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We present a series of measurements of the static and time-dependent interactions in the angular
correlation of "'In (electron capture to '"Cd) in pure and Sn-doped In203. Results on the static
electric field gradient are consistent with mainly ionic bonds and confirm the s character of the con-

duction band. The temperature and free-electron-density dependence of the fluctuating interaction
is analyzed, thus allowing a tentative description of electron-capture aftereffects in semiconductors
and insulators compounds. The hyperfine parameter characteristic of the time-dependent interac-

tion provides a measurement of the hole lifetime in an impurity level. The position of the Cd impur-

ity level deduced from our results is 0.164 eV above the valence band.

INTRODUCTION

After the comprehensive work of Haas and Shirley' in
1973, the time-differential perturbed-angular-correlation
(TDPAC) technique has been increasingly applied to
study solid semiconductor compounds. Although all the
experiments are based on the measurement of the electric
field gradient (EFG) at the probe sites, they have been
performed with different aims concerning semiconductor
properties. Indeed, while phase transitions were studied in
InzSe3 (Ref. 2) and VzO3 (Ref. 3), Amaral et al. investi-
gated the structural changes connected with the electrical
switching of InSe, and Unterricker and Schneider were
interested in the correlation of the nuclear quadrupole
coupling with the tetragonal compression in some chal-
copyrite compounds. Also, the radiation damage recovery
in semiconductors has been studied by TDPAC.

The temperature dependence of the EFG has been stud-
ied in several semiconductor compounds in some detail.
Different mechanisms have been invoked in an attempt to
explain the distinct temperature dependence measured in
each compound. In Te, for example, the EFG first
remains constant and then increases with temperature. A
similar behavior was found in BizTe3 and Sb2Te3. The
exponential dependence found in the intrinsic region of
these semiconductors led the authors in Ref. 9 to propose
a qualitative explanation in which changes in the free-
electron density were assumed to be the main mechanism
responsible for the variation in the EFG with tempera-
ture. Consistent with this description was the nearly con-
stant EFG measured in CdSe, HfOq (Ref. 10), and InzTe3
(Ref. 9) semiconductors with larger band gaps. On the
other hand, Forkel et a/. " found a sharp increase in the
EFG in InzTe5 around 150 K which they explain in the
framework of a bond switching model describing the
thermal repopulation of the electronic states in the tem-
perature range of extrinsic conductivity. In a recent paper
Amaral et al. ' reported a well-defined change in the tem-

perature dependence of the nuclear quadrupole interaction
measured in InSe: From 110 K up to 823 K they found a
T dependence, while between 4 and 80 K the EFG
varies linearly with temperature. They suggest that this
can be related to changes in the dimensionality of the pho-
non spectrum. It is clearly evident that in nonmetallic
systems the temperature dependence of the EFG results
from several mechanisms which contribute independently
and not a universal law —like the T law in metals -- "an
be extracted.

Another controversial feature of TDPAC measure-
ments in semiconductors is the presence of a time-
dependent interaction due to the aftereffects (AE) follow-
ing the nuclear electron capture (EC) of the probe. This
effect is not systematically present in all the, semiconduc-
tors studied. Indeed, even though all the TDPAC mea-
surements mentioned above except that on HfOz (Ref.
10)—have been performed using ' "In probes, which decay
by electron capture to "'Cd and hence are subject to elec-
tronic relaxation, only one of them (CdC12 in Refs. 10 and
13) showed an attenuation associated with AE. Afteref-
fects have also been reported by Haas and Shirley, ' who
studied Rh(NH3) 3C13 [measured with Rh(EC) 9 Ru],
CszPdCl„[measured with ' Pd(EC) ' Rh], and InPO4
(measured with "'In). Also, a recent study of indium
chlorides performed by Martin et al. ' ' showed the pres-
ence of AE in InC13, InC12, and InC1~ s. Whether or not
the angular correlation measured in a given compound is
perturbed by AE is still an open question.

We have presented in a previous work' preliminary re-
sults of the temperature dependence of electron-capture
aftereffects in the semiconductor In203, suggesting that
AE measurements should provide information about local
electric properties at impurity sites in semiconductors.
Following our investigation, we present in this paper a
complete analysis of the temperature dependence of the
hyperfine interaction measured in In203. We also report
our results on the In2O3. Sn system, with two different Sn
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concentrations (0.025 and 1 at. %), measured in the tem-
perature range 14—500 K.

We analyze the complete set of data and discuss not
only the temperature dependence of both static and fluc-
tuating interactions, but also their dependence with the
free-carrier concentration. Our results show no depen-
dence of the EFG with the free-electron density which
confirms the s character of the conduction band of the
In&03 semiconductor.

Concerning the fluctuating interaction, our results are
consistent with the following description of aftereffects:
The extremely fast hole diffusion in the valence band
leads (in less than 10 ' s) the initially highly ionized
atom to a state in which only the holes trapped in an irn-

purity level, above the valence band, will remain long
enough to modify the angular correlation. The fluctuat-
ing interaction which is turned on when the nuclear elec-
tron capture occurs, is turned off when the trapped hole
recombines with electrons that may come either from the
conduction band or from the valence band by thermal ex-
citation. Hence, the relaxation constant A,z associated
with the fluctuating interaction provides a measurement
of the lifetime of a hole in a trap center.

II. EXPERIMENTAL PROCEDURE

A. Measurement technique

The TDPAC technique is based on the observation of
the influence of extranuclear fields on the correlation be-
tween emission directions of two successive radiations
emitted during a nuclear decay cascade. Complete
description of this and related techniques can be found in
the literature. ' We made use of the radioactive isotope
"'In, which decays by electron capture with a 2.8-day
half-life to nuclear levels in "'Cd. The major fraction of
excited "'Cd produced in this way decays to the ground
state by the cascade emission of two y rays of energies
173 and 247 keV, respectively. The intermediate nuclear
level at 247 keV populated by 173-keV transition has nu-
clear spin I = —,', a half-life of 84 ns, and an electric quad-
rupole moment of 0.77Ub. ' Using the conventional for-
mulation, ' the correlation function is written as

the cadmium foil was dissolved in HNO3 together with
some indium metal. Then HzS was bubbled into the solu-

tion, and the yellow precipitate of CdS was eliminated by
centrifugation. This process was repeated until no visible

CdS was present. The solution was then evaporated, and
the In&03 was obtained by calcination of In(NO3)3 at
about 770 K. Finally, the compound was annealed in air
at 1273 K for six hours. The suitability of the described
process was checked through x-ray analysis of the result-
ing product. The Debye-Scherrer pattern only showed the
characteristic lines of In&03 corresponding to the cubic
bixbyite structure reported by Swanson et al. '

2. Inq03. Sn compounds

For the InzO3..Sn compounds with 0.025- and 1-at. %
Sn the method described by Franck et al. was em-

ployed. That is, C14Sn and C13In solutions with the ap-
propriate molar concentrations were prepared. In the in-
dium chloride solution some commercially obtained
C13 "'In activity was included. The solutions were mixed
together and uninterruptedly stirred at a constant tem-
perature of 60 C. The resulting solution was then neu-
tralized to a pH of 7 by addition of NH4OH. As a conse-
quence of the coprecipitation of indium hydroxide and
stannic acid a white homogeneous paste was obtained.
The precipitate was filtered and washed several times with
NH4NO3 to eliminate free Cl ions. Finally, calcination
treatments in air at 1273 K during 10 h were performed.
From activity measurements the concentration of '"In in
the final compound was estimated to be less than 10
at. %. The samples were analyzed with an x-ray diffrac-
tometer revealing only the bixbyite structure of indium
sesquioxide.

C. Data reduction and parametrization

A conventional automatic two detector apparatus was
used with one NaI(T1) and one CsF scintillator, providing
a time resolution of 2.4 ns full width at half maximum.
After subtraction of chance coincidence background, time
spectra corresponding to angles 90' and 180' between
detectors were combined to form the ratio

W(9, r) =1+AzGz(r)Pq(cos9), (r)=2 N(180'~r) N(90'~r) ~e—xptG (r) .
N(180, r)+2%(90', r)

(2)

where 0 is the angle between the first and second y-ray
emission directions, Pz is the second-order Legendre poly-
nomial, and higher-order terms can be neglected in the
present case. For the cascade in "'Cd, Az ——0. 18 is the
theoretical angular correlation coefficient, which depends
only on the spins of the states and nature of the transi-
tions involved in the nuclear decay. The form of the per-
turbation factor Gq(t) depends on the nature and time
dependence of the fields acting on the nucleus.

B. Sample preparation

1. In~03 compound

A natural cadmium foil was irradiated with 28-MeV
deuterons in order to produce the "'In activity through
the nuclear reaction " Cd(d, n) '"In. After irradiation

Theoretical functions of the form AzGz(t), folded with
the measured time resolution curve, were fitted to the ex-
perimental asymmetry ratios R (r). The perturbation fac-
tor Gz(t) takes into account two different hyperfine in-
teractions: the static one due to the coupling of the nu-
clear quadrupole moment and the electric field gradient of
the charge distribution in the lattice, and the time-
dependent interaction associated with AE.

Since there are two nonequivalent sites for the In atoms
in the In&03 lattice, the perturbation factor corresponding
to the static interaction will be of the form

2 3

G~(t)= g f; g s„;exp( —$;co„ t)cos(co„r),
n=0

where f; are the relative fractions of nuclei that experi-
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ence a given perturbation. The frequencies co„are related
by co„=F„(g)co~ to the quadrupole frequency co&
=eQV~2m. /40h. The coefficients F„and s„are known
functions ' of the axial symmetry parameter q defined by
q=( V~ —Vz„)/V~, where V&; are the principal com-
ponents of the EFG tensor. The exponential function ac-
counts for a Lorentzian frequency distribution of relative
width 5 around a)„.

Concerning the time-dependent interaction, use has
been made of the perturbation factor derived by
Baverstam et al. on the basis of the Abragam and
Pound theory. The authors in Ref. 22 have shown that
the basic assumptions of the Abragam and Pound theory
are satisfied in AE processes and derived a modified per-
turbation factor by taking into account the fact that the
fluctuating interaction is turned off when the atomic
ground state is reached. To do so, two simplifying as-
sumptions were made.

(i) The probability for an atom to reach its ground state
in the time interval t, t +dt is given by

P~(r)dt =A,,exp( A, t)d—t . , (4)

G2(t)=G2(t)G2(t) . (6)

III. RESULTS AND DISCUSSION

A. Static electric field gradient

As we reported in Ref. 24, two static quadrupole in-
teractions, with relative amplitude ratio 3:1,are present in
Inz03, corresponding to the two inequivalent indium sites
in the oxide structure. In Fig. 1 the quadrupole frequen-
cies co& for each indium site of pure In2O3 are plotted
versus temperature. No dependence of the quadrupole pa-
rameters with temperature is observed. The frequencies
distributions, not shown in the figure, were l%%uo or less for
both interactions throughout the studied temperature
range. Despite a slight dispersion in the fitted values of
the asymmetry parameter gz, it was also found tempera-
ture independent. A fixed value of gz ——0.12 was adopted
in the fits shown in Fig. 1.

The measured quadrupole parameters at RT are report-
ed in Table I together with the corresponding principal
component V of the electric field gradient (EFG) de-

This assumption implies that the whole atomic recovery
process is characterized by a single exponential recovery
time A,

(ii) The mean interaction strength, characterized by the
Abragam and Pound relaxation constant A,„remains con-
stant during the time the holes are bound to the probe.

The time-dependent contribution to the perturbation
factor can be written then as

Al Al pe

G2 (t) = + exp[ —(As+A„)t] . ,

+A,„A, +I,„
When the complete atomic recovery is achieved, the hy-
perfine interaction becomes static. Since this interaction
is much weaker than the time-dependent one, G2(t) can be
expressed as the product
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FIG. 1. Temperature dependence of the fitted quadrupole pa-
rameters in pure (~ ) and 0.025-at. % Sn-doped (O ) In&03 com-
pounds.

duced by assuming a Sternheimer factor (1—y ) =30.3.
The experimental electric field gradients are also com-
pared with those predicted from a ionic point-charge
model. We have also made calculations based on a co-
valent approach, which are discussed elsewhere, but an
ionic model seems to be more realistic since the structure
adopted by In203—a defect fluorite one—is rather indica-
tive of mainly ionic bonds. The point-charge calculation
was performed summing over the first 30 nearest neigh-
bors using the atomic coordinates and cell parameters re-
ported by Marezio and charges —2 and + 3 at O and In
sites, respectively. A summation over the whole lattice
using the De Wette method yields similar results. Despite
the simplifications involved in the model, the agreement
with measured values of V~ and g is fairly good. In par-
ticular, it correctly predicts the observed ratio between the
principal values of EFG at both In sites. We infer then,
that the observed EFG is mainly originated at the ionic
lattice. This is strongly supported by the constancy of the
quadrupole parameters with temperature (see Fig. 1)
which shows none of the typical behaviors of electronic
contributions to EFG. According to Ref. 28 the electron
concentration should increase at low temperatures due to
the ionization of the oxygen vacancies donor levels
(E 0.03 eV) and a further increase should be noticeable
above 1000 K where the dissociation reaction provides
more oxygen vacancies (see also Ref. 29). The absence of
any change in the co~ values for Inz03 would then indicate
the s character of these free electrons.

In this respect it is worthwhile to discuss now the re-
sults obtained on Sn-doped Inz03, also reported in Table I,
where an estimation of the corresponding free-carrier den-
sities n is quoted. The free-electron concentration value
for pure InzQ3 is the average of those reported by
Weiher, measured in four different samples. For the
tin-doped compounds we estimated the free-carrier con-
centration, basing our calculation on the results of Kostlin
et al. They showed that for low Sn concentration every
tin atom is substitutionally incorporated at an In + site as
an Sn + ion giving one free electron (since all these im-
purities are ionized at RT). As can be seen in Table I the
quadrupole parameters do not vary significantly with the
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number of electrons in the conduction band. The slight
variation in g2 can be understood in the framework of an
ionic model.

These results provide evidence for the s character of the
conduction band, since otherwise the conduction electrons
would give a significant contribution to the EFG. In ad-
dition the observed quadrupole parameters are tempera-
ture independent (from 14 to 473 K and 14 K to RT for
samples with 0.025- and 1-at. % Sn, respectively), see Fig.
1, supporting our conclusions and confirming the
schematic energy band diagram, given by Fan and
Goodenough ' (see Fig. S).

R(1. )

-0. IQ

(c)

-0. p5

p pp JJ
0 100 t(os)

FIG. 2. TDPAC spectra, measured at RT, of (a) undoped
Inq03, (b) 0.025-at. % Sn-doped In2Q3, and (e) 1-at. % Sn-doped
In&03. The solid curves are least-squares fits of Eq. (6} to the
data.

B. Time-dependent interaction

We have reported in a recent paper' a TDPAC mea-
surement of electron-capture aftereffects in the semicon-
ductor In2O3. Aftereffects are characterized by a time-
dependent interaction which is turned off when the atom-
ic recovery is achieved. The temperature dependence of
AE, which reveal a faster atomic recovery with increasing
temperature, was interpreted in terms of the electron
availability increment at the probe's site. In order to test
this interpretation, we continue our investigation measur-
ing the time-dependent interaction as a function of the
electron density in the conduction band doping In203 with
Sn impurities. As we mentioned in Sec. IIIA, at low Sn
concentration, every impurity atom incorporates one
quasifree electron in a single donor level at less than 0.03
eV below the conduction-band edge. In Fig. 2 we show
TDPAC spectra corresponding to three different Sn con-
centrations, measured at RT where all the impurities are
ionized. The spectrum (a), obtained with an undoped
In203 sample, is clearly dominated by the exponential at-
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tenuation characteristic of the time-dependent interaction.
In sample (b) the free-carrier density has been increased by
a factor 10 by the addition of 0.025 at. % of Sn impuri-
ties. A time-dependent interaction can still be recognized
although the exponential attenuation of the angular corre-
lation is much weaker. The last spectrum (c), corresponds
to a l-at. % Sn doping which means an increase of 10
times in the free-electron-density respect to the pure com-
pound. Here, no time-dependent interaction is present.
Only the two well-defined static quadrupole interactions
of the In203 compound can be recognized. When this
sample is measured at 14 K, where not all the impurities
are ionized, the time-dependent interaction is observed.

The hyperfine parameters that characterize the fluc-
tuating interaction, Ag and A,„, have been defined in Sec.
IIC. In Fig. 3 we show the temperature dependence of
these parameters measured in In203. pure (~ ), doped with
0.025-at. %%uo(0 ), an d1-at. %o (~)Sn impurities.

The Abragam and Pound relaxation constant A,, was
found temperature independent in both compounds
throughout the temperature range studied. The measured
A,, are slightly dispersed around a mean value of A,,=0.12
ns '. The parameter I,„ takes into account all the fluc-
tuating interactions which are present during the atomic
recovery, for example, the spin-lattice relaxation and the
electronic disturbances in the probe's surrounding. Since
the correlation times arising from these mechanisms are
all contained in the single quantity A,„, it is very difficult
to obtain any quantitative information about the processes
involved from the measured A,, values shown in Fig. 3.
Nevertheless, it can be worth mentioning that the A,, mea-
sured value (0.12 ns ') is consistent with a calculated es-
timation of the magnitude of the Abragam and Pound
constant associated with a pure magnetic interaction pro-
duced by a hole in the 4d shell of the Cd atom. Assuming
a typical value of the correlation time of 2&& 10 ' s, and
a magnetic field at the nucleus of 0.3 MG (average value
of the magnetic field calculated for the 4d shell in a hy-
drogenic model with screened effective nuclear charge),
one obtains A,, =0.2 ns ', which is, as we stated, con-
sistent with the measured values.

The parameter A.g is the probability, per unit time, for

A.„
((/ns)
p2 o

~g
g

$o of
o

0.0—

an atom to reach its ground state (the normal ionization
state Cd +). As can be seen in Fig. 3, the Ag values mea-
sured in the Sn-doped samples are systematically higher
than those measured in pure In203. A quite similar tern-
perature dependence of Ag is found in both compounds.
In Fig. 4 we show the fraction of atoms N; =exp( —

IOAg )

that still have a nonequilibrium ionization after the first
10 ns (t =0 is given by the detection of the first y of the
cascade), calculated using the Ag values of Fig. 3. In both
compounds the temperature dependence of the atomic
recovery is clearly similar. The fraction of ionized probes
is lower in the doped compound than in the pure In203
throughout the temperature range studied. In particular,
at 500 K, while in the Sn-doped sample all the ions have
reached its ground state, there are more than 50% still
ionized probes in the undoped indium sesquioxide.

It is clear from the results shown in Figs. 3 and 4 that
the parameter which reveals both the temperature and
free-electron-density dependence of AE is Ag, that is the
atomic recovery constant. Let us then consider how the
atomic recovery constant depends on (i) the final number
of holes after the electronic relaxation following the nu-
clear electron capture, (ii) the position of the hole levels in
the band structure of the semiconductor, and (iii) the elec-
tron supply.

Concerning the number of holes, a brief description of
the processes involved after a nuclear electron capture can
be of use. After formation of the IC hole, atomic shell and
nucleus tend to reach their ground state: the nucleus by
decaying through the y-y cascade, the atomic shell by
releasing the excitation energy through emission of Auger
electrons and x rays. A hole in the K shell moves very
rapidly to the outermost shell. This movement occurs
mainly through Auger transitions and hence more holes
are created that also move outward. The total time re-
quired for a hole to move out to the outermost shell is of
the order of 10 ' —10 ' s. Since the half-life of the ini-
tial state of the y cascade is 1.2)&10 ' s, the relaxation
of the inner holes to the outermost shells takes place be-
fore the emission of the first y ray. Experimental investi-
gations show that the average charge of an atom after IC

capture is quite large. One expects for Cd an average
charge of approximately 7e, although individual Cd
atoms may acquire much higher charges. ' The number
of holes is determined by atomic processes and should not

r
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FIG. 3. Temperature dependence of the hyperfine parameters

characteristic of the time-dependent interaction in undoped (~),
0.025-at. %%uoSn-dope d( O ), an d1-at . %Sn-dope d(R ) In20 3
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FIG. 4. Temperature dependence of the number of atoms

still ionized 10 ns after the emission of the first y ray of the cas-
cade, derived from the values shown in Fig. 3. 4, In2O3 O,
In203.Sn (0.025 at. %).
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vary either with temperature or with the addition of Sn
impurities.

In order to discuss the position of the hole levels we
will give in the following a brief description of the In203
band structure. As prepared, indium oxide is generally
somewhat reduced. At each oxygen vacancy ( V, ) sym-
metrized In:Ss orbitals form shallow donor states just
below E, that trap two electrons per oxygen vacancy.
When tin is incorporated in a substitutional In site of
In203, the larger nuclear charge of the impurity atom sta-
bilizes a single donor level just below E, . In Sn-doped
In203, V, and Sn + donor levels should coexist and both
provide electrons to the conduction band. The schematic
energy-band model proposed by Fan and Goodenough ' is
shown in Fig. 5.

In our case, where "'In radiative probes are incorporat-
ed in the semiconductor, the nuclear decay creates in the
In203 lattice a Cd + impurity which introduces a single
acceptor level in the band gap. To our knowledge, the po-
sition of this Cd acceptor level in In203 has neither been
measured nor calculated.

In a very naive model, supposing that the sudden
creation of a number of holes will not modify the band
structure of the semiconductor, one can expect that all the
holes should lie inside the valence band, except one which
would be in the single acceptor level mentioned above. If
so, all but one of these holes can diffuse in the valence
band.

In order to evaluate the diffusion time we have studied
the unidimensional diffusion equation with a delta func-
tion with support at the origin as initial hole concentra-
tion; this corresponds to a situation where all holes are lo-
cated at the Cd atom. We want to determine t&&2, the
time after which half of the holes still remain in a region
of width 2r centered at the origin. Calling C(x, t) the
concentration at the point x at time r, and from the rela-
tion

Co r
C(x, tI/2)dx, (7)

where Co is the initial concentration and using the solu-
tion of the diffusion equation, we obtain from Eq. (7)

I 7"

2(tI/2D)'

where P is the error function and D, the diffusion coeffi-
cient, is given by the Einstein relationship

D =kant h/e

where p~ is the hole mobility, kz is the Boltzmann con-
stant, and q is the electron's charge. To our knowledge,
the hole mobility in In203 has not been measured, and
therefore it is not possible to compute t»2 in our case.
Assuming a hole mobility as low as 1 cm /Vs, one ob-
tains a t&&2 value of the order of 10 ' s. - This is several
orders of magnitude shorter than the lifetime of the first
nuclear state of the y cascade. Hence, no perturbation of
the angular correlation should arise from holes initially
located inside the valence band. If this is true, no afteref-
fects should be present in cadmium compounds measured
with "'In probes (nor in those compounds where Cd is an
isovalent impurity). This is verified in all the cadmium
compounds reported in the literature with the exception of
CdC12. ' The authors in Ref. 10 claim that AE are re-
sponsible for the strong attenuation of the angular correla-
tion in CdC12 when measured with "'In probes. It would
be very interesting to perform TDPAC measurements of
this insulator as a function of temperature, which would
give conclusive results concerning the origin of the ob-
served attenuation.

A11 the above considerations lead us to infer that only
the holes trapped in levels above the valence band can ori-
ginate time-dependent perturbations to the nuclear angu-
lar correlation.

A careful analysis of the semiconductors and insulators
measured by TDPAC where the radiative probes decaying
by electron capture introduce an acceptor level, suggests a
correlation of aftereffects with the spatial distribution of
valence electrons. Actually, aftereffects have never been
reported in tetrahedrally coordinated ("covalent" ) semi-
conductors. Instead, in all the compounds showing AE
the probes have a coordination higher than four with
mainly ionic bonds.

To summarize the above discussion we can say that the
relevant parameters in aftereffects measurements are not
the number of holes introduced due to the nuclear electron
capture but the position of the hole levels in the band con-
figuration of the compound. Only holes trapped in im-
purity levels must be considered. Moreover, aftereffect at-
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FIG. 5. Schematic energy-band model for Sn-doped In&03,
having no Sn304-like phase, for small Sn concentrations, given
by Fan and Goodenough (Ref. 31).

III) I I ) I I ill[ I I I I IIIII
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FKx. 6. Temperature dependence of the hole lifetime in the
impurity level for undoped () and 0.025-at. % Sn-doped (0)
In&03, in a semilogarithmic plot.
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In203..Sn experimental set of rs values. A mean value of
0.164 eV can therefore be assigned to the cadmium impur-
ity acceptor level.
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FIG. 7. Same as Fig. 6 in expanded scale to show the high-
temperature region.

tenuation of the angular correlation seems to be related to
the spatial distribution of the valence electrons.

Finally, let us discuss the dependence of ks on the elec-
tron supply to the impurity level. In our case, at low tem-
peratures electrons are provided basically by the conduc-
tion band. At increasing temperatures the thermal excita-
tion of electrons from the valence band to the impurity
level becomes predominant. Since the fluctuating interac-
tion is turned off when the atomic recovery is achieved,
the hyperfine parameter rz ——1/A, s provides the lifetime of
the hole trapped in the impurity level. We show in Fig. 6
the measured lifetime in In203 pure (~) and 0.025-at. %%uo

Sn doped (0), versus 1000/T. A well-defined change in
the temperature dependence was found. The hole recom-
bination with electrons coming from the conduction band,
is the main mechanism at low temperature. The incre-
ment of ~z with temperature which is observed between
14 and 150 K, may be related to electron-phonon interac-
tion effects. The fact that the measured lifetime in the
Sn-doped compound is systematically shorter than the
corresponding one in pure In203 reveals that the low-
temperature mechanism is also present at high tempera-
tures. Around 150 K the thermal excitation of electrons
from the valence band becomes important. The high-
temperature region in Fig. 6 is expanded in Fig. 7. The
linear behavior in the chosen scales suggests an exponen-
tial temperature dependence of the hole lifetime. Within
errors and taking into account only the high-temperature
points the same slope can be fitted for both In2O3 and

IV. CONCLUSIONS

We have studied by TDPAC the static and time-
dependent hyperfine interaction in pure and Sn-doped
In203. The magnitude and temperature dependence of the
static electric field gradients reveal the ionic character of
the bonds. No dependence of the EFG was found with
the free-electron density, confirming the s character of the
conduction band. Our results are in agreement with the
schematic energy-band diagram given by Fan and
Goodenough. '

Concerning the time-dependent interaction the objective
of this paper was to give some insight to aftereffects pro-
cesses in semiconductors and insulators. The analysis of
our results and those reported in the literature suggest the
following tentative conclusions. Only the holes trapped in
levels above the valence band perturb the angular correla-
tion. Hence, only ih those cases in which the nuclear elec-
tron capture introduces an impurity acceptor level in the
band structure of the compound, might the time-
dependent interaction be observed. A further requirement
(based only on the scarce available experimental data)
seems to be a predominantly ionic character of the bonds.
In this framework, the relevant parameter wz which
characterizes the fluctuating interaction provides a mea-
surement of the lifetime of a hole trapped in the impurity
level. Results obtained in the high-. temperature region,
give a tentative value of 0. 164 eV for the position of the
cadmium impurity level above the valence band. Further
investigations are in progress in order to confirm the pic-
ture described above.
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