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Abstract Cr-doped ZnO was synthesized by using a
low-temperature co-precipitation technique producing
Zn|_,Cr,O nanoparticles. The effects of the Cr concen-
tration (0, 0.03, 0.05, and 0.07) on the structural, optical,
and magnetic properties of ZnO were investigated by
first-principles calculations, X-ray diffraction, scanning
electron microscope, the optical spectroscopy (UV-Vis),
and magnetization measurements. The results show that
Cr atoms are substituted for Zn ions successfully. The Cr
ions exhibited +3 valence state other than 42 valence
state, which is supported by the fact of high-spin configu-
rations of Cr ions in the first-principle calculations. X-ray
diffraction confirms that the samples have a single-phase
wurtzite structure with the main crystal size decreases with
increasing dopant concentration. This decrease occurs due
to the small ionic radius of Cr ions in compared to Zn
ions. The morphology on the surface shows further that
the samples had a spherical shape with an average particle
size of 75 nm. The optical band gap of ZnO nanoparticles
varies with Cr doping, which is attributed to the s-d and p
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interaction. Introducing Cr into ZnO induces a strong mag-
netic moment. The estimated effective magnetic moment
is very close to the magnetic moment obtained from total
energy calculations.
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1 Introduction

The relation between semiconductors and magnetism has
led to the next generation of magnetic semiconductors,
where it is not the electron charge but the electron spin
that carries information [1]. These diluted magnetic semi-
conductors (DMSs) are formed by the partial replacement
of cations in a non-magnetic semiconductor by magnetic
transition metal ions [2-5]. They are of keen potentials for
various applications such as spintronics, spin-valve transis-
tors [6], spin light-emitting diodes [7], and logic devices [8].
To realize these devices, it is necessary to develop semi-
conducting materials indicating a ferromagnetic behavior at
room temperature. Ferromagnetic ZnO-based DMSs have
been predicted to have Curie temperature above room tem-
perature [9]. On the other hand, Coey and Chambers [10]
have suggested that structurally perfect ZnO-based DMSs
do not exhibit ferromagnetic order. Not only the magnetic
dopants themselves but also vacancies are necessary for
ferromagnetism. Due to the wide-band gap, ZnO is one
of the most important functional semiconducting materials
with a direct gap of 3.37 eV at room temperature. How-
ever, it has been increasingly explored accessing a wealth
of phenomena including optoelectronics, UV light emit-
ters, spintronics, and piezoelectric transducers [11-13]. It is
reported that ZnO illustrates a large exciton binding energy
of 60 meV, paveing the way for an intense near-band-edge
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excitonic emission at room/higher temperatures [14]. There
are several theoretical explanations of the origin of room
temperature ferromagnetism in transition metal-doped ZnO:
Dietl et al. [15] first predicted that a high 7, for tran-
sition metal-doped ZnO would require a large density of
mobile holes inducing the ferromagnetic exchange interac-
tion. However, a high concentration of a hole is difficult
to achieve because of the compensation of the wide band
gap ZnO. For technological applications, but also a bet-
ter understanding of chromium doping, a precise control of
the structural properties is as desired to understand their
magnetic and optical properties.

Chromium is an important transition metal element
dopant. It attracts lots of attention [16—19]. One of the rea-
sons is that the radius parameter of Crt3 is closer to that
of Zn*2, which either means that Cr*3 can easily penetrate
into the ZnO crystal lattice or it can substitute the position
of Crt3 in the crystal ZnO [20]. Some studies reveal that
the magnetic behavior of Cr-doped ZnO appears to be very
sensitive to the deposition method. For example, Ueda et
al. [21] did not observe any ferromagnetic behavior for Cr-
doped ZnO film grown by pulse laser deposition, whereas
Roberts et al. [22] prepared Cr-doped ZnO via magnetron
sputtering. A ferromagnetic ordering at 9.5 % doping con-
centration was obtained. Furthermore, the results of Jin et
al. [23] show no ferromagnetic behavior for a Cr-doped
ZnO film at low temperatures even down to 3 K. Nei-
ther Lee et al. [24] did not find ferromagnetism in solgel
synthesized Zn;_,Cr,O thin films. The calculated optical
properties indicate that the optical energy gap increases
after Cr doping [25]. Additionally, a strong absorption in
the visible-light region is observed, which originates from
the intraband transition of the Cr 3d bands and the conduc-
tion bands [25]. However, the experimental studies of their
optical properties are still unknown.

The material synthesis is one of the key features for the
development and realization of semiconductor-based spin-
tronic applications. The ability to produce a high-quality

Fig. 1 The schematic 200-atom
supercell of Zn;_,Cr,O. Each
oxygen atom (maroon sphere) is
surrounded by four zinc atoms
(yellow spheres) which forms a
regular tetrahedron. The
7-purple spheres designate
chromium atoms
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single-phase DMS is the driving factor to study DMS
for spintronic applications. In this present work, Cr-doped
ZnO nanoparticles were synthesized by a co-precipitation
method. The effects of Cr concentration on ZnO nanoparti-
cles were studied by X-ray diffraction (XRD), optical and
magnetic measurements.

A 200-atom supercell of Zn;_,Cr,O applied by periodic
boundary conditions is shown in Fig.1. The Crg 03Zng.970
model can be obtained by replacing three Zn atoms with
three Cr atoms. Five Zn atoms are replaced with five Cr
atoms, which correspond to x = 0.05. For the case of
Cro.07Zn9 930, seven Zn atoms are substituted by seven Cr
atoms.

2 Method

All preparation steps like weighing, mixing, grinding, and
storage were carried out in an Ar-filled glove-box, the O;
and H,O level is less than 0.1 ppm. The preparation of
CryZn;_,0 in a nanoparticle form is achieved by using the
Co-precipitation technique. The following procedure was
adopted. The ZnCl, and NaOH solution are prepared sepa-
rately and then mixed together. The solution was maintained
in a first step at room temperature under stirring for 2 h.
In a second step, Zn(OH), has been heated up to 70 °C
for 24 h to become dry. The dryed ingots were heated up
to 400 °C for 4 h. After that time period, the powder was
left to cool down slowly to room temperature to get pure
ZnO. To prepare mixed oxide dilute magnetic semiconduc-
tors, mixed solutions of ZnCl; and CrCls, at the desired ratio
were prepared. Then, the NaOH solution is added slowly
to the mixed solution, and the process described above
is repeated to obtain Znj_,Cr,O nanoparticles. Particles
shape and size distribution can be controlled by varying the
atmosphere conditions inside evaporation chamber. Finally,
the X-ray tests reveal that the obtained powder is composed
of nanoparticles.
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The x-ray powder diffraction data were collected at
room temperature using a Huber G670 Guinier imag-
ing plate diffractometer with Co Ka-radiation and a Ge-
111 monochromator. Scanning electron microscopy (SEM)
images of the surface and crosssection of films were taken
with a Leo Gemini 982 microscope. A Lambda 900 spec-
trometer from Perkin-Elmer Instruments was used to mea-
sure the optical transmittance in a wavelength range from
250 to 3000 nm. The magnetization measurements were per-
formed by using a superconducting quantum interference
device magnetometer (MPMS-XL5) from Quantum Design.

Computational Details A periodic 5 x 5 x 2 supercell
containing 200 atoms, as shown in Fig. 1, is adopted in
our calculations. An experimental dopant concentration can
be achieved. Different dopant concentrations in the models
were generated by substituting Zn ions by Cr ions. The first-
principle calculations were performed by using the projector
augmented wave formalism of density functional theory as
implemented in the VASP package [27, 28]. We used a
well-converged energy cutoff of 550 eV and a2 x 2 x 3-
centered k-point grid for the total energy calculations. In
order to add the on-site d-d Coulomb interaction, U, and the
on-site exchange interaction, J, to the generalized gradient
approximation (GGA) Hamiltonian for transition-metal ele-
ments, we use typical values of U =4.5eV and J =0.5eV
throughout our calculations [29, 30].

3 Results and Discussions

On the basis of the wurtzite ZnO unit cell, the 5 x 5 x 2
supercell containing 200-atoms is adopted for pure ZnO,
as shown in Fig. 1. The crystal structure and orientation of
the Zn;_,Cr, O nanostructure have been investigated by the
XRD technique. The XRD pattern of the crystals is shown
in Fig. 2. XRD results suggest that the Zn;_,Cr, O exhibit
a hexagonal wurtzite structure with a preferred orientation
of (101). The diffraction peaks corresponding to (002) and
(100) planes of a ZnO hexagonal phase were also observed
but with a different intensity ratio. The main crystallite size
in the samples was estimated using Scherrer’s formula [26]
given in Table 1. We find out that the lattice parameter a
increases up to x = 0.05 and then drops at 0.07-doping.
The microstructure of the Zn;_,Cr, O nanoparticles was
investigated by SEM, as shown in Fig. 3. It clearly proofs
that the structures of the investigated particles are crystals
in form. In addition, Fig. 3 finds that the particles show
a narrow size distribution due to their magnetic attraction
exhibiting a partially sintered microstructure. The agglom-
eration of particles was related to many factors such as
shape factor, surface area, porosity, and density. The investi-
gated samples possess a uniform particle size which is listed
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Fig. 2 X-ray diffraction pattern of Zn;_,Cr,O nanoparticles.

in Table 1. It is worth mentioning that the most colloidal par-
ticles are electrically charged, e.g., most metal oxides have
a surface layer of the metal hydroxide which is amphoteric
and can become either positively or negatively charged.

The room temperature UV vs. absorption spectroscopy
is a direct and simple method of probing the band structure
of materials. The UV vs. absorption spectra of Zn;_,Cr,O
nanoparticles is represented in Fig. 4a. The intensity of this
band was dependent on the Cr concentrations, the direct
optical energy band gap (E,) of Znj_,Cr,O nanoparticles
was determined from their UV vs. spectra according to
the frequency dependence of the absorption coefficient, «,
(where o = absorbance/film thickness) and the optical band
gap can be calculated using Tauc’s relation [31-34]. The
variation of the absorption coefficient with photon energy is
studied using the relation:

ahv = A(hv — E4)%7, (D

where hv is the photon energy, A is the probability param-
eter for transition, and E, is the optical band gap. This
implies that the optical band gap of the ZnO nanostruc-
ture has a direct optical transition. It is well known that
direct transitions across the band gap are feasible between
the valence and the conduction band edges in the k-space.

Table 1 The calculated values of the lattice constants, the bond
lengths, and the crystal size (D) for Zn;_,Fe, O investigated at (101)

X a c c/a D (nm) V (nm) E, E,
0 32 5214 1.6 76.6 77 352 272
0.03 32 5215 1.6 71.5 75.6 332 352
0.05 32 52 1.6 73.1 - 345 23
0.07 32 519 1.6 72.9 74.7 349 355
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Fig.3 EM images for
Zn1_,Cr, O samples, for Cr
concentrations 0, 0.03 and 0.07
respectively

In this transition process, the total energy and momentum of
the electron-photon system must be conserved. The direct
band gap was obtained from the plots of (ahv)? vs. hv at
RT enables us to estimate the E, values by extrapolating the
linear part of (ah v)? to zero as shown in the inset of Fig. 4b.
The obtained optical band gap E, values are tabulated in
Table 1.

As can be seen that the E, decreases with doping. which
has been observed in doped II-IV compounds [35-37]. In
terms of the sp-d spin exchange interaction between band
electrons and the localized d electrons of the transition metal
ions the cations is substituted.

The absorption coefficient near the fundamental absorp-
tion edge is exponentially dependant on hv and obeys
the empirical Urbach relation. The Urbach energy can be
calculated according to the following relation [38]:

hU—E1i|

E0 2

a = o exp [
where E; and «( are constants. Ey is the Urbach energy
which is correlated to the width of the tails of localized
states within the optical band gap. At the absorption edge,
random internal electric fields will dominate the broadening
of the excitation levels due to the lack of long-range order
or presence of defects. Equation (2) describes the optical
transition between occupied states in the valence band tail
to unoccupied states of the conduction band edge. The Ey
values were calculated from the slopes of the graphs shown

x =0.03
S

in Fig. 4c using the relationship Eyy = (dIna/ hv)~!, and
are given in Table 1. The increase of Ey suggests that the
atomic structural disorder of Znj_,Cr,O increases by Cr
doping.

Figure 5a presents the temperature dependence of the
magnetization data measured up to 300 K with the magnetic
field of 1T applied parallel to the crystallographic ¢ axis.
For x = 0.07 sample, the ferromagnetic transition is clearly
seen with a peak at T = 48 K, while the transition is shifted
slightly to T = 52 K in the case of x = 0.05. On the other
hand, for x = 0.03 and 0, doping this transition is smeared.
However, we should mention while the magnetization of
both samples M does increase as T is lowered, the M-T
curve is exactly what one would expect for a ferromagnet
with a proper long-range order where a sharp transition at
the ferromagnetic transition in the case of x = 0.07 occurs.
It is likely that the resulting phase in the nanoparticle of
the investigated samples is ferromagnetic. Clearly, one can
see that by increasing the Cr concentration to the ZnO, the
magnetic moment increases with saturation of the magnetic
moment at room temperature.

In Fig. 5b, we have shown a plot of inverse susceptibility
1/x vs. temperature for the x = 0.07 sample. In the param-
agnetic region, the data between 300—130 K can be fitted to
the Curie-Weiss law x = C/(T — ©), where C is the Curie
constant and ® is the Weiss temperature. The paramagnetic
Curie temperature in both samples is nearly identical and
positive. The ® for the x = 0.07 sample is 229 K. From
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Fig. 4 Panel a presents the main frame represents UV-vis absorption spectra. Panel b shows the plots of (ehv)? versus hv. Panel ¢ In(a) vs. hv,
in which the Urbach energy of each particular doping is calculated from the slopes
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Fig. 5 a Magnetization vs. 16T T ]
temperature of the four \ (a) ]
investigated samples under a 12 F 4

magnetic field of 1 T. Panel b
presents the inverse
susceptibility 1/ vs.
temperature for x = 0.07 0.4 ks, .
sample. Panel ¢ shows the

magnetic hysteresis (M - H) 00 :;O
curves of x = 0.03, 0.05, and ]
0.07 measured at 2 K 0 100 200 300

the Curie constant C, we estimate the effective magnetic
moment jiery to be 3.7 p, this is very close to the magnetic
moment 3.66up obtained from total energy calculations.
As shown in Fig. 6, a tetrahedral ligand field surrounding a
central Cr ion (purple sphere) is formed, and drives to split
states of d symmetry into two sets of two and three states
each by the crystal-field splitting. In this tetrahedral crys-
tal field induced by the oxygen anions, dyy, dy;, and dy;,
orbitals are raised in energy relative to the d,>_ 2 and d»
orbitals. The results in our first-principle calculations show
that chromium ion adopt a high spin configuration at tzzgeg
with a 43 valence state. In the perfectly tetrahedral environ-
ment, two e electrons can occupy two of dyy, dy; or d,;
orbitals with equal probability. However, as confirmed by
our observations in Fig. 5, structural disorder was increased
by Cr doping, which may lower the symmetry and further
have effects on the electron occupations. This establishes
that the paramagnetic state of our samples have not much
affected by the particle size. This is indeed interesting since
our investigated samples are chemically identical and have
nearly an identical paramagnetic state, but the x = 0.03
sample becomes a ferromagnet with abroad transition while
the x = 0.07 and 0.05 samples have a lower moment and
leading a sharp ferromagnetic transition.

Apart from the above calculations, we also per-
formed total energy calculations for other two structure

Xy yz Xz
I B B S E—

dz2

Fig. 6 Tetrahedral crystal field generated by oxygen anions.
Chromium ion adopts a high spin configuration at tzzgeg with a 43
valence state
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configurations. One is a close configuration [39], in which
sites 1 and 2 (Fig. 1) are occupied by Cr atoms. While
the other one is a “separated” configuration [39] where Zn
atoms at sites 1 and 3 (Fig. 1) are replaced by Cr atoms. For
both configurations, we have computed the relative energies
of the ferromagnetic and antiferromagnetic structures. Our
calculations show that the separated configuration is more
energetically favorable than the separated one by around
90 meV. This result reveals that the Cr ions prefer dis-
tributing themselves evenly throughout the lattice, rather
than cluster together in the samples. Consequently, the mag-
netism derived from Cr clusters can be excluded. On the
other hand, it is well known that the pure ZnO nanoparticles
are paramagnetic materials, which are also confirmed by our
experiments. Cr-doped ZnO exhibits a clearly magnetic hys-
teresis loop. As reported by Xing et al. that the appearance
of ferromagnetism in transition metal-doped ZnO might
be due to the increase of the number of defects and oxy-
gen vacancies [40]. On the other hand, theoretically, Chu
et al. proof that ferromagnetism could be induced by the
exchange interaction between transition metal ions and O
ion spin moments [41]. One can see that there is an enhance-
ment of the magnetic moment in the x = 0.07 nanoparticle
sample in contrast to x = 0 sample as revealed through
the magnetization. It is apparent that there is a proper long-
range ferromagnetic order in the x = 0.07 sample which
is sharper than the x = 0.03 and O-doping sample. The
reason can also be seen in the hysteresis curve shown in
Fig. 5c. The magnetic field varies from —3 to +3 T. The
x = 0.03 sample shows a small hysteresis loop which closes
at &~ 600 Oe. In addition, the magnetization of x = 0.03,
0.05, and 0.07 samples is saturated at a fields of 2.7, 4.5,
5.2 KOe, respectively with another signature of the resulting
ferromagnetic state.

The observed ferromagnetism is mainly due to the Cr
ions substituting Zn in the ZnO host lattice and not due to
Cr metal cluster-like phases. Thus, introducing Cr into ZnO
induces a strong magnetic moment without any distortion in
the geometrical symmetry. It also reveals the ferromagnetic
coupling. It is interesting to note that the reduction in the
moment of x = 0.03 sample compared to x = 0.07 might
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occur due to large disordered spins in the surface as well
due to grain boundaries that constitute a good fraction of the
nanosample.

4 Summary

To summarize, we find that there is a rather strong enhance-
ment of the ferromagnetic moments in the x = 0.07
sample in contrast to x = 0.03 sample, which is con-
firmed by magnetic measurement and first-principle calcu-
lations. As x increases to 0.07, the magnetization decreases
monotonously. The optical band gap decreases with doping.
Introducing Cr into ZnO induces a strong magnetic moment
without any distortion in the geometrical symmetry and it
also reveals that the ferromagnetic coupling, which plays an
important role in prompting its practical application in the
future.
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