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Local fields in the vicinity of 111Cd�←111In� probes in different ZnO samples—0.5 at.% indium-doped and
undoped—were measured by means of the time differential perturbed angular correlation method. Prominent
aftereffect observed for the 0.5 at.% In-doped ZnO evidently exhibits an anomalous behavior of conduction
electrons at a local scale: the probe site is off the mainstream of carrier electrons despite enhanced electric
conductivity in the bulk. A remarkable observation of a drastic and discrete change in the electric field gradient
at the probe in the different samples is also presented.
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I. INTRODUCTION

Zinc oxide �ZnO� is one of the most promising com-
pounds in wide fields of technology and industry because of
its semiconducting properties applicable to functional de-
vices. It is known that those intriguing physical properties
depend on the type and concentration of impurity ions form-
ing shallow donor levels below the conduction band. Since it
is extremely difficult to identify the levels due to other co-
existing defects in the matrix, however, even the origin of the
n-type conductivity, for example, is still in controversy.1–3

This problem is partly originated from the difficulty in clari-
fying the physical properties associated with impurities by
macroscopic observations. In order to understand the func-
tions of impurities in ZnO, accordingly, it is necessary to
directly observe what is happening at the impurity sites. If it
is possible to make use of impurities as the probe of a spec-
troscopy, they can provide direct information on the elec-
tronic state of themselves. In that sense, nuclear techniques
with radioactive probes are very suited for this purpose be-
cause of their high sensitivity.

For group II–VI compound semiconductors including
ZnO, group III elements are regarded as ideal donors owing
to their valence.4–6 Directing our interest to this group, we
doped indium �In� as an impurity element in ZnO and we
measured the local field in the vicinity of the dopants by
means of the time differential perturbed angular correlation
�TDPAC� method with the probe 111Cd formed in the disin-
tegration of 111In. The TDPAC method is a nuclear spectro-
scopic technique, which provides atomic level information
on a local scale in matter through hyperfine interactions be-
tween probe nuclei and the surrounding spins and charge
distribution.7,8 This advantage is hence expected to give di-
rect information on the extranuclear field of the 111In�
→111Cd� probe.

In the course of the microscopic investigation, we have
obtained TDPAC spectra showing an intriguing behavior of
conduction electrons at In sites in 0.5 at.% In-doped ZnO
along with a drastic difference in the electric field gradient
�EFG� values at the probe nuclei between the In-doped and
undoped ZnO. Showing a temperature dependence of the

damping trend of the well defined TDPAC spectra for the 0.5
at.% In-doped ZnO, we report the microscopic observation
unexpected from the result of bulk experiments on electric
conductivity: that is, conduction electrons avoid getting ac-
cess to the probe ions despite their enhanced conductivity.

II. EXPERIMENT

For the synthesis of 0.5 at.% In-doped ZnO, stoichio-
metric amount of In�NO3�3 ·3H2O of a purity of 99.99% was
dissolved in ethanol, and then 99.999% ZnO powder was
added in the solution. The suspension was stirred while
heated on a magnetic stirrer to evaporate the ethanol until
dryness. The uniformly mixed powder and undoped ZnO
powder were then separately pressed into disks. They were
sintered on platinum plates in air at 1273 K for 3 h. �The
purpose of sintering the undoped ZnO was to obtain data
under the same experimental condition as for the In-doped
sample.� Powder x-ray diffraction patterns are shown in Fig.
1 for the undoped and In-doped samples. It was confirmed
that the lattice constants remained unchanged after the dop-
ing of 0.5 at.% In and new phases possibly arising from the
dopants were not at all detected within the present detection
precision. Commercially available 111In HCl solution was
added in droplets onto each of the sintered disks. After the
disks were dried up by heat, they again underwent heat treat-
ment in air at 1373 K for 2 h. TDPAC measurements were
performed for the undoped and 0.5 at.% In-doped samples at
various temperatures for the probe 111Cd�←111In� on the
171–245 keV cascade � rays with the intermediate state of
I�=5 /2+ having a half-life of 85.0 ns.9 �Note that the term
“undoped” denotes here the sample that was not doped with
nonradioactive In in the form of In�NO3�3 ·3H2O. Radioac-
tive 111In was doped in both samples.� In the present work,
we observed the directional anisotropy as a function of the
time interval of the cascade �-ray emissions by the following
simple arithmetic operation:

A22G22�t� =
2�N��,t� − N��/2,t��
N��,t� + 2N��/2,t�

, �1�

where A22 denotes the angular correlation coefficient repre-
senting the magnitude of the directional anisotropy of the
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cascade � rays, G22�t� the time differential perturbation fac-
tor as a function of the time interval, t, between the cascade
�-ray emissions, and N�� , t� the number of the coincidence
events observed at an angle, �. For the �-ray detection, BaF2
scintillation detectors were adopted due to their excellent
time resolution.

III. RESULTS AND DATA ANALYSIS

Figure 2 shows the TDPAC spectra of 111Cd�←111In� in-
troduced in the undoped and 0.5 at.% In-doped ZnO mea-
sured at various temperatures. Both samples exhibit oscillat-
ing patterns typical of electric quadrupole interactions
between the probe nucleus and the extranuclear field for the
case of the nuclear spin of I=5 /2. From the spectral patterns,
one can see two unequivocal facts: �i� there is a large differ-
ence of more than three times in the magnitude of the quad-
rupole frequency between the two samples and �ii� little, if
any, temperature dependence is seen in the spectra for the
undoped ZnO, whereas for the 0.5 at.% In-doped ZnO the
amplitude of the perturbation function is damped and consid-
erably small at room temperature, but it increases with rising
temperature.

For the present 111Cd�←111In� probe, there are four dif-
ferent candidates conceivable as the cause of the spectral
damping observed for the In-doped ZnO: �i� dynamic pertur-
bations by diffusion of atoms/ions, �ii� distribution of electric
quadrupole frequencies arising from different static interac-
tions, �iii� temperature-dependent displacement of the probe

atoms from site to site, and �iv� the so-called “aftereffect”
that takes place in the process of the rearrangement of the
orbital electrons of 111Cd after the disintegration of 111In via
the orbital electron capture.10,11 For the cases of �i� and �ii�,
oscillating patterns of a TDPAC spectrum are gradually
damped with elapsing time of observation. However, this is
not the case with the present results for the 0.5 at.% In-doped
sample: the amplitude of the oscillation is retained constantly
for the observed time range of 300 ns at any temperature. In
addition, we found that the amplitudes of the spectra are
reversibly reproduced with respect to the order of the mea-
surements at different temperatures, which excludes the
above candidate �iii�. The origin of the spectral damping is
therefore attributed to the aftereffect. This phenomenon has
been observed for this probe especially when embedded in
insulators, in which recovery to the ground state of the elec-
tronic configuration takes considerably a long time
��10−8 s� due to lack of the conduction electrons.7 We thus
performed the data analysis using the theoretical functions
for G22�t� developed on the aftereffect by Bäverstam et al.:12

G22�t� = G22
� �t�G22

static�t� . �2�

Here, G22
� �t� is the time-dependent dynamic perturbation part

for the damping effect on the static perturbation, G22
static�t�.

The G22
� �t� is expressed as
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FIG. 1. Powder x-ray diffraction patterns �a� of undoped and �b�
of 0.5 at.% In-doped ZnO.
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FIG. 2. TDPAC spectra of 111Cd�←111In� embedded �a� in un-
doped and �b� in 0.5 at.% In-doped ZnO measured at the tempera-
tures indicated.

SATO et al. PHYSICAL REVIEW B 78, 045319 �2008�

045319-2



G22
� �t� =

�g

�g + �r
+

�r

�g + �r
exp�− ��g + �r�t� , �3�

where �g is defined as the reciprocal of the recovery time, �g,
to the ground state of the probe atom, and �r stands for the
Abragam and Pound relaxation constant.13 �At longer times,
the second term of Eq. �3� becomes negligible and only the
first term remains as a time-independent value. For �g��r
due to very short recovery time, G22

� �t� is unity and the af-
tereffect is not observed.� For a polycrystalline sample,
G22

static�t� in Eq. �2� is explicitly written for I=5 /2 as

G22
static�t� = �2,0 + �

n=1

3

�2,n cos�	nt� . �4�

In Eq. �4�, the amplitudes �2,n are functions only of the
asymmetry parameter 
= �Vxx−Vyy� /Vzz �0�
�1� for the
principal axes of the EFG chosen as �Vxx�� �Vyy�� �Vzz�. An
EFG can be described by using the two tensor parameters,
Vzz and 
, for the diagonalized symmetric traceless EFG ten-
sor. The frequencies 	n are related to the electric quadrupole
frequency,

	Q = −
eQVzz

4I�2I − 1��
, �5�

for the asymmetry parameter 
=0 in such a way as 	1
=6	Q, 	2=12	Q, and 	3=18	Q. In Eq. �5�, the quadrupole
moment of the probe nucleus at the relevant intermediate
state of the cascade is Q=0.77�12� b,9 and the other symbols
have usual meanings. Because the present spectra cannot be
reproduced with a single component, we assumed the pres-
ence of the second minor component forming an unknown
backgroundlike plateau for all the spectra following the
method applied by Asai et al.14 The values of the parameters
obtained by the least-squares fits for the 0.5 at.% In-doped
ZnO are listed in Table I. The fraction of the main compo-
nent giving the oscillatory structures is almost constant
��87%� at any temperature; this result is consistent with the
above interpretation that the displacement of the probe atoms
is not the cause of the spectral damping. From the fits, we
obtained the third observational fact that the 	Q values
gradually increase as the temperature is raised for the 0.5
at.% In-doped sample.

IV. DISCUSSION

A. Electronic behavior at the probe sites

The temperature dependence of �g was investigated in
order to shed insight into the electronic state at the probe
sites. The �g values obtained by the fits are plotted against
the temperature in Fig. 3. For the 0.5 at.% In-doped sample,
the values gradually increase as the temperature becomes
higher, signifying that the probe atoms reach their ground
state faster at higher temperatures. This trend is reasonably
understood in the context that the probe atom returns to its
ground state fast due to high refilling rate in the atomic or-
bital of the probe atom by abundant conduction electrons at
high temperature, which explicitly reflects a property of ZnO
as a donor-doped semiconductor.

In terms of the correlation between the spectral damping
caused by an aftereffect and the density of conduction elec-
trons, however, we immediately notice an inconsistent fact in
our observations. In donor-doped semiconductors, the elec-
tric conductivity is, in general, enhanced as the dopant con-
centration is raised because of increasing conduction elec-
trons. For ZnO doped with In as well, the conductivity
enhancement has already been ascertained in bulk experi-
ments for various dopant concentrations.15,16 In such a case,
the aftereffect should be less operative, as observed for an-
other compound semiconductor In2O3 doped with Sn, for
example.17 The aftereffect is indeed suppressed for In2O3 as
the concentration of a donor Sn increases: the amplitude of
oscillating TDPAC spectra of the 111Cd�←111In� probe be-
comes larger with increasing concentration of Sn. In the
present experiment, however, it is evident from the �g values
plotted in Fig. 3 that the recovery to the ground state of the
probe atoms is achieved in a shorter time when they are
embedded in the undoped sample; in other words, the after-
effect is more prominent in the 0.5 at.% In-doped ZnO. This
behavior is completely opposite to the general
understanding.7 The present experimental fact evidently re-
veals that the probe site is not readily accessible by conduc-
tion electrons in the In-doped ZnO compared to the case of

TABLE I. Parameter values obtained by least-squares fits on the
TDPAC spectra of 111Cd�←111In� embedded in 0.5 at.% In-doped
ZnO.

Temperature
�K�

	Q

�106 rad s−1�
�g

�109 s−1�
Fraction

�%�

1000 18.46�2� 0.034�14� 88�1�
873 18.37�2� 0.036�15� 87�1�
773 18.32�2� 0.025�7� 87�1�
673 18.20�2� 0.020�4� 86�1�
473 17.99�4� 0.017�4� 87�1�
298 17.87�5� 0.010�3� 87�1� 0
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FIG. 3. Temperature dependences of the recovery constant, �g.
The solid squares and circles represent the values for undoped and
0.5 at.% In-doped ZnO, respectively.
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the undoped ZnO; namely, the probe site is off the main-
stream of carrier electrons when doped with an appreciable
amount of In. This observation is very interesting in that the
principal medium of electric conductivity is the matrix ZnO
despite the fact that conductivity enhancement is realized by
doping In.

The temperature dependence of the nuclear quadrupole
frequency, 	Q, for the In-doped ZnO is also closely related to
the electronic behavior at the probe site. As shown in Fig. 4,
the data points are well reproduced by

	Q�T� = 	Q�0��1 +  exp	−
Ea

kT

� , �6�

where Ea represents the activation energy and  is a
constant.15,18 The activation energy was estimated to be Ea
=83�19� meV. This temperature variation is not ascribable
to the thermal expansion of the lattice because the frequency
increases as the temperature is raised; this may suggest that
the electronic state of the probe atom changes with tempera-
ture. Since the density of electrons at the probe atom is con-
sidered to rise with increasing concentration of conduction
electrons at higher temperatures, this activation energy may
be associated with the donor level below the conduction-
band edge.

B. Discrete change in the extranuclear field of the probe

The unexpected behavior of the conduction electrons
must be arising from a drastic change in the electronic state
of the probe atom embedded in the In-doped ZnO, and it is
thus considered that information on their sites could be a key
to the investigation of the charge distribution surrounding the
probe ions.

From the fits to the TDPAC spectra for the undoped ZnO
in Fig. 2�a�, the axially symmetric EFG at the 111Cd nucleus
was estimated to be �Vzz�=1.7�3��1021 V m−2 for all the
temperature range,19 and the fractions of the components
giving this oscillating pattern were found to be almost con-
stant: 85�1�%, 87�1�%, and 86�1�% at 973 K, 673 K, and 298
K, respectively. As reported for the identical

samples,15,18,20–22 it is known with the help of a theoretical
calculation with a point charge model that the 111Cd probe
occupies the substitutional Zn2+ site.18,23

For the 0.5 at.% In-doped ZnO, on the other hand, the
magnitude of the EFG deduced from the 	Q value listed in
Table I is �Vzz�=6.1�9��1021 V m−2 �
=0.10�3�� at room
temperature.19 As shown in Table I, the fraction of the main
component does not fluctuate at different temperatures for
this sample either; moreover, it takes almost the same value
as that for the undoped sample. These observations suggest
that the probe ions in the 0.5 at.% In-doped ZnO also sub-
stitute for the lattice Zn2+ sites. However, it is obvious that
there is a significant difference in the EFG value between the
undoped and 0.5 at.% In-doped samples despite the same
residential site assumed, which signifies that the charge dis-
tribution surrounding the probe drastically changes between
the samples. As shown in Fig. 5, we have an experimental
evidence that two different oscillating components identical
to those appearing in the spectra for the 0.5 at.% In-doped
and undoped ZnO coexist at the total fraction of �86% for
more dilute �0.05 at.%� In-doped ZnO prepared by the same
method. This fact indicates that the EFG, or more specifi-
cally, the surroundings of the probe discretely but not gradu-
ally change, which cannot be explained by progressive struc-
tural deformation such as lattice distortion with increasing In
impurities. It can be inferred as a possibility that a certain
type of local association of In ions is formed with their in-
creasing concentration.16 For unequivocal determination of
the probe site in the 0.5 at.% In-doped ZnO sample, a reli-
able theoretical calculation such as the density-functional
theory needs to be applied.

V. SUMMARY AND CONCLUSIONS

In this work, we measured the local fields at the 111Cd�
←111In� probe introduced in 0.5 at.% In-doped and undoped
ZnO compounds by means of the TDPAC technique. We
have obtained the following information on modification of
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FIG. 4. Temperature dependence of the nuclear quadrupole fre-
quency, 	Q, for 0.5 at.% In-doped ZnO. The data are fitted with Eq.
�6�.
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FIG. 5. TDPAC spectrum of 111Cd�←111In� embedded in 0.05
at.% In-doped ZnO measured at 673 K. A least-squares fit was
carried out assuming two different oscillating components identical
to those appearing in the spectra for undoped and 0.5 at.% In-doped
ZnO.
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the local structure in the vicinity of the probe caused by the
doping of a macroscopic amount of In. �i� For the 0.5 at.%
In-doped sample, the aftereffect arising from the orbital elec-
tron capture decay of 111In was observed through the damp-
ing trend of the spectral amplitudes at lower temperatures.
The temperature dependence clearly displays a property of
the In-doped ZnO as a semiconductor: the refilling of the
holes in the outermost shell of the atomic orbital with con-
duction electrons speeds up at higher temperatures. On the
other hand, however, an unexpected local behavior of con-
duction electrons has been disclosed: they avoid getting ac-
cess to the probe atom in spite of enhanced electric conduc-
tivity by In-donor doping. This intriguing observation is
attributed to the change in local electronic structure produced
by macroscopic doping of In. �ii� A gradual increase of the
nuclear quadrupole frequency with rising temperature for the
0.5 at.% In-doped ZnO was observed. We consider that the
relevant activation energy, Ea=83�19� meV, is associated
with the donor level of In dopants below the conduction-
band edge. �iii� Most of the doped In occupy the substitu-
tional Zn2+ sites for both of the samples although there is a
large difference of more than three times in the magnitude of
the EFG between the two samples. It was found in addition

that the change in the field is not gradual but discrete, which
excludes the possibility of a progressive lattice distortion for
the origin of the distinct fields.

In the TDPAC spectroscopy, the aftereffect has been re-
garded as interference in the measurement of local fields due
to analytical ambiguity arising from spectral damping. How-
ever, the present work successfully suggests that local elec-
tronic structures in the vicinity of impurities can be probed
through this effect on the contrary. For further information
on the behavior of conduction electrons and the probe site in
In-doped ZnO, dopant concentration dependence is now un-
der investigation.
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