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Research in the spintronics community has been intensively stimulated by the proposal of the spin field-effect tran-
sistor (SFET), which has the potential for combining the data storage and process in a single device. Here we report the
spin dependent transport on a Fe304/GaAs based lateral structured device. Parallel and antiparallel states of two Fe3Oy4
electrodes are achieved. A clear MR loop shows the perfect butterfly shape at room temperature, of which the intensity
decreases with the reducing current, showing the strong bias dependence. Understanding the spin-dependent transport
properties in this architecture has strong implication in further development of the spintronic devices for room-temperature

SFETs.
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1. Introduction

The spin transport and the spin manipulation of car-
rier spins represent two key elements of semiconductor
(SC) spintronics logic devices including several viable types
of spin transistors, particularly spin field-effect transistors
(FETs).['-3] Research on spin injection and detection and
spin coherence in semiconductors continues to draw ex-
tensive interest from both the scientific and the technical
communities.[*®! The electron spin relaxation time in SCs
has been revealed to be several orders of magnitude longer
than the electron momentum and energy relaxation times. !’}
Further experimental evidence has been proven that electrons
can be transported a distance of as large as 100 um with-
out loss of their spin coherence using an electric field for the
case of GaAs.[3] These observations suggest that spin informa-
tion could be transmitted efficiently in specific SC channels.
Although all electrical spin field effect transistors have been
demonstrated, they operate at low temperatures and require
multi-terminals or non-local geometry.[®~4] It has been pre-
dicted that the magnetoresistance (MR) effect due to diffusive
electron transport may exist in a two-terminal spin-valve struc-
ture with a non-magnetic SC layer.!'>!%! However, room tem-
perature spin injection and transmission in FM/SC/FM system
(FM: ferromagnet) is still challenging.

Ferromagnetic source with high spin polarization near the
Fermi level has inherent advantages in spin injection. Half
metallic Fe3O4 film in this regard is an ideal candidate due to
its high Curie temperature of 858 K and large spin polarization
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near 100% at the Fermi level at room temperature, even though
a reduction of spin polarization of Fe3O4 may appear due to

172201 Unlike ferromag-

non-stoichiometry or surface effect.!
netic metals and alloys that have a significant ‘conductivity
mismatch’ 124! with the SCs,!?>! Fe304 has relatively high
electrical conductivity and potentially forms non-ohmic con-
tact with SCs like GaAs.[?%?7l Moreover, spin—orbit coupling
(SOC) also play an important role in spin FET devices.!!-328]
In this respect, the enhanced SOC effect near Fe3O4/GaAs

e?l and two-dimensional (2D) SC as the spin trans-

interfac
port media due to effects from 2D confinement are preference
for the spin FET device. In this article, we report the fabrica-
tion and characterizations of a two-terminal lateral Fe;O4/n-
doped GaAs(100) thin layer/Fe3;O4 spin-valve (SV) device.
The bias-dependent room-temperature MR effect is observed,
which demonstrates the all-electric spin injection and detec-
tion from a magnetic half-metal to a semiconductor at room

temperatures.

2. Experiments

Firstly, an ultrathin Fe3O4 film was epitaxially grown on a
GaAs(100) substrate. The GaAs(100) wafer used in this study
consisted of epilayers of n-GaAs with the following structure:
amorphous As-cap/n-GaAs (500 nm, 3x10'® cm™3)/500 um
thick semi-insulating (S.I.) GaAs(100). After cleaned in ace-
tone and IPA thoroughly, GaAs wafer was loaded into a UHV-
MBE chamber with a base pressure of 2 x 107! mbar and
annealed at 830 K for 30 min to desorb the capped As layer

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

068505-1


http://dx.doi.org/10.1088/1674-1056/ac4903
yazhai@seu.edu.cn
mailto:ybxu@nju.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 068505 (2022)

and form a smooth single crystalline GaAs surface. By us-
ing the postgrowth oxidation method,?%! a thickness of 4 nm
Fe film was deposited on top of the GaAs wafer at a chamber
pressure better than 1 x 10~ mbar at room temperature, using
e-beam evaporator at a rate of 2 A/min, followed by oxidiz-
ing in an oxygen environment of 5 x 10~ mbar for 10 min at
500 K. The growth process of the single crystalline magnetite
film was monitored by reflection high-energy electron diffrac-
tion (RHEED). The RHEED patterns of Fe3O4 film along the
GaAs[011] axis is shown in Fig. 1(a), which suggests the epi-
taxial growth.

A local geometry with four contacts is used to measure
the spin signal of the lateral spin valve structure, as schemat-

a b
(a) . (b)

ically shown in Fig. 1(b). Subsequently, two Fe3O4 elec-
trodes (Fe3O41: 17 x 156 um, Fe3042: 97 x 156 um) with
an edge to edge distance of 2.6 um were patterned by the
electron beam lithography, optical lithography and selective
H,S0O4-based etchant. The scanning electron microscope im-
age of two Fe3O4 electrodes is shown in Fig. 1(c). Finally,
four Au electrodes were fabricated by optical lithography and
lift-off process. The total fabrication process of the Fe3O4/n-
GaAs/Fe3O4 spin valve device is summarized in Fig. 1(d).
Subsequently, all terminals are wire bonded to a chip and con-
nected to Keithley Source Meter 2450 for magnetic transport

measurements.

/—@Zo
/

Fe3O41

n-GaAs

S.I. GaAs

Fig. 1. (a) RHEED patterns of Fe30, with the electron beam along GaAs(100)[011] direction. (b) Schematic diagram of the two-terminal
lateral device. (c) Typical SEM image of the fabricated Fe304/GaAs/Fe304 device. (d) Illustration of the fabrication process of the device.

3. Results and discussion

The in-plane magnetic anisotropy of Fe3O4/GaAs film
obtained by ferromagnetic resonance is shown in Fig. 2(a).
It is seen that the film shows a dominant uniaxial symmetry
with its easy axis (EA) along [011] (¢g = 0°). An additional
small four-fold symmetry is observed clearly with its EA along
[010] and [001](@yg = 45° and 135°, respectively), which re-
veals a dominant uniaxial magnetic anisotropy (UMA) plus a
minor cubic magnetic anisotropy in our ultrathin Fe;O4 sin-
gle crystal film. The UMA is induced by the GaAs sub-
strate due to the interfacial effect between Fe3;O4 and GaAs,
which may originate from the unidirectional chemical bond-
ing and the anisotropic lattice relaxation, while the four-fold
magnetic anisotropy originates from the cubic magnetocrys-
talline anisotropy of bulk Fe30y.13!! By fitting the experimen-
tal angular dependence of the resonance field data with satu-
ration magnetization My = 470 Gs obtained by vibrating sam-
ple magnetometry (VSM), the UMA constant is determined as

5.7x10* erg/lem? and the magnetocrystalline anisotropy con-
stant is determined as —3.1 x 10% erg/cm3, about 26% of the
value of bulk Fe3O4 (—11.8 x 10* erg/crn3)[32] due to the in-
terfacial effect and the lattice relaxation at the FezO4/GaAs
interface. The Kerr loop with the applied field along the EA
of UMA (GaAs(100)[011]) direction is measured, as shown in
Fig. 2(b). It shows a perfect square loop with the squareness
of 96% and the coercivity of 130 Oe, which suggests that the
EA of UMA direction is perfect for the magnetic electrode of
the spin injection and detection device.

For fabricating the epitaxial Fe304/GaAs two-terminal
devices, the long edges of the two Fe3O4 electrodes are along
EA of FezO4. The local spin valve (LSV) structure with a
four-terminal setup was used to measure the spin transport ef-
fects of the device and the external magnetic field was applied
in-plane to magnetize the Fe3O4 electrodes (see Fig. 1(c)). We
intentionally induced shape anisotropy between the two FezO4
electrodes, where the aspect ratios of two Fe3O4 electrodes as

068505-2



Chin. Phys. B 31, 068505 (2022)

1:9 and 6:9 were chosen respectively. Combining with the
strong interfacial UMA, a large difference in coercivity can
be expected. To ascertain this, we measured the magnetic
hysteresis loops of Fe3041 and Fe3042 at room temperature
by focused magneto-optical Kerr effect (FMOKE) with a spot
size less than 1 wm, which consists of a stabilized 5 mW con-
tinuous HeNe laser of 635 nm wavelength, a stack of focusing
lenses and a nano-positioning stage, as shown in Fig. 3. From
the magnetic hysteresis loops, we can see both high square-
ness and sharp magnetization switching, and 37 Oe and 28 Oe
of coercivity corresponding to Fe3041 and Fez042 electrodes,
respectively, can be distinguished, which are very important
for further MR measurements.
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Fig. 2. (a) The ferromagnetic resonance field as a function of the in-
plane field orientation with 0° along GaAs(100)[011] direction. The
circles are the experimental data points and the solid lines represent the
theoretical fitted curves. (b) The Kerr loop with the applied field along
GaAs(100)[011] direction.
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Fig. 3. Magnetic hysteresis loops of the Fe3O4 electrode (a) 1 and (b)
2, respectively, characterized by magneto-optical Kerr effect (MOKE)
at room temperature. The insets are indicated the position of laser spot.

Figure 4(a) displays nonlinear and symmetric current—
voltage (I-V) characteristics for the device. Here, the nonlin-
earity agrees with the expected non-Ohmic contacts between
the n-GaAs layer and the Fe3Oy4 electrodes, and the symmet-
rical -V curve reveals that the barrier height between two
Fe304 electrodes and GaAs is nearly the same. 33 The work-
ing principle of the two-terminal SV device is elucidated using
a simple electrical circuit, as shown in the inset of Fig. 4(a). To
take into account the Fe304/n-GaAs Schottky barriers in the
actual device,[?”! this circuit consists of two diodes D, each
contributing a parallel resistance of Rp due to potential diode
imperfections. Since the two energy barriers are always op-
positely biased, the diodes are assigned to connect back-to-
back in series with an additional resistance Rgaas, given by the
GaAs layer. By using the thermionic-field emission model, 34!
the device current I, which associates with the Schottky bar-
rier height ¢ and the tunnelling parameter, can be defined as
I =I5(e?/BFT _ 1), where Is = SAT?e~9%/¥T  and f and Is
can be obtained from the logarithmic plot in Fig. 4(b). There-
fore, the barrier heights of the Fe3O41 and Fe3042 contacts
have also been determined as 0.36 4 0.02 eV, which agrees
with our previous electrical characterization of Fe304/n-GaAs
films. [26]

20} (b)
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I (mA)

—10}

—20}

3 12 1.8 24
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Fig. 4. (a) Four-point /-V characteristics of the device at room temper-
ature. Inset shows the band structure (upper row) and a back-to-back
diode circuit configuration for the electrical measurement (lower row).
D refers to the Fe304/GaAs Schottky contact. The parallel resistors Rp
represent conduction paths due to potential diode imperfections at the
Fe304/GaAs interfaces. (b) Logarithmic plot of the /-V curve. The
linear dependence of the current is numerically fitted.

-3 -2
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The device MR is performed with different applied cur-
rents at room temperature, and the magnetic field sweeps from
—250 Oe to 250 Oe. The resistance of the spin valve device
is around 390 Q, and the signal-to-noise ratio is better than
5x107%. With lineally fitting of the background of the raw
data, the MR data with this background subtracted with differ-
ent applied currents of 5 mA, 8 mA and 10 mA are shown in
Fig. 5(a). Here the MR is defined as MR = (Rap — Rp)/Rp,
with Rp and Rap being the device resistances at the paral-
lel and antiparallel states, respectively. As the magnetic field
sweeps, an obvious MR effect can be distinguished, which is
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largely different from our previous anisotropic magnetoresis-
tance (AMR) on Fe30,4/GaAs film.!?®! With a high magnetic
field, Fe3041 and Fe3042 are in a spin parallel state, leading to
a small resistance. The resistance reaches the maximum value
near the applied field of 32 43 Oe, which is the average of co-
ercivity of Fe3041 and Fe3042 electrodes, where Fe3041 and
Fe3042 are in a spin antiparallel state.
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Fig. 5. (a) The bias-dependent MR effect of the device with current
of 5 mA (upper row), and 10 mA (lower row). (b) The dependence
of logarithm of MR ratio and the applied current. The inset shows the
schematics of the device band diagrams under bias conditions. Here,
qV refers to the band offsets under a bias.

Therefore, it can be inferred that the MR effect is
originated from the two spin configurations of Fe3zO4l
and Fe3042 electrodes, and the spin current is indeed in-
jected from Fe3O41/Fe3042 to n-GaAs layer and transferred
through n-GaAs channel, and eventually detected by the other
Fe3042/Fe3041 electrodes at room temperature. The switch-
ing of MR loop is slower than the MOKE result, which may
originate from the tunnelling AMR. As increasing the applied
current from 5 mA to 10 mA, the bias voltage increases and the
MR ratio increases from 0.0053% to 0.0090%. The MR ra-
tio accords logarithmic relationship with the applied current,
as can be seen from Fig. 5(b), consistent with the tunnelling
model, and the increase of bias voltage leads to the higher

probability of tunnelling through the Schottky barrier. The in-
set of Fig. 5(b) shows the schematic band structure of the de-
vice under biased conditions. When the bias voltage increases,
the MR ratio increases, which is associated with an increased
number of electrons from the injector contact tunnelling into
the GaAs layer. Here, it can be deduced that the observed
bias-dependent MR confirms the electrical spin injection and
detection in our two-terminal SV device.

4. Conclusion and perspectives

In summary, we have demonstrated a bias-dependent
spin injection and detection related MR effect in the two-
terminal Fe3O4/n-GaAs(100)/FezO4 lateral spin-valve device.
The nonlinear and symmetric current—voltage (/-V') character-
istic is observed for the device and the Schottky barrier height
is calculated as 0.36 eV. The two Fe3O4 electrodes along the
magnetic easy axis of the film are fabricated to have different
switching fields, which leads to clear MR effect at room tem-
perature due to the parallel and anti-parallel alignments. The
MR effect shows a strong bias dependence under different ap-
plied current, further confirming the spin injection across the
Fe304/GaAs interface. Our work has demonstrated the feasi-
bility in developing the room temperature two terminals lateral
spin valve device without tunnelling spacer, which has poten-
tial applications for the high density spin FET devices.
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