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Perturbed-angular-correlation study of electric quadrupole interactions in nanocrystalline ZrO2
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Universität Bonn, Institut fu¨r Strahlen-und Kernphysik, Nussallee 14-16, D-53115 Bonn, Germany
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Universität Stuttgart, Institut fu¨r Theoretische und Angewandte Physik, D-70550 Stuttgart, Germany

~Received 20 August 1997!

The electric quadrupole interaction~QI! of 181Ta on Zr sites of nanocrystalline ZrO2 prepared by crystallite
condensation, oxidation, andin situ compaction was investigated by perturbed-angular-correlation~PAC!
measurements which show the existence of three components with different QI parameters. The dominant
contribution to the PAC spectra is characterized by a broad distribution of strong axially asymmetric electric-
field gradients, suggesting a highly disordered oxygen environment of the Zr sites in the nanocrystallites in
addition to a distribution of probe sites in the crystallite interfaces. The other two PAC components correspond
to monoclinic and tetragonal ZrO2. The thermal evolution of the phases in nanocrystalline ZrO2 was studied
by isochronal annealing between 290 K and 1500 K. The complete transformation of the disordered component
to the monoclinic phase requires an annealing temperature ofTA51400 K, indicating that complete defect
recovery occurs only after a martensitic transformation cycle through the high-temperature tetragonal phase.
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I. INTRODUCTION

Nanocrystalline~n-!ceramics, e.g.,n-ZrO2, are currently
the subject of comprehensive investigations in view of th
improved properties compared to the coarse-grained cou
parts, such as ductility and sintering at reduced temperat
~for a recent review see Ref. 1!. An assessment of the phys
cal properties of nanocrystalline ceramics requires a deta
structural characterization. For this purpose in particu
scattering techniques, as x-ray diffraction~see, e.g., Ref. 2!,
Raman scattering,3 extended x-ray-absorption fine structu
~EXAFS!,4 and small angle neutron scattering,5 as well as
conventional and high-resolution transmission elect
microscopy6 were applied.

The present paper reports a study of nanocrystalline Z2
by means of perturbed angular correlations~PAC!. PAC such
as Mössbauer spectroscopy, nuclear magnetic resonance
other techniques of nuclear solid-state physics measure
electric and magnetic hyperfine interaction~HFI! of probe
nuclei in condensed matter. Because of ther 23 dependence
of the HFI, these methods sample charge distributions
spin densities in solids on a nanometer scale and there
appear particularly well suited for the investigation of nan
crystalline materials~for a recent review see Ref. 7!. The
number of PAC studies in this field is at present still rath
limited. Electric quadrupole interactions~QI’s! have been in-
vestigated by Sinha and Collins8 in In nanocrystals, by Wolf
et al.9 in nanocomposite WGa and CdS, and by Laueret al.10

in WGa and ball-milled TiAl. Bai and Collins11 have studied
the QI’s on grain boundary sites of fcc metals.

In the present PAC study we have investigated the QI’s
the probe nucleus181Ta on Zr sites ofn-ZrO2. The QI pa-
rameters of181Ta in the monoclinic and tetragonal phase
crystalline ZrO2 are well known.12 The comparison of thes
values with the QI parameters of the same probe inn-ZrO2
may lead to the identification of the phases present in
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nanocrystalline material and provide information on stru
tural defects which are difficult to obtain by scattering tec
niques. In addition to the nanocrystalline structure af
preparation the structural evolution during annealing up
temperaturesTA51500 K was studied and compared wi
previous measurements of x-ray diffraction.2

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The nanocrystalline ZrO2 specimen was prepared by d
sputtering of Zr with Zr crystallite condensation and colle
tion in an Ar atmosphere ofp520 Pa, as well as subseque
oxidation and in situ crystallite compaction~pressure 1.5
GPa! in high vacuum at ambient temperature.2 This synthesis
technique yields well-reproducible particle sizes as c
firmed by x-ray-diffraction studies of different samples. T
slow oxidation during the preparation results in a compl
tetragonal structure.2 Prior to the PAC study the specime
was sintered at;625 K for 1 h in an O2 atmosphere of 300
mbar, giving rise to a mixture of the tetragonal and mon
clinic phases with mean crystallite diameters of 10 nm a
17 nm, respectively, as determined by x-ray diffraction us
the Scherrer formula~Table I!.

The PAC measurements were carried out with the 13
482 keV gg cascade of181Ta which is populated in theb
decay of the 42-d isotope 181Hf. Due to the chemical simi-
larity of Hf and Zr, the Zr targets~Goodfellow metals! used
for the specimen preparation contained about 0.13 at. %
which is very convenient for the PAC investigation of the
compounds. The isotope181Hf can be produced by therma
neutron capture in180Hf ~natural abundance 18.5 at. %!:
180Hf~n,g) 181Hf. Therefore, doping of Zr compounds wit
181Hf, the mother isotope of the PAC nucleus181Ta, is easily
achieved by thermal neutron irradiation. In the present ca
mg of n-ZrO2 were neutron irradiated for 50 h in a flux o
531013 n/s cm2.

The neutron-activatedn-ZrO2 specimen was submitted t
5177 © 1998 The American Physical Society
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TABLE I. Results of the analysis of PAC spectra of181Ta on Zr sites of nanocrystalline ZrO2 ~see Figs.
1 and 2!. The quadrupole frequencynq , the asymmetry parameterh, the relative widthd of a Lorentzian
frequency distribution, and the relative intensityf i are given for the three componentsi ( i 51,2,3) present in
the measured spectra.f x-ray andd denote the fraction and crystallite size of the phases as determined by
diffraction.

Component nq @MHz# h d f f x-ray d @nm#

1 broad as-prepared 850~50! 1 0.30~5! ;0.57
2 monoclinic as-prepared 760 0.43 0.12 ;0.38 0.65~5! 17

TA51400 K 802.6~6! 0.333~3! 0.03 1.0 1.0 ~300!a

3 tetragonal as-prepared 1200~30! 0 0.02 ;0.05 0.35~5! 10

aObtained from transmission electron microscopy of a reference specimen after annealing atTA51320 K
~Ref. 17!.
um
u

tu
ce

d
th

ca

c

tr
m

t
-

or
or
idt
en
d

re

s

rb
nt
in

io
g
e
t

lysis
ing
a

e-

eal-
rpo-

a
ers

-
pre-
-
ry

-
ncy

e

ole
the

m-

to
d

ers
e

ge
um-
an isochronal annealing program of 1 h per step in a vacuum
of 1025 mbar. After each annealing step a PAC spectr
was taken at ambient temperature with a standard fo
detector setup equipped with fast BaF2 scintillators. Anneal-
ing and measurements were carried out in the PAC se
without removing the sample from its position. A referen
measurement was performed on commercial ZrO2 powder
~Johnson Matthey! at ambient temperature.

From the PAC spectra information on the electric qua
rupole interactions can be derived. The modulation of
angular correlation coefficientsAkk (k52,4) of thegg cas-
cade by hyperfine interactions in polycrystalline samples
be described by a perturbation factorGkk(t) which depends
on the multipole order, the symmetry, the time dependen
and the spin of the intermediate state of the cascade~for
details see, e.g., Frauenfelder and Steffen13!. In the present
paper we are dealing with perturbations by the static elec
quadrupole interaction between the nuclear quadrupole
ment Q and the tensor of the electric-field gradient~EFG!
which can be expressed by two independent quantities,
quadrupole frequencynq5eQVzz/h and the asymmetry pa
rameterh5(Vxx2Vyy)/Vzz, where Vii ( i 5x,y,z) are the
principal-axis components of the EFG withuVxxu<uVyyu
<uVzzu. Distributions of the QI’s caused by structural
chemical defects lead to an attenuation of the oscillat
PAC pattern and are usually described by the relative w
d of a Gaussian or Lorentzian distribution. In the pres
case the assumption of Lorentzian distributions was foun
give slightly better fits.

PAC spectra arising from nuclei with different QI’s a
described by an effective perturbation factorAkkGkk(t)
5Akk( i f iGkk(t;nqi ,h i ,d i) where f i ~with ( i f i51) is the
relative intensity of thei th fraction with the QI parameter
nqi , h i , andd i . These parameters and the intensitiesf i were
determined by least-squares fits of the theoretical pertu
tion factor to the measured PAC spectra. The experime
anisotropy at the time zero point is affected by prompt co
cidences from the decay of the radioisotope95Zr produced
by the neutron irradiation. Therefore the angular correlat
coefficient A22 was fixed in the analysis for all annealin
temperatures to the value obtained from the fit to the sp
trum measured afterTA51500 K. Because of the promp
contribution, only the data points with delay timest.3 nsec
were taken into account.
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III. RESULTS AND DISCUSSION

The PAC spectra measured onn-ZrO2 after preparation
and annealing as well as the results of the numerical ana
are shown in Figs. 1 and 2, respectively. With increas
annealing temperatureTA the PAC spectra evolve from
strongly attenuated pattern~as-prepared state, Fig. 1! to an
oscillatory pattern (TA51225 K, Fig. 1! which corresponds
to the transition of broad QI distributions to sharp QI fr
quencies.

A. Structure and defects after preparation

The PAC spectra in the as-prepared state and after ann
ing at low temperatures can be well described by a supe
sition of three components~Nos. 1–3! which are character-
ized as follows~see Table I!.

Component No. 1 (broad QI distribution): The dominant
contribution ~No. 1! to the PAC spectrum arises from
strongly damped oscillation with the hyperfine paramet
nq5850 MHz,h51, and a large relative widthd50.30 of a
Lorentzian distribution. A component with similar QI param
eters has been observed in the PAC spectra of zirconia
pared by the sol-gel process.14 The large frequency distribu
tion which usually also produces a strong EFG asymmet15

reflects a high degree of disorder.
Component No. 2 (monoclinic phase): A second compo-

nent ~weak solid line in Fig. 1! in the PAC spectra is attrib
uted to the monoclinic phase since the quadrupole freque
nq5802.6 MHz and asymmetry parameterh50.333 of this
component forTA51400 K are in perfect agreement with th
values of the monoclinic (m-)ZrO2 reference specimen~see
Fig. 2 and Table I!. In the as-prepared state the quadrup
frequency of this component is slightly smaller whereas
asymmetry parameter is substantially larger (;50%! and the
frequency distribution is enhanced by a factor of 3–4 co
pared to coarse-grained monoclinic ZrO2. Similar observa-
tions have been made by Sinha and Collins8 in a PAC study
of nanocrystalline In. These deviations can be attributed
the small crystallite diameterd.14 nm in the as-prepare
state~see topmost section of Fig. 2!. In this case about 20%
of the PAC probes are in the two surface-nearest lay
where the QI’s can be expected to differ from the volum
sites of the bulk. Apparently the differences are not lar
enough to be resolved in the PAC spectra, but the large n
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57 5179PERTURBED-ANGULAR-CORRELATION STUDY OF . . .
ber of different surface configurations results in a strong
quency distribution. As pointed out in Ref. 15, the stand
PAC analysis as applied here overestimates the asymm
parameter in the presence of strong frequency distributio
The increase of the asymmetry inn-ZrO2 is therefore to a
large extent an artifact of the analysis reflecting the increa
width of the frequency distribution.

Component No. 3 (tetragonal phase):Although the main
features of the PAC spectra are determined by the com
nents Nos. 1 and 2, the admission of a weak third compon
leads to improved fits, in particular for intermediate tempe
turesTA5900– 1000 K. This component consists of a pe
odic almost undamped oscillation~strong solid line in Fig. 1!
and characterizes probes in the regular tetragonal lattic
ZrO2 stabilized at room temperature. This assignmen
based on the value of the quadrupole frequencynq51200
MHz ~Table I! which is identical to that extrapolated from
the high-temperature data of coarse-grained tetrag

FIG. 1. PAC spectra of181Ta in nanocrystalline ZrO2, measured
at ambient temperature after neutron activation and consecutive
nealing at the temperatureTA . The specimen was preannealed
625 K prior to neutron irradiation. The bottommost section sho
the spectrum of181Ta measured on a commercial monoclinic ZrO2

powder. The fits and their decomposition into three components
shown ~see Table I!. The weak solid line corresponds to mon
clinic, the strong solid line to tetragonal ZrO2, and the dotted line to
the highly disordered fraction.
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(t-)ZrO2 measured by Jaegeret al.12 Moreover, the EFG
exhibits axial symmetry (h50, Table I! as expected for a
tetragonal lattice.

A central result of the present study is the observation
a high degree of disorder in nanocrystalline ZrO2 as re-
flected by the broad QI distribution of component No. 1~in-
tensity f 1557%! and the enhanced distribution width of th
monoclinic phase~component No. 2!.

The disorder reflected by component No. 1 of the PA
spectra cannot be attributed exclusively to PAC probes s

n-
t
s

re

FIG. 2. Quadrupole frequencynq , asymmetry parameterh,
relative widthd of a Lorentzian frequency distribution, and relativ
intensity f m of the monoclinic phase of nanocrystalline ZrO2. f t is
the relative intensity of metastable tetragonal ZrO2. The vertical
lines marked ‘‘cryst’’ give the values ofnq , h, andd of 181Ta in
the monoclinic phase of coarse-grained ZrO2. The topmost section
of the figure shows the relative intensityf m of the monoclinic phase
and the mean crystallite diameterd obtained from x-ray diffraction
@open symbols, present specimen; solid symbols, specimen wit
preannealing according to previous studies~Ref. 2!#.
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ated in the crystallite interfaces. This is concluded first fro
the x-ray-diffraction spectrum of the specimen in the
prepared state which shows the presence of monoclinic
tetragonal ZrO2 with relative intensities of 65% and 35%
respectively, but contains no evidence for a disordered, e
an amorphous grain-boundary phase of substantial inten
Second, the intensity of the broad component No. 1 is s
stantially higher than the fraction of 20% atoms located
the two outermost layers of a 14 nm crystallite.

This shows that not only probe sites in the interfac
region, but also those within the crystallites experienc
disturbed local environment. It is interesting to note that
local disturbance is apparently more pronounced for the
tragonal than for the monoclinic phase ofn-ZrO2: Whereas
the QI parameters of monoclinicn-ZrO2 are rather close to
those of the crystalline reference, the fraction of ato
within an undisturbed tetragonal structure derived from
PAC spectra~component No. 3! is much smaller than the
intensity of the tetragonal phase in the x-ray-diffraction sp
trum ~see Table I! and the QI parameters of the domina
component No. 1 differ strongly from those of crystallin
t-ZrO2.12

The difference between the results obtained from P
spectroscopy and x-ray diffraction onn-ZrO2 can be consis-
tently explained by the different sensitivities of the two tec
niques and, therefore, allows conclusions on the local ato
structure as outlined in the following.

The x-ray-diffraction pattern ofn-ZrO2 is mainly deter-
mined by the Zr sublattice since the atomic number of Z
much higher than that of O. Owing to itsr 23 dependence the
quadrupole interaction, however, is sensitive mainly to
charges on the nearest-neighbor (NN) sites of the probe
nucleus. As theNN Zr-O interatomic distances are abo
60% shorter than those of the Zr-Zr pairs,16 the quadrupole
interaction primarily reflects the local oxygen environme
of the Zr sites and is influenced by neighboring Zr ato
only to a minor extent.

Therefore, the broad QI distribution observed by PA
indicates a wide distribution of Zr-O interatomic distance
Such a disorder of the oxygen sublattice in t
ZrO2 nanocrystallites may be caused, e.g., by displacem
of oxygen atoms from regular lattice sites and vacant oxy
sites due to oxygen deficiency.2 In addition, the distribution
of Zr-O interatomic distances may partly arise from displa
ments of Zr atoms from the regular lattice sites of the tetr
onal and monoclinic phases which cannot be resolved
x-ray diffraction. Displacements of Zr atoms, e.g., by inte
nal strains which contribute to the broadening of the x-r
diffraction peaks were observed in a recent high-resolu
transmission electron microscopy study.6 Furthermore, coex-
isting polymorphs such as cubic or orthorhombic ZrO2 can-
not be discerned from the tetragonal phase by x-ray diffr
tion due to the size-induced broadening of the diffract
peaks. Indications for an orthorhombic phase in ZrO2 pow-
ders have recently been found by Wintereret al.by means of
EXAFS.4

B. Annealing behavior

Figure 2 shows the annealing behavior of the hyperfi
parameters and intensityf m of the monoclinic phase as we
-
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as the intensityf t of the tetragonal phase ofn-ZrO2. The
hyperfine parameters of the tetragonal phase and of the b
component~No. 1, relative intensityf 1512 f m2 f t) are in-
dependent ofTA within the limited experimental accurac
which is caused by the strong correlation between the
quency distribution and the asymmetry. In particular, th
are no indications of a decrease of the frequency distribu
with temperature. Only the relative intensity decreases w
increasingTA from f 1.0.6(1) in the as-prepared sample
reachf 150 at 1400 K.

As a consequence to the preannealing of the ZrO2 speci-
men, the QI parameters remain constant up toTA5600 K
~Fig. 2!. According to x-ray diffraction~Fig. 2 and Refs. 2
and 17! further annealing gives rise to a tetragonal-t
monoclinic phase transition when the crystallite diameter
ceeds the critical size of about 10 nm for stabilizing t
tetragonal phase. This transition is completed upon annea
at 1200 K as evidenced by measurements of x-ray diffrac
on different samples. During this transition, the hyperfi
parameters of the monoclinic phase gradually approach th
of bulk m-ZrO2 as demonstrated by the present PAC stu
~Fig. 2!.

However, even after annealing betweenTA51100 K and
1300 K, where according to the x-ray diffraction th
tetragonal-to-monoclinic phase transition is completed,2,17

the QI parameters (nq ,h) still deviate from those of bulk
m-ZrO2 and a considerable fraction of PAC probes rema
in a disordered environment~intensity f 1512 f m2 f t50.38
of component No. 1; see Fig. 2!. This broad component ha
to be attributed to defects in the crystallites since the int
sity f 1 is much higher than the volume fraction of crystalli
interfaces for crystallite sizesd.30 nm (TA.1100 K, Ref.
17!. The defects as well as the deviations of the QI’s fro
that of the bulk monoclinic phase are stable in this regime
rapidly growing crystallites sizes and, therefore, may be c
sidered as characteristic for the monoclinic nanocrystal
state which is obtained by the transformation from the init
phase with metastable tetragonal structure. Only upon
nealing in the high-temperature tetragonal phase, i.e., aft
complete martensitic transformation cycle, does the br
component disappear, leading to a PAC spectrum with a p
monoclinic hyperfine pattern (TA51400 K, Fig. 2!.

Further annealing at 1500 K gives rise to a slight incre
of the frequency distribution and a decrease of the quad
pole frequency which might indicate oxygen vacanc
caused by the annealing in vacuum.

In summary, we have investigated nanocrystalline ZrO2,
produced by gas phase condensation and subsequent o
tion of dc sputtered Zr, by PAC measurements of the elec
quadrupole interaction of181Ta on Zr sites. In the prean
nealed specimen (TA5625 K!, where the monoclinic and te
tragonal phases coexist, the dominant contribution to
PAC spectrum is characterized by a broad distribution
strong, axially asymmetric electric-field gradients which i
dicates a highly disordered oxygen environment of the
sites. This disorder could not be detected by x-ray diffract
which primarily samples the Zr sublattice. The thermal ev
lution of the structure and its correlation with the partic
size was studied by isochronal annealing up to 1500 K. T
disordered tetragonal phase was found to transform ma
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to well-ordered monoclinic ZrO2. Only a minor fraction of
the disordered component passes first through the tetrag
phase. A complete defect recovery requires heating and c
ing through the high temperature monoclinic-to-tetrago
phase transition at 1400 K.
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