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Roles of Cu codoping and oxygen vacancies on ferromagnetism in In,05:Fe
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The electronic structures and the ferromagnetic (FM) stability in In,O5:Fe (IFO) with additional Cu and
oxygen vacancy (V) doping have been investigated using first-principles calculations within the framework of
density-functional theory. It is found that pure IFO has an antiferromagnetic ground state, but the existence of
Vg or with Cu codoping could lead to a weak FM coupling in IFO system for some special configurations. The
stability of the ferromagnetism is greatly enhanced by the coexistence of Vg and Cu codoping in IFO system.
We demonstrate that the role of Cu ions is to act as superexchange mediators causing an indirect FM coupling
between Fe cations through the hybridization of the Cu 3d states with the O 2p states. The delocalized
hybridization consisted of Fe 3d, O 2p, and Cu 34 is found to be very efficient to mediate the FM exchange
interaction. In favor of the FM state, Cu ions prefer to locate adjacent to the Fe ions in order to form
Fel-O1-Cu-O2-Fe2 coupling chain. The results of our calculations suggest the possibility of fabricating In,O3

based transparent spintronics by (Fe, Cu) codoping in a reduced growth ambient.
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I. INTRODUCTION

The prediction of room-temperature (RT) ferromagnetism
in Mn-doped ZnO and GaN by Dietl et al.' has triggered
extensive studies on oxide-based diluted magnetic semicon-
ductors (DMSs).>"!! In,0O5 being one of the candidate hosts
is a technologically important transparent semiconductor
with a direct band gap of 3.75 eV.!? In form of thin films,
In, O3 is superior to other transparent conductors because of
the high mobility (10-75 cm? V=!s7!) with a carrier den-
sity of ~10"-10% ¢ cm™.!3 RT ferromagnetism can be
achieved® 11415 by doping or codoping of 3d transition-
metal (TM) impurities into In,O5, which is attractive due to
its integration of optical, electronic, and magnetic properties
into one single material. Codoping has attracted attention
primarily due to the possibility to tailor the position and
occupancy of the Fermi level (E) of the doped DMS.!0-20

Recently, there are abundant yet controversial experimen-
tal reports on 3d TMs-doped In,O5. The magnetic states of
3d TMs-doped In,O5 are determined by several factors such
as the synthesis methods, the existence of oxygen vacancies
(Vo). or codoping. It was reported that In,0O5 doped with V,?
Cr,”?! Fe,'*15 Co,?? and Ni (Refs. 23 and 24) exhibit strong
RT ferromagnetism. On the contrary, Mn-, V-, Fe-, or Cu-
doped In,O; have been found to show no evidence of
ferromagnetism.>>>’ Numerous experimental findings as
well as some previous first-principles calculations of the
electronic structure and magnetic interaction of the doped,
especially TMs-doped oxide-based DMS,* 415212830 ;0.
gest that the vacancies or some other defects induced during
the sample preparation process may serve as important fac-
tors to introduce ferromagnetism in these kinds of materials.
Among all TMs-doped In,O;, Fe-doped In,O; (In,O5:Fe,
IFO) is a suitable prototype system for study due to the high
solubility of Fe in the In,O; (>20%) and a homogeneous
solid solution can be realized at least up to 15% Fe
doping.'*3% Cu has been codoped with Fe into In,05 (IFCO)
in order to achieve multiple oxidation states of Fe’** and
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Fe®*, which has been reported to be essential for exhibiting
ferromagnetic (FM) coupling.'#13303!1 To the best of our
knowledge, up to now, there are very few theoretical studies
on the origin of ferromagnetism in TMs-doped In,0;, espe-
cially TMs-codoped In,05. All these make theoretical inves-
tigation highly desirable for solving the puzzle and exploring
the origin of the ferromagnetism in TMs-doped In,05;.

In the present work, we performed a systematical study
for the evolution of the ferromagnetism in IFO system while
involving Cu codoping as well as Vg into the system. We
report the results of detail first-principles calculations on the
electronic structure and magnetic properties of the IFCO sys-
tem and demonstrate the key roles of the Cu codoping and
Vo in the developing of ferromagnetism in this system. This
paper is organized as follows. Section II presents computa-
tional details of the first-principles calculations. Section III
discusses the results in terms of V| effect, Cu codoping ef-
fect, as well as Vg and Cu coexistence effect on the ferro-
magnetism in the IFO system. In Sec. IV, we present our
conclusions on this work.

II. THEORETICAL METHOD

Our calculations are carried out with a periodic supercell
model within the framework of density-functional theory
(DFT) using the full potential projector augmented plane-
wave (PAW) (Ref. 32) method with a plane-wave basis set,
as implemented in the Vienna ab initio Simulation Package
(VASP).3*3 The energy cutoff is set to 500 eV for the plane-
wave basis, and the exchange-correlation functional is
treated by Perdew-Burke-Ernzerhof form generalized gradi-
ent approximation (GGA-PBE).3® The Gaussian smearing
method with a smearing parameter of 0.1 eV is used for all
calculations due to the weak metallicity induced by doping.
For all doping configurations, both the spin polarized and
non-spin-polarized calculations were performed and the
symmetry unrestricted structure optimizations are carried out
using a conjugate gradient algorithm with a force conver-
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FIG. 1. (Color online) Crystal structure of In,O3. Gray (big) and
cyan (small) spheres are In and O atoms. For IFO systems we
examined, one of the two Fe atoms is fixed at the position labeled
Fel, and the other one (Fe2) locates at the positions labeled with
a, b, ¢, d, f, and g in different configurations. For IFCO-V sys-
tems, the positions of the Cu dopant are labeled with Cul, Cul’,
and Cul” for different configurations. The position of oxygen
vacancy is labeled with V for all IFO-V( configurations.

gence criterion of 2X 102 eV/A. The Brillouin zone was
sampled by 3 X 3 X3 Monkhorst-Pack k-point grids for ge-
ometry optimizations and then sampled by the finer 4 X4
X 4 grids for the self-consistent energy calculations. For den-
sity of states (DOS) spectrum calculations, self-consistent
field (SCF) energy is converged to 107° eV.

The selected supercell is composed of 80 atoms, corre-
sponding to 16 f.u. In,O5. The supercell size is large enough
to allow us to investigate various configurations of Fe doping
and Fe, Cu codoping, as well as to isolate the interaction
between impurities in some configurations. According to the
Wyckoff’s notation, there are eight In(1) atoms occupying
the b sites, 24 In(2) atoms occupying the d sites, and 48
oxygen atoms occupying the e sites in such a supercell. In
our calculations, first, two In atoms were substituted by two
Fe dopants. We fixed one dopant Fe atom (denoted by Fel)
at In(1) position because it was reported to be the favorable
position for dopant.’” In the present work, we vary the pos-
sible positions of the second dopant Fe atom (denoted by
Fe2) within the fourth nearest-neighbor (NN) to Fel, face-
diagonal position, and body-diagonal position with respect to
Fel in the sublattice of the cubic In(1). These configurations
are defined as a, b, c, d, f, and g, for first NN, second NN,
third NN, fourth NN, face-diagonal, and body-diagonal po-
sitions, respectively, as shown in Fig. 1. Each configuration
is further doped with an additional Cu atom. The variation of
Cu position is also considered as a function of the separation
distance to the two Fe atoms. In the present work, the studied
positions of this additional Cu atom are labeled as Cul,
Cul’, and Cul” in Fig. 1, respectively. In the following, we
use I, ii, and iii as short-hand notation to represent Cul,
Cul’, and Cul”, respectively. Moreover an oxygen vacancy
(Vo) is introduced by removing one oxygen atom adjacent to
Fe or Cu or neither; the configurations with Vg in vicinity of
Fel are denoted as V in Fig. 1. All these dopant configura-
tions are represented by a label, such as b-IFCO-V-i, where
b represents the configurations of the two Fe atoms, IFCO
means the system is Fe and Cu codoped In,O5 system, V
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FIG. 2. (Color online) The evolution of ferromagnetic stabiliza-
tion energy (AEgy) as a function of the Fe-Fe separation distance in
IFO and IFO-V systems. The letters next to data indicate the con-
figurations (see text).

indicates the existence of oxygen vacancy, and i represents
the Cul position for the doped Cu atom. For all dopant con-
figurations, the FM stabilization energy AEpy(R)=Epu(R)
—Epm(R) is calculated, where Epy(R) and Espy(R) are the
total energies of the supercell with FM and antiferromagnetic
(AFM) aligned Fe pairs, respectively, with the Fe-Fe separa-
tion distance of R. The difference in the two energies yields
the J coupling, indicating relative stability of the AFM and
FM states.

III. RESULTS AND DISCUSSIONS
A. Oxygen vacancy (V) effect

At first, we discuss the role that V plays in the IFO
system. Figure 2 presents the variation of FM stabilization
energies (AEgy) as a function of Fe-Fe separation distance
both with and without V(. In the absence of V;, AFM spin
ordering predominates over the exchange interaction for all
studied configurations. Decrease in the magnitude of AEpy
as Fe-Fe distance increases suggests that AFM superex-
change between the dopants is intermediated via the bridging
oxygen (Oy,) ions.* It turns to saturate and approaches zero
when the separation of Fe-Fe reaches around 7.5 A. The
fade out of AFM coupling may be due to the screening by
the free carriers in the system.3” Our results are consistent
with the work done on V-doped In,05,} where the FM and
AFM states are degenerate when the doped V pairs are sepa-
rated by 8.76 A.

As shown in Fig. 2, after introducing V( into the IFO
system, the AFM spin ordering still prevails but the coupling
is softened with the presence of V. The dramatic change of
the favorable magnetic ordering in b-IFO-V, is very surpris-
ing, where the AEp,, is a negative value, implying an ener-
getic FM favorable ground state. In b-IFO-V configuration,
the only existing Oy, between the Fel and Fe2 has been
removed by the way we introduce the V( as stated in the
preceding section. These results provide strong evidence that
the role of O, is to mediate the superexchange interaction
for AFM coupling. The dual spin-density distribution around
the Oy,, as shown in Fig. 3, confirms the nature of Oy, serv-
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FIG. 3. (Color online) Spatial spin-density distribution of 5-IFO
configuration in AFM ordering. Red and blue isosurfaces corre-
spond to spin-up and spin-down regions.

ing as a bridge for the AFM interactions between dopant Fe
atoms. The main calculation results of IFO and IFO-V, sys-
tems are tabulated in Table I.

Electrons induced by introducing Vg, result in mixed va-
lence of Fe?* and Fe’* ions, as supported by the reduced
projected magnetic moments of Fe, which are 3.95up/Fe and
3.77ug/Fe in b-IFO and b-IFO-V, systems, respectively, as
shown in Table I. This corroborates the previous findings of
the connection between the presence of Fe’* and FM
coupling,'® which sustains that the FM coupling is mediated
by delocalized carriers. Nevertheless, even for b-IFO-V
configuration, the FM coupling is weak (AEpy
=-12.5 meV).

Figure 4 gives the DOS spectra of h-IFO and b-IFO-V, in
FM ordering. The Fe d states are more sensitive to the sur-
rounding oxygen than the spherically symmetric s states of
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In atoms. As shown in Fig. 4(c), for IFO system, Fe 3d elec-
trons are mainly distributed in the valence band due to the
hybridization with the O 2p states, leaving the unoccupied
minority states in the conduction band. However, the Fermi
level (Ep) is located in the impurity states rather than the
conduction band. After introducing Vg, as shown in Fig.
4(b), the position of Ey is slightly raised to the conduction-
band minimum. The Fe 3d minority states, as displayed in
Fig. 4(d), are partially occupied leading to the mixed valance
of Fe?* and Fe**, which can drive ferromagnetism.'! The
electronic states in the gap are due to the hybridization be-
tween d states of Fe and p bands of oxygen, which mediates
the magnetic interactions.?

The total-energy minimum calculations for all the dopants
configurations indicate that the b-IFO and b-IFO-V, are the
most energetically favorable structures. In favor of b con-
figuration, the doped Fe atoms are intended to accumulate
together with a short Fe-Fe distance of ~3.9 A. Generally
speaking, the shorter Fe-Fe distance implies a larger doping
concentration. This interpretation has been supported by our
recent experimental finding®® as well as some other
reports'4!3 that the FM coupling appears only when the Fe
concentration is higher than a critical value (10% in Ref. 15),
while paramagnetic (PM) state is more stable with lower Fe
dose.

B. Cu codoping effect: Short-range weak indirect FM
coupling mediator

In this section, we discuss the Cu codoping effect for the
IFO system. The additional doping of Cu into b-IFO renders
the system, b-IFCO-i, a weak FM ground state with AEgy; of

TABLE 1. The calculation results of IFO system with and without oxygen vacancy (Vy). The FM
stabilization energies (AEpy;) and the total (M) and projected magnetic moments for Fe (Mg,) in both FM

and AFM orderings are summarized.

Mo Mg,
(mp) (mp)
AEpy FM AFM
Notation (meV) FM AFM Fel Fe2 Fel Fe2
Only Fe impurities

a-1IFO 122.7 9.94 0.00 3.95 3.94 391 -3.89
b-IFO 84.8 9.82 0.03 3.97 391 3.95 -3.90
¢-IFO 48.7 9.98 0.00 3.99 3.97 3.98 -3.96
d-IFO 17.8 9.93 0.04 3.99 3.94 3.97 -3.93
f-IFO 54 9.96 0.00 3.98 3.98 3.98 -3.98
g-IFO 0.03 9.96 0.00 3.98 3.98 3.98 -3.98

With oxygen vacancy
a-IFO-Vq 65.3 9.03 0.13 3.79 3.77 3.75 -3.69
b-IFO-Vq -12.5 9.13 0.02 3.77 3.77 3.76 -3.77
¢-IFO-Vq 37.0 9.41 —-0.01 3.81 3.90 3.80 -3.88
d-IFO-V, 35 9.41 -0.32 3.76 3.94 3.76 -3.95
Sf-IFO-Vq 1.1 9.43 0.23 3.95 3.79 3.95 -3.79
g-IFO-Vq 2.4 9.45 -0.29 3.78 3.96 3.78 -3.96
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FIG. 4. The total DOSs (TDOSs) of (a) b-IFO and (b) b-IFO-V, and Fe 3d PDOSs of (c) b-IFO and (d) b-IFO-V, in FM ordering. The
vertical line drawn indicates the Ej. position. The spin-up and spin-down DOSs are shown above and below the abscissa axis.

—7.3 meV. This result accords with the prediction that Cu
doping was found not to be directly responsible for the RT
ferromagnetism of IFCO system.'®!* After introducing Fe
and Cu ions into In,03, significant local structure distortions
occur at the Fe- and Cu-substitution sites. The optimized
Fe-O bond lengths are about ~14% smaller in comparison to
that of In-O in the optimized pure In,O5. The shorter Fe-O
distance may be due to the reduction of oxygen-oxygen re-
pulsion forces'? and coincides with the fact that the radii of
both Fe** and Fe?* are smaller than that of In**. The change
of the six Cu-O bond lengths, which form the Cu-O octahe-
dral, is rather complicated. Two of them are shortened by
~T7%, the other two are increased by ~7%, while the last
two remain the same length as compared to that of In-O in
the optimized pure In,Os;. The local distortions change the
lattice structure to one with a lower symmetry, resulting in a
nearly complete splitting of the 3d orbitals. In Fig. 5(a), the
Ep crosses the majority spin of impurity levels. One main
feature indicated in the DOS spectra is the d hole states
located at the top of the impurity band in the gap. As shown
in Figs. 5(b)-5(d), there are strong d-p-d hybridizations be-
tween Cu, Oy, and Fe, which induce localized distributed
holes in Fe 3d states. The localized d holes are also present
in those configurations with Vi where FM ordering is stable
(such as b-IFCO-V-i) but disappear in configurations where
AFM ordering is stable (such as b-IFCO-Vy-ii). (We will
discuss this further in next section.) All these findings
strongly suggest that the localized spatial distributed d holes
of Fe atoms induced by additional Cu doping play a vital role
for the indirect FM exchange interaction between Fel and
Fe2 atoms via Cu mediator. The existence of the hole states
agrees with the lower oxidation state of Cu than Fe and In,
which can be deduced from the projected magnetic moment
(~-0.4up).

The role of Cu is found to enhance the stability of ferro-
magnetism between the dopant Fe atoms, analogical to that

in Cu- and Co-codoped ZnO.2° The spin-density distribu-
tions, as shown in Fig. 6, corroborate the existence of the
Cu-mediated FM interaction in IFCO system. The Cu ion
being spin polarized by the presence of the magnetic impu-
rities shown in Fig. 6 mediated an indirect magnetic interac-
tion among them.2? However, the Cu-mediated interaction is
highly anisotropic as evidenced by the spin density shown in
Fig. 6. This can be attributed to the band filling of the d
orbitals of Cu and their directionality. Furthermore, a cou-
pling chain of Fel-O1-Cu-O2-Fe2 can be easily recognized
in Fig. 6.

C. Cu and V, codoping effect: The role to RT ferromagnetism

As discussed above, V or Cu doping alone in IFO system
can improve the FM coupling but neither of them is suffi-
cient enough to achieve stable RT ferromagnetism. We thus
consider a system involving both V5 and Cu codopings. This
is also motivated by the experiment finding that the IFCO
system shows ferromagnetism when the samples are pre-
pared under low oxygen pressure.'”> Our main calculation
results of IFCO and IFCO-V,, are summarized in Table II
involving the ferromagnetic stabilization energy and mag-
netic moments of Fe and Cu for each configuration studied.
As can be seen in Table II, by introducing of Vy into
b-IFCO-i system (b configuration has been demonstrated to
be more energetically stable), a pronounced enhancement of
the stability of the FM state was found (AEgy=
-90.4 meV).

To investigate the mechanism of the FM coupling, we first
inspect the electronic structure of b-IFCO-V-i. Figures
5(e)-5(h) present the DOS spectra of h-IFCO-Vy-i in FM
ordering. As displayed in Figs. 5(f)-5(h), Fe 3d, Cu 3d, and
2p states of Oy, all span the same energy space, i.e., from the
bottom of the valance band to Ef, which indicates that there
exists a strong hybridization between d orbital of TMs (Fe
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FIG. 5. The TDOSs and PDOSs of Cu 3d, Fe 3d, and Oy, 2p for [(a)-(d)] h-IFCO-i and [(e)—(h)] b-IFCO-Vy-i in FM ordering,
respectively. The vertical line drawn indicates the Er position. The spin-up and spin-down DOSs are shown above and below the abscissa

axis.

and Cu) and p orbital of intermediate oxygen atoms inside
the host lattice. The hybridization between the TMs and their
surrounding oxygen atoms also induced significant net mag-
netic moments on these oxygen atoms. Therefore, the total
magnetic moments are mainly derived from the complex

>

FIG. 6. (Color online) Spatial spin-density distribution of
b-IFCO-i configuration in FM ordering. Red and blue isosurfaces
correspond to spin-up and spin-down regions.

consisting of the dopants and the neighboring O anions in
these systems. Moreover, the introduction of V( results in
more electrons compensating the holes in the majority-spin
states in Fe d bands induced by Cu doping. However, there
still presents a small amount d holes in the conduction band
of the majority-spin states. For b-IFCO-V-ii configuration,
which is stable in AFM ordering, the d holes in the majority-
spin states are totally compensated. Combining the d hole
feature and the magnetic ordering state of these two configu-
rations, it is obvious that the holes in the Fe d bands gener-
ated by the Cu codoping play an important role in the FM
exchange coupling in IFCO-V, system. The increased FM
coupling for Vy-doped IFCO confirms the essential role of
the electrons induced by V,, together with holes induced by
Cu codoping, in mediating the FM interaction.

The strong AFM interaction between the d orbitals of both
the two Fe atoms and Cu is mediated by p orbital of the Oy,
atoms, which brings on a strong indirect FM coupling be-
tween Fel and Fe2 atoms. The indirect FM coupling is very
strong with the AEpy; in the magnitude of —90.4 meV (for
b-IFCO-Vy-i configuration), which agrees with the reports
by Lathiotakis et al.?’ and Ye et al.3® To further investigate
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TABLE II. FM stabilization energies (AEgy;) of IFCO and IFCO-V(, systems. The total (M) and the
projected magnetic moments for Fe (Mg,) and Cu (Mc,) in both FM and AFM orderings are also

summarized.

Mtotal MFe MCu

(mp) (mp) (mp)

AEgy FM AFM
Notation (meV) M AFM Fel Fe2 Fel Fe2 M AFM
Only Fe and Cu impurities
b-IFCO-i -7.3 7.97 0.02 3.55 3.52 3.34 -3.55 -0.37 -0.21
c-IFCO-i -9.4 7.97 0.00 3.53 3.53 3.51 -3.51 -0.37 0.00
With oxygen vacancy

b-IFCO-Vy-i -90.4 8.66 -0.12 3.71 3.73 3.70 -3.71 -0.37 -0.06
b-IFCO-V-ii 7.1 9.00 -0.70 3.85 3.86 3.85 -3.85 -0.48 -0.48
b-IFCO-Vy-iii -45.6 8.97 0.16 3.84 3.74 3.84 -3.66 -0.41 -0.06
c-IFCO-Vy-i -110.5 8.24 0.60 3.72 3.69 3.57 -3.34 -0.38 0.01
J-IFCO-Vy-i -35.6 8.95 -0.67 3.83 3.77 3.81 -3.84 -0.33 -0.33

the correlation between the FM coupling and the strength of
Fel-O1-Cu-O2-Fe2 coupling chains, we vary the Fe2 posi-
tion by remaining the Fel, Cu, and V(, locations. The Fe2 is
moved from Fel’s second NN to the third and the sixth NNs,
corresponding to ¢-IFCO-V-i and f-IFCO-V,-i configura-
tions, respectively. In all these cases, the Fel-O1-Cu-O2-Fe2
chains still exist. The AEgy are found to be —110.5 and
—35.6 meV for c- and f-IFCO-V,-i configurations, respec-
tively. The strongest FM coupling shown in c-IFCO-V-i
configuration is due to the highest symmetry of this configu-
ration compared to the other ones.?’ The dramatic reduction
of AEgy in f-IFCO-V-i configuration suggests a strong cor-
relation between the FM coupling and the Fe-Fe distance in
the Fel-O1-Cu-O2-Fe2 coupling chains.

The effect of Cu positions with respect to Fe pairs is also
studied in the present work. When the Cu is placed in one
In(1) position (denoted as Cul’ in Fig. 1), which is the third
and the fourth NN to Fel and Fe2, respectively, correspond-
ing to b-IFCO-V-ii configuration, it is found that the strong
AFM coupling between Cu and Fe is varnished due to the
absence of the Oy, atoms between Cu and Fe. Figure 7 shows
the projected DOSs (PDOSs) of Fe 3d and Cu 3d in FM
ordering for b-IFCO-V-ii configuration. It is clear that the
coupling between Fe 3d and Cu 3d states is very weak,
which is attributed to the fact that the Cu atom is isolated
from Fe pairs in this configuration. The weak coupling be-
tween Fe and Cu atoms is also evidenced by the spatial spin-
density distribution (not shown here). In contrary, as seen in
Figs. 5(f)-5(h), the Fe 3d and Cu 3d states as well as the 2p
states of Oy, are strong hybridized, which indicates a strong
indirect FM coupling between Fel and Fe2 atoms. This also
confirms the short-range effect of Cu doping. Moreover,
when the Cu is positioned in the third and the first NN to Fel
and Fe2, respectively, (b-IFCO-V-iii), there are two Oy, at-
oms between Fe2 and Cu, but none between Fel and Cu.
Strong AFM coupling exists between Fe2 and Cu while no
coupling between Fel and Cu is found. As a consequence,

the b-IFCO-V-iii system is a relatively weaker FM-coupled
system (AEgpy=—45.6 meV) compared to b-IFCO-V-i con-
figuration. These results, again, strongly support the impor-
tance of participation of codoped Cu in the hybridization of
the Fel:3d-O1:2p-Cu:3d-02:2p-Fe2:3d orbital chain,
which dominates the e-e correlations in IFCO-V system.
Therefore, a long-range FM ordering needs large TM dop-
ants concentration to form the continuous Fel-O1-Cu-O2-
Fe2 paths under the existence of V. This interpretation is
tally with the previous findings that Fe- and Cu-codoped
In,05_5 show RT ferromagnetism with the Fe doping concen-
tration larger than 10%.'*

From the energy point of view, b-IFCO-V-ii is favored
over b-IFCO-V,-i by 0.08 eV. This, however, can be easily
conquered in conventional sample preparation process. For
example, at 7=1000 °C, which is the common temperature
for sample synthesis, the difference in stability, AE
~0.08 eV, between b-IFCO-Vg-ii and b-IFCO-Vy-i con-
figurations corresponds to a relative probability of the pres-
ence of b-IFCO-V-i being as high as 48%. On the other
hand, although the b-IFCO-V-ii is energetically stable, its

Fe 3d
Cu 3d

DOS (States/eV)

i : i
-2
Energy (eV)

-4

FIG. 7. (Color online) PDOSs of Fe 3d (black solid) and Cu 3d
(red dashed) for b-IFCO-Vg-ii configurations in FM ordering. The
vertical line drawn indicates the Er position. The spin-up and spin-
down DOSs are shown above and below the abscissa axis.
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FIG. 8. (Color online) The Cu 3d PDOSs for (a) b-IFCO-V-i
and (b) b-IFCO-V-ii configurations in both FM (red dashed) and
AFM (black solid) orderings. The vertical line drawn indicates the
Erposition. The spin-up and spin-down DOSs are shown above and
below the abscissa axis.

AFEpy; is only 7.1 meV as shown in Table II. Therefore, at RT,
the AFM ordering in b-IFCO-V-ii configuration will be eas-
ily broken by the thermal energy, which makes the contribu-
tion of the ferromagnetic b-IFCO-V-i configuration domi-
nated in the sample.

Figure 8 shows the PDOS of Cu 34 states of b-IFCO-V-i
and b-IFCO-Vy-ii both in FM and AFM orderings. It is
found that, for b-IFCO-V-i configuration, the strong cou-
pling between Cu and Fe mediated by Oy, causes a down-
ward shifting of the Cu d bands to the valence band, result-
ing in more delocalized Cud states in FM ordering
compared to AFM ordering, which render the system FM
ground state. On the other hand, in case of b-IFCO-V-ii
configuration where the AFM is a more stable state, the split-
ting of Cud orbital is almost identical for FM and AFM
orderings. The identical splitting of Cu d orbital is also con-
sistent with the isolated feature of the Cu atom in this con-
figuration (b-IFCO-V-ii).

Further considerations have also been made on varying
the position of V. Take b-IFCO-i for example. We investi-
gated three configurations that the V, is at the first NN to Fe
but far away from Cu, and at the first NN to Cu but far away
from Fe pairs, as well as the position out of the range of the
second NN to both Cu and Fe. Regardless of V positions,
FM prevails with AEgy of —90.4, —=29.3, and —41.8 meV,
respectively. Similar results were obtained for ¢-IFCO-i sys-
tem. Our calculations demonstrate a long-range effect of Vg
on the ferromagnetism in IFCO system. The long-range ef-
fect of Vj is also evidenced in our previous experimental
results® that the FM coupling can be switched on even with
low carrier concentration of 10'® e cm™. Further experimen-
tal supports can be found from the work of Yu et al.,'® where
they found that the FM coupling in IFCO-V system is me-
diated by delocalized carriers.

There are two possible mechanisms proposed for FM
semiconductor: carrier mediated and superexchange. The key
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difference between these two mechanisms is that the mag-
netic coupling is mediated by mobile carriers in the former
but by localized anions in the latter. In our case, the AFM
superexchange interaction between Fe and Cu atoms follows
a path through the intermediate O anion which results in an
indirect FM coupling between Fe atoms. The main mecha-
nism is the hybridization of the Fe d states with the O p and
subsequently with the Cu d states. In the structures with pro-
nounced ferromagnetism, the hybridization of the Cu d states
with the O p is particularly enhanced. That effect is assisted
by the downward shift of the Cu 3d,, and 3d,, spin majority
band which overlaps (in energy scale) more with the O p
band. This mechanism was more evident for the structures
b-IFCO-Vy-i and c-IFCO-Vy-i, which are found to have
strong FM ground states. The p-d hybridization induces a
remote electron delocalization which mediates the Fe-Fe in-
teraction. On the contrary, the long-range carrier-mediated
mechanism is switched on by delocalized electrons intro-
duced by Vg, which mediate the different Fel-O1-Cu-O2-
Fe2 chains.

IV. CONCLUSIONS

In summary, we systematically studied the effect of Cu
codoping and V on the ferromagnetism in Fe-doped In,05
by detailed first-principles calculations. It has been demon-
strated that IFOs are in AFM ground state for all configura-
tions investigated. With the existence of Vj, IFO can be
weakly FM ground state when the Oy, between Fel and Fe2
is leaking, which acts to mediate the superexchange interac-
tion leading to AFM coupling between Fel and Fe2. By ad-
ditional Cu doping, strong ferromagnetism appears in the
IFCO-V, system. Examination of spin-density distribution
and DOS spectra reveals that the couplings between Cu and
Fe are AFM for both Fel and Fe2 mediated by the Oy, atoms.
Thus, the strong indirect FM interaction among Fe cations is
formed via the Fel-O1-Cu-O2-Fe2 coupling chains. The role
of the Cu?* ions in IFCO is to act as superexchange media-
tors by causing an indirect FM coupling between Fe cations
through the hybridization of the O 2p states with 3d states of
Cu and Fe, thereby enhancing the ferromagnetism.

Our calculations suggest that the ferromagnetism in IFCO
system can be achieved with a large doping concentration of
Fe with coexistence of V. The large Fe doping concentra-
tions would result in an average smaller Fe-Cu separation
distance, which increases the chance to form the Fe1-O1-Cu-
02-Fe2 coupling chains. The concentration of Vg, however,
is not critical due to its long-range coupling effect.
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