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Influence  of  Cr  doping  (5%)  in  ZnO lattice  has  been  investigated  in  terms  of modifications  in electronic
properties,  evolution  of defects  and  exploring  their possible  relationship  with  magnetic  properties,  using
SQUID  magnetometry  and  X-ray  photoelectron  spectroscopy  (XPS).  The  Cr  doping  drives  the  diamagnetic
ZnO  host  to a paramagnetic  state,  however,  its  post  annealing  in vacuum  induces  room  temperature
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ferromagnetism  (RTFM)  in it that  disappears  by  re-heating  it in  air.  The  findings  infer  a  reversible  ferro-
magnetic  ordering  in the  Cr  doped  ZnO  matrix.  The  XPS  results  indicate  trivalent  state  of the  Cr ions  in
the as-synthesized  sample  which  tend  to  reduce  to  bivalency  upon  its vacuum  annealing  and  also  the
evolution  of  oxygen  vacancy  defects  have  clearly  been  observed.  The  results  indicate  a  close  relationship
of oxygen  vacancies  with  the  induced  ferromagnetism.
agnetic properties

. Introduction

The ZnO based magnetic semiconductors have attracted
mmense research attention due to their promising versatile
pplications e.g. in spintronics, optoelectronics, and piezoelectric
aterials. Dietl et al. [1],  based on local spin density approximation,

redicted the possibility of occurrence of high TC ferromagnetism
n p-doped ZnO and GaN. Based on the band calculations, Sato
nd Katayama-Yoshida [2] had also made the similar theoretical
redictions. Subsequently, various experiments on ZnO doped by
d transition metal ions in different forms were carried out to
onfirm the predictions of RTFM. Unfortunately, the experimental
esults could not reach definite conclusions owing to controver-
ial reports as the findings differ widely [3–5] in this regard. The
ame material system has been reported to display ferromagnetic,
aramagnetic or spin glass behavior, depending on the sample
reparation parameters. The possibilities of precipitation of sec-
ndary phases or the dopants into metallic clusters have also not
een ruled out. Their magnetic properties are reported to be sensi-
ive to the preparation methods and the resulting structure. Despite

 lot of efforts, the mechanism of ferromagnetic ordering in these
ystems is far from clear as yet.

The structural, optical and magnetic properties of different
oped ZnO systems in different forms e.g. the polycrystalline, thin

lms and nano-crystals have been reported in the most recent stud-

es [6–11]. Tan et al. [6] studied the polycrystalline Eu-doped ZnO
lms. They showed that Eu ions substitute for the Zn2+ ions in the
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ZnO lattice. The films show a clear RTFM which is attributed to
the intrinsic property of the Eu-doped films. The bound-magnetic-
polaron is reported to be responsible for the ferromagnetism. Liu
et al. [7] synthesized the Zn1−xCrxO (0 ≤ x ≤ 0.08) nanoparticles by
sol–gel method and characterized them using energy dispersive
spectroscopy, X-ray diffraction, transmission electron microscope,
X-ray photoelectron spectroscopy and X-ray absorption fine struc-
ture. The nano particles were reported to show good high-TC
ferromagnetism. They concluded that the observed ferromag-
netism is an intrinsic property of the Cr-doped ZnO nanoparticles.
Arshad et al. [8] studied the Effect of Co substitution on the struc-
tural and optical properties of ZnO nanoparticles synthesized by
sol–gel route and characterized those using different techniques.
They reported an increase in the band gap and a decrease in the
particle size as a function of increase in the Co concentration.

The Zn1−xCoxO and Zn1−xMnxO systems have most widely been
investigated in this regard. The ferromagnetism is observed in them
[12–15], while the discrepancies continue in whether the ferromag-
netism is intrinsic in nature [16–19] or due to spurious signals from
the ferromagnetic impurities. By comparison, a lesser attention has
been paid to Cr- and Ni-doped systems [20,21].  In this article, I am
presenting the investigations of structural, electronic and magnetic
properties of a 5% Cr doped ZnO system.

2. Experimental details

Appropriate amounts of Zn and Cr oxide powders (purity ≥ 99.999%) were mixed
and ground for 14 h, followed by calcination at 650 ◦C for 12 h. The mixture was

re-ground and heated at 900 ◦C for 12 h. The pellets of 8 mm diameter were pre-
pared and sintered at 500 ◦C for 18 h. The sample powder was  annealed in vacuum
(pressure 10−8 bar, temperature 700 ◦C, duration 40 h) and then re-heated in air
(temperature 700 ◦C, duration 30 h). The crystal structures were determined by
analyzing the X-ray diffraction (XRD) patterns using Rietveld refinement program

dx.doi.org/10.1016/j.jallcom.2011.11.103
http://www.sciencedirect.com/science/journal/09258388
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in vacuum and re-heated in air, respectively. The M decreases
ig. 1. The Rietveld fitted and indexed XRD patterns for Zn0.95Cr0.05O and
n0.95Cr0.05O:Vc.

ULLPROF [22]. The DC magnetization measurements were performed using SQUID
agnetometer. The core level XPS spectra were measured using Al K� radiation,
aintaining the vacuum of the order of ∼5 × 10−10 Torr in the sample chamber.

. Experimental results

.1. Structural characterization by XRD

Fig. 1 shows the indexed XRD patterns for the as-synthesized
ample Zn0.95Cr0.05O and the vacuum annealed sample
n0.95Cr0.05O:Vc. Rietveld refinement of the patterns, demon-
trates that all the Bragg peaks are indexed in the wurtzite structure
space group P63mc: No. 186, z = 2) with no additional peaks from
ny secondary phase. The cell parameters of Zn0.95Cr0.05O are
lightly smaller than the pure ZnO (a = 3.2488(4) Å, c = 5.2069(5) Å)
hich can be assigned to a smaller ionic radius of Cr3+ (0.52 Å)

han that of Zn2+ (0.60 Å). These cell parameters are, however,
lightly smaller than those reported by Paul Joseph et al. [20]
or nano-crystalline sample Zn0.95Cr0.05O, prepared by chemical
o-precipitation (a = b = 3.260 Å and c = 5.217 Å).

.2. Magnetization results

The pure ZnO is diamagnetic (Fig. 2a) while the sample
n0.95Cr0.05O is paramagnetic (Fig. 2b), however, upon vacuum
nnealing (Zn0.95Cr0.05O:Vc) it shows a room temperature fer-
omagnetism (saturation magnetization Ms  ∼0.036 emu/g, and
oercive field Hc ∼197 Oe) (Fig. 2c). The induced RTFM disappears
hen the vacuum annealed sample is re-heated in air (Fig. 2b).

hese results demonstrate the evidence of an “on” and “off” switch
ction, identical to that reported in transition metal doped oxide
ystems of ZnO, TiO2, In2O3 and CeO2 [13,14,19,23–25]. It is impor-
ant to mention that the similar vacuum annealing of non-doped
nO could not induce any RTFM in it. The M–T  curve measured for
n0.95Cr0.05O:Vc at H = 1 T demonstrates its TC to be ∼500 K (Fig. 2d).

.3. X-ray photoelectron spectroscopy results
Before measuring the final spectra the sample surfaces were
craped uniformly in situ until the spectral feature coming from
mpounds 515 (2012) 12– 15 13

the surface (C 1s peak) got minimized. The binding energies were
corrected with reference to the C1s  peak (284.6 eV).

3.3.1. Zinc 2p XPS spectra
The Zn 2p XPS spectra for ZnO, Zn0.95Cr0.05O and

Zn0.95Cr0.05O:Vc samples are shown in Fig. 3a. All the spectra
show sharp and symmetric single peaks at ∼1022.5 eV and
∼1046 eV, corresponding to the Zn 2p3/2 and 2p1/2 states, respec-
tively. These peak positions match closely with the standard
energy values of ZnO [14,24,26,27],  indicating that Zn atoms are
in +2 valence state and the Cr doping and vacuum annealing do
not change their valence states. The intensity under the 2p peaks
slightly lowers upon doping, confirming that the Cr ions substitute
the Zn site within the wurtzite structure.

3.3.2. Chromium 2p XPS spectra
Fig. 3b displays the Cr 2p XPS spectrum for sample Zn0.95Cr0.05O.

The spectrum shows the peaks Cr 2p3/2 and 2p1/2 at ∼576.8 eV and
∼585.8 eV, respectively. The Cr 2p3/2 position located at 576.8 eV
is very close to the position of Cr 2p3/2 in Cr2O3 that occurs at
∼576.7 eV [28–30].  The position of the Cr 2p3/2 peak is signifi-
cantly away from that of Cr metal (∼574.2 eV) which rules out the
presence of Cr clusters in our Cr-doped sample. Also the peak Cr
2p3/2 lies on much higher energy side of the Cr2+ state (the later
occurs at ∼576 eV). Therefore, the peak position of Cr 2p3/2 can
be assigned to the Cr3+ state since it matches well with the bind-
ing energy of Cr3+ valence state [28–30]. Upon vacuum annealing
the sample the Cr 2p3/2 peak shifts to lower energy which could
be assigned to reduction of Cr3+ state to Cr2+, owing to a possible
Cr (3d)  O (2p)  charge transfer process. Interestingly, upon air re-
heating the annealed samples, the peak position is shifted back to
the original position.

The intensity of the peak Cr 2p3/2 is much higher than the Cr
2p1/2. It is known that the 2p level splits into two sub-levels 2p3/2
and 2p1/2 and the ratio of occupancy in them is 2:1. Naturally, the
intensity of photoelectron signal emerging from the 2p3/2 state
is much more than that from the 2p1/2. Strangely, the spectrum
shown by Liu et al. [30] shows that the intensity of 2p3/2 signal
is almost half than that of 2p1/2. Even the spectra in Refs. [26,28]
show that the Cr spectrum is very much similar to that presented
here.

3.3.3. Oxygen 1s spectra
The O 1s spectra which were asymmetric in shape, were fitted

with three Gaussians (Fig. 3c) to separate out the bulk O2 content.
The main peak at ∼531.5 eV belongs to the bulk O2 while the small
structures on the higher energy side arise due to surface impuri-
ties [14,16,23].  The bulk O2 peaks are compared in Fig. 3d. There
is a notable deficiency in the bulk O2 in Zn0.95Cr0.05O:Vc than that
in the as-synthesized sample Zn0.95Cr0.05O which is a clear indi-
cation of creation of the oxygen vacancies. The oxygen vacancies
seems to be created in the lattice in order to conserve the total
charge in the sample, modified as a consequence of reduction of
Cr3+ ions to the Cr2+ state upon its vacuum annealing (discussed
above). Interestingly, upon re-heating the vacuum annealed sample
(Zn0.95Cr0.05O:Vc) in air, the bulk O2 content is almost recovered.

4. Discussion

These results are quantitatively summarized in Fig. 4. Fig. 4a
shows the MS at field H = 1 T after the different annealing stages
(viz.1, 2, and 3) indicating the samples: as-synthesized, annealed
S
and then increases when it passes through these stages, showing
a reversible cycle of magnetization process. Fig. 4b shows that the
O2 contents in these stages first increases and then decreases. The
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ig. 2. M–H  curves at 300 K for (a). ZnO (b). Zn0.95Cr0.05O (c). Zn0.95Cr0.05O:Vc (d). M–
n  part figure b.

2 content in the doped samples has been estimated with respect
o the pure ZnO sample taken as unity. The O2 deficiency indicates
he creation of O vacancies in the doped samples. These results
stablish that the magnetization and demagnetization process are

eversible with regard to oxygen vacancies in agreement with Refs.
13,14,19,23–25].

The origin of FM in TM-doped ZnO samples is still undeter-
ined. There might be two possible causes for the ferromagnetism

ig. 3. (a) Zn 2p XPS spectra of ZnO, Zn0.95Cr0.05O and Zn0.95Cr0.05O:Vc (b). Cr 2p XPS spec
ith  Gaussian fits (d). Oxygen bulk peaks for Zn0.95Cr0.05O, Zn0.95Cr0.05O:Vc and Zn0.95Cr0.
h for Zn0.95Cr0.05O:Vc. The M–H  curves for re-heated Zn0.95Cr0.05O:Vc:Ht are shown

in Zn0.95Cr0.05O:Vc (i) clustering of metallic Cr ions or the secondary
magnetic phases and/or (ii) an intrinsic ferromagnetism. But the
Rietveld analysis of XRD patterns and the XPS findings rule out
any secondary phase formation in our samples, nevertheless, the

unidentified traces of various chromium oxides are unlikely sources
of ferromagnetism due to the following facts: the bulk Cr2O3 is
anti-ferromagnetic insulator with TN ∼ 307 K [31]. The CrO2 metal-
lic and ferromagnetic, however, it has a TC ∼ 391 K [32]. The �-Cr2O5

tra of Zn0.95Cr0.05O and Zn0.95Cr0.05O:Vc (c). Oxygen 1s XPS spectra for Zn0.95Cr0.05O
05O:Vc:Ht.



A. Singhal / Journal of Alloys and Co

F
s
a

r
h
(
p

i
f
t
m
g
f
i
b
b
t
n

i
e
i
e
i
e
i
a
T
c
w
u
t
f
b
C
o

5

Z
r
A

[
[

[
[

[

[
[
[

[
[

[

[

[

[

[

[

[
[

[

[
[

[

[

[
[

[

[
Ding, T. Wu,  Phys. Rev. B 79 (2009) 174406.
ig. 4. The saturation magnetization (MS) at H = 1 T and the oxygen content in the
amples relative to pure ZnO. The stages 1, 2, 3, indicate the samples Zn0.95Cr0.05O:
s-synthesized, annealed in vacuum and re-annealed in air, respectively.

eported to be produced by heating chromium oxides in vacuum
as a TC ∼ 140 K [33]. Since Zn0.95Cr0.05O:Vc has a much higher TC
∼500 K) these possibilities can be kept aside. The other oxides are
aramagnetic in nature.

The Ruderman, Kittel, Kasuya and Yosida (RKKY) interaction
s one amongst the others which has been used to explain the
ormation of magnetic phases in DMS  materials. This is based on
he concentration of free carriers apart from the concentration of

agnetic ions. The ZnO is a native n-type material due to oxy-
en vacancies and zinc interstitials. Hence, the concentration of
ree electrons has been proposed to play a major role in stabiliz-
ng the magnetic phase. Consequently, a ferromagnetic phase may
e favored at higher electron concentrations at room temperature
ecause their mean free path is reduced limiting the interaction to
he few relatively stronger and ferromagnetically ordered nearest
eighbors [20].

However, in present case, the mixed valence of the doped Cr
ons has been confirmed which suggests the inclusion of double
xchange mechanism between d states of TM elements [34] as an
mportant factor in the observed ferromagnetism. In addition, sev-
ral groups have found that the point defects play crucial roles in
nducing ferromagnetism in the ZnO-based systems [35,36].  Zhuge
t al. [37] found that the magnetization in their Cr-doped ZnO films
s correlated to vacancies at the Zn sites (VZn). Hong et al. [38] have
scribed the FM in Cr-doped ZnO films to the oxygen vacancies (VO).
he present findings support the later viewpoint as the VO’s have
learly been observed in the ferromagnetic sample Zn0.95Cr0.05O:Vc
hich disappear when the sample returns to paramagnetic state
pon re-heating it in air. Based on these observations I assert that
he observed ferromagnetism in Zn0.95Cr0.05O:Vc might originate
ollowing the exchange interaction between the Cr2+ ions mediated
y the O vacancies, emerged upon vacuum annealing owing to the
r (3d) O (2p) charge transfer. More detailed work is essential in
rder to understand the magnetic behaviors of these materials.

. Conclusions
A paramagnetic behavior is observed in the as-synthesized
n0.95Cr0.05O, however, upon vacuum annealing, it showed fer-
omagnetic ordering followed by creation of oxygen vacancies.
nnealing of pure ZnO in identical atmospheres gave negative

[

[

mpounds 515 (2012) 12– 15 15

results in this regard inferring that presence of Cr ions in ZnO
matrix are crucial for creation of the oxygen vacancies and
inducing the room temperature ferromagnetism. Interestingly, the
induced magnetism disappears upon re-heating the annealed sam-
ples in air. It is concluded that the observed ferromagnetism in
Zn0.95Cr0.05O:Vc might originate following the exchange interac-
tion between Cr2+ ions mediated by O vacancies, emerged upon
vacuum annealing owing to the Cr (3d) O (2p)  charge transfer.
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