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Enhancement of the Curie temperature (7¢) has always been a vital problem since the discovery of two-
dimensional (2D) van der Waals (vdW) magnets. The interfacial effect from layers with strong spin-orbit
coupling (SOC) has been widely investigated to be an effective method. Here, we experimentally show that
Te of vdW CrPS, is enhanced from 40 K up to room temperature by the interfacial effect from graphene
with weak SOC. The compatible Fermi level between CrPS, and graphene enables sufficient interfacial charge
transfer across their atomically fine interface, leading to largely elevated 7 of CrPS, at the interface without
the participation of strong SOC. The enhanced magnetism of CrPS, further induces room-temperature exchange
splitting in graphene by the magnetic proximity effect, which is shown in the quantum oscillation controlled by
field cooling and temperature-dependent resistance. Our work reveals a mechanism for the enhancement of 7¢ in
vdW magnets and the achieved room-temperature all-2D magnetic proximity effect also advances the practical
applications of miniaturized low-dissipative 2D spintronics.

DOI: 10.1103/PhysRevB.108.L.100406

Discovery of intrinsic two-dimensional (2D) van der Waals
(vdW) magnets provides an ideal platform for spintronic
devices with high integration, high performance, and low
dissipation [1-4]. The synthesis of 2D vdW magnetic thin
flakes has been one of the core targets in the field [5-7],
and the recent achievement of intrinsic room-temperature fer-
romagnetism in few-layer materials definitely advances 2D
spintronics towards practical applications [§—11]. Neverthe-
less, due to the strong dimensionality effect in 2D magnets
[12-14], the Curie temperature (T¢) of these novel materials
also largely decreases with the thickness. Meanwhile, T¢ of
most popular vdW magnets is still far below room temperature
with the weak exchange coupling, especially for vdW mag-
netic semiconductors. Therefore, the enhancement of 7 is
highly demanded and widely investigated [14—16]. Interfacial
effects have proven to be an effective avenue to enhance the
ferromagnetism for both traditional magnetic films and vdW
magnets [17,18]. It is commonly believed that an adjacent
layer with strong spin-orbit coupling (SOC), such as heavy
metals and topological insulators, is required to provide a
sufficient spin-orbit field, which stabilizes the spin angular
momentum and enhances the magnetic anisotropy and T¢
[17-22]. However, strong SOC means short spin coherent
length, which loses the advantage of 2D vdW magnets and
largely increases energy consumption. Therefore, achieving
a room-temperature vdW magnet with weak SOC is of vital
importance but remains elusive.

Tc in 2D magnets is mainly dominated by two factors,
including the strength of exchange coupling and magnetic
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anisotropy. Fortunately, the enhancement of exchange cou-
pling can be realized by charge transfer, which reconstructs
the occupation of electronic structure in 2D magnetic semi-
conductors and brings about opportunities to elevate T¢
without the participation of strong SOC [14,15,23-25]. Both
a compatible band structure and a fine interface are required
in heterostructures for sufficient charge transfer at the inter-
face, which guarantees effective enhancement on 7¢. Here, we
propose and experimentally demonstrate the significant en-
hancement of 7¢ in an all-2D heterostructure composed of the
2D vdW antiferromagnet CrPS, [26-28] and graphene, which
benefits from the interfacial charge transfer without strong
SOC. As schematically shown by the differential charge
density in Fig. 1, the CrPS4/graphene all-2D vdW heterostruc-
ture naturally ensures the atomically fine interface as one of
the typical advantages of 2D spintronics, which can cause
sufficient charge transfer and orbital hybridization at the inter-
face. Based on first-principles calculations, the Fermi levels
of CrPSy (Ep = —3.07eV) and graphene (Ep = —2.89¢eV)
are close to each other, enabling the low barrier for charge
transfer between them. The significant charge transfer at the
interface is also indicated in the density of states of the
heterostructure (see Fig. S1 of the Supplemental Material)
[29]. Therefore, the additional path of exchange coupling
in 2D magnetic semiconductor CrPS, could be established
through the interfacial charge transfer. 7c of CrPS,4 will thus
be largely enhanced through the interfacial effect by graphene
with weak SOC. Meanwhile, the Zeeman splitting between
spin-up and spin-down Dirac cones in graphene will also
be induced via the magnetic proximity effect [30-35] in the
CrPS,4/graphene heterostructure. Consequently, the enhanced
magnetism of vdW semiconductor CrPS, can be characterized
by the exchange splitting and ferromagnetism in adjacent
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FIG. 1. Charge transfer and magnetic proximity effect in
CrPS4/graphene. In the top panel, red and green isosurface con-
tours indicate charge accumulation and reduction, respectively. The
left-bottom panel schematically shows the charge transfer from the
density of states of graphene to CrPS,. The overlap of Cr-3d and
S-3p orbitals suggests the formation of Cr-S bonds. The right-bottom
panel exhibits the band splitting in graphene induced by magnetic
proximity effect.

graphene. In the following experiments, through the mea-
surements of quantum oscillation controlled by field-cooling
[35] and the temperature-dependent resistance in graphene,
we report the interfacial-enhanced room-temperature 7¢ in the
CrPSy4/graphene all-2D vdW heterostructure.

vdW heterostructures are constructed through the exfolia-
tion of antiferromagnetic insulator CrPS, flakes on Si/SiO;
substrate, followed by transferring graphene on them, as
schematically shown in Fig. 2(a). Based on the area ratio
and the position of G and 2D peaks in the Raman spectrum
[36,37] in Fig. 2(b), the graphene is characterized as bilayer.
The absence of the D peak around 1350 cm™' indicates the
low amount of disorder in graphene [36]. Meanwhile, distinct
vibration modes are obtained in Raman spectra of CrPSy
measured with the polarization of incident and scattered
light parallel and perpendicular to each other, respectively.
The structural symmetry and high quality of CrPS, flakes is
confirmed [38]. Magnetotransport properties of constructed
heterostructures were then measured in the CrPS,/graphene
Hall devices (Fig. S2) [29]. Concomitant data are illustrated
in Fig. 2(c). Clear quantum oscillation, including Shubnikov—
de Haas (SdH) in longitudinal resistance (Rxx) and quantum
Hall oscillation in Hall resistance (Ryy), is observed above
20 kOe during an out-of-plane field scanning at 10 K. Due
to the little contribution from insulating CrPS4 [26] on the
electrical signal, the quantum oscillation reveals the Landau
levels in graphene and can characterize the exchange splitting
induced by the magnetic proximity effect. Consequently, the
magnetism of adjacent CrPS; is reflected. With the increase
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FIG. 2. Characterizations and quantum oscillation of
CrPSy/graphene vdW heterostructure. (a) Structural schematics
of CrPSs/graphene vdW heterostructure. (b) Raman spectra of
bilayer graphene and CrPS,. Fitting of G peak and 2D peak of
graphene is shown in green and orange, respectively. Polarized
Raman spectra of CrPS, are exhibited with the polarization of
incident light parallel (blue) and perpendicular (red) to the scattered
light. (c) Field-dependent longitudinal resistance (Ryy) and Hall
resistance (R,y) at 10 K. (d) Field-dependent Ry, curves at selected
temperatures marked in the figure.

of temperature, the quantum oscillation gradually blurs and
vanishes beyond 40 K in Fig. 2(d), which shows the intrinsic
attenuation of quantum effects with enhanced thermal fluctu-
ation. The following measurements were performed at 10 K
and zero gate voltage to characterize the quantum oscillations
without special remarks.

First, to demonstrate the exchange splitting in graphene
induced by the magnetic proximity effect, field-cooling pro-
cesses were carried out, which can control the magnetism of
adjacent CrPS, above its magnetic ordering temperature. Con-
sequently, the induced splitting energy will be simultaneously
modulated, which results in the shift of Landau levels and
quantum oscillation [35]. Therefore, the change of quantum
oscillations measured at 10 K can be observed. As presented
in Fig. 3(a), quantum oscillation in Ry, can be controlled
by field cooling, demonstrating the emergent exchange split-
ting in graphene by adjacent CrPS,4. After field cooling, the
magnetic fields where quantum oscillation emerges obviously
deviate from the state of zero field cooling (ZFC), illustrating
the change of splitting energy and Landau levels in graphene.
This control is volatile, which can be eliminated after ZFC
as shown in Fig. S3(a) [29]. Meanwhile, the field cooling
with opposite magnetic field exhibits a similar modulation in
Fig. S3(b) [29]. In contrast, field cooling shows no control on
the transport in pristine graphene (Fig. S4) [29], which fur-
ther supports the existence of the magnetic proximity effect.
More surprisingly, almost no change of quantum oscillation is
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FIG. 3. Quantum oscillation and Landau levels controlled by field cooling. (a) Field-dependent R,, measured at 10 K controlled by field
cooling at different temperature. (b) Extracted field of quantum oscillation around 50 kOe and the linear slop of ordinary Hall resistance
background (k) from (a). (c) Schematic of Landau level spectrum with increasing temperature of field cooling (7rc) corresponding to (a), (b).
(d) Field-dependent R, measured at 10 K controlled by field cooling at different temperature. (e) Extracted field of quantum oscillation around
60 kOe and the linear slope of ordinary Hall resistance background (kg ) from (d). (f) Schematic of Landau level spectrum with increasing Trc

corresponding to (d), (e).

observed between ZFC and the relatively low temperature of
field cooling (7gc), such as 150 K, in Fig. 3(a). The obvious
modulation occurs until 7gc further reaches 250 K, which
is much higher than the magnetic ordering temperature of
pristine bulk CrPS,4 around 40 K.

The magnetic fields of the quantum oscillation around
50 kOe with different Trc are then extracted from Fig. 3(a) and
summarized in Fig. 3(b). Considering the background of the
ordinary Hall effect and magnetoresistance in Ryy, positions
of maxima (peak) and minima (dip) are obtained by zeros in
differential curves for better accuracy (Fig. S5) [29]. Corre-
sponding linear slopes (ky) of the ordinary Hall resistance
background, which possesses negative correlation with the
carrier concentration and can characterize the band structure
of graphene, are also exhibited. Figure 3(b) clearly verifies
that the obvious shift of quantum oscillation only appears until
critical Trc around 250 K. Meanwhile, k; shows an opposite
trend and the same critical Tpc with the position of quantum
oscillation. The shift of quantum oscillation to a higher field
suggests a larger oscillation frequency (B) [39], and the car-
rier concentration shows a positive correlation with B¢, which

is consistent with the pristine graphene and other systems with
the proximity effect [32,39,40]. The results are also further
supported by the measurements of Ry, with a higher criti-
cal Tpc around 300 K, which is demonstrated by Figs. 3(d)
and 3(e).

Note that the shift trend of quantum oscillation displayed in
Figs. 3(b) and 3(e) is opposite, which is attributed to different
locations of Ef relative to the Dirac cone among devices. The
corresponding schematic Landau level spectra are illustrated
in Figs. 3(c) and 3(f), respectively. The aligned magnetic
moments by field cooling enhance the splitting energy A in
graphene with increasing Trc above T, leading to the lift
of the spin-up Dirac cone and Landau levels. In Fig. 3(c),
Er passes the Dirac point during the gradual increase of A
and the magnetic field of crossing consequently shows a first
slight decrease with Trc = 250K followed by the increase
with Trc = 300 K, which is confirmed by the results shown
in Figs. 3(a) and 3(b). In contrast, in Fig. 3(f), the upper shift
of the Dirac cone leads to the crossing between Er and the
Landau level at lower magnetic fields monotonically, exhibit-
ing a different trend with Fig. 3(c).
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FIG. 4. Schematic of exchange coupling in (a) CrPS, and (b) CrPSs/graphene heterostructure. (c) Temperature-dependent Ry, and its
derivative (dRx/dT ) with 50 kOe field applied. (d) Evolution process of magnetic configuration controlled by field-cooling in CrPSs/graphene.

Based on the common understanding, field cooling is
able to effectively control the magnetism above the magnetic
ordering temperature in ferromagnets or antiferromagnets,
especially with uncompensated moments, such as noncolin-
ear antiferromagnets [35] or A-type layered antiferromagnets.
Accordingly, the exchange splitting in adjacent graphene in-
duced by the magnetic proximity effect can be modulated.
Therefore, the controllable magnetic proximity effect by field
cooling indicates the existence of net ferromagnetism in ad-
jacent CrPS, at the interface and the critical Tpc reflects
its Tc. Based on the observation of Trc around 300 K, the
existence of a higher critical temperature of magnetic order-
ing up to room temperature is revealed in CrPS, with the
construction of heterostructures with graphene. The interfa-
cial charge transfer due to orbital hybridizations reconstructs
the electron occupation and elevates 7¢ of the CrPS, layer
adjacent to the interface. The first-principles calculations the-
oretically prove the promoted energy of magnetic anisotropy
(from 0.02 to 3 meV/Cr) in CrPS, after being constructed
into heterostructures with graphene, indicating enhanced 7¢.
In addition, in 2D magnets, the strength of exchange coupling
participates in the decision of T¢ [1]. In semiconductor CrPS,
with poor conductivity, the exchange coupling is mainly di-
rectly established between Cr atoms and indirectly mediated
by intermediate anions, as schematically shown in Fig. 4(a).
After being constructed into a heterostructure with graphene,
the carrier density in CrPS, increased with the interfacial
charge transfer, which is indicated by the vanishing band
gap in the density of states exhibited in Fig. S1 [29]. As
shown in Fig. 4(b), the additional path of exchange coupling
in CrPSy4/graphene is indirectly established through the con-
duction electrons. Therefore, the increased carrier enhances
the exchange coupling, which changes from 3 to 19 meV /Cr
according to the calculations, and consequently largely
elevates T¢.

Besides the quantum oscillation, the transitions between
different magnetic configurations also appear in the mea-
surement of temperature-dependent resistance [35,41], which
illustrates the magnetic phase diagram and further supports
the largely enhanced T¢ in CrPS4/graphene. Compared to the
semiconductor property of pristine graphene in Fig. S6 [29],
two obvious kinks appear in the temperature-dependent Ry of
CrPSy4/graphene and its derivative (dRxx/dT) as highlighted
in Fig. 4(c), which indicates two transitions. One appears
around 40 K with the other above 300 K, corresponding to
the magnetic ordering temperature of pristine bulk CrPS, and
Tc of enhanced interfacial CrPSy, respectively. We can now
visualize the complete evolution process of CrPS,/graphene
heterostructure during the field cooling, as schematically
shown in Fig. 4(d). In the ground state, CrPS; possesses
bulk A-type antiferromagnetism with exchange splitting and
ferromagnetism induced in the graphene layer according to
the interfacial CrPS, layer via the magnetic proximity effect.
With warming above the magnetic ordering temperature of
pristine CrPS,4 (~40 K), the bulk magnetism vanishes with the
enhanced ferromagnetism persisting in the interfacial CrPSy
layer due to the charge transfer. Consequently, the field cool-
ing at this temperature range still shows little modulation
on either the magnetism of CrPS, or the exchange split-
ting of graphene. After further warming up above enhanced
Te of CrPS, (around 300 K), magnetic moments will be
aligned by an applied magnetic field, which results in the
simultaneous modulation of the exchange splitting induced
in graphene. By field cooling, the bulk antiferromagnetism
of CrPS, will be arranged according to the interfacial CrPSy
layer. With the increase of magnetic field applied during field
cooling, the splitting energy and the corresponding shift in
quantum oscillation is promoted and gradually saturates, sug-
gesting the saturation of aligned interfacial magnetic moments
(Fig. S7) [29]. The results above illuminate the magnetic
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phase transitions in CrPS4/graphene vdW heterostructure sep-
arated by two critical magnetic ordering temperatures, which
are the transition from bulk antiferromagnetism to interfa-
cial ferromagnetism around 40 K followed by the transition
from interfacial ferromagnetism to paramagnetism around
300 K.

In conclusion, we have experimentally reported the room-
temperature T in CrPS4/graphene all-2D heterostructure
as the result of interfacial charge transfer without strong
SOC, which is characterized by the exchange splitting
and ferromagnetism in graphene induced by the magnetic
proximity effect. Our work puts forward an alternative
perspective for the elevation of 7¢ in 2D vdW magnets, which
could promote 2D spintronics for practical applications.

Furthermore, the room-temperature proximity effect observed
in CrPS,/graphene heterostructure also breaks the bottleneck
of low temperature in the all-2D proximity effect, which
unprecedentedly advances the microminiaturization of
graphene-based multifunctional spintronic devices [32,23].
Therefore, the realization of room-temperature controllable
spin transport with long distance and low dissipation is highly
expected.

This work was supported by the National Key R&D Pro-
gram of China (Grant No. 2022YFA1402603), the National
Natural Science Foundation of China (Grants No. 52225106
and No. 12241404), and the Natural Science Foundation of
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