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Carrier-mediated nonlocal ferromagnetic coupling between local magnetic polarons in Fe-doped
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The combined roles of oxygen vacancy and electron doping in mediating local and nonlocal magnetic ordering
of Fe doped in In,O3 and Co doped in ZnO have been investigated within first-principles density functional
theory. We first show theoretically that two magnetic dopants can be stabilized energetically around an oxygen
vacancy, and are ferromagnetically coupled to form a local magnetic polaron. Furthermore, electron doping plays
the elegant dual role of further enhancing the ferromagnetic stability of a local polaron, and more crucially,
mediating the nonlocal magnetic coupling between two polarons. Finally, we provide experimental evidence

supporting these strong predictions.
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I. INTRODUCTION

Diluted magnetic semiconductors (DMSs) have been ac-
tively studied as promising materials for developing spintronic
devices.'* However, transition-metal (TM) doped DMSs
based on III-V (e.g., GaAs)’ and IV (Ge or Si)® semicon-
ductors generally possess relatively low Curie temperature
(substantially lower than room temperature), which remains
one of the main obstacles for device applications.

Since ZnO-based DMSs were predicted to exhibit high-
temperature ferromagnetism,' a considerable number of stud-
ies of oxide-based DMSs have been made, often reporting
room-temperature ferromagnetism or above.””'! Commonly
invoked host materials include ZnO, TiO,, In,Os3, and
SnO;. Despite the progress in developing oxide DMSs, the
underlying mechanism for ferromagnetic ordering is still
under active debate. Competing mechanisms proposed in-
clude carrier-mediated exchange,'' double exchange,'?> Zener
model,! Ruderman-Kittel-Kasuya-Yoshida,'? spin-split im-
purity band,'"* and bound magnetic polaron (BMP)."> In
these mechanisms, attention has been focused on mediating
the ferromagnetic coupling between the magnetic dopants.
More recently, a charge-transfer ferromagnetism (CTF) model
has also been proposed to explain ferromagnetism in oxide
DMSs. !¢

In the carrier-mediated model, the local moments on the
TM dopants are coupled with each other ferromagnetically
through polarized mobile carriers.!! In the BMP model, the
local moments on the TM dopants are coupled with each
other ferromagnetically through polarized carriers trapped
by defects, such as the electrons associated with an oxygen
vacancy."” These models predict moments contributed by both
the TM ions and the mediating polarized carriers (mobile
or localized). In contrast, the CTF model predicts that the
moments are entirely localized on itinerant carriers confined
to small regions, possibly grain boundaries.'® Although each
model has its merits in certain aspects,'’?° a complete
understanding of the ferromagnetic behavior in oxide DMSs
still calls for more microscopic insight into the defect
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structure, transport property, and moment distribution in these
systems.

In this paper, we carry out comparative studies of two
prototype systems, ZnO doped with Co or codoped with Co/Al,
and In, 03 doped with Fe or codoped with Fe/Sn, to explore
the roles of oxygen vacancy and electron doping in mediating
the magnetic ordering in these systems using first-principles
calculations. We find that, when two substitutional magnetic
dopants are separated by an oxygen vacancy, ferromagnetic
ordering is clearly favored. Such a configurational entity can
be described as a BMP as proposed earlier,!> whose validity
is established here with first-principles accuracy. In addition,
we find that electron doping not only can further enhance
the ferromagnetic stability of the BMP, but more crucially, it
mediates the nonlocal magnetic coupling between two BMPs.
We also present preliminary experimental results supporting
these predictions. We show that samples lose their magnetism
after the number of oxygen vacancies is reduced by annealing
in air, and this occurs even when the samples still show metallic
conductivity due to ionized donors. This is in contrast with
earlier studies in which both the magnetism and the metallic
conductivity vanished after annealing in air.””-® These findings
help to enrich our understanding of the microscopic origin of
ferromagnetism in oxide DMSs.

II. METHOD AND COMPUTATIONAL DETAILS

The first-principles calculations were performed within the
framework of density functional theory (DFT) and using the
projector-augmented wave (PAW)?’ method as implemented
in the VASP code.’® We adopted the generalized gradient
approximation (GGA) for treating the exchange-correlation
interaction. The atomic geometries were fully optimized until
the Hellmann-Feynman forces on each ion were <0.02 eV /A.
A plane-wave energy cutoff of 500 eV, a3 x 3 x 3 k-point grid,
and the Gaussian smearing method with a 0.1 eV smearing
width were used for the lattice relaxations. A 4 x 4 x 4 k-point
grid and the tetrahedron method were adopted in the final
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FIG. 1. (Color online) Supercells for (a) In,O5 and (b) ZnO. The yellow, blue, and red spheres represent In, Zn, and O atoms, respectively.
In panel (a), the Sn atom is located at eight different configurations labeled by 0-7. In panel (b), the Al atom is located at four different
configurations labeled by 0-3. Panel (c) provides the energy differences of the FM and AFM states in the most stable structures. Panel (d)

provides the experimental data on RT magnetization.

total-energy calculations at the equilibrium volume. We have
tested to ensure that these numerical parameters give sufficient
accuracy and convergence. As representative tests, we have
also used the GGA 4 U method to assess the importance of
strong on-site correlations for some configurations. Our results
show that the stability of the ferromagnetic (FM) state is
quantitatively reduced relative to that of the antiferromagnetic
(AFM) one, but on a qualitative level it does not alter our
conclusions on the relative stability reached from the GGA
calculations. As shown in Figs. 1(a) and 1(b), two extra Fe
atoms or two extra Co are introduced into an 80 atom In, O3
cell or a 72 atom (3 x 3 x 2) ZnO cell, corresponding to 6.3%
of Fe and 5.6% of Co, respectively, comparable to what was
achieved in our experiments.

III. RESULTS AND DISCUSSIONS

We present the calculated results in the following order:
evaluation of the equilibrium separation of two TM ions with
and without an oxygen vacancy; the energies of the magnetic
states of these configurations; the effect of adding free carriers
in the absence of oxygen vacancy; and finally, the corporative
effect of both oxygen vacancies and free carriers.

First, we discuss the energetically preferred structures of
Fe-doped In,O3; and Co-doped ZnO. The GGA calculations

for Fe-doped In, O3 indicate that the configuration consisting
of two substitutional Fe atoms situated within a second
nearest-neighbor (NN) distance is energetically the most
favorable among all the calculated configurations. We denote
this structure as IO:Fe. The two sites are indicated as Fel and
Fe2 in Fig. 1(a). When an oxygen vacancy is also included,
the most stable configuration is that where the bridging oxygen
atom between the two Fe atoms is removed. We denote this
configuration as IO:Fe:Vo. These structural results are in
agreement with previous calculations.>'3?> In the Co-doped
Zn0O, we consider two configurations: the first Co atom is
fixed at site Co1 and the second Co atom is placed at either the
¢ NN (denoted as ZO:Co) or the b NN (denoted as ZO:Col)
site, as shown in Fig. 1(b). The ZO:Co configuration is lower
in total energy by only 2.8 meV than ZO:Co.! This difference
is increased to 101.2 meV when a bridging oxygen vacancy,
Vo, is introduced between the two Co atoms, resulting in a
much more stable configuration of ZO:Co:Vo.

The magnetic energies of the stable structures described
above for Fe-doped In,O; and Co-doped ZnO with and
without Vo are shown in Fig. 1(c); the energy differences
AFE between the ferromagnetic (FM) and antiferromagnetic
(AFM) configurations of 10:Fe and I0:Fe:Vo in Fe-doped
In, O3 are 121.9 and —46.2 meV, respectively. A negative value
of AE implies that the FM state is more favorable, hence the
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ground state of IO:Fe: Vo is ferromagnetic. For Co-doped ZnO,
Z0:Co and ZO:Co' are —20.3 and 24.4 meV, respectively.
These results indicate that the Co-Co interaction is FM along
the ¢ axis and AFM in the a-b plane. The addition of Vo
makes the FM ordering of ZO:Co more stable, and ZO:Co:Vo
becomes —61.0 meV. So far, these results confirm that Vo plays
the important role of mediating the FM exchange coupling
between two neighboring magnetic ions.*?

Now we examine the effects of electron doping, first without
the coexistence of Vo. The effects of electron doping in the
absence of Vo is found by adding a Sn atom of valence +4
(2.1% Sn) to substitute a In*>* ion at sites 0—7 indicated in
Fig. 1(a); the most stable configuration is denoted by ITO:Fe.
For ZnO, an Al atom of valence +3 (2.8% Al) is added
to replace a Zn>* ion at sites 0-3 in Fig. 1(b) in ZO:Co;
the most stable configuration is denoted by ZAO:Co. The
energy differences between the FM and AFM states for ITO:Fe
calculated for the eight configurations of Fe-Sn codoping in
In, O3 are in the range from 73.6 to 87.2 meV, clearly favoring
antiferromagnetism. Similarly, doping Al into ZO:Co without
Vo destabilizes the FM ordering: for the four calculated
configurations of Co/Al in ZnO, the energy differences are in
the range from —10.4 to 1.25 meV, compared with the value of
—20.3 meV for ZO:Co. Together, these results indicate that,
without an oxygen vacancy, electron doping into Fe-doped
Iny O3 or Co-doped ZnO either favors AFM or weakens FM.
This important finding is counterintuitive to the prevailing view
of carrier-mediated magnetic ordering.>*

Next we consider the effects of electron doping with
the coexistence of Vo. We calculate the magnetic energies
when we include Sn and Al in the most stable configurations
of I0:Fe:Vo and ZO:Co:Vo identified earlier, as denoted
by ITO:Fe:Vo and ZAO:Co:Vo, respectively. As shown
in Fig. 1(c), the energy favoring ferromagnetic ordering
is greatly enhanced in both cases. The largest magnitude
occurring in ITO:Fe:Vo is —80 meV, further stabilizing the
value of —46.2 meV for 10:Fe:Vo. Even more strikingly,
the introduction of Al into ZO:Co:Vo decreases the value of
AFE from —61.3 meV to —324.3 meV in ZAO:Co:Vo. These
results suggest a generic trend that carrier doping can enhance
FM only in the presence of Vo.

Before proceeding any further on the theoretical investiga-
tions, here we present the preliminary experimental evidence
supporting the above findings. In our experiments, high-
purity In,O3 and ZnO powders together with their respective
powdered Fe or Fe-Sn oxides and Co or Co-Al oxides were
mixed, ground, and sintered in air for 12 h at 800 °C, yielding
powders of 5% Fe or (5% Fe+ 3% Sn) codoped In,O3 as
well as 5% Co or (5% Co+ 1—2% Al) codoped ZnO (this
means atomic %). Using these powders as targets we obtain
10:Fe, ITO:Fe, ZO:Co, and ZAO:Co films deposited on Al,O3
(0001) substrates by pulse laser deposition (PLD). During the
deposition, the substrate temperature was maintained at 600 °C
and the O, pressure was less than 5 x 10~3 mTorr. The average
film thickness is 100-200 nm. There are no second phases in
the films detected by XRD: a plot is shown in Fig. 2. The I0:Fe
and ITO:Fe films are mainly textured with (222) orientation,
while the ZO:Co and ZAO:Co films are oriented with (002)
plane. The corresponding magnetic moments of these samples
are shown in Fig. 1(d). First, the Fe-doped In, O3 and Co-doped
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FIG. 2. The experimental XRD patterns of IO:Fe (a), ITO:Fe (b),
Z0:Co (c), and ZAO:Co (d).

ZnO films with the range of carrier concentration 10'°~2° /cm?
exhibit robust room-temperature ferromagnetism, but lose
their magnetic ordering when they are annealed in air; due to
eliminating the oxygen vacancies, the carrier concentrations
of the air-annealed films have fallen to less than 10'7 /cm?.
The Fe-Sn or Co-Al codoped films again exhibit room-
temperature ferromagnetism, and their carrier concentration is
in the range of 102°~2! /cm?. Their average room-temperature
(RT) magnetic moments are clearly enhanced from their
counterparts of Fe or Co doped films. Finally, when annealed
in air to remove the oxygen vacancies, these Fe-Sn or Co-Al
codoped films again lose their ferromagnetism. This occurs
even when the samples still show metallic conductivity with
carrier density falling in the range of 10'°72°/cm? due to the
extrinsic donors. This contrasts with earlier studies without
added extrinsic donors in which both the magnetism and
the metallic conductivity vanished after annealing in air.?’?8
These experimental observations are in excellent qualitative
agreement with the theoretical findings presented above.
Deeper understanding of the above theoretical and ex-
perimental observations requires a careful examination of
the microscopic magnetic coupling mechanism within the
systems. Figures 3(a) and 3(b) present the spin-density distri-
bution around the oxygen vacancy in I0:Fe:Vo and ZO:Co:Vo.
We find that the two Fe atoms in IO:Fe:Vo or the two Co
atoms in Z0O:Co:Vo are both in a spin-up state and coupled
ferromagnetically through the spin-down electrons trapped by
the oxygen vacancy, and form a local magnetic polaron.' For
comparison, in Figs. 3(c) and 3(d) we plot the spin-density
distribution around a TM dimer in ITO:Fe and ZAO:Co. In
both cases, the TM dimer is antiferromagnetically coupled
by the superexchange interaction via the bridging oxygen
ion, as expected for wide-gap semiconductors.>* Together,
these results provide strong evidence that the bridging Vo is
indispensable for inducing local ferromagnetism within the
BMP. Another finding here is that the oxygen atoms around
a BMP are spin polarized and have small moments. This is
consistent with the observation by Martinez-Boubeta et al.,
who found magnetic moments on oxygen atoms surrounding a
Mg vacancy in a MgO film by the XMCD technique.®> Here we
also note that whether the TM ions are ferromagnetic is more
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FIG. 3. (Color online) The spin density of (a) Fe-doped In,03 and (b) Co-doped ZnO, both with oxygen vacancy. The bar on the right of
panel (b) shows the color code of the magnetism in panels (a) and (b). Panels (c) and (d) correspond to the Fe-Sn codoped In,O; and Co-Al
codoped ZnO without oxygen vacancy. The corresponding color code of the magnetism is shown on the right of panel (d).

controversial; for example, some related studies using x-ray
magnetic circular dichroism (XMCD) and Mossbauer spec-
troscopy found that the TM ions were nonmagnetic.'®3 One
possible explanation is that the binding energies of the 2TM-Vo
complexes are large but not large enough to ensure a majority
of the TM ions forming complexes at the growth temperature.’’
While this will not affect the global ferromagnetism and
antiferromagnetism originating from those complexes, it may
affect the results of the XMCD and Mossbauer spectroscopy
measurements as these techniques tend to be more sensitive
to the local behavior of the majority of TM ions. Future
investigations may be required to clarify this important issue.

Figures 4(a)-4(d) present the density of states (DOS)
spectra of ZO:Co:Vo and ZAO:Co: Vo with FM ordering. It is
found that doping with Al causes a dramatic downward shift of
the total DOS, and the Fermi level moves into the conduction
band, resulting in the appearance of more mobile electrons,
which are significant for producing FM in this system. As
displayed in Figs. 4(c) and 4(d), a strong coupling exists
between the 2 p orbital of the oxygen atoms and the 3s orbital of
the Al atom in ZAO:Co: Vo, making the FM state more stable
than in ZO:Co:Vo. As displayed in Figs. 4(e)—4(h), similar
coupling between the 2 p orbitals of the oxygen atoms and the
4s orbital of the Sn atom also exists in ITO:Fe:Vo. It is noted
that such an s-p coupling is stronger in ZAO:Co: Vo than that
in ITO:Fe:Vo, explaining why AE for ZAO:Co:Vo is equal
to —324.3 meV, much larger than —80.0 meV for ITO:Fe:Vo.
These analyses confirm again that the electron doping can

greatly enhance the FM stability of BMPs in Co-doped ZnO
and Fe-doped In;03.

We now turn to the other crucial role of electron doping,
namely, the additional electrons can mediate the long-range
FM coupling between the BMPs. We choose ZnO as an
example and enlarge the supercell to 4 x 3 x 3 and 6 x 3 x 2
in order to consider two BMPs. As shown in Figs. 5(a)
and 5(b), the distance between the BMPs is set at 4.61, 6.56,
and 9.85 A, respectively. In these cases, the two magnetic
polarons are not as nearest neighbors. Figure 5(b) shows
AE for Co-doped ZnO as a function of the BMP-BMP
distance with and without Al doping. It is clear that, with
Al doping, the values of AE are negative, decreasing in
magnitude with the distance. At the distance of 9.85 A, the
concentration of Co atoms is 5.6%, much lower than the
cation percolation threshold of 16.7% (calculated by 2/Z,
Z being the cation coordination of Zn0).® This indicates
that the ferromagnetic exchange coupling between two BMPs
is long range in Co-doped ZnO with electron doping. In
contrast, no long-range FM (AFE is positive) is obtained
without Al doping for two BMPs separated by 4.61, 6.56, and
9.85 A. These findings demonstrate that, besides enhancing
the ferromagnetic stability of a BMP, electron doping is
also essential to provide the nonlocal ferromagnetic coupling
between the BMPs in oxide DMSs.

We all know that more defects will make the crystal quality
worse, which is not good for practical devices. Actually, it
is expected that additional carriers can control the transport
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FIG. 4. (Color online) The total density of states (TDOSs) (a) and projected density of states (PDOSs) [(b)—(d)] of Co 3d, O 2p, and Al 3s
for ZO:Co: Vo (dashed lines) and ZAO:Co:Vo. The TDOSs (e) and PDOSs [(f)—(h)] of Fe 3d, O 2p, and Sn 5s for IFO-Vo (dashed lines) and

IFSO-Vo, respectively.

as well as magnetic properties in oxide DMSs. In this
study, we find that the defect is necessary for producing the
ferromagnetism, while electron doping plays the elegant dual
role of further enhancing the ferromagnetic stability of a local
polaron, and more crucially, mediating the nonlocal magnetic
coupling of two polarons. Hence, we can draw the following
conclusion on the origin of magnetism in oxide DMSs: a
small quantity of oxygen vacancies is responsible for forming
the bound magnetic polarons, and free carriers acting as an

intermediary can help the long-range ferromagnetic coupling
between the magnetic polarons. This explains the very large
scatter of results reported in the literature. In addition, it also
provides a guide for designing oxide-based spintronic devices.

IV. CONCLUSION

In summary, we have systematically studied the roles of
oxygen vacancies and extrinsic carrier doping in mediating

5 6 7 8. 9 10
Pair Distance (A)

FIG. 5. (Color online) (a) The larger supercell of ZnO used to study the long-range ferromagnetic coupling of two BMPs. The gray and
red spheres are Zn and O atoms, respectively, and the green and yellow spheres are Co and Al atoms, respectively. The dotted circles indicate
oxygen vacancies. (b) The AE(FM — AFM) of Co-doped ZnO as a function of the BMP-BMP separation. The filled and unfilled squares are

the results with and without additional electron doping, respectively.
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magnetic ordering in the prototype systems of Fe-doped
In,O; and Co-doped ZnO by first-principles calculations
and experiment. These studies led us to draw the following
physical picture on ferromagnetic ordering in oxide DMSs:
The oxygen vacancies are indispensable for stabilizing local
ferromagnetism in the form of bound magnetic polarons;
furthermore, carrier doping plays the dual role of further
enhancing the ferromagnetic stability of local polarons and
also mediating the nonlocal magnetic coupling between two
magnetic polarons.
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