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The topological Hall effect (THE) originating from a real-space Berry phase is a significant transport signal for
chiral spin textures and has been extensively investigated recently due to its potential applications in topological
spintronics. Recently, chiral spin textures and THE were realized in heterointerfaces where spatial inversion
symmetry is naturally broken. However, multichannel transport in heterointerfaces can mask the intrinsic THE
associated with chiral spin textures. Here, we systematically investigate multichannel transport in two different
kinds of van der Waals (vdW) heterointerfaces. In ferromagnetic-ferromagnetic (FM-FM) heterointerfaces with
two opposite anomalous Hall effects, multichannel transport has mimicked both positive and negative THE
without involving any topological charges, which is dubbed as an artificial THE. Moreover, artificial THEs
were also observed in FM-metal heterointerfaces consisting of a single FM layer stacked onto a nodal-line
semimetal; this was attributed to the presence of multichannel transport as well. Our findings provide an
alternative explanation for THE-like features in heterointerfaces. They also reveal exotic multichannel transport
properties in vdW heterointerfaces which could facilitate the development of multifunctional nanodevices based

on vdW heterointerfaces.
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I. INTRODUCTION

The anomalous Hall effect (AHE) is an important phe-
nomenon in condensed matter physics that usually occurs
in systems with broken time-reversal symmetry, such as in
magnetic materials [1]. Experimental and theoretical studies
have provided a means to understand the AHE by the Berry
curvature of electronic bands [2]. In addition to the Berry
phase in reciprocal space, it has been established that the real-
space Berry phase (e.g., skyrmion) adopted by conducting
electrons can also result in a Hall response—topological Hall
effect (THE) [3,4], as shown in Fig. 1(a), that resembles the
AHE dominated by the Berry phase in the reciprocal space.
The real-space topology widely exists in chiral spin textures,
which have promising applications in topological spintronics.
The THE has thus been experimentally employed to detect
chiral spin textures in chiral magnets [5-9] or in heteroin-
terfaces with naturally broken spatial inversion symmetry
(SIS) [10-16]. Importantly, hybrid Hall effects observed in
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heterointerfaces usually arise from multichannel transport
which can mask the intrinsic THE associated with chiral spin
textures. Further investigation in this area would significantly
inspire the study of the associated novel phenomena.
Previous studies have demonstrated that magnetic het-
erointerfaces prepared by pulsed laser deposition or molecular
beam epitaxy can mimic the skyrmionlike Hall effect due
to the competition of two opposite AHEs [17-21]. THE-like
signals raised from the film inhomogeneities [22] and multiple
magnetotransport channels in multilayers [23,24] have also
been reported recently. The observed skyrmionlike Hall effect
in those heterointerfaces with similar lattice structures usually
exhibit only either a “hump” or a “dip” in anomalous Hall
loops, as shown in Fig. 1(b). In this article, we demonstrate
that the artificially stacked magnetic van der Waals (vdW)
heterointerfaces with significantly differing lattice structures
and magnetic properties can reproduce both hump and dip
structures in a single anomalous Hall loop, due to the com-
petition of two opposite AHEs. Our magnetic heterointerfaces
consist of a ferromagnetic (FM) Fe;GeTe, (FGT) layer with
a positive AHE and a FM Feg¢TaS, (FTS) layer with an
opposite AHE separated by a thin graphite (Gr) layer. The
hump structures near the coercivities were observed to evolve
into dip structures as the temperature was altered. Within a
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FIG. 1. Possible origins of skyrmionlike Hall effects. (a) An intrinsic topological Hall effect in chiral magnets. (b) Hybrid anomalous Hall
effect in a heterointerface constructed with two decoupled magnetic layers with opposite signs. (c), (d) Two-channel Hall effects in a FM-metal
heterointerface. The metallic layer is a two-band metal with a nonlinear, ordinary Hall effect (OHE). The FM layer might exhibit no hysteresis

(c) or a large hysteresis loop (d).

certain temperature range, both hump and dip structures co-
exist in a single Hall loop, resembling the respective positive
and negative THE observed in a chiral magnetic system [25].
Since the two magnetic layers are decoupled and separated
by a graphite layer, the observed hump or dip features ex-
hibited by the FGT/Gr/FTS heterointerfaces are not involved
in any real-space topology. These peak structures were also
found to vary with the thicknesses of the FGT and FTS lay-
ers, suggesting the potential tunability of the multichannel
transport properties in the vdW heterointerfaces by control-
ling the layer thicknesses within them. Notably, the hump
structures in the Hall trace were even reproduced in a FM-
metal heterointerface by assembling a single magnetic layer
with a two-band metallic layer, as illustrated in Figs. 1(c)
and 1(d). The nodal-line semimetal ZrSiSe (ZSS) was chosen
for these experiments and incorporated into FT'S/Gt/ZSS het-
erointerfaces. The combined Hall trace from the FTS/Gr/ZSS
interfaces indeed exhibited hump anomalies over a large
temperature range, which can be attributed to multichannel
transport as well. Our findings reveal that THE-like features
may widely exist in vdW heterointerfaces due to their char-
acteristic multichannel transport which may not necessarily
involve any topological charges or two magnetic layers with
opposite AHEs.

II. MULTICHANNEL TRANSPORT IN FM-FM
HETEROINTERFACES

We first focus on a FM-FM heterointerface with two op-
posite AHEs. Figure 2(a) shows the layout of our device. The
device consists of an upper FGT layer and a lower FTS layer
separated by a spacer. A graphite layer (around 10 nm) was
chosen as the spacer because the Hall response of graphite
is almost linear over a large temperature range. Since graphite
has a negligible spin-orbit coupling (SOC), it does not support
a Dzyaloshinskii-Moriya interaction (DMI) and the resultant
chiral spin textures at its interfaces. Figure 2(b) illustrates the
AHESs under different temperatures in a typical FGT nanoflake
with thickness around 70 nm. FGT is a typical vdW ferromag-
net with large perpendicular magnetic anisotropy and high

Curie temperature (around 220 K) [26-28]. As we can see, the
AHEs of FGT are proportional to the magnetization curves
(see the Appendix), revealing a positive AHE. Figure 2(c)
demonstrates the AHEs of a typical FTS nanoflake with a
thickness of around 90 nm from 30 to 70 K. FTS is also a fer-
romagnetic metal but with a much lower Curie temperature of
around 100 K and very large coercivities (see the Appendix).
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FIG. 2. Device structure and anomalous Hall effects in FGT and
FTS. (a) The structure of the FGT/Gr/FTS heterostructure device.
(b) shows positive AHEs in a typical FGT nanoflake in the temper-
ature range 16-60 K. Due to the strong FM order and high Curie
temperature of FGT, both coercivities and anomalous Hall resis-
tances are relatively unchanged in this temperature range. (c) shows
negative AHEs in a typical FTS nanoflake in the temperature range
30-70 K. In sharp contrast to AHEs in FGT, both coercivities and
anomalous Hall resistances changed dramatically with the increase
of temperature.
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FIG. 3. Multichannel anomalous Hall effect in FGT/Gr/FTS het-
erointerfaces and the remanence fitting. (a) The multichannel AHE
in sample 1 with the thickness of the FTS layer (95 nm) significantly
exceeding that of the FGT layer. The two-channel transport shows
that |RECT| equals |RETS|, causing R to vanish at B = 0T between
40 and 46 K. (b) The multichannel transport in sample 2. Increasing
the anomalous Hall contribution of the FGT layer (both FTS layer
and FGT layer are 60 nm thick in sample 2) ensures that the hybrid
anomalous Hall effects are always positive. Both samples exhibit
skyrmionlike hump or dip features in their Hall traces. All Hall traces
are vertically shifted for clarity. (c) Linear regression analysis of the
remanences in device 1 (FGT/Gr/FTS-1) and device 2 (FGT/Gr/FTS-
2). Two typical remanence curves of FGT (red, 40 nm) and FTS
(green, 80 nm) were utilized to linearly fit the remanence of devices
1 and 2.

In contrast to FGT, the AHEs in FTS oppose the magnetiza-
tion process (see the Appendix), indicating a negative AHE.
It has been reported that both FGT and FTS are dominated by
intrinsic AHE at low temperatures [29,30]. For the intrinsic
AHE, the anomalous Hall conductivity is determined by the
integration of Berry curvature in reciprocal space [2]. The pos-
itive AHE indicates a positive integration and vice versa. Due
to the different coercivities and different Curie temperatures
of the layers, the hybrid AHE of FGT/Gt/FTS heterostructures
is expected to exhibit interesting phenomena.

Figure 3 shows the multichannel Hall effects in
FGT/Gr/FTS heterointerfaces. Since FGT and FTS have dif-
ferent coercivities and anomalous Hall resistivities, the trace
of hybrid anomalous Hall resistance would strongly depend
on the current ratio passing through the two different magnetic
layers. For clarity but without loss of generality, we fabricated
two FGT/Gr/FTS heterostructure devices with different FGT
and FTS thicknesses. In sample 1, the thickness of the FGT
was 35 nm while the FTS was 95 nm thick. The two magnetic
layers were separated by a graphite spacer (around 10 nm
thick). In sample 2, the thicknesses of the FGT and FTS layers
were nearly identical (60 nm) while the graphite layer was

again 10 nm thick. Figure 3(a) demonstrates the multichannel
AHE:s in sample 1 under different temperatures. Interestingly,
the anomalous Hall resistance of FGT, REET, is similar in

amplitude to RE'S between 40 and 50 K. Due to the opposite
signs, the combined anomalous Hall resistance ng,‘ in sample

1 approaches zero when the magnetic field B < |HFOT| (with
HFST being the coercivity of FGT) in this temperature range.
However, extra positive hump structures were observed for the
magnetic field |HCF 6T < B K |HCF TS| (HCFTS is the coercivity
of FTS), resembling the positive THE arising from positive
topological charges. Note that, due to the dramatic change of
HFTS with respect to the temperatures, the hump structures
diminished rapidly as the temperature was increased from 40
to 49 K. Above 49 K, the amplitude of R{"" surpassed the am-

plitude of RETS, |RECT| > [RETS|. The combined AHE above
49 K then became positive, as seen in Fig. 3(a). Moreover,
both hump and dip structures were observed in a single Hall
loop between 50 and 52 K, resembling both positive and neg-
ative THE induced by topological charges. Further elevating
the temperature, the hump structures disappeared while the
dip structures became more intense. Hence, a transformation
from hump structures at low temperatures to dip structures
occurred above 52 K. Meanwhile, due to the suppression of
RIS, the combined anomalous Hall resistance RS at B =0T
gradually increased. When the temperature exceeded 80 K,
ferromagnetism in the FTS layer was suppressed and the AHE
of FTS vanished. The combined AHE was then dominated by
the contribution from the FGT layer. As shown in Fig. 3(a), the
total anomalous Hall loop measured from this heterointerface
at 100 K features square-shaped hysteresis that is characteris-
tic of the intrinsic AHE in FGT at this temperature.

If the thicknesses of both FGT and FTS layers are altered,
the combined Hall trace can be tuned. Figure 3(b) shows the
two-channel Hall effect of sample 2 (in which both FGT and
FTS layers were around 60 nm thickness). With the signifi-
cant increase in the thickness of the FGT relative to sample
1, the combined Hall resistance R\ in sample 2 should be
much larger than that exhibited by sample 1 near B=0T.
Indeed, it can be seen from Fig. 3(b) that the hybrid AHEs are
always positive from 35 to 52 K. Additionally, the observed
hump structures do not transform to dip structures over that
temperature range. These two-channel Hall effects appear to
be very similar to previously reported THE [10-16] induced
by the large DMI due to the strong SOC and broken SIS
at heterointerfaces. However, due to the ignorable SOC in
graphene, the FGT/Gr or Gr/FTS heterointerfaces do not sup-
port a nonzero DMI as well as any real space topological spin
textures. We conclude that for heterointerfaces that support
two opposite AHEs, two-channel transport can indeed mimic
both positive and negative THE. This could mask the intrinsic
THE associated with chiral spin textures.

III. LINEAR REGRESSION ANALYSIS ON REMANENCE
OF FM-FM HETEROINTERFACES

To distinguish between the two possible origins, careful
analysis of the AHESs in the separate magnetic layers should
be performed. To further validate the two-channel scenario,
we conduct linear regression analysis on the remanences of
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FIG. 4. Multichannel transport in FTS/Gr/ZSS heterointerfaces. (a) The hybrid Hall effect in a typical FTS/Gr/ZSS sample at 20 K (black
curve). Due to the two-band character of ZrSiSe, the hybrid Hall resistance contains a hump structure (shaded light yellow) and a linear Hall
contribution (dashed line). The blue curve indicates the possible two-band Hall component of ZrSiSe after subtracting the anomalous Hall part
(light blue part). (b) shows the hybrid Hall component AR, at different temperatures after subtracting the linear Hall contribution.

anomalous Hall traces. Figure 3(c) displays the fitting curves
for the remanences of devices 1 and 2. Note that the rema-
nence discussed here refers to the value of R,, (B=0T)
after the magnetic field decreases from saturated fields. Here,
two typical remanence curves of FGT [RRER(T ), 40 nm] and
FTS [RE%‘;(T), 80 nm] nanoflakes [see the upper figure of
Fig. 3(c)] were utilized to perform linear regression analy-
sis. The detailed measurements of the temperature-dependent
remanence curve were discussed previously [23]. The rema-

nence values of both samples 1 and 2 now conform to RR¢m
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the remanence of the heterointerface, FGT, and FTS, respec-
tively, and the fitting parameter a is a contributing factor from
the graphene; it is close to zero due to the paramagnetic
characteristic of graphene. b, c are the respective contributing
factors of the FTS and FGT, which might depend on the sizes,
resistivity, and metal electrode contact of each layer. However,
the tendency of RE)‘;"“( T) is almost the same in device 1 and de-
vice 2. As we can see in the lower two figures of Fig. 3(c), the

remanences of device 1 and device 2 can be well fitted by the
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FIG. 5. Temperature-dependent magnetization (M-T') in Fe( 5, TaS, and Fe;GeTe, single crystals. (a) Field cooling (FC) (1 T) and zero
field cooling (ZFC) M-T curves in single crystal Feg,6TaS,. From the M-T curves, we can get the Curie temperature of Feg,sTaS, which is
around 7, = 100 K. (b) M-T curves in a single crystal Fe;GeTe, with different magnetic field directions with cooling field B = 500 Oe. As we
can see from the M-T curves, the Curie temperature of Fe;GeTe, is around 220 K, much higher than that of Fe( 5cTaS;.
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FIG. 6. A comparison between field-dependent magnetization (M-H) and anomalous Hall effects in Fe(sTaS, and Fe;GeTe,. (a) M-H
curve in FGT single crystal (orange) and anomalous Hall effect in FGT nanoflake (blue) at 2 K. Note that the M-H loop is different from the
AHE loop; this is because in bulk FGT, the motion of multidomain will cause a gradual magnetization under magnetic field, while in FGT
nanoflake, single domain will dominate and the anomalous Hall usually exhibits a square-shaped loop. However, both M-H and AHE exhibit a
similar tendency, revealing a positive AHE in FGT. (b) M-H curve in FTS single crystal (orange) and anomalous Hall effect in FTS nanoflake
(blue) at 30 K. In sharp contrast to FGT, the AHE in FTS is opposite to the M-H curve, indicating a negative AHE.

linear superposition of remanence from FGT and FTS layers,
which further supports the multichannel transport scenario.
Note that the resistivities of FTS, graphite, and FGT are quite
different, which might lead to an inhomogeneous distribution
of current in each layer. Since FGT has higher resistivity, we
put it on top of the heterostructures to ensure that enough
current could flow through FGT and generate sizable AHE
signals in both FGT and FTS layers. Despite the different
resistivities in each layer, however, these discrepancies are
almost unchanged in our fitting temperature range (typically
between 40 and 80 K) which validates the fittings in Fig. 3.

IV. MULTICHANNEL TRANSPORT IN FM-METAL
HETEROINTERFACES

Besides the two-AHE scenario, we found that a single
magnetic layer stacked onto a two-band nodal-line semimetal
(ZrSiSe) also generated a skyrmionlike Hall trace, as il-
lustrated in Figs. 1(c) and 1(d). It is well established that
ZrSiSe is a two-band Dirac semimetal with a “nonlinear” Hall
trace [31] resembling an AHE without hysteresis. Figure 7
shows the Hall resistances of a typical ZrSiSe nanoflake at
different temperatures. Figure 4 shows the two-channel trans-
port properties in one of our FTS/Gr/ZSS devices with layer
thicknesses 70 nm (FTS), around 10 nm (Gr), and 110 nm
(ZSS). The solid black curve in Fig. 4(a) shows the total Hall
resistance at 20 K, which, at first glance contains a linear
ordinary Hall contribution (dashed linear curve) and extra
hump structures near the coercivities (shaded light yellow).
However, this hump structure merely originates from the two-
band character of ZrSiSe, and the corresponding two-band
Hall component is shown by the blue curve in Fig. 4(a).
The linear ordinary Hall contribution is subtracted to re-
veal the Hall component AR,, at different temperatures, as

shown in Fig. 4(b). Due to the two-band character of Dirac
semimetal ZrSiSe, the hybrid Hall effect in the FTS/Gr/ZSS
heterointerface also exhibits hump features which resemble
skyrmionlike THE. This multichannel transport in artificial
FM-metal heterointerfaces has been overlooked so far and as
a result, similar hump features observed in Hall traces might
be mistakenly attributed to THE raised by chiral spin textures.
Our experiments therefore provide an alternative explanation
for unconventional AHEs that may be observed in a variety of
heterointerfaces.
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FIG. 7. Hall effects in a typical ZrSiSe nanoflake at different
temperatures. As we can see, the Hall effects in Dirac semimetal
ZrSiSe exhibit a two-band character, resembling the anomalous Hall
resistance without hysteresis.
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V. CONCLUSION

In conclusion, we systematically studied the multichannel
Hall effects in different kinds of van der Waals heterointer-
faces. We unveiled both hump and dip structures near the
coercivities in anomalous Hall loops in FM/Gr/FM heteroint-
erfaces with two opposite AHEs and the hump features in the
FM/Gr/metal heterointerface even without the two opposite
AHE:s. These features, resembling skyrmionlike THE in chiral
magnets, can be well captured by multichannel transport with-
out involving any chiral spin textures. Our findings advance
the understanding of the multichannel transport properties in
artificial heterointerfaces.
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APPENDIX

1. Methods
a. Single crystal growth

Fe;GeTe, single crystals were purchased from HQ
graphene. Fe(,sTaS, crystals were grown by the chemical
vapor transport method with iodine as the transport agent.
First, granular Fe, Ta powder, and S sponges with a mole ratio
of 0.26:1:2 were mixed and sealed in an evacuated quartz tube.
The tube was heated at 1173 K for 1 week. Second, the powder
was obtained and 120 mg of iodine was sealed in an evacuated
quartz tube with 15 mm inner diameter and 18 cm length. The

tube was then placed in a horizontal two-zone furnace with
the source zone kept at 1223 K and the growth zone kept at
1123 K for 10 days. The as-grown crystals were cleaned in
ethanol under ultrasonic agitation. The ZrSiSe single crystals
were prepared using a chemical vapor transport method as
described in Ref. [28].

b. Device fabrication and transport measurements

All nanoflakes, including Feg,¢TaS,, Fe;GeTe, and Zr-
SiSe, were mechanically exfoliated from bulk crystals in
a glove box filled with high-purity Ar gas with O, <
0.1 ppm, H,0 < 0.1 ppm. Nanoflakes with suitable thick-
nesses were then dry transferred using a polymer-based dry
transfer technique. Note that FGT and FTS nanoflakes with
smooth surfaces were chosen to construct the FTS/FGT
heterostructure. Afterwards, the polymer was dissolved in
chloroform. Hall-bar structures were fabricated by standard
electron-beam lithography (EBL) methods followed by Cr/Au
(10 nm/100nm) evaporation in a high-vacuum sputtering sys-
tem with a base pressure less than 10~® Torr. Transport
measurements were performed using the electric transport op-
tion in a commercial magnetic property measurement system
(Quantum Design, MPMS3).

2. Characterization of Fe;GeTe,, Fe, »TaS,, and ZrSiSe

See Figs. 5-7. The M-T curves in Fig. 5 show that the
Curie temperature of FTS and FGT is around 100 K and
220 K, respectively. Different from the R, (B) curve of FGT
in Fig. 6(a), the R.,(B) curve of FTS is opposite to its M-H
curve, which can be utilized to mimic the THE. Figure 7
shows a two-band character of the Hall effect in ZrSiSe, which
resembles the AHE without hysteresis.
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