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X-ray absorption (XANES, EXAFS, XMCD) and photoelectron (XPS) spectroscopic techniques were
employed to study local structural, electronic and magnetic properties of ZnggsC0¢050 nanopowders.
The substitutional Co?* ions are incorporated in ZnO lattice at regular Zn sites and the sample is
characterized by high structural order. There was no sign of ferromagnetic ordering of Co magnetic

moments and the sample is in paramagnetic state at all temperatures down to 5K. The possible
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connection of the structural defects with the absence of ferromagnetism is discussed on the basis of
theoretical calculations of the O K-edge absorption spectra.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Diluted magnetic semiconductors (DMS) continue to attract
scientific attention both from theoretical and experimental point
of view due to their unique properties that will eventually enable
to simultaneously manipulate both spin and charge of the
electrons. Typical DMS materials of the type II-VI and IlI-V (e.g.,
transition metal (TM)-doped InAs, GaAs, ZnTe and CdTe) even if
magnetically ordered, have the Curie temperatures (Tc) below
room temperature, which makes them less attractive for practical
applications. ZnO is a promising host DMS material envisaged to
exhibit room temperature ferromagnetism (RTFM) when doped
with most of the TM elements [1]. However, there exists a great
deal of controversy regarding the origins and nature of the
observed magnetic response, even for the most extensively studied
Co-doped ZnO. Although many experimental reports ascertain its
intrinsic ferromagnetism (FM) [2-8], some found that Co 3d-
electrons are not directly at the origin of the FM response [9]. To
account for the observed RTFM in Zn;_,Co,O with a paramagnetic
Co sublattice, the research attention focused on resolving the role
played by structural defects in inducing and mediating magnetism,
which would soon become another highly controversial issue,
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especially upon discovery that the host ZnO material itself can be
magnetic even without transition-metal doping [10-14]. Many
authors believe that stabilization of the FM interaction relies on the
presence of oxygen vacancies (O,) [15,16]. Others claim that an
oxygen vacancy by itself would not cause ferromagnetism [17] and
that actually zinc interstitials (Zn;) play a crucial role in mediating
FM interaction [18]. According to [3] intrinsic defects suppress
magnetism, while according to [19,20] appreciable FM response
requires Co interstitials (Co;) which would directly interact with
substitutional Co atoms. The latter is in disagreement with
presumable connection between the uniformity of Co ions
distribution and inherent FM of Zn,_»Co,O [3,21]. The existence
of Co-enriched zones in the ZnO matrix is expected to favour
antiferromagnetic (AFM) interaction between Co ions due to their
small separation distance [19,22-25]. To mediate the FM coupling
between unpaired Co electrons, co-doping with impurities such as
H [26,27], Ga [28], Cu [29,30], Gd [31] and Li [32] is proposed.
Recently an increasing number of experimental reports provide
evidence for intrinsic paramagnetism (PM) of Co-doped ZnO
[19,33-39]. These findings are supported by theoretical calcu-
lations which predict the PM ground state of Co-doped ZnO at RT as
a result of weak Co-Co coupling [40,41].

Inconsistencies in the experimental findings on Co-doped ZnO
magnetic properties and their correlation with the local and
electronic structure urge for even more comprehensive inves-
tigations. This paper presents detailed analysis of the structural,
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electronic and magnetic properties of the ZnggsC0g0s0 nano-
powders. X-ray absorption near edge structure (XANES), x-ray
absorption fine structure (EXAFS), x-ray photoelectron spectros-
copy (XPS) and x-ray magnetic circular dichroism (XMCD) were
employed to study the local electronic and magnetic structure of
Co and O. Compositional, structural and magnetic properties were
studied by inductively-coupled plasma optical emission spectrom-
etry (ICP-OES), x-ray diffraction (XRD), x-ray fluorescence (XRF)
and vibrating sample magnetometry (VSM). To examine the
presence of intrinsic defects (vacancies and interstitials) in the
investigated sample and their possible connection to magnetism,
theoretical calculations of the O K-edge absorption spectra were
performed.

2. Experiment and theoretical calculation

Glycine-nitrate method was applied to synthesize ZnO solid
solutions doped with nominal concentration of 5at.% Co. Zn-
nitrate hexahydrate, Co-nitrate hexahydrate and aminoacteic acid-
glycine (Alfa Aesar GmbH, Germany) were dissolved with small
amount of distilled water according to desired composition of the
final solid solution powder. Stainless steel beaker was used as a
reactor. The solution was heated in a muffle furnace until the burn-
up process terminated (about 450°C). The obtained ash powder
was afterward calcined at 600°C for 4 h. X-ray diffraction (XRD)
measurements were performed on Siemens D5000 diffractometer
with Ni filtered Cu-Ka; » radiation in Bragg-Brentano geometry, in
the range of angles 10° <26 <90° using a step width 0.02° and
acquisition time 2 s/step. Angular correction by high quality Si
standard is done prior to the measurements. Composition of the
sample is checked using inductively-coupled plasma optical
emission spectrometry. Sample was digested using microwave
assisted technique with Milestone Ethos-1 instrument according
to Digestion application note DG-ME-32. Specific amount of the
sample (0.25 g) was transferred in a teflon vessel and mixed with
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HNO;3 (7ml) and HF (1 ml). Closed sample vessel is then treated
with microwaves for 30 min at the temperature 220 °C. Solution
with digested sample was transferred in volumetric flask and
analyzed on ICP-OES PerkinElmer 5000 apparatus.

Energy dispersive X-ray fluorescence (EDXRF) spectroscopy was
performed using EDXRF Camberra spectrometer with Rh excitation
source (800 WA, 40kV, exposure time 1805s).

Magnetic properties were measured with a vibrating sample
magnetometer VSM 2000 in the temperature range between 5K
and room temperature (RT). Zero-field cooled/field cooled (ZFC/FC)
measurements were performed in the following manner. First at
zero field (B=0) the sample was cooled down from RT to 5K, then
the field (B=5, 15 and 50 mT) was applied and the measurements
were performed while warming up from 5K to RT in the field. FC
measurements were performed immediately after ZFC measure-
ment while cooling down the sample from RT to 5K under the
applied field (B=5, 15, 50 mT).

EXAFS/XANES measurements on Co K-edge were performed in
the fluorescence mode at 8 K and RT on the HASYLAB C1 Beamline
at Deutsches Elektronen-Synchrotron DESY (Hamburg, Germany).

Data processing and analysis were performed using IFEFFIT [42] as
implemented in ATHENA and ARTEMIS software packages [43].
XANES/XMCD measurements on Co L,3- and O K-edge were
performed in the total-electron yield (TEY) mode at 4K and RT on
the Circular Polarization Beamline at Elettra Synchrotron Radiation
Facility (Trieste, Italy). To measure circularly polarized absorption
spectra, external magnetic field B=0.3 T was applied perpendicular
to the sample surface and photon helicity p* (right-handed) and p~
(left-handed) was reversed at each photon energy. The degree of
circular polarization was 80% and the energy resolution 0.6eV.

XPS measurements were performed on a VSW XPS system and
the Class 100 energy analyzer being a part of an experimental setup
assembled for surface investigation [44]. The powdered sample
was pressed onto an indium foil in order to provide mechanical
support and electrical contact. The spectra were taken on as-
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Fig.1. (a) XRD spectrum and (b) EDXRF spectrum of Zng ¢5C0¢,050; (c) Experimental Co 2ps;, XPS spectrum (open circles) and the fit. The fine multiplet structure of the main
Co 2ps; XPS line (at ~780 eV) and its satellite (at ~788 eV) can be resolved into four components represented with broken lines (see text for more details). Background (bkg)

and envelope (env) functions are represented with full lines.
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received sample using non-monochromatic Mg-Ka line
(1256.3 eV). The energy axis was calibrated using the Ag-3ds),
XPS line position (368.22eV) of sputter-cleaned Ag (110)
monocrystal and the Au-4f;, XPS line position (83.96eV) of
sputter-cleaned polycrystalline Au sample. The effect of charging
had negligible influence on the energy spectra.

Theoretical modelling of the O K-edge XANES spectra were
performed using real space full multiple scattering FEFF 9.03 code
[45] on a cluster containing 259 atoms. Self consistent field
approach (SCF) with Hedin-Lundqvist exchange-correlation is
used to calculate scattering potentials. To reduce effects of
potential discontinuities at the muffin-tin spheres automatic
overlapping (AFOLP) is included. The effects of screening of the
x-ray field and the photoelectron-core hole interaction were
neglected. Program ATOMS [46] is used to generate input files
containing different point defects (vacancies/interstitials) around
the central O. To account for the finite core-hole life-time and the
experimental resolution theoretical XANES spectra were convo-
luted with 0.1eV Lorentzian and 0.4eV Gaussian broadening,
respectively.

3. Results and discussion

The XRD pattern of Zng ¢5C0¢,050 shown in Fig. 1a reveals that
the investigated sample has pure wurtzite-type structure (space
group P6smc). The peaks are indexed with their diffraction planes.
The obtained lattice parameters a=b=3.248 A and c=5.203 A are
very close to that of pure ZnO (a=3.249 A, c¢=5.206 A [47]). There
was no indication of the presence of impurities and/or secondary
impurity phases, within detection limit of XRD and EDXRF
measurements (see Fig. 1b). The mass fraction of constitutive
elements obtained by ICP-OES compositional analysis (74.97 wt.%
Zn, 295wt% Co and 22.08wt.% O), within experimental

uncertainty (~10%), corresponds to the nominal composition of
the sample (76.63 wt.% Zn, 3.64 wt.% Co and 19.74 wt.% O).

Experimental Co 2ps;, XPS spectrum and its fit are presented in
Fig. 1c. The broad (non-symmetrical) peak shape of the Co 2ps,
XPS spectrum results from the multiplet splitting (i.e., a number of
final states created via coupling between the unpaired Co
d-electrons in the core with the unpaired outer shell electrons)
[48]. The main Co 2psj, XPS line is positioned at ~780eV, which
corresponds to Co?* oxidation state. Intensive satellite peak at
~788 eV which accompanies the main XPS line, is characteristic for
transition metal monoxides [49]. To account for the fine multiplet
structure of the Co 2ps;; XPS spectrum, the CoO model [48] is
applied, using the same constraints for the number of components
(peaks 1-4, see Fig. 2b) and the fitting parameters (intensities and
widths of the peaks). The CoO model fairly well describes the
experimental spectrum, which implies that Co ions in investigated
sample are surrounded by oxygen atoms. The discrepancy between
experiment and fit in the region of the satellite peak (785-792 eV)
probably originates from the relatively intensive Auger Oy line
[50] superimposed to the main Co 2ps;; XPS line. The fit using the
constraints for Co304, and Co(OH), yields significantly larger
discrepancy from the experiment.

Data collection of the integral magnetic properties is presented
in Fig. 2. After subtraction of the linear PM background,
magnetization curve M(B) taken at RT (Fig. 2a) reveals a weak
FM response. The order of magnitude of the saturation magneti-
zation (Ms,=0.0015emu/g) is comparable to defect induced
magnetization (DIM) in pure ZnO [10]. The M(B) curves taken in
the temperature range 5-15K (Fig. 2b) all have closed hysteresis
loops with negligible coercivity and low saturation magnetization
(Msar~4emu/g). Magnetization curves measured in zero field
cooled (ZFC) and field cooled (FC) regimes (Fig. 3c) show no
bifurcation characteristic for superparamagnetic (SPM) ordering.
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Fig. 2. (a) M(B) curves taken at RTand (b) in the temperature range 5-15 K; (c) ZFC/FC curves measured in the field B=5, 15 and 50 mT; (d) M(T) curve taken at B=0.5 T. Inverse

magnetization (1/M) as a function of temperature is shown in inset.
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Fig. 3. (a) Experimental Co K-edge XANES spectra taken at 8 K (open circles) and RT (full circles) compared to theoretical spectra of metallic Co (dash-dot line) and CoO (full
line); (b) Co L, 3-edge XANES spectra taken at RT with right (p*) and left (o™) circularly polarized light and their difference Ap=p* — o~ (XMCD); (c) Co K-edge EXAFS function

taken at RT and (d) its Fourier transform (full circles) with theoretical fit (full line).

The behavior of the magnetization M(T) shown in Fig. 2d is typical
for a paramagnet and obeys the Curie-Weiss law. Linear
temperature dependence of the inverse magnetization (1/M)
(see inset of Fig. 2d) confirms dominating paramagnetic contribu-
tion to the magnetic order. At low temperatures, the FM signal is
completely overwhelmed by much stronger paramagnetic signal.

Fig. 3a shows experimental Co K-edge XANES spectra taken at
8 K and RT compared to theoretical spectra of metallic Co (dash-
dotline) and CoO (full line). Markedly different shapes between the
experimental and the model XANES spectra imply that neither Co
clusters nor secondary CoO phase can be detected in the
investigated sample. Characteristic features of the two experi-
mental spectra (A-E) appear almost exactly alike. The only
exception is slightly lower intensity of the main peak C (white
line) at 8 K.

The Co K-edge XANES spectrum is determined by dipole
transitions from 1s to empty p-like states above the Fermi level
and it is dominated by multiple-scattering (MS) events. PM
Zn;_»Co,0 systems all share similar spectral shapes [33-37]. The
pre-edge peak A results mainly from the 1s transitions to mixed Co
3d-0 2p and Co 4p-Co 3d states, feature B originates from the
transitions to mixed sp-states, while the white line C and features
D and E are predominantly due to 1 s — 4p transition [51]. The pre-
edge in the XANES spectra of the investigated sample is indicative
of Co?* in local tetrahedral CoO, geometry [35]. Characteristic
knee-like shape of the feature B was in [15] related to the presence
of Co-0, complexes aligned along c-axis and identified as a
possible origin of the RTFM. Decrease in the white line (C) intensity
at 8 Kimplies that there are less available empty Co p-states at low

temperatures, which could be due the self diffusion of intrinsic
defects [52], whose presence in the vicinity of Co could lead to
larger charge transfer to Co. Feature D originates from MS
contributions of the photoelectron backscattered from the nearest
anion neighbors [51]. The feature D disappears when an O atom is
missing from the second shell around the Co [51], which implies
that the presence of the O, in the second shell in the investigated
sample most probably can be excluded.

Fig. 3b shows the RT Co L,3-edge XANES spectra taken with
right (o) and left (™) circularly polarized light and their difference
Ap=p"—p~ (XMCD). The Co L,3 XANES spectrum results from
2p — 3d dipole transition and the L; and L, absorption lines are
separated by approximately 15 eV due to spin-orbit splitting of the
2p core-hole. Negligible XMCD effect suggests that Co 3d-sublatice
does not carry any significant magnetic moment, and that majority
of Co ions are in paramagnetic state [2].

The Co K-edge EXAFS spectrum taken at RT is presented in
Fig. 3c and its Fourier transform (FT) in Fig. 3d. The spectrum taken
at 8 Kis similar in appearance and therefore it was not shown. The
EXAFS spectra are dominated by single-scattering events and the
first FT peak (see Fig. 3d) arises from the photoelectrons
backscattered from the first coordination oxygen shell. The mean
distance between Co and O atoms (2.03(1) A) derived from the
EXAFS data analysis agrees well with the results reported for the
samples with similar Co-doping level (1.977(5) [5]; 1.99(1) [22];
2.00(1) A [34]). However, the disorder parameter o2 =0.0013(7) A?
at 8K and 0.0014(7) A% at RT, is much smaller than previously
reported (62=0.003(1) A% [5]; 02=0.0034(2) A% [34]). These
results imply that substitutional Co atoms are incorporated in ZnO
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lattice at regular Zn atoms sites. Relatively small disorder induced
by the Co-doping (which has been observed also by XRD) implies
that Co?* ions are in a high spin state with the tetrahedral covalent
radius R"Y(Co?*)=0.60 A comparable to R"V(Zn**)=0.60 A [8]. The
second peak in the FT spectrum (see Fig. 3d) is due to the
photoelectrons backscattered from the second shell made of
cations (Zn and Co). Metallic Co would result in a peak between the
two ZnO peaks [35], which confirms that there has been no
detectable Co-clustering in the investigated sample. However,
from the Co K-edge EXAFS spectrum it is not possible to determine
the exact composition of the second coordination shell [22], since
Co and Zn have close atomic numbers and similar scattering
amplitudes. Thus we cannot ascertain whether the distribution of
Co ions is uniform.

Fig. 4a shows the O K-edge XANES spectra taken at 8 K with
right (o) and left (o) circularly polarized light and their difference
Ap=p* - p~ (XMCD). Negligible XMCD signal indicates that in the
investigated sample the O 2p-states are not magnetically polar-
ized. Characteristic features (a-d) appearing in the experimental O
K-edge XANES spectrum (see Fig. 4a) are very similar to those
reported for FM Zn,_,Co,O thin films [7], where the appearance of
FM is related to formation of Co-0-Co chains. To examine possible
connection of the structural defects with the absence of magne-
tism in the investigated sample, we performed theoretical
calculations of the O K-edge absorption spectra of pure and Co-
doped ZnO (Fig. 4b). Each particular defect (vacancy-O,, Zn, and
interstitial-Co;, Zn;) is introduced in ZnO:Co constructed by
replacing one of the first coordination Zn atoms by Co. In
comparison to pure ZnO (see Fig. 4b) the O K-edge XANES
spectrum of ZnO:Co exhibits richer structure and the whole
spectrum is broader due to more dispersive O 2p-states [3,22].
Defects alter the O 1s binding energy and position of the
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Fig. 4. (a) The O K-edge XANES spectra taken at 8 K with right (p*) and left (o)
circularly polarized light and their difference Ap= p* - p~ (XMCD); (b) Theoretical O
K-edge XANES spectra of ZnO and ZnO:Co system with a single point defect as
indicated on the right (v—vacancy, i—interstitial). Vertical lines denote position of
the most pronounced features a (pre-edge) and c (white line).

conduction band bottom, which is manifested in shift of the
XANES onset relative to the ZnO:Co. The pre-edge feature a
(~532eV),absent in ZnO spectrum due to completely filled d-shell,
has previously been ascribed to O 1s transitions to Co 3d-O 2p
hybridized states [22], feature b (=537eV) to O 1s—0O 2p
transitions (with some contribution of mixed O 2p-Zn 4s states)
[22,53], feature ¢ (~539eV) to O 1s— O 2p-Zn 4p and feature d
(~543eV) to O 1s — O 2p-Co 4p transition [22].

All spectral features (a-d) are reproduced in the ZnO:Co
model spectra, but their intensities and energy position vary. It
should be stressed that the pre-edge feature a appears only
when the substitutional Co atom is in c-axis direction, which
could be related to previously observed tendency of Co ions to
cluster via O atoms along c-axis [22]. The feature a gains
intensity from Co; due to increased transition probability to Co
3d-0 2p hybridized states [3], but also in the presence of O, and
Zn,. This implies that the pre-edge region of the XANES spectra
also includes MS contribution from higher coordination shells.
However, the presence of Co; and O, results in highly
overestimated pre-edge intensity, which indicates that the
tendency for Co-Co clustering and Co-0O, complexes formation
in the investigated sample most likely can be excluded. The
feature b is very much alike the pure ZnO spectrum and rises
notably only in the presence of Zn,, as a result of more available
empty O 2p-states (lesser degree of O 2p-Zn 4s hybridization).
The feature c is underestimated in all model spectra. The rise of
c-intensity with Co doping [22], suggests that this region of the
XANES spectrum involves MS contribution from Co-states from
as high as third coordination shell around O. Model with Zn; is
much narrower with the features ¢ and d merged together, and
preserves the spectral shape also in the presence of Zn, (model
Zn,;). Despite noticeable impact of each single point defect on
the spectral shape (especially in the pre-edge region), none of
them can be unambitiously associated with the absence of
appreciable FM in the investigated sample. Even if the Co atoms
are aligned along the c-axis as our results indicate, their
clustering via O atoms would still be unlikely to stabilize the FM
state due to AFM Co-0-Co coupling [20,54]. Weak FM response
observed at room temperature could have originated from Zn
vacancies, which are thought to be at the origin of FM in pure
ZnO [12-14], but their amount obviously is not enough to induce
substantial magnetic polarization of the O 2p-states, given the
high structural perfection of the investigated sample. The later is
in line with theoretical predictions of intrinsic PM in Zn;_,Co,O
with low density of defects [40,41].

4. Conclusion

In conclusion, detailed investigations of Zngg5C0g0s0 were
carried out in order to better understand the magnetic
properties and their correlation with the local and electronic
structure. Obtained results reveal that the substitutional Co
atoms are incorporated in ZnO lattice at regular Zn atomic sites
and that the sample is characterized by high structural order.
The Co®* jons show no notable tendency for Co-Co clustering
and Co-0, complexes formation. Possible clustering of Co atoms
via O atoms along the c-axis has not lead to stabilization of
ferromagnetic order. There was no sign of magnetic polarization
of O 2p-and Co 3d-states and the sample is paramagnetic at
temperatures down to 5K.
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