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Perturbed-angular-correlation (PAC) spectroscopy was used to measure nuclear-electric-quadrupole
interactions at the LI sites in two isostructural, ferroelectric ternary-metal oxides, LINbO; and LiTaOs.
These compounds were prepared as ceramics doped with approximately 0.01 at. % Hf that carried the
radioactive '*'Hf—'®!Ta PAC probes. PAC measurements were made over a temperature range from
295 to ~1100 K, which included the ferroelectric-to-paraelectric transition for LiTaO,. Because the
transition temperature 7T, for LiNbO; exceeded the accessible temperature range of the available ap-
paratus, the investigation focused mainly on the features of the LiTaO; transition. In particular, the
measured perturbation functions show well-defined, high-frequency, static interactions that are charac-
terized by extensive line broadening at temperatures well below T, and by significantly less line broaden-
ing at temperatures above T,. At temperatures above T, the electric-field-gradient (efg) asymmetry pa-
rameter 7 is close to zero, but at temperatures well below T, 7 is significantly larger than zero. This re-
sult is not expected, because the axial symmetry at the Li site associated with the diffraction-derived
structure implies that 17 should vanish at temperatures both below and above T,. The observed 7 tem-
perature dependence is explained using an order-disorder model. This model suggests that some of the
Li ions (and to some extent group-V antisite defects) occupy normally vacant metal sites and break the
axial symmetry associated with the Li site. At temperatures below T, the efg component V,, increases
as temperature increases, and over the same temperaure range, the spontaneous polarization decreases.
For this reason, V,, may not be strongly coupled to the order parameter for the transition. However, the
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anomalous temperature dependence of 7 suggests that 77 may be coupled to the order parameter.

I. INTRODUCTION

Lithium niobate, LiNbO;, is a well-known ferroelectric
material that has many applications to the technology of
piezoelectric, optical, and electrical-optical materials and
devices. Lithium tantalate, LiTaO,, is an isostructural
material that has similar physical properties. Since the
1960’s, when the structures were determined, 1'? these ma-
terials have been investigated extensively by many tech-
niques. Moreover, the literature contains several
thousand papers published on LiNbO,; and LiTaO,.%*
Despite the myriad of studies, the phase-transition mech-
anisms remain unclear. One particular open question is
whether the ferroelectric-to-paraelectric transitions are
either displacive or order-disorder in character. The pur-
pose of this investigation is to use PAC spectroscopy via
the '8'Hf —!81Ta probe to clarify which of these phase-
transition mechanisms is operative.

These materials, which each undergo a single, second-
order ferroelectric-to-paraelectric transition,® have il-
menitelike structures that belong to the R3c and R3c
space groups at temperatures below and above the transi-
tion temperature, respectively. In this structure, the met-
al ions occupy sites that have octahedral oxygen coordi-
nation, and one third of these octahedral sites are vacant.
These vacant sites potentially can give rise to disordering
when Li ions occupy some of them. The transition tem-
peratures T, are among the highest known for ternary-
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metal oxide ferroelectrics, =~1480 K for LiNbO; and
~950 K for LiTaO;. Because T, is so high for LiNbO,
and because the melting point is only about 50 K higher,
the transition is experimentally difficult to study. Furth-
ermore, the transition temperatures and other physical
properties differ depending on whether crystals of these
materials are prepared that have either the congruent-
melting composition, which is several percent deficient in
Li, or the stoichiometric composition.

During the last three decades, nuclear quadrupole in-
teractions at the Li and the group-V sites have been mea-
sured using nuclear magnetic resonance (NMR), nuclear
quadrupole resonance (NQR), and Mossbauer-effect (ME)
spectroscopies. The most extensively used technique has
been NMR spectroscopy, which can measure nuclear
quadrupole interactions via the resonant transitions of
'Li( =2) and #Nb (I =%) nuclei.’ !> These investiga-
tions have been performed primarily at laboratory tem-
perature on both single-crystal and powder specimens.
In the earliest experiments, the quadrupole coupling con-
stant, vQ=e2qQ/h (eq=V,,), was measured at the Li
sites in LiNbO; (Ref. 5) and LiTaO; (Refs. 5-7) and at
the Nb site in LiNbO,.%7 An objective of the earliest of
these investigations® was to correlate the change of the Li
quadrupole coupling constant with temperature with the
corresponding changes in the spontaneous polarization
P,. These results could not be interpreted properly be-
cause they were compared to the original report of the

12 137 ©1991 The American Physical Society



12 138

spontaneous polarization!® that erroneously showed an
increase in P, with temperature.!” A primary contribu-
tion of the later two experiments,G’7 was to characterize
the metal-oxygen bonding in terms of covalency. Al-
though these investigations did show that LiNbO; and
LiTaO; are highly covalently bonded crystals, they as-
sumed that the electric-field-gradient (efg) at both metal
sites had axial symmetry, because the derived crystal
structures’? had threefold rotational axes that ran
through the metal sites. In the later experiments,g’10
broadening of the NMR line shape was used to measure
small changes in the Li composition that characterized
melt-grown crystals of LiNbO;. These investigations,
which contributed to establishing the phase diagram of
LiNbO;, demonstrated that the nuclear quadrupole in-
teraction as measured by NMR spectroscopy is sensitive
to the effects of defects in LiNbO; and LiTaO;. More re-
cently, Nb NMR measurements were performed on
LiNbO; ceramic samples.!! These measurements showed
extensive spectral line broadening, and this feature was
attributed to Lorentzian distributions of quadrupole cou-
pling constants that Li deficiencies produced. n
Douglass, Peterson, and McBrierty12 extended the earlier
single-crystal measurements®° and developed a more so-
phisticated model with which the effects of defects and
nonstoichiometry on the NMR line shape could be inter-
preted. In addition NMR measurements performed on
ceramic samples of the LiNbO;-LiTaO; solid-solution
system!3 showed that the spectral linewidth magnitudes
correlated with the extent of the random distribution of
the group-V ions in the crystal. The linewidths were
largest for solid solutions that had nearly equal concen-
trations of Nb and Ta. To investigate Li-ion motion,
elevated-temperature 'Li NMR experiments were per-
formed on a LiNbOj; single crystal.'* The quadrupole
coupling constants were found to increase linearly with
temperature. This temperature dependence was attribut-
ed to the anisotropic vibrational motions of the Li ions.
The spectral linewidths were found to be large at lower
temperatures and to decrease nonlinearly with increasing
temperature. The line broadening observed at lower tem-
peratures was attributed to Li ions hopping between the
normal Li sites and the vacant sites. The complete
motional narrowing observed at higher temperatures was
attributed to Li-ion diffusion. In a later investigation of
Li-ion motion, ! the spin-lattice relaxation time T'; of TLi

in LiTaO; powder was measured at elevated tempera-

tures. The relaxation observed at lower temperatures was
attributed primarily to the effects of paramagnetic impur-
ities. The T, temperature dependence was discussed in
the context of a diffusion mechanism, in which the Li
ions jump from the normal Li sites to interstitial sites.
The observed relaxation was explained by the diffusing Li
ions coupling to the lattice via the nuclear quadrupole in-
teraction. Interestingly, the investigators'® suggested
that the Li-site efg couples to the order parameter for the
ferroelectric-to-paraelectric transition in LiTaO;.
Schempp, Peterson, and Carruthers!® used *Nb NQR
spectroscopy to investigate powder samples of LiNbO,
over a temperature range from 21 to 515 K.
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Stoichiometric samples gave reasonably sharp lines that
yielded well-defined interaction frequencies. These mea-
sured frequencies were consistent with a small but non-
vanishing asymmetry of the efg at the Nb site. Over the
temperature range from laboratory temperature to 515
K, the quadrupole coupling constant decreased with in-
creasing temperature. Samples that were deficient in Li
gave highly broadened lines that did not yield discernible
frequencies. Zhukov et al.'® used ¥Ta NQR spectrosco-
py to investigate ceramic samples of LiTaO; over a tem-
perature range from 77 K to laboratory temperature.
They observed that, at the Ta site, the quadrupole cou-
pling constant decreased with increasing temperature and
that the efg asymmetry was small but nonvanishing.

Using '81Ta ME spectroscopy, Lohnert et al.?° investi-
gated a polycrystalline absorber of LiTaO; over a temper-
ature range from 4 to 1100 K. These measurements
yielded the signed largest component V,, and the asym-
metry 17 of the efg at the Ta site. As temperature in-
creased, V,, was positive and decreased rapidly, and V,,
changed sign near 800 K. As temperature increased to
about 800 K, n was small, <0.1, and increased to =~0.4;
and above 800 K, 1 decreased to a small value at 1100 K.
In addition the measured magnitudes of V,, and 7 agreed
with those that Zhukov et al.!® reported. Ldhnert
et al.?® realized that the nonvanishing Ta-site efg asym-
metry was inconsistent with the diffraction-derived struc-
ture symmetries both below and above T, since in both
structures the Ta sites lie on axes of threefold rotation.
But they did not attribute the unexpected, anomalous
asymmetry-parameter values to a specific mechanism.

In the Nb NMR measurements on LiNbO;, line
broadening correlates with small changes in the Li com-
position away from stoichiometry. The broadening arises
because some of the Nb nuclei may be either at Li sites
(as antisite defects) or at Nb sites that have defects near-
by. This interpretation of the line-broadening informa-
tion has been very useful for measuring the effects of Li
composition on phase equilibria. However, this NMR
technique is not well suited to making elevated-
temperature measurements, to investigate, for example,
order-disorder effects at temperatures near 7,. Although
the *>Nb NQR technique has been used for making
elevated-temperature measurements'?, the technique is
not sensitive enough for investigating phase transitions in
nonstoichiometric samples of LiNbO;. Although the
181Ta ME technique is very sensitive to changes in the lo-
cal efg near the Ta site in LiTaO;, it cannot be used to
study LiNbO;. Similarly, out of these techniques, only
"Li NMR spectroscopy can be applied directly to investi-
gate both LiNbO; and LiTaO;, but the sensitivity of the
technique is limited by a small quadrupole coupling con-
stant of the "Li nucleus < 100 kHz.

Although NMR, NQR, and ME spectroscopies have
provided much useful information about the local efgs at
either one or both of the metal sites in LiNbO;, none of
these techniques can be used to measure the efgs at the
same site in both compounds over a large temperature
range. This type of measurement is necessary to charac-
terize the associated phase-transition mechanism. Now
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PAC spectroscopy can be used for the purpose of measur-
ing the efgs at the same site in both compounds. More-
over, the PAC technique offers several advantages: (1)
the PAC technique is very sensitive to the nuclear quad-
rupole interaction and measures it directly, (2) elevated-
temperature measurements generally are not complicated
by hardware external to the sample such as a large mag-
net, and (3) the *'Hf— 3! Ta probe should substitute into
the same site in both LiNbO; and LiTaO;. [The specific
probe site depends on the chemistry of the *'Hf probe;
whereas, the 8!Ta excited (1 =2) level, which has a half
life of 10.8 nsec, interacts with the efg at the probe site.]
Because the PAC technique has these advantages, we em-
barked on a systematic study of the ferroelectric-to-
paraelectric phase transitions in ceramic samples of
LiNbO; and LiTaO;.

Specifically, we used the "8'Hf —!8!Ta PAC probe to
measure nuclear quadrupole interactions at the Li sites in
LiNbO; and LiTaO; over a temperature range from 295
to 1100 K. Although we did not have the capability to
investigate the ferroelectric-to-paraelectric transition in
LiNbO,, we did investigate the transition in LiTaO;. We
interpret the measurements of the temperature depen-
dences of the efg parameters V,, and 1 and the line-shape
parameters in the context of an order-disorder model.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Ceramic samples of LiNbO; and LiTaO, were
prepared using a variation of the resin-intermediate
method, in which batches of approximately 3 g of prod-
uct were prepared. To a solution of citric acid and
ethylene glycol, the precursors, LiNO; powder and solu-
tions of either Nb(OCH,CH,)s or Ta(OCH,CH,)s, were
added. Then approximately 30—60 uCi of the radioactive
BIHf probe was added to the solution as several milli-
grams of HfOCI, dissolved in H,O. The nominal Hf con-
centrations were approximately 0.01 at. % of the metal-
ion concentrations. The solution was heated on an elec-
tric hot plate until a thick resin was formed. Then the
resin was pyrolyzed. The residue was calcined in a box
furnace at approximately 1000 K for 12 h, and the result-
ing metal-oxide powder was pressed into small pellets
(approximately 7 mm in diameter and 4 mm thick) and
sintered in air in a tube furnace at 1400-1600 K for 24 h.
To check the sample phase purity, x-ray powder
diffraction patterns were measured on small amounts of
radioactive powder taken from the PAC samples. Figure
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FIG. 1. X-ray powder diffraction pattern measured on a sam-
ple of LiTaOs.

1 presents a typical pattern for LiTaO;. To perform the
PAC measurements, ceramic pellets that typically con-
tained 15-30 uCi of '®'Hf activity were sealed in fused-
silica tubes. A simple tube furnace was used to maintain
the elevated temperatures during the PAC measure-
ments. Because the temperature control was simple, tem-
perature drifts of 5-10 K during the measurement
periods of 1-2 days were observed.

B. PAC measurements

A recent paper presents most of the experimental de-
tails.?! We present the relevant details here. A four-
CsF-detector PAC apparatus, which has a time resolu-
tion of =1 nsec, full width at half maximum, was used to
collect eight (four 90° and four 180°) coincidences con-
currently. The experimental perturbation functions
A,,G,,(t;) were obtained from the measured correlation
functions W, (6,t;) that represented the primary exper-
imental data (the subscripts j and k refer to the coin-
cidence between the respective detectors, and i refers to
the time interval). Specifically the ratio method was used
to obtain A4,,G,,(¢;), which Egs. (1) and (2) in Ref. 21 de-
scribe. To analyze the measured perturbation functions,
a one-site model for nuclear electric quadrupole interac-
tions in a polycrystalline source was used:

3
—ApnGu(t)=A4, |Soln)+ 3 Si(n)exp(—18w,t;) cos(wyt) |+ 4, . (1)
k=1

Here A, is the normalization factor, § is the line-shape
parameter, which is a measure of the relative width of the
Lorentzian frequency distribution (of the w;s) that gives
rise to static line broadening, and A4, takes into account

the effects of y rays that are absorbed by the sample and
the effects of the fraction of probe atoms that are not in a
well-defined chemical environment, i.e., 4, represents in
part the “hard core” to which the corresponding pertur-
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bation function decays. The frequencies w; and the S;(7)
coefficients describe a static interaction in a polycrystal-
line source. Using nonlinear regression, the free parame-
ters w;, w,, A, 4,, and 8 were derived from each mea-
sured perturbation function. The ratio w,/w; was used
to determine the quadrupole frequency wg, which is @, /6
when 17=0.2> The nonvanishing efg components ¥ in
the principal-axis system where the probe nucleus is
at the origin are related to the quadrupole frequency
P and the asymmetry parameter 7 by
wg=[eQV,, /41 (2I —1)h] and n=(V, —V,,)/V,, in
which Q is the nuclear quadrupole moment (2.51 b) of the
spin I =3 intermediate nuclear level in the '*!Ta probe
nucleus. The quadrupole coupling constant v, is related
to the quadrupole frequency by wg=2mvy/41(21 —1).
In addition, the site-occupancy fraction f, for the pri-
mary probe site is given by f1=4,/(4,+ 4,).

III. RESULTS

Figures 2 and 3 present several perturbation functions
for LiNbO; and LiTaO;, respectively. Since T,~950 K
for LiTaO;, several measurements were made above T..
But, for LiNbO; T,~1480 K, and the furnace in use at
the time could not reach temperatures above 7,.. As a re-
sult we have no data for LiNbO; at temperatures above
T.. Equation (1) was used to fit the experimental pertur-
bation functions. Qualitatively, at temperatures below
T,, the perturbation functions for LiNbO; and LiTaO;
are very similar in shape. This observation is consistent
with the idea that the two compounds are isostructural.
For both LiNbO; and LiTaO;, the perturbation functions
measured at lower temperatures show extensive line
broadening. For the LiTaO; perturbation functions mea-
sured above T, the line broadening is much less, and the
quality of the fits is better, which indicates that the one-
site model gives a good representation of the data. Also,
the lower-temperature data appear to show the effect of
heterodyning, i.e., the effects of two static interactions
occurring at two different sites, which are characterized
by two sets of similar frequencies. To check this possibili-
ty we used a two-site model, which is a generalization of
Eq. (1), and we were able to obtain satisfactory fits to the
lower-temperature data. These fits yielded fundamental
frequencies w, for each of the two sites that differed by
5-10 % from each other as well as from the one-site-fit
values. Thus the actual situation at lower temperatures
may be that the probe interacts with two (or perhaps
several) chemical environments that are similar but not
identical, which could result from point defects being
present near some of the probes. Whereas, at tempera-
tures above T, the two environments become chemically
equivalent. The available data are not sufficiently de-
tailed to either confirm or rule out this possibility.

Figures 4 and 5 summarize the parameters derived
from the fits to the data for LINbO; and LiTaO;, respec-
tively. For LiNbOj, neither the efg parameters V,, and 7
nor the other parameters 8 and f; change very much
over the temperature range of the measurements. More-
over, the asymmetry parameter 7) remains significantly
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larger than zero over this range. These values of 7,
which are accompanied by relatively large values of the
line-shape parameter 8, cannot be attributed to the effects
of static, inhomogeneous line broadening alone. Static
line broadening results when a distribution characterizes
each of the interaction frequencies w;, and the measured
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FIG. 2. Perturbation functions for a LiNbO; ceramic sample.
The solid lines represent least-squared fits of Eq. (1) to the ex-
perimental data. The dashed line represents a fit of a two-site
model to the 295-K perturbation function. Data for ¢ <2 nsec
were excluded from the fits because the time distributions in-
cluded irrelevant prompt coincidences that the detectors could
not discriminate against. As part of the fitting process, Eq. (1)
was convoluted with a Gaussian time-resolution function, which
used a resolution of = 1 nsec, full width at half maximum.
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efg represents an average of the possible combinations of
frequencies. The experimental consequence of these dis-
tributions is that a small but nonvanishing asymmetry is
observed when the frequency distributions actually
represent average axial symmetry at the probe site. The
asymmetry-parameter values for ferroelectric LiNbO;,
which exceed 0.25 at the lower temperatures, indicate
that a substantial breaking of the axial symmetry takes
place. This effect cannot be attributed to static, inhomo-
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FIG. 3. Perturbation functions for a LiTaO; ceramic sample.
The solid lines represent fits which were obtained in a similar
fashion to those shown in Fig. 2.
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geneous line broadening. The values of the site-
occupancy fraction f; remain relatively constant over the
entire temperature range. In addition, the large errors
associated with most of the f; values reflect the
difficulties associated with obtaining fits that are good
representations of the measured perturbation functions.
For LiTaO;, the efg component ¥, increases as tempera-
ture approaches the transition T,; and above the transi-
tion, V,, decreases slowly. At temperatures well below
T,, m is significantly larger than zero; and, as the temper-
ature approaches T,, n decreases. At temperatures near
and above T, the values of 7 are sufficiently close to zero
to attribute the associated differences from zero to the
effects of inhomogeneous linebroadening. The line-shape
parameter 8 decreases at temperatures near and above
T,. This behavior is consistent with the decrease in the
asymmetry parameter 7) over this temperature range.
The f, values for any specific sample remain relatively
constant over the temperature range; and, as is the case
for LiNbO;, the errors associated with the f, values ob-
tained at lower temperatures are relatively large.

The magnitudes and the temperature dependences of
V,, and 1 measured by the ¥!Ta PAC probe in LiTaO,
differ markedly from the corresponding quantities mea-
sured by '3!Ta ME?® and NQR spectroscopies at the Ta
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measured.
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site in LiTaO;. In particular, at laboratory temperature,
at the '3'Ta PAC probe site, V,,=(22.8+0.4)X10"7
V/cm? and 7=0.26%0.02, and at the Ta site,
V,,=2.8X10' V/cm? and 7=0.1. At the '*!Ta PAC
probe site, as temperature increases from laboratory tem-
perature to T,, V,, increases and 7 decreases; whereas, at
the actual Ta site, over the same temperature range, V,,
decreases and 7 increases. These differences indicate
clearly that the ¥1Ta PAC probe site is not the Ta site in
LiTaO;. Moreover, as we discuss below, the 181y probe
substitutes into the Li sites in LiNbO; and LiTaO;.

To investigate in more detail the behavior of the one-
site-model parameters for LiTaO; at temperatures near
T., we performed an additional series of measurements
on a different LiTaO; sample. Figure 6 summarizes the
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on a single ceramic sample that was measured over a range of
temperatures close to 7,. These values agree well with the
values that Fig. 5 shows, which represent measurements on oth-
er LiTaO; ceramic samples.

results. From heat capacity measurements, this
ferroelectric-to-paraelectric transition has been estab-
lished to be second order.!” In addition, for crystals
grown from the melt, the actual Curie temperature may
range from 810 to 970 K depending on the growth condi-
tions.!” For ceramic samples we do not know how much
variation in T, from sample to sample to expect. Thus,
we neither expect nor observe any significant inflections
in the values of these parameters. Consistent with our
expectations, as temperature increases, we do observe
slow increases in V,,, slow decreases in 77 and 8, and no
significant changes in f;.

IV. DISCUSSION

A. Site substitution of the probe

At first consideration we would expect the
BIHf_»181Ta probe to substitute into the group-V sites in
LiNbO; and LiTaO,, because the charge of the Hf** ion
is close to those of the Nb>" and Ta’>" ions and because
these ions have similar ionic radii.?* Also, we recently
reported that the ¥ Hf —!8!Ta probe substitutes unambi-
guously into the Nb sites in the ferroelastic ceramics
GdNbO, and NdNbO,.?* However, despite these simple
considerations, Prieto et al.?> showed, definitively, using
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extended x-ray absorption fine-structure spectroscopy,
that Hf*" jons in concentrations of approximately 1
at. % substitute into the Li sites in single crystals of LiN-
bO;. The Rutherford backscattering measurements of
Rebouta et al.,? which they performed on Hf-doped sin-
gle crystals of LiNbO;, also show that Hf*" ions substi-
tute into Li sites. Abrahams and Marsh?’ performed a de-
tailed x-ray diffraction study on LiNbO; single crystals
that had stoichiometric and congruently melting (defec-
tive) compositions. They determined the defect-structure
composition to be (Li;_5,Nbs,)Nb,_,.O;, x =0.0118.
In crystals having this composition one Nb ion in approx-
imately every three unit cells occupies a Li site and leaves
a corresponding Nb site vacant. This result indicates
that group-V antisite defects (e.g., Nb;;', in Kroger-Vink
notation), which should be similar in charge and size to
the Hf*" ions, are common in LiNbO; and LiTaO,. In
addition, calculations for LiNbO; crystals performed by
Donnerberg et al.?® indicate that Nby;' antisite defects
are energetically favorable and that oxygen vacancies are
not favorable. The defect-structure determination of
Abrahams and Marsh?’ and the detailed calculations of
Donnerberg et al.?® are consistent with the experiments
of Prieto et al.?® and Rebouta et al.26 Furthermore, the
temperature dependences of V,, and 7 measured by ME?°
and NQR" spectroscopies at the Ta site in LiTaO, indi-
cate that the ''HF—!8'Ta PAC experiment does not
measure the efg at the Ta site in LiTaO;. And, indeed,
the PAC measurements represent the nuclear quadrupole
interactions of '8'Ta impurity nuclei at the Li sites in
LiNbO; and LiTaO;.

B. Temperature dependence of the efg in LiTaO,

The efg parameters V,, and 7, which were measured at
the Li site using the '*'Hf—!8'Ta PAC probe, exhibit
unusual temperature dependences. The efg component
V,, increases with increasing temperature and reaches a
maximum at a temperature near 7,. Above T,, V,, de-
creases slowly. The asymmetry parameter decreases with
temperature and reaches values reasonably close to zero
at temperatures above T,. According to the diffraction-
derived structure,? the Li site lies on the ¢ axis, which is
an axis of threefold rotational symmetry. For this reason,
if the efg axes were parallel to the crystallographic axis,
then the efg would have axial symmetry and the asym-
metry parameter would vanish. Clearly 7 is nonzero at
temperatures well below 7,. Thus the axial symmetry at
the Li site is being broken.

Group-V antisite defects, Tay;" in this case, could con-
tribute to breaking the axial symmetry at the Li sites,
especially since the nonstoichiometric composition (of
LiNbO;, strictly speaking) is known to contain sufficient
numbers of these defects’’ to be measurable. The con-
tinuous change in 7 with increasing temperature suggests
that the defects that produce the asymmetry in the efg
are mobile. Because Lit ions are much more mobile in
the LiTaO; structure, it is possible that an order-disorder
mechanism that involves Li" ions contributes more to
breaking the efg symmetry than does the group-V antisite
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defect formation mechanism.

We can understand this symmetry breaking mecha-
nism by considering the order-disorder model proposed
by Birnie.?? 3! The diffraction-derived LiTaO; struc-
ture, which Ref. 1 illustrates well, is composed of
columns of oxygen octahedra that are oriented along the
c-axis direction. The octahedra are filled by metal ions in
the sequence: Ta-Li-vacancy-Ta-Li-vacancy, etc. In this
structure, as the calculations of Donnerberg et al.?
confirm, Li ions readily form interstitials that occur when
a Li" ion jumps from a normally occupied Li site in an
oxygen octahedron to a normally vacant octahedron. In
the diffraction-derived structure, no interstitials exist. In
the structure of the ordered ferroelectric phase, intersti-
tials exist, but the number of Li* ions in the normal Li
sites (octahedra) outnumbers the interstitials. In the
structure of the disordered, paraelectric phase, Lit ions
occur with equal probability in either the normal Li sites
or the Li interstitial sites. Interactions between Li and
Ta ions produce dipoles. The dipoles produced by
normal-site Li ions and Ta ions are oriented in a particu-
lar direction, but those produced by interstitial Li ions
and Ta ions are oriented in the opposite direction. The
spontaneous polarization arises in the ferroelectric phase
because the occupancy of a normal Li site by a Li* ion is
favored. Similarly the spontaneous polarization vanishes
in the paraelectric phase because the Li site occupancies
have equal probability.

In the context of the efg asymmetry, we recognize that,
at temperatures well below T, the asymmetry should
vanish if all of the Li™ ions were to occupy normal Li
sites, i.e., if the diffraction-derived structure were an ac-
curate representation of the crystal. The unequal distri-
bution of Li* ions between normal and interstitial Li
sites, therefore, must be breaking the axial symmetry as-
sociated with the diffraction-derived structure. Further-
more, the near-vanishing asymmetry observed at temper-
atures above T, implies that the distribution of ionic
charge, i.e., Li* ions in interstitial sites, which we
presume breaks the efg axial symmetry at temperatures
well below T, becomes spatially averaged. That is, equal
occupancy of the normal and the interstitial Li sites (by
Li"™ ions) gives essentially zero asymmetry of the efg.
Thus, Birnie’s model?* 3! explains qualitatively the non-
vanishing asymmetry of the Li-site efg.

The order-disorder mechanism qualitatively explains
the temperature dependence of the line-shape parameter
8. The probe environment in the crystal consists of a
81Ta%* jon at a Li site. The nearest interstitial Li sites
may be occupied by either Li* ions or Tay; antisite de-
fects, or they may be vacant. The occupation of intersti-
tial Li sites means that some of the nearest normal Li
sites are vacant, which could produce ‘“defective” probe
environments. Because the interstitial Li sites in the
structure are ordered with respect to the normal Li sites,
we expect the interstitial sites occupied by Li* ions to
give rise to a well-defined but asymmetric efg. But, the
experimental measurement represents an average of this
asymmetric efg, the normal symmetric efg, and efgs that
arise from defective probe environments. At tempera-
tures well below T, the § values are large, §=~0.1, and
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the simple line-broadening factor exp(—48w,?;) in Eq.
(1) does not completely account for the observed line
broadening. Whereas, at temperatures above T, the 6
values are systematically lower and the quality of the fits
is better. Thus, the line shapes of the perturbation func-
tions measured above T, are consistent with the spatial
averaging of the probe environment that the order-
disorder model implies. The line shapes of the perturba-
tion functions measured well below T, are not incon-
sistent with the superposition of the several types of
probe environments that the model suggests.

At temperatures below T,, the magnitude of the efg
component V,, increases as temperature approaches T,;
and above T,, V,, decreases slowly. This result is unex-
pected and anomalous. From our investigations®? and
the investigations of others®* on A4BO, ferroelectric
perovskites such as BaTiO; and PbTiO;, we know that
V,, and the spontaneous polarization P; both decrease
(although perhaps not at the same rate) as temperature
approaches T,. Both of these effects can be explained by
considering the corresponding changes in the crystal
structures. The ABO; perovskite structures of BaTiO;
and PbTiO; change from tetragonal to cubic symmetry
during the ferroelectric-to-paraelectric transitions. At
laboratory temperature, the c /a lattice parameter ratio is
1.01 for BaTiO; and 1.06 for PbTiO;. The associated
differences in the V,, and P, values for these two com-
pounds correlate qualitatively with the differences in the
corresponding ¢ /a ratios. As temperature increases, the
¢ /a ratios approach unity as the structures of both of
these compounds become more symmetric and the corre-
sponding values of V,, and P, decrease and approach
zero. The values of the asymmetry parameter n do not
change much with temperature. Although we suggested
that both displacive and order-disorder effects give rise to
the Ti site efgs in BaTiO; and PbTiO;,%%3 we can de-
scribe the decrease of V,, as temperature approaches T,
in the context of either mechanism, in which the crystal
becomes more symmetric as temperature increases. Simi-
larly, in the context of either mechanism, the LiTaO,
structure becomes more symmetric and P, decreases as
temperature approaches 7,. But, over the same tempera-
ture range, V,, increases instead of decreasing. Unlike the
ferroelectricity in 4BO, perovskites such as BaTiO; and
PbTiO;, the temperature dependence of ¥, is not strong-
ly coupled to the temperature dependence of P,. More-
over, unlike the strong correlation between V,, and P?
that Yeshurun, Havlin, and Schlesinger observed®* and
interpreted®® at temperatures well below T, in the antifer-
roelectric perovskite, PbHfO;, the correlation in LiTaO,
may be between 7 and P, i.e., 7 may be coupled to the
order parameter for the transition. These interesting re-
sults indicate that a more-detailed, quantitative model is
required to explain the temperature dependence of the
magnitude and the asymmetry of the Li-site efg in Li-
TaO,;.

GARY L. CATCHEN AND DAVID M. SPAAR
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V. CONCLUSIONS

Well-defined, static nuclear-quadrupole interactions
were measured at the Li sites in LINbO; and LiTaO; us-
ing the '8'"Hf—!81Ta PAC probe. At temperatures well
below T, the measured perturbation functions show ex-
tensive line broadening and the derived efgs show anoma-
lous asymmetries that are not predicted from the
diffraction-derived structure. At temperatures above T,
(for LiTa0;), the efg asymmetry is nearly zero, and the
line broadening decreases. Birnie’s order-disorder mod-
1?31 can be used qualitatively to account for the tem-
perature dependences of the asymmetry and the line
broadening. These effects can be attributed to primarily
to Li ions that occupy normally vacant sites in the crystal
structures.

In LiTaO;, the efg component V,, increases as temper-
ature approaches T,, even through the corresponding
spontaneous polarization P; decreases. The anticorrela-
tion of the V,, temperature dependence with that for P
suggests that V, is not strongly coupled to the order pa-
rameter for the transition, and this relationship is unlike
the strong correlation observed between V,, and P2 for
PbHfO;. Instead the asymmetry parameter  may be
coupled to the order parameter for the transition.

At temperatures in the vicinity of T,, the smooth
changes of V,,, 77, § with temperature are consistent with
the well-established second-order character of the transi-
tion. The temperature dependences of V,, and 7 mea-
sured by the '*'Ta PAC probe at the Li site in LiTaO,
complement the corresponding information measured
earlier by '®'Ta ME and NQR spectroscopies. To exploit
this information, a more detailed model that can be used
to explicitly calculate accurate efgs at both the Li and the
Ta sites in LiNbO; and LiTaO; is needed.
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