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Abstract ZnO has long been considered as a promis-
ing candidate material for diluted magnetic semiconduc-
tors, owing to its theoretically predicted and experimen-
tally observed above-room-temperature ferromagnetism and
long spin-coherence time. In this brief perspective, re-
cent progress in ZnO diluted magnetic semiconductors is
reviewed with particular focus on three topics: (1) spin
coherence in ZnO; (2) free-carrier type and concentration-
dependent magnetic properties in ZnO; and (3) ferromag-
netism in undoped and non-transition-metal-doped ZnO.
Finally, current status and possible potential direction of re-
search on ZnO diluted magnetic semiconductors are sum-
marized in the concluding remarks.

1 Introduction

Diluted magnetic semiconductor (DMS) materials have at-
tracted much attention arising from the feasibility of ma-
nipulation of both charge and spin degree of freedoms in a
single material system [1-4]. Electronic devices employed
for data processing in computers such as field-effect transis-
tors in central processing units are made from semiconduc-
tor materials; while the memory devices employed for non-
volatile data storage in computers such as hard drives are
generally made from ferromagnetic materials. Diluted mag-
netic semiconductor is a kind of material with promising
properties of both semiconductors (with a tunable conduc-
tance under gate bias) for logic computation and ferromag-
netic materials (with a controllable spin polarization) for in-
formation storage. With this motivation, research on DMS
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materials nowadays has become one of the major areas of
spintronics [5-8].

Two main factors limit DMS practical applications for
devices. One is the Curie temperature of the DMS mate-
rial; the other is whether the ferromagnetism in the DMS
material originates from free-carrier mediation (sometimes
referred to as ‘intrinsic’) or purely from localized secondary
phases of magnetic dopants such as clusters or precipi-
tates (sometimes referred to as ‘extrinsic’). If the ferro-
magnetism is not mediated by free carriers, the spin po-
larization cannot be carried by the free carriers; hence,
it is generally not applicable for spintronic devices. The
carrier-mediated ferromagnetism has been confirmed in
several well-known ‘canonical’ DMS materials, such as
Mn-doped GaAs (GaAs:Mn) [9, 10] and Mn-doped InAs
(InAs:Mn) [11, 12], however, all these materials show Curie
temperatures far below room temperature. On the other
hand, above-room-temperature Curie temperatures have
been observed in some DMS materials but the origin of
the ferromagnetism is still controversial, especially in ox-
ides and nitrides. ZnO is one of this type of DMS materi-
als.

Zn0 is a wide bandgap semiconductor material with a di-
rect bandgap of ~3.37 eV at room temperature [13], which
has promising applications for optoelectronic devices [14]
due to its large exciton binding energy (~60 meV) and direct
bandgap [15]. ZnO has attracted lots of interest for DMS re-
search initially due to its predicted above-room-temperature
Curie temperature based on theoretical calculations [16—18].
Starting from near the end of the last century growing efforts
have been focused on ZnO DMS research and above-room-
temperature ferromagnetism in ZnO DMS has been widely
observed in experiments [19-56]. Up to the present more
than 1300 papers have been published in the ZnO DMS area
according to ISI-Web-of-Knowledge statistics. However, the
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origin and mechanism of the ferromagnetism in ZnO DMS
are still under intense debate. Recently, the research on ZnO
DMS has been primarily focused on the study for clarify-
ing the origin and mechanism of the ferromagnetism in ZnO
DMS.

Since the discovery of room-temperature ferromagnetism
in ZnO, quite a few review papers have been published
on ZnO DMS and other diluted magnetic oxides [4, 57—
70]. Compared to previously published comprehensive re-
views on ZnO DMS, this brief perspective paper does not
go through details on all the aspects in the ZnO DMS area
(such as different preparation techniques, growth parame-
ters, transition-metal dopants, etc.), but focuses primarily
on the recent progress on three topics: (1) spin coherence
in ZnO, (2) free-carrier type and concentration-dependent
magnetic properties in ZnO DMS, and (3) ferromagnetism
in undoped and non-transition-metal-doped ZnO. The three
topics are important for ZnO DMS research. Spin coherence
is a critical physical parameter for ZnO DMS device appli-
cations. The latter two help to further clarify the origin and
mechanism of the ferromagnetic ordering in ZnO DMS and
facilitate future development of precisely controllable ZnO
DMS.

2 Spin coherence in ZnO

Practical spintronic devices require a long spin-coherence
time in the hosting material at room temperature. ZnO
material has a wide bandgap and a weak spin—orbit cou-
pling [71], which is likely to lead to a long spin-coherence
time. Compared to the large number of publications on ZnO
DMS (>1300 papers), the number of publications on spin-
coherence study in ZnO is not much (<40 papers), but in re-
cent years it has increased a lot in both experiments [72-84]
and theory [85-87]. The representative experimental results
of spin coherence in ZnO are summarized in Table 1.

The seminal work on spin-coherence study in ZnO was
done by Ghosh et al. using time-resolved Faraday rotation
(TRFR) spectroscopy [72]. Spin-coherence times of 20 ns
at 30 K in ZnO bulk single crystals and 2 ns at 10 K and
~188 ps at 280 K in pulsed laser deposition (PLD) grown
thin films were observed. Previously, the spin coherence
could only be observed and investigated in high-quality ZnO
materials such as ZnO bulk single crystals [72, 77, 81] and
epitaxial ZnO thin films growth by molecular-beam epitaxy
(MBE) and PLD [72, 75, 77]. Recently, the spin coher-
ence has also been successfully studied in ZnO nanoparti-
cles/quantum dots [73, 76, 78-80], spin-coated sol-gel ZnO
thin films [82], and ZnO DMS materials doped with Co and
Mn [80, 82]. Figure la shows the TRFR spectroscopy of
spin-coated sol-gel ZnO thin films at 300 K and 10 K. The
measurements were performed at a magnetic field of 1.4 T
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Fig. 1 Spin-coherence in ZnO. (a) Spin coherence of spin-coated
sol-gel ZnO thin films. Time-resolved Faraday rotation spectroscopy
of the ZnO thin film at 300 K and 10 K with a magnetic field of 1.4 T.
The red solid lines and gray dotted lines show the experimental data
and the exponentially damped sinusoidal fits, respectively. The spin—
coherence time is ~1.2 ns at 300 K. (b) Annealing effect on spin co-
herence of ZnO. Time-resolved Kerr rotation spectroscopy of ZnO sin-
gle crystal (fop, red) and after rapid thermal annealing in N, ambient
at 500 °C (middle, blue) and 800 °C (bottom, green). The measure-
ments were performed at 8.5 K with a magnetic field of 90 mT. The
circles and solid lines show the experimental data and the exponen-
tially damped sinusoidal fits, respectively. The spin-coherence times
are ~11.2 ns, ~2.3 ns, and ~2.0 ns for the ZnO before and after
500 and 800 °C annealing, respectively. (c), (d) Electric field effect on
spin coherence of ZnO. Time-resolved Faraday rotation spectroscopy
of epitaxial ZnO thin films (¢) without (top) or with an in-plane elec-
tric field of 4.9 mV/um (bottom) and (d) at different electric fields of
0-3.6 mV/um. All the measurements were performed at 20 K with
a magnetic field of 0.2 T. The spin-coherence time is enhanced from
~0.7 ns at zero field to ~1.6 ns with an electric field of 4.9 mV/um.
[(a) reprinted with permission from Ref. [82]. Copyright the Ameri-
can Chemical Society. (b) reprinted with permission from Ref. [81];
(¢)—(d) reprinted with permission from Ref. [75]. Copyright the Amer-
ican Institute of Physics]

with laser wavelengths of 375 nm (at 300 K) and 368 nm (at
10 K) [82]. The red solid lines and gray dotted lines show the
experimental data and the exponentially damped sinusoidal
fits, respectively. The spin-coherence time of the spin-coated
ZnO thin film is estimated to be ~1.2 ns at 300 K. Most of
the spin dynamics studies have been focused on the electrons
in ZnO. Several studies on the hole [77, 84] and exciton [84]
spin dynamics have also been reported.

The spin-coherence property of ZnO can be modified by
thermal processing and tuned with external applied bias.
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Yang et al. reported that the spin coherence in a ZnO single-
crystal wafer sample was degraded after a rapid thermal
annealing in N, ambient [81]. Figure 1b shows the time-
resolved Kerr rotation (TRKR) spectroscopy of ZnO sin-
gle crystal (top, red) and after rapid thermal annealing in
N, ambient at 500 °C (middle, blue) and 800 °C (bot-
tom, green). The measurements were performed at 8.5 K
with a magnetic field of 90 mT. The open circles and
solid lines show the experimental data and the exponentially
damped sinusoidal fits, respectively. The spin-coherence
times are ~11.2 ns, ~2.3 ns, and ~2.0 ns for the ZnO be-
fore and after 500 and 800 °C annealing, respectively. The
degraded spin-coherence time is attributed to the annealing-
induced surface conducting layer [81]. Ghosh et al. re-
ported that an in-plane electric could enhance the spin co-
herence in ZnO [75]. Figure lc shows the TRFR spec-
troscopy of epitaxial ZnO thin films without (top) and with
an in-plane electric field of 4.9 mV/um (bottom). The spin-
coherence time is enhanced from ~0.7 ns at zero field to
~1.6 ns with an electric field of 4.9 mV/um. Figure 1d
shows the TRFR mapping at different electric fields of
0-3.6 mV/um. Both the measurements in Figs. 1c and d
were performed at 20 K with a magnetic field of 0.2 T.
The capability to electrically manipulate spin coherence is
promising. ZnO spin lifetime was also analyzed based on
a magnetic tunnel junction device with ZnO as the spacer
layer [88].

3 Free-carrier type and concentration-dependent
magnetic properties in ZnO

Whether the magnetic properties (e.g. magnetization, Curie
temperature, anomalous Hall effect, etc.) of a DMS mate-
rial show free carrier concentration dependent behavior is an
important and straightforward approach to study the origin
and mechanism of the ferromagnetism in the DMS. Clear
carrier concentration dependent magnetic properties have
been demonstrated in ‘canonical’ DMS materials such as
GaAs:Mn and InAs:Mn [9-12], while in other DMS mate-
rials it is still controversial, for example nitride and oxide
DMS. In recent years, preliminary results of carrier concen-
tration dependent magnetic properties have been reported in
ZnO DMS materials [§9-104]. Generally, two approaches
are employed for tuning the carrier concentration in a semi-
conductor, one is chemical doping and the other is electro-
static doping. Both ways have been attempted to tune the
carrier concentration in ZnO DMS and study how the mag-
netic properties behave. Experimental results of carrier con-
centration dependent ferromagnetism in ZnO DMS materi-
als are summarized in Table 2.

@ Springer

3.1 Chemical doping

Clear carrier concentration dependent magnetization in ZnO
DMS was first observed in Co-doped ZnO with a donor co-
dopant (for tuning the electron concentration) of Al [91] and
Ga [94, 99], and (Mn,Ga) co-doped ZnO [95, 105]. Yang et
al. studied the above-room-temperature ferromagnetism in a
series of ZnO:(Mn,Ga) [95, 105] and ZnO:(Co,Ga) [94] thin
film samples with various free electron carrier concentra-
tions. Figure 2a shows the magnetic field dependent mag-
netization at 300 K of four ZnO:(Mn,Ga) thin film sam-
ples with electron carrier concentration of 1.2 x 1020 cm™3
(Mn-A), 4.7 x 10! cm—3 (Mn-B), 8.4 x 10'® cm—3 (Mn-C),
and 3.5 x 10'® cm™3 (Mn-D) [95]. The top and bottom
insets show the magnetic field dependent magnetization at
10 K of Mn-A and the temperature-dependent magnetiza-
tion at 2000 Oe of Mn-A, respectively. Figure 2b shows
the relation between the saturated magnetization (Ms) and
electron carrier concentration (n) of the four ZnO:(Mn,Ga)
thin film samples shown in Fig. 2a. Clear electron car-
rier concentration dependence of the magnetization is ob-
served [95]. The inset shows the x-ray diffraction (XRD)
pattern of a ZnO:(Mn,Ga) thin film. The orientation of
the thin film is along (1120) direction with the peak full-
width-at-half-maximum (FWHM) of ~0.29°. Transmission
electron microscopy (TEM) studies were performed on a
ZnO:(Mn,Ga) thin film sample with no secondary phase
observed [105]. Figure 2c shows the TEM studies of a
Zn0O:(Mn,Ga) thin film sample [105]. Figure 2c (i)-(iii)
show the cross-sectional TEM and high-resolution TEM
(HRTEM) images near the ZnO:(Mn,Ga)-sapphire substrate
interface region, and HRTEM image of the ZnO:(Mn,Ga)
thin film, respectively. The top and bottom insets in (iii)
show the fast Fourier transform pattern and diffraction pat-
tern of the ZnO:(Mn,Ga) thin film [105]. Figure 2d shows
the magnetic field dependent magnetization at 300 K of four
Zn0:(Co,Ga) thin film samples with electron carrier con-
centration of 8.3 x 10!° cm™3 (Co-A), 3.6 x 10¥ ¢cm™3
(Co-B), 4.0 x 10" cm™3 (Co-C), and 1.3 x 10'8 cm™3
(Co-D) [94]. The top inset shows magnetic field dependent
magnetization of sample Co-A at 700 K. The bottom in-
set shows the temperature-dependent magnetization of sam-
ple Co-A at 0.2 T. A high-temperature extrapolation fit-
ting (M ~ Mo(Tc — T)'/?) indicates the Curie temperature
(Tc) is around 950 K. Figure 2e shows the relation between
the saturated magnetization (Mg) versus the electron carrier
concentration (n) of the four ZnO:(Co,Ga) thin film sam-
ples shown in Fig. 2d. The top and bottom insets show the
HRTEM image of a ZnO:(Co,Ga) thin film and the cross-
sectional HRTEM image near the ZnO:(Co,Ga)-sapphire
substrate interface region [94]. The observed magnetization
values are large in the study shown in Figs. 2a and 2d,
while comparable and even larger magnetization values in
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Fig. 2 Carrier concentration dependent magnetic properties in ZnO
DMS thin films. (a) Magnetic field dependent magnetization at 300 K
of four ZnO:(Mn,Ga) thin film samples with electron carrier con-
centration of 1.2 x 1029 cm™3 (Mn-A), 4.7 x 10! ¢cm™3 (Mn-B),
8.4 x 10" cm™3 (Mn-C), and 3.5 x 10'® cm™3 (Mn-D). Top inset:
magnetic field dependent magnetization of sample Mn-A at 10 K. Bot-
tom inset: temperature-dependent magnetization of sample Mn-A at
2000 Oe. (b) The plot of the saturated magnetization (Ms) versus the
electron carrier concentration (n) of the four ZnO:(Mn,Ga) thin film
samples shown in (a). Inset: The XRD pattern of a ZnO:(Mn,Ga) thin
film. The orientation of the thin film is along (1120) direction with
a peak FWHM of ~0.29°. (¢) TEM analyses of a ZnO:(Mn,Ga) thin
film sample. (i)—(ii) cross-sectional TEM and HRTEM images near the
Zn0O:(Mn,Ga)-sapphire substrate interface region, and (iii) HRTEM
image of the ZnO:(Mn,Ga) thin film. Top inset: fast Fourier trans-
form pattern. Bottom inset: diffraction pattern. (d) Magnetic field de-
pendent magnetization at 300 K of four ZnO:(Co,Ga) thin film sam-
ples with electron carrier concentration of 8.3 x 10" cm=3 (Co-A),
3.6x10' cm™3 (Co-B), 4.0 x 10" cm =3 (Co-C), and 1.3 x 10'8 cm 3
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(Co-D). Top inset: magnetic field dependent magnetization of sam-
ple Co-A at 700 K. Bottom inset: temperature-dependent magnetiza-
tion of sample Co-A at 0.2 T. A high-temperature extrapolation fit-
ting indicates the Curie temperature (7¢) is around 950 K. (e) The
plot of the saturated magnetization (Ms) versus the electron carrier
concentration (n) of the four ZnO:(Co,Ga) thin film samples shown
in (d). Top inset: HRTEM image of a ZnO:(Co,Ga) thin film. The
scale bar is 2 nm. Bottom inset: cross-sectional HRTEM image near
the ZnO:(Co,Ga)-sapphire substrate interface region. The scale bar is
3 nm. (f) Magnetic field dependent magnetization (blue) and anoma-
lous Hall effect (black) in (i) ZnO:Co and (ii) ZnO:(Co,Ga). The
7Zn0:Co and ZnO:(Co,Ga) thin films show electron concentration (1)
of 4.0 x 10" and 5.7 x 102 ¢cm™3, saturated magnetization (Ms) of
0.35 and 0.85 MB/CO2+, and anomalous Hall conductivity (oapyg) of
0.002 and 0.078 @ 'cm™!, respectively. [(a)—(c) reprinted with per-
mission from Refs. [95, 105]; (d)—(e) reprinted with permission from
Ref. [94]; and (f) reprinted with permission from Ref. [99]. Copyright
the American Institute of Physics]
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ZnO DMS have been reported elsewhere [106, 107]. The
free electron concentration dependence of the anomalous
Hall effect (AHE) was also observed in ZnO:(Co,Ga) thin
films [99]. Figure 2f shows the magnetic field dependent
magnetization (blue) and AHE (black) in (i) ZnO:Co and
(i) ZnO:(Co,Ga) thin films. The ZnO:Co and ZnO:(Co,Ga)
thin films show electron concentration (n) of 4.0 x 10'° and
5.7 x 102 ¢cm—3, saturated magnetization (Ms) of 0.35 and
0.85 ug/Co>T, and anomalous Hall conductivity (o agg) of
0.002 and 0.078 ' cm™!, respectively.

In Dietl’s theory [16], ZnO DMS is predicted to have
an above-room-temperature Curie temperature when doped
with 5 % Mn and within a 3.5 x 10%° cm™> hole con-
centration p-type environment. In early theoretical work
by Sato and Katayama-Yoshida, it was predicted that the
ZnO:Mn tends to be ferromagnetic in p-type environment
while ZnO:Co tends to be ferromagnetic in n-type environ-
ment [17, 108]. Both consistent [42, 47, 51] and inconsistent
(ferromagnetic ZnO:Mn in n-type environment) [30, 35, 55]
experimental results have been reported. Further efforts need
to be focused on ZnO DMS to clarify the carrier type medi-
ation effect.

3.2 Electrostatic doping

Compared to the chemical doping approach, electrostatic
doping is a ‘cleaner’ way to tune the carrier concentra-
tion when studying the magnetic properties of DMS mate-
rials, due to no additional complexity introduced from the
dopants. For example, it has been argued that Ga and Al
(donors of ZnO) are likely to introduce additional unknowns
to the magnetic properties of ZnO DMS materials because
Ga and Al may also form compounds with the magnetic
dopants (e.g. Mn, Co, etc.) in addition to their role of tuning
electron carrier concentration in ZnO. However, additional
fabrication process required for electrostatic doping such as
dielectric layer and gate electrode metal deposition takes
more effort compared to chemical doping. In ZnO DMSs,
only a couple of electrostatic doping studies [92, 98] have
been reported so far on investigation of carrier concentration
dependent magnetic properties. Gate-bias-dependent mag-
netization [92] and anomalous Hall effect [98] were reported
in ZnO:Co DMS thin films.

4 Ferromagnetism in undoped and
non-transition-metal-doped ZnO

Whether the origin of the ferromagnetism is from the sec-
ondary phases from the magnetic dopants is a long debate
in ZnO DMS. Different from ferromagnetic transition met-
als Fe, Co, and Ni, transition metals V, Cr, and Mn as well
as Ti and Cu do not show any ferromagnetism in their own

elemental forms; hence, these transition metals were ini-
tially considered as better dopants for ZnO DMS research.
However, due to the multi-valence states, ferromagnetism in
non-ferromagnetic nanoparticles, or their oxide compounds,
recently it has been argued again that dopants V, Cr, Mn,
Ti, and Cu in ZnO may introduce complexity and are not
ideal dopants when studying the origin and mechanism of
the ferromagnetism in ZnO DMS. Recent observations of
ferromagnetism in non-transition-metal (e.g., C, Ga, Li, B,
etc.)-doped ZnO and undoped ZnO pave an additional way
to study the origin and mechanism in ZnO DMS. These re-
sults are discussed in this section.

The ‘unexpected’ magnetism in undoped ‘non-magnetic’
oxide materials was first observed in HfO; thin films by
Coey’s group [109, 110]. The ferromagnetism was at-
tributed to the defects such as oxygen vacancies. Since
then, observation of ferromagnetism has been discovered
in various undoped oxide materials, including CeO, [111],
Al,O3 [111],In03 [111, 112], SnO; [111], and TiO; [112,
113]. Recently, ferromagnetism has been reported in un-
doped and non-transition-metal-doped ZnO [100, 111,
114-122] such as C-doped ZnO (ZnO:C) [115, 119], and
Ga-doped ZnO (ZnO:Ga) [118]. The representative results
of room-temperature ferromagnetism reported in undoped
Zn0O and non-transition-metal-doped are summarized in Ta-
ble 3. The origins of the ferromagnetism in these studies
are mostly attributed to the intrinsic defects (e.g. oxygen va-
cancy), defect complex, or mediation of the intrinsic defects
in ZnO, except for ZnO:C, in which the origin of ferromag-
netism was attributed to Zn—C system [115]. The defect-
mediated mechanism of ferromagnetism in ZnO DMSs is
different from the carrier-mediation or bound magnetic po-
laron [45] mechanisms, but it suggests that a precise control
of defects in ZnO is also likely to be an alternative approach
to design the magnetic properties in ZnO DMSs.

Xu et al. studied the magnetic properties of undoped ZnO
thin films [117]. The ZnO thin films were grown on a-plane
sapphire substrates using PLD at 570 °C in N, ambient un-
der a pressure of 0.3 mbar. The ZnO thin film shows above-
room-temperature ferromagnetism. The Curie temperature
is above 300 K indicated from the field-cooled and zero-
field-cooled curves [117]. Figure 3a (i) shows the magnetic
field dependence of the magnetization of the ZnO thin film
at 5 K and 290 K with a ferromagnetic hysteresis loop ob-
served at both temperatures. Figure 3a (ii) shows the anoma-
lous Hall resistivity of the ZnO thin film at various tempera-
tures of 5, 20, 50, and 290 K. Two additional interesting ob-
servations were reported [117]. First, another undoped ZnO
thin film grown at the higher temperature of 655 °C (with
all other growth parameters the same) did not show an ev-
ident ferromagnetic hysteresis loop, which is attributed to
fewer amount of defects in the undoped ZnO at higher tem-
perature. Second, Cu-doped ZnO thin films grown under the

@ Springer



Z. Yang

248

amjerodwd) wool : 7y K109y} Jeuonouny Ksudp : 7.7 ‘uonisodop 1ase| pasind :q74 ‘sofoniedoueu :sgn 109))0 [[eH SNO[EWOUR (FH Y

sired
Koueoea uz—g 03 $9)Is JoquSrou swyy
UONBIUIDUOD JS9IBU A} UI SWoIe UdZLX0 Jo ury)
(0102) [9¢1] g oy} uo spuadop Juowiow pajeInies  juswIow dNQUSEW padnpur Ay [, V/IN /MW ¢~ 03 dn < ald d:ouz
swy
UONIPUOD YIMOIS pue UOIBIIUIOUOD ury)
(0100) [TeT] 17 uo spuadop armeradwa) oty Kouesea uone) V/IN 3 00¢ e o/ g~ 3 609—¢tcr dald Tr1ovuz
Sureauue uagAxo armerodwo) y3iy
e Surdojdwo £q ,uQ, pue JJO, poYdMIIMs pojerpaw
(0102) [001] 9q UBd WSNAUSEWRIP/WSHOUSBWOLI] x9[dw09-309J3p 10 10901 V/IN Jwo/nud 1~ 031 dn S 00E< aid ouz
9p pouedwr-) sy
pue ‘Quz pajuefdur-oN ‘Quz O»D uonejuerdur uny
(8000) 6111 UI POAIdSQO 10U SeM WISTAUTEUOLIS] QUZ U JUSUISA[OAUL 7 VIN M geDred 81 4770 M 00€< 2+aid D0vzZ
SIOLLIED 931) JO UOBIUIIUOD sy
Y31y oy pue s109)uad  jo douesaid oy SIQJUAD ury)
(80027) [811] O3 paye[al SI JOTARYQq O1JQUSBWOLIR) Y], J Se 108 Jey) sarouedeA UISAXQ V/N nw ,_Of X $7-¢'1 S 00E< ald eo:ouz
WSAUTLWOLIOJ
orsurnut Ajiroa Afenbrun jou seop qHV
Yy Suneatput ‘swyy uty) Quz pedop-ny suy
onesuSewole)-uou pue Quy padopun S 06C ury)
(80027) [L11] onouSewol1d) Yjoq Ul paAIdsqo sem qHY $309Jop OIsuLIuf 03 dn paalesqQ SO/ [~ M 00E< aid ouz
SIAMUAD ] JO SIAISN[O AOUBIBA PAJR[OSI O}
PaINgLIIE Sem YOTYM ‘PIATISqO Sem N (]
MOo[2q Joraeyeq onauewered Juong (7) SI19)SN[O
‘ordures paredoid-se uey) uoneznoudew KoueoeA OTUOTUE JB PAULIOJ S 00€ 1opmod
(L002) [911] 108uomns smoys o[duwres pajeauuy (1) 9q uBd sjuswIow dAUSEIA V/IN Je wS/nwe §100' 0~ S OpE~  poylou I[N ouz
QUZ U1l O smusqns D uaym woje ) tod swyy
471 70" Jo yuswow dnuSeur e jo1paid JUSUWILOIIAUS S 00§ ury)
(L00D) [ST1]  1oded oy ur passnosip suone[no[ed [4d QUZ 9y Ul wsks H—uz 0} dn paArasqQ D Iod 811 0'¢—¢'| M 00r< dald D-:0uzZ
QJexISqNS /WY Uy} ay) Jo doefIojul
Je I0/pue Q0BJINS W[L-UIY} UO S}O9Jop
Q) WOIJ SISLIE A[OYI] WSTJOUTLWOLIJ swqy
oy Jey Suneotpur ‘eouspuadop ury)
(L00D) [¥11] SSAUNOIY) WY SMOYS UOIEZIOUSEIN SIS UZ U0 S199fa(d VIN cud/nuIe 00T~ M 00€< d1d ouz
SOpIXO [e3owW Jo sopontedoueu
JO JNSLIg)ORIRYD [BSISATUN B 9q JYSTUI ENELR SN
(9002) [111] wsnouSewora) oy} 18y} p)sa33ns sem J|  0BJINS ) JB SAIOUBIRA UITAXQ V/N S/und QI X ('~ S 00E< [93-10S ouz
poyrowt
(Teak) douareyoy JUSUWILIOD PUB JON wspougewoLa) Ay jo uIsSuQ gHY uoneznouSew pojeinjes dunjeradwo) oun) SISOUIUAS  [BLISJRI

SI0JONPUODIWIAS d1jouew pAN(Ip QuZ padop-[ejow-uonisues}-uou pue padopun ur wsnousewold,] ¢ dqeL,

pringer

A's



A perspective of recent progress in ZnO diluted magnetic semiconductors

249

1‘(";_(i') T I/'4#'/'/-::

P"E 0.55— Undoped ZnO / —

6 3 E

=] ~ =

2 0.0 % :

& r 4 ]
0.5F M 5K

E A
-1.0% /%/l L. TZIQO K
-3 -2 -1 0 1 2 3

a H (kOe)

@ 10 . . . ]
- OOQ Zno:C ® ~1%
ik wo o O~2.5%

-
.08F 1
= —

= 0715 ® O

E 0]
0.6F=" ., L
. |
0.5- I-E & .glelmo{koip ‘. " ; .. 1
0 100 200 300 400
b Temperature (K)

Fig. 3 Ferromagnetism in transition-metal-free ZnO. (a) Room-
temperature ferromagnetism in undoped ZnO thin films. (i) Magnetic
field dependence of the magnetization of the ZnO thin film at 5 K and
290 K. Ferromagnetic hysteresis loop observed at both temperatures.
(ii) Anomalous Hall resistivity of the ZnO thin film at 5, 20, 50, and
290 K. (b) Room-temperature ferromagnetism in ZnO:C thin films.
(i) The temperature dependence of the normalized saturation magneti-
zation [Ms(T)/Ms (5 K)] for ~1 % (solid circles) and ~2.5 % (open

same growth conditions as the ferromagnetic undoped ZnO
did not show ferromagnetism in the magnetization measure-
ment; however, they unexpectedly showed an evident AHE
in the transport measurements. The authors then concluded
that the AHE should not be used as an indication of intrinsic
ferromagnetism. The AHE [123] was previously considered
as a sign for intrinsic ferromagnetism in ZnO DMS mate-
rials [68, 94, 98, 99, 103, 105, 115, 124-131], but now it
is more widely accepted that the mechanism of AHE deter-
mines whether it is intrinsic (e.g. intrinsic deflection mecha-
nism) or extrinsic (e.g. side jump mechanism, skew scatter-
ing mechanism) [123].

Pan et al. studied the magnetic properties of ZnO:C
thin films [115]. The ZnO:C thin films were grown on c-
plane sapphire substrates using PLD at 400 °C and a pres-
sure <1077 torr. The ZnO:C samples show above-room-
temperature ferromagnetism. Figure 3b (i) shows the tem-
perature dependence of the normalized saturation magne-
tization [Ms(T)/Ms(5 K)] for ~1 % (solid circles) and
~2.5 % (open circles) ZnO:C thin films. The inset in
Fig. 3b (i) shows the magnetic field dependent magneti-
zation of the ~1 % ZnO:C thin film at 300 K with a hys-
teresis loop observed. The Curie temperature is higher than
400 K indicated by the temperature dependent saturation
magnetization curve shown in Fig. 3b (i). The undoped
ZnO control sample shows non-magnetic properties. In the
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circles) ZnO:C thin films. Inset: magnetic field dependent magnetiza-
tion of the ~1 % ZnO:C thin film at 300 K with a hysteresis loop
observed. (ii) Field-dependent Hall effect of the ~1 % ZnO:C thin film
at 10, 80, and 300 K. Inset: anomalous Hall effect curve after subtrac-
tion of the linear background from the normal Hall effect. [(a) reprinted
with permission from Ref. [117]. Copyright the American Institute of
Physics. (b) reprinted with permission from Ref. [115]. Copyright the
American Physical Society]

two ZnO:C samples under study, the larger C concentra-
tion sample (~2.5 % measured by secondary ion mass spec-
troscopy) shows a stronger magnetization (7.1 emucm™>
at 300 K) than the smaller C concentration sample (~1 %;
5.1 emucm™3 at 300 K). No ferromagnetism was observed
in carbon powder, sintered ZnO/C targets, and the sapphire
substrate. The AHE was also observed in the ZnO:C sam-
ples with a consistent shape of hysteresis loop with the mag-
netization hysteresis loop. Figure 3b (ii) shows the field-
dependent Hall effect of the ~1 % ZnO:C sample at 10, 80,
and 300 K. The inset in Fig. 3b (ii) shows the AHE curve af-
ter the linear background (from the normal Hall effect) was
subtracted. Density functional theory (DFT) calculations
based on a supercell with 18 f.u. wurtzite ZnO were em-
ployed to discuss the experimental results. The magnetism
in ZnO:C arises from the carbon substitution for oxygen
forming a Zn—C system in the ZnO environment. The mag-
netic moment is 2.02 up per carbon dopant predicted by
the DFT calculation, which is in good agreement with the
experiments.

Room-temperature ferromagnetism has also been re-
ported in Li-doped ZnO [49, 132—-135] and B-doped ZnO
[136, 137], with the origin of the ferromagnetism attributed
to the cation vacancy [132] and the induced magnetic mo-
ment of oxygen atoms in the nearest-neighbor sites to B—Zn
vacancy pairs [136], respectively.
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5 Concluding remarks and outlook

Above-room-temperature ferromagnetism has been widely
observed and reported in ZnO DMS materials so far. Cur-
rently the centerpiece of ZnO DMS research is to further
clarify the origin and mechanism of the ferromagnetism in
ZnO DMS materials. To investigate the role of free-carrier
concentration in the magnetic properties of ZnO DMS ma-
terials is an indispensable approach in this direction. Dif-
ferent from the ‘canonical’ DMS material GaAs:Mn [2,
138] (in which Mn itself is not only a magnetic dopant
but an acceptor dopant introducing holes as well), in ZnO
DMS materials the magnetic dopants such as Mn and Co
do not provide additional electrons or holes in significant
amounts, because all the common magnetic dopant elements
are generally not shallow donors/acceptors in ZnO at all.
Hence, in order to tune the carrier concentration in ZnO
DMS using the chemical doping approach, a second dopant
element in addition to the magnetic dopant element is re-
quired such as Ga [94, 95, 99] and Al [91]; however, the
donor/acceptor dopants introduce additional complexity at
the same time of supplying free carriers for the mechanism
analyses, because the role of the free carriers introduced by
the donor/acceptor dopants has to be clearly distinguished
from other possible contributions from the donor/acceptor
dopants themselves, especially when these dopants com-
pound with magnetic dopants or introduce defects in ZnO
showing evident magnetic property changes. For example,
ferromagnetism has been reported in ZnO:Ga (without any
magnetic dopants) recently [118], as discussed in the previ-
ous section. We need to pay additional attention to make a
conclusion that the magnetic property is dependent on the
free-carrier concentration rather than the concentration of
the donor/acceptor dopants. Additionally, to achieve a reli-
able p-type environment in ZnO with controllable free-hole
concentration is also indispensable for the carrier mediation
mechanism study of ZnO DMSs, which is still a challenge
using the chemical doping method. Most of the free carrier
concentration dependent magnetic property studies in ZnO
DMSs are under electron environment so far.

Compared to the chemical doping method, electrostatic
doping is a ‘cleaner’ approach to tune the carrier concen-
tration in a semiconductor material controllably with the
applied gate voltages. Although preliminary results on car-
rier concentration dependent magnetization [92] and anoma-
lous Hall effect [98] under electrostatic doping have been
reported in ZnO DMS materials, a lot more work still
needs to be done to reach solid conclusions comparable to
the achievements from similar experiments in ‘canonical’
DMSs GaAs:Mn [2, 9, 10, 139, 140] and InAs:Mn [11, 12].
Furthermore, how the Curie temperature changes with car-
rier concentration has not yet been carefully studied in
ZnO DMS materials. No experimental results showing a

@ Springer

clear conclusion have been reported so far to the best
knowledge of the author. These studies under electrostatic
doping are important to ZnO DMS research and worth-
while to be focused on in the near future. Recent discov-
ery of the ionic-liquid gating technique [141-146] paves the
way for a novel electrostatic doping approach with orders-
of-magnitude higher free-carrier concentration achievable
than the electrostatic doping using conventional solid gate-
dielectrics. Exciting results have been reported in several
DMS materials using ionic-liquid gated electrostatic doping
recently [144, 145]. Studies on ionic-liquid-gated ZnO DMS
devices are likely to further clarify the carrier-mediation
mechanism therein due to the opportunity of a larger range
of tunable free-carrier concentration.

Finally, it is necessary to point out here that ZnO is a
semiconductor material with many species of native defects
and impurities with quite a few of them behaving as shal-
low donors [13, 147, 148]. Quite different from classical
semiconductors such as Si and GaAs, ZnO materials pre-
pared using various growth methods from different groups
generally show significant differences in physical properties
including native defect/impurity species and density, mobil-
ity, crystallinity etc. Sometimes the difference could be as
large as many orders of magnitude; for example, the electron
concentration in undoped ZnO prepared by various methods
can range as large as from 10" cm™3 to 10%° cm™3. When
these ZnO materials are employed for DMS study, it is not
a surprise that distinct results are reported even with simi-
lar magnetic doping conditions. It is a significant difficulty
hindering the progress in further clarification of the con-
troversial issues in ZnO DMS research. Once high-quality
undoped ZnO materials with low density of native defects
and impurities, showing comparable background electron
concentration to bulk crystals [149-154], as well as neg-
ligible physical property difference from one group to the
other within the research community, can be widely pre-
pared in the future, a more reliable platform and basis for
ZnO DMS research is established. Research results of ZnO
DMS achieved based on this platform can be more reason-
ably and reliably compared from one group to the other for
analyses.

Itis still a long way to go with tremendous efforts towards
practical device application of the above-room-temperature
ferromagnetism demonstrated in ZnO DMS materials, al-
though reported preliminary results of some prototype de-
vices such as ZnO DMS magnetic tunnel junctions [155]
have shown promising interest and potential application.
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