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A proximity effect at a van der Waals (vdW) interface enables creation of an
emergent quantum electronic ground state. Here we demonstrate that an
originally superconducting two-dimensional (2D) NbSe, forms a ferromag-
netic ground state with spontaneous spin polarization at a vdW interface with a
2D ferromagnet VsSes. We investigated the anomalous Hall effect (AHE) of the
NbSe,/VsSeg magnetic vdW heterostructures, and found that the sign of the
AHE was reversed as the number of the VsSeg layer was thinned down to the
monolayer limit. Interestingly, the AHE signal of those samples was enhanced
with the in-plane magnetic fields, suggesting an additional contribution to the
AHE signal other than magnetization. This unusual behavior is well reproduced
by band structure calculations, where the emergence of the Berry curvature
along the spin-degenerate nodal lines in 2D NbSe, by the in-plane magneti-
zation plays a key role, unveiling a unique interplay between magnetism and

Zeeman-type spin-orbit interaction in a non-centrosymmetric 2D quantum

material.

Van der Waals (vdW) superstructures constructed with a variety of
two-dimensional (2D) materials play a central role in modern con-
densed matter physics and materials science'?, providing a perspective
that has never been discussed so far. A remarkable example is an
emergent strong correlation effect in a moiré flat band system made of
weakly correlated materials such as graphene and semiconducting
transition-metal dichalcogenides (TMDCs)*~, where the motion of
electrons is quenched and the low-energy electronic properties are
governed by the Coulombic interaction. Another intriguing example is
a strong proximity effect at a vdW interface composed of atomically
thin quantum materials, where the hybridization of electron wave-
functions leads to generation of a novel quantum electronic ground
state that is missing in individual materials, as exemplified by the
emergent topological states observed in the graphene/TMDC hetero-
structures as well as in the NbSe,/CrBr; heterostructures®®. Those
studies also verify a strong electronic coupling at a vdW interface
despite that the constituent materials are weakly bonded via the vdW

force, suggesting that a vdW interface should provide an ideal material
platform for designing and creating novel physical properties and
functionalities.

Among various possibilities, fabrication of a magnetic vdW het-
erostructure is an interesting and important research direction both
for fundamental and applied researches>”'°, Recent studies on the
WSe,/Crl; heterostructures have revealed that a magnetic exchange
interaction is present at a vdW interface even though each layer is well
separated by a vdW gap®'°, providing the so-called “valley-Zeeman
effect”™ at zero field in WSe, induced by the exchange field from
neighboring Crl; across the vdW interface. In this system, however, the
ground state of WSe, should be still non-magnetic without sponta-
neous spin polarization, because WSe; is a semiconductor character-
ized with the fully occupied band, where the numbers of the up-spin
and down-spin electrons below the Fermi level (Eg) should be always
equal even when proximitized by a ferromagnet. On the other hand, a
magnetic proximity effect in a metallic system characterized with the
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partially occupied band should lead to generation of a novel magnetic
ground state with spontaneous spin polarization by producing an
imbalance between the numbers of the up-spin and down-spin elec-
trons below Ex. Moreover, such a metallic system should enable us to
examine the low-energy electronic properties of the system by the
anomalous Hall effect (AHE) measurements, through which we should
be able to obtain fundamental information on the electronic structure
of the system near Eg. Taken together, studying a magnetic proximity
effect in a metallic vdW system should be of significant importance,
but such an attempt has not been reported so far.

In this study, we demonstrate a proximity-induced ferromagnetic
ground state in atomically thin NbSe, at a vdW interface with a 2D
ferromagnet, and uncover an intriguing feature of ferromagnetic
NbSe, associated with its unique band structure by the AHE mea-
surements. NbSe, is one of representative metallic H-type TMDCs
showing the charge-density wave (CDW) and the superconducting (SC)
transition at low temperature', while it is magnetically inactive due to
highly delocalized nature of 4d electrons in NbSe,. An unprecedented
feature of NbSe, in the context of 2D materials research arises when
thinned down to the monolayer limit, where broken in-plane inversion
symmetry relevant to the trigonal prismatic structure (see Fig. 1a) and
large spin-orbit interaction (SOI) lift the spin degeneracy near Eg. This
results in generation of the out-of-plane spin-polarized electrons near
Er as schematically illustrated in Fig. 1b”", while the system is non-
magnetic due to time-reversal symmetry. Such SOl is termed as “Zee-
man-type SOI” or “Ising-type SOI”, which plays an essential role in the
spin-valley locking effect in monolayer H-type TMDCs, providing
intriguing physical phenomena both in semiconducting and metallic
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Fig. 1| A magnetic van der Waals interface made of NbSe, and V;Seg.

a Schematic top view of NbSe, crystal. The dashed blue lines labeled with M
represent the mirror planes. b Schematic Fermi surface (FS) of monolayer NbSe,
with Zeeman-type spin-orbit interaction (SOI). The red and blue solid lines denote
the FS of the up-spin (red arrow) band and the down-spin (blue arrow) band,
respectively. ¢ Schematic side view of the NbSe,/VsSeg (Nb/V) heterostructure.

H-type TMDCs'®". On the other hand, an interplay between Zeeman-
type SOI and magnetism has not been unveiled yet.

As for a 2D ferromagnet, we employed VsSeg, a layered magnet
characterized by the 2D VSe, sheets separated by the layers of the
periodically aligned V atoms (see Fig. 1c). This compound is known to
be an itinerant antiferromagnet in the bulk form*, whereas it exhibits
weak itinerant ferromagnetism with negative AHE in the thin film form,
which survives down to the 2D limit*. We recently succeeded in con-
structing a magnetic vdW heterostructure with an atomically abrupt
vdW interface based on NbSe, and VsSeg by molecular-beam epitaxy
(MBE), and demonstrated that there is a strong proximity effect
working at this NbSe,/VsSeg (Nb/V) interface characterized by the
robust out-of-plane magnetic anisotropy and the large enhancement
of the transition temperature®’. Those results strongly suggest that
there should be an interface exchange interaction present in the Nb/V
heterostructures and that the electronic state of NbSe, should be also
modulated, although no clear evidence is provided. Here, we system-
atically investigated the magneto-transport properties of the Nb/V
heterostructures, where the number of the VsSeg layer (N, varied) was
set to be thinner than that of the NbSe;, layer (4 L, fixed) so that the
transport properties are dominated by NbSe,. The details of the
sample fabrication and characterization are described in our previous
study”, and brief summary is shown in Methods and Supplemen-
tary Note 1.

Results

The AHE of the NbSe,/VsSeg van der Waals heterostructures
Figure 2a shows the AHE data taken at 7=2K for the series of
samples, where N was systematically reduced from 6 L to 1.2 L. The
N=6L sample exhibited negative AHE with clear magnetic hyster-
esis loop, indicating the robust out-of-plane magnetic anisotropy
induced in VsSeg by a strong proximity effect from neighboring
NbSe;, as we discussed in the previous study?. On the other hand, as
N was decreased, the AHE signal was at first suppressed at around
N=3.0L and then developed again with the opposite sign below
N<3L. Such a sign change has never been observed in the VsSeg
individual films down to the 2D limit*, implying essential con-
tribution from NbSe,.

The evolution of the AHE signals depending on N was more
systematically investigated by the temperature-dependence mea-
surements. Figure 2b shows the temperature dependence of the AH
resistance at the saturated regime (Ray, sq¢) for the different N sam-
ples. For the thick-enough regime (N=6L, for example), negative
AHE developed monotonously below the transition temperature
(-30K). This behavior is basically the same as those of the VsSeg
individual films (although the transition temperatures are largely
enhanced for the heterostructures as mentioned above)**, sug-
gesting that negative AHE observed with thick-enough VsSeg should
be attributed to originally ferromagnetic VsSes. On the other hand, as
N was decreased, a positive component started to develop below
25K, and the sign of the AHE at the lowest temperature was reversed
for N<3 L. Considering that the 3 L-thick VsSeg individual film shows
rather insulating behavior at low temperature (in particular below
10K) while the 4 L-thick NbSe, individual film exhibits metallic
behavior even below 2 K*%, it is natural to consider that the electrical
conductions of the N <3 L samples at the low temperature regime are
predominantly governed by NbSe, (see Supplementary Note 2).
Given that the AHE is absent in a non-magnetic material, the obtained
results suggest that NbSe, is in a ferromagnetic state, and positive
AHE observed with thin-enough VsSeg should be attributed to fer-
romagnetically proximitized NbSe,. The sign reversal of the AHE
signal shown in Fig. 2a should be therefore originating from the fact
that the dominant layer providing larger contribution to the elec-
trical conduction is varied from VsSeg to NbSe, as the number of the
VsSeg layer is reduced.
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Fig. 2 | The anomalous Hall effect (AHE) of the NbSe,/VsSes van der Waals
heterostructures. a The anomalous Hall resistance (Ray) of the Nb/V hetero-
structures as a function of the magnetic field (1oH) taken at T=2K, where the
number of the VsSeg layer (V) was varied while that of the NbSe; layer was fixed to
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4 L. The Nis defined as the number of the host VSe, layer. The data of the N=61L,
3.0L,2.5L, and 2.0 L samples are vertically shifted by 2.0Q,1.5Q,1.0Q, and 0.5Q,
respectively. b The temperature dependences of the anomalous Hall resistance at
the saturated regime (Ran, sq) for the different N samples.
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Fig. 3 | The angle dependence of the AHE of the NbSe,/VsSeg heterostructure.
a The AHE of the N=2.0 L sample at T=2K with different field angles (6). The

configuration of the field angle 6 is shown in the inset. b A schematic of the mag-
netization direction (M) and the field direction (H) at the high-enough field regime
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(uoH =9 T). ¢ The AH conductivity (0an) at uoH =9 T plotted against 6. The data is
normalized by the g,y at 8= 0°. The black dotted line represents cos (6) relative to
the gy at 6=0°, and the yellow-colored area highlights a deviation from cos (6).

The angle dependence of the AHE of the NbSe,/VsSeg
heterostructure

The AHE arising from NbSe; is quite surprising in view of the fact that
NbSe, is a well-known superconductor associated with CDW, where no
experimental signatures of magnetism have been discussed so far. To
get insights into the origin of this novel AHE in the NbSe,/VsSeg het-
erostructure system, we performed further experiments on the angle
dependence of the AHE for those samples exhibiting positive AHE.
Figure 3a displays the AHE of the N=2.0 L sample taken at 7=2 K with
different field angles (6). We here focus on the high-enough field
regime, where the magnetization direction is fixed to the applied field
direction. Given that the AHE signal is proportional to the out-of-plane
component of the total magnetization, the signal should be reduced
when the field is tilted to the in-plane direction by following cos (6) as
schematically illustrated in Fig. 3b. However, the AHE in the present

system did not follow this expected behavior. Figure 3c shows the
normalized AHE signal as a function of 6 taken at uoH=9T, demon-
strating a substantial deviation from cos (6) as highlighted by the
yellow-colored area. This suggests that there is an additional con-
tribution to the AHE signal other than magnetization arising when the
in-plane magnetization becomes finite, which has never been observed
in other 2D quantum material systems. Remarkably, as will be dis-
cussed in the following sections, this intriguing angle dependence as
well as the positive sign of the AHE signal could be well reproduced by
theoretical calculations based on the band structure of ferromagneti-
cally proximitized NbSe,, suggesting their intrinsic origins rather than
the extrinsic origins associated with the scattering mechanisms.
Moreover, such a good agreement between experiments and theory
strongly suggests that NbSe, forms a ferromagnetic ground state with
spontaneous spin polarization at the NbSe,/VsSeg vdW interface.
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Fig. 4 | Calculations of the band structure of ferromagnetic NbSe,. a, d The band
structure of monolayer NbSe, (a) without and d with the exchange field (M| =

40 meV) applied parallel to the c-axis (M//c). The dotted rectangular region in

d corresponds to the area highlighted in Fig. 5b, d. b, e The magnitude of the spin
splitting energy induced by Zeeman-type SOl (4yp-down = Eup - Edown) in the first
Brillouin Zone (BZ) (b) without and e with the exchange field. The dashed lines

correspond to the spin-degenerate nodal lines. ¢, f The FS (black solid line) and the
Berry curvature of the lower band (Q, 5 (k)) in the first BZ (c) without and f with the
exchange field. The dashed lines represent the nodal lines. g The oy, as a function of
energy calculated from the band structure of monolayer NbSe, with M, =40 meV
shown in d.

Calculations of the band structure of ferromagnetic NbSe,
Now we discuss the origin of the AHE arising from ferromagnetic
NbSe,. We here consider the band structure of monolayer NbSe,
assuming that a magnetic proximity effect is limited to the single layer
in contact with VsSeg, but a more realistic case with multilayer NbSe; is
discussed in detail in Supplementary Note 7, which provides qualita-
tively the same results. Figure 4a depicts the band dispersion of
monolayer NbSe, near Er along the I'-K-M direction in the momentum
space (and its time-reversal pair), showing spin splitting due to
Zeeman-type SOI. Figure 4b maps the magnitude of this spin splitting
energy (Ayp-down) in the first Brillouin Zone (BZ), which has three-fold
symmetry as expected for the trigonal crystal structure. The magni-
tude of Ayp-qown at the Kand K’ valleys is exactly the same but opposite
in sign because of time-reversal symmetry. Figure 4c illustrates the
Fermi surface (FS) of monolayer NbSe, and the Berry curvature of the
lower band (i.e., the band having lower energy at finite k) in the first BZ,
Q5 (k), both of which are symmetric against time-reversal operation.
In such a case, the AH conductivity (o) calculated by the integration
of the Berry curvature below Er over the entire BZ becomes exactly
zero, and no AHE expected. Another important aspect is that the spin
degeneracy is protected along the I'-M direction due to mirror sym-
metry (see Fig. 1a) as shown by the dashed lines in Fig. 4b, ¢, which
appears only at the I' and M points in the line cut along the I-K-M
direction (Fig. 4a).

Let us now discuss the band structure of ferromagnetic NbSe, by
considering the situation when NbSe, is subjected to the out-of-plane
exchange field. Figure 4d shows the band structure of monolayer

NbSe, with the exchange field (M| =40 meV) applied parallel to the c-
axis (M//c). Now, the up-spin band and the down-spin band are shifted
to the opposite directions due to Zeeman effect, and the magnitude of
Aup-down at the K and K’ valleys becomes different (see Fig. 4d).
Accordingly, the FS becomes largely distorted (see Fig. 4f), and the
numbers of the up-spin and down-spin electrons below £ become
unequal, providing a ferromagnetic ground state with spontaneous
spin polarization. In such a ferromagnetic state, we expect non-zero
0xy due to imperfect cancellation of the Berry curvature below Ep
between two bands.

Figure 4g shows the resultant o,y as a function of energy calcu-
lated from the band structure of ferromagnetic NbSe,, showing non-
zero oy, at E = E. Moreover, the sign of 0,y at £ = Er is positive, which is
consistent with the experimentally observed positive AHE for the
N<3L samples, suggesting that positive AHE is indeed originating
from ferromagnetic NbSe,. Considering that the K and K’ valleys are
now energetically inequivalent, this ferromagnetic state would possi-
bly be interpreted as a “ferrovalley” state with spontaneous valley
polarization as well**, which is a natural consequence of the spin-valley
locking effect in H-type TMDCs associated with Zeeman-type SOI"™.
We note that the spin-degenerate nodal lines shown as the dashed lines
in Fig. 4b, c are now moved away from the I'-M direction, forming the
closed triangular loops surrounding the K valleys (see Fig. 4e, ). The
corners of those loops are contacted with the FS near the I' valley (see
Fig. 4f), which is essentially important to explain the results of the
angle-dependence measurements as will be discussed in the next
section.
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Calculations of the angle dependence of the AHE of ferromag-
netic NbSe,

Figure 5a presents the angle dependence of o,y at £=E¢ calculated
from the band structure of ferromagnetic NbSe,. Surprisingly, a
deviation from cos () that we experimentally observed for the N<3L
samples (see Fig. 3c) was successfully reproduced. This characteristic
deviation from cos (6) could be considered as the enhancement of the
AHE signal with the in-plane fields, which could be understood as a
consequence of the emergence of the additional Berry curvature with
the in-plane magnetization”, where the intersection of the up-spin
band and the down-spin band (i.e., the spin-degenerate nodal lines)
associated with Zeeman-type SOl plays an essential role. As we
explained above, those lines are originally located along the I''M
direction without the exchange field (see Fig. 4b, c), while they are
moved to surround the K valleys under the presence of the out-of-
plane exchange field (see Fig. 4e, f). Importantly, the location of those
nodal lines in the momentum space is determined by the magnitude of
the out-of-plane magnetization (M,), and M,=40 meV satisfies the
condition that the nodal lines come close to the corner of the FS near
the I valley (see Fig. 4d, f), providing the largest deviation from cos (6)
as will be discussed later.

The top panel of Fig. 5b shows the magnified view of the band
structure near one of such nodal lines, corresponding to the dotted
rectangular region in Fig. 4d. There is only one crossing point visible in
this plot, but this is in reality distributed in the momentum space to
surround the K valleys as mentioned above (also schematically shown
in Fig. 5¢). When the magnetization direction is tilted to the in-plane
direction (for example, 8=20° is considered in Fig. 5d), the in-plane
component of the magnetization (M,) becomes finite, which hybri-
dizes the up-spin band and the down-spin band and opens an energy
gap along the nodal lines as shown in Fig. 5d, e. Importantly, this gap
opening accompanies the generation of the Berry curvature along the
nodal lines as shown in the bottom panel of Fig. 5d by the yellow-

colored area. Figure 5f illustrates the distribution of this emergent
Berry curvature at 8=20° defined as 6Q, 5 (k) = Qg (k, 20°) - Q; (k,
0°) in the momentum space, which exactly traces the nodal lines
(loops) surrounding the K valleys. Also shown is the FS of monolayer
NbSe;, in a ferromagnetic state with the exchange field M, =40 meV,
which is contacted with the peak of the emergent Berry curvature 6Q, g
(k) near the I' valley. In this situation, the imbalance between o,y arising
from the lower band and that from the upper band becomes max-
imum, providing the largest deviation from cos (6). We however note
that such a deviation from cos (6) is observable in a rather broad range
of the exchange field as long as E is fixed at Eg, whereas it disappears
when E is increased near to the valence band top (see Supplementary
Note 6). This suggests that the observed phenomena associated with
the emergence of the Berry curvature with the in-plane magnetization
are unique to group-V metallic H-type TMDCs, and that the crossing of
the FS and the nodal lines near the I valley plays a key role for the
enhancement of the AHE signal with the in-plane fields.

Discussion

The present study demonstrates a proximity-induced ferromagnetic
ground state with spontaneous spin polarization in a metallic 2D
quantum material NbSe, originally showing the CDW/SC states. We
emphasize that the unique angle dependence of the AHE characterized
with the enhancement of the AHE signal with the in-plane fields
observed by experiments could be well reproduced by theoretical
calculations based on the band structure of ferromagnetic NbSe,,
providing firm evidence that NbSe, forms a ferromagnetic ground
state at the interface with VsSeg. Based on the comparison between the
experimental and theoretical results, we estimated that the magnetic
exchange interaction at the Nb/V interface should be as large as a few
tens of millielectronvolt, which is larger than those reported for the
WSe,-based magnetic heterostructures®'®* and comparable to the
value recently reported for the WS,-based heterostructures”. As for a
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possible origin of the anomalous enhancement of the AHE signal with
the in-plane fields, we interpret from theoretical consideration that the
generation of the Berry curvature along the spin-degenerate nodal
lines in 2D NbSe, by the in-plane magnetization should play an
essential role, resulting from a unique interplay between magnetism
and Zeeman-type SOl in 2D NbSe;. Furthermore, recent demonstration
of topological superconductivity in the NbSe,/CrBr; heterostructures
implies the possible existence of a topological superconducting state
in our all-epitaxial scalable Nb/V heterostructures as well®, which
should provide an ideal platform for future topological quantum
computing device applications.

Methods

Sample fabrication and characterization

All the Nb/V heterostructures were grown on commercially available
insulating Al,O3 (sapphire) (001) substrates (SHINKOSHA Co., Ltd.) by
MBE by following our previously established process? . A substrate
was cleaned by ultrasonication in acetone and ethanol, respectively,
annealed in air at 1000 °C for three hours to make a surface atomically
flat, and then transferred into the ultrahigh vacuum chamber with a
base pressure below ~1x 107 Pa (EIKO Engineering, Ltd.). Prior to the
film growth, a substrate surface was treated with the Se flux at 900 °C
for an hour. Then, the substrate temperature was decreased down to
450 °C, and the VsSeg layer was grown at 450 °C. During the growth, V
was supplied by an electron beam evaporator with the evaporation
rate of -0.01A/s, while Se was supplied by a standard Knudsen cell
throughout the growth process with the rate of -2.0 A/s. After the
growth of the VsSeg layer, the NbSe, layer was formed at the same
growth temperature. Nb was supplied by an electron beam evaporator
with the rate of -0.01A/s as well. The whole growth process was
monitored by reflection high energy electron diffraction (RHEED).
Clear RHEED intensity oscillations were observed during the growth,
confirming the 2D layer-by-layer growth mode for the formation of the
VsSeg layer and the NbSe; layer. The exact thickness was designed by
counting the number of the RHEED intensity oscillation, and con-
firmed by the x-ray diffraction (XRD) measurement (PANalytical, X'Pert
MRD) after the growth. The local structure of the obtained hetero-
structure was characterized by scanning transmission electron
microscope (STEM) measurement (JEOL, JEM-ARM20O0F). All the sam-
ples were covered by insulating Se capping layers to protect their
surfaces from oxidization. See Supplementary Note 1 for the details.

Transport measurements

All the samples were cut into Hall-bar shape before transport mea-
surements by mechanical scratching through Se capping layers to
define the channel regions, which were typically a few hundred
micrometers. The electrical transport properties were characterized
by Physical Property Measurement System (Quantum Design, PPMS).

Theoretical calculations

The numerical calculations were performed by using density func-
tional theory (DFT) and a multi-orbital tight-binding model. The elec-
tronic structure of monolayer NbSe, was obtained by using quantum-
ESPRESSO?, a package of numerical codes for DFT calculations, with
the projector augmented wave method. The cut-off energy was set to
50 Ry for the plane wave basis and 500 Ry for the charge density. The
convergence criterion of 10 Ry was used in the calculations. The
lattice constant was estimated to be 3.475 A by using a lattice relaxa-
tion code in quantum-ESPRESSO.

A magnetic proximity effect on monolayer NbSe, was simulated
by an exchange potential in a multi-orbital tight binding model
describing electronic states in the pristine monolayer crystal. The
tight-binding model was constructed on the basis of eleven Wannier
orbitals, five d-orbitals in Nb atom and six p-orbitals in top and bottom
Se atoms (see Fig. 1a) with spin degrees of freedom. Here, the hopping

integrals were computed by using Wannier90 (ref. 29), a code to
provide maximally localized Wannier orbitals and hopping integrals
between them from a first-principles band structure. In this model, the
exchange potential was introduced as an on-site potential represented
by the Zeeman coupling H,= — M - 6/2. The direction of the magne-
tization was fixed to the yz plane with the tilting angle
6=arctan My/MZ). Here, the coupling constants (M,, M,) are the
elements of the exchange potential along the y and z axes, and
assumed to be independent of orbital characters for simplicity. The
Fermi energy Ey was numerically estimated under the condition of
charge neutrality between valence electrons and nuclei.

The Berry curvature was calculated by using a theoretical

expression®,

k= — 5 Mol Bl W)

n'#n ((‘)n’ — a),,)2

@

where |¢) and E,, = hw,, are the wave function and the eigen-energy,
respectively, of the electronic state with the band index n and the wave
vector k. The anomalous Hall conductivity (ay,) was obtained by the
integration of the Berry curvatures below £ in the BZ,

2 2
) T )

G = -
v h ) gz (2m)? '

with the Fermi-Dirac distribution function f,. The numerical calcula-
tion was performed at zero temperature.

Data availability
The data within this paper are available from the corresponding author
upon reasonable request.
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