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EPR investigations on two types of dilute magnetic semiconductor (DMS) ZnO nanoparticles doped with
0.5-10% Co?* ions, prepared by two chemical hydrolysis methods, using: (i) diethylene glycol
((CH2CH,0H),0) (NC-rod-like samples), and (ii) denatured ethanol (CH3CH,OH) solutions (QC-spherical
samples), were carried out at X-band (9.5 GHz) at 5 K. The analysis of EPR data for NC samples revealed
the presence of several types of EPR lines: (i) two types, intense and weak, of high-spin Co?* ions in the
samples with Co concentration > 0.5%; (ii) surface oxygen vacancies, and (iii) a ferromagnetic resonance
(FMR) line. QC samples exhibit an intense FMR line and an EPR line due to high-spin Co?* ions. FMR line
is more intense, than the corresponding line exhibited by NC samples. These EPR spectra varied for
sample with different doping concentrations. The magnetic states of these samples as revealed by EPR
spectra, as well as the origin of ferromagnetism DMS samples are discussed.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Dilute magnetic semiconductors (DMS), lightly doped with
transition-metal (TM) ions, exhibit novel magnetic and electrical
properties. They possess room-temperature ferromagnetism and
characterized by a rather high conductivity, rendering them po-
tential spintronic devices. Co?* -doped ZnO nanoparticles are
prospective DMS candidates, and have been investigated ex-
tensively [1-25]. EPR studies of the Co?* ion in magnetic semi-
conductors, such as SnO, [26], provide information on the mag-
netic state of this compound, and its behavior under different
synthesis conditions [1,16-25]. The main conclusions of these in-
vestigations are: (i) there are present both localized Co®* ions and
ferromagnetically coupled Co®* ions in the host material; (ii) The
spin-Hamiltonian (SH) parameters for the Co?™ ion are very close
to those for Co?*-substituted ZnO crystal, characterized by high-
spin Co?™" ions; (iii) there is exhibited an electron paramagnetic
resonance (EPR) signal due to Co?™ ions, situated in distorted local
environment, characterized by high-spin Co?* ions.

ZnO is a semiconductor with the energy gap of 3.3 eV, which
can be increased by introducing different impurities up to 4 eV
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[27]. Magnetic properties, X-ray photoelectron spectroscopy, EPR,
and photoluminescence study of ZnO nanoparticles, doped with
Co ions, prepared using the acetate method, were recently re-
ported [1]. It is the purpose of the present paper to report detailed
X-band (9.5 GHz) EPR investigations at 5K on two types of ZnO
nanoparticles, NC and QC, doped with 0.5%, 2.5%, 5%, 10% Co>*
ions, prepared from two different solutions. The present study is
aimed to estimate the spin-Hamiltonian parameters of the Co?*
ions in NC and QC samples, and to find the reasons for different
magnetization observed in NC and QC samples, and the origin of
ferromagnetism in these samples.

2. Sample preparation and structure

NC and QC samples of Zn;_,Co,O nanoparticles, doped with
Co?* ions, with x=0.005, 0.025, 0.05, 010, were prepared using
chemical hydrolysis methods [1] using: (i) diethylene glycol
((CHCH20H);0) (NC-rod-like samples [28], referred to as NC
hereafter), and (ii) denatured ethanol (CH3;CH,OH) solutions (QC-
spherical samples [29], referred to as QC hereafter).

X-ray diffraction (XRD) was employed to investigate the
structural properties and crystal size, as well as to rule out the
presence of undesired impurity phases. The structure and purity of
NC samples has been discussed in detail in [1]. The average size of
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Fig. 1. XRD pictures for nanoparticles of ZnO, doped with Co, QC samples.

nanoparticles of ZnO in NC samples is about 9 nm according to [1].
The XRD patterns for QC samples are shown at Fig. 1. These pic-
tures confirm the absence of secondary phases in large nano-
particles. The XRD patterns showed only the crystalline Wurtzite
ZnO phase, with the space-group symmetry Cg, and the point-
group symmetry Cs, at the site of Zn [30]. Since the ionic radii of
Co?7* (0.72 A) and Zn?* (0.74 A) are almost the same, the Co?* ion
is characterized by the same point-group symmetry at the sub-
stitutional position Cs,, as seen by the Zn?* ion.

3. EPR spectra

X-band spectra were recorded using the commercial X-band
Bruker Elexsys E500 spectrometer, operating at 9.414 GHz, at Boise
State University, Boise, ID USA. The EPR spectrometer settings
were: modulation 1 G, mw power 30 dB. An Oxford Instrument
helium gas-flow cryostat was used for low temperature mea-
surements. The observed EPR spectra at 5 K for NC and QC samples
with different Co concentrations are shown in Figs. 1 and 2, re-
spectively. Ferromagnetic and paramagnetic EPR signals were
observed in both samples. It is noted that due to EPR lines being
rather broad, the Co?* hyperfine splitting into 8 lines for nuclear
spin [=7/2 is not resolved in any spectrum. The details of the EPR
spectra are follows.

3.1. NC samples (Fig. 2)

Simulations of EPR spectra revealed that the overall spectrum
for NC samples consists of an overlap of four spectra: (i) an intense
high-spin (HS) Co?* spectrum; (ii) a V_O (oxygen vacancy) spec-
trum; (iii) a weak HS Co?* EPR spectrum; (iv) a FMR (ferromag-
netic resonance spectrum). The EPR spectra were broadened due
to crystal-field disorder in all NC nanoparticles for x=0.5%, 2.5%,
5%, 10%. This disorder is caused by the oxygen vacancies in the
second co-ordination sphere of the Co?* ion which leads to a
distribution of zero field parameter D. The EPR line near
B~ 336 mT with g=2.003 in Fig. 1 is due to the well-known sur-
face oxygen vacancies [31-33]. The very broad FMR signal was
found by simulation to be centered at about 370 mT, with the
linewidth AB=120 mT. The intensity of the FMR line changed
with the concentration, x, with the maximum value occurring for

20
Zn0O: Co, NC samples
15 5K
2 10
C
2
> °]
2
[0}
E 44
0.5%
-5
T T T T T T T T T T T T T
0 100 200 300 400 500 600

Magnetic field (mT)

Fig. 2. X-band (9.4 GHz) Co?>* EPR spectra of ZnO nanoparticles in NC samples
doped with different concentrations of Co ions at 5 K.
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Fig. 3. X-band (9.4 GHz) Co?* EPR spectra of ZnO nanoparticles in QC samples
doped with different concentrations of Co ions at 5 K.
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3.2. QC samples (Fig. 3)

As for QC samples, only a high-spin (HS) EPR spectrum, in
addition to an FMR line is observed. The HS spectrum is similar to
the intense high-spin EPR spectrum for NC samples, but it is much
broader. The integrated intensity of the FMR signal in QC samples
is larger than that for the NC samples. There is present an addi-
tional weak EPR line near B~ 327 mT in QC samples, which was
interpreted as HS2 Co?* spectrum, similar to that for NC samples.

It is noted that for both samples, NC and QC, the integrated
intensity increases with increasing Co-ion concentration up to
2.5% Co. It slowly decreases above this concentration, as was re-
ported in [1] for NC samples. It means that a fraction of Co?>* ions
transform to EPR-silent Co®>* above the threshold of 2.5% Co
concentration. This conclusion was confirmed by XPS (X-ray
photoelectron spectroscopy) spectra for NC samples [1].
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4. Simulation of EPR spectra

To interpret the experimental results, EPR spectra were simu-
lated by diagonalization of the spin-Hamiltonian matrix for var-
ious choices of spin-Hamiltonian parameters (SHP) by using the
SPIN software to find the best agreement of the simulated spec-
trum with the experimental one. These SHP which provide the
best agreement help to identify the sites at which the various Co
ions are located in these samples.

In these samples, Co?* ions, with the configuration (3d’, *F),
normally substitute for Zn?* ions, in tetrahedral coordination in
the ZnO Wurtzite structure. The parameters for isolated Co’*
(§=3/2) ions in ZnO single crystals, as reported by Estle and De
Wit [34] and by Koidl [35] are: g,=2.23, g,=2.27, D=2.7cm™},
Ai=16x10"*cm~"', A,=3 x10"%*cm~!, which can be used as
initial parameters in the simulations here.

The high-spin Co?>* X-band powder EPR spectra (HS1) for NC
and QC samples is here simulated with S=3/2, using the axial
spin-Hamiltonian (SH) [36,37]:

H = pygB. S +S. A1+ D[S - 155 + 1], a0

In Eq. (1), up is the Bohr magneton; S (=3/2) is the electronic
spin of the Co®™ ion; B is the external magnetic field; A is hy-
perfine interaction tensor; and I=7/2 is the nuclear spin for the
Co®* ion. The constant A cannot be determined because of non-
observance of hyperfine splitting due to large line broadening of
the spectra, so not included in the simulations.

For NC samples with x=0.025, 0.05, 0.1 Co, there is observed an
additional spectrum. This high-spin (HS2) EPR spectrum is due to
those Co?* ions, which are situated in a highly distorted en-
vironment, most likely near the nanoparticle surface in interstitial
positions.

In addition to HS1 and HS2 spectra, there was also present
surface oxygen-defect (V_O) spectrum, characterized by S=1/2 in
NC samples. For these, the same SH as described by Eq. (1), but
without the hyperfine term and zero-field splitting term, is
applicable.

The experimental and simulated Co?* EPR spectra at X-band at
5K in NC sample with Co®* concentration of 2.5% are shown in
Fig. 4, whereas those for QC sample with Co?* concentration of
2.5% in Fig. 5.

8
- ZnO: 2.5 % Co2™*
6 5K
T 4] NC samples
=
- 1 %
s 2 — e.xperm)ent
© —— simulation
=
s 0
[ o
g W
£ 5
-4 -
0 200 400 600

Magnetic field, mT

Fig. 4. The observed X-band EPR spectrum at 5 K and simulated Co?* EPR spectra
(NC samples) in nanoparticles of ZnO, doped with 2.5% Co. The simulated spectrum
has been displaced upward for comparison.
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Fig. 5. The observed X-band EPR spectrum at 5 K and simulated Co?* EPR spectra

(QC samples) in nanoparticles of ZnO, doped with 2.5% Co. The simulated spectrum
has been displaced upward for comparison.

Table 1
Spin-Hamiltonian parameters for Co?>* in ZnO NC sample doped with 2.5% Co at
X-band. ABy, AB,, AB, denote the peak-to-peak linewidth used in simulation.

Zn; _xCo,O 80 8y & ABy, AB, AB,(mT) D (mT) Relat.
(mT) intens.

High spin 1 S=3/2 231 224 190 8.0 2900 1
c02+

High spin 2 S=3/2 25 245 20.0 20.0 230.0 0.08
C02+

Surface oxygen defect 2.00 2.00 2.0 2.0 0.02
(V_0)S=1/2

FMR 28 28 1200 120.0 0.08

Table 2

Spin-Hamiltonian parameters for Co?>* in ZnO QC sample doped with 2.5% Co at
X-band. ABy, ABy, AB, denote the peak-to-peak linewidth used in simulation.

Zn, _,Co0 g8 & ABy, AB, AB, (mT) D (mT) Relat.
(mT) intens.
High Spin 1 S=3/2 230 218 40.0 20.0 2900 1.0
C02+
High Spin 2 S=3/2 2.03 2.03 44.0 10.0 2000 0.23
C02+
FMR 286 2.86 160.0 160.0 0.25

4.1. Simulation parameters

The best-fit SH parameters are listed in Tables 1 and 2 for NC
and QC samples, respectively. The shape of HS EPR line used for
simulations is 100% Lorentzian. The shape of FMR line is Gaussian.
The simulation for NC samples revealed the following: (i) the main
Co?* EPR spectrum in NC and QC samples is characterized by HS1
SH parameters, which are close to those for Co?* in ZnO single
crystal. This is due to those Co?* ions, which are situated in the
core area of the nanoparticle; (ii) there were present low-intensity
HS2 EPR signals in both NC and QC samples with Co concentra-
tions more than 0.05; (iii) there was present an EPR spectrum only
in NC samples due to surface oxygen vacancies, possessing specific
g-value g=2.00; and (iv) there was observed an FMR line from
ferromagnetically ordered part in ZnO nanoparticles in both NC
and QC samples.

A distribution of orthorhombic D parameter can contribute to
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the broadening of Co?* HS1 EPR spectra [38].

5. Ferromagnetism

The origin of ferromagnetism in DMS compounds is not yet
fully understood. There have been proposed two mechanisms for
it: (i) indirect interaction of impurity ions via oxygen ions, oxygen
vacancies, and color centers (also referred to as F-centers, which
are oxygen vacancies with trapped electrons) [39-41]; (ii) electron
transfer in defect oxides, wherein ferromagnetism arises from
defect-band electron structure of semiconducting ZnO as ex-
plained by the model of Stoner ferromagnetism [42].

The ferromagnetic behavior of NC samples of ZnO nano-
particles, doped with Co ions, was investigated in detail in [1] at
room temperature. The magnetic moment of ZnO nanoparticles,
doped with Co, was measured using a vibrational sample mag-
netometer. The magnetization was accurately adjusted, taking into
account the diamagnetism of the piece of straw on which the
magnetic powder was placed, and the mass of each sample. The
room-temperature dependence of magnetization on the magnetic
field and the dependence of the ferromagnetic part of the mag-
netization on the magnetic field are shown in Fig. 6a and b, re-
spectively. It is clearly observed, that these QC samples exhibit
ferromagnetic behavior with hardly any hysteresis, similar to the
behavior of NC samples [1]. The maximum of saturation magne-
tization was observed for the sample with 2.5% Co concentration,
the same concentration for which the maximum Co2?* EPR in-
tegrated intensity was observed. It is clear from Fig. 6b that the
main contribution to the magnetization is due to the paramagnetic
part of the magnetization, because of its mainly linear dependence
on magnetic field. This maximum of saturation magnetization
(0.003 emu/g) for the sample with x=0.25 is very close to that
observed in NC samples [1]. Further increase in Co concentration
leads to a decrease in the number of doubly ionized (Co®*) ions
and an increase in the triply ionized (Co®>*) ions. As seen from
Fig. 6b, the saturation magnetizations of the samples with Co
concentrations of 5% and 10% are much less than that for the
sample with the concentration of 2.5%. This implies that only Co®*
ions are involved in the ferromagnetic ordering of ZnO nano-
particles. As one can see, both EPR and magnetization studies
provide similar results, namely that the predominant magnetiza-
tion is due to the paramagnetic part, which is contributed by the
isolated Co®* ions; the ferromagnetic part of magnetization is
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insignificant. Furthermore, this ferromagnetic part of magnetiza-
tion is slightly larger in QC samples, as compared to that in NC
samples.

There is still some discussion on the nature of the ferromag-
netic behavior of nanoparticles of ZnO doped with Co. A theore-
tical study of this problem [43] denies the possibility of existence
of itinerant (long-range) ferromagnetism in this system. Such
magnetic behavior, that is the superparamagnetic behavior with
ferromagnetic interaction between Co ions, is here attributed to
the presence of nanoparticles of metallic Co or Co,03 particles
with very small size, 1-2 nm, which was really observed in these
ZnO nanoparticles [12]. Volbers et al. [19] did not find ferro-
magnetism in ZnO:Co nanoparticles. XRD study cannot detect any
secondary phases unambiguously for such small particles, and if
nanoparticles are small enough, they are not detected by XRD. On
the other hand, many experimental investigations suggest the
existence of a long-range ferromagnetic exchange interaction in
Zn0:Co nanoparticles [44,45]. Direct confirmation of such prob-
ability was found in ZnO crystals doped with Co?* ion, where
Co?*-Co?* dimer centers were found, in which Co®* ions are
weakly ferromagnetically coupled. This was explained by invoking
the mechanism involving additional defects, e.g. singly charged
oxygen vacancies [25]. Another possibility for the existence of
ferromagnetically coupled Co?* ions in this nanoparticles was
pointed out in [6], where the competition of two Co ions popu-
lation occurred: one with antiferromagnetic interaction between
Co ions and the other with ferromagnetic interaction. Finally it
leads to superparamagnetic behavior, caused by a ferromagnetic
interaction, within clusters of Co ions, resulting in both-para-
magnetic and superparamagnetic behaviors of magnetizations of
nanoparticles of ZnO, doped with Co ions.

6. Conclusions

The salient features of the present X-band EPR investigations at
5K on Co?* in NC and QC ZnO nanoparticles are as follows:

(1) The observed EPR spectra provide clear evidence for the pre-
sence of both paramagnetic Co?* ions exhibiting sharp lines,
and ferromagnetically coupled ions, exhibiting very broad FMR
lines. The study of magnetization proves this conclusion con-
vincingly, that there are paramagnetic and ferromagnetic
(superparamagnetic) parts of the magnetization of ZnO
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QC samples

0.901/+ 10% Co
0.000

-0.001
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Fig. 6. Magnetization of ZnO nanoparticles, doped with Co ions, QC samples at room temperature. (a) Total magnetization; (b) ferromagnetic part of magnetization.
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nanoparticles, doped with Co.

(2) The EPR linewidth of Co?* in QC samples is much larger than
that in NC samples.

(3) An EPR signal due to surface oxygen vacancies, was observed
in NC samples, but not in QC samples. This explains the
smaller magnetic moment in NC samples, where not all the
oxygen vacancies are involved in ferromagnetic coupling. QC
samples, on the other hand, exhibit strong FMR signals, sug-
gesting that all the oxygen vacancies in them are ferro-
magnetically coupled.

(4) Use of solvent in preparing nanosamples determines sig-
nificantly the property of the sample as demonstrated by the
different EPR spectra exhibited by NC and QC samples pre-
pared by the use of different solvents.
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