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Evidence of Cobalt-Vacancy Complexes in Zn,_,Co,O Dilute Magnetic Semiconductors
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We investigate the local structure of ferromagnetic Zn;_,Co,O epilayers by coupling polarization-
dependent x-ray absorption spectroscopy and ab initio calculations of selected defect structures. We give
clear evidence of the presence of oxygen vacancies, located close to the Co atoms in a specific complex
configuration. We also establish the upper concentration limit of metallic parasitic nanophases and their
contribution to magnetism. Our results lead to the conclusion that oxygen vacancies play an important role
in originating the high temperature ferromagnetism of Zn;_,Co,O.
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The field of dilute magnetic semiconductors has gained
increasing interest in the past decade both for the potential
technological applications in spintronic devices [1], in
which semiconducting and magnetic properties are com-
bined, and from a fundamental viewpoint due to the con-
troversial mechanisms which are at the basis of
ferromagnetic ordering in these materials. Compounds
based on ZnO (Zn;_,Co,O and Zn,_,Mn,O) are espe-
cially appealing since, contrary to GaMnAs and InMnAs,
they exhibit ferromagnetism (FM) at room temperature
(RT) [2,3] and have low toxicity. Despite this great poten-
tial, the understanding of RT FM in dilute ferromagnetic
oxides (DFO) is far from being achieved, since the estab-
lished theory of carrier-mediated magnetism [4] does not
apply to the case of DFOs, where a correlation between
carriers and magnetism is not evident [5]. Experimental
and theoretical studies have attributed RT FM in these
systems to a variety of origins including intrinsic defects
[6], nonhomogeneity of the dopant spatial distribution [7],
hydrogen contamination [8], or the presence of secondary
phases [9] such as small Co nanoclusters. Moreover, RT
FM is highly dependent upon the sample preparation and
growth conditions to such an extent that some groups have
even suggested that in high-quality materials FM should
not be observed at all [10].

Several recent studies have focused on the role of oxy-
gen vacancies (V) in the generation of RT FM: as a matter
of fact, oxygen-deficient growth and annealing in vacuum
produce FM [11], while annealing in oxygen reduces it
[12]. At the same time, RT FM in DFOs can be accounted
for by Heisenberg models or models based on spin split
impurity bands involving intrinsic defects [13,14]. In this
regard, while V(, are generally represented as rather deep
donors [15], previous [14] and present theoretical results
indicate that Co-V complexes in a Zn;_,Co,O alloy gen-
erate electronic states close to the conduction band which
could play a role in RT FM. This alloy represents therefore
an interesting test bed for experimental verification of
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possible effects of Vo on the magnetic properties in
DFOs. However, a convincing experimental demonstration
of the existence of Vg in Zn;_,Co,0O is still missing.
Several groups have tried to address this issue using
x-ray absorption fine structure spectroscopy (XAFS) at
the absorption edges of the constituent elements; some of
them attributed certain spectral features observed at the
oxygen K edge to V(, but without providing any quantita-
tive justification [16], while others suggested the presence
of Vg in the second atomic shell of Co impurities on the
basis of very tiny differences in the x-ray absorption near
edge structure (XANES) of as-grown and annealed
samples [17]. Hsu et al. [18] associated a preedge feature
observed in the Zn K-edge XANES of Ar/H,-annealed
samples to the formation of V), but they were only able to
simulate it by assuming an enormous and nonrealistic
vacancy concentration. Finally, Shi ef al. [19] excluded
the presence of V(, in nonferromagnetic samples.

Rather surprisingly, up to now no group has exploited
the polarization dependence of K-edge XANES to study
the formation of Vj in dilute ferromagnetic oxides. In the
few cases where angular dependent XANES and linear
dichroism experiments were performed on Zn;_,Co,O,
either the authors dealt with nonferromagnetic samples
[10] or they did not simulate XANES spectra in the pres-
ence of Vg [20]. In this Letter, we couple angle-dependent
Co K-edge XAFS analysis with state-of-the-art density
functional theory (DFT) calculations of Vg-containing
structures and demonstrate the existence of Vg in FM
Zn;_,Co,0 alloys in addition to quantifying the upper
concentration limit of Co metallic nanophases possibly
present in the samples. Moreover, we show that V are
preferentially located close to the Co impurities with the
impurity-vacancy direction aligned along the ¢ axis of the
wurtzite lattice (Co-Vo.).

We studied three 600-nm-thick Zn;_,Co,O epilayers
(x = 0.02, 0.04, and 0.06) deposited on Al,03(0001) sub-
strates by pulsed laser deposition. The growth temperature
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was 773 K [21]. A piece of the x = 0.04 sample was
subsequently annealed in oxygen, following the same
procedure as Han et al. [12]; this piece will be termed
x = 0.04(a) henceforth. RT magnetization versus field (H)
measurements performed by means of a vibrating sample
magnetometer [Fig. 1(a)] show a clear ferromagnetic be-
havior for all samples, with particularly high values in
saturation magnetization for the x = 0.04 sample (about
0.44 pp/Co). X-ray diffraction (XRD) data [Fig. 1(b)]
indicate the presence of the wurtzite structure with negli-
gible contribution from secondary phases which testify to
the high structural quality of our samples.

Angle-dependent Co K-edge XANES measurements
were performed at the SAMBA beam line at the SOLEIL
synchrotron radiation facility in fluorescence detection
mode. We measured the samples at near-grazing incidence
conditions (incidence angle & = 1°) with the electric field
vector (E) || ¢, at near-normal incidence (o = 89°) with
E 1 ¢ and at the angle (a = 55°) which averages out
polarization effects in hexagonal crystals (the magic angle
[22]). Figure 2 shows Co K-edge XANES taken on all
samples with E || ¢ (the four spectra at the bottom): one
can clearly see the disappearance of the valley between
features 1 and 2 in the spectrum of the untreated x = 0.04
sample compared to the x = 0.02 and 0.06 ones. Moreover,
the amplitude of feature 3 is smaller in the untreated
x = 0.04 sample. We checked that these changes are not
due to poorer crystallinity in the x = 0.04 sample (see the
Supplemental Material [21]). Instead, rather surprisingly,
measuring in the E L ¢ and magic angle conditions, only
minor changes between the experimental spectra of the
samples are observed (not shown); in particular, the spectra
taken at the magic angle are similar to those of the various
works reported in the literature [9,17,19,23].
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FIG. 1 (color online). (a) Hysteresis cycle for all epilayers
(substrate signal has been subtracted); 0.04(a) indicates annealed
in oxygen. (b) XRD 6-26 scans performed on the x = 0.04 and
x = 0.06 samples (the latter was grown with the ¢ axis mis-
aligned by <1° with respect to the substrate) [21]. Inset: @ scan
performed at the epilayer 002 peak.

We point out here that for the wurtzite group and
K-absorption edges, due to the directionality of the p,,
py, and p, components of the final state, with E || ¢
XANES is sensitive to variations of the electronic density
along the ¢ axis, while for E L ¢ variations in the perpen-
dicular components are enhanced [22]. This led us to
postulate that our experimental results could be explained
by a defective local configuration around the Co atoms
which differs from a pure substitutional one by a modifi-
cation of the electronic charge distribution along the ¢
direction. Employing spin-polarized DFT methods [21]
using the Hubbard correction [24] within the projector
augmented wave method implemented in VASP [25], we
calculated several defect structures, including Vi, Co-Vg .
complexes, Co pairs, and Co clusters. The relaxed inter-
atomic distances calculated in this way were given as an
input to the FDMNES code [26] to simulate the Co K-edge
XANES in a full multiple scattering (FMS) approach.

One of the stable V configurations we found from these
calculations corresponds to the complex sketched in the
inset of Fig. 2: in this case the O vacancy is located in a
nearest-neighbor position with respect to a Co atom and the
line joining the vacancy and the Co atom is parallel to the ¢
axis. For the resulting complex (Co-Vg.), we calculated a
reduction in total energy of about 0.24 eV with respect to
the initial state (isolated Co plus simple V). Such a
Co-Vp). binding energy can be accounted for by local
relaxations around the Co atom (and related electronic
structure rearrangements) which are favored by the neigh-
boring V. The Co-V). configuration is slightly lower in
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FIG. 2 (color online). Co K-edge XANES taken with E || ¢ on
all samples (bottom spectra) and FMS simulations (top spectra).
Inset: Sketch of the Co-V(. complex used in the simulations.
The Vj is represented by the white sphere.
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energy with respect to configurations having the Vg in the
plane perpendicular to the ¢ axis. A fine analysis of site-
and symmetry-projected density of states of these two
different configurations [21] shows that such a complex
anisotropy can be accounted for by a larger hybridization
between Co states involving the d orbitals along the ¢ axis
and the Vg-induced states. This is also responsible for
major modifications of the electronic structure with respect
to substitutional Co which, as anticipated, include the
appearance of empty levels close to the conduction band.
In Fig. 2, we show FMS simulations at the Co K edge
(E |l ¢) by combining the simulation for Co-Vg. com-
plexes with that of substitutional Co (upper two spectra,
continuous line). The spectrum for the x = 0.04 sample is
reproduced well by replacing 30 = 5% of substitutional Co
atoms by Co-Vq. complexes, while 10 = 5% of com-
plexes is sufficient to simulate well the spectrum of the
x = 0.06 sample: in fact, the higher percentage of com-
plexes in the former simulation closes the valley between
features 1 and 2 and decreases the amplitude of feature 3.
The spectrum of the x = 0.02 sample shows the deepest
valley and it is better reproduced by a simulation with no
vacancies. We remark that, considering the Co concentra-
tion in our samples, the total percentage of V estimated
from our XANES analysis is 1.2% in the x = 0.04 sample
and 0.6% in the x = 0.06 one, which are reasonable values
according to theoretical predictions [14]. XANES taken on
the x = 0.04(a) sample (Fig. 2) shows that the valley
between features 1 and 2 reforms after annealing in oxy-
gen, even if the recovery is not complete; in parallel,
saturation magnetization decreases to one-third of the
original value (Fig. 1): this confirms that variations in the
XANES line shape and RT FM are related to the formation
of V. In contrast, for E L ¢ (not shown), FMS simulations
have a rather similar line shape that is very weakly depen-
dent on the percentage of Co-V(y. complexes imple-
mented, in agreement with the small changes that are
observed between the experimental spectra.

One group has used the maximum amplitude of the x-ray
linear dichroism (XLD) signal, calculated from the differ-
ence between the £ L ¢ and E || ¢ XANES spectra to
estimate the substitutional fraction of Co atoms and to
evaluate the structural quality of the samples [10]. In this
present work, we obtain an XLD signal equal to 47%, 46%,
32%, and 40% of the edge jump in the x = 0.02, 0.06, and
0.04 (untreated, annealed) samples, respectively, in agree-
ment with previous experiments performed on high-quality
samples [10,20]. However, we believe that this procedure
is only semiquantitative in estimating the substitutional
fraction of Co atoms; therefore, we performed a full quan-
titative analysis of the extended x-ray absorption fine
structure (EXAFS) spectra. EXAFS &3 y(k) spectra taken
at the magic angle for all samples were extracted from the
raw data using the ATHENA code [27], and are shown in the
inset of Fig. 3. The body of Fig. 3 shows the Fourier
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FIG. 3 (color online). Fourier transform of the EXAFS spectra
(continuous line) and fits corresponding to combination of sub-
stitutional Co, metallic Co, and Co-V(). complexes (circle).
Inset: Background-subtracted EXAFS spectra.

transform (FT) of the same spectra performed in the k
range (4.8-13 A™") (continuous line): the FT peaks at
increasing radial distance represent the first few neighbor
shells around the absorber. We used the same DFT-
calculated model structures employed for the XANES
simulations to generate EXAFS theoretical amplitudes
and phase shifts via the FEFF code [28], then the theoretical
XAFS signals were Fourier transformed together with the
experimental ones and fits performed using the ARTEMIS
code [27].

The possibility of using the accurate values calculated
by DFT for the atomic positions and distance distribution
from the absorber allowed us to minimize the number of fit
variables and perform a fit weighting three different model
structures: Co-Vq, complexes (where paths are all multi-
plied by an amplitude reduction factor y), metallic Co
(weighted by w), and substitutional Co (weighted by
1-y-w). The interatomic distances and Debye-Waller fac-
tors of the metallic contribution, together with the S3 many
body factor, were fixed to the values extracted from the
analysis of experimental Co foil data, whereas the variables
fitting the thermal part of the Debye-Waller factors and the
differences between actual and model distances were con-
strained to assume the same values for the Co-V) . com-
plex and Co substitutional contributions. This analysis is
different from those described in several previous papers
[17-19,29] where for XAFS simulations atomic positions
in the model clusters were simply generated from the
lattice parameters determined by crystallography. How-
ever, in the case of vacancies, where a relaxation around
the defect is expected, not accounting for deviations from
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TABLE I

Structural parameters extracted from the fits to the EXAFS data taken at the magic angle: Co-Vg. complex fraction (y),

Co metal fraction (w), 1st shell Co-O average distance (Rc,-o), 2nd shell Co-Zn average distance (Rc,-7,), 1st shell Debye-Waller
factor (o'% P!y and 2nd shell Debye-Waller factor (2" shlly 0.04(a) indicates annealed in oxygen.

Sample y (%) w (%) Reoo (A) Reo-zn (A) orlstshell (103 A2) or2nd shell (103 A2)
x = 0.06 0=*+21 6.4 +28 1.968 = 0.010 3.222 =0.012 3.3*+09 7.2 +0.8
x = 0.04 18 = 14 3.7*x2.1 1.980 = 0.006 3.219 = 0.009 2.6 0.6 6.8 = 0.5
x = 0.04(a) 9+ 14 0.3*+19 1.971 = 0.007 3.219 = 0.007 3.3 0.6 7.0 =0.5
x = 0.02 0*+14 0.1 =1.8 1.979 = 0.006 3.227 = 0.007 3.2 *0.6 7.0 =0.5

the ideal atomic crystallographic positions would lead to
erroneous results.

The fits performed following this procedure are super-
imposed on the data in Fig. 3 (circles). The main structural
parameters extracted from the fit are reported in Table 1.
The y values extracted from the EXAFS data are in agree-
ment with those derived from the XANES simulations,
even if the error bars are relatively large due to the lower
sensitivity of EXAFS to the presence of Co-Vg), com-
plexes with respect to XANES. EXAFS analysis gives,
on the other hand, very small error bars when measuring
the percentage of Co atoms involved in metallic parasitic
nanophases (with respect to the total Co atoms): we obtain
the highest value (w = 6.4%) for the x = 0.06 sample.

The estimation (from the 1o uncertainties of the fit) of
the maximum possible value for the concentration of Co
metallic nanophases allows us to make quantitative con-
siderations on the origin of RT FM. Considering the Co
atomic magnetic moment (1.6—1.7 wp) and the dimension
of the samples, even if the spins in the Co metallic nano-
phases were completely ferromagnetically aligned, this
would still only be able to account for 28% and 13% of
the observed magnetism in the x = 0.06 and x = 0.04
samples, respectively. This makes clear that only consid-
ering the presence of small Co nanoclusters, invisible to
XRD, cannot account for RT FM in our samples and a
second mechanism is needed to explain the phenomena.
The observation of larger magnetic moments in the sample
where a larger percentage of Vg are detected, along with
the decrease of both magnetism and V concentration after
annealing in oxygen, strongly suggests a Vg-related
mechanism. This could be provided, for example, by
split-spin impurity band models similar to that recently
proposed in Ref. [13] or by the blocked superparamagnet-
ism suggested by Pemmaraju et al. [14]. In both cases, a
partially filled donorlike band would be required and could
be realized by the concurrent presence of Co-Vp). com-
plexes and shallow donors. We point out that the higher
coercivity of the x = 0.06 sample [Fig. 1(a)] can be due to
the higher fraction of metallic Co with respect to the other
samples and/or to the different size of the structurally
coherent domains [20 nm vs 12 nm for the x = 0.04
sample, as determined from XRD, Fig. 1(b)].

In conclusion, we have provided direct evidence of the
existence of cobalt-vacancy complexes in high-structural

quality Zn; _,Co,O epilayers; such complexes consist of an
oxygen vacancy located in a nearest-neighbor position with
respect to the Co atom along the ¢ axis of the wurtzite
structure. A larger percentage of these Co-Vj . complexes
in the sample brings about an enhancement of RT FM,
indicating that they play an active role in the origin of the
observed magnetic moment, in agreement with some of the
most recent theoretical models of dilute ferromagnetic
oxides. The strength of our approach with respect to pre-
vious works in this field resides in the exploitation of the
polarization dependence of x-ray absorption spectroscopy
and state-of-the-art density functional theory calculations
to perform a full quantitative investigation of the local
environment of Co atoms and the three-dimensional struc-
ture of the Co-Vq, complex. Present results provide a
significant contribution to the understanding of the origin
of ferromagnetism in DFOs.
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