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Characteristic local association of In impurities dispersed in ZnO
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Local environments in 0.5 at.% In-doped ZnO were investigated by means of the time-differential perturbed
angular correlation (TDPAC) method. In a comparative study, using the 111Cd probe nuclei as the decay products
of different parents, 111In and 111mCd, we found that 111In microscopically forms a unique structure with
nonradioactive In ion(s) dispersed in ZnO, whereas 111mCd has no specific interaction with the In impurities. The
spectral damping of the TDPAC spectra is attributed to the aftereffect following the EC decay of 111In. It was
demonstrated from the aftereffect that the local density and/or mobility of conduction electrons at the 111In probe
site in the In-doped ZnO is lowered due to the characteristic structure locally formed by the dispersed In ion(s).
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I. INTRODUCTION

Zinc oxide (ZnO) is an intrinsic n-type II-VI compound
semiconductor having a wide band gap of 3.4 eV, and its
optically transparent conductivity is very desirable for appli-
cations in various fields of technology. Apart from the intrinsic
property brought about by defects created in its synthesis
process, the electric conductivity of ZnO is variable depending
on how, how many, and what kind(s) of impurities are doped
in the matrix.1–4 It has also been known by recent studies that
codoping of impurities of different elements exhibits intriguing
properties leading to future spintronic devices.5–7 In order to
understand such impurity-induced physical properties, it is
of great importance to investigate the interacting nature of
impurities in ZnO by obtaining atomic-level information on
their ambient electric and/or magnetic fields.8–14

For investigation of the electromagnetic fields in the
vicinity of dilute impurities incorporated in ZnO, we applied
the time-differential perturbed angular correlation (TDPAC)
method to our recent studies on ZnO.15–17 The TDPAC
method is a nuclear spectroscopic technique, which pro-
vides local information in matter through electromagnetic
interactions between probe nuclei and the surrounding spins
and charge distribution.18,19 In a series of our TDPAC
studies, we employed the 111Cd probe formed in the process
of the electron capture (EC) decay of 111In. This probe satisfies
the present purpose because the parent nuclide, 111In, is
generally considered to be an ideal donor in the system of this
II-VI compound and, hence, can provide direct information on
the local structure at the donor site. Applying this spectroscopy,
we obtained the following results for 0.5 at.% In-doped
ZnO:15 (i) a single high-frequency component predominates
in the TDPAC spectra, showing that the electric field gradient
(EFG) at the probe is distinctly larger than the one observed
for undoped ZnO, and (ii) the spectral damping, which is
observed for undoped ZnO as well, is obviously enhanced for
the In-doped, especially at lower temperature. Because these
observations for the 0.5 at.% In-doped ZnO are significantly
different from those for the undoped, it is undoubted that the
doped In impurities form a unique structure to give rise to the
high quadrupole frequency and the marked spectral damping.
As for the damping trend, we suggested that the phenomenon

could be caused by a so-called aftereffect accompanying the
EC decay.15 However, there remains a question why this
phenomenon is more pronounced in the In-doped ZnO than the
undoped in spite of the presence of In ions in the system. Do the
dilute In ions truly function as a donor in ZnO as is commonly
expected? In order to answer this question, it is important
to clarify if this strong damping observed for the 0.5 at.%
In-doped ZnO is characteristic of the 111Cd(←111In) probe or it
goes for other probes as well. We have thus performed TDPAC
measurements introducing in In-doped ZnO the same probe
but descended from a different parent nucleus via an isomeric
transition (IT), 111Cd(←111mCd). In the present paper, distinct
interacting natures between nonradioactive In impurities and
the probes (111Cd) formed in the disintegration of different
parents (111In and 111mCd) are discussed based on the EFGs at
the probes and on their spectral amplitudes.

II. EXPERIMENT

We initially examined the site occupied by the
111Cd(←111mCd) probe in ZnO lattice according to the
following procedure. About 3 mg of cadmium oxide (CdO)
enriched with 110Cd was irradiated with thermal neutrons in a
pneumatic tube at Kyoto University Reactor, and radioactive
111mCd was generated by the 110Cd(n, γ )111mCd reaction.
The neutron-irradiated CdO powder was then added into
stoichiometric amount of ZnO powder to synthesize 0.5 at.%
Cd-doped ZnO. The powders were thoroughly mixed in a
mortar. The mixture was then pressed into a disk, and sintered
in air at 1373 K for 45 min. A TDPAC measurement was
carried out for the 111Cd(←111mCd) probe on the 151–245 keV
cascade γ rays with the intermediate state of Iπ = 5/2+
having a half-life of 85.0 ns.20 A simplified decay scheme
of 111Cd(←111mCd) is shown in Fig. 1 along with the one
of 111Cd(←111In). For the γ -ray detection, BaF2 scintillation
detectors were adopted due to their excellent time resolution.

After ascertaining the residence site of the 111Cd(←111mCd)
probe, which is described in Sec. III A, we investigated
the interacting nature of In and Cd ions in the following
manner. Stoichiometric amount of In(NO3)3·3H2O of a purity
of 99.99% was dissolved in ethanol, and then ZnO powder
(99.999%) was added in the solution to produce 0.5 and 2 at.%
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FIG. 1. Simplified decay schemes of
the 111Cd probe descended from different
parents, 111mCd and 111In.

In-doped ZnO. Each suspension was heated to dryness while
stirred on a magnetic stirrer. The uniformly mixed powders
were then pressed into disks, and they were sintered on a
platinum plate in air at 1273 K for 3 h. Cadmium oxide powder
including the 111Cd(←111mCd) probe prepared in the same
way as above was mixed with the In-doped ZnO samples. The
mixtures were subsequently pressed into disks and sintered
in air at 1373 K for 45 min. TDPAC measurements were
performed for the samples at room temperature.

In order to scrutinize the damping nature of a spectrum
of the 111Cd(←111In) probe in undoped ZnO, an undoped
sample was prepared by the following procedure. Droplets
of 111In HCl solution were added onto a disk of undoped ZnO
sintered in advance in air at 1273 K, and it was then heated
in air at 1373 K for 2 h for diffusion of the probe. In the
TDPAC measurement, a large number of coincidence events
were accumulated for better counting statistics than before.15

In the present work, we obtained the directional anisotropy
as a function of the time interval of the cascade γ -ray emissions
by the following arithmetic operation:

A22G22(t) = 2 [N (π,t) − N (π/2,t)]

N (π,t) + 2N (π/2,t)
, (1)

where A22 denotes the angular correlation coefficient repre-
senting the magnitude of the directional anisotropy of the
cascade γ rays, G22(t) the time-differential perturbation factor
as a function of the time interval, t , between the cascade γ -ray
emissions, and N (θ,t) the number of the delayed coincidence
events observed at an angle, θ .

In this paper, abbreviations are used for simplicity to
denominate ZnO samples doped with different nonradioactive
impurity atoms and TDPAC probes as listed in Table I.

III. RESULTS AND DISCUSSION

A. Residence site of the 111Cd(←111mCd) probe

The TDPAC spectra for 111mCd-CZO and 111mCd-ICZO are
shown in Fig. 2. It is to be noted that the 0.5 at.% nonradioactive

Cd is inevitably incorporated in the sample because the nuclear
isomer 111mCd cannot be chemically separated from the stable
110Cd in the irradiated CdO. The oscillatory structure observed
in Fig. 2(a) is typical of the perturbation pattern reflecting an
axially symmetric static electric quadrupole interaction for the
nuclear spin I = 5/2. Assuming a symmetric static EFG, we
carried out a least-squares fit to the spectrum in Fig. 2(a) using
the following time-differential perturbation factor, Gstatic

22 (t):

Gstatic
22 (t) = 1

5

[
1 + 13

7
cos(6ωQt) + 10

7
cos(12ωQt)

+ 5

7
cos(18ωQt)

]
, (2)

where ωQ stands for the nuclear quadrupole frequency
proportional to one of the principal components of the EFG
tensor, Vzz, and t is the time interval between the cascade
γ -ray emissions. The EFG value obtained for the spectrum in
Fig. 2(a) is 1.7(3) × 1021 Vm−2, showing a good agreement
with theoretical values deduced for a Cd2+ ion residing at
the Zn site (1.565 × 1021 and 1.68 × 1021 Vm−2).21,22 It was
found from this observation that the 111Cd(←111mCd) probe,
in the same way as the case for 111Cd(←111In),8,11–13,15,22,23

occupies the substitutional Zn site in spite of as large a
difference as 30% in the ionic radius between Cd2+ (78 pm)
and Zn2+ (60 pm) with the coordination number of 4 and
does not feel the field produced by other nonradioactive
Cd ions; that is, Cd ions are widely dispersed in the ZnO
matrix so that there is little, if any, mutual interaction between
themselves.

B. Interactions of the probes with nonradioactive In impurities

Figures 2(b) and 2(c) show the TDPAC spectra for 111mCd-
ICZO doped (b) with 0.5 at.% and (c) with 2 at.% In measured
at room temperature. The spectral patterns for both 111mCd-
ICZO are analogous to the one for 111mCd-CZO in Fig. 2(a);
least-squares fits were thus performed with the perturbation
function in Eq. (2).24 We have obtained the following two

TABLE I. Abbreviations for ZnO samples doped with impurity atoms and TDPAC probes.

Abbreviations Nonradioactive Impurity Atoms (Concentrations) PAC Probes (←Parents)

111In-UZO None 111Cd(←111In)
111In-IZO In(0.5 at.%) 111Cd(←111In)
111mCd-CZO Cd(0.5 at.%) 111Cd(←111mCd)
111mCd-ICZO In(0.5 or 2 at.%) and Cd(0.5 at.%) 111Cd(←111mCd)
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FIG. 2. TDPAC spectra of 111Cd(←111mCd) (a) in 0.5 at.% Cd-
doped ZnO, (b) in 0.5 at.% Cd- and 0.5 at.% In-doped ZnO, and (c) in
0.5 at.% Cd- and 2 at.% In-doped ZnO measured at room temperature.
Least-squares fits were performed with Eq. (2) for the perturbation
factors. For the spectra in (b) and (c), the normal distribution is
assumed for the quadrupole frequency.

results from the fits: (1) the magnitude of the EFG at the probe
was estimated to be 1.8(3) × 1021 Vm−2 for both, which agrees
well with that for 111mCd-CZO, and (2) in comparison with
111mCd-CZO, the distribution of the quadrupole frequencies
becomes greater with increasing concentration of the doped
In. [δ = 4.0 (15)% and 6.4 (15)% for the spectra (b) and
(c), respectively, where δ represents the relative width to the
centroid of the nuclear quadrupole frequency.]

The observation (1) demonstrates that the 111Cd probe
doped in 111mCd-ICZO resides at the substitutional Zn site
regardless of the presence of In impurities in the system. The
oscillatory structure of the spectra is thus completely different
from that for the case of the 111Cd(←111In) probe in 0.5 at.%
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FIG. 3. TDPAC spectra of 111Cd(←111In) in 0.5 at.% In-doped
ZnO measured (a) at 1000 K and (b) at room temperature. Least-
squares fits were performed with Eq. (3) for the perturbation
factors.

In-doped ZnO (111In-IZO) as cited in Fig. 3,15 which exhibits
an explicit perturbation pattern with a single high-frequency
component. These distinct observations obtained with the
same 111Cd probes formed in the disintegration of the different
parents (111mCd and 111In) lead to the consequence: it is the
111Cd probe as the EC decay product of 111In but not as the IT
product of 111mCd that has a characteristic interaction with the
coexisting nonradioactive In ion(s). Accordingly, it was found
that the nonradioactive In ion(s) are adjacent to 111Cd(←111In)
to produce a unique field at the probe.

The above discussion on the In site leads one to an
interpretation that In ions associate with each other; however,
it is still unknown how the association resides in ZnO matrix.
The distribution of the quadrupole frequency can be an index of
diversity of the environment surrounding the 111Cd(←111mCd)
probe. In view of this, the above observation (2) provides
a finding that each In site is randomly dispersed. We hence
propose from all the experimental evidences that In ions are
locally associated with each other, on a microscopic scale
beyond the resolving power of X-ray diffraction,15,25 and each
small unit of the association is independently scattered in
the sample forming a fixed local structure. It is to be noted,
however, that the possibility of the formation of indium oxide
phases can be ruled out since the present spectral pattern is
obviously different from the reported one for In2O3.26
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FIG. 4. TDPAC spectrum of 111Cd(←111In) in undoped ZnO
measured at room temperature. A least-squares fit was performed
with Eq. (3) for the perturbation factor.

C. Spectral damping by the aftereffect following the EC decay

The oscillatory structure in the TDPAC spectrum for
111mCd-CZO in Fig. 2(a) keeps its amplitude constant at the
initial value at t = 0 ns for at least the present time window
of observation, whereas the oscillation peaks in the spectrum
for 111In-UZO in Fig. 4 are equally damped compared with
the initial value. Considering that both 111Cd probes occupy
the substitutional Zn site, these contrastive results should
be ascribed to the difference in their parents, 111In and
111mCd. Assuming the aftereffect, therefore, the spectrum for
111In-UZO in Fig. 4, as well as those for 111In-IZO in Fig. 3,
was analyzed using the following perturbation factor, G22(t),
developed by Bäverstam et al.:27

G22(t) = G∗
22(t)Gstatic

22 (t). (3)

Here, G∗
22(t) is the time-dependent dynamic perturbation part

for the damping effect on the static perturbation, Gstatic
22 (t). The

G∗
22(t) is expressed as

G∗
22(t) = λg

λg + λr

+ λr

λg + λr

exp[−(λg + λr )t], (4)

where λg is defined as the reciprocal of the recovery time, τg ,
to the ground state of the probe atom, and λr stands for the
Abragam and Pound relaxation constant.28 The perturbation
pattern is reproduced well by the fit. This analytical method
was also adopted for 111In in undoped ZnO by Muñoz et al.22

They examined the aftereffect in a wide temperature range,
showing temperature variation of the above hyperfine pa-
rameters. In addition, their ab initio calculations successfully
revealed the defect-free substitution of Cd2+ at the lattice Zn
site, and discussion was extended to the correlation between
the parameters and electronic state of the Cd ion. We are thus
convinced from all the experimental evidences that the damped
structure seen in the spectrum for 111In-UZO has been induced
by the aftereffect characteristic of the EC decay of 111In.

In general, the EC decay is followed by the rearrangement
of electrons in the atomic orbital in which the positive holes
created by the radioactive decay process are refilled with
conduction electrons. The charge distribution surrounding the

probe nucleus drastically changes during the corresponding
time of the refilling process, resulting in the time-dependent
EFG at the probe. The aftereffect is the phenomenon that the
angular correlation of the cascade γ rays is averaged as a
result of the dynamic perturbation by the time-variant EFG;
the relevant effect thus becomes pronounced when the refilling
process is slow, in other words, when the dynamic perturbation
lasts long. Because the concentration of conduction electrons
generally increases in semiconductors as the temperature is
raised, the refilling process ends up more rapidly than at
low temperature. The temperature dependence of the spectral
amplitude seen in Fig. 3 is an evident proof of the difference
in the local availability of conduction electrons at the probe
ions in ZnO as a semiconductor.

In addition to the temperature dependence, it is obvious that
the damping trend is enhanced for the spectra of 111In-IZO
in Fig. 3, especially for the room-temperature spectrum in
Fig. 3(b), compared with the case for 111In-UZO shown in
Fig. 4. Our analysis shows that the λg values are smaller
at any observed temperature for 111In-IZO than those for
111In-UZO.15 This result signifies that the refilling process
after the EC decay takes a longer time for 111In-IZO than
for the undoped because of less availability of outer sur-
rounding electrons. This phenomenon should be attributed to
the environmental difference surrounding the 111Cd(←111In)
probe, which directly interacts with the macroscopically doped
nonradioactive In ion(s). If the doped In3+ ions provide
additional conduction electrons to the system and the electrons
can move around at least to the same degree as in undoped
ZnO, the aftereffect should be suppressed in the In-doped ZnO.
The present observations evidently show that the unique local
structure created by the In ion(s) lowers the local density and/or
mobility of conduction electrons at the 111Cd(←111In) probe
by some mechanism such as electron scattering.

IV. SUMMARY AND CONCLUSIONS

The local structure and availability of conduction electrons
at an impurity, In, doped in ZnO were investigated by means
of the TDPAC method by a comparative study using identical
probes but descended from different parents, 111Cd(←111In)
and 111Cd(←111mCd). The magnitude of the EFG at the
111Cd(←111mCd) probe site observed for 111mCd-CZO agrees
well with the corresponding value for 111In-UZO, suggesting
that 111mCd substitutes for Zn site in spite of the large ionic
radius. For 111mCd-ICZO samples, it was found that the
111Cd(←111mCd) probe also resides at substitutional Zn site
with no specific interaction with neither Cd nor In impurity
ions. This observation reveals that it is only the 111Cd(←111In)
probe that has a characteristic interaction with nonradioactive
In impurities in ZnO. The increasing distribution of the EFG
at the 111Cd(←111mCd) probe along with the concentration
of In ions is a proof that the doped In ions are widely
dispersed in the sample without forming macroscopic phase(s)
of In aggregations. For 111mCd-CZO, notable damping of
spectral amplitude as seen for 111In-UZO was not observed,
which signifies that the damped structure in 111In-UZO is
ascribable to the aftereffect of the EC decay. The unequivocal
damping of the oscillatory structure in the spectrum for
111In-IZO especially at room temperature suggests that the
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local density and/or mobility of conduction electrons at the
111Cd(←111In) probe adjacent to In ion(s) in 0.5 at.% In-doped
ZnO is lowered by the characteristic local structure formed by
the In ion(s).

The microscopic In complex is expected to be a key
to the development of new semiconductor devices. Detailed
structural information is now under investigation.
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27U. Bäverstam, R. Othaz, N. de Sousa, and B. Ringström, Nucl.
Phys. A 186, 500 (1972).

28A. Abragam and R. V. Pound, Phys. Rev. 92, 943 (1953).

235209-5

http://dx.doi.org/10.1063/1.2218466
http://dx.doi.org/10.1063/1.2218466
http://dx.doi.org/10.1016/S0955-2219(01)00136-4
http://dx.doi.org/10.1016/S0955-2219(01)00136-4
http://dx.doi.org/10.1063/1.2824857
http://dx.doi.org/10.1063/1.2824857
http://dx.doi.org/10.1002/pssb.200301962
http://dx.doi.org/10.1002/pssb.200301962
http://dx.doi.org/10.1103/PhysRevLett.100.047206
http://dx.doi.org/10.1103/PhysRevLett.100.047206
http://dx.doi.org/10.1103/PhysRevB.78.155202
http://dx.doi.org/10.1103/PhysRevB.78.155202
http://dx.doi.org/10.1103/PhysRevB.82.041202
http://dx.doi.org/10.1103/PhysRevB.82.041202
http://dx.doi.org/10.1063/1.2430483
http://dx.doi.org/10.1063/1.3490708
http://dx.doi.org/10.1063/1.3490708
http://dx.doi.org/10.1063/1.2821290
http://dx.doi.org/10.1063/1.2821290
http://dx.doi.org/10.1063/1.1598289
http://dx.doi.org/10.1007/s10751-005-9065-8
http://dx.doi.org/10.1007/s10751-005-9065-8
http://dx.doi.org/10.1007/s11664-009-0658-x
http://dx.doi.org/10.1007/s11664-009-0658-x
http://dx.doi.org/10.4028/www.scientific.net/DDF.311.62
http://dx.doi.org/10.4028/www.scientific.net/DDF.311.62
http://dx.doi.org/10.1103/PhysRevB.78.045319
http://dx.doi.org/10.1143/JPSJ.77.105001
http://dx.doi.org/10.1143/JPSJ.80.095001
http://dx.doi.org/10.1143/JPSJ.80.095001
http://dx.doi.org/10.1016/j.ssc.2011.12.001
http://dx.doi.org/10.1016/j.physb.2011.12.041
http://dx.doi.org/10.4028/www.scientific.net/MSF.10-12.863
http://dx.doi.org/10.4028/www.scientific.net/MSF.10-12.863
http://dx.doi.org/10.1103/PhysRevB.29.1109
http://dx.doi.org/10.1103/PhysRevB.29.1109
http://dx.doi.org/10.1016/0375-9474(72)90980-3
http://dx.doi.org/10.1016/0375-9474(72)90980-3
http://dx.doi.org/10.1103/PhysRev.92.943



