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a b s t r a c t

In the present work bulk samples of pure as well as Co-doped ZnO with different concentrations were

prepared by sol–gel method from highly pure metallic Zn (99.9999%) and Co (99.9999%). The samples

were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), X-ray microanalysis

(EDS) and perturbed gamma–gamma angular correlation (PAC) spectroscopy. Carrier-free 111In nuclei

were introduced during preparation of the samples and used as probe nuclei at Zn sites for PAC

measurements. PAC results show that both pure and Zn1�xCoxO (xr0:15) samples have the same

electric quadrupole frequency when Co-doped samples are annealed in air, argon or nitrogen

atmosphere at 1173 K. SEM and EDS results showed that Co-doped samples are homogeneous without

any secondary Co phases. These observations indicate that Co ions are substituted for Zn ions and have a

similar electronic structure of Zn ions. A weak local magnetism was observed at temperatures below

about 300 K for Co concentration of 10% when sample was annealed in Nitrogen.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

Recently, ZnO has been recognized as a promising candidate
for a diluted magnetic semiconductor (DMS) when doped with
transition metal (TM) elements showing room temperature
ferromagnetism with a large magnetization [1]. Theoretical
calculations have indicated that ZnO when doped with Co or Mn
should present ferromagnetism at room temperature [2,3]. While
many experimental studies confirm this, several others do not
observe magnetic order in these compounds. An important issue
is whether the ferromagnetic order is intrinsic or is due to
extrinsic magnetic phases of the dopant. Most recent studies
conclude that defects as well as temperature and atmosphere
used for annealing the samples play an important role in the
magnetic behavior of TM-doped ZnO [4]. Conclusions are in
general based on macroscopic experimental results that are
unable to provide information about the local environment of
the dopant. Knowledge of the local structure around the dopant is
essential to understand the mechanisms that induce magnetic
order in these compounds [5,6]. In the present work samples of
pure and Co-doped ZnO were prepared by a sol–gel technique.
Compounds prepared by sol–gel method can be obtained in
nanoparticle size as well as bulk and are precursor material for
thin film samples. Perturbed gamma–gamma angular correlation
(PAC) spectroscopy using 111Cd as probe nuclei was used to
ll rights reserved.
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characterize the sample in order to follow steps of the preparation
as well as to observe the local magnetism in Co-doped samples.

The PAC method is based on the observation of hyperfine
interaction of nuclear moments with extra-nuclear magnetic
fields (Bhf ) or an electric field gradient (efg). The technique
measures the time evolution of the g-ray emission pattern caused
by hyperfine interactions. A description of the method as well as
details about the PAC measurements can be found elsewhere [7,8].
The perturbation factor G22ðtÞ of the correlation function contains
detailed information about the hyperfine interaction. Measure-
ment of G22ðtÞ allows the determination of the Larmor frequency
oL ¼ mNgBhf =‘ , the nuclear quadrupole frequency nQ ¼ eQVzz=h as
well as the asymmetry parameter Z ¼ ðVxx � VyyÞ=Vzz, where Vxx,
Vyy and Vzz are the components of the electric field gradient tensor
in its principal axis system. Consequently, from the known
g-factor and quadrupole moment Q of the 245 keV state of 111Cd
the magnetic hyperfine field Bhf the major component Vzz of efg
and its asymmetry parameter Z can be determined. PAC
measurements offer the possibility to follow changes such as
local magnetism, phase transition, local symmetry, trapping of
defects, etc., as a function of temperature [8–10].
2. Experimental

Undoped as well as Co-doped ZnO samples were prepared by a
wet chemical route based on sol–gel methodology. Polycrystalline
samples of ZnO were prepared from pure Zn (99.9999%), which
was dissolved in concentrated acid to obtain the zinc salt solution.
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In order to test the procedure, pure ZnO samples were prepared by
using hydrochloric, nitric, and sulfur acid. Metallic Co (99.9999%)
was dissolved in nitric acid to obtain cobalt nitrate solution. The
Co-doped samples were prepared by mixing the dissolved zinc
and cobalt nitrate solutions, with Co concentrations varying from
5% to 15%.

In order to obtain the sol–gel, a known amounts of citric acid
and ethylene glycol were added to the zinc solution and to the
mixture of zinc and cobalt nitrate solutions. Approximately 20mCi
of 111InCl3 solution was added to this sol–gel, which was
evaporated to dryness on a hot plate at 353 K (step 1 of
procedure). The gel was then heated in air in a muffle furnace at
temperatures not higher than 723 K, depending on the sample
(step 2). The resulting powder was sintered at 773 K in a tubular
furnace with a controlled atmosphere (step 3), pressed into a small
pellet and heated again following the same conditions (step 4).
In order to better diffuse the radioactive 111In, each sample was
sealed in a quartz tube under vacuum and heated to 1173 K.

One more set of each sample was prepared using the same
procedures but without radioactive 111In. The pellets resulting
from the annealing at 773 K in the tubular furnace were broken
into several pieces in order to perform EDS and scanning electron
microscopy (SEM) measurements. One piece of each sample was
also used for PAC measurements where a drop of 111InCl3 solution
was deposited on its surface and diffused by sealing the sample in
a quartz tube under vacuum and heating to 1173 K.

The samples were measured by perturbed gamma–gamma
angular correlation technique using a four conical BaF2 detectors
spectrometer. Measurements were performed in the temperature
range of 50–1075 K.
3. Results and discussion

Results of X-ray measurements (see in Fig. 1) indicated that all
pure ZnO samples as well as Co-doped samples with Co
Fig. 1. The observed X-ray powder-diffraction spectra for pure and Co-doped ZnO.

The solid lines represent the calculated pattern with the Rietveld method. The

residuals are shown in the lower part of each spectra.
concentration less than 10% have a single phase ZnS-type
structure with P63mc space group. Samples with Co
concentration of 10% and 15% presented a very small fraction
(higher in 15% Co concentration sample) of Co3O4.

In order to compare the sample preparation procedures a
commercial ZnO powder (alpha-aesar, 99.99%) was pressed into a
small pellet on which a few drops of 111InCl3 solution were
deposited. The pellet was sealed in a quartz tube under low-
pressure argon atmosphere. The diffusion of 111In was followed by
PAC measurements taken at different temperatures and results
showed that 111In starts diffusing above around 850 K [11]. The
results also showed two fractions, a major fraction corresponding
to 111In probes substituting Zn ions (as reported in Refs. [12,13])
with a well defined frequency and the minor fraction with highly
distributed frequency (nQ ¼ 151ð5ÞMHz and Z ¼ 0:6ð1Þ) probably
due to probes occupying vacancies or interstitial sites. The spectra
at 295 K taken after cooling the sample to room temperature were
characterized by a major fraction (85%) with nQ ¼ 31:8ð1ÞMHz.
These spectra are shown in Fig. 2 along with room-temperature
spectra for ZnO made from metallic Zn dissolved in three different
acids using the procedure described above. For all these three
spectra a major fraction (higher than 95%) with nQ ¼ 31:7ð1ÞMHz
has been observed indicating a good quality ZnO samples.

The crystal morphology and size were observed by scanning
electron microscopy and the results, shown in Fig. 3 (top) for Co
concentrations of 15%, indicate that the samples are homogeneous
with Co substituting Zn in ZnO compound and do not present any
other significant Co phases. The EDS results also shown in Fig. 3
(bottom) indicate that no other elements but Zn, Co and O are
present in the samples. The small Pt peak appearing in the
spectrum is due to the coating of the sample surface required for
the measurements.

The ZnO sample doped with 10% Co with radioactive 111InCl3

added to the mixed solution during preparation was annealed in a
flux of Nitrogen during steps 3 and 4. The resulting pellet was
sealed in a quartz tube under vacuum and heated to 1173 K. After
cooling, the sample was measured with PAC at 295 K and the
results showed a major fraction (75%) with nQ ¼ 31:2ð1ÞMHz and
a minor fraction with highly distributed frequency nQ ¼

151ð5ÞMHz and Z ¼ 0:6ð1Þ, also observed in the pure ZnO
samples. This fraction was assigned to 111In occupying interstitial
or vacancy sites. The sample was then cooled and PAC measure-
ments were taken at different temperatures starting with 50 K
up to 295 K. Spectra for some temperatures are shown in Fig. 4.
Fig. 2. PAC spectra measured at room temperature with 111Cd for commercial

undoped ZnO and sol–gel prepared undoped ZnO.
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Fig. 4. PAC spectra measured at indicated temperature with 111Cd for ZnO doped

with 10% of Co.

Fig. 5. Temperature dependence of the magnetic hyperfine field for 111Cd probe

nuclei in ZnO doped with 10% Co.
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Fig. 3. SEM images of Zn0:85Co0:15O sample (top) with corresponding EDS results

(bottom).
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For all these temperatures, PAC results show a major fraction
with combined magnetic dipole plus electric quadrupole
interaction. The corresponding spectra are each characterized by
a major quadrupole frequency (nQ�31:5 MHz) and a temperature
dependent well-defined magnetic dipole interaction. The
temperature dependence of the magnetic hyperfine field
associated with the major interaction for each compound is
shown in Fig. 5. The magnetic hyperfine field practically does not
vary with temperature (Bhf�1:9 T) except at 295 K for which
Bhf ¼ 0:337ð5ÞT. These results strongly indicated a first-order
ferromagnetic transition around TC�300 K.

The PAC spectra at room temperature for Co-doped ZnO
samples for all concentrations showed major fractions with
frequencies which have almost the same value as those obtained
for undoped sample. The results therefore suggest that Co atoms
do not form other phases or clusters and substitutes Zn sites
without causing any deformation in the crystal structure nor
modifying the electronic structure.
Acknowledgments

Partial support for this research was provided by the Fundac- ~ao
de Amparo �a Pesquisa do Estado de S~ao Paulo (FAPESP). A.W.C. and
R.N.S. thankfully acknowledge the support provided by CNPq in
the form of research fellowships.

References

[1] J.M.D. Coey, M. Venkatensan, C.B. Fitsgerald, Nat. Mater. 4 (2005) 173.
[2] T. Dietl, H. Ohno, F. Matsukura, J. Cibert, D. Ferrand, Science 287 (2000) 1019.
[3] Yu. Uspenskii, E. Kulatov, H. Mariette, H. Nakayama, H. Ohta, J. Magn. Magn.

Mater. 248 (2003) 258–259.
[4] D. Rubi, J. Fontcuberta, A. Calleja, Ll. Aragon �es, X.G. Capdevila, M. Segarra,

Phys. Rev. B 75 (2007) 155322.
[5] M. Venkatensan, C.B. Fitsgerald, J.G. Lunney, J.M.D. Coey, Phys. Rev. Lett. 93

(2004) 177206.
[6] C.E. Rodriguez-Torres, A.F. Cabrera, L.A. Errico, C. Adan, F.G. Requejo, M.

Weissmann, S.J. Stewart, J. Phys. Condens. Matter 20 (2008) 135210.
[7] A.W. Carbonari, R.N. Saxena, W. Pendl Jr., J. Mestnik Filho, R. Attili, M. Olzon-

Dionysio, S.D. de Souza, J. Magn. Magn. Mater. 163 (1996) 313.
[8] R. Dogra, A.C. Junqueira, R.N. Saxena, A.W. Carbonari, J. Mestnik-Filho, M.

Morales, Phys. Rev. B 63 (2001) 224104.
[9] T.M. Rearick, G.L. Carchen, J.M. Adams, Phys. Rev. B 40 (1989) 10982.

[10] A.W. Carbonari, J. Mestnik-Filho, R.N. Saxena, M.V. Lalic, Phys. Rev. B 69
(2004) 1444251.

[11] M.E. Mercurio, A.W. Carbonari, M.R. Cordeiro, R.N. Saxena, Hyperf. Interact.
178 (2007) 1.

[12] E. Rita, J.G. Correia, U. Wahl, E. Alves, A.M.L. Lopes, J.C. Soares, the ISOLDE
collaboration, Hyperf. Interact. 158 (2004) 395.

[13] M. Deicher, Hyperf. Interact. 79 (1993) 681.


	Local investigation of hyperfine interactions in pure and Co-doped ZnO
	Introduction
	Experimental
	Results and discussion
	Acknowledgments
	References




