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Electrically Induced Ferromagnetism
at Room Temperature in Cobalt-Doped

Titanium Dioxide

Y. Yamada,™* K. Ueno,?3* T. Fukumura,®*t H. T. Yuan,>® H. Shimotani,>® Y. lwasa,>¢ L. Gu,?

S. Tsukimoto,? Y. lkuhara,>”"® M. Kawasaki*%>¢

The electric field effect in ferromagnetic semiconductors enables switching of the magnetization,
which is a key technology for spintronic applications. We demonstrated electric field—induced
ferromagnetism at room temperature in a magnetic oxide semiconductor, (Ti,C0)0,, by means of

electric double-layer gating with high-density electron accumulation (>1

0™ per square

centimeter). By applying a gate voltage of a few volts, a low-carrier paramagnetic state was
transformed into a high-carrier ferromagnetic state, thereby revealing the considerable role of
electron carriers in high-temperature ferromagnetism and demonstrating a route to

room-temperature semiconductor spintronics.

agnetization of ferromagnetic ma-
Mterials is a fundamental quantity in

various spintronic devices, such as
magnetic random access memories. Magneti-
zation control by electrical means is one of the
central issues in semiconductor spintronics
and will contribute to lower energy consump-
tion of those devices (I, 2). Ferromagnetic
semiconductors possess both spin and charge
degrees of freedom as a result of the carrier-
mediated exchange interaction (3). Therefore,
field-effect transistors made of ferromagnetic
semiconductors are one of the most promising
routes to realizing electrical control of magnet-
ism, which in turn will lead to magnetization
switching (4). In contrast, electric field control
of ferromagnetic metals is limited to varying
the magnetic anisotropy, which leads to mag-
netization rotation (3, 6). The most well-studied
ferromagnetic semiconductor, (Ga,Mn)As, has
a Curie temperature (7¢) of 190 K (7), thus hin-
dering the possibility of electrical control of fer-
romagnetism at room temperature.

The strong demand for higher-7 ferromagnetic
semiconductors led to the theoretical prediction
of higher 7¢ in wide-gap magnetic semicon-
ductors such as oxides (8). Subsequently, a com-
binatorial approach revealed that a magnetic
oxide semiconductor, (Ti,C0)O,, is ferromag-
netic with 7 > 400 K (9). This compound ex-
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hibits the ferromagnetic magneto-optical effect
and anomalous Hall effect at room temperature
(10-12), thus satisfying important prerequisites
to be classified as a ferromagnetic semicon-
ductor (3). Electric field control of ferromagnetism
should be possible at room temperature if fer-
romagnetism originates from a carrier-mediated
mechanism.

The electric field effect has been used for
transforming various electronic and magnetic
phases in a wide range of materials (4, /3). Usually,
the accumulation of sufficiently high charge den-
sity (>10"* em ™) to induce an exotic phase has
been difficult because of dielectric breakdown
of the gate insulator. Electric double layer tran-
sistors (EDLTs) have been developed as a
powerful device structure allowing an extremely
high electric field effect. EDLTSs use a liquid elec-
trolyte instead of a conventional solid gate insu-
lator. Self-organized ions under an applied gate
voltage form a nanometer-thick electric double
layer to induce an image charge sheet on the
channel surface, yielding a very high electric field
on the order of 10 MV cm ™.

Epitaxial films of anatase, Tig99C0q. 100>
(001), were grown on LaAlO; (100) substrates
by a pulsed laser deposition method (/4). Bright-
field scanning transmission electron micros-
copy (STEM) imaging and the corresponding
energy-dispersive x-ray spectroscopy mapping
for each constituent element (Fig. 1, A and B)
reveal that Co atoms were distributed homo-
geneously inside the thin-film region without
any segregation at the surface or interface,
which is consistent with x-ray diffraction and
atomic force microscopy analyses (/4). In the
atomically resolved high-angle annular dark-
field STEM (HAADF-STEM) images (Fig. 1, D
and E, for the regions indicated in Fig. 1C),
the intensity of the atomic column is approx-
imately proportional to the square of the atomic
number (/5). As shown in Fig. 1D, Ti atoms
in the anatase TiO, buffer layer (upper part)
were coherently grown on the LaAlO; substrate
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(bottom part), where bright and dark spots cor-
respond to atomic columns of La and Al atoms,
respectively. The anatase structure was coherently
retained in the TipopCop 100, film (Fig. 1E):
The uniform contrast of Ti and Co atoms repre-
sents the homogeneous distribution of Co atoms
substituting for Ti sites.

Figure 1F schematically shows the struc-
ture of an EDLT: A drop of electrolyte con-
tacts the Hall bar channel and the Pt planar gate
electrode (an optical microscope image is shown
in fig. S1). We used two kinds of electrolyte
(14). By applying a positive gate voltage, the
cations and anions move to the channel and
the gate electrode, respectively, and then an
electric double layer is formed over the chan-
nel surface to accumulate electron carriers in
the channel, leading to the emergence of ferro-
magnetism (Fig. 1G).

To probe the carrier accumulation and its
ferromagnetic response, we carried out Hall ef-
fect measurements. The Hall resistivity (py) of
(Ti,Co)O;, can be expressed by the sum of the
ordinary and anomalous Hall terms, py = RyH +
RsioM, where Ry and Rg are the ordinary and
anomalous Hall coefficients, respectively; H is
the magnetic field; g is the vacuum permeabil-
ity and M is the magnetization (/6). According-
ly; the anomalous Hall term can be an electrical
probe of M and is useful particularly for thin
films because of its small magnetization signal.
The electron density 7 is inversely proportional
to Ry, n = (eR,) ', where e is the bare electron
charge; the mobility p can also be evaluated by
measuring the resistivity (p,,) according to the
relation W = Ro/p-

The blue curve in Fig. 1H is a transfer curve
measured at 320 K for an EDLT with a 33-nm-
thick Tig.99Cog 100, channel. The sheet conduct-
ance G,, was enhanced above a gate voltage Vg
of 3V, indicating an electron channel field-effect
transistor operation. The red circles in Fig. 1, H to
J, respectively show G,,, the sheet electron den-
sity (n2p), and p at 300 K measured during the
temperature variation experiments (see Fig. 2A).
The value of 7, increased from 4.0 x 10> cm™
at Vg =0to 2.7 x 10" em™ at V5 = 3.8 V,
whereas p remained almost constant. The max-
imum of the accumulated sheet electron den-
sity was as high as that observed in an EDLT
using the same ionic liquid for gating (/7). The
value of G,, at Vg = 0 was reproduced after
repeated Vg scans. Hence, the enhancement in
G, was caused by the electrostatic charge ac-
cumulation. Note that the extremely high chem-
ical stability of (Ti,Co)O, prevented the films
from undergoing electrochemical reactions dur-
ing the repeated electric field effect measure-
ments (/8).

Figure 2A shows the temperature depen-
dence of p,, measured during cooling at var-
ious values of Vg. The charge accumulation
transformed the channel from an insulative
state to a metallic one. Shown in Fig. 2, B to
D, are the values of conductivity (o,,), 1, and
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Fig. 1. (A) A bright-field
STEM image of a Tiy 99C00.100>
(001) / TiO, (001) / LaAlO;
(100) substrate. (B) The cor-
responding energy-dispersive
x-ray spectroscopy mappings
for Co, Ti, O, and AL (C) Cross
section showing location of
images in (D) and (E). (D and
E) Atomically resolved high-
resolution HAADF-STEM im-
ages at the TiO, / LaAlOs
interface (D) and within the
Ti0.90c00'1002 fﬂm (E). (F) A
schematic of an electric dou-
ble layer transistor (EDLT), where liquid electrolyte con-
tacts the Ti 99C00.100> channel and the Pt planar gate
electrode. (G) Illustration of electrically induced change
from paramagnetic state without gate voltage to ferro-
magnetic state with finite gate voltage by accumulating
electron carriers that mediate ferromagnetic coupling
between localized spins. (H to J) A transfer curve of the
EDLT at 320 K measured with a gate voltage (V) scan
rate of 1 mV/s (blue curve) and the sheet conductance
G, (H), sheet electron density n,p (1), and mobility
(]) at 300 K measured during temperature sweep at
each V/ (red circles).

Fig. 2. (A) Temperature dependence of resistivity p,y
in Tig.90C0g.100; channel measured while cooling from
320 K with application of each gate voltage V. From
300 to 50 K in decrements of 50 K, the temperature
was kept constant while the magnetic field was swept
between +0.5 T and —0.5 T for the Hall effect mea-
surements. (B to D) Temperature dependences of con-
ductivity o, (B), mobility p (C), and electron density n
(D) at each V; colors correspond to those in (A).
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Fig. 3. Magnetic field (uoH, where g is the vac-
uum permeability) dependence of the anoma-
lous Hall conductivity cay at 300 K, measured
at different gate voltages V. The values of elec-
tron density n at each Vg obtained from the or-
dinary Hall effect are shown in parentheses. The
upper and lower curves for each color correspond
to the anomalous Hall conductivity with decreas-
ing and increasing magnetic field, respectively.

0.2 0.4

the volume electron density (n) evaluated from
the ordinary part of the Hall resistance at each
temperature, where n was obtained from n,p
divided by the film thickness, assuming a uni-
form distribution of electron density along the
depth, for the sake of comparison with chemi-
cally doped samples. The increase in o,, was
dominated by the increase in n.

Such a high-density accumulation of charge
carriers had a striking effect on the magnetism
at room temperature. Figure 3 shows the mag-
netic field dependence of anomalous Hall con-
ductivity (cap) at each Vg (19). At Vg = 0,
oy Was almost negligible, indicating that the
Tig.90C00.100, channel was in a paramagnetic
state. With increasing Vg, ooy was enhanced
to show the clear emergence of hysteresis, in-
dicating the electric field—induced ferromag-
netic state.

The relationship between 63y and 7 at 300 K
is summarized in Fig. 4A for the two different
EDLTs (devices 1 and 2), superposed with the
data from nine samples of chemically doped
Tig.00C00.1002 s, in which the oxygen vacancy &
was varied as the electron donor. At Vg =0V,
oap was negligible in both devices. By accumu-
lating # greater than ~1 x 10" cm >, 6} was
steeply increased by the emergence of the ferro-
magnetic state. These EDLT data showed good
agreement with those of the chemically doped
samples, plausibly ruling out extrinsic sources
such as magnetic nanoparticles as a cause of
the increased o5y, because the electric field
changes only the amount of n. The tempera-
ture dependence of 6y at each Vg is shown in
Fig. 4B. The amplitude of o,y was enhanced
above Vg of 3.4 Vat all temperatures. The inset
in Fig. 4B shows the temperature dependence
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Fig. 4. (A) Relationship between anomalous Hall conductivity 6,y and electron density n at 300 K. Red
circles and blue triangles denote the data for two different EDLTs (devices 1 and 2, respectively). The
applied gate voltage Vg was 0 to 3.8 V for device 1 and 0 to 3.75 V for device 2. Green circles denote
the data from nine Tig99C09100,_5 samples, in which the electron density was varied by tuning the
concentration of the oxygen vacancy 8. (B) Temperature dependence of the anomalous Hall con-
ductivity for each gate voltage V. The inset shows temperature dependence of the longitudinal con-

ductivity o,,, converted from Fig. 2B.

of 6,,. Note that 65 and &, show quite similar
temperature dependence, indicating that the
electrical conduction induced the ferromagnetic
coupling.

The electrically induced ferromagnetism sup-
ports the idea that the ferromagnetism originates
from a carrier-mediated mechanism (20) rather
than a non—carrier-mediated one (27). The en-
hanced 7 with a positive Vg is consistent with
the polarity of electron carriers, which are expected
to mediate the exchange coupling, in contrast
with hole carriers in (Ga,Mn)As (22). T¢ inferred
from Fig. 4B might not be a monotonically in-
creasing function of the carrier density, in
contrast to the carrier-mediated mechanism seen
with (Ga,Mn)As. Thus, a more systematic study
of T¢ will be needed, with the change of Vg
polarity and the temperature dependences, to
elucidate the details of the carrier-mediated
mechanism.

Our results show that ferromagnetism can be
induced in low-carrier paramagnetic Tip 99Cog 1002
with a huge amount of electron charge accumu-
lation by using an EDLT geometry. This method
offers promise for future semiconductor spintronics
operating at room temperature, such as a gate-
tunable magnetization inversion (23) and the
gate-tunable magneto-optical effect (/0). Such
gate-tunable ferromagnetism will also contribute
to manipulation of magnetic bits with lower dis-
sipation than that achieved in ferromagnetic metal
memories.
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