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We combine quantitative x-ray spectroscopy and crystal field calculations to study Co and Zn co-

doped SnO, dilute magnetic semiconductor systems, report the location of vacancies, and the
new effect of vacancy transfer resulting in optical luminescence only present after annealing. We
connect this phenomenon to mid gap states using the band structure of the material obtained via
density functional theory. Furthermore, we give a new understanding of the interaction of transition
metals within co-doped systems. Finally, we present new evidence that the ferromagnetism is
mediated by the oxygen vacancies and the particular local environment of the vacancies can be
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controlled via the synthesis conditions.

1 Introduction

Spin electronics, or spintronics relies on detecting and manipulat-
ing electron spin in addition to electron charge.! The movement
and orientation of spin, like the flow of electron charge, could
be used to convey information, creating devices that are smaller,
faster, and consume less energy than current solutions.? Attrac-
tive candidates for spintronic materials include dilute magnetic
semiconductors (DMSs), where transition metal (TM) impurities
are introduced into a semiconductor host lattice to induce mag-
netic properties in an otherwise non-magnetic semiconductor.”
For real-world spintronic devices, a DMS should demonstrate fer-
romagnetic properties at and far above room temperature (~ 300
K).

Tin Oxide (SnO,) has garnered a significant amount of interest
in these applications as a semiconductor with a large band gap
(~ 3.6 €V), relatively low cost, and nontoxicity. Some studies on
TM-doped tin oxide have been performed and room temperature
ferromagnetism (RTFM) has been reported with both ferromag-
netic and non-ferromagnetic dopants.4® To move forward with
this promising material, it is crucial to understand the effect of
various dopants on the host material. It has been suggested that
the RTFM in TM-doped SnO, is related to oxygen vacancies.”
Oxygen vacancies are a specific defect state in DMS systems, and
have been shown to be affected by synthesis conditions; one of
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the major contributors to the defect state of these systems can be
the annealing temperature which can improve the crystallinity of
a material and the diffusion of dopants within a lattice.®! Past in-
vestigations of doped SnO, reveal that at higher concentrations
of dopants, materials can lose their magnetic properties, possibly
due to a disordering caused by dopants on the host structure, or
dopant clustering.?

Synchrotron-based spectroscopy techniques have been used to
investigate TM-doped SnO, with both ferromagnetic and non-
ferromagnetic dopants (Zn, Co, Cr, Fe, Ni) including co-doped
iron and nickel primarily using x-ray absorption near-edge struc-
ture (XANES) and extended x-ray absorption fine structure (EX-
AFS) techniques. 1913 In samples with zinc, cobalt, iron, and
nickel dopants, oxygen vacancies are reported adjacent to sub-
stitutional dopant sites where trapped electrons compensate for
the charge difference between dopants and the displaced Sn**.
In the case of chromium substitution, Cr** ions cause a decrease
in inherent oxygen vacancies in nanoscale SnO,."

Investigations of zinc-doped SnO,, show significant changes in
ferromagnetic properties as concentrations increase (~ 3%). Co-
doping can in general be efficient for increasing the dopant sol-
ubility, lowering the ionization energy of acceptors and donors,
and increasing carrier mobility. Given the sensitivity of the overall
magnetic properties of DMS systems to not just the concentration
of dopants but also their local environments, it is important to
understand how the the local environment of dopants and corre-
sponding changes in the magnetic properties are affected by the
synthesis conditions.14

In this paper, we will examine SnO, nanoparticles co-doped
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with varying concentrations of both zinc and cobalt to investigate
distortions to the SnO, lattice due to the introduction of two dis-
similar dopants. The introduction of these two dopants creates
the opportunity for two distinct dopant sites within the lattice
and the investigation of the local distortions caused by each.

We present direct evidence for successful incorporation of both
dopants together into an SnO, host using x-ray absorption spec-
troscopy (XAS), resonant x-ray emission spectroscopy (RXES),
and x-ray excited optical luminescence (XEOL) measurements.
Furthermore, via crystal field modeling we link this luminescence
with the oxygen vacancies adjacent to dopant sites and attribute
distinct luminescence values to specific dopants within the ma-
terial. This allows a rigorous and complete picture on the ef-
fect of two dissimilar dopants on the structural properties which
can then be connected to the magnetic properties of the over-
all material. This work does not address the exchange-coupling
origin of ferromagnetism. Rather, it determines that ferromag-
netism is present for particular local environments around the
dopant atoms, and that this is the structural origin (rather than
exchange-coupling origin) of the ferromagnetism.

2 Experiment and Theory

Undoped SnOj, Sng.95C00.025Z00,02502, Sng.00C00.05Zn0,0502,
and Sng g5Cog g75Zn0 0750, were prepared by the hydrothermal
method; detailed information regarding the synthesis of these
materials can be found in a previous publication’?. Following
synthesis, a set of samples was annealed at 800°C for two hours
in an air atmosphere. These are referred to as the “annealed”
samples herein, compared to the “as-synthesized” samples. Both
the as-synthesized and annealed samples exhibited RTFM, with
the saturation magnetization for each sample shown in Table

The RXES and XAS measurements probe the occupied and
unoccupied density of states of a material, respectively. RXES
records the emission resulting from decay from occupied states to
fill core holes and the XAS monitors the excitation of core elec-
trons into unoccupied states, thereby directly probing the occu-
pied and unoccupied partial density of states, respectively. XAS
measurements were taken on the REIXS beamline at the Cana-
dian Light Source (CLS), with a resolving power E/AE = 5000;
this was measured using a silicon drift detector for partial flo-
rescence yield detection.?? RXES measurements for cobalt were
taken on Beamline 8.0.1 at the Advanced Light Source with a re-
solving power of 200020121

X-ray excited optical luminescence (XEOL), an x-ray photon-in,
optical photon-out process, monitors the optical transitions result-
ing from electron-hole recombinations of the excited core elec-
trons. These measurements were performed at the SGM beam-
line at the Canadian Light Source (CLS) using a Ocean Optics QE
65000 spectrophotometer.22

The physical and electronic structure of defected and pristine
SnO, was modeled using density functional theory (DFT) with
WIEN2K, a full-potential, all electron code, which uses linearized
augmented plane waves in a Kohn-Sham scheme?2. The PBEsol
exchange-correlation functional, a generalized gradient approx-
imation (GGA) functional formulated to optimize the properties
of densely packed solids was used to perform the calculations.24
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This particular functional was used because it shown to well de-
scribe the structural properties of both semiconductors2> and 3d
transition metals.2® An RK,u,, = 8.0 was used with a k-mesh se-
lected so that the total energy was stable to within 10~ Ry. This
resulted in a k-mesh of 10 x 10 x 14 for the unit cell of SnO,. The
lattice parameters for SnO,, are based on the neutron diffraction
determined lattice.“Z For calculations involving dopants and va-
cancies, these defects were added to a 2 x 2 x 2 SnO, supercell,
with a correspondingly smaller k-mesh. For each calculation, the
atomic positions are allowed to relax while holding the lattice pa-
rameters constant. The DFT calculations are also used to calculate
the electronic band structure as well as the Zn L-edge XAS spec-
tra, allowing for a detailed comparison with experiment. These
spectra are calculated by multiplying the partial density of states
with a dipole transition matrix and radial transition probability. 28
All of the band structure diagrams are shown for a path in the Bril-
louin zone for the single unit cell of SnO,.2? For supercell calcula-
tions, points in the supercell Brillouin zone have been mapped to
the original unit cell representation using a Bloch spectral density
approach.20

Due to the strong electron-electron correlation effects of the 3d
electrons, cobalt spectra are modeled more accurately by consid-
ering multiplet effects.®! The Co L, 3 RXES and XAS spectra are
modeled using crystal field multiplet calculations in the approach
originally formulated by Cowan.*2 The Quanty full multiplet code
was utilized in two methodologies.®3 Firstly, crystal field param-
eters resulting from d orbital energy splitting can be used to de-
scribe the local coordination of the Co atoms and understand the
overall lattice structure surrounding the dopant atom, matching
results from experiment. Secondly, supercells obtained through
relaxing structures with implanted dopants via DFT are used to
generate the Madelung potentials of the crystal structure using an
Ewald summation over point charges and the subsequent poten-
tials are used to model the spectra via the same multiplet-based
crystal field calculations.2%

3 Results and Discussion

3.1 Co L,3; XAS and RXES
3.1.1 As-Synthesized Sng g5C0 g75Zng 57507

We begin by considering the sample with the highest concentra-
tion of dopants, as-synthesized Sng gsCog ¢75Zng 0750,. Examin-
ing first the as-synthesized case and in the following section after
an annealing process, we isolate the effect that annealing has on
the properties of the material.

This as-synthesized sample is first examined via Co L, 3 RXES
and XAS (Fig.[I), allowing the investigation of the excitations for
the 2p orbitals to the unoccupied conduction band states. The ex-
perimental spectra are displayed on an energy loss scale (red in
Fig. [1), along with two theoretical models (green and orange in
Fig. [1), matching both the characteristics of the absorption spec-
tra and the emission spectra at two incident energies (labeled A
and B in Fig. [I), providing insight into the d—d transitions re-
sulting from reordering of electrons within the 3d orbitals. Be-
cause of this, the emission spectra prove vital in understanding
the structural defects around the dopants. The as-synthesized
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Table 1 Saturation magnetization (Mg) of the samples studied in this work measured at 300 K (adapted from Ref. [15l) and comparison with previous

reported values of a similar DMS materials.

Investigated systems in this work

| Literature reports

As-synthesized ~ Annealed

Mg Mg Mg
Samples 103 emu/g 103 emu/g Samples 103 emu/g References
Undoped Sn02 Diamagnetic 7.4 Sn02 0.2 16
Sn9.95C00.025Z19,02502 7.5 10.2 | Snp.94C00.03Z10.0202 0.7 12
Sng,95C00.03Zn9.0202 1.4 L7
Sng.90C00.050Z19.05002 33.1 20.9 | Sng.99Coq.05Zn0,0502 0.9 18
Sng,96C00.03Z19.01 02 3 L
Sng g5C00.075Z1n9.07502 55 49 | Sng.92C00.03Zng 0502 1.9 18
Sng.94C00.010Z1ng,0502 0.2 18

Sn0,:Co,Zn w/ O,
Parameterized Model (Annealed)
Exp. Sn“ xSCo Zn“ WO: (Annealed)
P IR I LI I I IUARE I
1 RXES 4 B4

Sn0,:Cow/ O, Sn0,:Co w/ No Vacancy
Parameterized Model (As-Synthesized)
Exp. Sn,(.Co, ,..Zn, .0, (As Synthesized)

0.0750.075

0.075'

Normalized Intensity (arb. units)

T
775 780 785 790 795

Energy Loss (eV) Energy Loss (¢V)  Incident Energy (eV)

Fig. 1 Comparison of experimental XAS (right) and RXES (left
and center) spectra for as-synthesized (red) and annealed (black)
Snp.85C00.075ZN0.0750> to calculations. Parameterized models (orange for
as-synthesized, magenta for annealed) indicates a distorted tetragonal
coordination. Spectra calculated from DFT structural models including
SnO, doped with Co, SnO, doped with Co and a Co-adjacent O va-
cancy, and SnO, doped with Co and Zn and a Co-adjacent O vacancy
are shown in green, dark blue, and light blue, respectively.

Sng g5Cog 075210 0750, spectra are investigated (red in Fig. [1)) in
relation to two theoretical models produced via multiplet calcu-
lations. Firstly, the “parameterized model” (orange in Fig. [1) is
found through fitting calculated spectra to experiment by adjust-
ing crystal field splitting values. The agreement between these
calculated and experimental spectra is prevalent in the RXES
spectra (left and centre panels in Fig. [I). Firstly in the location of
the two main features in the L, emission (centre panel) at —1.2
eV and —2.3 eV, secondly, in the location of the strong peak in the
L3 emission (left at —1.6 eV). These calculated spectra have crys-
tal field parameters 10Dg = —1.60, Ds = —0.10, Dt = —0.200 and
Slater integral scalings of F4 = 0.700, F,; = 0.700 and G ,; = 0.700
and the atomic spin-orbit coupling constant {,, was scaled by a
factor of 1.000. These parameters deviate from the nominal values
of Ds =0, Dt =0, and a positive 10Dq of an octahedral coordina-

tion due to the local environment of the atom and any distortions
occurring. This provides a fundamental insight into the bonding
process, which in this case, yields a highly distorted tetrahedral
structure, as indicated by negative 10Dq and relatively large Ds
and Dr values.

In addition to this parameterized model, we model the material
by the construction of structural models of Co?t — Sn** substitu-
tion (green), Co?>"— Sn** substitution with an adjacent oxygen
vacancy to the substitution (dark blue), and Co?t,Zn*t— Sn**
substitution with an oxygen vacancy adjacent to the cobalt site
(light blue) were constructed, and relaxed using DFT (Fig. .
This insertion of an oxygen vacancy follows the results of SnO,
singly doped with Co, and allows trapped electrons to compensate
for the valency difference between Co?** and Sn**.2> Compar-
ing all three models to the as-synthesized Sn g5C0g ¢75Zn0. 07502
experimental spectra, the Co?t— Sn** substitution with no oxy-
gen vacancy (green in Fig. [1)) provides the best agreement with
the experimental spectra, primarily in the location of a low
energy-loss feature (labeled 4 in Fig. matching the experi-
mentally found shoulder due to dd-energy losses. This demon-
strates the absence of oxygen vacancies within the as-synthesized
Sny g5C0g.075Zng (7502 sample, ruling out oxygen vacancies as the
cause behind the structural distortions identified in the parame-
terized model. In the case of Co?t,Zn?* — Sn** substitution with
an oxygen vacancy adjacent to the cobalt site, various separa-
tions of the Co and Zn atoms were considered. It was found that
the lowest energy cell was obtained when the Co and Zn dopant
atoms were maximally separated, and this is the model presented
in Fig.[2l This suggests that, growth conditions permitting, these
co-dopants prefer to be well separated.

The usage of two theoretical models with distinct method-
ologies allow the extraction of key real-world properties. More
specifically, the “parameterized model” (orange in Fig.[1) is found
through fitting calculated spectra to experiment by adjusting crys-
tal field splitting values. These parameters describe the relative
energies of the d orbitals of the atom and any distortions occur-
ring, and provide a fundamental insight into the local coordina-
tion. The structural model includes dopant cobalt atoms placed
within a host SnO, lattice with and without oxygen vacancies ad-
jacent to the cobalt atoms (vacancy sites were seen to be equiva-
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Fig. 2 Relaxed coordination of cobalt substitution into host SnO, material
without oxygen vacancy (upper-left), with oxygen vacancy (bottom-left),
and zinc and cobalt with a vacancy adjacent to the cobalt relaxed in a
2 x 2 x2 SnO, crystal structure. The relaxed structures show warping of
the tetragonal coordination around the dopant atoms substituted into the
lattice. Polyhedra are shown around the dopant atoms.

lent around the dopant atoms), and relaxed via DFT. These two
methodologies work in conjunction to both understand the bond-
ing and the role of oxygen vacancies in this bonding.

3.1.2 Annealed Sn0'85C00,075Zn0,07502

Samples that were annealed at 800°C for two hours were mea-
sured in the same methodology as the “as-synthesized” sam-
ples above. By investigating samples with the same dopant
concentration, this isolates the effects of annealing and the us-
age of the same theoretical modelling as above to understand
molecular changes resulting from the annealing. Mirroring
our analysis of the as-sythesized case, we consider the experi-
mental Co L-edge emission and absorption spectra of annealed
Sny g5Cog 075219, 07502 as shown in black in Fig.|l|alongside three
theoretical models. The crystal field parameters of the annealed
spectra are 10Dg = —0.360, Ds = —0.380, Dt = —0.429 and Slater
integral scalings of Fz; = 0.324, F,; = 0.530 and G, = 0.675 and
the atomic spin-orbit coupling constant {,, was scaled by a fac-
tor of 1.052. In comparison to the as-synthesized case, the strong
negative 10Dq value demonstrates the increase in bond strength
of the cobalt ion to the adjacent oxygen compared to the as-
synthesized case. The decrease in magnitude of the Ds value in-
dicates less distortion in the tetragonal structure, confirming the
expected relaxation of the Co?* substitution into the SnO, lattice
resulting from the annealing process.

In addition to the parameterized model, we compare the ex-
perimentally obtained spectra with the three structural models
described above in Section (Co** — Sn** substitution,
Co?t — Sn** substitution with an adjacent oxygen vacancy to the
substitution, and Co**,Zn?>* — Sn** substitution with an oxygen
vacancy adjacent to the cobalt site).

With as-synthesized samples, the measurement of features at
low energy loss values leads to agreement with a substitutional
cobalt model with no vacancy (green in Fig.[I). In contrast, for
the annealed samples, good agreement is obtained between ex-
periment and theory with a substitutional cobalt model with an

4| Journal Name, [year], [vol.],1

adjacent oxygen vacancy (dark blue in Fig. . Considering a
model in which a substitutional Zn atom is included, shown in
Fig. |2} moderate but worse agreement is obtained. This suggests
that, for this level of theory, the local environment of Co is best
modelled without considering the presence of co-dopants.

Once again, two distinct methodologies allow the extraction of
not only the local structure of the dopants, but also the cause
of the distortions, in this case the oxygen vacancies compound-
ing upon the distortions seen with the cobalt dopant substitution.
This gives a clear picture of the absence of cobalt-adjacent oxy-
gen vacancies in the as-synthesized samples and the existence of
cobalt-adjacent oxygen vacancies in the annealed samples.

We note that, for both the annealed and as-synthesized sam-
ples, the differences between experimentally measured spectra of
samples with varying cobalt and zinc concentrations are less than
the difference between the best fitting models in both those yield-
ing crystal field splitting parameters and those generated using
relaxed structural models. This suggests that for both the an-
nealed and as-synthesized samples, in the range of dopant con-
centrations considered in this work, the overall local environment
of the Co atoms varies negligibly.

3.2 Zn L,3-edge XAS measurements

Fig. displays Zn L, 3 XAS spectra of both annealed and as-grown
samples. Also shown are the second derivative of annealed and
as-grown Zn L, 3 XAS spectra, the first inflection point giving a
graphical comparison of the absorption edge onset.2®

Calculated XAS spectra, generated using the same DFT relaxed
structures during cobalt L-edge modeling, can be compared to
experimental results. As-synthesized samples show good agree-
ment with a Zn**-Sn** model with an oxygen vacancy adjacent
to the Zn>" site. In addition, the energy shift seen in the onset of
the annealed samples shows agreement with a Co**,Zn?*-Sn*+
model with a vacancy adjacent to the Co** site seen in Fig. 3| (ma-
genta). This displays the positioning of oxygen vacancies adjacent
to zinc atoms in as-synthesized samples and, with conjunction
with our cobalt L, 3 XAS and RXES measurements, demonstrates
their movement to positioning adjacent to cobalt atoms after an-
nealing.

Similar to our investigation in the cobalt case, the differences
between experimentally measured spectra of samples with vary-
ing cobalt and zinc concentrations are less than the difference
between the best fitting model and the experimental spectra.

3.3 The connection of oxygen vacancies positioning to mag-
netic properties

With the observation of the oxygen vacancy migration from zinc

adjacent sites to cobalt adjacent sites as a result of an annealing

process, we connect this to the magnetic properties of the mate-

rial to understand the effects of oxygen vacancies on the magnetic

properties of the material.

Considering Table [1} at low concentrations of Co and Zn co-
doping, enhanced magnetization has been observed in the an-
nealed samples compared to the as-synthesized samples. We also
note that, although the saturation magnetization (Mg) increases
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Fig. 3 Zn L, 3 XAS spectra of annealed SnO, samples (black and violet)
with as-synthesized Sng g5C0¢.075Zn0.07502 (red), second derivative for
Sn()_g()CO(),()sZn(),ojOz and as—synthesized Sn0,85000.0752n0v07502 shown
at the bottom, and DFT models in cyan and yellow. In the second deriva-
tive, the decrease in onset energy between the “as-synthesized” and the
annealed samples is clear, showing the shift from zinc adjacent oxygen
vacancies to cobalt adjacent oxygen vacancies.

with increasing dopant concentration for each set of samples, at
high dopant concentrations, the observed Mg decreases with an-
nealing. Prior work suggests this is due to the increasing im-
portance of antiferromagnetic interactions.’12 While our XAS and
RXES techniques do not address the concentration of oxygen va-
cancies, the migration of these oxygen vacancies upon annealing
can be linked to this enhanced saturation magnetism. To further
investigate the the oxygen vacancies, the luminescence for sam-
ples with varying dopant concentrations can be examined.

3.4 X-ray excited optical luminescence (XEOL)

X-ray excited optical luminescence (XEOL) measurements, which
are complimentary to XAS in investigating the effect of dopants
on the band structure of a material, were performed on our SnO,
samples and are shown in Fig. [4 The as-synthesized samples
are not shown as they display no observable luminescence. The
nanoscale undoped annealed SnO, presents a strong resolved
peak at ~640 nm (1.93 eV), agreeing with previous results for
nanoscale Sn02.37 Considering our doped annealed samples, for
Sng.95C0g 025Z1g 02502, a Gaussian deconvolution of the XEOL
spectra (inset of Fig.|4) displays two features at ~550 nm, and the
emergence of a secondary feature at ~750 nm. The primary fea-
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Fig. 4 XEOL spectra for annealed SnO, samples. Undoped SnO,
(black) is seen with a single peak at ~ 640 nm, and doped SnO, con-
sistently show a feature centered at 550 nm. A second feature is visible
in the Sng.95C0¢.025ZN0.07502 (red) at 750 nm. This clearly shows the shift
of mid-gap defects from the inherent SnO, oxygen vacancies to a defect
caused by TM doping. Gaussian fitting for the features is shown on an
energy scale in the inset.

ture at ~550 nm has similar intensity in the Sng 95C0g ¢25Zn0.02502
and the Sng 9yCog g5Zng 050, samples, but has a decreased inten-
sity in the Sng g5C0q 0752100750, sample. In addition, the ~750
nm feature is seen in the Sng 95C0g 25Zng 0250, but is eliminated
in the Sn0,90C00‘052n0_0502 and SHO'85C00_07SZI10.07502 samples.

The single luminescence feature of undoped annealed SnO,
can be attributed to inherent defects within the nanoscale ma-
terial. Considering that the “as-synthesized” samples have no
luminescence, and our Co and Zn L-edge measurements show
that oxygen vacancies migrate from the Zn to the Co atoms,
the luminescence in these systems is enabled by the migration
of oxygen vacancies to a position adjacent to the cobalt atoms.
Noting that the saturation magnetization of the of the x=0.05
and x=0.075 samples are two and five times greater than the
x=0.025 sample, respectively, (shown in Table [1) we attribute
the primary luminescence feature at 550 nm to cobalt-adjacent
vacancies and the secondary feature at 750 nm to zinc-adjacent
vacancies. This demonstrates that at low dopant concentrations,
zinc adjacent oxygen vacancies are still present. As dopant con-
centration increases in the annealed Sng 99Cog ¢5Zng 50, and an-
nealed Sng g5Coq g75Zng 07502 samples, the elimination of the 750
nm feature suggests that zinc adjacent oxygen vacancies are no
longer present, and only cobalt adjacent oxygen vacancies are
contributing to the luminescence spectra.

We note that although there is no change in the nominal sto-
ichiometry of our samples before and after annealing, in the as-
synthesized samples no luminescence was observed, in contrast
to the annealed samples. This can be explained by considering
the differences in how the vacancies are distributed in the as-
synthesized and annealed samples. In as-synthesized samples, the
zinc atoms have adjacent vacancies, as seen in the Zn L-edge XAS
experimental spectra and DFT calculations (Fig. [3). The agree-
ment between experiment and a calculation which neglects to in-
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Fig. 5 Band structure diagrams of SnO,, SnO, calculated for a 2x2x2
SnO; unit cell with an oxygen vacancy and a 2x2x2 SnO, unit cell with a
Zinc atom with an adjacent oxygen vacancy (labeled “adj. O,”) for a path
in the original unit cell Brillouin zone are shown in the left, middle and
right panels, respectively. For the supercell band structures, the point
size corresponds to the Bloch spectral weight.

clude a cobalt atom suggests high separation distance and low in-
teraction between cobalt and zinc atoms within the host SnO,, as
observed in Section This is in agreement with the fact that
the Co L-edge spectra can be explained by a DFT calculated struc-
ture that does not include Zn atoms. Therefore, the relaxation
of the cobalt cations into the SnO, during annealing facilitates a
low interaction between cobalt and zinc atoms, and an optimal
coordination for magnetic interactions.’®

Having established the defect distribution for this system, and
that the interaction between Co and Zn is weak, we are now able
to explain the absence of luminescence in the as-synthesized sam-
ples by considering the band structure of SnO, with a Zn atom
and an adjacent oxygen vacancy. An energy momentum diagram
of SnO,, a SnO, with a vacancy and SnO, with a Zn ion and an
adjacent vacancy is shown in Fig. In pure SnO; no mid-gap
states are observed. When a vacancy is introduced, the valence
band is perturbed by the addition of a dispersive mid-gap band
appearing just above the top of the valence band and extending
deep into the mid-gap region. The Fermi energy level is at the top
of this band. Upon injecting carriers, electrons will reach a quasi-
equilibrium in valleys at the bottom of the conduction band while
holes will migrate to local maxima in the mid-gap band. These
carriers can then recombine in momentum conserving transitions
such as those indicated by an arrow in the figure. The energy-
momentum diagram for Zn with an adjacent vacancy is quite dif-
ferent. In this case, an additional band appears at the top of the
valence band, but no new mid-gap states appear, which are re-
quired to mediate luminescence in the optical region.

3.5 The connection of oxygen vacancy concentrations to
magnetic properties

We find that the properties of transition-metal doped oxides are

dependent on which sites transition metal ions occupy, where

6| Journal Name, [year], [voI.],1

vacancies are distributed and their relative concentrations. The
effect of concentration is demonstrated through the XEOL stud-
ies, with the presence of a secondary luminescence feature orig-
inating from zinc adjacent oxygen vacancies within annealed
Sng 95C0g.025ZNg 2502. The disappearance of this feature in the
annealed Sng.g0C0¢.05Zn0,0502 and Sngg5C0g.075Zn0.07502 sam-
ples and the higher saturation magnetization and exchange bias
field seen in the higher dopant concentration samples demon-
strates that a threshold concentration necessary for defect homo-
geneity within the sample.

4 Conclusions

We have investigated the local structure of Zn and Co codopants
in SnO, samples with a variety of spectroscopic x-ray techniques,
in addition to DFT and multiplet methodologies. We find that
both Zn and Co atoms substitute for Sn atoms within the bulk
of the lattice, and attribute the ferromagnetic properties to oxy-
gen vacancy mediated substitution of Co and Zn within the host
lattice. Furthermore, we identify a secondary defect state within
low concentration samples only appearing after annealing that
disappears with concentrations of 5% Co and 5% Zn or greater.
Through this, we provide direct experimental evidence for the lo-
cation and behavior of oxygen vacancies within a co-doped DMS
system under annealing and connect this to observed lumines-
cence showing the transfer of oxygen vacancies from Zn adja-
cent positioning pre-annealing to Co adjacent positioning post-
annealing. In addition to this, the increased saturation mag-
netism in samples with increased dopant percentages can be at-
tributed to the decreasing distance between Co atoms and associ-
ated cobalt-adjacent oxygen vacancies within the lattice.

The combination of synchrotron x-ray based experimental and
theoretical techniques allows a link between observed magnetism
and dopant-atom interactions within a host crystal. We display a
novel methodology for usage of both density functional and mul-
tiplet theories for the modeling of DMS systems that proves effec-
tive in directly linking not only the existence of oxygen vacancies
but the positioning of oxygen vacancies and their host lattice in-
teractions resulting in observed ferromagnetic properties.
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