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Electronic and magnetic properties of (Zn1−xVx)O diluted magnetic semiconductors elucidated
from x-ray magnetic circular dichroism at V L2,3 edges and first-principles calculations
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The electronic structure of (Zn,V)O dilute magnetic semiconductors (DMSs) was investigated theoretically
from first principles, using the fully relativistic Dirac linear muffin-tin orbital band structure method and the
Korringa-Kohn-Rostoker Green’s function approach within the local spin-density approximation. X-ray magnetic
circular dichroism (XMCD) spectra at the V L2,3 edges were calculated. Comparing the experimental results and
the theoretical simulations we discuss possible crystal and magnetic structures of (Zn,V)O and reach the best
agreement with the experimental XMCD spectra for the antiferromagnetically ordered DMSs in the presence of
an oxygen vacancy. The corresponding structure was used to determine the electronic and magnetic properties
of (Zn,V)O.
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I. INTRODUCTION

Zinc oxide (ZnO), a representative II-VI compound semi-
conductor, has attracted considerable attention because of its
numerous attractive properties, such as the direct wide band
gap (3.37 eV), large exciton binding energy (60 meV at
room temperature), good piezoelectric characteristics, chem-
ical stability, and biocompatibility. This offers a variety of
applications, e.g., energy efficiency windows, smart windows,
and electrodes for solar cells, as well as flat-panel displays,
etc. (Ref. 1). Recently, ZnO became an interesting candidate
as a dilute magnetic semiconductor (DMS) with potentially
high Curie temperature (TC),2 aiming at practical applications
in spintronics devices. After the first report of TC ∼ 280 K in
(Zn1−xCox)O,3 there have been many subsequent publications
on ZnO-based DMSs, which also show relatively high TC (for
a review, see Ref. 4).

Recently, it has been reported that V doping can cause
ferromagnetism (FM) in ZnO. However, not much work has
been done on the system and the results obtained so far are
rather controversial. For instance, Saeki and co-workers5,6

observed ferromagnetic behavior at TC > 350 K while Hong
et al.7,8 found room-temperature ferromagnetism along with
spin-glass behavior seen at low temperatures. Meanwhile,
Venkatesan et al.9 and Neal et al.10 have reported the obser-
vation of anisotropic ferromagnetism and room-temperature
ferromagnetism in V-doped ZnO thin films, respectively. The
latter authors10 also reported paramagnetism at 10 K when
the sample was subjected to rapid thermal annealing which
agrees with the results of Saeki et al. (Ref. 11). On the other
hand, Ramachandran et al.12 have reported that (Zn,V)O is not
ferromagnetic above 10 K. The most recent studies indicate
the coexistence of the Curie-Weiss paramagnetic (PM) and
the antiferromagnetic (AFM) state for the V ions in ZnO thin
films.13 Besides, ferromagnetism was not observed down to
5 K in V-doped ZnO single crystals.14 These contradictory

experimental results suggest that the magnetic coupling in the
(Zn,V)O system may be extremely sensitive to the sample
preparation conditions.

All theoretical results15–20 reported until recently are
almost equally conflicting. For example, Sato and Katayama-
Yoshida,17 using the Korringa-Kohn-Rostoker (KKR) coher-
ent potential approximation within the local density approx-
imation (LDA) to the exchange-correlation energy, obtained
ferromagnetism in V-doped ZnO, while Kang et al.19 sug-
gested the antiferromagnetic solution for the system using
the full-potential linear muffin-tin orbital method within the
generalized gradient approximation (GGA). Wang et al.20

have presented recently systematic ab initio calculations of
the electronic and magnetic properties of V-doped ZnO in
both bulk and thin films. The structural relaxation and total
energy calculations have been carried out using the spin
polarized option of density functional theory (DFT). Vanadium
substitutions at the Zn host sites show minor selectivity of
the site occupancy. More importantly, after relaxation of
both the (Zn,V)O bulk and subsurface layers of the thin
film, the ferromagnetic, ferrimagnetic, and antiferromagnetic
configurations are energetically nearly equivalent. On the other
hand, V atoms couple ferromagnetically when they occupy the
surface sites of the thin film.

As we mentioned above the physical properties of ZnO
might be very sensitive to different kinds of defects in the
crystal. In spite of numerous experimental studies, there is
still controversy concerning the relevant native defects of this
oxide. Single-crystal ZnO has always been observed to contain
metal excess (or oxygen deficiency).21 The metal excess can
be accommodated in part by the presence of zinc interstitials
or oxygen vacancies. Experiments have been inconclusive
with respect to the predominant defect. Results presented
in the literature assume both one or the other situation and
different interpretations have even been taken on the same set
of experimental data (see, for example, Ref. 22). Interstitial
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zinc atoms have been proposed as the dominant defect on the
basis of ionic diffusion or size considerations.21,23–25 Other
authors, based on calculation of reaction rates,22 diffusion
experiments,26 or electrical conductivity and Hall effect
measurements,27 concluded that oxygen vacancies were the
predominant defects.

A series of calculations, performed in the framework
of density functional theory, have been devoted to native
defects in ZnO.28–31 The formation energies and defect
levels are discussed especially in connection to the doping
problem and defect-driven magnetism. Kohan et al.30 have
studied the relevant defects that may be present in ZnO. By
using the plane-wave soft-pseudopotential technique together
with the supercell approach they have found that the dominant
native defects in ZnO are oxygen and zinc vacancies. Yuming
et al.15 performed theoretical studies using the full-potential
linear muffin-tin orbital (FPLMTO) method on the native
shallow donor in ZnO. They have reported that the vacancy of
O produces occupied defect states ∼1.3 eV below the bottom
conduction band, while the vacancy of Zn and interstitial Zn
produces shallow acceptor states of ∼0.3 eV above the top
of the valence band and shallow donor states of ∼0.5 eV
below the bottom of the conduction band, respectively. In
order to investigate the electronic properties of the impurity
and those of O or Zn vacancy sites in wurtzite ZnO, Kang
et al.19 have calculated the electronic structures for the DMS
(Zn1−xMx)O (M = V or Mn) using the FPLMTO method.
They have discussed the effect of the interaction between the
magnetic impurity V and the defects of O or Zn in ZnO on the
band gap.

One of the main problems of theoretical considerations
of DMSs is the lack of information concerning the crystal
structure and the chemical composition. Usually DMSs are
fabricated using epitaxial-growth techniques under far from
equilibrium conditions. Therefore, an exact determination
of their crystal structure is often not possible either with
experiments or first-principles methods. One way to get more
insight into the particular properties of DMS is an ab initio
simulation and a direct comparison of it with experiment. First-
principles methods can often provide an adequate description
of many observable properties. The crystal structure can be
parametrized in such simulations. By varying atomic positions
and the chemical composition, one can achieve an acceptable
fit of a particular quantity. The structural information, obtained
this way, can be used for investigations of other properties
of the considered system. One of the observable quantities,
which can be adequately calculated for many systems from
first principles, is the x-ray absorption spectrum (XAS) as
well as x-ray magnetic circular dichroism (XMCD), which is
the difference of the x-ray absorption spectra with opposite
(left and right) directions of circular polarization.

In the present study, we focus attention on x-ray absorption
spectra and x-ray magnetic circular dichroism of (Zn,V)O
DMSs. The XAS at the V K edge was measured by several
groups.13,32 Field and temperature dependencies of the XAS
and XMCD spectra at the V L2,3 edges in the (Zn1−xVx)O
(x = 0.05) were reported by Ishida et al.13 They found a linear
increase of the XMCD signal with external magnetic field
H which indicates that the paramagnetic signal dominates
the XMCD signal and that the ferromagnetic component is

small, consistent with their magnetization measurements. The
majority of the V ions were presumably strongly coupled
antiferromagnetically. They estimate that ∼10% of the V ions
were paramagnetic, ∼90% were presumably strongly anti-
ferromagnetically coupled, and the ferromagnetic component
was below the detection limit of XMCD. In our study we
simulate the XAS and XMCD spectra from first principles
by varying the crystal structure, the chemical composition,
and the magnetic order systematically, searching for optimal
agreement. The obtained information is used for the extensive
study of the electronic and magnetic properties of (Zn,V)O
DMS.

The paper is organized as follows. Section II presents
structural models for (Zn,V)O DMSs used in the present work
and the details of the calculations. Section III is devoted to
our simulations of XMCD experiments and to the electronic
structure as well as the magnetic properties of the DMSs
calculated with the fully relativistic LMTO band structure
method and the KKR Green’s function approach. The results
are compared with available experimental data. Finally, the
results are summarized in Sec. IV.

II. STRUCTURAL MODEL AND COMPUTATIONAL
DETAILS

The constituents in the (Zn,V)O compound have the
following nominal atomic structures: [Ar]3d104s2 for Zn,
[Ar]3d34s2 for V, and [He]2s22p4 for O. The most stable and
therefore most common position of V in the ZnO host lattice
is at the Zn site where its two 4s electrons can participate in
crystal bonding in the same way as the two Zn 4s electrons. The
theoretical calculations20 and experimental measurements5–9

suggest that there is no clear site preference for the V atoms
in bulk ZnO and V doping in ZnO is almost homogeneous.

The calculations of the electronic structure of the (Zn,V)O
DMSs were performed for 3a × 3a × 1c, 3a × 3a × 2c, and
4a × 4a × 1c, supercells of the wurtzite-type ZnO unit cell
with one or two of the Zn ions replaced by V. The supercell
calculations were performed for the compositions x = 0.0556
(1/18), x = 0.03125 (1/32), and x = 0.02778 (1/36) using
the simple trigonal P 3m1 (No. 156) space group. The
substitutional (Zn1−xVx)O positions are illustrated in Fig. 1
for a 36-atom ZnO unit cell containing two substitutional V
atoms (x = 0.1111) for the largest possible V-V interatomic
distance of 5.53 Å. The V atom has four O nearest neighbors:
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FIG. 1. (Color online) Schematic representation of the (Zn,V)O
structure with two substituted V atoms with the largest possible V-V
interatomic distance for a giving concentration (see text).
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three O atoms at the distance of 1.949 Å and one O atom at
1.950 Å. The second-neighbor shell consists of 12 Zn atoms:
six at 3.196 Å, and six at 3.172 Å.

The details of the computational method are described
in our previous papers,33–35 and here we only mention
some aspects specific for the present calculations. The cal-
culations presented in this work were performed using the
spin-polarized fully relativistic linear-muffin-tin-orbital (SPR
LMTO) method36,37 for the experimentally observed lattice
constants a = 9.588 Å and c = 5.16 Å for wurtzite-type
ZnO.38 The crystal structure was optimized using the Vienna
ab initio simulation package (VASP).39–41 For LMTO and KKR
calculations we used the Perdew-Wang42 parameterization
of the exchange-correlation potential. Brillouin zone (BZ)
integrations were performed using the improved tetrahedron
method43 and charge self-consistentcy was obtained on a grid
of 95 k points in the irreducible part of the BZ of the (Zn,V)O.
To improve the potential we included additional interstitial
spheres. The basis consisted of V and Zn s, p, and d; O s and
p LMTOs.

X-ray absorption and dichroism spectra were calculated
taking into account the exchange splitting of core levels. The
finite lifetime of a core hole was accounted for by folding
the spectra with a Lorentzian. The widths of the V L2 and
L3 core level spectra, �L2 = 0.78 eV and �L3 = 0.28 eV,
were taken from Ref. 44. The finite instrumental resolution
of the spectrometer was accounted for by a Gaussian of
width 0.6 eV.

The crystal structure obtained with the VASP code served
as input in the calculations of exchange parameters using the
magnetic force theorem as it is formulated within the KKR
Green’s function method.45

Since the local density approximation fails to describe
correctly the strongly localized d state in ZnO we applied
to these states the self-interaction correction (SIC) method as
it is implemented in the multiple scattering theory.46 This leads
to a shift of the Zn d states downward in energy and makes the
band gap larger (2.42 eV within the SIC vs 0.8 eV within the
LDA in pure ZnO wurtzite).47 The same effect can be achieved
using a large U within the LDA + U method or treating the
Zn d states as core states. In our LMTO calculations we tried
both approaches and did not find any significant difference
in the XAS and XMCD spectra. The V d states were treated
within the LDA since they are located close to the Fermi
level. In the vicinity of the Fermi level, the conventional local
density approximation usually describes adequately occupied
electronic states.48 Nevertheless, in our simulations of XAS
and XMCD spectra, we tried various U values within the LDA
+ U approach for the description of the V d states and found
agreement between the theoretical and experimental results
worse than within the LDA method.

III. RESULTS AND DISCUSSION

A. Simulations of XAS and XMCD spectra

The x-ray absorption and x-ray magnetic circular dichroism
of the dilute magnetic semiconductor (Zn,V)O at the V L2,3

edges have been investigated by Ishida et al. (Ref. 13).
They found that ∼90% of the V ions were presumably

strongly antiferromagnetically coupled, and the ferromagnetic
component was below the detection limit of XMCD.

Since the real structure and chemical composition of
(Zn1−xVx)O was not known, we performed numerous cal-
culations fitting XAS and XMCD spectra to the experimental
results. The fitting parameters were positions of V atoms, Zn
excess atoms, various oxygen vacancies, and the magnetic
order of V atoms. The best fit is shown in Fig. 2, which
presents the calculated XAS as well as XMCD spectra of
the (Zn1−xVx)O DMS (for x = 0.1111) at the V L2,3 edges
compared with the experimental data.13 In this model, V
atoms substitute cations and are antiferromagnetically ordered.
Thereby, they are positioned at the largest possible V1-V2

distance of 5.53 Å (see Fig. 1). A relevant XMCD signal
occurs only in the presence of an oxygen vacancy located in
the first neighborhood shell of the second V2 atom along the z

direction (see Fig. 1). Adding Zn excess atoms also improves
the agreement between the theory and the experiment.

The x-ray absorption spectrum at the V L3 edge is rather
complicated and consists of two major peaks c and d at
515.6 eV and 517 eV, respectively, with two additional
low-energy shoulders a and b at 513.8 eV and 514.6 eV
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FIG. 2. (Color online) Top panel: theoretically calculated (thick
full black line) and experimentally measured13 (circles) x-ray ab-
sorption spectra of (Zn1−xVx)O at the V L2,3 edges. Full green line
presents the x-ray absorption spectrum without any additional defects.
Dashed blue and dotted red lines present the XA spectra with the
oxygen vacancy (the contribution of the V2 sublattice as in Fig. 1) and
Zn excess atom, respectively. Bottom panel: theoretically calculated
(thick full black line) and experimentally measured13 (circles) XMCD
spectra at the V L2,3 edges. Dashed blue and dotted red lines present
the XMCD spectra with the oxygen vacancy and Zn excess atom,
respectively.
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and a high-energy shoulder at 518 eV. As can be seen from
the top panel of Fig. 2 the calculations for the ideal crystal
structure with two substituted AFM-ordered V1 atoms (full
green curve) provide the x-ray absorption intensity only at
peak c and shoulder b. The full explanation of the spectra is
only possible by taking crystal imperfections into account.

We investigate the influence of two types of crystal defects
on the XAS and XMCD spectra, namely, oxygen deficiency
and Zn excess. We create an oxygen vacancy in the first
neighborhood of the second V2 atom along the z direction (see
Fig. 1). The oxygen vacancy strongly affects the shape of the
XAS spectra. As can be seen from Fig. 2 (top panel) the x-ray
absorption from the V2 atoms with the oxygen vacancy (blue
dashed line) contributes to the major peak c and significantly
determines the intensity of the peak d and the high-energy
shoulder e. To investigate the Zn excess on the XMCD spectra
we placed an extra Zn atom into the tetrahedral interstitial
position 2.1916 Å apart from the V2 site. The x-ray absorption
from the VZn exc atoms with the Zn excess atom (red dotted
line) contributes to the major peaks c and d as well as to both
the low-energy shoulders a and b. Therefore, our simulation
including oxygen deficiency and Zn excess reproduces the
shape of the V L3 x-ray absorption spectrum quite well (see
thick black curve in top panel of Fig. 2). The lattice relaxation
was found to be very important in the presence of the oxygen
vacancy as well as the Zn excess. As discussed below, atomic
relaxations around the vacancies cause a shift of the V2 atom
and three Zn atoms toward the vacant position. This shift
affects hybridization between O 2p and V d states moving
the states closer to the Fermi level.

Despite of the good agreement in the spectral shape and
peak locations of the L3 XAS, the theory fails to reproduce
the experimentally observed L3/L2 XA ratio. It is well
known, however, that the L2 and L3 absorption channels
in early 3d transition metals with nearly empty d bands
are strongly coupled through the photoelectron-core-hole
Coulomb and exchange interactions.49–52 This leads to a
branching ratio close to 1:1, far from the statistical ratio 2:1,
which is obtained in single-particle theory, unless the spin-
orbit interaction in the final 3d band is considered. From our
band structure calculations we obtained the L3/L2 branching
ratio equal to 1.85 which is far from the experimentally
observed value. This problem can be accounted for through
many-electron calculations and we address it for future
investigations.

The XMCD spectrum at the V L3 edge is also rather
complicated and consists of a small positive peak at 513.8 eV,
a negative fine structure at 514.6 eV, a negative major peak
at 515.6 eV, and a positive major peak at 517.7 eV with a
shoulder at 516.4 eV. The V L2 XMCD spectrum consists of
two major fine structures, a negative peak at 521.8 eV, and a
positive one at 523.3 eV. The theory is not able to reproduce
the shape and relative intensity of the V L2,3 XMCD spectra
for the ferromagnetically ordered V atoms, with one and two V
substitutions per unit cell. The theory strongly overestimates
(from one to two orders of magnitude) the dichroism signal
and produces a nonadequate shape of the spectra. On the
other hand, the theory produces an almost vanishing XMCD
signal for the AFM ordering of vanadium substitutional V
ions for the ideal crystal structure without any kind of defects

due to cancellation of the XMCD spectra with opposite spin
directions.

We should mention that any shift from the antiferro- to the
ferrimagnetic ordering will increase the intensity of the final
XMCD spectra due to the reduction of the compensation of
the XMCD spectra from V ions with opposite spin directions.
Such a shift may be caused by an applied external magnetic
field or different kinds of defects and imperfections in the
lattice. The experimental measurements were performed in
an external magnetic field of 7 T.13 We have performed the
calculations with an external magnetic field applied along
the z direction and, indeed, obtained the spectra increase but
only by approximately 10% to 20%. We found that only the
defects cause a significant difference. As can be seen from
the lower panel of Fig. 2 the theoretically calculated XMCD
spectra with an oxygen vacancy (blue dashed line) resemble the
experimental spectra quite well. An additional consideration
of the Zn excess atoms (red dotted curve) leads to further
improvement between theory and experiment.

One should mention that we obtain better agreement
between the theory and the experiment in the x-ray absorption
rather than in the XMCD spectra. The energy split between
the two major peaks of the V L3 XMCD spectrum was found
to be smaller than the experimentally measured one. The
reproduction of the shape of the V L2,3 XMCD spectra is
a quite difficult task because the rather weak final XMCD
signal is derived from two large signals occurring from the
V atoms with opposite spin directions. In this case, we have
to take into account different crystal defects in a particular
sample with quite precise relative concentration. However,
the type and concentration of possible defects in the sample
is not always well known. On the other hand, the extreme
sensitivity of the XMCD signal may be considered as a useful
tool to reveal the details of the composition, by modeling
numerically different types of defects and comparing the the-
oretically calculated XMCD spectra with the experimentally
measured ones. One way to improve the quality of theoretical
simulations for such materials is the use of the coherent
potential approximation,53,54 and, in particular, the nonlocal
coherent potential approximation,55 which enables an efficient
treatment of disorder including short-range effects.

B. Electronic structure of (Zn1−xVx)O

For a better understanding of electronic and magnetic
properties the electronic structure of (Zn1−xVx)O was studied
in three different configurations: (i) the ideal wurtzite structure
with ferromagnetically ordered V, and the model, elucidated
from the XAS and XMCD experiments, with antiferromagnet-
ically ordered V in presence of an oxygen vacancy in (ii) ideal
and (iii) relaxed geometries.

Figure 3 presents total and partial density of states for a
36-atom ZnO wurtzite unit cell containing one V substitution
(x = 0.06) in the local spin-density approximation (LSDA)
[model (i)]. The O s states are located mostly between −21.0
and −19.7 eV below the Fermi level and the p states of the O
are found between −9.6 eV and −3.0 eV. The spin splitting
of the O p states is quite small. Zn d states occupy the energy
interval between −9.6 and −3.0 eV and hybridize strongly
with the O p states.
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FIG. 3. (Color online) The LSDA total [in states/(cell eV)] and
partial [in states/(atom eV)] densities of states, calculated by the
LMTO method, for the O, Zn, and substituted V ions in (Zn1−xVx)O
[x = 0.06, model (i); see text for details]. The insert is a blowup of
the V d PDOS close to the Fermi energy. The Fermi energy is at zero.

The crystal field at the V site (C3v point symmetry) causes
the splitting of V d orbitals into a singlet a1 (d3z2−r2 ) and
two doublets e (dyz and dzx) and e1 (dxy and dx2−y2 ). The
majority-spin V d3z2−r2 structure is found in close vicinity to
the Fermi energy between −0.2 and 0.7 eV (see the insert in the
bottom panel of Fig. 3). Very strong and narrow peaks of the
majority-spin V bonding dxy and dyz states are located between
−0.4 and −0.8 eV below the Fermi energy. The corresponding
antibonding states are at 0.2 to 0.6 eV. Narrow peaks of the
dxy , and dyz symmetry occur in the minority-spin channel at
around 1 eV above the Fermi level. The energy interval of 1.4
to 2.2 eV above the Fermi level is occupied by the dzx , dx2−y2 ,
and d3z2−r2 states with minority spin.

The magnetic moment in the (Zn,V)O unit cell is 2.088 μB.
Our band structure calculations yield the spin magnetic
moment of 1.920 μB for the V atoms in (Zn1−xVx)O (x =
0.06). The induced spin magnetic moments at the O first
neighbor sites are of 0.004 μB and −0.003 μB for longer
and shorter distant O atoms, respectively. Twelve Zn ions

in the second neighbor shell couple ferromagnetically to the
substituted V ion with spin magnetic moments of 0.034 μB to
0.068 μB. The orbital moments at the Zn and O sites are small
with the largest one at the O first neighbor sites (0.001 μB).
The orbital magnetic moment at the V site is −0.082 μB and
is antiparallel to the spin moment.

We also investigated the electronic and magnetic structures
of the (Zn1−xVx)O DMSs with two of the Zn ions replaced
by V. The supercell calculations were performed for the
compositions x = 0.1111 (2/18), x = 0.0625 (2/32), and
x = 0.0555 (2/36). We found that vanadium atoms substituted
at different Zn sites show very little selectivity of site occu-
pancy. Besides, different geometries with ferromagnetic and
antiferromagnetic configurations are found to be energetically
nearly degenerate; the difference in the total energies between
ferromagnetic and antiferromagnetic solutions was found to
be less than 3 meV per formula units. Still in most cases the
ferromagnetic solution is lower in total energy in comparison
with the antiferromagnetic solution. Similar results were
reported earlier by Wang et al. (Ref. 20). However, for the
fully relaxed lattice we found that the AFM ordering has lower
total energy in comparison with the FM one.

Figure 4 presents vanadium d and oxygen p partial
densities of states for the (Zn1−xVx)O wurtzite unit cell
containing two V substituted atoms (x = 0.1111) ordered
antiferromagnetically plus oxygen vacancy near the V2 atom
(see Fig. 1), in close vicinity to the Fermi level. The oxygen
vacancy has four nearest-neighbor atoms: three Zn atoms at
the distance of 1.9496 Å and one V atom at 1.9505 Å. The
vacancy does not affect the energy distribution of the partial
DOS much without taking the lattice relaxation into account
[model (ii); full blue lines in Fig. 4]. However, it strongly
affects the shape and energy position of the partial DOS for
the relaxed lattice [model (iii); dashed red curves], placing V2

d states right to the Fermi level and V1 d states in its close
vicinity. The lattice relaxation causes the shift of the V2 atom
and three Zn atoms toward the vacant site by 0.14 Å and 0.26 Å,
respectively.

C. Exchange interactions in (Zn1−xVx)O

To describe the magnetic properties of (Zn1−xVx)O we
calculated exchange interactions between magnetic moments
using the magnetic force theorem as it is implemented within
the multiple scattering theory:45

Jij = 1

4π

∫ εF

dε Im TrL[�i(ε)Gij

↑ (ε)�j (ε)Gji

↓ (ε)]. (1)

Here, TrL denotes the trace over the angular momentum, Gij
σ (ε)

is the backscattering operator of a spin σ between sites i and j ,
and �i(ε) = t i↑(ε) − t i↓(ε) is defined via the single scattering
path operators t iσ and closely related to the exchange splitting
corresponding to the magnetic atom i. Exchange parameters
calculated for a certain reference state provide usually a
reliable hint about the ground-state magnetic structure. Our
tests yielded very similar results for Jij in both ferromagnetic
and antiferromagnetic reference states. However, the exchange
parameters, presented in this study, were calculated in that
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FIG. 4. (Color online) The LSDA d-partial [in states/(atom
eV)] densities of states, calculated by the LMTO method, for the
substituted V1 and V2 ions in (Zn1−xVx)O middle and lower panels,
respectively (see the explanation in the text). Upper panel presents O
p partial density of states. Full blue and dashed red lines show the
results for nonrelaxed [model (ii)] and relaxed [model (iii)] lattices.
The Fermi energy is at zero.

reference state, which was found to have the lowest total
energy.

The exchange parameters Jij defined by Eq. (1) can be used
to estimate the characteristic temperature of magnetic ordering
in (Zn1−xVx)O within the effective Heisenberg Hamiltonian

H = −
∑
i,j

Jij ei · ej , (2)

using a random-phase approximation for the magnon Green’s
function.56 Here, ei is a unit vector parallel to the magnetic
moment at site i.

The structural model, elucidated from our XAS and
XMCD simulations, was utilized for calculations of the
corresponding electronic structure and exchange parameters
using the KKR Green’s function method in the multiple
scattering representation.35 The schematic representation of
the exchange interaction between the magnetic moments of
the nearest neighbors is shown in Fig. 5.

The strongest magnetic interactions were found between
V atoms only if there is either an oxygen atom or an oxygen
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FIG. 5. (Color online) Schematic representation of magnetic
interactions between V atoms in (Zn1−xVx)O. (a) Two V atoms
substituting Zn positions with an oxygen in between. (b) Two V
atoms within an oxygen vacancy in between. (c) V1-V2 pair (see the
text for explanation). The dashed line in (b) shows ideal wurtzite
structure.

vacancy in between [see Figs. 1, 5(a) and 5(b), respectively).
Thereby, one can distinguish two different vanadium atoms:
V1 far from and V2 close to an oxygen vacancy. The exchange
interaction between V1 and V2 atoms is very small since the
atoms are separated by 5.53 Å and there is no connecting atom
in between [see Figs. 1 and 5(c)]. The exchange interaction
in V1-V1 is mediated mainly by the oxygen between the
vanadium atoms and is positive leading to a ferromagnetic
order in this pair [see J 11

01 at zero relaxation in Fig. 6(b)].
This changes by replacing the oxygen by a vacancy (V2-V2

pair) in accordance to our structural model. Removing the
oxygen atom kills the exchange interaction between the
neighboring vanadium moments [see J 22

01 at zero relaxation in
Fig. 6(b)]. However, the atoms around the vacancy experience
strong relaxations and this promotes an antiferromagnetic
order in this pair. Our simulations show that the exchange
interaction is very sensitive to these atomic movements. We
found that most substantial changes of Jij occur when the
neighboring Zn atoms move toward the vacancy (see inset in
Fig. 6), while relaxations of V and O atoms are insignificant
for the magnetic interaction. According to our structural
optimizations the shift of the Zn atoms is about 0.26 Å.
Due to these relaxations, the exchange parameters between
the first neighbors J 22

01 were changed from ≈0 meV in the
nonrelaxed geometry to −16 meV. The interaction between
the second neighbors experiences as well significant changes
and is positive at the relaxed geometry. This suggests that
the V2-V2 pair with an oxygen vacancy is antiferromagnetic.
The vanadium pairs V1-V1 without oxygen vacancies remain
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FIG. 6. (Color online) Critical temperatures (a) and exchange
parameters (b) for (Zn1−xVx)O calculated for various positions of
atoms around an oxygen vacancy. Inset shows scheme of movements
of Zn atoms toward to the vacancy.

ferromagnetic, although the value of the exchange parameters
J 11

01 reduces from 5.8 meV in the nonrelaxed case to 2.6 meV
after relaxation. The critical temperature, estimated within the
random-phase approximation, is about 120 K in the relaxed
geometry.

The most important question is why the relaxations of Zn
atoms around the vacancy lead to such substantial changes of
magnetic interactions. The Zn states are deep in the valence
bands and do not hybridize with the V states which are
located close to the Fermi level (see Fig. 3). Relaxations
of oxygen atoms were found to be very small and do
not change magnetic properties of (Zn1−xVx)O. However,
the hybridization between V 3d and oxygen 2p states is
strongly affected by the relaxations of the Zn atoms (see
the partial DOS in Fig. 4), which is evidently crucial for the

magnetic interactions in this system. Our analysis of the DOS
and occupation numbers yields a significant increase of the
hybridization between V 3d and O 2p states. This is governed
by stronger d-d hybridization between Zn atoms moved toward
the vacancy and, at the same time, due to decreasing the
hybridization between these Zn 3d and O 2p states.

IV. SUMMARY

We have studied the electronic structure and x-ray mag-
netic circular dichroism of the (Zn,V)O dilute magnetic
semiconductors, by means of the ab initio fully relativistic
spin-polarized Dirac linear muffin-tin orbital method in the
framework of the LSDA approximation. The x-ray absorption
and dichroism spectra at the V L2,3 edges were investigated.

The shape of the V L2,3 XMCD spectra might be explained
only by suggesting the AFM ordering between the V ions
situated at the largest possible V↑-V↓ distance from each other
for the concentration x = 0.1111. The XMCD signal appears
as superposition of very intensive dichroic signals from V ions
with opposite spin directions. The relevant XMCD signal is
obtained only in the presence of an oxygen vacancy located
in the first neighborhood of the second V atom. Adding extra
Zn atoms improves the agreement between the theory and the
experiment as well. The lattice relaxation was found to be very
important in the presence of the oxygen vacancy as well as Zn
excess.

The structure obtained from the comparison of the XMCD
spectra and theoretical simulations was used to study magnetic
properties of (Zn,V)O DMSs. Using the magnetic force
theorem as it is implemented within the multiple scattering
theory, we have calculated the exchange parameters of the
magnetic interaction between the V atoms. We have found that
magnetic V ions form two magnetic pairs, one ferromagnetic
and another antiferromagnetic, which interact weakly with
each other. The antiferromagnetic order in one of the pairs is
due to the presence of an oxygen vacancy and strongly relaxed
positions of neighboring Zn atoms.
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43P. E. Blöchl, O. Jepsen, and O. K. Andersen, Phys. Rev. B 49, 16223

(1994).
44J. L. Campbell and T. Parr, At. Data Nucl. Data Tables 77, 1 (2001).
45A. I. Liechtenstein, M. I. Katsnelson, V. P. Antropov, and V. A.

Gubanov, J. Magn. Magn. Mater. 67, 65 (1987).
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