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Slow recovery processes of the electronic environment following the electron-capture decay of111In can
reduce the amplitude of the perturbedgg-angular correlation of a nuclear decay. This effect was used to
quantitatively extract recovery rates of an electrically stable environment at the probe ion111Cd in La2O3 . The
recovery rates depend on the availability of electrons at the probe site, which in turn is governed by the
concentration of electron sources and the transport mechanisms. Both properties are experimentally analyzed
by variations of the temperature and oxygen partial pressure and by doping with two~Ba, Mg! and four-valent
ions ~Ce, Zr!. Tunneling processes between defect levels in the band gap are proposed to account for the
temperature dependence of the recovery rates. Unexpectedly, an enhanced electron availability is observed at
temperatures below 200 K. The electric field gradients of substitutional111Cd and those generated by intrinsic
defects and dopants are analyzed. A comparison to the probe ion111mCd, not affected by electron capture, is
presented.@S0163-1829~96!04025-8#

I. INTRODUCTION

Electrical conductivity in nonmetallic compounds is
influenced by many different processes. In oxides, ionic
conductivity dominates at elevated temperatures, while at
low temperatures the conductivity is mostly governed by
electronic charge carriers, whose concentration depends on
the nonstoichiometry of the ionic lattice and the amount of
foreign dopants. The propagation of the different charge
carriers still is an open question for many compounds. Here,
basically ionic diffusion, electron tunneling, and the
excitation of electrons into the conduction-band-forming
polarons can occur~the same applies to holes in the val-
ence band!. It is difficult to distinguish between these differ-
ent transport mechanisms from conductivity measurements
only.

Like Mössbauer spectroscopy, the perturbedgg-angular
correlation method~PAC! is sensitive, through the hyperfine
interaction, to the local electric and magnetic environment of
a probe nucleus and thus also to localized charge carriers.
PAC has long been applied to the investigation of stable
defects in metals.1 The mobility of ionic defects was then
studied by PAC in semiconductors as well as insulators.2,3

Only recently has the dynamics of electronic charge carriers
been observed by PAC. In the case of Cr2O3 , charge-state
fluctuations of the chromium ions close to the PAC probe in
thermal equilibrium were found.4 A more complex distortion
of the electronic configuration close to the PAC probe is
generated by the electron-capture after effect~ECAE!.5–20

The Auger cascade following the EC decay leaves the probe
ion in a highly ionized state.21 If the recovery rate towards an
undistorted stable electrical environment is fairly slow as
compared with the reciprocal hyperfine frequency, the PAC
signals are strongly modified. Recently, a method has been
developed to correlate such recovery rates to the observed
reduced amplitudes in PAC spectra.22 Therefore, PAC is able

to investigate the availability of electrons at the defect site
formed by the probe ion itself.

The hexagonal modification of lanthanum oxide was cho-
sen because it exhibits the strongest damping of the PAC
spectra at room temperature~RT! among the oxides investi-
gated so far. Furthermore, it contains only a single cation site
with a symmetric electric field-gradient~EFG!, ideal for
PAC investigations. A well defined influence of the dopants
is ensured as the chosen dopant oxides have a good misci-
bility with La 2O3.

II. UNIDIRECTIONAL RELAXATION IN PERTURBED
ANGULAR CORRELATIONS

In a PAC experiment the perturbation of the angular cor-
relation of two consecutive nuclearg rays is determined by
the hyperfine interaction of the intermediate nuclear level
with its electric environment~magnetic interactions are not
considered here!. The Fourier transform of a static PAC
spectrum consists of a triplet of sharp frequencies~in the
case ofI55/2 andhÞ1) for each EFG acting on the probe
nucleus~e.g., a particular crystallographic site!. A damping
of PAC time spectra occurs if different nuclei sense slightly
different static EFG’s due to distortions in their remote
neighborhood. In adynamicdescription, the environment of
an individual nucleus changes during the lifetime of the sen-
sitive level leading to dynamic damping and phase shifts in
the spectra. Winkler and Gerdau developed a description of
PAC spectra for dynamic hyperfine interactions based on
stochastic processes:23 The environment of a probe nucleus
may instantaneously change between different environmental
states. For a single site and a nuclear spinI the resulting
perturbation factorG22(t) is then given in the most general
form by
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a and b denote different environmental statesHa
3 , all

acting on the identical nucleus~in the superHamiltonian
Hhf

3 at positionsa5b). pa denotes the initial occupation of
the environmental statea and atot is the total number of
possible states. The relaxation matrixR̂ contains the transi-
tion rates between the different environmental states. A de-
tailed description how to handle superoperators for PAC is
given in Ref. 23 and 22. Up to now, this theory has only
been applied to fluctuating EFG’s originating either from the
diffusion of ions or vacancies,23 the trapping and release of
charges2,4 or the cage motion of ions.3 In all these cases the
charge carriers were in thermal equilibrium with their envi-
ronment.

TheK-electron-capture of111In~EC! 111Cd when decaying
to 111Cd leaves the probe ion in a highly charged state far out
of equilibrium. The inner electron orbitals are filled up from
outer shells within about 10214 s ~Ref. 24! and thus much
too fast to have any influence on the PAC spectra. At the
same time, the probe ion loses quite a large number of elec-
trons ~3–8 on average, Ref. 21! due to Auger processes.
Highly charged states of ions in a solid become compensated
by electrons from their next-neighbor ions within less than
about 10212 s. Only ions with one or two extra charges
~Cd31 or Cd41) with respect to their appropriate charge
state in the solid~Cd21) then may remain stable for times
long enough to reach the sensitive time scale (T1/2 5 85 ns!
of the I55/2 level in 111Cd . In this ‘‘time window of the
measurement,’’ transitions still occur to the stable Cd21,
which in oxides is usually the stable electronic configuration
of cadmium.

This physical situation was simulated with the program
DYNXWW,25 that was conceived to calculate any dynamic
perturbation function based on Eq.~1!.22,26,27Numerical so-
lutions can be obtained for a set of initial states of arbitrarily
chosen asymmetries and orientations in space and dynamic
transitions between them. A stable final configuration is
reached with a relaxation rateG r and characterized by
EFGf . In this case ofunidirectional relaxation, the spectra
show the characteristic behavior of Fig. 1: All the phase
shifts vanish if fluctuations between the initial states are al-
lowed. We introduce the relative amplitude of EFGf as
r5 f obs/ fmax where fmax denotes the maximum fraction
found in static cases.r depends on the total relaxation rate
G r populating EFGf . If experimentally more than one crys-

tallographic site is occupied, the amplitudesr i have to be
considered for all fractionsf i of ions occupying different
crystallographic sitesi : r i5 f obs

i / f i ~Ref. 20!.
Unidirectional relaxation for the particular case of the

thermally activated breakup of defect111In pairs~EFGi) into
substitutional 111In ~EFGf) in silicon or metallic zink has
been discussed by Hoth and by Iwatschenko-Borho.28,29Two
axially symmetric EFG’s of identical orientation only differ-
ing in their coupling constants and distribution widthsd
were considered. The perturbation factor is then given by
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It is important to note that the differences of the static
distribution widthsDd, and of the coupling constantsDv, as
well as the relaxation constantG r , quadratically enter the
amplitudesan andbn . Furthermore, the final EFGf is only

FIG. 1. Simulated spectra for111In in La2O3 for different re-
covery ratesG r after emission of the firstg ray. The displayed
spectra were calculated for a transition rate between the initial
EFG’s ofG i520 MHz.
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damped by its own static distribution widthd f , whereas
EFGi is also damped by the relaxation rateG r . For large
relaxation ratesG r the sine terms, i.e., the phase shifts, van-
ish. If EFGf has a very narrow distribution width (d f'0),
Dd5d i can be considered a measure of the distribution of
the initial EFGi .

The complete simulations of the unidirectional relaxation
for substitutional111In in La2O3 in Fig. 1 showed that the
spectra can be well approximated by Eq.~3! if r 1 is associ-
ated with r 15a15 f obs/ f for f51 ~the slight difference of
a2 anda3 as compared to a static fit are neglected here!. The
approximate values forDd andDv are determined by fitting

r 15
G r~Dd1G r !

~Dv!21~Dd1G r !
2 ~5!

to the amplituder in Fig. 2.

III. EXPERIMENTAL PROCEDURE

Pressed powder samples of ultrapure La2O3 ~Johnson and
Matthey: La2O3 99.9999%, the content of any foreign ions
was verified to be less than 0.05 at. %! were heated for 16 h
at 1500 K in air to ensure purely hexagonalA-phase La2O3
as verified by x-ray diffraction. The samples were then
cooled down to RT within 20 min. About 1012 111In1 ions
were implanted at 400 keV into the samples by means of the
Göttingen ion implanter IONAS.30 The samples were an-
nealed for 1 h at1350 K in air to remove radiation damage.
PAC measurements in the range from 20 to 290 K were
carried out by means of a closed-cycle helium cryostate in a
vacuum of 1024 Pa. For PAC measurements above RT a
vacuum oven reaching to about 1000 K was used and for
higher temperatures~up to 1300 K! an oven in ambient air.31

During all the preparation steps the samples were exposed to
ambient air at RT for 20 min at maximum to avoid the
takeup of air moisture.

The short-lived isotope111mCd was implanted at an en-
ergy of 60 keV at the ISOLDE facility at CERN. The
samples were then sealed in quartz tubes at about 23104 Pa
of air pressure ('105 Pa at 1350 K! to avoid the diffusion of
111mCd out of the sample. Due to the short half life of the

isomeric isotope (T1/25 48 min! the annealing time was re-
duced to 50 min.

In all the PAC setups, the maximum experimentalgg
anisotropy was measured using a111InCl 3 solution in dis-
tilled water enclosed in a plastic foil container, whose geom-
etry was very similar to that of the samples. For the same
purpose,111mCd at ISOLDE was implanted into thin sodium
chloride pellets, which were subsequently dissolved in dis-
tilled water.

To achieve a variation of the oxygen partial pressure, the
vacuum chamber was flooded with dried oxygen. Then the
oxygen flow into the chamber was gradually reduced by
pumping to the desired pressure values ranging from 1024 to
105 Pa.

La2O3 was doped with Ce, Zr, Mg, and Ca in different
concentrations. The doped samples were prepared from
La~OH! 3 that initially contained 0.18~5! at. % of Ba ions,
which was confirmed by a separate inductively coupled
plasma atomic emission spectroscopy measurement32 ~no
other constituent exceeded 0.05 at.%!. Quartz containers
were cleaned with boiling nitride acid and then rinsed with
doubly distilled water. The dopants@Ce~IV !~OH! 4 ,
Zr~IV !OCl2 , Mg~OH! 2, and CaCO3, all ‘‘ultrapure’’# were
dissolved in concentrated nitride acid~metallic content
, 0.07 ppm! and then mixed according to the metal content
desired in the samples. The samples were dried under con-
tinuous stirring and then fully oxidized for 6 h at 1170 K.
X-ray measurements confirmed the complete solubility of all
dopants in the hexagonal La2O3 @up to 10 at. %~Refs. 33–
35!#.

IV. EXPERIMENTAL RESULTS

A. Temperature variation

Among all the influences on PAC spectra of111In-doped
samples investigated in this work, the influence of tempera-
ture on pure La2O3 is the most important one. Figure 3
shows a set of spectra in La2O3 covering the temperature
range from 12 to 823 K. All the spectra show one single
EFG1 of axial symmetry (h150). Around RT the angular
correlation disappears almost completely (r 1'0). Figure 4
shows the spectra observed with the probe111mCd. The an-
gular correlation in these spectra is practically independent
of temperature and only the coupling constantnQ1 changes
~as in Fig. 3!. The temperature dependence of the coupling
constantnQ1 for both probes is shown in Fig. 5. The EFG is
exactly the same for both probe isotopes. Up to RT the EFG
is constant:nQ15280.3(8) MHz,h150.005(5). Above RT
the coupling constant linearly decreases with temperature ac-
cording to

nQ1~Tm!5304~1! MHz20.069~1!
MHz

K
Tm . ~6!

This linear decrease is valid up to very high temperatures,
even when the trapping of intrinsic defects occurs. Figure 6

FIG. 2. Recovery rate-dependent amplituder in a unidirectional
relaxation model for La2O3 . The continuous line is a fit of Eq.~ 3!
to the calculated points.
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displays the experimental amplitudesr 1 of EFG1 for both
probes at times longer than 10 ns. For111In this amplitude is
strongly temperature dependent, having a deep minimum
near RT, while it shows no temperature dependence for
111mCd. Around RT a second EFG is seen in very small
amounts (,3%), which has the same parameters as the Ce-
induced EFG2 ~see below!. It becomes visible only around
RT, where the maximum damping for EFG1 occurs.

B. Variation of oxygen pressure

The oxygen partial pressure was varied in order to check
whether the concentration of holes, i.e., the main charge car-
riers in La2O3 at low temperatures, would alter the availabil-
ity of electrons at the probe site or not. A reduction of the
oxygen partial pressure reduces the number of La vacancies

and due to charge neutrality three holes are annihilated along
with each La vacancy. A first measurement consisted of a
sample held atTm5 950 K, the oxygen pressure varying
from 1024 to 105 Pa. The measurements were performed
with very high statistics, butno modification of the ampli-
tuder 1 was found in the spectra. The measurement was then
repeated atTm5 500 K, where a stronger reduction ofr 1 had
been seen~see Fig. 6!. To ensure that a change in the sto-
ichiometry occurs, the samples were first annealed for 2 h at
950 K and the respective pressure, rapidly cooled down to
500 K and then measured under unchanged pressure condi-
tions. Againnomodification of the spectra with pressure was
observed. A measurement at much lowerpO2 in a

CO/CO2-gas mixture and at higher temperatures partially
drove the111In out of the sample and into metallic La.

FIG. 3. Temperature-dependent spectra in La2O3 with
111In.
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FIG. 5. Temperature dependence ofnq with 111In ~open squares! and 111mCd ~full dots!. The asymmetry parameter is constantly
h<0.005.

FIG. 4. Temperature-dependent spectra in La2O3 with
111mCd.
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C. Intrinsic defects at high temperatures

At Tm51176 K in ambient air the trapping of defects at
the probe ion was observed. Figure 7 shows the PAC spectra
measured after different times. During the first 8 h only the
undisturbed substitutional environment EFG1 was seen
@7~a!#. Then the substitutional fractionf 1 ~at Tm51176 K
r 1'1) gradually decreased and two new EFG’s appeared,
EFG6 being asymmetric and EFG7 symmetric@see Fig. 7~b!
and Table I!. After 56 h the fractions of EFG6 and EFG7 did
not change any more, as can be seen in the inset of Fig. 7. In
the RT spectrum~c! taken after quenching from 1176 K, the
amplituder 1 of EFG1 for the remainingf 1530% of substi-
tutional 111In ions vanished, while EFG6 and EFG7 were

still well resolved. To test the binding of the trapped species
to the probe ion, the sample was then measured at
Tm51270 K and the defects remained at the probe. After a
new annealing for 2 h at1430 K, removing all the neighbor-
ing defects, atTm5976 K again only EFG1 with f 15 100 %
was observed@Fig. 7~d!#. The last spectrum of this series
taken at RT again showed the complete reduction of the
amplituder 1'0 for the substitutional111In ions in La2O3.

D. Doped samples

Doping is another means to alter the concentration of
charge carriers. A first set of PAC measurements was per-
formed in La2O3 predoped with 0.18~5! at. % Ba, and addi-
tional doping with Ce ions. This initially unintentional Ba
counter doping had the advantage of fully ionizing the dop-
ant ions ~see, e.g., Ref. 36!. Figure 8 shows three sets of
temperature-dependent Fourier spectra without any Ce and
with 0.1 and 0.35 at. % Ce. Several new EFG’s became
observable. At Ce concentrations>0.35 at. % and elevated
temperatures only the substitutional EFG1 was visible.
Around RT a second EFG2 with a slightly lower coupling

TABLE I. Hyperfine parameters and capture rates for intrinsic
defects atTm5 1176 K.

nQ ~MHz! h d ~MHz! tE ~h! f ~%! t0 ~h!

EFG1 222~1! 0.00~1! 0.4~3! 9~2! 26~3! 0
EFG6 78~4! 0.9~1! 6~2! 18~16! 21~6! 8~4!

EFG7 100~4! 0.0~1! 5~2! 10~10! 19~6! 21~2!

FIG. 6. Temperature dependence of the assigned amplituder for
a static fit with 111In ~squares! and 111mCd ~full circles!.

FIG. 7. Trapping of defects at111In in La2O3: ~a! PAC spectrum at 1176 K after 8 h,~b! at 1176 K after 56 h,~c! subsequent room
temperature spectrum,~d! spectrum at 976 K, after 2h10’ annealing at 1430 K,~e! subsequent room-temperature spectrum. Insert: Time
dependence of trapping of impurities at the undersized111In-ion in La2O3 at Tm51177 K in air. At times longer than 45 h no further
impurities are trapped at111In. The continuous lines are fits to the data withf sub(t)5 f fin1(12 f fin)exp(2t/tEsub) for the reduction of the
substitutional fraction andf 1,2(t)5 fexp@2(t2t0)/tE)] for the increase of fraction of the observed defects.
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constant was observed in the 0.35 at. % Ce-doped sample,
vanishing below 200 K. Figures 9~a! and 9~b! show the tem-
perature dependence ofnQ2 and f 2 as compared tonQ1 and
f 1 in this sample. Figure 9~b! clearly shows that for the 0.35
at. % Ce-doped sample the observed fraction fobs

1 for EFG1

is higher than for pure La2O3: Although the appearance of
EFG2 aggravates the observation of the relaxation phenom-
ena, ther 1 value after Ce doping is found to be higher in the
minimum region around 260 K. To avoid possible errors in
the r 1 estimation the sum of both EFG’s is considered for
presentation in Figs. 9~b! and 10~c!, for which the increase of
the observable fraction is found to be enhanced and can be
measured very clearly. For higher Ce concentrations of
0.5–5 at. % Ce, the fraction of EFG2 was again reduced but
was still discernable for 1 at. % Ce and EFG1 was broad-
ened.

A doping of La2O3 with 1 at. % Zr did not result in the
observation of EFG2. The amplituder 1 behaved similarly as

r 1 in the sample with 5 at. % Ce. Figure 9~c! shows the
temperature dependence of fractionf 1 observed in the Zr-
doped sample, which is also compared to samples with 0.35,
1, and 5 at. % Ce.

Three EFG’s~EFG3, EFG4, and EFG5) arose when the
samples were doped with Ba ions@Fig. 8~a!#. They were also
observed in Ce-doped samples with lower Ce concentrations
than the unintentional 0.18 at. % Ba concentration. Their
EFG parameters and the temperature range of their appear-
ance are given in Table II. Only EFG3 was strongly tempera-
ture dependent. At RT and below, the PAC spectra of all the
samples without any additional Ce doping were completely
damped (r 3 ,r 4 ,r 5'0). Around RT, EFG3 was dominant in
the spectra, but at higher temperatures it was partially re-
placed by EFG4. Further doping with the two-valent ions
~Mg,Ca! did not modify the spectra as compared to the
sample with 0.18~5! at. % Ba. Figures 10~a! and 10~b! show
the temperature dependence off obs for EFG3 and EFG4.

FIG. 8. Temperature-dependent PAC spectra observed with~left! Ba dopants,~center! additional doping of Ce to about compensating
conditions, and~right! strong Ce doping.
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As all the samples had a base concentration of 0.18 at. %
Ba, the additional doping with similar amounts of Ce ions
resulted in a compensation of the dopants. At such interme-
diate Ce concentrations of about 0.1 at. %, EFG1 appeared at
temperatures well above and well below RT~see Fig. 8!, but
not at RT itself—a behavior similar to the one in ultrapure
La2O3. With rising Ce content, EFG3 and EFG4 were re-
placed by EFG1 and EFG2. At the same time the total as-
signable amplitude( f obs

i was raised to a maximum value at
0.35 at. % Ce concentration and then dropped back down
with rising Ce content@Fig. 10~c!#. EFG5 only appeared near
RT in samples quenched from above 700 K. While EFG3
and EFG4 have somewhat larger distribution widths, the fre-
quency triplet of EFG5 is very sharp~see Table II!.

V. DISCUSSION

A. The after effect, a unidirectional relaxation process

The central question in the discussion will be the under-
standing of the temperature-dependent damping in the spec-
tra of ultrapure La2O3 ~Fig. 3! with the minimum amplitude

FIG. 10. Fractions of~a! EFG3 , ~b! EFG4, and~c! the sum of
EFG1 and EFG2 for different Ce concentrations.

TABLE II. Hyperfine parameters of the EFG’s in doped samples
at the temperatures indicated. The range of occurance of each EFG
is given.v1 andv2 are also included for better recognition in the
experimental spectra.

Temperature Tm nQ d v1 v2

range@K# @K# @MHz# h @MHz# @MHz# @MHz#

EFG1 12–900 293 279~1! 0.01~1! 2~2! 263~1! 526~2!

EFG2 12–900 293 255~1! 0.02~2! 2~2! 240~1! 481~2!

EFG3 12–600 293 198~3! 0.78~1! 8~4! 283~4! 341~5!

EFG4 400–900 673 166~5! 0.16~1! 8~4! 161~5! 311~9!

EFG5 (200–490) 426 185~5! 0.02~2! 4~3! 174~5! 350~9!

FIG. 9. ~a! Temperature dependence of the coupling constants
of EFG1 and EFG2 observed with cerium dopants. Both EFG’s
haveh,0.1. ~b! Fraction of both EFG’s in a sample containing
0.35 at. % Ce.~c! Fraction of EFG1 in a Zr-doped sample~1 at. %!
compared to 1 at. % Ce and 5 at. % Ce-doping.
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aroundTm5250 K ~Fig. 6!. As already described in Sec. II,
the electron-capture decay of111In produces a highly un-
stable physical situation. As a consequence of the EC decay,
at least one electron is missing to transform the probe into
the stable111Cd21 ion. We propose that a delayed electron
supply to the probe due to the electronic structure of
La2O3 causes the damping of the PAC spectra. The most
direct proof of this assumption is the PAC measurement with
111mCd which is not affected by a chemical transmutation:
Without a preceding electron capture the spectra are un-
damped~Figs. 4 and 6!.

The second strong hint is the characteristic, temperature
dependence of the reduced amplituder 1 of the

111In spectra
themselves~300 to 900 K, Fig. 3!. At times longer than 10 ns
no further damping of the perturbation functionsR(t) was
observed and the amplitude of the oscillations stays
constant—exactly the same behavior was found in the simu-
lations of a unidirectional relaxation described above.

The temperature dependence of the coupling constant
nQ1 is a third indicator of a unidirectional relaxation. Below
RT, nQ1 is constant, but steadily drops for higher tempera-
tures. Comparing this to results obtained previously in
Cr2O3 ,

4 at first sight a fluctuation regime between two
EFG’s might be assumed. In a fluctuation regime, however,
the second stable EFG should occur at a higher temperature,
where it stays constant. An exponential damping would also
be seen at the intermediate temperatures, where the transition
in nQ occurs. AsnQ1 in La2O3 drops linearly up to very
high temperatures and does not stabilize at a certain value, as
furthermore, no exponential damping is observed and, fi-
nally, precisely the same temperature dependence was ob-
served with 111mCd probes, a fluctuation regime can defi-
nitely be excluded.

The amount of electrons available in a solid can be altered
by temperature. Additional intrinsic sources of electrons~or
holes! in a nonstoichiometric oxide are vacancies~V O for
e2, V La for h

1). In the rare-earth sesquioxides (R2O3) a
conversion fromp conductivity for high oxygen pressure to
n conductivity at lowpO2 occurs betweenp O2

5 100 and
1 Pa,37–40depending on the particular oxide and the tempera-
ture. However, neither the hexagonalA phase of Nd2O3
~Ref. 39! nor the one of La2O3 ~Refs. 37 and 40! showsn
conductivity; at least its contribution was not well resolved
in the conductivity measurements. This fact is confirmed by
the PAC results: A strong lowering ofpO2 did not lead to

n conductivity in hexagonal La2O3. Furthermore, the trans-
port mechanism to the111Cd defect level seems to neither
depend on the concentration of holes in the valence band nor
on the concentration of La or O vacancies.

A definite means to introduce donor~or acceptor! states is
the doping with foreign ions. To increase the concentration
of free electrons the samples were doped with the four-valent
ions Ce and Zr. The spectra were significantly less damped
around RT than in pure La2O3. The minimum damping was
achieved for a concentration of Ce that yields fully ionized
Ce41 ions as can be seen from the dependence of the total
observed amplitude( i51

2 f obs
i on the Ce concentration~Fig.

10!. Zr proved to be somewhat less effective. The full am-
plitude r 151 was obtained with none of the two dopants at
RT, though. Purely two-valent doping, on the other hand,

fully reduced the amplitude tor 150 at temperatures below
RT. Thus, the Ba ions in the bulk trap the few electrons
originally available at the probe site at low temperatures.
Only at higher temperatures was a finite amplituder 1 seen in
the spectra.

All these PAC results prove that the ECAE has to be
described as aunidirectional relaxationregime and that an
electrontransport process determines the reduced amplitude
r 1 and the relaxation rateG r in the spectra. Therefore, the
approach of Sec. II was applied to the PAC data to draw
conclusions on the relaxation rateG r . The calculated depen-
dence of the reduced amplituder 1 on G r in the particular
case of La2O3 (nQ15280 MHz,h150) is plotted in Fig. 2.
The two parametersDd5156(5) MHz andDv547(16)
MHz were determined according to Eq.~3!.

B. Electron transport mechanism

In a wide band-gap semiconductor like La2O3, electrons
can be furnished~i! from the conduction band due to ther-
mally excited electrons of defect levels energetically close to
the conduction band,~ii ! from the valence band forming a
hole, ~iii ! from a nearby defect level~e.g., a next-neighbor
impurity! or, ~iv! finally by hopping of electrons between
defect levels~variable-range hopping!. To decide on the na-
ture of the electron-transport mechanism, which governs the
present ECAE experiments, a comparison of conductivity
measurements and PAC results is helpful. Figure 11~a!
shows the Arrhenius plot of the deduced transition rates.

FIG. 11. Temperature dependence of the relaxation rate of an
unperturbed environment of111In in La2O3 for temperatures above
260 K: ~a! in an Arrhenius plot and~b! for variable-range hopping
1/T1/4-dependence.
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Two separate processes can be distinguished with a transi-
tion at approximately 600 K and the activation energies
E.600 K50.28(10) eV andE,600 K50.1(1) eV. Conductiv-
ity measurements show a similar transition temperature
Tcond5540 K, but the activation energies are drastically
higher E.540 K51.05 eV andE,540 K50.7 eV.38 Conse-
quently, one has to conclude that a different process under-
lies the thermal excitation observed here: The dominant
p-type conductivity of La2O3 does not play the major role in
the availability of electrons at111Cd, despite the similar tran-
sition temperature. Therefore, we have to believe that ther-
mally excited electrons in the conduction band are the origin
of the observed temperature dependence. They have to origi-
nate from defects that neither take part in the conductivity
process nor are annihilated rapidly by the dominant holes,
i.e., they have to be located in the proximity of the probe ion.

The only band known from x-ray photoemission spectros-
copy of La2O3 close to the Fermi energy is the O2p band
with a band gap of 2.4~1! eV.41,42Even though the band gaps
determined by other authors differ largely, there is common
agreement that above 500 K the principal conductivity con-
tribution results fromp-type hole conduction and, further-
more, that the band gap exceeds 2.3 eV. The very short life-
time ~few fs! of holes in the valence band~O2p) of La2O3
indicates that the short-range mobility of holes is very high.
Nevertheless, the charge-carrier concentration is low due to
the very small deviation from ideal stoichiometry.43,39Thus a
scenario with two activation energies would have to origi-
nate from two different valence bands separated by only 0.2
eV. A direct thermal activation of charge carriers to111Cd, if
possible at all, cannot originate from the valence band.

The picture of variable-range hopping~VRH! assumes
charge carriers which tunnel between defect levels of similar
energy in the band gap. A good test for this model is the
characteristic T21/4 dependence of the mean hopping
probability.47 VRH has been reported from conductivity
measurements in other chalcogenides, especially for In2O3
~Refs. 44 and 45! and CdIn2S4 .

46 In our context, the bixby-
ite oxide In2O3 , which shows very similar PAC data com-
pared to the present ones in La2O3,

20 is of considerable
interest. As this oxide is a dominatingn-type conductor we
can expect conductivity measurements as well as PAC ex-
periments in this substance to directly test the electron-
transport mechanism. La2O3, on the other hand, is a domi-
nant p conductor. PAC results in this case may be
independent of the majority holes. In fact, the best fit to the
experimental relaxation rates in La2O3, shown in Fig. 11~b!,
yields the characteristicT21/4 temperature dependence, typi-
cal for VRH, which is also found for the relaxation rates with
PAC in In2O3.

20

BelowTm5260 K the amplitude of the PAC spectra rises
again to aboutr 1 5 0.3 at 80 K and remains constant for
lower temperatures. The higher availability of electrons at
low temperatures may be due to a transition from insulating
to metallic behavior of the host material, or to an enhanced
tunneling probability. In the case of metallic conduction
large amounts of electrons would reach the probe site and the
full anisotropy (r 151) should be attained again at low tem-
peratures. As this is not observed in the experiments, an en-
hanced tunneling probability seems to be more reasonable.
Figure 12 shows the low-temperature part of the relaxation

rate of EFG1. In the picture of VRH the average tunneling
distance between defect levels is proportional to (T0 /T)

1/4

and has to rise with decreasing temperature.48 This leads to
an increase of the average number of defects which can
‘‘emit’’ an electron to the Cd site and one expects approxi-
matelyG r}T

23/4. The continuous line in Fig. 12 is a fit of
such a temperature dependence to the experimental points
aboveTm5 60 K. Unfortunately, the number of the respon-
sible defects is not known for these samples. Consequently,
an estimation of the average tunneling distance is not pos-
sible.

The transition from the high- to the low-temperature re-
gime in the PAC data for La2O3 at about 260 K is consistent
with the freeze-in of phonons in La2O3 found in heat-
capacity measurements.49 At high temperatures a phonon-
assisted long-range transport yields the high-temperature
VRH. At intermediate temperatures the long-range transport
ceases, but the individual hopping distance to the probe site
is still too small to carry an effective charge transport. Later
this becomes possible at even lower temperatures.

C. The strength of EFG1

For most oxides investigated with111Cd so far, the point-
charge model~PCM! is valid once the ionic distances exceed
dCd-O>210 pm.50,51 In these calculations the charges of the
environing ions are located at the crystallographic sites pro-
ducing the lattice EFG. Due to the probe’s atomic shell, this
value is enhanced by the Sternheimer antishielding factor
12g`532.95,52 which is calculated for an isolated Cd21

ion to reproduce the EFG at the site of the probe nucleus. In
the present case of La2O3, the PCM fails, although all in-
terionic distances are large (dLa-La5385 pm, dLa-La85385
pm,dLa-O15237 pm,dLa-O185246 pm,dLa-O25273 pm!. For

substitutional111Cd in La2O3 the calculated value for the
coupling constant isnQ5 70 MHz compared to the experi-
mental value ofnQ5 279 MHz. Introducing lattice distor-
tions is not enough, as—irrespective of the position along the
c axis—the calculated value never exceeds 100 MHz. Only
if the probe approached the next-neighbor oxygen ion overly
close, or if it occupied an interstitial position, the experimen-
tal EFG could be reproduced by the PCM. One might specu-
late on the influence of covalent bonding, which could, de-

FIG. 12. Relaxation rates below 260 K. The continuous curve is
a fit of G r}T

23/4.
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spite the long interatomic distances, drastically alter the
charge distribution around the probe.

The linear drop ofnQ1 above RT~Fig. 5! can qualitatively
be explained by the thermal-expansion of the lattice. Unfor-
tunately, thermal-expansion data below RT are not known.
An anisotropic expansion could explain thatnQ1 stays con-
stant below RT. A stabilization of covalent bonds between
the La ions below RT might be responsible for the constant
value ofnQ1 at low temperatures. Such a covalent stabiliza-
tion of the La planes in the hexagonal lattice was previously
proposed to interpret the neutron-diffraction structure data in
La2O3.

53,54 It can be taken as an independent additional hint
to the influence of covalency in La2O3.

D. Structure of the defect-induced EFG’s

Besides the already discussed modification of the concen-
tration of free charge carriers, additional information can be
obtained from the PAC results for the doped samples. We
explain the newly appearing EFG’s by the formation of
111In-impurity/defect pairs during the annealing as they are
usually observed in semiconductors.55 The Ce ion exists in
the two charge states Ce41 and Ce31, which are dominant
at different temperatures. We propose that Ce41 and, simi-
larly, Zr41 are located not too far away from the111In probe,
where they act as donors. This results in a less damped sub-
stitutional EFG1. In the case of equally charged ions the
ionic radius will play the most important role: Ce31 is
slightly larger than La31 ~see Table III!, so it may form a
pair with the distinctly smaller In31 during the annealing.
This pair is characterized by the slightly different EFG2 due
to lattice distortions. The much smaller Zr41, on the other
hand, does not form any pairs with In31 and thus only
EFG1 is observed.

After doping with Ba ions, three new EFG’s are observed.
Pair formation between111In and Ba is even more likely than
for Ce ions. We propose that trapping of a Ba ion next to the
probe causes EFG3 and EFG4. As both EFG’s reversibly
appear with temperature they have to be thermally stable
configurations. It cannot be unambiguously decided whether
the transition from EFG3 to EFG4 is generated by addition-
ally stabilized oxygen vacancies or by different charge states
of the defect pair. The amplitudesf obs of EFG3 and EFG4
never add up to 100% in both configurations. Therefore,
some dynamic damping has to be present at all temperatures,
although a precise determination of this dynamics is not pos-
sible since linebroadening effects and distributions cannot be

clearly excluded. EFG5 was only seen at RT in quenched-
samples. As the doping with Ba ions stabilizes oxygen va-
cancies, we propose EFG5 to be a quenched next-neighbor
oxygen vacancy, which is not thermally stable in the prox-
imity of the probe ion at low temperatures but becomes ob-
servable in a quenched sample.

A further doping with other two-valent ions~Mg or Ca!
did practically not alter the spectra as compared to only
0.18~5! at. % Ba doping in the whole temperature range.
Thus all In ions are still trapped at the Ba ions and the further
addition of holes to the valence band does not modify the
availability of electrons at the probe. Now we can look back
into the compensation region where the concentrations of Ba
and Ce are similar. Due to the rising Ce concentration, fi-
nally all Ba ions are bound to Ce ions and the probe ion
111In can trap the excessive Ce ions forming the Ce-In pairs
clearly visible in the whole temperature range.

The defects trapped in the high-temperature measurement
in ultrapure La2O3 definitely do not belong to any of the
additional dopant ions used in the doping experiments. Even
though oxygen vacancies are a minority species, they may be
the trapped species. Some very small numbers of other dop-
ants cannot be excluded either. The stable111Cd isotope im-
planted along with111In is a possible candidate, but to prove
the nature of this trapped defect, separate measurements are
needed.

VI. SUMMARY

The scope of this work was to study electronic arrange-
ment processes following the111In~EC! 111Cd radioactive de-
cay in La2O3. The isotope111In formed the source for the
highly ionized defect through the electron-capture radioac-
tive decay, and at the same time was used as the nuclear
probe 111Cd in the PAC measurements. While the PAC ob-
servation was sensitive to the total availability of electrons at
the probe, external parameters were used to disentangle the
influences of charge-carrier concentration and transport pro-
cesses.

The temperature-dependent spectra showed that around
room temperature very slow processes dominate the electron
availability at the probe (G r. 20 MHz!. Basically, two
electron-transport processes were shown to be possible in
La2O3, the first one through the conduction band and the
second one by VRH between interacting defect levels. A
definite distinction between these two transport mechanisms
was not possible, but in the case of conduction-band trans-
port severe restrictions had to be imposed on the type of
electron sources. By varying the oxygen pressure it was
shown that the availability of electrons at the probe site is
independent of the amount of holes in the valence band, the
majority carrier in La2O3. Thus the variable-range-hopping
conduction is favored by the authors. At low temperatures a
direct local transport from defect levels was proposed to ac-
count for the enhanced availability of electrons.

The doping of La2O3 with Ce and Ba yielded two essen-
tial results: The amount of free charge carriers could be en-
hanced by four-valent doping. While the recovery rate of
stable electric environments of the probe was less than 20
MHz in pure La2O3 at RT and in Ba-doped samples at RT
and below, fully ionized Ce41 ions raised the availability of
electrons at the probe site by at least one order of magnitude
in the whole temperature range and especially at RT (G r.
200 MHz!. Furthermore, size-attracted pairs of Ce-(111In!

TABLE III. Ionic radii of dopants compared to La31 ~Ref. 56!
~ordered for increasing mass!.

Element Formal charge Ionic radius~pm!

Mg 12 66
Zr 14 79
Cd 12 97
In 13 81
Ba 12 134
La 13 101.6
Ce 13 103.4

14 92
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and Ba-(111In! were formed during the annealing process af-
ter implantation of the111In probes, yielding distinctly dif-
ferent EFG’s.
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