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Edge-enhanced negative magnetoresistance in a WSe2/Fe3GeTe2 heterostructure
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Dzyaloshinskii-Moriya interaction (DMI), the antisymmetric exchange interaction in noncentrosymmetric
magnets, is a key ingredient in forming and manipulating the magnetic skyrmion, a promising candidate for
next-generation data storage. With the development of non-Hermitian topological phases, the role of DMI
has been extended to a broader stage recently. The non-Hermitian skin effect (NHSE) of magnons has been
theoretically predicted to take place in magnetic systems with DMI and dissipation. Though exceptional band
structures in van der Waals (vdW) magnetic structures have been observed, the NHSE of magnons has not been
identified yet. Here we fabricate WSe2/Fe3GeTe2 vdW heterostructure and observe the edge-enhanced negative
magnetoresistance (NMR). The larger NMR at the sample’s edges is attributed to the stronger electron-magnon
scattering at the boundaries, indicating the edge accumulation of magnons. The aggregation of magnons towards
sample boundaries is consistent with the magnonic NHSE, which is favored by the interface DMI and magnetic
dissipation inherently in the heterojunction. Our work should be valuable for understanding the non-Hermitian
topology in magnetic systems.
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I. INTRODUCTION

Magnetic interaction in solid-state materials is crucial
for fine design and broad application in spintronics.
Dzyaloshinskii-Moriya interaction (DMI), the result of su-
perexchange interaction and spin-orbit coupling (SOC),
describes the antisymmetric magnetic interaction in the form
of EDM = Di j · (Si × S j ), where Di j is the DM vector and Si

and S j are the electron spins [1,2]. This interaction exists
in a system that lacks inversion symmetry and has strong
SOC, driving adjacent spins tending to align perpendicular
to each other, causing a noncollinear canted spin texture.
DMI is believed to be a crucial element in the creation,
annihilation, and manipulation of magnetic skyrmions and
chiral domain walls, and has been observed in thin-film multi-
layer magnetic nanostructures [3–7], in graphene-ferromagnet
interface [8], and transition metal dichalcogenide (TMDC)–
ferromagnet van der Waals (vdW) heterostructure [9]. Due to
their nanometer size [6] and robust current-driven dynamics
at room temperature [3–5], magnetic skyrmions are promising
for ultraintegrated and low-consumption information storage
[10–12].

In recent years, the role of DMI in magnetic systems
has been extended to the non-Hermitian regime, where ex-
otic exceptional topological quantum states emerge beyond
the conventional Hermitian quantum mechanics paradigm
[13–18]. The magnon is the bosonic collective excitation of
spin waves, with its quasiparticle number not generally con-
served. Interactions of magnons could lead to an effective
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non-Hermitian Hamiltonian in an open dissipative magnetic
system [19–22], providing a playground for exploring non-
Hermitian topology. As a typical feature of non-Hermitian
dynamics, exceptional structures (points, surfaces) have been
observed in magnonic devices with magnon losses [23], and
in microwave cavity magnon polaritons with dissipations
[24,25]. Flebus et al. recently proposed that the non-Hermitian
skin effect (NHSE) of magnons can be achieved when both
magnetic dissipation and DMI are present [18]. Previous
works have demonstrated that interfacial DMI in vdW mag-
nets could be generated by strong Rashba SOC proximity
of TMDCs, and Néel-type skyrmions have been observed by
Lorentz transmission electron microscopy [9]. However, no
experiments have demonstrated the boundary accumulation
of magnons yet, which is important for the demonstration of
its non-Hermitian bulk-boundary correspondence in magnetic
systems.

Here we fabricate monolayer WSe2/Fe3GeTe2 (FGT) vdW
heterostructure and analyze its magnetotransport behavior
from the bulk and edge. In this heterostructure, strong SOC
proximity effect of WSe2 [26–28] and broken inversion sym-
metry at the interface would lead to an interfacial DMI and
facilitate the observation of NHSE of magnons. Experimen-
tally, we find that the negative magnetoresistance (NMR) in
WSe2/FGT heterostructure at the edge is larger than that
at the bulk, revealing stronger electron-magnon scattering
at the boundaries, which is consistent with the scenario
of magnonic NHSE. The temperature dependence of NMR
evolves nonmonotonically below the Curie temperature TC,
which is attributed to the hybrid effect of electron-magnon
and electron-magnetic impurity scatterings. Our work sheds
light on non-Hermitian physics of magnons in condensed
matter.
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FIG. 1. Characterization of the BN/WSe2/FGT device. (a) Atomic structure of monolayer WSe2 (upper panel) and Fe3GeTe2 (FGT) (lower
panel). The vdW gap between adjacent layers in FGT is 2.95 Å. (b) Optical image of device 2. FGT thin flake and monolayer WSe2 are outlined
by the white and yellow dashed lines, respectively. The device is encapsulated by BN (light blue, ∼20 nm thick) for protection. Ti/Au bottom
electrodes (red strips) were prepared before the transfer process. (c) ρ-T curve measured via the standard four-terminal method from 300 to
1.8 K in device 2. Resistivity from 160 to 40 K is fitted by the quadratic temperature dependence (dashed red curve). (d) ρ-T in the T 1/2 scale.
The red line at low temperatures is a guide to the eyes.

II. EXPERIMENTAL METHOD

The WSe2 and FGT bulk materials were obtained commer-
cially, with their atomic structure shown in Fig. 1(a). Bulk
FGT has an interlayer van der Waals gap of 2.95Å, and it has
a strong magnetocrystalline anisotropy which induces long-
range ferromagnetic order in thin layer FGT. We fabricated
Ti(2 nm)/Au(10 nm) bottom electrodes on SiO2/Si substrates
using electron beam lithography (EBL) and electron beam
evaporation (EBE), followed by plasma etching to remove
polymer residues and dangling bonds. The channel length
between the neighboring electrodes is ∼1 µm. Thin flakes
were exfoliated mechanically from the bulk materials. The
BN/WSe2/FGT device was fabricated by the “tear and stack”
technique and transferred onto the bottom electrodes (see Ap-
pendix A). To manifest the edge transport, one long straight
edge of the FGT was inserted into the electrodes no longer
than 300 nm to eliminate the bulk conduction component.
Figure 1(b) shows the optical image of a typical device. Two
rows of bottom electrodes featuring different configurations
were designed, one for bulk detection and the other for edge
measurement. The transport measurements were carried out in
an Oxford cryostat equipped with a superconducting magnet
and a variable temperature insert with a base temperature of
1.8 K. Standard lock-in techniques were used to measure the

transport signals. Reproducible magnetotransport results were
obtained from different devices (see Appendix B). Here we
mainly report the results of four typical devices, marked as
devices 1, 2, 3, and 4.

III. RESULTS AND DISCUSSION

Figure 1(c) exhibits the ρ-T curve measured by the four-
terminal method of a monolayer WSe2/FGT (∼10 nm) device
from 300 to 1.8 K. The resistivity decreases as the temperature
goes down from 300 to 40 K, showing a typical metallic
feature. A kink at ∼160 K reveals the Curie temperature TC,
demonstrating the phase transition of FGT from paramagnetic
to ferromagnetic when cooling down. Within the interme-
diate temperature region from 160 to 40 K, the resistivity
exhibits a T 2 dependence, as fitted by the dashed red curve
in Fig. 1(c). The quadratic dependence is consistent with the
electron-magnon scattering mechanism, with 1/τ ∝ T 2 below
TC, where τ is the transport relaxation time [29,30]. Below
40 K, a resistivity upturn is observed, and the resistivity ap-
proximately follows a −T 1/2 dependence down to the base
temperature [Fig. 1(d)], which is reminiscent of the electron-
electron interaction (EEI) for three-dimensional (3D) systems
[31]. A recent study also suggests the possible contribution of
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FIG. 2. Negative magnetoresistance measured from device 2. (a) Schematic of the measurement setup for bulk detection. Magnetoresis-
tance (MR) of the bulk at temperatures from 1.8 to 40 K (b) and from 55 to 180 K (c). (d)–(f) Same as (a)–(c) but for the edge detection. All
data are symmetrized to remove the transverse components. MR is defined as [R(μ0H ) − R(0)]/R(0) × 100%.

the orbital two-channel Kondo effect to the abrupt resistance
increase [32].

The magnetoresistance (MR) of the bulk and the edge at
different temperatures is studied. The measurement configu-
ration for the bulk and the edge are shown in Figs. 2(a) and
2(d), respectively. Electrodes are inserted less than 300 nm
at one side of the FGT flake for edge detection, and more
than 7 µm at the opposite side for bulk detection. We scan
the magnetic field from −14 to 14 T and record the resis-
tance signals [Figs. 2(b) and 2(c), Figs. 2(e) and 2(f)]. All
data are symmetrized to remove the transverse components,
where MR is defined as [R(μ0H ) − R(0)]/R(0) × 100%. We
notice that a monotonic and nonsaturating NMR is obtained
for both bulk and edge configurations at all temperatures.
Various mechanisms could lead to the NMR, e.g., weak lo-
calization (WL), electron-magnon scattering, and magnetic
impurity scattering. NMR has been observed in Mg films due
to WL [33,34], as increasing magnetic field gradually breaks
the phase coherence of the time-reversal-symmetric pair of
interference loops. However, in a ferromagnetic metal with
long-range magnetic order, WL could hardly happen due to
the intrinsic broken time-reversal symmetry, which could be
ruled out as the origin. Besides, disorders in artificial systems
are also likely to cause the NMR effect [35]. Previous studies
have suggested that the NMR induced by disorder decreases
with increasing temperature [36,37]. While in our work, the
NMRs of bulk and edge both show nonmonotonic temperature
dependence (Fig. 2). And the disorder scenario cannot explain
the stronger NMR at the edge while the local resistivity of
edge and bulk is close. Therefore, the disorder scenario can be
safely excluded as the main origin of NMR. At finite temper-
atures, magnons exist as collective modes of excited magnetic
states. The electron-magnon scattering would contribute to
the transport relaxation time τ , thus increasing the resistivity.

NMR follows under an external magnetic field due to the
magnetic suppression of magnon populations [38,39]. Though
being broadly considered as an itinerant magnet [32,40,41],
related spectroscopy studies suggest the dual properties (itin-
erant and localized) of Fe 3d electrons may result in a rather
complicated magnetism in FGT [42,43]. Therefore, the spin-
dependent scattering off the local magnetic moments may also
take place. Under a magnetic field, NMR occurs due to the

FIG. 3. Modeling the NMR at different temperatures in device 2.
The MR is fitted by an electron-magnon scattering model for bulk
(a) and edge (b), respectively, as plotted by the black lines. Data at
three representative temperatures are shown for clarity. The extracted
parameters C1 (c) and C2 (d) are plotted for bulk (black symbols) and
edge (red symbols), respectively.
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FIG. 4. Enhanced NMR at the edge of device 2. Temperature
dependence of MR at 14 T for bulk and edge. Both bulk (black sym-
bols) and edge (red symbols) NMR show a nonmonotonic behavior
and reach their minimum (absolute value) at ∼40 K.

alignment of the impurities’ moments which enhances the
transport relaxation time τ . Thus, the observed NMR is related
to the suppression of magnon excitations and the alignment of
magnetic impurities.

To quantify the observed NMR in WSe2/FGT heterojunc-
tion, we fit the data with an electron-magnon scattering model
proposed by Raquet et al. [38]:

MR = C1μ0H ln(C2μ0H ), (1)

where C1 ∝ T/D(T )2, C2 = μB/kBT , and D(T) is the magnon
stiffness. The NMRs of bulk and edge at all temperatures
are well fitted by Eq. (1), as depicted by the black lines in
Figs. 3(a) and 3(b), where for clarity we only plot data at three
temperature points. The extracted C1 shows an approximately
monotonic temperature dependence [Fig. 3(c)]. To the lowest
order approximation, D(T ) ≈ D0 − D1T 2, thus resulting in an
increasing T/D(T )2 with T, consistent with our observations.
Figure 3(d) plots the fitted C2 for bulk and edge. The tem-
perature evolution deviates from the model’s expectations (∝
1/T ), suggesting an additional mechanism resulting in NMR
besides electron-magnon scattering. Considering the likely lo-
calized property of Fe 3d electrons in FGT [42,43], we adopt
a semiempirical MR expression based on localized magnetic
moments derived by Khosla and Fischer [44]. Interestingly,
the NMR could also be well fitted (see Fig. 6 and Appendix C
for details). Therefore, the NMR in FGT could be a combined
action of the two aforementioned origins.

From Figs. 2 and 3, we see that both the bulk and the
edge NMR manifest nonmonotonic temperature dependence,
as recognized more clearly in Fig. 4. The NMR amplitude
(absolute value) reaches its minimum at ∼40 K. Interestingly,
this temperature corresponds to the transition point of resistiv-
ity upturn [Fig. 1(c)]. The stronger NMR effect at the higher
temperature regime could be well understood within the
electron-magnon scattering scenario, since more magnons are
excited with increasing thermal fluctuation. When applying a
magnetic field, the damped spin waves cause a considerable
decrease in resistance. As further increasing the temperature
beyond the FGT Curie temperature TC, magnon excitations
are gradually diminished, and electron-magnetic impurity

scattering comes into prominence. As shown in Fig. 7, the
NMR persists up to 240 K, far above TC, which could be
well fitted by the electron-localized moments scattering model
(see Appendix D). For T < 40 K, the enhanced NMR at low
temperatures seems puzzling, considering magnons are sup-
pressed exponentially when cooling down [45]. We suppose
that this enhancement may result from the variation in mag-
netic impurities at low temperatures and the effect of EEI.
Similar results have been observed previously, where the au-
thors relate this anomalous increase to the orbital two-channel
Kondo effect [32].

A notable feature is that the NMR of the edge is larger
than that of the bulk at all temperatures (Fig. 4). Below
we discuss the possible origins of the edge-enhanced NMR
in WSe2/FGT heterostructure. First, we notice that the nor-
malized remanence and coercive field at bulk and edge are
almost identical (see Fig. 8 and Appendix E), revealing uni-
form magnetism in the sample plane. Thus, the spin-related
scatterings with local magnetic moments could hardly cause
such a distinction in NMR between bulk and edge. The
edge-enhanced NMR most possibly stems from the aggre-
gation of bulk magnons toward the boundaries, resulting in
stronger electron-magnon scatterings at the sample’s edges.
Usually, magnons distribute uniformly in a ferromagnet. The
edge enhancement here arises from the proximity coupling
between WSe2 and FGT. At the interface, with broken in-
version symmetry, the Rashba SOC of WSe2 could cause a
DMI in the heterostructure [9]. Recent theories predict that
the magnon skin effect exists in magnetic systems with strong
DMI and magnetic dissipations [18,46]. The dissipative inter-
actions may take place in WSe2/FGT due to magnon-electron,
magnon-phonon interactions, and magnon scattering on impu-
rity moments, which act as an effective non-Hermitian term in
lattice Hamiltonian. The resulting complex energy spectrum
gains a finite effective spectrum area with appropriate thermal
excitations below TC, and the NHSE follows [14,18,47]. As
a result, stronger electron-magnon scatterings at the bound-
aries lead to an edge-enhanced NMR, consistent with the
observations. Our experimental results provide evidence for
the magnonic NHSE in magnetic systems with DMI and
dissipation.

IV. CONCLUSIONS

In summary, the edge-enhanced NMR in monolayer
WSe2/FGT heterostructure is observed, indicating the ag-
gregation of bulk magnons towards the boundaries. The
temperature evolution of NMR exhibits a nonmonotonic
dependence, which is attributed to the coexistence of electron-
magnon scattering and magnetic impurity scattering. The
results serve as signatures for NHSE of magnons, which
originate from the magnetic dissipation and the DMI induced
by WSe2 with strong SOC. Next-step experiments with a
high spatial resolution like Brillouin scattering are required
to demonstrate the distribution of magnons at bulk and edge
more directly. Our work sheds light on non-Hermitian bulk-
boundary correspondence in a vdW ferromagnet with DMI,
paving the way for further study in exceptional topology in
quantum materials.
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FIG. 5. NMR effect of other two FGT/WSe2 devices (a),(b) and FGT alone (c).
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APPENDIX A: DEVICE FABRICATION VIA TEAR
AND STACK METHOD

All the van der Waals (vdW) materials were exfoliated
mechanically from the bulk materials. In more details, the
thick film was first dissociated through transparent tape, and
further thinned by PDMS. The thin film was then transferred
onto Si/SiO2 substrate by heating at 100 ◦C for 1 min. The
Fe3GeTe2 thin flakes with long straight edges were selected
to construct the devices. Next, BN flake, monolayer WSe2

and few-layer FGT were sequentially picked up and then
transferred onto the Ti/Au electrodes using a polymer-based
dry transfer technique. The whole processes were done in an
argon-filled glove box to avoid sample degradation. Finally,
the device was soaked in chloroform to remove the polymer on
top of the device and finally rinsed thoroughly with acetone.

APPENDIX B: NEGATIVE MAGNETORESISTANCE
OBSERVED IN DIFFERENT DEVICES

The difference of NMR between the edge and bulk is
widely observed in our devices. Figures 5(a) and 5(b) show the
other two WSe2/FGT devices with similar electrode structure,
but the edge electrodes have different edge contact length (lc)
with the FGT layer. As lc < 500 nm, the NMR at the edge is

much larger than that in bulk, consistent with the results in the
main text. As lc > 500 nm, there is little difference observed,
which may be related to the increased bulk contribution in
the edge measurements. Figure 5(c) shows a pure FGT device
without WSe2, where the bulk and edge show a similar NMR
effect as expected [Fig. 5(f)]. All the three devices were mea-
sured by the four-terminal method at edge and bulk.

FIG. 6. Analysis of temperature-dependent NMR via electron-
magnetic impurity scattering model in device 2. The MR is fitted
by a localized magnetic moments model for bulk (a) and edge (b)
measurement, respectively, as plotted by the black lines. Data at
three representative temperatures are shown for clarity. The extracted
parameters B1 (c) and B2 (d) are plotted for bulk (black symbols) and
edge (red symbols), respectively.
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FIG. 7. Temperature-dependent MR results measured at the edge of device 4. Robust NMR is observed up to 240 K, far above the Curie
temperature (∼160 K), which could be well fitted by the electron-magnetic impurity moments scattering model.

APPENDIX C: NMR FITTED WITH A LOCALIZED
MAGNETIC MOMENTS MODEL

Considering the Fe 3d orbitals may exhibit localized prop-
erties, we also fit the NMR in the electron-localized moments
scattering scenario [44]:

MR = −B2
1 ln

(
1 + B2

2μ
2
0 H2

)
. (C1)

The fitting results are shown as black lines in Figs. 6(a) and
6(b) for bulk and edge, respectively. The extracted parameters
B1 and B2 of Eq. (C1) both show nonmonotonic temperature
dependence [Figs. 6(c) and 6(d)].

APPENDIX D: NEGATIVE MAGNETORESISTANCE
OBSERVED ABOVE THE FGT CURIE TEMPERATURE

Figure 7 shows the MR data of device 4 from 1.8 to 240 K,
which is far above the FGT Curie temperature TC (∼160 K).
Below TC, the NMR can be understood by considering both
the electron-magnon and electron-magnetic impurity scatter-
ings. Similar to device 2, both scattering models can well
fit the MR data. Figures 7(a) and 7(b) demonstrate the fit-
ting results by the electron-magnon scattering model. Upon
increasing the temperature towards and above TC, magnon
excitations are gradually diminished, and the magnetic impu-
rity scattering mechanism dominates. As shown in Fig. 7(c),
the NMR is still observable up to 240 K, far above TC,

FIG. 8. Magnetic hysteresis obtained at the bulk and edge of device 2. Bulk (a) and edge (b) transverse resistance hysteresis loops at
temperatures from 1.8 to 180 K. Signals are antisymmetrized to remove the longitudinal components. Normalized remanence (c) and coercivity
(d) at bulk (black symbols) and edge (red symbols) versus temperature extracted from (a) and (b). The dashed lines in (c) are the criticality fits
α(1−T/T C)β near the Curie temperature TC. The obtained critical exponent β is 0.31 and 0.34 for bulk and edge remanence, respectively.
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which could be well fitted by the electron-localized moments
scattering model. Notably, either electron-magnon scattering
or magnetic impurity scattering cannot solely produce the
spatially and temperature dependent NMR observed in our
work. Only the electron-magnetic impurity scattering cannot
explain the edge-enhanced NMR. Only the electron-magnon
scatterings cannot elucidate the NMR far above the Curie
temperature of FGT. It is worthwhile to note that the NMR in-
creases as temperature increases from 60 to 140 K [Fig. 7(b)].
This is consistent with the fact that increasing the temperature
will increase the excitation of magnons. Further increasing
temperature above TC from 180 to 240 K, the NMR is re-
duced. This is because an increase in temperature will cause
an increase in phonon scattering, while the contribution of
magnetic impurity scattering to the total resistance decreases.

APPENDIX E: ANTISYMMETRIZED RESISTANCE
AT BULK AND EDGE

Due to the slight misalignment of the electrodes, the
resistance signals contain both the transverse and longitudi-
nal components. We extract the transverse signals Rantisymm

by antisymmetrizing the measured resistance at various
temperatures, as shown in Figs. 8(a) and 8(b) for the bulk
and the edge, respectively. For both bulk and edge, the mag-
netic hysteresis forms a rectangular loop with the coercive
field being ∼ ±0.55 T at 1.8 K, which gradually shrinks as
increasing temperatures and disappears at ∼180 K. The sharp
rectangular loop reflects the strong perpendicular magnetic
anisotropy (PMA) of FGT. Despite the difference in the ab-
solute value, the normalized remanence of the bulk and the
edge follows a similar temperature dependence [Fig. 8(c)]; so
does the coercive field μ0Hc [Fig. 8(d)]. The nearly identical
behavior of the bulk and edge suggests the homogeneity of
magnetism in the WSe2/FGT heterostructure. The critical-
ity fit α(1−T/T C)β is performed near the TC [dashed lines
in Fig. 8(c)]. The obtained critical exponent β is 0.31 and
0.34 for bulk and edge configurations, respectively, in good
agreement with the theoretical prediction of 0.33 in the 3D
Ising model due to its quasi-3D nature (thickness of FGT
∼10 nm). The absence of intermediate magnetic states within
the hysteresis loops [40] suggests that the FGT thin flake is
likely of a single domain. With an increasing magnetic field,
the domain walls are forced to a uniform state and form a full
magnetization beyond the coercive field.
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