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The Cr-doped zinc oxide (Zn1�xCrxO, 0rxr0.08) diluted magnetic semiconductors have been

synthesized successfully by the sol–gel method. Investigations on magnetic, optical and structural

properties of the produced samples have been done. Energy dispersive spectroscopy (EDS) shows the

existence of Cr ion in the Cr-doped ZnO. The results of X-ray diffraction (XRD), the transmission

electron microscope (TEM), X-ray photoelectron spectroscopy (XPS) and X-ray absorption fine structure

(XAFS) indicate that the Cr ions are at least partially substitutionally incorporated into the crystal

lattice of ZnO. The produced samples show good high-Tc (Curie temperature) ferromagnetism (FM) in

Cr-doped ZnO nanoparticles with Cr concentration of less than 5 at%. The results of photoluminescence

(PL) further testify that FM is an intrinsic property of the Cr-doped ZnO nanoparticles. And the

occurrence of FM should mainly contribute to the Cr doping.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Diluted magnetic semiconductors (DMSs) have been exten-
sively studied because of the potential applications in the spin-
tronic devices that allow the control of both the spin and the
charge of the carriers [1,2]. Nowadays, extensive efforts have been
made to study wide-band-gap oxide/nitride DMSs, such as the
transition metal doped ZnO, TiO2, SnO2, In2O3 and GaN [3–5]. To
realize the practical spintronic devices, it is essential that the DMS
systems display FM at room temperature. In the quest for
materials with a high transition temperature, transition metal
(TM)-doped ZnO has emerged as an attractive candidate accord-
ing to both theoretical and experimental studies. Stable ferro-
magnetic configurations arising from carrier-mediated exchange
interactions have been predicted for several TM (Fe, Co, Ni and
Cr)-doped ZnO DMSs [6,7]. The FM at room temperature has been
observed in the experiment [8]. A drawback of this approach is
that the dopant material can segregate to form precipitates or
clusters that are actually responsible for the ferromagnetic
properties. Hao et al. [9] and Li et al. [10]also pointed out the
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inhomogenous distribution of TM ions had important effects on
the structure and magnetic properties of DMSs.

Among these dopant elements, trivalent Cr3þ ions exhibit 3d3

high-spin configuration, which may help to generate large mag-
netic moments in the host semiconductors [11]. In particular, Cr is
an intrinsically nonmagnetic transition metal, its clusters or
compounds (expect nanocrystalline CrO2) do not contribute to
FM. Therefore, to some extent, the study of the Cr-doped ZnO
DMSs can effectively tell whether the FM originates from the
existence of magnetic clustering or not.

Until now, most of the studies on the Cr-doped ZnO have
focused on the thin film supported by the substrate [12–16]. The
reproductive rate of the thin film is low, and the more important
fact is that the lattice constant of the substrate does not usually
match with that of ZnO, so that will cause the lattice distortion of
ZnO [17]. This is adverse for studying the nature of the ZnO-based
DMS thin film. Large variations in magnetic properties have been
reported for otherwise similar films, indicating a strong depen-
dence on synthesis and processing conditions [18–20]. Therefore,
the problems as how to achieve the effective control of the
preparation of materials, how to repeatedly prepare ZnO-based
DMS nanomaterials with the crystal structure, good stability of
the magnetic properties and especially FM at room temperature
are of more concern. However, little knowledge about the
preparation of free-standing ZnO-based DMS nanomaterials has
ever been reported. So this study is necessary and urgent.
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Because of the convenient operation and the easy control, the
sol–gel method has been extensively applied in the synthesis of
the oxidate nanoparticles. In the present work, Zn1�xCrxO
(x¼0.00, 0.01, 0.02, 0.03, 0.04, 0.05, and 0.08) nanoparticles were
synthesized by sol–gel method. We mainly study the behavior of
the Cr-doping on PL property and FM in ZnO nanoparticles. The
origin of FM in Zn1�xCrxO (xr0.05) is also discussed.
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Fig. 1. XRD patterns of the undoped ZnO and the Cr-doped ZnO (a); the change in

the cell constants a and c of ZnO with different Cr concentrations (b). ‘‘~’’

indicates the peaks of the impurity phase of ZnCr2O4.
2. Experimental details

2.1. Preparation of Cr-doped ZnO nanoparticles

Zinc nitrate hexahydrate [Zn(NO3)2 �6H2O] and the appropri-
ate amounts of chromium nitrate nonahydrate [Cr(NO3)3 �9H2O]
were dissolved into citric acid monohydrate (C6H8O7 �H2O) with
stirring to form the sol. Then, the mixture was polymerized
to form the gel. We sintered the produced gel at 400 1C, and the
Cr-doped ZnO nanoparticles were obtained.

2.2. Characterization techniques

Structure characterization of Zn1�xCrxO was performed by
XRD on D/max-2500 copper rotating-anode X-ray diffractometer
with Cu Ka radiation (40 kV, 200 mA). The size distribution
and the interplanar distance were investigated by TEM
(200 keV, JEM-2100HR, Japan). XAFS measurements for the
Cr K-edge were performed in the fluorescence mode at room
temperature on the XAFS station of the U7C beam line of the
National Synchrotron Radiation Laboratory (NSRL, Hefei, China).
The magnetic hysteresis loops of Zn1�xCrxO were measured by a
Lake Shore 7407 vibrating sample magnetometer (VSM). The
valence state of the Cr element was analyzed by XPS (VG ESCALAB
Mark II). PL measurement was performed on an HR800 Labram
Infinity Spectrophotometer, excited by a continuous He–Cd laser
at a wavelength of 325 nm and a power of 50 mW.
3. Results and discussion

3.1. Structural characterization

Fig. 1(a) shows the XRD patterns of the undoped ZnO and
Zn1�xCrxO (x¼0.01, 0.02, 0.03, 0.04, 0.05, and 0.08). All diffraction
peaks can be indexed to wurtzite the hexagonal ZnO (space group
P63mc) with Cr concentration of less than 5 at%. In addition, no
hints of the Cr metal or the Cr oxides are found. The secondary
phase of ZnCr2O4 emerges at x¼0.08, which indicates that the
doping limit for Cr in ZnO here is below 8%. As for the undoped
ZnO, the cell constant is estimated to be a¼0.3256 nm and
c¼0.5218 nm. While, as for the Cr-doped ZnO, with the increase
of the Cr content, the cell constant decreases. Fig. 1(b) exhibits the
dependence of the Cr content on the lattice constants a and c of
the Zn1�xCrxO nanoparticles. Such a rapid lattice contraction can
be qualitatively understood in terms of the sizes of the ions and
their local coordinations. To sum up, this result may originate
from the substitutions of Cr ions with a small ionic radius of
0.063 nm for the Zn (0.074 nm) sites [21]. That justifies the
considerable lattice contraction. Moreover, we find that the width
of the X-ray peak increases. With the increase of the Cr concen-
tration, the phenomenon becomes more obvious. It suggests a
decrease of the mean particle sizes in the crystalline correlation.
The mean particle size of Zn1�xCrxO (x¼0.00, 0.01, 0.02, 0.03,
0.04, 0.05, and 0.08) is 26.2, 16.9, 13.4, 11.1, 10.1, 9.8 and 8.1 nm
by Debye–Scherrer formula, respectively. Many theoretical and
experimental studies have demonstrated size-dependent lattice
contraction [22,23]. So the size effect should be the other possible
reason of the lattice contraction due to the variation of the surface
stresses. The reason why the Cr-doping restrains the growth of
the crystal lattice is also analyzed in the previous work [24].

The morphology and structure were characterized by TEM and
HRTEM (high-resolution TEM). The images of Zn1�xCrxO (x¼0.03,
0.05 and 0.08) samples (a)–(f) are shown in Fig. 2. The average
particle size is about 11, 10 and 8 nm for Zn1�xCrxO (x¼0.03, 0.05
and 0.08), respectively, which are in agreement with the results of
XRD. In addition, it can be clearly observed that the interplanar
distance of the fringes is 0.26 nm, matching the (0 0 2) planes of
the wurtzite ZnO from the HRTEM figures of all Zn1�xCrxO
samples. The interplanar distance of the fringes is 0.25 nm from
the HRTEM figures of the Zn0.92Cr0.08O, which is corresponding to
the (3 1 1) planes of ZnCr2O4. Moreover, the inset of Fig. 2(b), (d),
and (f) is the EDS spectrum of a single Cr-doped ZnO nanoparticle.
EDS shows the existence of the Cr ion in the Cr-doped ZnO. The
content of Cr is about 2.6%, 4.8% and 7.2%, respectively, which is
consistent with the design of our experiment. These results
further testify the probability that Cr ions have been substitu-
tionally incorporated into the crystal lattice of ZnO.

3.2. Chemical characterization

The XPS results of the Zn1�xCrxO (x¼0.03, 0) nanoparticles
annealed at 400 1C are shown in Fig. 3. As for the Zn0.97Cr0.03O
(Fig. 3(a)), the XPS spectrum shows that the indexed peaks are
corresponding to those of C, Cr, O and Zn. Among them, because



Fig. 2. TEM and HRTEM images of the Cr-doped ZnO nanoparticles. (a), (b) and (c) is the TEM image of Zn1�xCrxO (x¼0.03, 0.05, and 0.08) nanoparticles; (d), (e) and (f) is

the HRTEM image of Zn1�xCrxO (x¼0.03, 0.05, and 0.08) nanoparticles, respectively. The inset figure is the EDS spectrum.
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the citrate is not completely decomposed, carbon arises during
the process of sintering the precursors. The survey scans show no
magnetic impurity within the detection limit. The high resolution
scans of the XPS spectra of Cr 2p have been shown in the inset of
Fig. 3(a). Based on the Gauss fitting, the peaks of Cr 2p3/2 are
detected at 576.6 eV for the sample. The positions of the peaks are
different from those of 574.2 eV of Cr metal, 579.0 eV of Cr6þ

and 576.0 eV of Cr2þ , but it is very close to the peak position of Cr
2p3/2 (576.7 eV) in Cr2O3 [8]. It suggests that the Cr dopants are
incorporated into the ZnO lattice as Cr3þ ions. Moreover, the
intensity of the Cr 2p1/2 is stronger than that of Cr 2p3/2. The main
reason is that the overlap of the XPS photoelectron of Cr 2p1/2

located at 585.2 eV and the Auger electron peak of Zn located at
585 eV leads to the phenomenon [25]. The inset of Fig. 3(b) shows
the valence bonds of Zn 2p3/2 states of the Zn1�xCrxO (x¼0.03, 0)
nanoparticles. The positions of Zn 2p3/2 peaks slightly shift
towards the higher binding energy side, with the increase of Cr
concentration from 0% to 3%, owing to the change in the chemical
environment resulting from the incorporation of Cr in ZnO
nanoparticles. The result further testifies the probability that
the Cr3þ ions take the place of Zn2þ sites. The similar phenomena
were reported by Lee et al. [26].

3.3. XAFS study

XAFS analysis, i.e., extended X-ray absorption fine structure
(EXAFS) and X-ray absorption near-edge spectroscopy (XANES), is
usually one recognized practical way to study the arrangement of
atoms in materials without long range order. In XAFS, the number
and species of neighbor atoms, their distance from the selected
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Fig. 3. XPS spectrum of the Zn1�xCrxO (x¼0.03, 0) nanoparticles. The inset is the

detail scans of Cr 2p3/2 and 2p1/2 peaks (a); the inset is the detail scans of Zn 2p3/2

peaks of the Zn1�xCrxO (x¼0.03, 0) nanoparticles (b).
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atom and the thermal or structural disorder of their positions can
be determined from the oscillatory part of the absorption coeffi-
cient above a major absorption edge. Fig. 4(a) shows the Cr
K-edge XANES spectra of the Zn0.97Cr0.03O and the Zn K-edge
XANES spectra of the undoped ZnO. In order to compare above-
mentioned two samples conveniently, we move the Zn K-edge
XANES spectra to the position of Cr K-edge XANES spectra
parallelly. The Cr K-edge features of the Zn0.97Cr0.03O and Zn
K-edge features of the undoped ZnO are similar, showing that the
chemical environment of Cr in the Zn0.97Cr0.03O is the same as
that of Zn in the undoped ZnO. So we believe that the Cr ions have
dissolved into ZnO lattice and the substituted Zn ions at least
partially. In addition, the XANES spectra of the Zn0.97Cr0.03O and
the Cr2O3 are almost the same [11], which indicate that the
valence state of Cr in the Zn0.97Cr0.03O is þ3. It is consistent with
the results of the XPS, which further testifies the probability that
the Cr ions take the place of Zn sites in our samples. However, the
XANES curve of the Zn0.97Cr0.03O is obviously different from those
of Cr metal and other chromium oxides [27,28], indicating no Cr
metal or Cr-related compounds are formed in our samples.

Fig. 4(b) compares the Fourier transform amplitude of the
undoped ZnO, as is obtained from the Zn K-edge EXAFS data, with
that of the Zn0.97Cr0.03O from the Cr K-edge spectrum. The first
and the second major peaks in the radial distribution functions of
the undoped ZnO correspond to the nearest oxygen and Zn from
the central Zn atoms, respectively [29]. For the Zn0.97Cr0.03O, the
two strong peaks correspond to the nearest oxygen and Zn (Cr)
from the central Cr atoms. This figure indicates that the results of
the radial distribution functions of the undoped ZnO and the
Zn0.97Cr0.03O are very similar. The inter-atomic distances between
the two major peaks of the undoped ZnO are essentially the same
as those of the Zn0.97Cr0.03O. So the Cr ions in the Zn0.97Cr0.03O
shows a similar radial structure to Zn ions in the undoped ZnO.

3.4. Magnetic properties

Magnetic measurements on Zn1�xCrxO (x¼0.01, 0.02, 0.03,
0.04, 0.05, and 0.08) were performed at room temperature, using
vibrating sample magnetometer. Fig. 5 shows the magnetization
versus magnetic field (M–H) loops. The inset of Fig. 5 shows the
M–H loop of undoped ZnO. The result shows the undoped ZnO is
paramagnetic at room temperature. However, the 3 at% doped
sample shows clear magnetic hysteresis loops. That indicates
good high-Tc FM in Cr-doped ZnO nanoparticles. Similar results
are found in other Cr concentration of less than 5 at%. The
Zn0.97Cr0.03O individual possesses moment of 0.004 mB per Cr
atom. This result has a good agreement with the value in Ref.
[30]. But it is much less than the theoretically calculated value
(3.7 mB) [31]. On one hand, the weaker change between particles
in the nanostructural materials can lower the magnetic moment
due to the nanostructural nature of the material. On the other
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hand, once the concentration of Cr is very close to the cationic
percolation threshold, nearest-neighbor antiferromagnetic intera-
tion between the Cr ions can lower the magnetic moment. Both
antiferromagnetism and ferromagnetism exist in the Cr ions.
Owing to the competition with antiferromagnetism, ferromag-
netic behavior is limited.

In addition, with the increase of the Cr concentration, the
magnetic comment per Cr atom decreases. The 1% Cr sample
possessed a net moment of 0.006 mB/Cr, and the 5% Cr sample has
a moment of 0.002 mB/Cr. The variation tendency has a good
agreement with that in Ref. [12]. The consistent drop in magnetic
moment might be resulted by the increase of the antiferromag-
netic coupling occurring at the shorter distances between Cr pairs
[32]. It is worth to note that, Zn0.92Cr0.08O nanoparticles are not
saturated in the field of 10,000 Oe. That indicates that they are the
mixtures of the ferromagnetic materials and the paramagnetic
materials. According to the results of XRD, we think that ZnCr2O4

in the sample contributes to this phenomenon. ZnCr2O4 itself has
antiferromagnetic properties, and its neel temperature (Tn) is 11 K
[33]. Similarly, if other samples contain ZnCr2O4, they should
show the same results. However, the result of the measurement
shows the FM, which can be used to identify the fact that other
samples have no ZnCr2O4 phase. It is known that the secondary
phases are a concern in any diluted magnetic system as a source
of the spurious magnetic signal. Neither CrO2 nor other phases
(antiferromagnetic Cr metal, Cr2O3 and Cr3O4) are detected via
XRD. Indeed, the sensitivity of XRD may not be the best to identify
the minute amounts of second phases in the samples. It is
fortunate that these phases (Cr metal, Cr2O3 and Cr3O4) can be
present in small quantities, FM should not be related to these
phases because their Neel temperature are below the room
temperature. The stronger ferromagnetic behavior in samples
with lower concentrations of Cr and its apparent weakening and
subsequent disappearance at higher doping concentrations also
confirm the absence of the ferromagnetic CrO2. In addition, CrO2

is metastable, it is unlikely to form under the low oxygen pressure
conditions usually employed in vaccum deposition technique
[34]. As is discussed above, the observed FM is not from the
secondary phases. We conclude that FM of the Zn1�xCrxO in this
study is an intrinsic property of the Cr-doped ZnO.

3.5. Optical properties

Fig. 6 shows PL spectra of the Zn1�xCrxO nanoparticles
(x¼0.01, 0.03, and 0.05) at room temperature. The PL spectra of
all the Zn1�xCrxO nanoparticles contain a strong ultraviolet (UV)
emission peak. The UV emission originates from the excitonic
recombination, which is corresponding to the near-band-edge
(NBE) [35,36]. It can be seen from Fig. 6 that the UV emission peak
position of the Cr-doped ZnO nanoparticle exhibits blue shift with
the increase of Cr concentration. The UV emission band is sharply
suppressed as well. This indicates that the Cr doping prompts the
nonradiative recombination process and that the existence of the
transition metal ions like Cr can control the excitonic recombina-
tion radiation. In addition, with the increase of the Cr concentra-
tion, the visible light (VL) emission band is also suppressed.
Various mechanisms have been proposed for the VL emission of
Zn1�xCrxO. It is mainly related to the defects or the oxygen
vacancies in ZnO [37,38]. Recently, Xing et al. even found
the FM in undoped ZnO [39]. We assume that a specific defect
is the main contribution to the FM. Based on the above assump-
tions, the related PL intensity of the VL emission should have the
same decreasing trend with the increase of the Cr concentration
as the magnetic moment of the Zn1�xCrxO nanoparticles. In Fig. 6,
the relative PL intensities of the VL emission decrease steadily
with the increase of the Cr concentration, which resembles the
decreasing trend of the magnetic moment. In other words, to
some extent, the defects may play an important role in the
ferromagnetic origin of the Zn1�xCrxO nanoparticles [38]. How-
ever, the Cr doping restrains the appearance of the defects in ZnO.
That might be another reason that the magnetic moment
decreases with the increase of the Cr concentration. Therefore, it
can be concluded that the observed FM is an intrinsic property of
the Cr-doped ZnO nanoparticles. That is to say the FM should
mainly contribute to the Cr doping.
4. Conclusions

In this paper, the Cr-doped zinc oxide (Zn1�xCrxO) (x¼0.00,
0.01, 0.02, 0.03, 0.04, 0.05, and 0.08) nanoparticles were success-
fully synthesized by sol–gel method. The results indicate that Cr
ions have probably substituted for Zn ions successfully. The doped
sample shows good high-Tc FM in the Cr3þ doped ZnO nanocrys-
tals with the Cr concentration of less than 5 at%. However, in this
concentration range, the magnetic moment decreases with the
increase of the Cr concentration. The results of PL further testify
that FM is an intrinsic property of the Cr-doped ZnO nanoparticles
and FM should contribute mainly to the Cr doping. The results in
our work provide an optimized concentration range of Cr3þ in
ZnO to obtain both good optical and magnetic properties of the
ZnO nanoparticles.
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