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Two-dimensional (2D) magnet/superconductor heterostructures can promote the design of artificial materials for ex-
ploring 2D physics and device applications by exotic proximity effects. However, plagued by the low Curie temperature and
instability in air, it is hard to realize practical applications for the reported layered magnetic materials at present. In this pa-
per, we developed a space-confined chemical vapor deposition method to synthesize ultrathin air-stable €-Fe, O3 nanosheets
with Curie temperature above 350 K. The &-Fe,O3/NbSe, heterojunction was constructed to study the magnetic proximity
effect on the superconductivity of the NbSe, multilayer. The electrical transport results show that the subtle proximity
effect can modulate the interfacial spin—orbit interaction while undegrading the superconducting critical parameters. Our
work paves the way to construct 2D heterojunctions with ultrathin nonlayered materials and layered van der Waals (vdW)
materials for exploring new physical phenomena.

Keywords: two-dimensional heterojunctions, magnetic proximity effect, non-layered magnetic nanosheet,

spin—orbit interaction
PACS: 75.70.Cn, 74.45.4-c, 75.75.Cd, 75.70.Tj

1. Introduction

The exchange interaction in two-dimensional (2D)
magnetic heterostructures has become an intriguing re-
search direction due to the potential of breaking the time-
reversal symmetry of the originally degenerate band struc-
tures. Currently, various 2D materials have been integrated
with magnetic materials, such as topological insulators,!-]

semiconductors®>! and superconductors.!”!

Among them,
2D magnet/superconductor heterostructures are especially in-
teresting because both systems are closely associated with
the alignment of charge spin. Intuitively, superconductiv-
ity and ferromagnetism are incompatible. However, cu-
rious phenomena arise in magnet—superconductor hetero-
junctions, including unconventional superconductivity, topo-
logical superconductivity, and the modulation of magnetic

711 Therefore, mag-

alignment by Ising superconductivity. !
net/superconductor junctions offer a great platform to study
the fundamental interaction between superconductivity and

magnetism. Moreover, they produce significant opportuni-
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ties to develop spintronics and superconducting spintronic
devices. !
Intrinsic 2D vdW magnets have been found in Cr, Fe, V,

U2l Some of the most famous ones

and Mn based materials.
such as Crls, Cr,Ge,Teg, and Fe3GeTe, have weak ferromag-
netic properties.[!3-16] Without gate voltage modulation, the
Curie temperatures (7c) of these magnetic 2D vdW materi-
als are far below room temperature, typically, 45 K for mono-
layer Crl3,!3141 30 K for bilayer CroGe,Teg,!' and 130 K for
monolayer Fe3GeTe,.['% Such low T¢ results in the impos-
sible application in the room-temperature device. Although
the Tc of FesGeTe, reaches 320 K,!718] magnetic 2D vdW
materials reported at present are unstable in air, which hin-
ders the exploration of their application. In contrast, non-
layered ferrimagnetic iron oxides can maintain magnetic prop-
erties up to room temperature and are stable in the ambient
environment.'!°l However, the study of magnetic proximity in
2D e-Fe;0O3-based devices is still at an embryonic stage.

In this paper, we developed a space-confined chemical

vapor deposition (CVD) strategy to synthesize ultrathin &-
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Fe,> O3 nanosheets with thicknesses down to 3 nm. Ultrathin &-
Fe,> O3 nanosheets have room-temperature ferrimagnetic prop-
erties and excellent air-stability. €-Fe,O3/NbSe, heterojunc-
tions have been constructed by a standard transfer and stacking
technique to explore magnetic proximity on superconductivity
of NbSe, multilayers. The result shows that the subtle prox-
imity effect of the €-Fe, O3 nanosheet can modulate the spin—
orbit interaction (SOI) of the NbSe, multilayer with negligible
influence on its superconducting critical parameters. Our work
provides a potential platform to study proximity effects in 2D

heterojunctions based on ultrathin non-layered materials.

2. Experimental details
2.1. Growth of £-Fe; O3 nanosheets

A space-confined CVD strategy was used to synthesize
€-Fe> O3 nanosheets. The e-Fe, O3 nanosheets were grown on
the fluorophlogopite mica (Changchun Taiyuan Fluorophlogo-
pite Co., China) substrate. A mixture of anhydrous ferrous
chloride (FeCl,) and KCl powder with a mass ratio of about
10:1 was used as the precursor. A small amount of the pre-
cursor was put directly between two pieces of freshly cleaved
mica (10 mmx 10 mm in size). Before heating, the furnace
was vacuumed and purged by pure argon to remove the resid-
ual oxygen and moisture. Then the furnace was heated to
640 °C in 15 min and held at that temperature for 2 min before
cooling down naturally to room temperature, with 100 sccm
Ar and 1.5 sccm O, flowing through the furnace during the
whole process. €-Fe,O3 nanosheets were grown on both

pieces of mica substrates.

2.2. Sample characterization

Raman spectra were obtained by HORIBA LabRAM HR
Evolution. X-ray photoelectron spectroscopy (XPS) tests were
conducted in an ultrahigh vacuum system (VG ESCALAB-
5) equipped with XPS. The thicknesses and the magnetic
force microscopy (MFM) image of €-Fe,O3 nanosheets were
obtained by Oxford Cypher S atomic force microscope.
The HAADF imaging was carried out on JEOL ARM-200F
(S)TEM equipped with CEOS CESCOR Cs probe corrector,
using a 200 kV acceleration voltage. The convergence semi-
angle was set to 27-33 mrad and the collection semi-angle
was 60-280 mrad for the image acquisition. Magnetization
measurements were carried out by using a vibrating sample
magnetometer (MPMS 3, Quantum Design). Both electrical
resistance and voltage dependence of current (V-I) data were
collected on a Quantum Design physical properties measure-
ment system (PPMS).

3. Results and discussion

As shown in Fig. 1(a), €-Fe;O3 has a non-symmetric or-
thorhombic structure, where Fe ions occupying four inequiv-
alent sites are labeled as Fe(1), Fe(2), Fe(3), and Fe(4).120-22]
They are the centers of either an oxygen octahedron or a tetra-
hedron. The room-temperature ferrimagnetism of €-Fe,O3
mainly comes from Fe(3) and Fe(4), whose magnetic mo-
ments are anti-collinear with different magnitudes, while the
magnetic moments of Fe(1) and Fe(2) compensate for each
other.l?! £-Fe,03 is a rare phase in the iron oxide family,
which only exists in the nanoparticle form, not in the bulk
form. It was hard to obtain pure £-Fe;O3 single crystals be-
cause the synthetic routes involved phase transition.!”?! How-
ever, some CVD methods have recently been introduced to
synthesize air-stable £-Fe, O3 nanosheets with thickness above
4 nm.3-231 Here we developed a space-confined CVD tech-
nique to synthesize large non-layered €-Fe,O3; nanosheets
with thinner thicknesses than the reported ones (as described
in Section 2). The thinnest thickness of our as-grown hexago-
nal €-Fe;O3 nanosheets is down to 3 nm (Figs. 1(b) and 1(c)).
The XPS spectrum across an area of 2x0.2 mm? confirms that
all Fe ions in the nanosheets are Fe3*, with no trace of Fe*
(Fig. 1(d)).[?%271 As shown in Fig. 1(e), the Raman spectrum
of e-Fe; O3 nanosheets has four unique Raman peaks between
100 cm~! and 200 cm™~! as hallmarks to verify the €-Fe O3
phase, which do not exist in y-Fe, 03 or a-Fe,O3 phase.[?328]
The Raman mapping result of a typical nanosheet indicates the
pure £-Fe; O3 phase in the whole sample (Fig. 1(f)).

Scanning transmission electron microscopy (STEM)
characterization was carried out to get a clearer understanding
of the atomic arrangement and quality of the as-synthesized &-
Fe;O3 nanosheets. In the large-area ADF (annular dark field)
image of the e-Fe, O3 nanosheet along the c-axis (Fig. 2(a)),
there are no lattice defects across the whole area, indicating the
high crystalline quality of the nanosheet. The Fourier trans-
form of the large-area ADF image in Fig. 2(b) shows only one
set of spots, which is consistent with the simulated diffraction
pattern along the c-axis of the e-Fe,Oj3 crystal (Fig. 2(c)). In
the zoomed image of the large-area ADF image, a perfect hon-
eycomb lattice composited of spots with different brightness is
observed (Fig. 2(d)). The brightness of the spots corresponds
to different compositions of the atom columns beneath the
sample surface. As the oxygen atoms have less contribution to
the ADF signals than the iron atoms, the columns with more
iron atoms are much brighter than those with fewer iron atoms.
The experimental image matches well with the simulated ADF
image (Fig. 2(e)) and the crystalline structure (Fig. 2(f)). The
intensity of the experimental signals also agrees with the sim-
ulated data in Fig. 2(g), which demonstrates the high quality
of the €-Fe, 03 nanosheets.
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Fig. 1. (a) Crystalline structure of €-Fe;03. (b), (c) Optical and AFM images of a typical €-Fe,O3 nanosheet, showing the lateral size and
thickness. (d) XPS of e-Fe, O3 nanosheets on the mica substrate. The circles and the lines are the experimental and fitting data. (e) Raman
spectrum of the €-Fe; O3 nanosheet. The red dots and the solid lines are the experimental and fitting data. (f) Raman mapping of the £-Fe;O3
nanosheet, showing the uniform chemical distribution. The sum range is between 100 cm~' and 200 cm~!.
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Fig. 2. STEM analysis of the €-Fe;O3 nanosheet. (a) Large-area ADF-STEM
image of the €-Fe,O3 nanosheet. (b) The Fourier transition pattern of (a).
(c) The simulated diffraction pattern of e-Fe,O3. (d), (¢) Zoomed ADF-STEM
image of the £-Fe,O3 nanosheet and its corresponding simulated image. The
blue rectangular highlights one unit cell. (f) The crystalline structure along
the c-axis of €-Fe,O3. The highlighted unit cell in the blue rectangular per-
fectly matches those in (d) and (e). (g) The peak intensity of the atom columns
marked by the red rectangular in (d) and (e). The yellow dots are the experi-
mental data, which agrees well with the simulated light blue line.

To study the magnetic properties of £-Fe;O3 nanosheets,

temperature-dependent (M-T) and field-dependent (M-H)
In the M-T
curves (Fig. 3(a)), the €-Fe, O3 nanosheets exhibit a slight de-

magnetization measurements were employed.

crease of magnetization until 350 K in the field cool proce-
dure (FC). There are also two kinks in the curve measured in
the FC procedure, which is similar to that of their nanopar-

(2229301 The two kinks correspond to two

ticle counterparts.
magnetic transitions, the one around 160 K involves the direc-
tion change of the magnetic easy axis, and the other around
133 K is related to a decrease of the coercive field. In the M—
H curves under different temperatures (Fig. 3(b)), the e-Fe, O3
nanosheets exhibit a well-defined hysteresis loop at 300 K, in-
dicating ferrimagnetic properties at room temperature. >?! The
magnetic force microscopy (MFM) image on a single €-Fe; O3
nanosheet shows a uniform phase contrast, indicating a single
domain structure at room temperature (Fig. 3(c)).

The high-quality ultrathin &-Fe;O3 nanosheets with
room-temperature ferrimagnetic properties can be a good can-
didate for exploring the magnetic proximity effect. Therefore,
we constructed €-Fe,O3/NbSe; heterojunctions to get further
insight into magnetic proximity on superconductivity. The ul-
trathin €-Fe,O3 nanosheet has an energy gap of about 1.9 eV,
consistent with its nanoparticle counterpart.!'®! Although e-
Fe, 03 is a non-layered material, the as-synthesized €-Fe,O3
nanosheets and the mica substrate are weakly bonded.!*!
Therefore, the nanosheets can be easily transferred by a stan-
dard water-assisted method. NbSe, is a van der Waals layered
type-II superconductor, 1331 which can be exfoliated into few
layers to form a magnet/superconductor heterojunction with &-
Fe,O3 nanosheets. As the resistance of the NbSe, multilayer
is much smaller than that of the &£-Fe,O3 nanosheet, the cur-
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rent in this device can be considered to flow mainly through
the NbSe; layer. To realize a precise comparison of the super-
conducting properties in the €-Fe,O3/NbSe, heterojunction
and the NbSe, multilayer, we designed a two-channel device
structure on one NbSe; multilayer. As shown in Fig. 3(d), a
NbSe, multilayer with uniform thickness was transferred on
a group of pre-deposited parallel bottom electrodes, and then
the €-Fe; O3 nanosheet with a thickness of about 10 nm was
stacked only on the right four electrodes to construct the &-
Fe,03/NbSe; heterojunction. The electrical transport prop-
erties of the NbSe, multilayer and the €-Fe,O3/NbSe; het-
erojunction were measured in two separate channels. The
R-T curves of the NbSe, multilayer and the e£-Fe;O3/NbSe;
heterojunction show that their critical temperatures (7;) are
6.39 K and 6.38 K (Fig. 3(e)). The almost unchanged 7; in
the heterojunction is because the in-plane magnetic moments
of €-Fe,O3 nanosheets generate little stray field penetrating

the NbSe, multilayer.*¥ The resistance dependence of out-
of-plane fields (R—H, curves) was also measured at differ-
ent temperatures. The temperature-dependent upper critical
fields (HCLZ—T) were extracted and fitted with the linear 2D

Ginzburg-Landau model*3)

@, T
H5(T)= ——(1——
Ho CZ() 27[5(%,L< Tc)’

where @, is the quantum flux and gL is the in-plane su-
perconducting coherent length. The in-plane orbit-limiting
pair breaking fields of the NbSe, multilayer and the e&-
Fe,O3/NbSe; heterojunction are determined to be 5.68 T and
5.54 T from the extrapolation of HCJi at 0 K. And the super-
conducting coherent lengths are calculated as 7.62 nm and
7.71 nm for the NbSe, multilayer and the heterojunction, re-
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Fig. 3. Magnetic properties of €-Fe,O3 nanosheets and the superconductivity of the €-Fe,O3/NbSe, heterojunction. (a), (b) Temperature-
dependent and field-dependent curves of €-Fe,O3 nanosheets. (c) The MFM image of a typical £-Fe,O3 nanosheet, indicating the uniform
magnetic state. (d) The optical image of the €-Fe,O3/NbSe; heterojunction device. (e) The R-T curves of the NbSe, multilayer and the
£-Fe,03/NbSe; heterojunction. The inset is the R—T curves from 3 K to 10 K. 7; is defined as the temperature where the resistance reaches
90% of the normal resistance at 7 K. (f) The linear fittings for the out-of-plane upper critical magnetic fields (HCLZ—T) of the NbSe, multilayer
and the £-Fe,O3/NbSe, heterojunction. H; is defined as the field where the resistance reaches 90% of the normal resistance. The scale bars in

(c) and (d) are 0.5 um and 5 pm.

The resistance dependence of the in-plane field (R-H|
curves) at different temperatures was also studied. Small
humps are observed near the upper critical fields of the su-
perconducting transition of the £-Fe,O3/NbSe, heterojunction
at high magnetic fields, while such a feature does not exist
in the NbSe, multilayer (Figs. 4(a) and 4(b)). The humps
are probably induced by the flow of Josephson vortices. The
applied in-plane fields will induce interlayer Josephson vor-
tices in the NbSe, multilayer, which penetrate the €-Fe;03

nanosheet. Since the vortices are weakly pinned in the &-

Fe, O3 nanosheet, when a current perpendicular to the field
flows through them, the vortices can be de-pinned and driven
by the Lorentz force. The collective movement of the Joseph-
son vortices leads to large energy dissipation and results in
a limited magnetoresistance.3*37) The HL-T curves were
also plotted and fitted with in-plane 2D Ginzburg—-Landau
model 33

H” (T) = Dy 12 1 T
Hollea - 2méaLdsc T.’

where dgsc is the effective thickness of the superconductor.
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The superconducting effective thicknesses can be obtained to
be 8.53 nm and 8.94 nm for the NbSe, multilayer and the &-
Fe,03/NbSe;, heterojunction. Thus, the obtained T, Heo, gL
and dsc in the NbSe; multilayer and €-Fe,O3/NbSe; hetero-
junction are concluded nearly the same.

Besides T, and H,,, the critical supercurrent (/) is an-
other important parameter for a superconductor. Therefore, V-
I curves for both the NbSe, multilayer and the £-Fe;O3/NbSe;
heterojunction were also measured to study the magnetic prox-
imity effect on superconducting properties. Although the I, is
nearly the same at about 0.45 mA for both the NbSe, mul-
tilayer and the £-Fe,O3/NbSe; heterojunction, the transition
from the superconducting state to normal state (Al) is dif-
ferent (Fig. 4(d)).
larger than that for the NbSe, multilayer, which might re-

The Al for the heterojunction is much

sult from the interaction between the magnetic moment of the
e-Fe;O3 nanosheet and the magnetic flux generated by the
current in the NbSe, multilayer.*8) The V—I measurements
were also carried out under different out-of-plane magnetic
fields. The field-dependent critical currents I;” (I;") at a pos-
itive (negative) bias were extracted from the V-I curves. A
field-induced nonreciprocal charge transport for the NbSe,
multilayer was observed (Fig. 4(e)), which is significantly

suppressed in the €-Fe,O3/NbSe, heterojunction (Fig. 4(f)).
The nonreciprocal critical current under positive and nega-
tive bias originates from the valley-Zeeman spin—orbit inter-
action (SOI) of NbSe,.3%40 In NbSe, few layers, the electron
spin is locked with valleys in the out-of-plane direction.*!]
When an out-of-plane field is applied, the degeneracy of val-
leys with opposite momenta is broken by the Zeeman effect,
which will possibly induce asymmetric pinning potentials in
the NbSe, multilayer.[*?! And the collective flow of the vor-
tices in the NbSe, multilayer driven by the external charge
current among these asymmetric pinning potentials will cause
nonreciprocal transport behavior.[*%*3] This phenomenon is
suppressed under high fields, similar to the previously reported

(4044471 1 the heterojunction, the £-Fe,O3 nanosheet

results.
on top of the NbSe, multilayer might generate a complex pin-
ning effect that competes with the asymmetric pinning poten-
tials generated by the valley-Zeeman SOI in NbSe; to interfer-
ence the vortex flow, and therefore suppresses the nonrecip-
rocal transport behavior. The results indicate that the strong
SOI exists at the interface between the nonlayered &-Fe;O3
nanosheet and the NbSe, multilayer, and prove that the &-
Fe, O3 nanosheets are smooth and clean enough to construct

2D heterojunctions.
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Fig. 4. Electrical transport properties of the NbSe, multilayer and the €-Fe,O3/NbSe; heterojunction. (a), (b) The R—H curves of the NbSe,
and the £-Fe,O3/NbSe; heterojunction regions. The red arrow in (b) indicates the hump which appears near HC”2 at high fields. (c) The fitting

curves for in-plane Hl‘z—T of the NbSe; multilayer and the €-Fe,O3/NbSe; heterojunction. (d) The VI curves of the NbSe, multilayer and the
£-Fe,O3/NbSe; heterojunction at 2 K. Al is the current range of superconducting transition. (e), (f) The out-of-plane magnetic field-dependent
positive and negative I extracted from the VI curves of the NbSe, multilayer and the £-Fe,O3/NbSe; heterojunction.

4. Conclusion

We

successfully

synthesized high-quality €-Fe,O3

nanosheets by a space-confined CVD method and verified its
high crystalline quality by STEM characterization. The mag-

netic measurements show that the €-Fe; O3 nanosheets remain

ferrimagnetic up to 350 K. An ultrathin &-Fe;O3 nanosheet
was used to construct the e-Fe,O3/NbSe; heterojunction to
study the magnetic proximity effect on superconductivity of
NbSe, multilayer. The electrical transport results demon-

strate that the 7;, H, and I, in the NbSe, multilayer and
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£-Fe,03/NbSe; heterojunction are nearly the same, indicating
that the £-Fe,O3 nanosheet has a minor influence on the super-
conductivity of the NbSe, multilayer. However, the proximity
effect of the €-Fe, O3 nanosheet shows an obvious modulation
effect on the interfacial SOI, which suppresses the nonrecip-

rocal transport of the NbSe, multilayer. This work shows

that non-layered ferrimagnetic £-Fe;O3 nanosheets can form
2D heterojunctions with other 2D vdW materials to modu-
late their properties by proximity effect, which enables the

£-Fe,; 03 nanosheets and further non-layered 2D magnets with

[48]

stronger perpendicular anisotropy'*®! to be potential building

blocks for spintronics and superconducting spintronic devices.
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