer was not measured di-
rectly, but from the longitudinal q width of the (420)
Bragg peak (taken at high temperature) we can state
that it is no worse than 0.0018 A. ~. From this a limit
of 1 6 (5 x 10 4) can be put on the ratio c/a. In ad-
dition, an upper bound of 0.017' can be placed on any
rhombohedral distortion. By comparison, the rhombohe-
dral distortion observed for pure KNbOs at 230 K (33 K
below the transition temperature) is 0.182' + 0.008'.~~
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FIG. 3. Dependence of T;„on the Nb concentration, x.
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FIG. 2. Temperature dependence of the cubic lattice pa-
rameter for x & 0.03. Data were taken while cooling from
room temperature.
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FIG. 4. Full width at half maximum (FWHM) in rlu
(reciprocal lattice units) for the (420) Bragg reflection for
@=0.030 as a function of temperature. The onset of broaden-
ing coincides with the minimum in the lattice parameter at
Tmin

B. Powder difFraction data

X-ray diffraction measurements were carried out at
beamline X7A at the NSLS on polycrystalline samples
of KTN, with x=0.02, 0.03, 0.06, and 0.16. The use of
powders permitted the study of more Bragg peaks than
were accessible in the single crystal experiments. More-
over, with powder samples, the question of domains is no
longer a concern since all domains are seen with equal
probability. These samples were prepared from appro-
priate mixtures of KqCOs, Nb20s, and TaqOs. The
mixtures were thoroughly mixed and ground, fired to
850 C, reground, and then fired at 1100C. The samples
appeared pure based on x-ray diffraction measurements,
but small amounts of Kg(Nb, Ta)40' q impurities were dis-
cernible in the synchrotron x-ray data.

The (200), (220), and (222) Bragg peaks were mea-
sured as a function of temperature for these powder sam-
ples between 300 and 10 K. The wavelengths used varied
from 0.70 to 1.20 A. The corresponding q widths and q
resolution at (222) ranged between 0.008-0.007 A ~ and
0.0019-0.0012 A ~, respectively.

Surprisingly, the dilute powder samples did not exhibit
the minimum in the cubic lattice parameter that had
been seen in the single crystal samples. Therefore, as a
check, small pieces were broken off from the single crystal
samples, powdered by grinding in an agate mortar, and
then measured in exactly the same way. Again no min-
imum was found. The cubic lattice spacing a increased
monotonically with increasing temperature. Moreover,
the peak widths remained constant in both cases over
the entire temperature range. Typical data are shown
at the (222) Bragg peak for two concentrations, 2:=0.020
(powdered single crystal) and 0.030 (polycrystalline) in
Fig. 5.

As a final test, a small piece was broken off from the
x=0.157 crystal and powdered. Whereas the single crys-
tal sample exhibits the three structural transitions shown
in Fig. 1, the powdered sample remained cubic down to
the lowest temperature. This is seen in Fig. 6(a) where
the (222) Bragg peak profile is shown at 300, 150, 125,
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rameter for a polycryst~&hne sample with @=0.030, and a pow-
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were taken on cooling from room temperature. No minimum
is observed in the lattice parameter above T=10 K.
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FIG. 5. Line shape as a function of scattering angle 28 for
a powdered sample taken from the 2:=0.157 single crystal. No
evidence of any structural transition is seen down to 10 K.
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and 21 K as a function of 28. No splitting of the peak
is seen at any temperature. Moreover, the 28 linewidth,
plotted in Fig. 6(b) as a function of temperature, remains
constant at 0.056', which corresponds to a q of 0.0077

i. (The data for this sample do not cover a suffi-
ciently wide range in 28 to determine whether particle
size or strain were primary factors in the excess broad-
ening of the peak width. ) Thus the process of powdering
KTN samples appears to stabilize the cubic phase in all
samples studied down to 10 K. It should be emphasized,
however, that the gross temperature dependence of the
cubic lattice parameter is not affected by the powder-
ing. This can be seen by comparing Fig. 2 with Fig. 5.
Aside from a very small difFerence in the absolute lat-
tice spacing of order 0.0002 A (probably due to a minute
zero offset between the X7A diffractometer and the ro-
tating anode three-circle diffractometer), the overall tem-
perature dependence for the x=0.020 sample is the same
before and after powdering. Only the low-temperature
minimum is absent.

IV. DISCUSSION

Because the dilute KTN samples remain cubic down to
10 K, the low-temperature minimum in the lattice spac-
ing a implies a corresponding minimum in the volume
of the KTN cubic unit cell. This is a phenomenon that
has been observed in mixed single crystals of ferroelec-
tric RbHzPO4 and antiferroelectric NH4HzPO4, a dipo-
lar glass known more commonly as (RDP) i ~(ADP)~. i

Thus the x-ray diffraction data would seem to support
the presence of a low-temperature dipolar-glass phase for
dilute KTN in which a transition from frozen impurity
behavior to relaxing impurity behavior takes place. It
can of course be argued that the experimentally observed
broadening of the Bragg peaks at T~;„results from a
structural distortion of the lattice into various domains
and that the subsequent peak splitting is not resolved be-
cause of inadequate q resolution. This cannot, however,
account for the minimum in the unit cell volume except
in the extremely unlikely case where the crystal volume
probed by the x-ray beam is composed of a single do-
main. Indeed, this would have to be the case for each of
the four dilute KTN single crystals studied. The data in
Fig. 1 clearly show the x=0.157 crystal is not composed
of a single domain.

Instead, it is likely that small, ordered clusters of
dipoles form below the freezing temperature (T;„) in
dilute KTN, thereby inducing a strain in the crystal, as
this would be a plausible explanation for the broadening
of the radial linewidths of the (420) Bragg reflection seen
in Fig. 4. But, because no change in symmetry was de-
tected, these clusters must be randomly oriented so that
the average symmetry of the KTN system as seen with x
rays remains cubic. The existence of such clusters is con-
sistent with the pressure-dependent data of Samara, who
reported clear evidence for a distribution of relaxation
times in a single crystal of KTN with x=0.020.5 This
conclusion differs from that based on Raman studies in

which new peaks are observed to develop with decreasing
temperature, indicative of a breaking of symmetry.

As for the suppression of the sequence of struc-
tural transitions in the x=0.157 sample, and the low-
temperature minimum in the unit cell volume of dilute
KTN samples, there are at least two possible explana-
tions: (1) a random-strain-field effect is produced upon
grinding the samples into powders and (2) a strong fi-
nite particle-size effect is present. KCN is an example of
the first possibility. In pure KCN, different sample treat-
ments were used to introduce random-strain fields into
the lattice. In some cases the low-temperature noncu-
bic phases were supressed and a quadrupolar-glass state
was formed instead, analogous to that induced by intro-
ducing Br ions in (KBr) i ~(KCN)~. zi The second expla-
nation finds precedence in ferroelectric BaTiOs, which
exhibits a cubic to tetragonal phase transition temper-
ature in bulk material at 401 K. Below a critical par-
ticle size of 0.12 pm T, is found to drop below room
temperature (see Ref. 23). This phenomenon has been
explained in the context of an induced internal pressure
P = 2p/R, where p is the surface tension and 8 the par-
ticle radius. zz 2s Since an increase in P reduces T„24 an
increase in p or a decrease in R will have the same ef-
fect. This simplistic description does not, however, take
into account the particle-size effect on the softening of
the phonon mode which contributes to the spontaneous
polarization of the material.

V. SUMMARY

High resolution x-ray diffraction measurements taken
on a series of KTN samples with x & 0.060 show no de-
tectable change in symmetry between 300 K and 10 K.
Instead, a low-temperature minimum in the cubic unit
cell volume, a feature seen in other dipolar glasses, is
observed at a temperature Tm;„which increases with in-
creasing impurity concentration. The lack of evidence of
any structural phase transition seen by the x-ray diffrac-
tion experiments along with the systematic dependence
of T;„on x argue in favor of a dipolar-glass description
for the low-temperature polar phase in dilute KTN.

In addition, the process of powdering KTN samples
is seen to suppress the low-temperature minimum in
the unit cell volume, and even the structural transitions
observed in the more concentrated KTN sample with
x=0.157. However the gross temperature dependence of
the lattice constant is left unaffected. This observation
places previous experimental work on KTN powders un-
der some degree of suspicion. It is hoped therefore that
these results will stimulate a check of previous powder
data taken on KTN samples and serve as a motivation
for further experimental work.
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