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We have used perturbed-angular-correlation (PAC) spectroscopy to measure static and fluctuating
electric-field gradients (EFG s}at the M sites in the pyrochlore ceramic materials, R 2M207 (R =Nd, Sm,
Eu, and Gd; M=Zr and Hf). Samples were doped with a small concentration of ' 'Hf —+' 'Ta PAC
probe ions, and the M-site nuclear electric-quadrupole interactions were observed primarily at elevated
temperatures that ranged up to approximately 1300 K. At temperatures below several hundred degrees,
the perturbation functions for the Sm-, Eu-, and Gd-containing compounds show broadened lines that
indicate primarily the presence of static, disordered 0 ions. At somewhat higher temperatures, the per-
turbation functions show attenuated lines that fluctuating EFG's produce, which arise from the hopping
motion of 0 ions. At very high temperatures, the perturbation functions show sharp lines, which have
shapes that reAect the presence of axial symmetry, and these line shapes indicate that the EFG Auctua-
tion rates have increased to the motional-narrowing limit. Analysis of the attenuation rates, which were
measured in the fast fluctuation regime, give activation energies that range from =0.17 eV to =0.32 eV.
We associate these activation energies with the electrostatic barriers that 0 ions encounter when they
jump to a vacant site. In contradistinction, the measurements on Nd2Zr207 show sharp lines over the
entire temperature range. This result indicates that the 0 ions are ordered in the Nd2Zr207 crystal and
that low-temperature kinetic pathways to disordered structures are not accessible to the 0 ions. The
magnitudes of the measured activation energies are not consistent with the results of theoretical calcula-
tions and with electrical-conductivity-measured energies reported earlier. Thus, the 0-anion transport
e6'ects, which we used PAC spectroscopy to measure, provide new benchmarks for future theoretical cal-
culations, and these e8'ects suggest that pyrochlores such as Gd2Zr, O& may become the basis for com-
pounds from which new types of ionic-conducting materials could be developed.

I. INTRODUCTION

Investigating 0-anion transport in binary and ternary
metal-oxide crystals could potentially lead to new materi-
als that could be used in a variety of high-temperature
applications, which would make use of the ionic-
conductivity property of these crystals. Moreover, the
theoretical description of defect transport, for example,
the calculation of potential-barrier heights and defect for-
mation energies is dificult to test, because a detailed, reli-
able base of experimental information is not available.
Using measurements of bulk, macroscopic properties
such as electrical conductivity to obtain, for example,
barriers to 0-anion hopping is not reliable, because the
derived barriers can represent averages over many types
of microscopic processes. This situation is especially true
for conductivity measurements that are performed on
ceramics.

To overcome the limited applicability of conventional,
macroscopic measurements, several groups of investiga-
tors have been developing perturbed-angular-correlation
(PAC) spectroscopy to obtain more detailed microscopic
information about an ionic transport in metal-oxide crys-
tals. The PAC method is based on substituting a small
number of radioactive probe ions into specific sites in the

crystal of interest. The local environment near the ra-
dioactive probe nucleus affects the subsequent decays of
these nuclei in a subtle but measurable way, which we de-
scribe in more detail below. In 1982, Baudry, Boyer, and
deOliveira reported an investigation of 0-anion trans-
port in several heavily doped binary oxides that included
Ca- and Y-stabilized Zr02, which they carried out using
' 'Hf~' 'Ta PAC spectroscopy. Gardner et al. extend-
ed the investigations using both ' 'Hf —+' 'Ta and
' "In—+"'Cd PAC spectroscopy, and they used the
"'In —+"'Cd PAC probe to investigate defect trapping
and 0-anion transport in CeOz.

Generally, the investigations of alloys of Zr02 have in-
volved primarily heavily doped crystals that have disor-
dered cation sublattices and large 0-vacancy concentra-
tions. ' Because the chemistry of the "'In —+"'Cd probe
ion differs form that of the Ce ion in CeOz, the corre-
sponding measurements involved the complicating effects
of probe-defect interactions in addition to the effects of
0-anion hopping, which relatively small 0-vacancy con-
centration facilitate in CeOz. The experimental objec-
tive of this investigation has been to observe the effects of
0-anion transport in ternary metal-oxide crystals, name-
ly, the R2Mz07 pyrochlores that have ordered cation
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sublattices, in which the probe ion isiHf~isiTa
essentially the same chemistry as the indigenous ions,
Zr + and Hf +, for which it is substituted. The advan-
tages of this approach are twofold. First, because these
pyrochlores are not heavily doped, their crystal struc-
tures are well defined and ordered, so that any theoretical
calculations that would be performed subsequently would
not need to take into account the effects of cation disor-
der. Second, as we discuss below, neighboring members
such as Eu2Hfz07 and Gd2Hfz07 show only a slight
structural difference as measured using x-ray powder
diffraction. However, very large difFerences between
neighboring members are evident in the corresponding
0-anion hopping rates as measured using PAC spectros-
copy. Therefore, the application of theory to explain
these large differences must meet very stringent con-
straints that the nature of the pyrochlore crystal struc-
ture imposes.

Several detailed reviews of the structures and proper-
ties of metal-oxide pyrochlores are available. We
mention the more relevant properties here. In particular,
the space group for the ideal pyrochlore structure is
Fd3m(O& ). A more descriptive formula is R2M2060'.
In this structure, all R cations are crystallographically
equivalent and all M cations are equivalent. Six of the
seven 0 anions are equivalent, and the seventh 0 anion
has a distinct position in the structure. The structure
contains eight ordered 0 sites per unit cell, but in each
cell one of the 0 sites is vacant. A lattice param. eter a
and an "x" parameter are sufricient to describe the unit
cell. The R cations, which are located within 0
scalenohedra, are eight coordinate, and the M cations,
which are located within 0 trigonal antiprisms, are six
coordinate.

When x =0.375, the R scalenohedra become cubic and
when x =0.3125, the M trigonal antiprisms become per-
fect octahedra. In the cases of the rare-earth zirconates
and the rare-earth hafnates, the pyrochlore structure
forms when R =La, Pr, Nd, Sm, and Gd. The Tb2M207
pyrochlore may form, but the reliability of forming only
the pyrochlore phase may depend on processing. For the
heavier rare-earth elements R =Dy, . . . , Lu, the stable
phase is the fluorite, in which the four R + and M + cat-
ions are distributed randomly on the fluorite cation sub-

lattice and the seven 0 anions are distributed random-

ly over eight equivalent 0 sites on the 0 sublattice. The
pyrochlore R2M207 phases are stable at laboratory tern-

perature when the ratio of the R + ionic radius to the
M + ionic radius is greater than 1.44, and when the
variation reaches this value, the disordered fluorite phase
becomes stable. At high temperatures some of the pyro-
chlore RzMz07 phases undergo order-disorder transi-
tions and change to disordered fluorite phases, which
occur at, for example, =1800 K for Gd2Zr207. al-

though these transitions are, for the most part, not im-

portant to the study described here, they may provide a
means to quench, either intentionally or unintentionally,
a sample of either GdzZrz07 or TbzZrz07 into the disor-
dered fluorite phase.

In nonmagnetic crystals, perturbed angular-correlation
spectroscopy can be used to measure electric-field gra-

dients (EFG's) at sites into which small numbers of ra-
dioactive probe ions have been substituted. Specifically,
we measure the interactions between the electric-
quadrupole moment of the probe-ion nucleus and the
EFG at the nucleus, which all of the electrons and other
nuclei in the vicinity of the probe nucleus produce. The
probe nucleus, e.g., ' 'Hf, undergoes P decay that popu-
lates an excited level in the daughter nucleus, ' 'Ta; and,
subsequently, two y rays are emitted in spatially correlat-
ed directions. The emission of the first y ray populates a
relatively long-lived level, which in this case has a spin
I=

—,
' and a half-life t&&2 =10.8 nsec. During the lifetime

of the intermediate level, the nuclear quadrupole interac-
tion causes the nucleus to reorient in space. Subsequent-
ly, the second y ray is emitted into a different region of
space than where it would have been emitted if no in-
teraction had occurred. This measurable effect is the
basis of PAC spectroscopy.

Measurements of static probe-site EFG's yield sharp
spectral lines when each probe nucleus in the ensemble
interacts with an identical EFG. This situation occurs
when the probes occupy a specific site in a nearly perfect
crystal. The measurements yield broadened lines when
point defects lie close to the probe site and each probe in
the ensemble interacts with a somewhat different EFG.
When this situation occurs, a distribution of EFG's
characterize the interaction. However, even an infinitely
broad distribution of static EFG's does not completely
destroy the angular correlation. The measurement of
EFG's that fluctuate on the PAC experimental time
scale, which, for the ' 'Hf~ ' 'Ta probe, varies from
=0. 1 to 80 nsec, yields spectral lines that show attenua-
tion as the intermediate-level lifetime increases. An in-
teraction with a fluctuating EFG eventually causes the
destruction of the angular correlation, because the Auc-
tuations change the direction of the quantization axis; we
refer to this process as "nuclear-spin relaxation. "

For convenience, we place fluctuation rates into two
time-scale categories, the fast-fluctuation regime and the
slow-fluctuation regime. In the fast-fIuctuation regime,
the fluctuation rates are much faster than the frequency
that characterizes the nuclear quadrupole interaction,
and the strength of the attenuation of the angular corre-
lation decreases as the fluctuation rate increases. At very
high fluctuation rates, the attenuation is not observable
and the interaction appears to be "static." We refer to
this situation as the "motional-narrowing" limit. In crys-
tals, lattice vibrations are an example of a mechanism
that causes very rapid EFG fluctuations, which generally
cannot be observed. In the slow-Quctuation regime, the
strength of the attenuation rate increases as the Auctua-
tion rate increases. When no fluctuations occur, no at-
tenuation of the angular correlation occurs; and the line
shapes have the characteristics of static-interaction line
shapes. As the rate of fluctuation increases, the lines
show more and more broadening and attenuation. De-
pending on the relative strengths of the fluctuating and
the static EFG's, the attenuation effect reaches a max-
imum strength at some intermediate Auctuation rate.
Abragam and Pound developed the theoretical descrip-
tion of nuclear-spin relaxation in the fast-fluctuation-rate
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regime, which is relatively easy to apply. This theory has
been used to interpret PAC measurements of a variety of
phenomena such as rotational motion of large molecules
and complexes in solutions, hopping of oxygen anions in
solids, ' and diffusion of hydrogen in solids. ' '" The
theoretical description of spin relaxation in the slow-
fluctuation-rate regime is currently an important area of
research. Blume' developed a stochastic model for this
purpose, and Winkler and Gerdau' extended this theory
to analyze PAC measurements. Further refinements and
applications were performed by Baudry and Boyer, '

Evenson et al. ,
' Achtziger and Witthuhn, ' and Forker,

Herz, and Simon. ' However, generally, this theory is
difficult if not problematical to apply to complex spin-
relaxation mechanisms in solids. Nonetheless, for some
tractable cases, several investigators' ' have performed
comparisons between the corresponding complete
theoretical treatment and the heuristic expression that
experimentalists have been using, which incorporates a
single attenuation factor. Generally, the results indicate
that the experimentalists should continue to use these
simplified equations to analyze spin-relaxation effects,
especially in the fast-fluctuation-rate regime.

Generally, to interpret the result of PAC measure-
ments, the probe chemistry must be considered. Usually
the probe ion represents an impurity dopant and it differs
in charge and size from the indigenous ion for which it
substitutes. An important consequence is that nonindi-
genous probe ions may trap point defects, because the
probe ions differ in charge and siie from the indigenous
ions. As an example, we mention the PAC measurements
on Ce02 that Wang et al. performed using the
"'In~"'Cd probe. At low temperatures, the "'In +

probe ions trap a variety of point defects that generate
probe-site EFG's, where, in this cubic crystal, the EFG's
would vanish if no defects were trapped. Thus, for crys-
tals, in which a nonindigenous probe is used to trap point
defects, the PAC measurements primarily provide infor-
mation about thermodynamics and kinetics that are asso-
ciated with probe-defect interactions. Alternatively,
when the probe ions are either indigenous or very similar
in chemistry to the indigenous ion, the PAC measure-
ments of static EFG's provide information about the lo-
cal, indigenous crystal field, which may be used, for ex-
ample, to understand the nature of phase transitions, '

and the PAC measurements of fluctuating EFG's provide
information about the kinetics of defect transport that is
not biased by interactions between nonindigenous probes
and defects. The PAC measurements of static EFG's on
' 'Hf-doped R2M207 compounds represent the case in
which the probe is indigenous when M represents Hf, and
they represent the case in which the probe is nearly iden-

tical to the indigenous ion in its chemistry when M
represents Zr. Thus, these measurements provide infor-
mation about M-site crystal fields that does not depend
on chemistry differences between the native ions and the
probe ions. However, the nuclear electric-quadrupole in-
teractions take place after the ' 'Hf parent probe nucleus
decays to the ' 'Ta daughter nucleus. The half-life of the
' 'Ta 615-keV level (populated by the P decay of ' 'Hf)
that initiates the y-y cascade is approximately 18 psec.
For the measurements of 0-anion transport kinetics, in
which an EFG fluctuates on the experimental time scale,
the probe chemistry is that of a ' 'Ta + ion located at ei-
ther a Hf or a Zr site. As a result, the presence of a
' 'Ta + ion at the probe site could perturb the potential-
barrier magnitude that we associate with the nuclear-spin
relaxation produced by 0-anion hoping.

II. EXPERIMENTAL DETAILS

Ceramic samples of the rare-earth pyrochlores
R2M207 were prepared using a resin-intermediate pro-
cess. To a solution of ethylene glycol and citric acid, an
aqueous solution of either ZrOC12 or HfOC12 was added.
To this solution, the rare-earth was added as either a ni-
trate or an acetate. The ' 'Hf activity was carried by a
dilute aqueous solution of HfOC12. The Hf carrier was
added to the zirconate preparations contained Hf at & 1

at. % of the Zr concentration and Hf carrier was, there-
fore, insignificant as compared to the several percent of
the Hf that Zr reagents usually contain. The resin was
formed by heating the solution that contained the chelat-
ed metal ions. Subsequently the resin was pyrolyzed and
then calcined at 1070 K. The resulting powder was
pressed into small pellets and sintered in air at =1800 K
for several hours. The x-ray powder diffraction patterns
were measured on small amounts of powder taken from
the radioactive ceramic samples on which the. PAC mea-
surements were made. The samples were generally found
to be phase pure to within several percent.

A recent review presents most of the experimental de-
tails involved with performing and analyzing the PAC ex-
periments. ' Most of the experimental time distributions
were collected using a four-CsF-detector PAC spectrome-
ter, which has a time resolution of =900 psec full width
at half maximum. Simple tube furnaces were used to
maintain the elevated temperatures at +1 K during the
PAC measurements. To analyze the perturbation func-
tions, we modified a one-site model for static nuclear-
electric-quadrupole interaction that occur in a polycrys-
talline source to take into account the effects of calculat-
ing EFG's:

3—AzzG22(t;)= A, exp( At; ) So(g)+ g Sk(q)e—xp( 5col, t;)cos(cokt—;) + Az,
k=1

in which exp( —A, t, )takes into account . the attenuation of
the angular correlation produced by fluctuating EFG's.
Here A

&
is the normalization factor, 5 is the line-shape

parameter, which represents the relative with of

I

Lorentzian frequency distributions (of the corresponding
frequency set) that give rise to static line broadening, and
A2 takes into account both the effects of y rays that are
absorbed by the sample en route to the detector and the
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fraction of probe atoms that are not in a well-defined
chemical environment. The site-occupancy fraction is
defined as f t=A t/(A, +22). The frequencies cok and
the corresponding amplitudes Sk(il) describe a static in-
teraction in a polycrystalline source, and the ratio co@/cot
is used to determine the associated quadrupole frequency
co& and asymmetry parameter g. The nonvanishing EFG
components V„ in the principal-axis system where the
probe nucleus is at the origin are related to the quadru-
pole frequency and asymmetry parameter by
co& =eQV„/4I(2I —l)i' and il=( V„—V~~ )/V„, in
which Q represents the nuclear electric-quadruple mo-
ment (2.51b) for the spin I=—', intermediate quantum lev-

el in ' 'Ta.
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ous line broadening as do the perturbation functions for
the corresponding Zr-containing compounds. To explain
the origins of the line broadening, we posit an ansatz,
namely, that in these compounds, the 0 anions are
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III. RESULTS (?.06

Figure 1 presents laboratory-temperature perturbation
functions for the R iHf207 (R =La, Nd, Sm, Eu, Gd, and
Tb) compounds. The perturbation functions for the cor-
responding R2Zrz07 (R =Nd, Sm, Eu, Gd, and Tb) com-
pounds show similar features. The perturbation func-
tions for La2Hf207 and Nd2Hfz07 show sharp lines, and
the associated frequency sets [col,s in Eq. (1)] indicate that
the Hf-site EFG tensor has essentially axial symmetry.
Specifically co& = 147.7+0.5 Mrad sec ' and g =0.07
+0.02 for La2Hfz07 and co& = 181.5+0.5 Mrad sec
and q=0.04+0.02 for Nd2Hf207. The M-site EFG's for
these two compounds as well as for Nd2Zr207 show well-
defined frequencies and axial symmetry, which we would
expect to observe on ordered structures that have axes of
either threefold or higher rotational symmetry at the M
sites.

The perturbation functions for the other compounds
show varying degrees of inhomogeneous line broadening.
For the R2Hfz07 compounds, as determined by x-ray
powder di8raction, those that contain La, . . . , Tb form
the pyrochlore phase, and those that contain Dy, . . . , Lu
form the disordered fluorite phase. However, the Zr-
containing compounds Nd2Zrz07, Sm2Zr &07, and
Gd2Zr207 undergo order-disorder transitions from the
pyrochlore to the disordered fluorite phase at =2600,
=2270, and =1800 K, respectively. Based on this infor-
mation and the results of high-temperature PAC mea-
surements on Gd2Zr207 and Gd2Hf207, which we discuss
below, we expect the R2Mz07 (R =Sm, Eu, and Gd)
compounds to have pyrochlore structures in which the
R + and M + cations are for the most part ordered.
However, because disordered fluorite phases are accessi-
ble at high temperatures to these compounds, regions of
cation disorder could exist in samples of these com-
pounds. The compounds Tb2Zr207 and Tb2Hf207 could
have either the pyrochlore structure or the disordered
fluorite structure, or mixtures of the two. The structural
details may depend strongly on the sample processing
conditions. In this report, we limit our detailed measure-
ments and analysis to the compounds that contain the
rare-earth elements La, . . . , Gd.

In Fig. 1 we see that the perturbation function. s for
Sm2Hf~07, Eu2Hf207, and Gd2Hf207 show inhomogene-
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FIG. 1. Perturbation functions for the Hf-containing pyro-
chlores measured at laboratory temperature. The curves
represent fits of Eq. (1) to the data points. The effects of static
line broadening tend to increase as the rare-earth ionic radius
decreases for the Sm, Eu, Gd, and Tb compounds.
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disordered. Specifically, in the pyrochlore unit cell, seven
out of the eight 0 sites are occupied. When the structure
is perfectly ordered in each unit cell of the crystal, the
same seven 0 sites are always occupied by 0 ions and
the eighth site is vacant. If the 0 ions were sufBciently
mobile, after sintering, the crystallites may form that
have metastable but disordered 0 anions. Thus we pro-
pose that 0-anion disorder causes the inhomogeneous
line broadening. Now we consider the temperature
dependence of the line-shape changes.

Figure 2 presents several perturbation functions that 0.14
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represent many that we measured on several samples of
Gd2Zrz07. These perturbation functions show the effects
of both inhomogeneous line broadening, which distribu-
tions of static EFG's cause, and attenuation, which Auc-
tuating EFG's cause. The 1260-K perturbation function
shows near but not complete recovery of the non-
broadenend line shape. When the sample reaches 1260
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FIG. 2. Perturbation functions for a sample of the Gd2Zr~07
pyrochlore measured at the indicated temperatures. The curves
represent fits of Eq. (1) to the data points. These perturbation
functions show the effects of both line broadening, which is
caused by either static effects or local disorder, and attenuation,
which is caused by nuclear-spin relaxation. Although at 1260
K, the fluctuation rate has reached the motional-narrowing lim-
it, the corresponding perturbation function shows some line
broadening. This result indicates that the effects of either static
defects or local disorder persist over the entire temperature
range.
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FIG. 3. Perturbation functions for a sample of the Sm2Zr20
pyrochlore measured at the indicated temperatures. The curves
represent fits of Eq. (1) to the data points. The 1050-K pertur-
bation function shows very little line broadening and attenua-
tion, and the shape of the function indicates that the corre-
sponding time-averaged EFG has axial symmetry. This result
indicates that by 1000 K the rate of the fluctuating EFG has
reached the motional-narrowing limit.
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FIG. 4. Summary of parameters derived from the fits of Eq.
(1) to the perturbation functions measured on a sample of
Sm~Zr~07. The line shown on the V„ temperature dependence
represents a least-squares fit for T &400 K that gives a slope of
—5.61+0.05 X 10' V cm K ' and an intercept of
20.73+0.04X10' V cm . The lines shown on the A, tempera-
ture dependences represent least-squares fits.

K, the EFG fluctuation rate has already reached the
motional-narrowing limit, and the effects of fluctuating
EFG's are not discernible. Here we attribute the per-
sistence of static line broadening to the effects of a small
amount of cation disorder.

Figure 3 presents several perturbation functions that
we meaured on a sample of Sm2Zrz07. These perturba-
tion functions also show the effects of both line broaden-
ing and attenuation. However, unlike the case of the
1260-K perturbation function for GdzZr207, the 1050-K
perturbation function for Sm2Zr207 shows almost com-
plete recovery of the nonbroadened line shape.

For the compounds Sm2Zr207, Eu2Zr207, Gd2Zr207,
and GdzHf207, Figs. 4—7 present the summaries of the
corresponding temperature dependences of the EFG pa-
rameters. For the compounds Sm2Hf207 and Eu2Hf207,
the EFG parameter summaries show qualitatively similar
features, except that the A, dependences on temperature
are very weak. As a result, no further analysis can be
performed on the parameters for these two compounds.
For all of these compounds, the temperature dependence
of V„ is nearly linear at temperatures above 500 K.
Similarly, over this range of elevated temperature, the
asymmetry parameter g values and the Lorentzian line-
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FIG. 5. Summary of parameters derived from the fits of Eq.
(1) to the perturbation functions measured on a sample of
Eu2Zrz07. The line shown on the V„ temperature dependence
represents a least-squares fit that gives a slope of —5.89
+0.06 X 10' V cm K ' and an intercept of
20.86+0.06X10' V cm . The lines shown on the A. tempera-
ture dependences represent least-squares fits.

FIG. 6. Summary of parameters derived from the fits of
Eq.(l) to the perturbation functions measured on a sample of
Gd2Zr207. The line shown on the V„ temperature dependence
represents a least-squares fit that gives a slope of
—7.11+0.15X10' V cm K ' and an intercept of 22.4+0.07
X10' V cm . The lines shown on the I, temperature depen-
dences represent least-squares fits. We point out that at high
temperature neither 5 nor A, goes to zero. Instead, some static
inhomogeneous line broadening persists.



9896 GARY L. CATCHEN AND TODD M. REARICK 52

40—
I

CD 20—

0.IO

o-&
0.l6—

0.08-

0.0- pO ~ O 200 600
T(K)

IOOO l400

p- 0.2—

E
I8—

Q l6—
tV

I40 400 800
T(K)

I200

shape parameter 5 values tend to decrease as temperature
increases. At 1200 K, except for the case of Gd2Zr207,
the values of rt lie below 0.1 and the values of 5 lie below
=0.05, and for Gd2Zr207, the values of these parameters
are somewhat larger. Presumably this small discrepancy
arises because the Gd2Zr207 compound has some in-
herent cation disorder that persists over the entire tem-
perature range of interest. At temperatures below ap-
proximately 500 K, the g values and 5 values increase
somewhat, and the V„values deviate from linearity.
These effects arise because in this temperature range, dis-
tributions of static EFG's produce most of the line
broadening eff'ects. The associated elevated 5 values
reflect broader distributions of EFG components that
cause the asymmetry parameter values to deviate form
the so-called perfect pyrochlore crystal value of zero.
These broad distributions of EFG components may cause
the observed deviation of the V„values from linearity.
The temperature dependences of the attenuation parame-
ter A, values become very small and do not change much.
When the attenuation effect is small, the data fitting algo-
rithm cannot be used to select between A, and 5 values
uniquely. To find the temperature where the maximum A,

value occurs and to find the regions where the A, value
slopes increase and where they decrease, we use the
empirical fact that the k values on both sides of the max-
imum show a linear correlation. Thus we performed
least-squares fits of the A, values to a straight line for the

FIG. 7. Summary of parameters derived from the fits of Eq.
(1) to the perturbation functions for several samples of
Gd2Hf207. The solid line on the V„ temperature dependence
represents a least-squares fit that gives a slope of
—5.64+0.08X 10' V cm K ' and an intercept of 21.29
+0.07X10' V cm . The lines shown on the A, temperature
dependences represent least-squares fits.

FIG. 8. Temperature dependence of V„and g derived from
the fits of Eq. {1)to the perturbation functions measured on a
sample of Nd&Zr~O, . The line shown on the V„ temperature
dependence represents a least-squares fit that gives a slope of
—5.81+0.05X10' V cm K ' and an intercept of 21.0+0. 1

X 10' V cm . For this series of measurements, the line-shape
parameter is 0.002+0.002 and the site occupancy fraction is
= 1.0.

A, values on each side of the maximum. In Figs. 4—7, the
fitted lines and the points used to perform the fits are evi-
dent.

Figure 8 presents the temperature dependence of V„
and g measured on a sample of Nd2Zr207. A linear
dependence of V„on temperature and small-to-vanishing

g values characterize these measurements. The absence
of the deviation of V„ from linearity and the lack of in-
creases in either g or 5 at lower temperature are con-
sistent with not observing any appreciable line broaden-
ing and attenuation effects over the entire temperature
range. Thus, the Nd2Zr207 pyrochlore crystal appears to
have ordered 0 anions.

IV. DISCUSSION

The analysis of the PAC measurements performed on
ihe compounds Sm2Zr207, Eu2Zr207, Gd2Zrz07, and
Gd2Hf207 indicates that nuclear-spin relaxation does
occur at the Zr and Hf sites in these compounds. The
analysis of the measurements performed on the corn-
pounds Srn2Hf207 and Eu2Hf207 indicates that spin re-
laxation does occur but that the effect is not large enough
to analyze in more detail. Therefore, we focus on the re-
sults of the former series of measurements.

In particular, we note that Eq. (1), in which an ex-
ponential attenuation factor that contains a single relaxa-
tion constant multiplies the static-interaction expression,
provides a good representation of the PAC primary data.
This result does not imply that the relaxation process is
completely described by a single attenuation factor over
the entire temperature range. Instead, we take the re-
stricted view that the single attenuation factor exp( —A, t }
provides a reliable representation of the relaxation pro-
cess over the fast-relaxation regime. We base this
viewpoint on the analysis of models of fluctuating EFG's
by Forker, Herz, and Simon' and Baudry and Boyer. '

The customary method of analysis is to consider a
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thermally activated process as the cause of the spin relax-
ation. An 0 anion, for example, could jurnp from an oc-
cupied site to a vacant site by crossing over a potential-
energy barrier. When this jump occurs near a probe ion,
the EFG at the probe nucleus changes instantaneously.
Thus, the rate of EFG fluctuations depends on the tem-
perature and the barrier height AE, and the measured A,

parameter values reAect the EFG Auctuation rate and the
strength of the EFG fluctuation. Consequently, we ex-
press the dependence of the (relaxation) A, parameter on
inverse temperature as

IO

&=&+exp(&&h;, h /kT),

exp( hE&—, /kT) .

(2a)

(2b) IO—I

400-
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FICx. 9. Dependence of the attenuation parameter A, on in-
verse temperature for Sm&Zr&07 (for which the data point values
were multiplied by 10) and for Eu&Zr~07. The lines represent
least-squares fits of Eq. (2) to the data points. The range of in-
verse temperatures values included in each fit was determined
by inspection of the linear plots of T versus A, .

Here b Eh; h presents the activation energy for the relaxa-
tion process in the fast-relaxation higher-temperature re-
gime, and AE&, represents the activation energy for the
relaxation process in the slow-relaxation lower-
temperature regime. Using Eqs. (2a) and (2b), we ana-
lyzed the measured A, parameter values. Figure 9
presents the results for SmzZrz07 and EuzZrz07, and Fig.
10 presents the results for Gd~Zr~07 and Gd~Hf~07. Us-
ing the linear plots of T versus A, , we selected the two sets
of data points, one for which A, increases as T increases
and one for which A, decreases as T increases. Subse-
quently, we fit Eqs. (2a) and (2b) to the corresponding sets
of data points (T, ', logA, ;). Table I summarizes these re-
sults. In addition to the derived activation energies,

I.O l.2 I4 I6
IO T (IO K )

I.8 2.0

FIG. 10. Dependence of the attenuation parameter A, on in-
verse temperature for Gd&Zr&07 (for which the data point values
were multiplied by 10) and for Gd~Hf&07. The lines represent
least-squares fits of Eq. (2) to the data points. The range of in-
verse temperature values included in each fit was determined by
inspection of the linear plots of T versus A..

Table I presents estimates of the quadrupole frequency
co&, which are associated with the fluctuating EFG that
we obtained from the results of some model calcula-
tions. ' ' We compare these frequencies to the corre-
sponding quadrupole frequencies co& for the static in-
teraction. For the temperatures T„„,where the A. values
are the largest, the ratio cof&/co& ranges in value from
=0.024 to =0.073. These values indicate that the Auc-
tuating EFG's are relatively small compared to the static
EFG's. Here the relaxation effects are smaller than those
observed on stabilized zirconia. '

We identify the activation energy values EEh; h, which
Table I gives as the potential-energy barriers that 0
anions, encounter when they jump from one 0 site to
another 0 site. We base this identification on the ansatz
that 0-anion transport produces the observed spin-
relaxation effects. Although the AE&, values may also
represent potential-energy barriers, we consider these
values to be less reliable, because they correspond to the
slow-fluctuation-rate regime. ' Therefore, we focus on
the physical significance of the bEh;gh barriers.

On ceramic samples of NdzZrz07 and GdzZrz07, Van
Dijk, de Vries, and Burg graaf performed elevated-
temperature electrical-conductivity measurements, '

which included measuring the effects of changes in the
cation stoichiometry. They represent the conductivity
o ( T) temperature dependence using the expression
o(T) =(oo/T)exp( bH/RT), in which hM—represents
an activation enthalpy. For NdzZrz07 and GdzZrzO7,
they obtained preexpotential factor values of o.o=2X 10
Q ' m ' K and o-0=2X 10 Q ' m ' K, respectively,
and activation enthalpy values of EH=0. 73—0.78 and
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TABLE I. Nuclear spin-relaxation parameters.

Sm2Zr 207 Eu2Zr 207 Gd2Zr 207 Sm2Hf207 Eu2Hfz07 GdqHfq07

EEh'gh (eV)

AE),„(eV)'
T„.„(K)'
A, ,„(psec ')'

coq (T„„,) (Mradsec ')

W& (Mrad sec ')b

COg /COg

0.17+0.02'

0.13+0.03'

600+50
35+5
160+1

12

0.073

0.32+0.06'

0.14+0.04'

800+50
25+5
149+1

0.066

0.25+0.03

0. 19+0.01

830+50
50+5
152+2

17

0.11

450+50
12+5
165+1

0.024

550+50
25+10
165+2

0.051

0.24+0.03

0. 12+0.02

680+50
34+5
174+2

0.065

T„„,and A, ,„were determined using linear plots of T versus A, , and the temperature intervals used to determine EEh;~h and AE&,„
were also determined from these plots. The actual values of these energies were determined by fitting T ' versus logA, to a straight
line. T„„,represents the temperature where the positive-slope and the negative-slope lines intersect. A, ,„represents the A. value at
the temperature T,„.
"The quadrupole frequency corresponding to the fluctuating EFG was estimated using the relation k,„(psec ') =3cof& (Mrad sec '),
which was taken from Ref. 17.
'Because the effects of static line broadening and dynamic attenuation are dificult to separate at lower temperatures, the AE values
may involve additional, systematic uncertainties.

0.83—0.88 eV, respectively. Here the similarity in the
magnitudes of the AH values that correspond to the two
compounds is dificult to reconcile with the correspond-
ing difference in the preexpotential factor values, which is
approximately three orders of magnitude. This lack of
consistency strongly suggests that the details of the
electrical-conductivity mechanism may be difFerent in the
two compounds. In fact, mixed ionic and electronic con-
ductivity has been observed in some pyrochlore corn-
pounds. Nonetheless, Van Dijk et al. developed a de-
tailed model of 0-anion transport in these pyrochlores.
Specifically, for both Nd2Zr207 and GdzZr207, they
derive a barrier energy of approximately 0.9 eV for 0-
anion jumps from a 48f site to another 48f site (along ei-
ther (100) or (110) directions), which they identify as
the predominant kinetic pathways. They conclude that
their calculated barrier energy values agree well with
the values determined form electrical-conductivity mea-
surements. ' Also, for these two compounds, they sug-
gest that difFerences in domain sizes could be responsible
for the large differences between the corresponding o.

o
values.

The activation energy that we determined from the
spin-relaxation rneasurernents is AEh; h =0.25+0.03 eV
for Gd2Zr20, , and for Nd2Zr207, we observed no spin re-
laxation. Therefore, these results do not agree with ei-
ther the activation enthalpies that were derived from
electrical-conductivity rneasurernents ' or the calculated
barrier heights. In this context, we offer a different ex-
planation. For Nd2Zr207, the o.o value is approximately
three orders of magnitude lower than the corresponding
value for GdzZr207. Perhaps, for Nd2Zr207, O-anionic
conductivity is not a significant mechanism. Thus, these
derived enthalpy values of 0.73—0.78 eV (Ref. 21) are an
artifact of whatever type of conductivity was measured.
For Cxd2Zr207, 0-anionic conductivity may be operative,
but this type of conductivity may involve different
potential-energy barriers, which, for example, could
occur near grain boundaries; hence, the discrepancy be-

tween bEh;gh =0.25 eV, measured by PAC spectroscopy,
and hH =0.73—0.78 eV, derived from conductivity mea-
surements, could arise because two difFerent phenomena
have been observed. Moreover, the apparent agreement
between the model-derived barrier of 0.9 eV (Ref. 23) and
the conductivity results could be fortuitous. The null re-
sult that we observed on Nd2Zr207 and the large spin re-
laxation that we observed on Gd2Zr207 indicate clearly
that subtle structural differences between the two crystals
prevent 0-anion transport from taking place in Gd2Zr207
and allow it to take place in Gd2Zr207. The model, on
the other hand, yields essentially the same barrier energy
for both compounds. Therefore, we conclude inexorably
that neither the conductivity measurement nor the model
calculations provide a good representation of 0-anion
transport in these pyrochlore crystals.

V. CONCLUSIONS

Using the ' 'Hf~' 'Ta PAC probe, we have measured
static and fluctuating EFG's at the M sites in R2M207
pyrochlore ceramics. For the Nd2Zr207 compound over
the entire temperature range, we observed static, axially
syrnrnetric nuclear electric-quadrupole interactions that
sharp spectral lines characterize. For the Sm2Hf207 and
Eu2Zr207 compounds, we observed the effects of relative-
ly weak nuclear-spin relaxation, which we did not analyze
in detail. For the Sm2Zrz07, Eu2Zr207, Gd2Zr2O7, and
Gd2Hf207 compounds, we observed strong spin-
relaxation effects, and, using the measured attenuation
parameters that correspond to the fast-relaxation-rate re-
gime, we derived activation energies that range from 0.17
to 0.32 eV. We attribute these activation energies to the
potential-energy barriers that 0 anions encounter when
they jump from an occupied 0 site to a vacant 0 site in
the cation-ordered pyrochlore structure. These activa-
tion energies do not agree either with activation enthalpy
values that were derived from electrical-conductivity
measurements ' or with model calculations performed for
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the Nd2Zr207 and Gd2Zr207 compounds. For these py-
rochlore crystals, the conductivity measurements do not
provide sufFiciently unique information to give reliable ac-
tivation energies that correspond to a specific kinetic
pathway in the structure such as a 48f to 48f 0-anion
jurnp. The model calculations, for reasons that are not
clear to us, also do not provide a good representation of
the 0-anion kinetics. Therefore, the activation energies
that we derive from the PAC measurements of spin relax-
ation provide an important benchmark for theoretical
models of 0-anion transport in these pyrochlore crystals.
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