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TOPICAL REVIEW — Magnetism, magnetic materials and interdisciplinary research
Oxide magnetic semiconductors: Materials, properties, and devices
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We give a brief introduction to the oxide (ZnO, TiO,, InyO3, SnO;, etc.)-based magnetic semiconductors from fun-
damental material aspects through fascinating magnetic, transport, and optical properties, particularly at room temperature,
to promising device applications. The origin of the observed ferromagnetism is also discussed, with a special focus on
first-principles investigations of the exchange interactions between transition metal dopants in oxide-based magnetic semi-

conductors.
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1. Introduction

The emerging research area termed “spintronics,” which
utilizes the spin degree of freedom in addition to the usual
electron charge transport to realize functional devices, has
developed quickly in recent decades.!!! Compared to con-
ventional semiconductor devices, where only the charge of
electrons is used, some predicted advantages of spintron-
ics are increased speed of data processing, high data stor-
age density, nonvolatility of data storage, and low energy
consumption.?! Current magnetic devices, such as read heads
for magnetic data storage, are mainly based on ferromag-
netic metals. The development of novel magnetic semiconduc-
tors compatible with modern industrial semiconductor growth
techniques, would offer more possibilities to combine the
semiconducting and magnetic properties.

In fact, pioneering studies of magnetic semiconductors
in the 1960s showed the coexistence of semiconduction and
magnetism in some ferromagnetic semiconductors, such as eu-
ropium chalcogenides!®! and the spinel compounds CdCr»Sy
and CdCr,Se4.[*1 However, the low Curie temperature and
poor reproducibility of these established magnetic semicon-
ductors have limited their application. An alternative method
is offered by the so-called diluted magnetic semiconductors
(DMSs), where the coexistence of magnetism and semicon-
ducting is achieved by doping magnetic atoms into non-
magnetic semiconductors.®! II-VI compounds (such as CdTe,
ZnSe, CdSe) doped with transition metal (TM) elements (such
as Mn) became the most studied DMSs in the 1980s.[7-8!
Though the presence of Mn in these alloys brings new physics
by introducing localized spins, it cannot provide or trap car-
riers, i.e., n- or p-type doping cannot be achieved without

additional dopants. Later on, the observation of hole me-
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diated ferromagnetism (FM) in Mn-doped III-V group com-
pounds, such as (In, Mn)As and (Ga, Mn)As, re-inspired the
research interest in DMSs.[*"1?! Tt is well accepted in Mn-
doped III-V group DMSs that the long range ferromagnetic
order between localized moments provided by substitutional
Mn is mediated by the itinerate holes generated also by sub-
stitutional Mn through RKKY exchange coupling.['3] Ow-
ing to the strong coupling, novel phenomena, i.e., giant pla-
nar Hall effect!'*! and anomalous Hall effect,['> which are
usually very weak or nonexistent in traditional non-magnetic
semiconductors, have been observed. Great progress has
been achieved, i.e., spin-involved devices based on GaM-
nAs, such as spin-polarized light emitters,!'®! spin valves,!!”]
and spin field effect transistors,!'8] have been demonstrated
at low temperature. Unfortunately, though the Curie tem-
perature of Mn-doped GaAs has been greatly improved com-
pared to previous II-VI group compounds, it is still far below
room temperature.!'*!) Besides the low Curie temperature of
GaMnAs, another obstacle is the low mobility, which is physi-
cally limited by the large effective mass of holes.!??! Mean-
while, transition metal-doped elemental semiconductors (Si
and Ge) showing ferromagnetic characteristics!?*** have at-
tracted extensive attention because of their compatibility with
today’s Si microelectronics. Recent advances here, as well as
the challenges of moving TM-doped Group IV DMSs toward
spintronics applications, have been discussed in several review
papers.[2%:26]

A milestone in the search for high Curie temperature
DMSs is the theoretical prediction given by Dietl ef al.,!'’]
that is, TM-doped (by Mn, etc.) wide band gap semicon-
ductors (GaN and ZnO) exhibit ferromagnetism above room
temperature when the hole concentration is on the order of
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ferromagnetism was reported in Co-doped TiO,?”! and TM-

Soon after that, experimental room temperature

doped ZnO.[?8] These observations prompted extensive re-
search work focusing on diluted magnetic oxide semiconduc-
tors (DMOSs), aiming to understand the mechanisms involved
and to design better materials suitable for practical applica-
tions.

In the following, we would like to give a brief review
focusing on recent advances as well as the imminent chal-
lenges in oxide magnetic semiconductors. First, various ox-
ide candidates are summarized. Second, a brief description
of sample synthesis and characterization methods is given, fo-
cusing on how to define intrinsic ferromagnetism. Third, the
promising magnetic, transport, and optical properties of wide
band gap oxide magnetic semiconductors are discussed in de-
tail. Fourth, theoretical work focusing on the origin of ferro-
magnetism in oxide magnetic semiconductors is summarized.
At last, attention is given to the principle oxide-based device
applications, i.e., magnetic tunnel junctions, spin field effect
transistors, etc.

2. Oxide candidates for magnetic semiconduc-
tors

Oxide materials have a long and magnificent research his-
tory. The first example of functional oxides are permanent
magnets of lodestone consisting of Fe304 which were used
as compasses in China, ancient Greece, and Sumer more than
2000 years ago.!*”! In the 20-th century, ferromagnetic oxide
nanoparticles (Fe,O3 and later CrO;) have been utilized as
recording media in magnetic tapes. Ferroelectric oxides were
found later in history, with the first observation of electric hys-
teresis in Rochelle salt.3% In 1986, a breakthrough was ob-
tained for superconducting oxides — the discovery of super-
conductivity as high as 35 K in the La-Ba—Cu—O system. ]
Mixed valence manganites have been intensively explored be-
cause of their “colossal magnetoresistance” (CMR) and com-
plex phase transitions.!*?! It is now known that in CMR ma-
terials, rich physical properties are dominated by the “double
exchange” interactions and Jahn-Teller distortions as a result
of the complicated interactions between electronic, magnetic,
and structural degrees of freedom. Half-metallic binary oxides
such as Fe304, CrO,, and EuO are also attractive candidates
because of their high spin polarization ratio (~ 100%). In
recent years, multiferroic oxides (BiFeQs,[33** BaTiO3,13%!
TbMnO3,3%37] etc.) with more than two ferroic orders have
become a fast developing research subject.

Most wide band gap materials are insulating, while most
conducting materials are opaque to light at visible wave-
lengths. In this sense, wide band gap oxides semiconductors
(ZnO, TiO,, Iny03, etc.) are unique because they are good

conductors due to the presence of native defects while simul-
taneously being transparent in the visible region.3® Hence,
among various promising oxide candidates for spintronics ap-
plications, wide band gap oxides based on diluted magnetic
oxides, such as ZnO, TiO,, In,0O3, SnO;, and (In,Sn); 03
(ITO) doped with different transition metals (Co, Mn, Fe, Cu,
Ni, V, etc.) and non-magnetic (N, H, etc.) dopants, attract
the most attention. Furthermore, the magnetic properties of
oxides span from diamagnetic, paramagnetic to ferromagnetic
and antiferromagnetic, and their chemical reactivity can be tai-
lored from being highly reactive to inert. All these promising
properties originate from the strong and competitive exchange
coupling between charge, orbital, lattice, and spin degrees of
freedom in these oxide materials.*"]

As will be discussed later, one obstacle for the DMOSs is
their weak magnetic signal as the doping concentration is usu-
ally only a few percent. One alternative solution is proposed
by Yan et al.,***!1 wherein concentrated oxide ferromagnetic
semiconductors (COFSs) are prepared by alternately sputter-
ing thin (less than 1 nm) ferromagnetic metal (Co, Fe) layers
and oxide (ZnO, TiO;, Iny O3, etc.) layers. These COFSs with
huge room temperature magnetization, large room tempera-
ture magnetoresistance, and giant room temperature magneto-
optical Kerr rotation[*?! are also promising candidates for fu-
ture spintronics applications.

3. Sample preparations and characterizations

Benefits from the development of sample preparation
techniques, high quality oxide thin films can be synthesized.
Four kinds of techniques are usually utilized to grow crys-
talline oxide films: pulsed laser deposition (PLD), molecular
beam epitaxy (MBE), magnetron sputtering, and chemical va-
por deposition (CVD).[*3] The physical mechanisms used to
generate the gaseous beams are different from each other. For
example, in PLD one uses high energy laser pulses to ablate
a target and the resulting ions from the target can have en-
ergy as high as ~ 100 eV. In contrast, in MBE growth, beams
with low energy (~ 1 eV) are generated by thermal effects. In
CVD growth, volatile molecular precursors are exposed to the
heated substrate where precursor decomposition is driven by
thermal energy. As a result of metal-organic precursor decom-
position, H or C impurities may be introduced into the films.
In magnetron sputtering growth, plasma is generated by ap-
plying a high voltage between a target and cathodes, ejecting
(sputtering) ions from the target toward the substrate. Because
of its high reproducibility and ability to obtain uniform films
in large scale, sputtering is widely used in today’s electronics
industry.

After various reports on ferromagnetism in TM-doped
DMOSs, where DMOSs refers to a non-magnetic semiconduc-
tor with a homogeneous distribution of a few-percent concen-

088505-2



Chin. Phys. B Vol. 22, No. 8 (2013) 088505

tration of magnetic dopants, it turns out that instead of prepa-
ration methods, FM is more sensitive to the detailed prepa-
ration conditions, i.e., substrates, temperature, oxygen partial
pressure, and post annealing conditions. Before discussing the
current research status of the oxide magnetic semiconductors,
it is worth mentioning how to define intrinsic ferromagnetism
in DMS materials. Because DMSs are usually synthesized
by incorporating magnetic transition metal elements into non-
magnetic semiconductors, it is important to make sure that the
observed ferromagnetism is not from magnetic clusters, con-
taminations or other artifact effects. In the following we would
like to briefly introduce the experimental tools commonly used
to investigate the DMOSs.

(i) X-ray diffraction (XRD). XRD, including rocking
curve, pole figure, and reciprocal space mapping measure-
ments, is a convenient technique to characterize the mi-
crostructures of materials. For example, in Ag-doped ZnO
bulk samples, when the doping concentration reaches 8%, Ag
impurity peaks are clearly revealed in the XRD results.[** Tn
Zn 95Nig 05O films, Ni impurity peaks, which are absent in
samples grown at high oxygen pressure (103 Torr, 1 Torr =
1.33322 x 10% Pa), have been observed in the samples pre-
pared in low oxygen pressure (10~ Torr).[*3 However, when
the doping concentration is low or the impurity clusters are
quite small, it is beyond the detection limit of XRD. 4!

(i1) Transmission electron microscopy (TEM). TEM uti-
lizes energetic electrons to provide morphologic, crystallo-
graphic, and compositional information about the studied sam-
ples. High resolution TEM (HRTEM), has become one of
the most powerful tools in microstructure characterization, be-
cause of its ability to show lattice information in a length
scale less than 0.5 nm. For example, in Tig93C00.020,_s
films, Co nanoparticles with a diameter of ~ 10 nm, located
at the interface between film and substrate, have been di-
rectly observed by TEM studies.[*’! In Co-doped ZnO pre-
pared by the sol-gel coating method, Co clusters, also di-
rectly found via the HRTEM, were responsible for the ob-
served ferromagnetism. (48] However, because the TEM usu-
ally only shows the detailed structure information of a tiny
partial area, it cannot effectively present macroscopic infor-
mation.

(iii) Electron energy loss spectroscopy (EELS) and X-ray
photoelectron spectroscopy (XPS). The substitution of TM el-
ements in DMOSs can be elucidated by means of EELS and
XPS, where the valence states of the TM dopants can be ob-
tained. For example, in Mn-doped ZnO, the shoulder pre-
sented in the nearedge structure of O-K and the Mn-L3/L,
intensity ratio from the EELS spectra indicates Mn to be in the
+2 valence state.[*”! In Co-doped ZnO, XPS has been used to
characterize the charge state of the Co ions, where from the
Co 2p core level photoemission spectrum, Co was found to be

in the 42 oxidation state as long as the concentration of Co is
less than 35%.150°11

(iv) X-ray absorption spectroscopy (XAS). XAS is an-
other useful tool to elucidate the formal charge state and the
local structural environment surrounding the TM dopants. For
instance, studies have been performed on the TM K-edge,
TM L-edge, and O K-edge.3>31 Its potential to provide lo-
cal chemical information and its high sensitivity to the sub-
tle difference in local arrangement have drawn increasing
attention, [>+>>]

(v) Electron spin resonance®® and Mossbauer
spectroscopy®”] have also been used to investigate the lo-

cal magnetic structures. On the other hand, by measuring

58,59

the optical properties, using Raman spectroscopy % and

(60611 the va-

optical transmittance (absorption) spectroscopy,
lence state of the transition metal dopants in DMOSs can be
illustrated.

(vi) Magnetic circular dichroism (MCD). MCD, which is
sensitive to magnetism in specific elements, is considered to
be one of the most powerful tools to identify the existence of
intrinsic ferromagnetism. The appearance of MCD is directly
connected to the spin polarization of a semiconductor band,
which is due to the quantum mechanical selection rules for
optical absorption. All magnetic materials produce an MCD
signal, but for intrinsic DMSs or DMOSs, not only a strong
MCD signal is expected, but also an MCD spectral shape that
reflects the band structure of the host semiconductors should
be exhibited©>~%*I (as shown in Fig. 1). MCD has been widely
used as important evidence for the existence of intrinsic ferro-
magnetism in TM-doped ZnO DMOSs.[63:64]
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Fig. 1. Room temperature MCD measurements of ZnO doped with
(a) Mn (2%), (b) Co (2%), (c) Ti (2%), and (d) V (5%). The op-
tical absorption data for the Mn-, Co-, and V-doped samples and the
Faraday rotation data for the corresponding Ti-doped samples are also
shown. Reprinted with permission from Ref. [63]. The unit 1 Oe =
79.5775 A-m~!. Copyright (2006) by the American Physical Society.

(vii) Magnetic zero field cooling (ZFC) and field cool-
ing (FC) curves. Through systematic analysis of the ZFC—
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FC magnetic behaviors, it is possible to investigate the exis-
tence of magnetic nanoclusters. %3] For instance, Martinez et
al.'%) reported that in Co-doped ZnO nanoparticles, although
XRD and high resolution electron microscopy show the ab-
sence of any Co segregation or any phase other than wiirtzite
Zn0O, ZFC-FC magnetization curves show the typical behav-
ior of an assembly of superparamagnetic nanoclusters with
irreversibility between the ZFC and FC branches below the
blocking temperature (as shown in Fig. 2).
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Fig. 2. Thermal dependence of the magnetic susceptibility of
Zng.95C0g 050 sample after a ZFC—FC process. Reprinted with per-
mission from Ref. [66]. Copyright (2006) by the American Physi-
cal Society.

(viii) Anomalous Hall effect (AHE). AHE occurs in ma-
terials with broken time-reversal symmetry, typically in fer-
romagnetic materials, as a result of spin-orbital coupling.[®7]
Hence, it is directly related to the exchange coupling between
localized magnetic and itinerate carriers. In addition, AHE
is insensitive to magnetic contaminations and other artificial
effects, compared to magnetic measurements. As a result,
AHE has also been considered as a useful tool to determine
whether TM-doped DMOSs, such as Co-doped ZnO!3-7%1 and
Co-doped TiO,,"! are intrinsic DMSs or not. For highly in-
sulating magnetic oxide samples where conventional transport
measurements cannot be performed, ferroelectric testing and
impedance spectroscopy have been utilized to identify the re-
lationship between magnetization and the carriers. >

Moreover, because carriers play a crucial role in mediat-
ing the exchange coupling, any independent manipulation of
carrier density, for instance, by external electrical field in a
field effect transistor or by co-doping, should have a direct in-
fluence on the ferromagnetism. Although the phenomena of
MCD, AHE, and electric field modulation of ferromagnetism
can be regarded together as the signature of intrinsic ferro-
magnetism, caution needs to be exercised before arriving at
a definitive conclusion of the observation of intrinsic ferro-
magnetism, because the above-mentioned effects can appear in
cases where the dopant distribution is inhomogeneous and/or

the dopants are partially clustered.

4. Fascinating properties of oxide ferromagnetic
semiconductors

Extensive efforts are devoted to the development of oxide
ferromagnetic semiconductors suitable for spintronics applica-
tions, because of the prospects of achieving new functionality
via controlled modification of magnetic, electronic, and pho-
tochemical properties. The first step toward magnetic prop-
erty modification is searching materials with reproducible and
stable room temperature ferromagnetism. In the case of elec-
tronic modifications, conductivities of semiconducting oxides
can be changed by several orders of magnitude by doping. For
example, doping SrTiO3 (STO) with a few parts per thousand
of Nb changes the transparent STO into dark gray, strongly n-
type semiconductors. Combining the spin degree of freedom
of oxide ferromagnetic semiconductors, it is possible to ma-
nipulate the transport behavior of the spin polarized carriers
by applying magnetic fields. While in the photochemical area,
not only is magnetic doping an effective method to shift the
band gap of oxide photocatalysts such as TiO; from the visible
into the UV range, but it also facilitates novel photochemical
reactions differing from the host materials by introducing im-
purity bands. In the following, we would like to give a brief
summary of the current research status of the wide band gap
oxide ferromagnetic semiconductors, including the magnetic,
electrical transport, and optical properties.

4.1. Magnetic properties

4.1.1. TM-doped diluted magnetic oxide semiconduc-
tors

In the search for intrinsic high Curie temperature mag-
netic semiconductors, ZnO-, TiO;-, In,O3-, and SnO,-based
wide band gap oxide semiconductors are among the most ex-
tensively explored materials, including 3d TM-doped materi-
als, co-doped materials, non-magnetic element-doped materi-
als, and undoped materials, because of both the hope generated
by early research and additional application-worthy properties

(72751 In the following we would like

revealed more recently.
to discuss the research on several wide band gap oxide mate-

rial systems that have been central in the DMOS research.

4.1.1.1. ZnO-based magnetic semiconductors

ZnO is one of the most investigated oxides due to its
unique physical properties. The stable crystal structure of ZnO
is wurtzite with a direct bandgap of 3.4 eV. It has a shallow
donor level due to the existence of native defects, such as oxy-
gen vacancies and Zn interstitials, and a very high electron
mobility of 200 cm?/V-s. The wide band gap in combination
with high conductivity holds promise for applications in sur-
face acoustic wave devices and transparent conducting elec-
trodes. Since the valence of Zn is 24, which can be adopted
by many 3d TM ions, incorporating TM ions substitutionally
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into ZnO is relatively easy and a higher doping concentration
can be achieved.

The first investigation of ferromagnetism in 3d TM-doped
ZnO films was performed by Ueda et al.,!*8! wherein some fer-
romagnetic features were observed only in Zn;_,Co,O rather
than in Cr-, Ni- or Mn-doped films. Later, various 3d TM ele-
ments, such as Sc, 76781 Ti,[76-781 v/ [77.78] Fe [79.80] () [28.81]
Ni,[82:831 Cr, [84-861 Vi, 14987891 Cyl90-941 have been exten-
sively explored. For instance, room temperature FM is ob-
served in ZnO films synthesized using targets containing 5 at%
of Sc, Ti, V, Fe, Co, and Ni, but not Cr, Mn, and Cu ions,
as is shown in Fig. 3.177-78] It is clear that the observed fer-
romagnetism is very anisotropic, with the largest moment
2.6 pp/dopant atom for a Co-doped sample under parallel
magnetic field.[”® In addition, with increasing Co concen-
tration, the moment/Co decreases as a result of the increas-
ing Co—Co antiferromagnetic coupling between neighboring

(78] The first observation of room temperature FM

49]

dopants.
in diluted Mn-doped ZnO was reported by Sharma et al.,!
where an average magnetic moment of ~ 0.16 pug was ob-
tained. More detailed work on low temperature processed
Mn-doped ZnO was performed by Ogale and co-workers, 7]
wherein they demonstrated that room temperature FM in Mn-
doped ZnO does not originate from carrier induced exchange
coupling between Mn dopants, but rather comes from a new

metastable ferromagnetic phase.
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Fig. 3. Magnetic moment of 3d TM-doped ZnO films measured at
room temperature under both parallel (open circles) and perpendic-
ular (solid circles) applied magnetic field. Reprinted with permis-
sion from Ref. [78]. Copyright (2004) by the American Physical
Society.

Furthermore, the observed ferromagnetism could be ma-

nipulated by both physical and chemical treatment. Schwartz

193] reported that in Co?*:ZnO the room temper-

and Gamelin
ature (RT) ferromagnetic ordering could be switched back and
forth reproducibly by introducing and removing native inter-
stitial Zn as shown in Fig. 4, where a double-exchange mecha-
nism for ferromagnetism involving electron delocalization on

[96

Co ions was proposed. Kittilstved et al.[°®! demonstrated that

ferromagnetism in Co>*:ZnO and Mn”*:ZnO can be modi-
fied in predictable and reproducible ways by using targeted n-
and p-type chemical perturbations as shown in Fig. 5. These
data are not only consistent with the prediction from carrier-
mediated ferromagnetism, but also suggest that it may even-
tually be possible to use ex sifu chemical, physical or even
optical perturbations to manipulate the magnetic ordering in
DMOSs.
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Fig. 4. (a) Reversible room temperature ferromagnetism for the 3.61%
Co0:ZnO thin films, using alternating Zn; incorporation and oxidation
with O, (sequence: x (03), O (Zn;), O (03), + (Zn;)). (b) The corre-
lated switching of the 300-K *A, —*T| (P) ligand-field absorption in-
tensity (black), 10-K Co paramagnetism (green), 300-K saturation mag-
netic moment (blue), and conductivity (red) for the above sample. (c)
Schematic illustration of the effect of Zn; on the ferromagnetic order-
ing. Reprinted with permission from Ref. [95]. Copyright (2004) by the
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 5. Room temperature hysteresis loops for (a) 0.20% Mn>*:ZnO
and (b) 3.5% Co**:ZnO films prepared from N-capped (solid) or O-
capped (hollow) colloids. Insets: statistics for room temperature ferro-
magnetic saturation moments obtained from >10 independent films for
each case. Reprinted with permission from Ref. [96]. Copyright (2005)
by the American Physical Society.

In an ideal case, doping Co or Mn into ZnO should only
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introduce local magnetic moments without introducing addi-
tional carriers, since the valence state of Zn is 2+, which
is the same as that of the substitutional Co or Mn dopant.
Hence, this system could allow more direct exploration of
the question of whether the observed room temperature FM is
carrier-mediated or not. Accordingly, some studies have been
performed on the properties of TM-doped ZnO in which an
electronic dopant such as Al was deliberately doped to tune

n.[97-%1 For example, Behan et al.%%)

the carrier concentratio
studied the magnetic properties of (Co, Al) and (Mn, Al) co-
doped ZnO with a very wide range of carrier densities (from
10'7 cm =3 to 10?! ecm™3). As shown in Fig. 6, robust room
temperature FM was observed both in the insulating regime
with a carrier concentration of 107 cm™3 ~ 10'® cm~3 range
and the metallic regime with a carrier concentration around
10%° cm—3. However, ferromagnetism is quenched when car-
rier concentration was in an intermediate regime. It was pro-
posed that variable range hopping (VRH) combined with mag-
netic polaron formation is responsible for the room temper-
ature FM in the insulating regime, while standard carrier-
mediated room temperature FM is dominant in the metallic
regime. The absence of room temperature FM in the interme-
diate carrier range was explained as a result of the spin flip
caused by a sudden polaronic density change near Co due to
the hopping of a mobile carrier.*”!
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Fig. 6. Room temperature magnetization for (Co,Al) co-doped
ZnO films as a function of the mobile carrier density. Reprinted
with permission from Ref. [99]. Copyright (2008) by the American
Physical Society.

However, different conclusions have been obtained. That
is, structurally excellent crystalline films of Mn- and Co-doped
ZnO are paramagnetic, even in the presence of sufficient itin-
erant carriers, [48:76:89.100-102] \,hich makes the observed room
temperature FM controversial. Using synchrotron radiation,
Ney et al.'"%! performed element-specific structural and mag-
netic investigations on the Zn;_,Co,O epitaxial system. It
was found that although Co dopants exclusively occupy Zn
sites, purely paramagnetic behavior is observed for isolated Co
dopants, and Co—O-Co pairs are antiferromagnetically cou-
pled. Kaspar et al.!'%%) investigated the magnetic properties of

Co-doped ZnO with high structural quality and a wide range of
conductivities (107* Q-m-10° Q-m), which was achieved by
controlling deposition oxygen pressure, post annealing con-
ditions, and/or Al co-doping during deposition. In no case
were ferromagnetic signatures observed, indicating that itiner-
ant conduction band electrons alone are insufficient to induce
room temperature FM. Further in-depth investigation leads to
the suspicion that the combination of Co and point defects are
responsible for the appearance of room temperature FM. Point
defects could mediate effective exchange coupling between Co
spins via bound magnetic polaron formation. Also it has been
suggested that defects at small-angle grain boundaries in epi-
taxial films could be the source of polaronic carriers./*3! Un-
fortunately, these defects are extremely difficult to detect ex-
perimentally.

4.1.1.2. TiO,-based magnetic semiconductors

Since the first report of DMOSs ferromagnetism in Co-
doped TiO,,?”! TiO,-based DMOSs become the most ex-

(72,741 TiO, has three basic polymorphs,

plored oxide systems.
i.e., rutile, anatase, and brookite. Rutile is tetragonal (a =
4.59 A and ¢ = 2.96 A) with an indirect bandgap of 3 eV,
which is considered to be the most stable configuration and
can be grown using LaAlO3z (001), SrTiO3 (001) substrates,
while the anatase phase also crystallizes in a tetragonal struc-
ture (@ = 3.78 A and ¢ = 9.52 A) with a bandgap of 3.2 eV,
which is promising for photo—electro—chemical use, and it
can be grown on Si (100), Al,O3 (001) substrates.[”37! In

a pioneering study performed by Matsumoto et al.,*”]

room
temperature FM with a magnetic moment ~ 0.32 pg/Co was
achieved, wherein the Co ions were believed to be in the low
spin configuration. Later, the reported room temperature mag-
netic moments in Ti;_,Co,0, vary from ~ 0.16 ug/Col!%3!
to ~ 1.7 uB/CO,“O“’lOS] and even exceed the moments of Co
metal (1.76 pg/Co).H106]

In order to elucidate whether the observed ferromag-
netism is intrinsic or not, multiple methods have been utilized,
such as XPS, XAS, MCD, AHE, etc. The charge state of Co
in TiO; has been determined to be +2 by using both XPS and
XAS,72] but further investigations are needed to determine
whether the ionic ground state of Co>* is the high spin (3d’
§ = 3/2)11%1 or low spin state (3d” § = 1/2).1'%] Yamada et
al.""98 performed a systematic study of the structures, elec-
tronic, and magneto—optical properties of anatase phase Co-
doped TiO,. Not only is a large MCD signal observed at a
photon energy close to the band gap of TiO», but the intensity
of the MCD signal increases with both the increase of carrier
density and doping concentration. These data demonstrate that
interaction between carriers and Co impurities is essential to
the room temperature FM in the Ti;_,Co,0; (x = 0-0.10) sys-
tem. Soft X-ray magnetic circular dichroism (XMCD) mea-
surements were performed on Rutile Ti;_,Co,O by Mamiya et
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al.,"%! revealing that room temperature FM originates from
Co** ions substituting for Ti*"ions. In addition, the con-
nection between carrier density and ferromagnetism has been
indicated by the AHE in Co-doped TiO,.[''-113] For exam-
ple, Toyosaki et al.!!'") reported finding AHE in rutile phase
Ti;—xCo,O, grown by laser molecular beam epitaxy, support-
ing the belief that the carrier-mediated room temperature FM

' reported finding AHE in anatase

is intrinsic. Ueno et al.!
Ti;—Co,O,, where the magnetic field dependence of AHE co-
incides with that of magnetization. Toyosaki et al.l''?! and

113] studied the magnetic properties of rutile

Fukumura et al.
Ti;—xCo,O using MCD, AHE, and magnetic measurements as
well. They found that the observed magnetization depends on
both carrier concentration and doping concentration. More-
over, the magnetic field dependence of the MCD signal shows
good coincidence with those of both magnetization and AHE,
strongly suggesting that carrier induced intrinsic ferromag-
netism can occur in this system. Similar conclusions have
been obtained by other groups.'#-116] Tt is worth mentioning
that Shinde et al.'*”) performed a detailed magnetic and struc-
tural analysis of highly reduced rutile Ti;_,Co,0;. The cusp
feature in ZFC-FC curves suggests the presence of nanopar-
ticles, which has been directly confirmed by using TEM. Sur-
prisingly, AHE is clearly observed. The co-occurrence of su-
perparamagnetism and AHE raises a question regarding the
use of AHE as definitive evidence for the existence of intrinsic
ferromagnetism.

Beside Co, other TM elements, such as Fe,[117:118]
Cr,[118-1201 y/[18] Nj [118] etc  have also been doped into
TiO,.
tention, as Cr dopant seems to have no tendency to segre-

For example, Cr-doped TiO, draws increasing at-

gate and/or precipitate into different phases up to a Cr con-
centration as high as 16 at%. Wang et al.l'>! reported a
hole mediated, RKKY-like interaction-induced high temper-
ature (T, >400 K) ferromagnetism in rutile Ti;_,Cr,O, with
a saturation magnetic moment 2.9 pg/Cr for x = 0.06 and
0.9 pp/Cr for x = 0.12, respectively. In contrast, Droubay et
al.'"??! found room temperature FM in insulating anatase Cr-
doped TiO, with a saturation magnetization of ~ 0.6 pg/Cr.
This indicates that rather than itinerate carrier-mediated ferro-
magnetism, F-center exchange-induced bound magnetic po-
larons are responsible for the observed ferromagnetism in
the insulating case. Moreover, Kaspar et al.[''”! reported
that ferromagnetism can be obtained only in structurally de-
fective Ti;_,Cr,O,, while negligible magnetism is found in
Ti;—Cr,O, that is of excellent structural quality, which in-
dicates that charge-compensating oxygen vacancies alone are
not sufficient to induce ferromagnetism, contrary to the pre-
diction of the F-center model. Hence, the mechanism of fer-
romagnetic interaction could be quite different, even for the
same system, and needs further investigations.

4.1.1.3. SnO,-based magnetic semiconductors

Inspired by the research into TiO;-based DMOSs, some
researchers have looked at another rutile-type material, i.e.,
Sn0». So far, magnetic properties of Co-,[123124] Mp-, [124.125]
Fe-,[124.126] . 1691 Nj- (691271 ¢y 1128 g doped SnO; have
been studied. Interesting work by Ogale et al.l'>}! with Co-
doped SnO; showed that ferromagnetism up to 650 K can be
obtained for Sng 95Co0¢ 050,. More importantly, a giant mag-
netic moment of (7.5 0.5 ug/Co was discovered for the first
time in DMOSs. Later, giant magnetic moments were also
confirmed in TM-doped ZnOB"-12°1 and TM-doped SnO,.!*°!
The giant magnetic moments in Co:SnO; have been attributed
either to atoms surrounding the Co atoms, which acquired mo-
ments through electronic effects, or to the orbital moments
of Co remaining unquenched for some unknown reasons.!!3!
Nevertheless, the state giving giant magnetic moments is pos-
sibly a highly unstable state, which is usually observed in the
diluted doping condition and can be eliminated by both post
annealing and increasing doping concentration.®! The origin
of such a giant magnetic moment is still an open issue.

4.1.1.4. In,0O5-based magnetic semiconductors

InyO3 is a well-known transparent oxide semiconduc-
tor that can be made highly conductive by introducing oxy-
gen vacancies or Sn doping, so ferromagnetic InyO3 mate-
rials are attractive candidates for magneto—optical and spin-
tronics devices. Room temperature FM has been observed in
Fe-,[130-132] Cq_ 11331 Nj-, [134] O, 11351371 y_1138] doped sam-
ples as well codoped samples.!!3%1491 For instance, through
extensive studies microstructure, composition, and magnetic
properties, Xing et al.!'3%! found that Curie temperature in Fe-
doped InyO3 can be as high as 927 K with a strong perpendic-
ular magnetic anisotropy and a coercivity of 680 Oe at room
temperature.

4.1.1.5. Cu,0O-based magnetic semiconductors

Cu,0 is another interesting candidate because it is a p-
type semiconducting oxide. Kale e al.l'*!! first made a se-
ries of films of 5% Co-doped Cu,O without and with 0.5%
codoping with Al, V, or Zn. Spin glass behavior was found
in samples without co-doping, while room temperature FM
was observed for Co, Al co-doped films with a saturation mo-
ment of 0.44 up/Co. The authors suspected that an orbital
defect state may be involved in producing the room temper-
ature FM. Also, based on the Co:Cu;0O system, Raebiger et
al.l"*?1 proposed a new model for the appearance of ferromag-
netism, wherein the occupation of the previously unoccupied
states when two TM impurities form a close pair plays the
critical role. Other host oxide materials have also been used
to search for DMOSs, such as La;_,Sr, TiO3, KTaO3, Fe3Oq4,
etc. The recent progress has been summarized by several re-

view papers. [437475]
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4.1.2. d° ferromagnetism

There are a relatively large number of reports of unex-
pected weak ferromagnetism in the “d” systems,” in which

[143] The discussion was trig-

there are no magnetic dopants.
gered by the observation of ferromagnetism in HfO, with a
moment of ~ 0.15 ug per HfO, formula unit and a giant

y, 11441431 which depends on both the substrate and

anisotrop
film texture. And later, d° ferromagnetism was demonstrated
in undoped Ti0,,[146] ZnO,147:148] 1, 05, [146:1491 §nO,, 11501
Al,03,"*7 etc., and Sc-, Ti-, and C-doped ZnO as well.['>!]
As there are usually no known ferromagnetic secondary
phases of Zn, Sc, or HfO,, secondary ferromagnetic phases
cannot be a general and convincing explanation. A common
feature is the presence of lattice defects, since none of the
above mentioned materials are ferromagnetic in bulk when
they are defect-free. Several plausible models have been pro-
posed. For example, defects in a semiconductor or insulator
could create states in the bandgap, if the density of states
is sufficiently large, spontaneous spin splitting may emerge
based on the Stoner criterion. On the other hand, it is also be-
lieved that defect states themselves could give rise to magnetic
moments by involving the molecular orbital localized in the
vicinity of the defects to form an impurity band that is neces-
sary to mediate a long range magnetic coupling.!'43! Recently,
a new model was developed for defect-related ferromagnetism
for DMOSs, involving a spin-split defect impurity band popu-
lated by charge transfer from a proximate charge reservoir.!!>?!
In oxides, defect states are typically oxygen vacancies and/or
metal interstitials.['43! It is worth mentioning that the formed
impurity band does not have to be conducting. As long as the
localization length is larger than the distance between local-
ized moments, ferromagnetism could be established. So far,
the origin of observed magnetization anisotropy in these films
remains an open question, and needs further in-depth theoret-

ical investigations.

4.1.3. Magnetic properties of concentrated oxide fer-
romagnetic semiconductors

The moments of a typical DMOS sample are of the or-

der 1078 A-m? or even less, which is near the limit of sen-

sitivity of instruments used to characterize magnetic proper-

ties, such as VSM (10_9 A~m2). As a result, the hidden sec-

ondary phases, contamination, measurement artifacts could

[153,154] Ap alternate

provide comparable magnetic signals.
material with suitable magnetic moments for practical applica-
tions is the concentrated oxide ferromagnetic semiconductors
(COFSs). As mentioned previously, amorphous or nanocrys-
tal COFSs with high TM concentration can be synthesized
by alternatively sputtering very thin TM and oxides layers

under thermal non-equilibrium conditions. In such a way,

C0:Zn0, 101531 Fe:7n0,1156:1571 Co:Ti0,,*1 Co:Al, 04,1581
and Fe:In, 03151 COFSs have been successfully synthesized.
The magnetization at room temperature can be as high as ~
580 emu/cm? (~ 0.78 pp/Co) for Co:ZnO and ~ 500 emu/cm?
(~ 1.24 pug/Co) for Co:Ti0,.*%* In these special systems,
many defects, such as O vacancies and TM interstitials, can
exist and provide s, p carriers, which lead to the spin—spin
exchange interaction between s, p carriers and localized d
electrons of doped TM elements. There also exist direct d—
d exchange interactions between neighboring TM dopants as
a result of high TM concentration. Therefore, localized TM
dopants can establish local ferromagnetic structures and even
long range ferromagnetic ordering through either s, p—d or d—d

exchange coupling between neighboring TM dopants.

4.2. Transport properties

To move toward utilizing and manipulating the spin de-
grees of freedom, it becomes crucial to understand the be-
havior of the spin polarized carrier inside both ferromagnetic
oxide semiconductor materials and artificially constructed de-
vices. In the following we would like to give a brief summary
of the most extensively studied transport behaviors of ferro-
magnetic oxide semiconductors, i.e., magnetoresistance and

the anomalous Hall effect.

4.2.1. Magnetoresistance

Magnetoresistance (MR) represents the change in resis-
tance with applied magnetic field and hence demonstrates the
interaction between free carriers and localized magnetic mo-
ments. The study of MR in ferromagnetic materials started
as early as 1857 with the measurement of anisotropic MR in
Ni and Fe. Recently, extensive effort has been applied to the
magnetotransport phenomena in oxide magnetic semiconduc-
tors, motivated by the rapid increase of data storage density
in magnetic storage devices where magnetoresistive read-out
technique is employed in the read heads. Unfortunately, the
reported magnetotransport behavior in DMOSs is quite con-
troversial since not only negative MR but also positive MR
or a combination of the two have been observed. 1991631 The
variety of MR in magnetic oxide semiconductors reflects the
competing mechanisms dominating different fields as a result
of the complex couplings between the spin, orbital, spin—spin,
and spin—orbital interactions.

The positive MR in ZnO-, TiO;-, and In,Os-based
DMOSs is commonly attributed to the quantum correction
on the conductivity due to the influence of the s—d ex-
change coupling-induced spin-splitting on the spin disorder-
modified electron—electron interactions.!'61-104-167] On the
other hand, the negative MR, especially at low magnetic field,

is usually attributed to the destructive effect of the weak
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localization. 1691651 Weak localization is quantum-mechanical
in nature and is a result of the diffusive motion of electrons in
a highly disordered electronic system. The effect manifests
itself as a positive correction to the resistivity. Systems with
kel > 1 will be in the weakly localized regime, where kf is
the Fermi wave vector and / is the carrier mean free path. In
line with the weak localized effect, negative MR has also been
widely attributed to the decreased spin-dependent scattering as
a result of the formation of magnetic polaron. [164168.1691 Hoy.-
ever, different mechanisms have also been reported. For in-
stance, negative MR has been attributed to the spin-dependent
hopping or magnetic field-induced variation of the Anderson

1701 and to the high-order expansion of

localization length,!
the s—d exchange coupling.['”1!7?) Giant positive MR with
the temperature dependence In(R g /R ¢)) ~ T~!in Co-doped
ZnO nanocluster films is believed to be a result of the sup-
pression of spin-dependent hopping when localized states with
onsite correlation undergo large Zeeman splitting.!'73174 Be-
sides spin-related effects, positive MR found in oxide ferro-
magnetic semiconductors has been attributed to purely orbital
effects, which is not expected in the sense of manipulating
spin polarized carrier transport. For example, positive MR
could arise from the action of the Lorentz force on the mobile

(1731 For carriers in closed orbits, this positive MR is

carriers.
quadratic in low magnetic field and saturates in high magnetic
field. While for carriers in open orbits, due to the reduced
sample dimensions, this positive MR is quadratic and non-
saturating. In the VRH regime, especially at sufficiently low
temperatures where carrier hopping distance is relatively large,
a large positive MR could originate from a sharp decrease in
the overlap of wave-function “tails” between different states,
i.e., wave-function shrinkage effect.l!76:177]

It should be pointed out that the above-mentioned MR
behavior of DMOSs was usually observed at low tempera-
ture and vanished at room temperature. Compared to DMOSs,
COFSs could provide a much larger negative MR, 11% neg-
ative MR at room temperature.*?! In these COFSs, the dom-
inant transport mechanism at low temperature regime is the
thermal assisted spin-dependent VRH, while at high temper-
ature, nearest neighbor hopping and/or direct tunneling can
also contribute to the conductivity. By considering spin—
spin exchange interactions (Eex = —(J/r)cos6), electron—
electron Coulomb interaction (Ec, = e /€r) and the “hard
gap” energy simultaneously, the spin-dependent VRH model
is proposed.!37-15%178] Here, J/r is the effective exchange
coupling coefficient between two carriers, 0 is the angle be-
tween the spin in the initial and final states, € is the ef-
fective dielectric constant. Not only good agreement be-
tween theoretical predication and experimental observation

was achieved (as shown in Fig. 7), but also a convenient

method to estimate the spin polarization ratio of an oxide fer-
romagnetic semiconductors was provided. The spin polariza-
tion ratio of the Zng 28Co0¢.720, Tip.24C0g 7602, Zng 14Fep 360
is estimated to be P = 29.6%, P = 21.9%, and P = 30.0%,

respectively.[157:178]
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Fig. 7. Direct comparison among the experimental m—H curve (a),
the theoretical (b), and experimental (c) p—H curves measured at
5 K for Tip 24Co0.760 COFS film. Reprinted with permission from
Ref. [178]. Copyright (2006) by the IOP Publishing Ltd.

Anisotropic MR (AMR), which depends on the square of
the spin—orbital coupling, is an important but seldom studied
magnetotransport behavior. Previous studies from different
groups contradict each other. Some researchers have shown
that MR is independent of the orientation of the applied field
with respect to the current and/or the crystalline axis, while
others have demonstrated that MR is sensitively dependent on
the field direction and/or the crystalline axis.[7-16%169.179,180]
Because the carriers are usually s electrons in oxide ferromag-
netic semiconductors, [°7-162:1801 the effect of spin—orbital cou-
pling are rather smaller compared with p-type Gaj;_,Mn,As
DMSs where carriers are holes with much larger effective

181 1801 performed a system-

mass.'8! For example, Tian et al.!
atic study of the anisotropic MR of Cu-doped ZnO with dif-
ferent crystalline orientations. Their comparative data of
angular-dependent MR show that out-of-plane AMR comes
from the geometric effect, while in-plane AMR results from
the field-dependent path-length effect. As shown in Fig. 8§,
the small magnitude of AMR and the negligible magnetocrys-
talline anisotropy reflects the weak spin—orbital coupling in

TM-doped ZnO systems. 180
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Fig. 8. (a) Schematic plot of the experimental configuration for
the in-plane AMR measurement. (b) In-plane MR, py/po, for the
Cu-doped ZnO films grown on two different sapphire substrates.
Reprinted with permission from Ref. [180]. Copyright (2012) by
the American Institute of Physics.

4.2.2. Anomalous Hall effect

It is well known that the ordinary Hall effect is a re-
sult of the Lorentz force acting on the charges of moving
carriers, while the anomalous Hall effect is highly sensitive
to magnetization, that is, the spin degree of carriers. In ad-
dition, AHE is not affected by small amounts of segrega-
tion. Hence, it is a good measure of ferromagnetism for
DMOSs. As a result, AHE has been widely used as a useful
tool to distinguish the existence of intrinsic FM in Co-doped
TiQ,, 47 7LII=113115,116.182] Co_ or Ni-doped ZnO, 45681 Co-
doped SnOz,[69] FeCu-doped In203,[183] and Mn-doped ITO,
etc.!’% For example, in Co-doped TiO,, the AHE together
with magnetization, magnetic circular dichroism measure-
ments have been examined for samples with various elec-
tron concentrations.!' '3 The sample with high electron den-
sity shows the same magnetic field dependence for AHE,
MCD, and magnetization (as shown in Fig. 9). The unim-
portant deviation in the Hall resistivity at high magnetic field
comes from the ordinary Hall effect. These results rule out
the possibility that FM originates from a magneto—optically
inactive and/or insulating substance, and they strongly suggest
a carrier-mediated intrinsic FM. Further study shows that the
anomalous Hall conductivity is proportional to (o), with
Oy represents the conductivity. This not only means that the
magnitude of the AHE can be evaluated from conductivity,
but also indicates the possible manipulation of AHE by ex-
ternal perturbations, such as field effects. Yamada et al. [182]
for the first time demonstrated electric field-induced ferromag-
netism at room temperature in oxide magnetic semiconduc-
tors by using an electric double-layer gating technique. By
applying a gate voltage of a few volts, a low-carrier param-
agnetic (Ti,C0)O, with negligible AHE was transformed into
ferromagnetic state with pronounced AHE, as given in Fig. 10.
This study not only supports the carrier-mediated intrinsic fer-
romagnetism, highlighting the crucial role of carriers played

in establishing the high temperature ferromagnetism, but also
offers promise that future semiconductor spintronics might op-
erate at room temperature.
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Fig. 9. Magnetic field dependence of Hall resistivity (blue curve),
magnetization (green open circles), and MCD (red circles) for
Tip.00C00.1002—,. Reprinted with permission from Ref. [113].
Copyright (2008) by IOP Publishing Ltd and Deutsche Physikalis-
che Gesellschaft.
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Fig. 10. (color online) Magnetic field dependence of anomalous
Hall conductivity measured at 300 K under different gate voltages
(Vi ). Inset shows the electron density at each Vg obtained from the
ordinary Hall effect. Reprinted with permission from Ref. [182].
Copyright (2011) by the American Association for the Advance-
ment of Science.

However, AHE has also been observed in systems with
secondary magnetic clusters, such as in Ni-doped ZnO*! and
Co-doped TiO,.*7! This means that AHE itself cannot be used
as an unambiguous evidence of the intrinsic FM without fur-
ther detailed microscopic characterization of the studied sam-
ples.

4.3. Optical properties

Besides the spin-dependent electrical properties dis-
cussed in the previous section, strong exchange interactions
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between sp carriers of host oxide semiconductors and local-
ized d electrons of TM dopants in oxide ferromagnetic semi-
conductors also give rise to interesting spin-dependent op-
tical properties. For instance, a giant Faraday effect ob-
served in II-VI DMS Cd;_Mn,Te and Cd;_,_,Hg,Mn,Te
has been used for optical isolators in high-speed optical com-
munication systems and magneto—optical waveguides for op-
tical circuits.[!8%185] Magneto—optical properties of oxide fer-
romagnetic semiconductors, such as TM-doped ZnO and TiO,
etc. with a large optical band gap and high excitation bind-
ing energy, would be of particular interesting for a variety of
short wavelength applications. Since ZnO is a direct band tran-
sition semiconductor, a sharp and large MCD signal should
MCD and
Faraday rotation as high as 2°-cm~!-Oe~! at low tempera-

appear upon the abrupt increase in absorption.

ture in Zn;_,Co,O near the optical band gap has been re-
ported by Ando et al.,l'8186] which are about two orders
larger than those of ZnO, indicating a strong antiferromag-
netic p—d exchange interaction. And the MCD signal around
2 eV corresponds to the d—d level absorption of substitutional
Co*t ions.[7®1 Moreover, a maximal Kerr rotation of 0.72°
is observed at room temperature in annealed inhomogeneous
Zn;_,Co,O COFSs, which is even higher than that of pure
Co films, Pt/Co multilayers, and Pt,Coj_y alloys.[42J While
in Co-doped anatase TiO;, a hysteresis MCD signal without
any other paramagnetic signal has been reported,!'3”! indicat-
ing that the MCD signal originates from a single ferromag-
netic source. It should be pointed out that the ferromagnetism

(1881 if the ambiguous relationship between

could be extrinsic,
the MCD and absorption spectra, the different magnetic field
dependence depending on photon energy, or the superposition
of several magnetic behaviors is observed.

The optical properties of oxide ferromagnetic semicon-
ductors have also been studied by spectroscopic ellipsome-
try. With increasing TM doping concentrations, the optical
bandgap absorption edge of the compounds shows a redshift
compared to the host oxide, such as ZnO, while the transmit-
tance spectra show an increase of both the absorption band
intensity and the redshift of both the absorption peaks and the
band edges. These optical studies suggest that sp—d exchange
interactions and direct d—d coupling become activated with in-
creasing TM concentrations, which results in the observed fer-
romagnetic properties.

5. Origin of ferromagnetism and first principles
calculation of exchange interactions

Not only robust ferromagnetism has been reported in
DMOSs. “Mystery” magnetic behaviors have also been ob-
served, such as d” ferromagnetism and giant magnetic mo-

ments. These phenomena challenge our understanding of ox-

ide ferromagnetism. In this section, we would like to first in-
troduce three typical models — itinerate carrier mediated FM,
bound magnetic polarons (BMPs), and charge transfer model
— among the numerous models that have been proposed to
explain the mechanism of observed FM, and then focus on the
first principles investigations of the exchange interactions be-
tween TM dopants in DMOSs.

5.1. Origin of ferromagnetism

Carrier induced FM was first proposed by Dietl et al.!'3]

based on the Zener model. The original Zener model was later
abandoned, as it considered neither the itinerant character of
the magnetic electrons nor the quantum (Friedel) oscillations
of the electron spin polarization around the localized spin, both
of which have been established to be critical factors for the the-

1891 However, we can now see that in

ory of magnetic metals.
semiconductors where the effect of quantum averages to zero
because the mean distance between the carriers is greater than
that between the spins, the Zener model becomes equivalent
to the RKKY approach. As a result, FM above room tempera-
ture has been theoretically predicted in p-type ZnO doped with
5 at% Mn. The model of carrier-induced FM has been verified
by many experiments with relatively high carrier density. In
most of these systems, the FM can be enhanced by increasing
the carrier density through Al codoping or introducing more
oxygen vacancies and/or Zn interstitials.

In order to explain the observed FM in some insulating
systems, Coey et al.'’") proposed that ferromagnetic exchange
can be mediated by shallow donor electrons that form bound
magnetic polarons (BMPs) which overlap to create a spin split
impurity band. The electrons associated with particular de-
fects remain localized in terms of hydrogenic orbits, until a
critical donor concentration is reached, at which point the im-
purity band becomes delocalized. The donors tend to form
BMPs, coupling the 3d magnetic moments of the TM dopants
within their orbits. And FM occurs when 6 > §, and x < x,,
where §, and x, are the polaron percolation threshold and
cation percolation threshold, respectively.

The charge transfer model is developed for defect-related
FM by Coey et al., involving a spin-split defect band populated
by charge transfers from a proximate charge reservoir, 101911
There are three crucial components for the charge transfer FM:
a defect-based band with a high density of states in the vicin-
ity of the Fermi level; a charge reservoir to or from which
electrons can be easily transferred, which is usually associated
with the dopant ions in the DMOSs; an effective exchange
integral associated with the defect states. Unlike a classi-
cal Stoner ferromagnet where the magnetization is uniform, a
charge transfer ferromagnet is not uniformly magnetized, only

the regions containing the defects become ferromagnetic.
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To summarize, TM dopants are coupled ferromagneti-
cally with each other through polarized mobile carriers in the
carrier-mediated FM model, while in the BMP model, it is
through localized carriers trapped by defects. Both magnetic
dopants and polarized carriers contribute to the total magnetic
moments in these models. In contrast, in the charge transfer
model, magnetic moments are entirely localized on itinerant

carriers confined in small regions, such as grain boundaries.

5.2. First-principles investigations on the exchange inter-
actions between TM dopants in oxide-based magnetic
semiconductors

Electronic structure and magnetic properties of DMOSs
have been extensively studied by first-principles calculations
based on the density functional theory (DFT). Reviews of gen-
eral principles in diluted magnetic semiconductors/!®?! and
the research status of particular systems, such as the ZnO-
based3>7%1931 and TiO,-based magnetic semiconductors, !
have been published elsewhere. In this section, we focus on
the contribution of first-principles calculations to the theoret-
ical understanding of the exchange mechanism occurring in
the DMOSs and discuss the improvement of theoretical ap-
proaches in recent years.

After the theoretical prediction that the Curie tempera-
ture of Mn-doped p-type ZnO is higher than room temperature
based on the mean-field model,[!'3! much attention has been
paid to the DMOSs with wide band gaps, such as ZnO, In, O3,
and TiO,. To eliminate the divergence of results between dif-
ferent theoretical methods, we just select the systematic inves-
tigations where the calculations cover a series of TM elements.
Sato et al.l'®¥ predicted universal ferromagnetism in TM-
doped (TM:V to Ni) ZnO (except for the case of doping Mn),
based on the Korringa—Kohn-Rostoker (KKR) method with
the coherent potential approximation (CPA). Such results have
been verified by DFT calculations within the local spin density
approximation (LSDA) in a supercell approach,[!°>1%] indi-
cating good consistency of the different theoretical approaches
for TM-doped ZnO magnetic semiconductors. Huang et al.
studied the electronic structure of TM-doped (TM:V to Cu)
In,05.11%71 When two TM ions are placed close to each other
(the distance between TM—TM is about 3.4 A), the ferromag-
netic ordering is found to be the lowest-energy configuration,
with the only exception being Fe. The TM-doped (TM:Mn
to Ni) TiO, systems have been calculated by the linearized
muffin-tin orbital (LMTO) method. In contrast with the uni-
versal ferromagnetism in the TM-doped ZnO and TM-doped
In, 03, only Co prefers the ferromagnetic coupling.[1%%:1%%]

It is well known that the LSDA method yields an incor-
rect band structure for strongly correlated magnetic systems,

such as the TM oxides. For Co-doped ZnO and Co-doped

TiO, magnetic semiconductors, the LSDA method predicts the
half-metallic band structure, in contrast with the experimental
observations.[1919°] Furthermore, the absence of ferromag-
netism in defect-free single crystal samples suggests the an-
tiferromagnetic coupling between Co atoms.[191-2901 Sych re-
sults indicate that the LSDA method may predict an incorrect
spin ordering, too. The deviation of LSDA results is due to
the energetically overestimated 3d orbitals of TM atoms and
the underestimated band gaps of parents. The correction algo-
rithms include the incorporation of a Hubbard U term on 3d or-
bitals (LSDA + U),[196:199.201.202] the implementation of self-

17,203,204

interaction correction (SIC),! ! and the employment of

a hybrid exchange—correlation functional.[?%!

As shown in Fig. 11, in all cases the sign and magnitude
of the interactions calculated by the LSDA 4 U methods are
strikingly different from those obtained within the LSDA, with
a suppression of ferromagnetism,[!°®! which is in agreement

[101.200] For the case of Co-doped

with the experimental results.
ZnO, the LSDA + U band calculation yields a semiconducting
ground state, in contrast with the half-metallic band structures

obtained by the LSDA method, as shown in Fig. 12.120%]
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Fig. 11. LSDA energy differences (AE = Eapm — Epm) for TM-
doped ZnO. The filled bars represent the case when the ionic coor-
dinates are not relaxed and the unfilled bars represent the case when
the ionic coordinates are relaxed. (a) LSDA results; (b) LSDA+U
results. Reprinted with permission from Ref. [196]. Copyright
(2006) by the American Physical Society.
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Fig. 12. DOS of Co-doped ZnO. (a) LSDA; (b) LSDA+U.

Reprinted with permission from Ref. [202]. Copyright (2006) by
the American Physical Society.

In the magnetic semiconductors, the exchange interac-
tions between TM ions are closely related to the presence of
weakly localized carrier.[”! To interpret the origin of ferromag-
netism in Co-doped ZnO, Walsh et al. proposed a carrier-
mediated band coupling model based on the coupling and
level repulsion between the magnetic ions d and the host p
states.[20320] The anions in ZnO semiconductor form tetra-
hedral crystal fields, in which the 3d states of cobalt dopants
split into lower eq and upper tyq states, resulting in the occu-
pation of all the majority spin 3d states (eq and tyq) and mi-
nority spin eq states, with a local magnetic moment close to
3 pup. The 3d states with the same symmetry and the same
spin couple with each other through mediation of O:2p or-
bitals, further splitting the 3d levels: the bonding states and
anti-bonding states. Since both the majority and minority eq
states are fully occupied, the splitting of eq states yields no
energy gain. Thus we shall discuss only the hybridization be-
tween Co:tyg states. The exchange parameters between the
majority—majority, minority—minority, majority—minority tpq
states are denoted as A(}d, Agd, A(}(’iz, respectively. As shown
in Fig. 13, the energy difference between the ferromagnetic
and antiferromagnetic (AFM) spin orderings can be described
as AEpy_apm = —2m A3 +2[(3 — me)A;éz] in the case of
doping Co in ZnO, where m, is the additional number of
electrons per TM?* ion. The ferromagnetic interactions be-
tween occupied majority tpg states results in no energy gain
due to filled bonding and anti-bonding states, while AFM in-
teractions can result in a small energy gain, in good agree-
ment with the experimental results that no ferromagnetism is

observed in defect-free samples.!!?1:207] On the other hand,
further occupation of the minority tyq states will result in a
ferromagnetic ordering with lower energy as compared with
the AFM one, through the energy gain from the filling of
the minority bonding states. Therefore, ferromagnetic cou-
pling can be enhanced by introducing additional n-type car-
riers, such as the co-doping of Al. The band structures im-
plied in the carrier-mediated band coupling model and the
carrier-enhanced ferromagnetism have been verified by first-

5.1205206] Sych a model can be further

principles calculation
extended to the exchange mechanism of Mn doped II-VI and
M-V semiconductors.?%! Note that the native defects, such
as the oxygen vacancies (Vo ), are not required to be explicitly
included in such a theoretical model. Only the n-type carriers

are crucial to establish the ferromagnetic spin ordering.

::i?—l-

FM

AFM

o3 —t53 tol—ty?

Fig. 13. Coupling of the Co:tyq levels for Coyz, substitution in ZnO
for (left) the pure host system and (right) an n-type doped system.
Reprinted with permission from Ref. [205]. Copyright (2008) by
the American Physical Society.

The donor impurity states induced by the native defects,
such as the oxygen vacancies, are also essential to the mag-
netization of oxide-based magnetic semiconductors.!”’! Pem-
maraju et al. proposed that the ferromagnetic coupling be-
tween Co—Vg pairs in ZnO can be achieved with additional
n-type carriers, i.e., by a two-center model.[?*3! In particular,
the strong long-range ferromagnetic coupling beyond the 3rd
nearest-neighboring Co—V pairs has been predicted if a elec-
tron density of 6.7 x 10?° cm™3 is present. The authors claim
that the Co:t, minority state is broadened in terms of Co—Vg
and forms a t,—Vo hybrid state right at the CBM, as shown
in Fig. 14, which is very extensive in space, thus an impurity
band is formed. In another DMOS parent, TiO;, it has been re-
ported that the presence of Vg decreases the energy required
to introduce the impurities in the host lattice but increases the

magnetic moment of TM ions.[1%8]
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Fig. 14. Sketch of Co—V hybrid states (middle). Reprinted with
permission from Ref. [203]. Copyright (2008) by the American
Physical Society.

It is noted that in these theoretical models, the condi-
tion of high carrier concentration that pushes the Fermi level
into the conduction band is explicitly required to mediate the
FM exchange interactions between the Co:tyq states. Actu-
ally, ferromagnetic behavior is observed in both insulating and
metallic DMOSs.[92:99.208,.2091 T olve such a problem, Hu et
al. recently proposed that the defect complexes can introduce
the spin-polarized donor states and mediate the FM coupling,
which can explain the ferromagnetism in both conductive and
insulating Co:Zn0.1210]

6. Devices

The long term goal of the oxide ferromagnetic semi-
conductor study is to produce novel spin-based multifunc-
tional devices, such as magnetic tunnel junctions, spin field
effect transistors, and spin light emitting diodes, wherein non-
volatile information storage, high processing speed, and low
energy consumption could all be achieved simultaneously.
It has been proved that spin injection from a conventional
ferromagnetic metal into a non-magnetic semiconductor is
highly inefficient because of the fundamental conductance
mismatch.>!!l By using injections from Ohmic contacts or
ballistic point contacts or hot electron injections, promising
advances have been achieved in increasing the efficiency from
metal contacts into semiconductor, but so far, reproducibility
is poor. Recently, efficient spin injection has been demon-
strated in all semiconductor tunnel structures.'>2131 Within
this concept, making spin polarized carriers flow from oxide
ferromagnetic semiconductors (TM-doepd ZnO, TM-doped
TiO,, etc.)
etc.) would be an effective way to realize high spin injection

into conventional semiconductors (ZnO, TiO,,

efficiency because of their good chemical and physical com-
patibility.

6.1. Magnetic tunnel junctions

The core structure of magnetic tunnel junctions (MTJs)
consists of a thin insulating layer, which is used as a tun-
nel barrier, sandwiched between two ferromagnetic layers.

The tunnel resistance of MTJs depends on the relative ori-
entation of magnetic moments in two ferromagnetic layers,
and the change in resistance with the parallel and antiparal-
lel alignments of two ferromagnetic layers is known as tun-
neling magnetoresistance (TMR). TMR was first observed
in 1975.12141 Later, large and reproducible TMR was real-
ized based on amorphous Al,O3 insulating layers.?!51 A fur-
ther milestone in the development of TMR is the theoretical
predication of over 1000% TMR in MgO-based MTJ due to
the Bloch state filtering the electronic wave functions./?!6:217]
Soon after that, TMR exceeding 200% at room temperature
was reported in MgO MTIs using Fe or CoFe ferromagnetic

electrodes. 2182191 Fyrther information can be found in several
5, [220221]

recent review paper:

Co
| Zr
! . ¥ A

8 10

2 4 6
Energy/keV

Fig. 15. (a) HRTEM image of (Zn,Co)O/Zn0O/(Zn,Co)O heterostructures.
(b) Cross section HRTEM of (Zn,Co)O/Al,O3 interface. (c) Low magnifi-
cation image of MTJ cross section. (d) SAED of the MTJ, where F and S
denote film and substrate, respectively. (e) The EDS from the same area pre-
sented in panel (c). Reprinted with permission from Ref. [223]. Copyright
(2007) by the American Institute of Physics.

MT]Js composed of oxide ferromagnetic semiconductors,
such as TM-doped ZnO and TM-doped TiO,, with Curie tem-
perature above room temperature have drawn increasing at-
tention for further study of spin injection and spin-polarized
transport.[?222281 Song et al.’>! successfully synthesized
fully epitaxial (Zn,Co)O/ZnO/(Zn,Co)O junctions, as shown
in Fig. 15. Instead of a conventional butterfly shape, a positive
TMR of 20.8% was observed at 4 K and was reduced to 0.35%
at room temperature under 2-T applied field. It is believed that
the observed anomalous positive TMR originates from the spin
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splitting of the conduction band and a subsequent redistribu-
tion of conduction electrons when a strong s—d exchange in-

(2231 Also, the large energy separation be-

teraction is present.
tween the Fermi level and the mobility edge results in anoma-
lous voltage dependence of TMR in (Zn,Co)O-based junctions
with double barriers.[>**! Recently, Li et al. reported a nega-
tive TMR of 19.1% at 2 K in Co/ZnO/Zn;_,Co,O MTJ,1??7]
which gave a low limit of the spin polarization ratio of 25% in
the concentrated Zn;_,Co,O ferromagnetic semiconductors.
TMR reflects the influence of the relative magnetization
alignment between adjacent magnetic layers on the current
flow. The spin-transfer torque effects represent a reciprocal
interaction: a strong current can exert a torque on the magneti-
zation of the magnetic layers and can thus influence the mag-
netization configuration.*?>23%1 There are many reports of
current induced torque in layered ferromagnet—normal metal
systems and layered ferromagnet—insulator systems.!?31-234]
To the best of our knowledge, there are no reports of spin
transfer torque in oxide ferromagnetic semiconductor-based
MTlJs.

rect electrical control of magnetization in oxide magnetic

However, great progress has been achieved in di-

semiconductors.[18%.233-236] The first successful demonstra-
tion of an external electric field modulation of ferromag-
netism in DMOSs was realized in a high quality epitaxial
PbZrg »Tip §03/Co:TiO»/SrRuO5 heterostructure, 2*%) where a
strong modulation of ~ 15% was achieved by switching the
polarization states of PbZr,TipgO3. In line with this, Ya-
mada et al. demonstrated electrical field-induced ferromag-
netism at room temperature in Co:TiO, by means of electric
double-layer gating with high density electron accumulation,
as previously shown in Fig. 10.118?! In addition, Chen et al. re-
ported that the variation of defects, such as oxygen vacancies,
during the set and reset process of resistive switching results
in a robust and stable variation of ferromagnetism (~ 35%) of
Co0:ZnO DMOSs,?®] guaranteeing an additional dimension
for nonvolatile memory. With an understanding the intricate
connection between magnetization and spin transport we can
transform technologies that generate, store or process informa-
tion via the magnetization direction, which has great promise
for enhancing the functionality of semiconductor devices.

6.2. Spin field effect transistors

The concept of spin field effect transistors (FET) pro-
posed by Datta er al.!37) has motivated extensive study of
novel spin precision-controlled electronic devices. Huang et
al. has demonstrated a silicon spin-FET in which spin po-
larized electrons are modulated by external gate voltage with
37% electron current spin polarization after transport through

[238] However, to the

10 um of undoped single crystal silicon.
best of our knowledge no spin-FET based on oxide ferromag-

netic semiconductors has been experimentally prepared so far.

One of the major obstacles is the inability to achieve high spin
injection and detection efficiency at the interfaces, because
any scattering at the interfaces between the ferromagnet and
the semiconductor could result in spin relaxation. An alter-
native is using fully epitaxial techniques during device fabri-
cation. For instance, a ZnO-based spin-FET can be specially
designed as follows to allow epitaxial growth of the device:
(Zn,Co)O ferromagnetic semiconductor can be used as injec-
tor and detector and a half-metallic (Zn,Mn)O can be used
as channel with an insulating ZnO as gate oxide.!>! Further-
more, to move toward reliable room temperature oxide ferro-
magnetic semiconductor-based spin field transistors, it is nec-
essary to combine multiple techniques. For example, unique
materials, such as half metallic oxides Lay /3Sr; 3MnO3,[23]
Fe304,12402411 and Cr0O, 2422431 with ~ 100% spin polariza-
tion, can be used to enhance the spin injection ratio. Novel
device design could also help to fabricate transistors with low
interface spin scattering.

7. Summary and outlook

To summarize, it has been demonstrated by many groups
that the properties of oxide magnetic semiconductors are
strongly influenced by various growth parameters, TM con-
centration, substrate lattice mismatch, oxygen pressure, and
other factors. Various defects inside oxide magnetic semicon-
ductors have very serious effects on its characteristics, how-
ever controlling defects, especially oxygen vacancy, is a key
unresolved bottleneck, because defects are difficult to char-
acterize experimentally and measure quantitatively. As a re-
sult, though an oxide doped with TM and/or non-magnetic el-
ements can exhibit ferromagnetism above room temperature,
there are still lots of open questions regarding the origin of the
observed ferromagnetism. Multiple state-of-the-art techniques
for structure characterization (XRD, AFM, TEM), chemical
state analysis (XPS, MCD, XAS, etc.), and electrical trans-
port measurement (MR, AHE) have been widely used to test
whether the observed ferromagnetism is intrinsic or not. It has
been demonstrated that structural defects play a crucial role for
room temperature FM in these oxide ferromagnetic semicon-
ductors regardless of the existence of free carriers. Establish-
ing accurate correlations between defects and ferromagnetism
is greatly needed and is of profound importance to understand-
ing the origin of ferromagnetic behaviors in these systems.

Oxide magnetic semiconductors are functional metal ox-
ides. It has been shown that their properties, such as resis-
tivity and magnetization, can be manipulated electrically in
a nonvolatile way, meaning that these magnetic oxides re-
spond to electrical stimulation in a way that resembles a neu-
ral synapse. Therefore, promising applications may be found

in new-concept multifunctional devices. For example, the
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spin memristor, ! wherein memresistance and magne-

toresistance effect are combined, is an interesting system be-
cause multiple resistance states can be achieved by controlling
electrical and magnetic parameters, presenting new possibil-
ities toward a manyfold enhancement of data densities. An-
other promising new kind of magnetic sensor with ultrahigh
sensitivity is the “spin battery” MTJ, in which huge tunnel-
ing magnetoresistance can be generated by the electromotive
force.[?47-2481 It would not be surprising if oxide ferromagnetic
semiconductors take a key role in future electronics, though
controlling the quality of interfaces among metal oxides is an
important key problem to be solved for accurate functionality
modification. Hence, more efforts should be made by the com-
munity to come up with innovations in device design and sys-
tem architecture that may help overcome the challenges and
eventually lead to the emerging spintronics technologies.
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