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Perturbed angular correlation (PAC) spectroscopy was used to measure electric-field gradients
(EFG’s) at Ti sites in the tetragonally distorted perovskite PbTiOj;, which is ferroelectric, and in the
orthorhombically distorted perovskite CdTiO;, and the ilmenite CdTiO;, which are not ferroelec-
tric. The PAC probe '®'Hf/'#!Ta was substituted into Ti sites in these phases at concentrations of
approximately 1% of the Ti concentrations. Nuclear quadrupole interactions were measured from
77 to 730 K for the PbTiO; phase and from 77 to ~ 1260 K for the CdTiO; phases. The perturba-
tion functions for PbTiO; are characterized by high frequencies that show near-axial symmetry and
that decrease rapidly at temperatures near the ferroelectric-to-paraelectric transition temperature
T.. Also, they are characterized by extensive line broadening that increases at temperatures near
T.. The perturbation functions for the perovskite CdTiO; are characterized by low frequencies that
show much asymmetry 7==0.4 and by little line broadening, and the associated EFG decreases
linearly with temperature. For the ilmenite CdTiO;, the perturbation functions are characterized
by moderate frequencies that show near-axial symmetry and by very little line broadening, and the
associated EFG decreases with the three-halves power of the temperature. For both of the CdTiO,
phases, the asymmetries derived from the measured frequencies are consistent with the crystal-
structure symmetries, and the line shapes could be attributed to static inhomogeneities. For the fer-
roelectric PbTiO; phase, the measured frequencies are consistent with the tetragonal crystal struc-
ture. But, the line shapes of the perturbation functions measured at temperatures near 7. could not
be explained by purely static inhomogeneities. Instead, in contrast to the CdTiO; phases, the line
broadening at these temperatures was attributed primarily to a dynamic spin-relaxation mechanism.
This particular interpretation supports an order-disorder model of the ferroelectric phenomenon.
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I. INTRODUCTION

Since the 1950’s, the soft-mode model has been the
generally accepted description of phase transitions in
ABOj; perovskite crystals such as barium titanate and
lead titanate."> In this model, the paraelectric-to-
ferroelectric phase transition arises from a lattice-
vibrational instability. The unstable mode goes to zero
frequency at the Curie temperature 7,, and the lattice
distorts into a lower-symmetry structure in which the
symmetry reflects the symmetry of the unstable soft
mode. In most cases, in the crystallographic analysis, the
paraelectric phase represents a cubic, i.e. “true,”
perovskite; and the ferroelectric phase represents a dis-
torted, lower-symmetry perovskite. Thus, according to
the soft-mode model, the transition from the paraelectric
phase to the ferroelectric phase is a static, displacive pro-
cess.

In contradistinction, the order-disorder model de-
scribes the phase transition as a dynamic process, which
other investigators have suggested.® Recently, Sokoloff,
Chase, and Rytz* used an eight-site, dynamic order-
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disorder model to interpret inelastic light scattering mea-
surements on KNbO; and BaTiOj;, which is based on a
static disorder model that Comes, Lambert, and Guinier
initially proposed over two decades ago.>® In this model,
the B ion moves between locations that correspond to
minima in a potential-energy surface. These minima are
displaced symmetrically from the crystallographic B site.
The B-ion occupation probabilities associated with these
minima determine the phase. Equal occupation probabil-
ity corresponds to the disordered phase, which is referred
to as being ‘“cubic,” and unequal occupation probability
corresponds to the ordered, lower-symmetry phase.

The experimental situation is far from clear. Earlier,
in a recent communication, we described several experi-
ments (besides the aforementioned inelastic light scatter-
ing experiment?) that show evidence for the Ti ions being
off center in the cubic phase of BaTiO,.” This evidence
suggests that the cubic crystallographic structure
represents a macroscopic, average picture of the crystal.
Also, Burns and Scott,” who used Raman spectroscopy to
investigate lattice modes in PbTiO;, pointed out that the
transition in PbTiO; *“. . . appears to be a textbook exam-
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ple of a displacive ferroelectric phase transition.” In the
tetragonal, ferroelectric phase of PbTiO,;, the lattice
modes are sharp and underdamped, and they obey the
Raman selection rules. However, the soft mode in tetrag-
onal BaTiO; is overdamped (in the context of the
damped-harmonic-oscillator model).> This difference
cannot be explained by a purely displacive phase-
transition mechanism. Moreover, as a result of their
analysis, Burns and Scott also mentioned that Raman
measurements have not provided evidence for critical
effects in first-order phase transitions in PbTiO; and Ba-
Ti03.3 To reconcile this information, the effects of local
fields at the B sites in the ABO; ferroelectrics need to be
investigated in the context of phase-transition mecha-
nisms.

We have used PAC spectroscopy to continue the initial
study’ of 4BO, perovskites. The general objective has
been to investigate paraelectric-to-ferroelectric phase
transitions, and the specific objective has been to discern
dynamic order-disorder phenomena from static displacive
effects that are associated with these phase transitions.
In particular, the PAC technique can measure static and
time-varying nuclear electric quadrupole interactions.
These interactions take place between the nuclear quad-
rupole moments of radioactive probe atoms, that were
substituted into specific lattice sites in the structure, and
the extranuclear electric-field gradients (EFG’s).
Analysis of the EFG’s produced by static interactions can
provide information about the strength and symmetry of
the local crystal field. In contrast to static interactions,
time-varying interactions, which arise when the EFG’s
fluctuate in either magnitude or symmetry during the nu-
clear probe lifetime, cause the nuclear spin orientations
to relax. This effect, which can be caused by effects such
as ions “hopping” in and out of lattice sites, attenuates
the measured angular correlation. In the analysis, often a
correspondence can be made between the measured at-
tenuation rate and the frequency of the motion that pro-
duced the attenuation. In this context, then, we associate
the effects of displacive phase transitions with static elec-
tric quadrupole interactions and the effects of order-
disorder phenomena with time-varying interactions and
the associated spin relaxation.

Although conceptually the distinction between static
interactions associated with displacive transitions and
spin-relaxation effects associated with order-disorder phe-
nomena is clear, these different effects may be experimen-
tally ambiguous. Sharp lines, from which a well-defined
quadrupole frequency and asymmetry parameter can be
derived, characterize static interactions. Whereas, relax-
ation effects can give rise to broadened, attenuated lines.
Alternatively, broadened lines may arise from static inho-
mogeneities, i.e., from impurities and defects. Since all
real solids contain some impurities and defects, observing
line broadening in PAC measurements on solids is neither
unusual nor unexpected. To interpret the linebroadening
as arising from nuclear spin relaxation requires informa-
tion that can be used to rule out static effects.

Moreover, as our initial study showed, which also re-
viewed the previously reported PAC experiments,’ the
ABOj; perovskites tend to show a significant amount of
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line broadening in the ferroelectric phases. For example,
in the early studies, the line broadening measured on
tetragonal PbTiO; was attributed to static inhomo-
geneities. But, later measurements of the temperature
sensitivity of the line broadening suggested that in the
particular case of PbTiO; the line broadening resulted
from a thermally activated spin-relaxation mechanism.’
Also, in these materials, the EFG temperature depen-
dence tends to show critical behavior near T,.% In addi-
tion, the high-temperature paraelectric phases of these
perovskites tend to show very weak perturbations that
are not temperature sensitive.” Interpreting this particu-
lar feature is problematical at this point, since the experi-
mental results do not lend singular support to either a
static or a dynamic mechanism.

To clarify at least part of this situation, this informa-
tion prompted us to consider two not unrelated ques-
tions: (1) can the line broadening observed in the tetrago-
nal, ferroelectric phase of PbTiOj; be attributed primarily
to dynamic effects?, and (2) are line-broadening phenome-
na primarily a result of dynamic order-disorder effects in
ferroelectric phases which are absent in similar nonfer-
roelectric phases? Because critical behavior of the EFG
temperature dependence near T, was observed, for exam-
ple, in PbHfO,? an additional question arises: Can the
EFG temperature dependence be represented by any con-
ventional theory?’

In this context, studying PbTiO; has a particular ad-
vantage. The temperature range of the tetragonal, fer-
roelectric phase of PbTiO; is the largest known; it ranges
from below 77 to 766 K.! This property allows the tem-
perature dependence of line-broadening phenomena and
the corresponding temperature dependence of the EFG
to be studied over a large temperature range in a single
phase. In PbTiO;, the soft mode is underdamped,'"* and
lattice vibrations follow the Raman selection rules close-
ly.> This conventional behavior is not the case for
BaTiO,, for example."* Thus, this feature of PbTiO,
provides a means determining whether a relationship ex-
ists between the temperature dependence of the EFG and
the nature of the lattice modes, which are well defined in
the PbTiO; structure.

To investigate the relationship between crystal struc-
ture, ferroelectricity, and line broadening, CdTiO; has a
singular advantage. Over the temperature range of in-
terest, >77 K, CdTiO; is not ferroelectric [although a
ferroelectric phase transition may occur at about 50 K
(Ref. 10)]. More importantly, unlike incipient ferroelec-
trics such as SrTiO;, CdTiO; does not crystallize into a
cubic structure. Instead, CdTiO; crystallizes into an
orthorhombically distorted perovskite structure, when it
is sintered above approximately 1320 K; and CdTiO,
crystallizes into an ilmenite structure, when it is sintered
below approximately 1270 K.!' Figure 1 presents dia-
grams of these structures. These two structures differ ap-
preciably in symmetry and in oxygen coordination. The
perovskite structure is very asymmetric, a =5.348 A,
b=7.615 A, c=5.417 A;'? and the Ti ion and the Cd ion
are six and twelve coordinate, respectively. Whereas, the
ilmenite structure has a threefold axis of rotational sym-
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FIG. 1. (a) Diagram of the PbTiO; tetragonally distorted
perovskite structure. (b) Diagram of the CdTiO; orthorhombi-
cally distorted perovskite structure. (c) Diagram of the CdTiO;
ilmenite structure viewed (nearly) along the threefold axis of ro-
tational symmetry.

metry, a =5.2403 A and ¢=14.838 A;" and the Ti ion
and the Cd ion are both six coordinate. Since both the
perovskite and the ilmenite structures can be prepared
from the same powder, any differences in line broadening
observed in the two structures cannot be attributed to
differences in the impurity contents. The differences,
therefore, must result from either the effects of defects or
inherent structural differences, or perhaps both. Also, we
expect Hf to substitute for Ti in small amounts, 1-2 %,
in PbTiO; and in CdTiO;. In what follows, we present
PAC measurements that were made using the '*'Hf/!®'Ta
PAC probe. The specific materials that we investigated
were ferroelectric PbTiO; in the tetragonal perovskite
phase and nonferroelectric CdTiO; in the orthorhombic
perovskite phase and in the ilmenite phase. We compare
the effects of temperature on the electric quadrupole in-
teractions at Ti sites in these three materials.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Samples of PbTiO; and CdTiO; were prepared using a
variation of the resin-intermediate method.!* A major
advantage of this method over the conventional method
that involves the solid-state reaction of oxide powders is
that the probe ions along with the metal ions are mixed
homogeneously in solution. Presumably, the homogenei-
ty is retained during the resin formation and the subse-
quent pyrolysis and calcination.

Typically, batches of 10-15 g of product were
prepared using the following procedure. An aqueous
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solution of either Cd(NOj;), or Pb(NO;), was added to a
commercially prepared solution of citric acid, ethylene
glycol, and titanium alkoxide. To this solution, approxi-
mately 1 mCi of the radioactive '3'Hf probe was added as
several hundred milligrams of HfOCI, dissolved in H,O.
The nominal Hf concentrations were 0.5-1 % of the B-
ion concentrations. The solution was heated on an elec-
tric hot plate until a thick resin was formed. Then, the
resin was pyrolyzed, and the residue was calcined in a
box furnace at approximately 1070 K for 8-24 h. Be-
cause the c/a ratio of the PbTiO; structure is large,
=1.06, sintered pellets are not easily produced from pure
PbTiO; powders. For this reason, powder samples of
PbTiO; were prepared and measured. In the case of
CdTiO,, sintered pellets were prepared. The calcined
powder was pressed into pellets approximately 6 mm in
diameter and several mm thick. The pellets were sintered
in an alumina boat that was inserted into a tube furnace.
To reduce the volatility of Cd, prior to sintering, some
CdO powder was added to the boat and the tube ends
were closed. As we discuss in the following, this practice
was probably not completely effective. From experience,
we found that sintering at a temperature of approximate-
ly 1230 K yielded a phase-pure ilmenite structure.
Sintering at temperatures above 1400 K, produced the
perovskite structure. Sintering at temperatures in be-
tween this range, generally produced mixed-phase prod-
ucts. Similarly, in this temperature range, CdTiO; under-
goes a reconstructive phase transition that has not been
well characterized. To check the phase purity of the
PbTiO; powder and the CdTiO; sintered pellets, general-
ly, x-ray powder diffraction patterns were measured on
small amounts of radioactive powder that were taken
from the respective PAC samples. To perform the PAC
measurements, sample material that typically contained
15-30 uCi of 'B'Hf activity was sealed in fused-silica
tubes. To perform the elevated-temperature PAC mea-
surements, a simple tube furnace was used to maintain
the temperature. Although a commercial device was
used to control the temperature via a type-S thermocou-
ple, temperature drifts of 5-10 K during the measure-
ment period of 1-2 d were observed.

B. PAC measurements

Most of the experimental details can be found in a re-
cent paper.’* Here, we present the relevant details. In
particular, the four-CsF-detector apparatus was used to
collect eight (four 90° and four 180°) coincidences con-
currently. The experimental perturbation functions
A,,G,,(1,) were obtained from the measured correlation
functions W (0,1;) 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,,(t;), which Egs. (1) and (2) in Ref.
15 describe.

To obtain the quadrupole frequencies wy and the
asymmetry parameters from the experimental perturba-
tion functions, generally, a two-site model was used to fit
the data:
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3 6
Ay Gay(t)= A [So+ 3 Spexp(— 3w, 8t;)cos(wpt)]+ A,[So+ X Spexp(— 1w, 8,t;)cos(wt;)]+ 45 . (1)

k=1

A, and A, are the normalization factors. A, takes into
account the fraction of probe atoms that are not in well-
defined chemical environments, i.e., 4; represents the
“hard core” to which the corresponding perturbation
function decays. 8, and d, are the line-shape parameters.
The frequencies o, and the S} coefficients describe a stat-
ic interaction in a polycrystalline source. The interaction
frequencies w,, which are obtained by fitting Eq. (1) to
the experimental perturbation functions, are used to cal-
culate the quadrupole frequency w, and the asymmetry
parameter 7. The calculation of the S; coefficients is de-
scribed elsewhere.'®!” The quadrupole frequency o, is
related to the zz component of the EFG, V,,, in the
principal-axis system (where the probe nucleus is at the
origin) by

wo=[eQV,, /4121 — )#]

in which Q is the nuclear quadrupole moment (2.51b) and
I is the nuclear spin. The asymmetry parameter
n=(V,x—V,,)/V,, describes the deviation of the EFG
from axial symmetry; also 0<7 =<1, in which n=0
characterizes an EFG that has an axis of threefold or
higher rotational symmetry. In addition, some of the
perturbation functions also were fit using Gaussian line-
shape factors, exp( — L(8w, t; )?), in place of the Lorentzi-
an factors, exp( — 1w, 8¢,), in Eq. (1).

III. RESULTS

Figure 2 presents several perturbation functions for a
PbTiO; powder sample that were measured over a range
of temperatures below the Curie temperature (766 K).!!
These data were fit using a one-site model, i.e., Eq. (1)
with 4,=0. Because the structure of PbTiO, is tetrago-
nal in this temperature range and has one type of Ti site,
the one-site model is appropriate. Moreover, the quality
of the fits is very good. The derived values of 4, and 4,
indicate that (90£5)% of the probes occupied a specific
lattice site, and chemical considerations indicate that the
site was the Ti site. For these perturbation functions,
Fig. 3 summarizes the EFG parameters V,, and 7, that
the frequency parameters derived from the fits represent,
and the line-shape parameter §. The asymmetry parame-
ters are small, <0.15. When the EFG is characterized
by a single set of interaction frequencies @, and by axial
symmetry, the asymmetry parameter should vanish.
However, when a distribution of frequency sets occurs
that represents average axial symmetry, the experimental
consequence is that a small but nonvanishing asymmetry
is observed. Thus, the result is consistent with the axial
symmetry that characterizes the Ti site in the tetragonal
structure of PbTiO;. The EFG decreases with tempera-
ture. Above 600 K, the decrease appears to be much
more rapid than below 600 K. This feature of the data
suggests that as PbTiO; approaches the Curie tempera-
ture, critical phenomena begin to occur. However, be-

k=4

f

cause the temperature control used in these measure-
ments was crude, we were not able to make reliable mea-
surements at temperatures near 7,. Thus, in the context
of PbTiO,, we were not able to explore critical phenome-
na adequately. Aside from the difficulties associated with
measurements at temperatures near T,, the line-
broadening effects over the entire temperature range ap-
pear to be extensive. The line-shape parameters are ap-
proximately 0.1 at temperatures below 600 K, and above
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FIG. 2. Perturbation functions for a PbTiO; powder sample,
which were measured at the indicated temperatures. The solid
lines represent least-squared fits of Eq. (1) (which includes
Lorentzian line-broadening factors) to the data. The data mea-
sured at 77 K show less anisotropy than these measured, for ex-
ample, at 295 K. Most likely, this effect resulted from y rays
that scattered in either the Dewar flask or the liquid nitrogen en
route to the detector. On the data measured at 295 K, the dot-
ted line (shown for one period) indicates a fit in which §=0 and
the other parameters are the same as for the solid line fit.
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FIG. 3. Electric-field-gradient parameters and line-shape pa-
rameters, that correspond to the perturbation functions shown
in Fig. 1. For the 7 and & data, the lines are drawn to guide the
eye. For the V,, data, the lines represent fits to the indicated
functions. The solid line represents a fit of either function to the
data points for which T < 600 K.

600 K they increase. To emphasize this point, a second
line was calculated for the 295-K perturbation function
shown in Fig. 2. The parameters obtained from the fit
were used except that the line-shape parameter 8, was set
equal to zero. The comparison of the two lines (for
5;=0.1 and 6,=0) illustrates the large amount of line
broadening that is associated with the interactions at the
Ti site in PbTiO;.

Figure 4 presents several perturbation functions for a
CdTiO; sintered pellet prepared in the ilmenite structure.
With the exception of the function measured at 1260 K,
which was fit using a two-site model, all of the functions
were fit using a one-site model. The quality of the fits is
very good. The derived values of 4, and 4 and chemi-
cal considerations indicate that 90+3 percent of the
probes occupied the Ti site.

Figure 5 presents several perturbation functions for a
CdTiO; sintered pellet prepared in the perovskite struc-
ture. These functions were measured on a single sample
in which the temperature was increased successively from
295 to 1270 K. Although the 295- and 525-K data show
a small indication of a second site, the two-site model was
not necessary to obtain acceptable fits. But, for the data
obtained at higher temperatures, the two-site model was
necessary. To understand this effect, we prepared addi-
tional samples in both the perovskite and ilmenite struc-
tures. Some of the other CdTiO; perovskite samples
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showed an appreciable population of a second site at lab-
oratory temperature. Whereas, the CdTiO; ilmenite sam-
ples showed essentially no population of a second site
over the temperature range from 295 to 1050 K. In-
terestingly, at 77 K, the CdTiO; ilmenite sample showed
a significant population of a second site, which we discuss
in the following.

One explanation for the presence of a second site in the
perovskite samples is that the effects of Cd volatility were
not completely controlled. Loss of small amounts of ei-
ther Cd or CdO from the structure produced a second
chemical environment for the '*'Hf/'®!Ta probe atoms.
To verify this effect, firstly, we irradiated a pellet of
perovskite CdTiO; to produce some ''*Cd activity; and
secondly, we sealed this pellet in a long, evacuated fused-
silica tube and heated it at a temperature of about 1400 K
for a period of about one day. After this treatment, the
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FIG. 4. Perturbation functions for CdTiO; prepared in the il-
menite structure and measured at the indicated temperatures.
The solid lines represent least-squared fits to the data in which
all but the function measured at 1260 K were fit with a one-site
model. On the data measured at 295 K, the dotted line indi-

cates a fit in which =0 and the other parameters are the same
as for the solid line fit.
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tube showed a large amount of ''>Cd radioactivity at the
end of the tube that was not in the hot zone of the fur-
nace. In this end of the tube, the deposition of
brownish-black CdO was clearly visible. Similarly, the
region of the tube that was in the hot zone showed very
little ''3Cd radioactivity.

To illustrate the extent of this effect, Fig. 6(a) presents
a typical perturbation function for a CdTiO; perovskite
sample. The fits to the high-temperature data in Fig. 5

=Az; Gpp (1)
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0 8 16 24 32 40
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FIG. 5. Perturbation functions for CdTiO; prepared in the
perovskite structure and measured at the indicated tempera-
tures. The solid lines represent least-squared fits to the data.
The two functions measured at 295 and 525 K were fitted using
a one-site model in which the average site occupancy for the
primary site was 91%2 percent. For the functions measured at
the higher temperatures, a two-site model gave a better repre-
sentation of the data. For the second site, acceptable fits were
obtained for either =0 or 7= 1 when w;=1400%30, 1290+ 30,
and 1200140 Mrad/sec for the data obtained at 785, 1055, and
1270 K, respectively. For the n=1 fits, the average primary site
occupancy was 7319 percent; and for the =0 fits, the average
primary site occupancy was 80110 percent. On the data mea-
sured at 295 K, the dotted line indicates a fit in which §=0 and
the other parameters are the same as for the solid line fit.
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and to the data in Fig. 6(a) yielded consistent, unique fre-
quencies for the primary site. But, for the much less pop-
ulated secondary site, the fits yielded frequencies that
corresponded to =0 and to n=1. The quality of the fits
was similar in either case, and no criteria were available
to choose one set of frequencies over the other. Thus,
despite the difficulties produced by the second site, the in-
formation derived from the data about the primary in-
teractions was not sensitive to the details of the parame-
ters derived for the second site. Also, the increase in the
ingrowth of the second-site population with temperature
that Fig. 5 shows simply resulted from Cd volatility that
occurred during the experiment.

In the context of temperature effects, we call attention
to the 1260-K perturbation function for the CdTiO; il-
menite sample and the 1270-K perturbation function for
the CdTiO; perovskite sample, which Figs. 4 and 5 show,
respectively. For both functions, the derived frequencies
are alike, well within experimental error. This result in-
dicates that over a temperature range from approximate-
ly 1050 to 1260 K the ilmenite phase underwent a transi-
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FIG. 6. (a) Perturbation function for a typical sample of
CdTiO; prepared in the perovskite sample. The primary site oc-
cupancy was 73%7 percent. The fit converged at n=1 for the
second-site interaction in which w,=1538+22 Mrad/sec. A fit
that converged at =0 for the second-site interaction, in which
), was approximately the same, yielded a primary site occupan-
cy of 65110 percent. Although the primary site frequency pa-
rameters are not affected significantly by convergence difficulties
associated the secondary site, the normalization and line-shape
parameters are affected. (b) Perturbation function for a sample
of CdTiO; prepared in the ilmenite structure and measured at
77 K. The solid line is a two-site model fit, and the dotted line
is a one-site model fit. (c) Perturbation function for a sample of
CdTiOj; prepared in the perovskite structure and measured at 77
K.
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tion to the perovskite phase. Although the details of the
transition were not clear, the transition most likely must
have been reconstructive, because Cd was six coordinate
in the ilmenite structure and twelve coordinate in the
perovskite structure.

Figure 6(b) shows the 77-K perturbation function for a
CdTiO; ilmenite sample. Unlike the 295-K functions,
this one shows a second interaction which appears as a
peak at 8 nsec and which is attenuated with time. This
second interaction, which did not yield unique parame-
ters, did not affect significantly the accuracy with which
the primary site parameters were determined. For the
purposes of comparison, Fig. 6(c) presents the 77-K per-
turbation function for the CdTiO; perovskite sample. Al-
though this function does indicate two probe sites, it is
qualitatively very similar to the 295 K function. In con-
trast, we did not expect the appearance of a second site at
77 K for the ilmenite phase. This result is interesting be-
cause in 1952 (Ref. 10) and later!! the possibility of a
transition to a ferroelectric phase at 50 K in CdTiO; was
discussed. We would expect a transition of this type to
occur from the perovskite phase, since perovskite struc-
tures are associated with ferroelectricity. But, the ap-
pearance of a second site in the 77 K data for ilmenite
structure, which should not have been caused by Cd vola-
tility, may be related to the onset of a phase transition.
Currently, we are performing low-temperature measure-
ments on samples of perovskite and ilmenite CdTiOs.

For CdTiO; in the perovskite and ilmenite phases,
Figs. 7(a) and 7(b) summarize the EFG parameters, V,,
and 7, and the line-shape parameters, 8, respectively.
For the perovskite phase, the line-shape parameters range
from approximately 0.04 to 0.06 (excluding the 1270-K
point) and they have large uncertainties. For the ilmenite
phase, the line-shape parameters range from approxi-
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FIG. 7. Electric-field-gradient parameters and line-shape pa-
rameters for the primary interaction in CdTiO;; (a) the
perovskite phase and (b) the ilmenite phase. For the asymmetry
parameters and line-shape parameters, the lines are drawn to
guide the eye. For the EFG, the lines represent a least-squared
fit to a straight line for the perovskite data and a fit to
V..(T)=a—bT>"? for the ilmenite data.

mately O to 0.04. Thus, the line-shape parameters for nei-
ther phase approach the magnitudes of those obtained for
the ferroelectric perovskite PbTiO;, although the line-
shape parameters for the ilmenite phase are systematical-
ly smaller than those for the perovskite phase. For the
perovskite phase, the asymmetry parameters are close to
0.4, and they increase slowly with temperature. These
asymmetries are consistent with and expected from the
orthorhombic distortion of the perovskite structure.'?
For the ilmenite phase, the asymmetry parameters have
relatively small values near zero, and these values are also
consistent with and expected from the axial symmetry of
the ilmenite structure.'®

IV. DISCUSSION

A. Temperature dependence of the EFG

Traditionally, the theoretical analysis of the EFG tem-
perature dependence has focused on metals. Insulators
and semiconductors have received little attention. We re-
viewed this situation in some detail in an earlier report.’
For metals, the result of the analyses is that the EFG
generally decreases with the three-halves power of the
temperature: V,,(T)=a—bT3’2. For insulators, no
functional dependence has been found either theoretically
or empirically to have a widespread applicability. To an-
alyze the temperature dependences of the Zr-site EFG’s
in the ionic-conducting ceramics, CaZr,P;O,, and
SrZr,P¢O,4, we found that the Gaussian function:
V,,(T)=exp(—bT?) provides a good representation of
the data.> 13

Since PbTiO; is ferroelectric and highly polar in the
tetragonal phase, we do not expect any conventional
theory to apply a priori. Moreover, from measurements
on ferroelectric PbHfO;, Yeshurun, Havlin, and Schles-
inger® observed that the EFG changed critically with
temperature near T,. Thus, we expect no single expres-
sion to provide a good representation of the Ti site EFG
in PbTiO; over the entire temperature range that corre-
sponds to the tetragonal phase. To fit the EFG tempera-
ture dependence shown in Fig. 3, we used the two indi-
cated functions: The curves shown in Fig. 3 indicate that
the fits are poor. For the purposes of comparison, we
selected a set of EFG values that corresponded to tem-
peratures well below T, T <600 K, and both functions
represent the data reasonably well. Thus, when T <<T,,
the apparent good agreement of both expressions with
the EFG temperature dependence indicates that the func-
tions represent little physical information.

Unlike the PbTiOj; case, the case of CdTiO; is not com-
plicated by ferroelectric effects. More importantly, the
CdTiO; case provides an opportunity to examine the
same compound in two different phases over the same
temperature range. For the perovskite phase, the fit
shown in Fig. 7(a) indicates that the EFG temperature
dependence is strictly linear. For the ilmenite phase, the
data shown in Fig. 6(b) indicate that the EFG tempera-
ture dependence is nonlinear, and the fit of the power-law
expression to the data indicates that it is a reasonably
good representation. Unfortunately, the fit of the Gauss-
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ian expression, which is not shown, also provides a repre-
sentation that is just as good. To obtain physical infor-
mation directly from the EFG temperature dependence
will require more sophisticated models.

B. Line-broadening phenomena

Traditionally, the theory of Abragam and Pound'® has
been used to describe nuclear-spin relaxation produced
by rapidly fluctuating EFG’s. This particular model de-
scribes the fluctuations of an axially symmetric EFG in
terms of a correlation time 7, and an average root-mean-
square quadrupole frequency (w})'”?, in which
Gy (1)=exp(—Ayt) and A,,=100.8{wy )7, for spin
I=3. This expression for the perturbation function is
rigorously valid when (w} )'/?r, <<1. In the absence of
any static interactions, this model gives a simple at-
tenuated perturbation function. When static interactions
are also present, the general approach is to multiply ex-
pressions that are similar to the right-hand side of Eq. (1)
by exp(—A,,t).

Because the time scales of motion of various species
can vary over many orders of magnitude in solid-state
systems, this approach is inherently limited. In particu-
lar, to be valid, firstly, (g )'/*r, <<1; and, secondly, the
line-broadening factors in Eq. (1), exp(—38w,1;), need to
represent accurately only the effects of static inhomo-
geneities such as impurities and point defects. Gardner
et al.”® used both the '8'Hf/'®!Ta and the '''In/'''Cd
PAC probes to study zirconia solid solutions at high tem-
peratures. Indeed, they analyzed measurements on high-
temperature (tetragonal) zirconia, and they found that us-
ing a Gaussian line-broadening factor exp[ —4( Sy t)?]
and using no premultiplication by an attenuation factor
(A,,=0) produced an accurate representation of some of
their data. Whereas, using only the attenuation factor
and using no linebroadening factor (6=0) to analyze the
same data produced a significantly poorer representation
of the data. For these zirconia data, the derived 6 param-
eters showed a strong temperature dependence. For this
reason and others, Gardner et al.?° interpreted the line
broadening as having resulted from a fluctuating EFG.
This particular experiment?® showed that, under ap-
propriate conditions, interactions of the probes with fluc-
tuating EFG’s can produce line broadening, which is not
accompanied by any significant amount of attenuation.
Moreover, in solids, depending on the rate of fluctuation,
interactions with fluctuating EFG’s can produce either
attenuation or broadening effects. The stochastic model
developed by Winkler and Gerdau?! (which is based in
part on Blume’s model??) supports this conclusion (see
Fig. 1 in Ref. 21). Now, we expect interactions with fluc-
tuating EFG’s in either PbTiO; or CdTiO; measured at
relatively low temperatures to have very different origins
from those interactions with fluctuating EFG’s measured
at high temperatures in tetragonal zirconia. Nonetheless,
this discussion sets the context in which to analyze the
PbTiO; and CdTiO; perturbation function.

The major issue that concerns interpreting the line
broadening in these perturbation functions is whether the
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effect arose either from nuclear-spin relaxation caused by
a fluctuating EFG or from static inhomogeneities, or
from both. For ferroelectric PbTiO;, at temperatures
below T,, the line broadening is reasonably large at low
temperatures, §=0.1, and it increases rapidly near T,.
For nonferroelectric CdTiO; in both phases, the line
broadening is relatively small, § <0.04, and it shows no
clear temperature sensitivity. In addition, the perturba-
tion functions for both compounds indicate that a small
fraction of the probes were in poorly defined chemical lo-
cations, i.e., 4;>0. Generally, the fitting procedure does
not completely separate the effects of changes in §,, §,,
Ay, A,, and A;. As a result, the line-shape parameters
derived from the measured perturbation functions for
CdTiO; and to a lesser extent for PbTiO; are uncertain
and not completely unique. This problem is further exa-
cerbated by the fact that the line-broadening factors
exp(—3w8;¢,) in Eq. (1) are purely phenomenological
and do not imply a specific physical mechanism for the
line broadening.

To address this situation, we consider the line broaden-
ing associated with the two CdTiO; phases. The
perovskite and the ilmenite phases were prepared from ei-
ther the same powder or powders made from the same
process. Thus, the impurity content would have been
common to both phases. Similarly, defects such as oxy-
gen vacancies, that would have resulted from the charge
compensation of acceptor impurities such as either AI>*
or Fe’*, also would have been common to both phases.
At low temperatures, oxygen vacancies would have been
immobile; and cation transport would not have occurred.
Over the temperature range of interest below 1200 K, the
line-shape parameters corresponding to either CdTiO;
phase show little change with increasing temperature.
Although the line-shape parameters for the two phases
differ somewhat in magnitude, the parameters are small
and the differences could be an artifact of the data fitting
process. These line-shape features of the CdTiO; phases
are consistent with static inhomogeneous line broaden-
ing.

If the defect content and the defect chemistry were the
same in the perovskite CdTiO; sample and in the
perovskite PbTiO; samples, then it would be plausible to
attribute most of the line-broadening effects shown by
PbTiO; to the effects of nuclear-spin relaxation. There
are some similarities in the two species. Both compounds
crystallized in distorted ABO; perovskite structures.
The major difference in composition is the identity of the
A ion, since the CdTiO; and PbTiO; samples were
prepared in the same laboratory in which the same pro-
cess was used. The impurity content of both types of
samples was very likely to be similar. But, unfortunately,
chemical differences between the Cd*' and Pb®" ions
and structural differences in the respective unit cells
could have produced quite different distributions of static
inhomogeneities. Alternatively, the defect structures
could have been similar. So, the line broadening shown
in the PbTiO; perturbation functions for low tempera-
tures cannot be attributed to a singular static mechanism.

Despite the limitations in the data, we consider the



case of static inhomogeneous line broadening further.
The effect arises because static defects are distributed
throughout the crystal, and the effect is characterized by
a distribution of interaction frequencies. A simple model
of the process is to consider the measured EFG as being
comprised of two components: (1) a component that
represents the interaction of the probe nucleus with the
other normal constituents of the lattice and (2) a com-
ponent that represents the interactions of the probe nu-
cleus with the defects. The former component is temper-
ature dependent and affects the mean of the frequency
distribution; whereas, the latter component is tempera-
ture insensitive and produces the width in the frequency
distribution. To determine whether this model describes
the observed line broadening, we examine the absolute
width, Aw, of the frequency distribution from which the
line-shape factors were derived. Figure 8 presents the ab-
solute widths, Aw=w,5, which were obtained from the
parameters, @, and 8, that were derived from the fits to
the PbTiO; perturbation functions. The widths were ob-
tained using both the Lorentzian and the Gaussian line-
shape factors. Both factors show the same qualitative
temperature dependence. For temperatures below 600 K,
the widths are essentially temperature insensitive. But, at
higher temperatures, the widths increase with as the tem-
perature approaches T,. Thus, at temperatures near T,
the relative width 8 increases more rapidly than w, de-
creases. In this temperature range, the rapid decrease of
the EFG is consistent with the onset of critical behavior.
The rapid increase of the line-shape parameter in this
temperature range strongly suggests that dynamic
nuclear-spin relaxation may have occurred. At tempera-
tures near T,, this argument supports a spin-relaxation
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FIG. 8. Temperature dependence of the absolute width;
Aw=w,8, for PbTiO;. The line-shape factors for a Lorentzian
distribution and for a Gaussian distribution were used in Eq. (1)
to obtain the widths. The lines are drawn to guide the eye.
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mechanism for tetragonal ferroelectric PbTiO; in which
the Ti ion jumped between locations that corresponded to
minima on a potential-energy surface. At lower tempera-
tures, the measured line broadening provides insufficient
information to distinguish the contributions that resulted
from dynamic spin relaxation and those that resulted
from static inhomogeneities.

In the context of this possible spin-relaxation mecha-
nism, we recognize that a distinction must be made be-
tween the hopping of Ti ions and the hopping of '*!Ta
probe ions, since clearly the two species have different
masses and valences. However, similar linebroadening
phenomena have been observed in 4BO; perovskites that
have heavier B ions such as PbHfO,.?* Thus, some ex-
periments should be performed to delineate the
differences in the measured interactions that arise from
nonindigenous probes such as '8!Ta in PbTiO;. For ex-
ample, a study that compares interactions in KNbO; to
those in KTaO; using the '3'Hf/'8!Ta probe may address
this question.

V. CONCLUSIONS

The PAC measurements on the tetragonal, ferroelec-
tric phase of PbTiO; showed marked line broadening that
increased significantly at temperatures near 7.. On il-
menite and perovskite CdTiO;, the measurements, which
were made over a greater temperature range, showed
significantly less line broadening. A simple picture of the
effects of static inhomogeneities on the line shapes sug-
gests that the absolute frequency width, Aw, should
remain relatively constant over the range of tempera-
tures. Because the absolute widths associated with the
PbTiO; perturbation functions increased at temperatures
near T,, the corresponding broadening of the lines may
have resulted from a dynamic spin-relaxation mechanism.
The extent of dynamic spin relaxation at lower tempera-
tures is not clear.

The question remains as to the cause of the fluctuating
EFG in PbTiO;. In the order-disorder model, the Ti ions
are located at potential-energy-surface minima that are
off of the crystallographic Ti site. Therefore, at low tem-
peratures, relatively infrequent hopping of probe ions
from minimum location to minimum location could have
produced the EFG fluctuations that contributed to the
line broadening. At temperatures that approached T,
the hopping rates could have increased rapidly but not
rapidly enough to have produced motional narrowing.
This increase in fluctuation rate could have been respon-
sible for the observed increase in line broadening.

Conventional expressions could not describe uniquely
the temperature dependence of the EFG at the Ti site in
ferroelectric, tetragonal PbTiO;. This result is neither
unusual nor unexpected, because the lattice vibrations are
very anharmonic in ferroelectric perovskites. Perhaps,
more importantly, the rapid change of the EFG with
temperature near 7T, indicated the onset critical behavior.
but, better sample temperature control is needed to mea-
sure accurately the critical changes in the EFG as the
temperature approaches T,. The EFG at the Ti site in
perovskite CdTiO; decreased linearly with temperature,
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and this effect is anomalous. Whereas, the EFG at the Ti
site in ilmenite CdTiO; decreased slowly with tempera-
ture in a not unusual way.
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