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Magnetic oxide semiconductors are significant spintronics materials. In this article, we review recent advances for
homogeneous and inhomogeneous magnetic oxide semiconductors. In the homogeneous magnetic oxide semiconductors,
we focus on the various doping techniques including choosing different transition metals, codoping, non-magnetic doping,
and even un-doping to realize homogeneous substitution and the clear magnetic origin. And the enhancement of the
ferromagnetism is achieved by nanodot arrays engineering, which is accompanied by the tunable optical properties. In
the inhomogeneous magnetic oxide semiconductors, we review some heterostructures and their magnetic and transport
properties, especially magnetoresistance, which are dramatically modulated by electric field in the constructed devices.
And the related mechanisms are discussed in details. Finally, we provide an overview and possible potential applications
of magnetic oxide semiconductors.
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1. Introduction
Semiconductors and magnetic materials are two of the

most important branches of condensed matter physics, which
have major roles in the modern information technology.[1]

Semiconductor devices generally take advantage of the charge
of electrons, whereas magnetic materials are used for record-
ing information involving electron spin.[2] The emerging field
of spintronics aims at integrating ferromagnetism (FM) into
semiconductors, using both the charges and spins in one ma-
terial system.[3,4] It offers opportunities for a new generation
of devices combining standard microelectronics with spin-
dependent effects, which has the potential advantages of non-
volatility, increased data processing speed, decreased electric
power consumption, and increased integration densities com-
pared with conventional semiconductor devices.[4] One of the
most promising ways to integrate FM into semiconductors is
doping the semiconducting material with a certain concentra-
tion of transition metals (TMs), yielding the commonly known
magnetic semiconductors.[5]

Looking upon the history back to the 1960s, EuO and
EuS with rock-salt structure are the two representatives, which
were studied extensively. And then, researchers began to
concern the magnetically doped II–VI semiconductors such
as (Zn,Mn)Se and (Cd,Mn)Te in the late 1970s. Since the
discovery of III–V ferromagnetic semiconductors such as
(In,Mn)As and (Ga,Mn)As in 1990s, many interesting phe-

nomena have been observed in this model system, such as tun-
neling anisotropic magnetoresistance (MR),[6,7] current driven
domain-wall motion,[8,9] current switching magnetization by
spin–orbit torques,[10,11] and so on. However, their Curie
temperature (Tc) still well below room temperature (RT) lim-
its the applications.[12,13] Later, a theoretical prediction of Tc

of p-type Mn-doped ZnO diluted magnetic semiconductors
(DMSs) in excess of RT by Dietl et al.[14] opens an era for
experimental attempts to prepare magnetic oxide semiconduc-
tors and the correspondingly computational work to explain
and predict the related mechanisms. Currently, two decades
have been spent on investigating various magnetic oxide semi-
conductors. On the one hand, DMSs by doping a semiconduc-
tor with small concentrations of TM elements have attracted
considerable attention.[15–17] Great effort has been devoted to
realizing a fully homogeneous substitution of TM in oxides,
increase Tc, and enhance FM, etc. On the other hand, many
researchers have focused on inhomogeneous magnetic semi-
conductors with high TM concentrations. A major research
effort has been devoted to investigating their magnetic and MR
properties.

In this work, we review the recent advances in homoge-
neous and inhomogeneous magnetic oxide semiconductors. In
the part of homogeneous magnetic oxide semiconductors, we
emphasize on various doping techniques, especially the con-
cept of “noncompensated n–p codoping” and the construction
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of nanodot arrays, which improve the efficiency of homoge-
neous substitution of TM in oxides and enhance FM, respec-
tively. In the part of inhomogeneous magnetic oxide semi-
conductors, we focus on the properties simultaneously modu-
lated by electric field and magnetic one, and the construction
of multilayered nanowires (NWs) devices to realize the mul-
tifunctionality, ultra-small dimensions, and low energy con-
sumption in magnetic oxide semiconductors. It should be
pointed out that it is almost impossible to describe all the work
performed around the world owing to the rapid pace of studies
in this field.

2. Homogeneous magnetic oxide semiconduc-
tors

2.1. Doping

To realize RT FM, various wide band-gap oxide semicon-
ductors such as ZnO, In2O3, TiO2, etc. have been chosen as
hosts, and almost all 3d TM elements have been chosen as the
dopants. Among many hosts, ZnO is a typical example since
the valence of Zn (2+) and the ionic radius can be readily
adopted by many 3d TM ions. Coey et al.[18,19] observed RT
FM in (110) oriented ZnO films made from targets contain-
ing 5 at.% of Sc, Ti, V, Fe, Co, or Ni, but not Cr, Mn, or Cu
ions. After that, Co-doped ZnO films are well studied. How-
ever, due to the small solubility of TM in ZnO, the origin of
FM might be attributed to some magnetic impurities. Later,
magnetic semiconductors based on host semiconductors with
high solubility of TM ions are highly desirable. Fortunately,
the solubility of Fe ions in the In2O3 host lattice was found to
be as high as 20%;[20] this makes it a good system to obtain
homogeneous magnetic semiconductors and study the under-
lying physics in them.[21–23] Anyway, some impurity phases
still appeared in it.[24,25] In fact, in addition to the doped ele-
ments and the doping concentrations, the structures and mag-
netism of magnetic semiconductor films strongly depend on
the preparation conditions, such as the depositional method,
substrate type, substrate temperature, deposition atmosphere,
and post-annealing in different atmospheres at different tem-
peratures, etc.[15,16,26,27] So far, some reviews[15,16,26] have
commonly focused on a summary and comparison of mag-
netic semiconductors obtained by different groups and the dif-
ferent experimental conditions used. So in this review article,
the influence of these preparation conditions on microstruc-
tures and FM of magnetic semiconductors will not be dis-
cussed in details. It is noteworthy pointing out that Liu et al.
proposed a novel unconventional design that oxidizing origi-
nally ferromagnetic metals/alloys to form new species of mag-
netic semiconductors.[28] A high Tc above 600 K is realized in
the Co28.6Fe12.4Ta4.3B8.7O46 magnetic semiconductor by in-
troducing oxygen into a ferromagnetic metallic glass.[28]

Anyway, up to now, the experimental results are quite
contradictory, which seems to arise from either the low quality
of the samples or the poor reproducibility of the growth condi-
tions. Another suspicion is that the FM might be caused by a
secondary phase such as doping elements or their oxides rather
than the substitution of TM ions. So a fully homogeneous
substitution of TM in oxides is always desirable. A codop-
ing technique, especially the concept of “noncompensated n–
p codoping” was introduced in ZnO and In2O3 DMSs to en-
hance the solubility of TMs in oxide semiconductor hosts and
avoid the occurrence of second phases.[29–31] This concept was
first proposed using first-principles calculations in the Si and
Ge system.[32] This system was energetically favorable and
kinetically accessible to an interstitial Mn to occupy a substi-
tutional site neighboring an n-type dopant, thereby increasing
the concentration of the substitutional Mn ions. The concept is
also validated by direct measurements of band gap narrowing,
and correspondingly the enhancement of the visible-light pho-
toactivity of TiO2.[33] Introducing the concept of “noncom-
pensated n–p codoping” in DMSs embodies two crucial ad-
vantages: On the one hand, the electrostatic attraction within
the n–p dopant pair enhances both the thermodynamic and ki-
netic solubility; on the other hand, as we know, many reports
favored the contribution of carrier exchange interactions to
FM, which refers to interactions between localized magnetic
moments that are mediated by free carriers in the system.[34]

So the noncompensated nature of n–p pairs consisting of dif-
ferent number of acceptors and donors can also modulate car-
rier density, and further influence the FM of oxide systems. In
our study, ZnO films codoped with Mn and Al or Mn and Ga
were fabricated, in which Mn was used as the p-type, Al and
Ga were n-type dopants.[29,30] In the Ga, Mn-codoped ZnO
film, not only fully homogeneous substitution is obtained, but
also the saturation magnetization (Ms) value is dramatically
enhanced comparing with Mn-doped ZnO film. The sample
exhibits the metallic behavior. Moreover, its Ms and resistivity
are almost equal at 5 K and 300 K. These results imply that
the electrons are very mobile whether the temperature is low
or high, which may mediate the local polarized spin of Mn
ions.[30]

Besides the pursuing homogeneous substitution, almost
all reports about DMSs referred to the origin of magnetic or-
dering, which is significant for not only understanding the na-
ture of DMSs, but also its potential applications in the field of
spintronics. Some publications favored carrier exchange inter-
actions, which are characterized by strong coupling between
localized d electrons of TM ions and the extended carriers of
oxides.[22,29,35] Yamada et al. even transformed a low-carrier
paramagnetic (PM) state of Co-doped TiO2 to a high-carrier
FM state by applying a gate voltage of a few volts, thereby
revealed the considerable roles of electron carriers in high-
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temperature FM.[36] With the further investigations, FM inter-
action can be unambiguously observed in some oxides without
free carriers but in a dielectric state, which demonstrates that
carriers are not necessary for FM. So bound magnetic polarons
(BMPs) model was proposed by Coey et al.[18,19] In contrast
to the structurally superior single crystal TM-doped TiO2 films
with negligible FM, FM is observed in structurally defective
TM-doped TiO2 films.[37] We have also found the direct exper-
imental evidence that the local interactions of Fe3+ ions adja-
cent to oxygen vacancy centers in Fe-substituted In2O3 are di-
rectly responsible for the RT FM.[38] Some groups constructed
DMS-based resistive switching (RS) devices to reversibly and
reproducibly modulate FM of DMSs by electrically-controlled
the change of the number of oxygen vacancies.[39–41] The RS
devices will be discussed in details in Subsection 3.2. From
the broad spread of experimental data, each model has its mer-
its in certain aspects. It is difficult to draw general conclusions
about the nature of magnetic interactions in DMSs.
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Fig. 1. The Ms (a) and band gap (b) measured at RT for the ZnMgO films
as a function of the 2θ of ZnMgO (002) peak obtained from XRD data. The
points for three representative films, PM I (in PM regime), FM II and FM
VI (in FM regime) are labeled in red. Arrows lead from these points to their
equivalent data points labeled in green. PM I: Vac represents PM I annealed
in vacuum at 800 ◦C for 5 h; FM II: Air represents FM II placed in air for 6
months. Reprinted from Ref. [52]. Copyright (2017) with permission from
Elsevier.

Up to now, more and more reports illuminate that defects
are key factors for inducing FM in DMSs.[42–44] Some reports
even observed the RT FM in non-magnetic-impurity-doped,
and un-doped oxides, namely “d0 ferromagnetism”.[45–51] As
this, the suspicion that FM is caused by a secondary phase

can be avoided. We studied the relationship between RT FM
and band gap tuning in ZnMgO films.[52] The films are crys-
tallized in the hexagonal wurtzite phase and present a prefer-
ential (002) orientation with Mg2+ ions replacing Zn2+ ions
of ZnO host matrix. Magnetism and the band gap are plotted
against the position of (002) peak as shown in Fig. 1(a) and
Fig. 1(b), respectively. It can be seen from Figs. 1(a)–1(b) that
there may be relationship between RT FM, band gap, and mi-
crostructure in our ZnMgO films. Further analysis illustrates
that both RT FM and band gap of the films are simultane-
ously tuned by the concentration of oxygen vacancies, which
was further confirmed to be singly occupied oxygen vacan-
cies (V+

O). V+
O having the localized magnetic moments forms

BMPs, which overlap each other resulting in a long-range FM
ordering. Moreover, V+

O may lead to the formation of impurity
band in the vicinity of valence band, which narrows the band
gap.[52] Liu et al. designed electrically-controlled devices to
modulate FM of SnO2 films, which results from the forma-
tion/rupture of oxygen vacancy filaments, containing V+

O oxy-
gen vacancies.[53]

2.2. Nanodot arrays

Lots of studies have mainly focused on the thin film, bulk,
and polycrystalline powders of magnetic semiconductors. As
advanced devices call for smaller nanostructured systems,
the fabrication of lower-dimensional magnetic semiconduc-
tor structures is flourishing due to their unique advantages as
well as smaller size, possible magnetic and optical properties.
We fabricated ordered Fe-doped In2O3 and Fe–Sn codoped
In2O3 nanodot arrays with different sizes using pulsed laser
deposition (PLD) with the aid of ultrathin porous anodized
aluminum oxide templates.[54,55] Figures 2(a)–2(h) show the
morphology of Fe-doped In2O3 nanodot arrays with different
average diameters of 80, 65, 50, and 35 nm.[54] All of them
exhibit RT FM. Their Ms values increase as the dot sizes are
reduced, rising to a maximum of about Fe ions of 15.30 µB/Fe
[Fig. 3(a)] due to the surface effect. Moreover, the optical
band width is also increased to 4.55 eV for the smallest dot

Fig. 2. SEM images for the Fe-doped In2O3 nanodot arrays. (a)–(d) The
morphologies of nanodot arrays with average diameters of 80, 65, 50, and
35 nm and inter-dot distances of 105 nm. (e)–(h) The cross-sectional SEM
images of corresponding nanodot arrays.[54] Copyright (2018) Springer Na-
ture.
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array as shown in Fig. 3(b), which may arise from the surface
states due to Burstein–Moss effect.[54] For the Fe–Sn codoped
In2O3 nanodot arrays, the obvious RT FM and the localized
surface plasmon resonance band are observed. Moreover, they
can be tuned by the Sn concentrations and sizes of nanodot
arrays.[55] This combination of the magnetic and optical prop-
erties in a single material may be promising for future device
applications.
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Fig. 3. (a) Hysteresis loops measured at 300 K for Fe-doped In2O3 nanodot
arrays with different diameters (D). The inset shows the variation of Ms val-
ues with 1/D; (b) The band gap of nanodot arrays as a function of D.[54]

Copyright (2018) Springer Nature. The unit 1 Oe = 79.5775 A·m−1.

3. Inhomogeneous magnetic oxide semiconduc-
tors

3.1. Magnetism and magnetoresistance

The promising FM and the clear origin of FM are always
two key aims in studying magnetic semiconductors. From the
above discussion, constructing nanodot arrays can dramati-
cally enhance FM. Various methods including “noncompen-
sated n–p codoping” and “d0 ferromagnetism” are also pro-
posed to avoid the controversy over whether the apparent FM
arises from blocked particles of nanophases. As typical exam-
ples of ZnO-based magnetic semiconductors, Co-doped ZnO
samples are extensively studied. The aim was always to grow
films without ferromagnetic Co nanoparticles so as to be sure
to observe true oxide magnetism. In contrast with the conven-
tional work, we grew a Co, Al-doped ZnO film containing a
significant fraction of Co nanoparticles, and observed FM. It is
interesting that the nanoparticles contribute only a small frac-
tion of the total magnetization, nevertheless, cause the whole

sample to exhibit a large coercive field (Hc) at 5 K and re-
manence magnetization (Mr) through the exchange-coupling
mechanism.[56] Hence, the startling results imply that incor-
porating controlled quantities of Co nanoparticles can improve
the magnetic properties of the oxide.

M
R
/
%

Field/kOe

Fig. 4. (a) Schematic illustration of the granular films consisting of Co par-
ticles, semiconductor matrix, and the interfacial magnetic semiconductors.
(b) MR measured at RT as a function of field for ZnO–Co and ZnAlO–Co
films. Reprinted with permission from Ref. [66]. Copyright (2013) Ameri-
can Chemical Society.

In fact, besides magnetic properties, the potential appli-
cations of spintronics also motivate research about MR prop-
erties. Generally, MR in homogeneous magnetic semiconduc-
tors can always be observed at low temperatures.[29,30,57–59]

Xu et al. even designed ZnCoO/Al2O3/Co magnetic tunnel
junctions (MTJs), and observed a clear tunneling MR effect
at 5 K, which demonstrates the spin injection from Co-doped
ZnO to the crystallized Al2O3 and tunneling through the amor-
phous Al2O3.[60] Some inhomogeneous magnetic semicon-
ductors, and even oxide-based granular films were also de-
signed to investigate MR. Yan et al.[61,62] prepared ZnO–Co
and TiO2–Co inhomogeneous magnetic semiconductor films
with high Co concentrations. They exhibited RT FM and large
negative MR, which may be related to spin-dependent vari-
able range hopping. We studied ZnO–Co and ZnAlO–Co films
with Co concentrations from 20% to 60% by alternately sput-
tering Co layers and ZnO or ZnAlO layers.[63–66] The ZnO–Co
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and ZnAlO–Co films consist of metallic Co particles, semi-
conductor matrix, and an interfacial magnetic semiconduc-
tor with the substitution of Co2+ for Zn2+ in the ZnO lat-
tice at the interface between Co particles and the semicon-
ductor matrix as shown in Fig. 4(a). Compared with −8.4%
of the ZnO–Co film, the negative MR value of the ZnAlO–
Co film reaches −12.3% at RT as shown in Fig. 4(b) and
the corresponding spin polarization of tunneling electrons is
about 37.5%. The enhanced spin injection from a metal into
a semiconductor may be due to the formation of the magnetic
semiconductors at the interface between the metallic Co parti-
cles and the semiconductor matrix in the granular films, which
can act as a spin filter.[66] We also designed novel ZnO–Co
samples with sandwich structures containing a layer of ZnO
with Co nanoparticles that are blocked at RT separated by a
ZnO spacer from a layer of ZnO containing superparamag-
netic Co nanoparticles.[67] Magnetic interactions between the
two ZnO–Co layers can be modulated by the pure ZnO spacer
layer. A very large coupling is observed when the thickness of
the ZnO spacer was reduced to zero so that the Ms of the sam-
ple was increased over the value expected from taking the sum
of the two component films by a factor of over 10 at RT.[67]

The above oxide-based nanostructures possess better compat-
ibility with CMOS technology, which will provide an alterna-
tive opportunity for spintronics applications.

3.2. Electrically-controlled magnetism and magnetoresis-
tance

A major research effort has been devoted to optimizing
the magnetic and MR properties of homogeneous and inho-
mogeneous magnetic oxide semiconductors in the past two
decades. At the same time, employing nonmagnetic means
to switch and modulate magnetism becomes a requisite. Up
to now, it is found that almost all magnetic materials have

the potential to be controlled by electric fields.[68] FM of
some oxide semiconductors can be induced by constructing
electric double layer transistor geometry with charge carrier
accumulation.[36] Nanoscale ion migration stimulated by ex-
ternal electric field provides alternative possibilities for intro-
ducing the desired modulation in materials’ stoichiometries,
defect profiles and magnetism and MR properties.[69] In par-
ticular, the ion-based RS devices with electrode/insulator (or
semiconductor)/electrode sandwich structures can be freely
programmed into a high resistance state (HRS) or a low re-
sistance state (LRS) under external electrical stimuli for infor-
mation storage applications.[70–73] Besides the RS behaviors,
the devices can respond to magnetic, optical, and other stimuli
for novel electronic device applications. FM of oxides as well
as ZnO, TiO2, and SnO2 has been effectively tuned by design-
ing RS devices through electrically-controlled the migration
of oxygen ions and the corresponding change of the number
of oxygen vacancies.[39–41,49,53]

Owing to the localized or filamentary nature of the ac-
tive region in most of the RS devices, variability is one of the
major challenges facing these devices for real applications.
The key to minimize the variability is to facilitate and con-
trol the formation of the filaments. It is found that dispersing
metal nanodots or nanoparticles in oxide matrices can enhance
the local electric field, which will facilitate the filament for-
mation, decrease the operating voltages and significantly re-
duce randomness of the filaments, leading to a better switch-
ing performance.[74–78] As discussed above, metallic Co parti-
cles exist in our ZnO–Co films with high MR ratios. So we
proposed a novel Pt/ZnO/ZnO–Co/Au device, in which the
matrix combines a nanostructured ZnO–Co layer and a ZnO
layer. The device shows bipolar RS characteristics, and the
RT MR effect can be observed in the sample at HRS and LRS
as shown in Figs. 5(a)–5(c).[79]
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Fig. 5. (a) The I–V curve of the ZnO/ZnO–Co sample in a semi-logarithmic scale at RT. The arrows indicate the sweeping directions of the voltage. The
field dependence of RT MR ratio of the sample at HRS (b) and LRS (c).[79] Copyright (2016) Springer Nature.
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Through electric and magnetic control, four resistance
states are realized in some oxide-based system such as ZnO
and SiO2.[79,80] The granular structure of the sample results
in the large MR ratios at initial resistance state and HRS due
to the spin-dependent tunneling between the regions of con-
ducting magnetic Co through the ZnO or SiO2 semiconduct-
ing barriers. When the sample was switched to LRS, it still
exhibits a semiconductor behavior, which may demonstrate
the migration of oxygen ions in ZnO and SiO2 to top elec-
trode under electric stimuli. The oxygen deficiency and the
accumulation of oxygen vacancies in ZnO and SiO2 result-
ing from the migration of oxygen ions during switching from
HRS to LRS will weaken the insulating properties of the sam-
ple, reduce the possibility of the tunneling, and correspond-
ingly result in the reduction of the MR.[79,80] Very recently,
we even modulate MR and magnetic properties as well as Ms,
Hc, and even Mr during RS process in an Au/ZnO–Co/SiO2-
Co/Pt structure, which may also be explained by the oxygen
ion-migration effects coupled to redox reaction of Co nanopar-
ticles in the film.[81] In fact, both MR and RS effects have also
simultaneously realized in some oxide-based heterostructures.
A reversible electric manipulation of RS and MR is observed
in the Co/CoO–ZnO/Co MTJs due to the electric-field-driven
migration of oxygen ions/vacancies between very thin CoO
and ZnO layers.[82,83] In Co/ZnO/Fe sandwich structures, the
formation of magnetic conductive filaments also constructed a
nanoscale MTJ and induced tunneling MR in addition to the
RS effect.[84]

Besides embedding some metal nanoparticles in the
switching matrix, the one-dimensional (1D) oxide-based
nanowires (NWs) are also a powerful approach to localize

conducting paths within each nanowire and reduce the vari-
ability of the filaments.[85] Not only of this, the nanowires are
crucial to reduce the size of the cells beyond the limitation
of the current lithographic length scales in order to achieve
high-density architecture and improve the performance of the
devices.[86–88] However, most of the oxide nanowire-based
devices usually require an electroforming process and high
switching voltages,[85] which are not beneficial for reducing
the power consumption. Inserting a metal layer into oxide
nanowires and synthesizing partially oxidized nanowires are
two typical ways to reduce the power consumption.[89–91] So
we successfully designed multilayered NiOx/Pt nanowire ar-
rays, in which NiOx implies partially oxidized. They are fabri-
cated by a simple electrodeposition method combining a post-
oxidization process.[92]

Figures 6(a)–6(b) show top and cross-sectional scanning
electron microscope images of the pristine multilayered Ni/Pt
nanowire arrays, respectively. Figure 6(c) compares X-ray
diffraction patterns of the NW arrays before and after oxidiza-
tion. Figures 6(d)–6(g) show the high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
image of a NiOx/Pt NW oxidized at 600 ◦C and the elemental
maps of Ni, O, and Pt, respectively. Thus, partially oxidized
NiOx/Pt NW arrays with residual Ni nanoparticles are synthe-
sized. They exhibit bipolar RS behavior with free-forming,
low switching voltage. Moreover, MR, Ms, and Hc of the
devices can be simultaneously tuned during the RS process
as shown in Figs. 7(a)–7(d).[92] Realizing tunable magnetic
and electrical properties in a simple device has received grow-
ing attention because of its multifunctionality and the possible
broadening applications.

2θ/(Ο)

Fig. 6. (a) Top and (b) cross-sectional SEM images of the multilayered Ni/Pt NW arrays; (c) XRD patterns of the multilayered Ni/Pt NW arrays before
and after oxidization; (d) HAADF–STEM image of NiOx/Pt NWs oxidized at 600 ◦C and elemental maps of (e) Ni, (f) O, and (g) Pt.[92] Reproduced by
permission of The Royal Society of Chemistry.

098506-6



Chin. Phys. B Vol. 28, No. 9 (2019) 098506

Field/kOe

H/kOe

Field/kOe

Field/kOe Field/kOe

R
e
si

st
a
n
c
e
/
W

R
e
si

st
a
n
c
e
/
1
0

5
 W

M
/
e
m

u
Sc

m
-

3

M
/
e
m

u
Sc

m
-

3

M
/
e
m

u
Sc

m
-

3

Fig. 7. MR of the NiOx/Pt NW devices at the LRS (a) and HRS (b) with applied magnetic fields parallel and perpendicular to the NW axis;
M–H curves of the NiOx/Pt NW arrays at the HRS and LRS with applied magnetic fields parallel (c) and perpendicular (d) to the NW axis.[92]

Reproduced by permission of The Royal Society of Chemistry.

4. Conclusion and perspectives
Dietl’s prediction of Tc well above RT for oxide semicon-

ductors has triggered intense interest in magnetic oxide semi-
conductors. Great efforts have been devoted to investigating
various oxide semiconductors in order to realize RT FM. At
first, the researchers focused on the homogeneous magnetic
oxide semiconductors. Besides the preparation methods and
conditions, various doping techniques including doping differ-
ent TM elements, codoping, non-magnetic-impurity-doping,
and even un-doping were used to obtain RT FM and the re-
lated mechanisms as well as carrier exchange interactions and
BMPs model, etc. were investigated. Furthermore, nanodot
arrays engineering can also enhance FM and even tune the op-
tical properties. Different with conventional magnetic semi-
conductors with the homogeneous substitution, some mag-
netic nanoparticles may be dispersed in the inhomogeneous
magnetic oxide semiconductors. They exhibit novel magnetic
and MR properties. Moreover, these magnetic and MR proper-
ties can be dramatically modulated by designing some proto-
type spintronics devices, such as heterostructures, RS devices
and constructing NWs.

In summary, homogeneous and inhomogeneous magnetic
oxide semiconductors are significant multifunctional mate-
rials. Electrically-controlled their magnetic, transport, and
even optical properties present new opportunities for spin-
based device applications that may considerably affect future
information-processing technologies. The results can pave the
way for breakthroughs in basic research and the development
of spintronics devices.
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