PHYSICAL REVIEW B

VOLUME 46, NUMBER 13

1 OCTOBER 1992-1

Electric-field gradients in Sm,0;, Gd,0;, and Ho,0; measured
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The time-differential perturbed-angular-correlation (PAC) method with ion-implanted '"'In tracers
was employed to study the hyperfine interactions of ''Cd nuclei in the rare-earth sesquioxides Sm,0;,
Gd,0,, and Ho,0;. Up to five electrical quadrupole interactions appeared in each oxide, two of which
we attribute to the electric-field gradients (efg) acting on !''Cd on the substitutional lattice sites in the
cubic bixbyite phase; in Gd,0; and Sm,0; small fractions can also be related to the B phase. The scaling
of the efg in the C phase is discussed in connection with previous findings in other M,0; sesquioxides. A
slight linear increase of the quadrupole coupling constants v, for increasing temperature was found.

I. INTRODUCTION

Hyperfine interactions as measured with nuclear mag-
netic resonance and Mossbauer spectroscopy have been
used to elucidate the microscopic environment(s) of con-
stituent or impurity atoms in solids. During the last
years, the perturbed-angular-correlation (PAC) technique
has developed as a powerful method to investigate metal
oxides. Using this method, magnetic and structural
phase transitions, oxidation reactions, and the defect
chemistry in oxides have been studied.! > The power of
the PAC method in connection with the commonly used
In radioactive tracers lies in the large quadrupole mo-
ment of the 245 keV isomeric state in the daughter nu-
cleus ''Cd. It allows high-precision measurements of the
electric-field gradient (efg), which, in oxides, mainly
reflect the configurations of the nearest oxygen ions. For
this reason, the PAC method is able to sensitively moni-
tor atomic rearrangement and charge- and spin-transfer
processes in oxides.

Within the frame of our systematic study of the electric
field gradients of !'!Cd in oxides with different crystallo-
graphic structures,® Bartos et al.” have recently reported
on the scaling of the efg in a series of binary sesquioxides
with bixbyite structure (C phase). This class of oxides
may be particularly suitable to study the efg in predom-
inant ionic compounds. First, In,O; shares the bixbyite
crystal structure, therefore the other bixbyite matrices
are “natural” hosts for the !''In probe. Secondly, the In
ion has the smallest radius among the cations forming a
cubic C phase, except for Sc. Therefore, the probe can
neither be expected to disturb its surrounding by a
different type of chemical bonding nor by its size. As the
bixbyite oxides M,0; cover a rather wide range of the lat-
tice parameter, one of the motivations for the present
work was to extend these studies to the rare-earth oxides
Sm,0;, Gd,0,, and Ho,03, which have even larger lattice
parameters than the matrices studied so far.’

Properties of the rare-earth oxides have been extensive-
ly studied in the past by different experimental
methods.>~!* The characteristics of the rare-earth
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sesquioxides are reviewed in Ref. 15. Up to 2300 K,
three polymorphous crystallographic structures have
been found (see Fig. 1): the hexagonal-A, monoclinic-B,
and cubic-C form (bixbyite).!*> The cubic-C form has
space group Ia3; the unit cell contains 48 oxygen atoms
and 32 metal atoms, eight of them with D, point-group
symmetry (labeled regular or D site) and 24 with C,
point-group symmetry (labeled irregular or C site).”!
Hence, two inequivalent cation sites with different octa-
hedral oxygen configurations exist that might be popu-
lated by PAC probe atoms. The monoclinic-B form has
space group C2/m with 12 metal atoms and 18 oxygen
atoms per unit cell; three cation sites exist, among them
one with sixfold and one with sevenfold oxygen
configuration.

II. THE PAC TECHNIQUE

In a PAC experiment, one measures the perturbation
of the angular correlation of a nuclear yy-decay cascade,
due to the influence of extranuclear fields. A complete
description of the technique can be found in the litera-
ture.'® In the present investigation, we have used the ra-
dioactive isotope !!'In, which decays by electron capture
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FIG. 1. Structural phase diagram for rare-earth sesquioxides
(Ref. 15).
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(EC) with a half-life of T,,,=2.83 days to the 7/2%
state in '!Cd. This excited !'!Cd state decays by a two-
step y-ray cascade of 171 and 245 keV. The intermediate
5/2% level is characterized by a half-life of T, ,, =85 ns, a
quadrupole moment of Q =0.83(13)b and a magnetic di-
pole moment of u; = —0.766 magnetons.!” For ''In(EC)
Mg and polycrystalline samples the perturbed angular
correlation function can be written as an expansion of
Legendre polynomials,

W(®,t)=1+ A4,,G,(1)P,(cos®) , (1)

with those terms higher than A4,, neglected, as they are
small.'® Here, ® denotes the angles between the direction
of the emission of the first and the second y-ray. The
perturbation factor G,(¢) depends on the nature of the
extranuclear fields and contains the desired information
on the hyperfine interaction(s).

The perturbation of the 171-245-keV cascade was
measured with a conventional slow-fast set up with four
Nal(T1) detectors in 90° geometry as described in Ref. 19.
All 12 possible coincidence combinations of these four
detectors were used to generate the experimental pertur-
bation function

N(180°%1)—N(90%1)
N(180°%¢t)+2N(90%1)

where, due to the detector geometry,” the experimental
anisotropy A5, is somewhat smaller than the maximum
possible value 4,,.

If only static quadrupolar hyperfine interactions are
present, G,(t) for polycrystalline samples is evaluated
asl6

G,()=3 fi 3 s5,(n;)exp[ —8;t]cos(w,;t)d (w,;,7,) . (3)

R(1)=2

= A3,G,(1), %)

The quantities f; denote the relative fractions of the
probe nuclei that are subject to the efg i, which is charac-
terized by the coupling constant v, the asymmetry pa-
rameter 7;, and the distribution width §;. For each
hyperfine interaction the coupling constant and the asym-
metry parameter are related to the components V,,, V,,,
and V,, of the diagonalized efg tensor via the relations

vo=eQV,/h, =V =V, /V,,, 4)

where |V, | SIVyy| <|V,|. As can be seen in (3), the
R (t) pattern related to a sngle efg contains three transi-
tion frequencies

w, :an(n)VQ) n 2172;3 > (5)

which can be resolved by a Fourier transformation. Ex-
pressions for the functions g,,(n) and s,,(n) can be
found in Ref. 21. Random lattice distortions or distant
lattice defects cause a distribution of similar efg’s. This
leads to a damping of the R (¢) pattern that can be de-
scribed with a Lorentzian term with the distribution
width 8. The damping due to the finite time resolution of
the PAC setup, 7, =3.0(5) ns, of the detectors was taken
into account by the factor??

d(w,,,)=exp[—(®,7,)?/161n2] . (6)
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III. TARGET PREPARATION
AND '!'In IMPLANTATION

Ho,03, Sm,0;, and Gd,0; powder samples were com-
mercially obtained (Alpha-Products, purity: 99.999%).
X-ray analyses of the samples verified that Ho,O; was
present in the pure C phase, while Sm,0; and Gd,0,
were present in a mixture of roughly 85% C and 15% B
phase. The oxide powders were rolled onto silver back-
ings to become mechanically stable for implantation.
About 102 "'In* jons were implanted at 400 keV by
means of the Géttingen ion implanter IONAS.? In or-
der to remove radiation damage, the samples (Sm,0; and
Gd,0,) were heated for ¢ =1 h at a pressure of p =107°
mbar at 7=1023 K. In the case of Ho,03, annealing was
done at 673 K at a pressure of p =3 X 10~ 2 mbar (sample
I) or no annealing of the radiation damage was carried
out (sample II). Afterwards, all PAC measurements were
performed at different temperatures T, either in air or at
pressures of 3X 1072 or 10™° mbar.

To obtain Sm,0, in the pure B phase, '!'In was im-
planted into the original powder (mixture of C and B
phase), which was afterwards heated for ¢t =20 h at

T =1425 K in air. X-ray analysis confirmed a complete
transition to B phase Sm,0;.

IV. EXPERIMENTAL RESULTS

A. The C-form sesquioxides

Figures 2 and 3 display R (z) patterns for '''Cd in
Sm,0; and Ho,0; taken at the indicated temperatures.
Figure 4 shows the development of the pertubation func-
tion for '''Cd in Gd,0; with the measuring temperature
T,,. Up to six different hyperfine (hfi) components in
each matrix were needed to describe the experimental
data; the resulting efg parameters are summarized in
Table I. An overview of the evolution of all observed
fractions f; with the measuring temperature T, is shown
in Figs. 5(a)-5(d) for Sm,0;, Gd,0;, and Ho,0; (sample
I: annealed; sample II: not annealed).
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FIG. 2. Perturbation functions R(¢) and Fourier spectra
(right-hand side) taken for '''Cd impurities in Sm,0; at measur-
ing temperatures 7T,, =300 and 863 K.
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FIG. 3. Same as Fig. 2, for '''Cd in Ho,0;.

1. The strongly populated hfi

In all investigated samples about 70—-80% of the probe
atoms are subject to two well-defined quadrupole interac-
tions. The corresponding transition frequencies w, are
indicated in one of the Fourier transforms shown in Fig.
2. In analogy to our previous work®’ on '''In-doped
In,05, Sc,0;, Y,0;, Yb,0;, and Sc,0; and for the
reasons outlined in Sec. V, we label these two sites as “C”
(asymmetric site: 7=0.8—1) and “D” (symmetric site:
1n~0). The development of these two fractions as a func-
tion of T,, as depicted in Fig. 5 only shows a weak tem-
perature dependence. As seen in many '!'In-doped ox-
ides, narrowing of the frequency distribution with in-
creasing measuring temperature is observed. Further-
more, both coupling constants vy and vpp increase
linearly with increasing measuring temperature T,,, as
shown in Fig. 6.

2. The weakly populated sites

In addition to the strongly populated sites C and D,
several weakly populated hyperfine fractions were found
in the PAC spectra. In the following sections, we de-
scribe the observed behavior of these smaller fractions.
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FIG. 4. Development of the perturbation functions and their
Fourier spectra with the measuring temperature T, for ''Cd in

Similar hfi parameters are labeled with the same index.

These additional fractions will also be interpreted in Sec.
V.

3. Fraction 3

In nearly all perturbation functions of the three oxides,
a similar efg distribution (§=~20 MHz) centered around
vo=165 MHz, 7=~0.4 was observed. In Sm,0;, this
fraction remained fairly constant at f;=15%. In Gd,0;,
this situation is less clear, as the fraction f; disappears at
400 K, while a new fraction f;, with hyperfine parame-
ters vy =120(9) MHz, 7;=0.75(4), and 6;=14(3)

TABLE I. Summary of hfi parameters for !''Cd in Ho,03, Gd,03, and Sm,0;.

H0203 Gd203 Sm203

vo(MHz) 6(MHz) 7 vo (MHz) 6(MHz) 7 vo (MHz) 6(MHz) 7
C 81(1) 3(1) 0.83(2) 63(3) 4(1) 0.97(3) 59(2) 4(1) 0.91(3)
D 150(2) 2(2) 0 145(4) 3(1) 0 144(1) 5(1) 0
3 175(10)  23(5) 0.4(1) 167(6) 17(6) 0.45(7)  175(15) 20(7) 0.4(2)
4 208(12) 21(6) >0.96 210(10)  22(4) >0.95
5 86(9) 6(2) <02 93(6) 4(3) 0.2(1)
B 209(1) 2.0(5) 1.0 208(1) 3.0(5) 0.98(1)

*Reference 29.
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MHz is found for T,, = 673 K.

In the first Ho,O, sample (I), fraction f; was present
with a nearly constant population and very similar
hyperfine parameters at all temperatures 7,,. In the
second Ho,O; sample (II), which had not been annealed,
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FIG. 5. Evolution of the hyperfine fractions f; (i =1-—5)
found in Sm,0;, Gd,0;, and Ho,0; with the measuring temper-
ature T,,. The symbols are as follows: O f., B fp, V f3, X f4,
it
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FIG. 6. Measured temperature dependence of the quadru-
pole coupling constants vgc and vgp in Sm;0;, Gd,0;, and
Ho,0;. The open symbols refer to PAC measurements in air,
the dots to measurements in vacuo.
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the population of f; decreased from f;=46(5)% at
T, =358 K to f3=25(5)% at T, =529 K and then
stayed constant up to 7,,=793 K. During these PAC
measurements the pressure was 107> mbar. On the con-
trary, a sample annealed in vacuum at 873, 963, and 1023
K showed this fraction f; to be quenched to 6%. A final
measurement in air at 450 K removed this fraction com-
pletely.

4. Fraction 4

In Sm,0; and Gd,0; a hfi with a population of
f4=~10% and parameters, as given in Table I was ob-
served, which showed no significant temperature depen-
dence.

5. Fraction 5

The interaction labeled fs appeared only in the an-
nealed Gd,0; and Ho,0, samples. In Gd,0;, fraction f's
increased to 25% at T,, =407 K, correlated with a de-
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crease of f;. At higher temperatures (T,, > 650 K), f
vanished in favor of f3. In Ho,0;, the fraction f5~12%
was only found in sample I at elevated temperatures in
air after a vacuum annealing at 1023 K had been carried
out. As the fractions fs have small distribution widths
85=<6 MHz in the various samples, they represent well-
defined probe sites.

B. B'Sm203

Figure 7 shows the experimental R (¢) patterns for
1Cd in C-Sm,0; (at the top) in comparison with those in
B-Sm,0; taken at 473 and 873 K. In the B phase, a sin-
gle, well-defined quadrupole interaction labeled “B” is
observed with hyperfine parameters given in Table I.
Note that the C-phase Sm,0; sample contained few per-
cent of the B phase as verified by X-ray diffraction and
the agreement of vyp and v, In contrast to the hfi ob-
served in the C phase of Sm,0;, the coupling constant
vgp Was found to decrease?® with increasing temperature
T,,. Furthermore, the asymmetry parameter converges
to 75 =1 at high temperatures.?*

V. DISCUSSION

A. Substitutional sites C and D

In close analogy to Ref. 7 we attribute the two efg’s
“C” and “D” to the two possible substitutional cation
sites in the bixbyite structure. The following arguments
support this interpretation: In spite of small, but sys-
tematic changes of both quadrupole interactions with
T,,, the two efg’s are observed over the whole range of
measuring temperatures. As explained in the introduc-
tion, two different oxygen octahedra exist around each
cation in the cubic-C form: a highly symmetric one
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FIG. 7. Perturbation functions R (z) and their Fourier spec-
tra of Sm,0; (C phase, top) as compared to the PAC data in
Sm,0; (B phase) taken at T,, =473 and 873 K.
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around site D and a strongly distorted one around C.
The point-charge model (PCM) predicts 77,=0 and
1c=~0.8 for the two sites in agreement with the experi-
mental values. The relative population of the two sites in
the bixbyite structure is f/fp =3 if both sites are occu-
pied with equal probability. This was verified for In,0s,
where the tracer element and the cations of the lattice are
identical.® In the present experiment, the experimental
ratio f/fp is smaller than 3.0 in most cases, with the C
site being less populated. A similar behavior has also
been observed in our previous studies of the other bixby-
ite oxides.’

1. Scaling of the electric-field gradients

It is well known that the bonding in these sesquioxides
is mainly ionic.?> Under such conditions the efg acting on
probe nuclei on substitutional sites should scale linearly
with a ~3 where a is the lattice constant. In Fig. 8 the
coupling constants v, of both sites C and D and the
asymmetry parameter 7, are plotted vs a3, including
the values for the bixbyite oxides reported in Ref. 7
(Dy,03;, Y,03;, Yb,0;, and Sc,0;) and Ref. 6 (In,O;).
The new data agree perfectly with the values presented in
Ref. 7: We find a nearly linear dependence of vy with
a3 for the low-symmetry C site and nearly constant
values of vy, at the D site. For this site, no deviation
from axial symmetry is found (np =0), which is in good
agreement with the regular oxygen octahedron at site D.
On the other hand, the increase of 7. with increasing lat-
tice constant indicates that the irregular octahedron
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FIG. 8. Observed quadrupole frequencies voc and vgp and
asymmetry parameter 7). for substitutional '''Cd impurities
plotted vs @ 3, a being the lattice parameter. The results of
Refs. 6 and 7 have been included.
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changes its configuration through the series. Such behav-
ior was also found in precise X-ray-diffraction measure-
ments and therefore does not appear to be induced by the
MCq impurity.

2. Temperature dependence of the efg

The evolution of the coupling constant for both
structural sites C and D with the measuring temperatures
T,, was displayed in Fig. 6. Within the errors, the tem-
perature dependence of the coupling constants vy and
vop is linear in T, :

Vol T, ) =vpel1+bT,,) . %)

In Ho,0,, Gd,03, and Sm,0; the increase is more pro-
nounced for the C site than for the D site. Figure 9 com-
pares the slope parameter b for these oxides. For the
symmetric site D a constant value of b is found for all ox-
ides, while for the C site b increases by a factor of 7 be-
tween Sc,0; and Sm,0;. In all cases the b values are pos-
itive. A simple PCM calculation with temperature-
dependent lattice constants?®?’ predicts negative b values
as the lattice widens. On the other hand, the temperature
dependence of efg’s in semiconducting materials is not
understood at all and at present we cannot relate the ob-
servei%l variation of b to physical properties of these ox-
ides.

B. Other efg components

As mentioned before, additional (small) fractions were
needed to fit all PAC spectra, some of them have also
been found in our previous PAC measurements in bixby-
ite oxides.” We will discuss them in the following, start-
ing with the most evident interpretations.

1. Fraction f;

The efg distribution labeled f; was found in all sam-
ples. These hfi parameters are quite similar to those
found in Ref. 7. There, the ratio (f,+ f;)/fp was found
to be close to 3. This ratio would be expected if the two
substitutional C and D sites are populated with equal
probability. It was suggested that f; represents '''In
probes on the C site having trapped a lattice defect. Al-
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FIG. 9. Slope parameter b taken from the linear temperature
dependence of the coupling constants v, at the C and D site,
plotted vs the lattice constant a.
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though, in the present data, the temperature dependence
of f; is less obvious, the ratio (f.+f;)/fp approaches 3
for increasing measuring temperature. Therefore, we
adopt the previous interpretation of this fraction and re-
late it to probes substituted at a defective C site. When
comparing the v,; values in the various matrices studied,
no correlation with the lattice constant is found, in con-
trast to the efg at sites C and D. This points to a '''In-
specific complex. But additional experiments have to be
done to clarify the origin of f;.

2. Fraction f

A similar argumentation is valid for this hfi. As no
dependence of the hyperfine parameters on the lattice
constant was found, we also suggest the formation of a
probe-specific complex.

3. Fraction f

This hfi is attributed to substitutional '''In located in
B-phase contaminations in C-Sm,0; and C-Gd,0O;. This
is confirmed by comparing the hyperfine parameters of
fraction f, with those of '!Cd in pure B-Sm,0; and B-
Gd,0;, labeled “B” in Table I. Furthermore, the amount
of the B-phase component derived from X-ray analysis
(=15%) is close to the PAC fraction f,=~10% and sup-
ports this interpretaion.

VI. CONCLUSIONS

In this study we investigated the electric hyperfine in-
teractions of !''Cd impurities in the three bixbyite oxides
Sm,0,;, Gd,0,;, and Ho;0;. Including the previous re-
sults of Bartos et al.,” we now can compare a set of eight
oxides having the same crystalline structure, but differing
in their lattice constant by some 10%. After implanta-
tion of the '''In probes and subsequent high-temperature
annealing, all these oxides show a common behavior: Be-
sides small amounts of probes in different phases and/or
with uncorrelated damage, about 80% of the PAC probes
occupy two sites, which have been identified as the two
possible substitutional cation sites of bixbyite structure.
At both sites the cations are enclosed in an oxygen oc-
tahedron; the regular one (D) stays unchanged in shape,
and is less affected by the changing lattice parameter and
measuring temperature. The irregular one (C) exhibits
systematic variations of the efg parameters, while chang-
ing the lattice parameter and indicates distortions of the
oxygen octahedron. Furthermore, the efg at this site in-
creases linearly with the measuring temperature. The
temperature dependence of these efg’s turned out to be
similar than dependence in other semiconducting com-
pounds.
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