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Spin—orbit interaction (SOI) can be introduced by the proximity effect to modulate the electronic properties of
graphene-based heterostructures. In this work, we stack trilayer WSe, on Bernal tetralayer graphene to investigate the
influence of SOI on the anomalous Hall effect (AHE). In this structurally asymmetric device, by comparing the magni-
tude of AHE at positive and negative displacement fields, we find that AHE is strongly enhanced by bringing electrons in
proximity to the WSe; layer. Meanwhile, the enhanced AHE signal persists up to 80 K, providing important routes for

topological device applications at high temperatures.
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1. Introduction

Intrinsic anomalous Hall effect (AHE) in graphene sys-
tems relies on the breaking of valley symmetry, which brings
in finite Berry curvature in the momentum space. While
a pristine graphene itself has spin-and-valley four-fold de-
generacies, strong electronic interaction or spin—orbit inter-
action (SOI) has been routinely utilized to break the valley
symmetry. For the electronic interaction, it can be brought
in by flatting the band dispersion via twist engineering!!-?!
and/or applying perpendicular displacement fields (D) in a
rhombohedral/Bernal multilayer graphene.~! For the lat-
ter, proximity to transition metal dichalcogenides (TMDs),
whose SOI is in the order of 100 meV, effectively induces
SOI into graphene, leading to weak antilocalization!'%-1°1 and
(quantized) anomalous Hall effect.[**-2?! In rhombohedral tri-
layer/tetralayer graphene, both electronic interaction and SOI
have been applied to observe the enhancement of critical tem-
perature and the topological nature of superconductivity.[23-231

As a highly tunable quantum platform, Bernal tetralayer
graphene (BTG) has been widely studied.?*=33! In particu-
lar, AHE was found in BTG and surprisingly survived up to
70 K, which was ascribed to spontaneous breaking of the val-
ley degeneracy.!®! It would be interesting to examine whether
the phenomenon can survive above liquid nitrogen tempera-
ture by further involving SOL. In this work, trilayer WSe, is
placed under the bottom surface of BTG to introduce SOI. We
find that the magnitude of AHE in BTG is greatly enhanced by
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bringing electrons closer to the WSe; layer via a negative D.
The asymmetric dependence of AHE on positive and negative
D directly proves the important role of SOI in observing AHE.
Naturally, the critical temperature of this enhanced AHE can
be increased to 80 K.

2. Methods

Figure 1(a) shows the optical image and measurement
schematic of the device. The number of layers is distinguished

134 and the stacking order of the tetralayer

by optical contras
graphene is identified by Raman spectroscopy.®> The thick-
nesses of top and bottom hBN are 22 nm and 16 nm, respec-
tively. Trilayer rather than monolayer WSe; is chosen, be-
cause it is more mechanically robust during manual stacking
and easier to obtain through mechanical exfoliation. Note that
the thickness of WSe; is not an important parameter to in-
troduce SOI into graphene.?%3%-381 The twist angle between
WSe, and graphene is around 15°. The device is fabricated via

39401 Thick graphite layers

the standard dry transfer methods. !
are used as top and bottom gate electrodes to control the car-
rier concentration n = (CpgVbg + CigVig) /e and the displace-
ment field D = (CogVhg — CigVig)/2€0. Here, Cig(ng)s Vig(ve)s
e, & donate top (bottom) geometric capacitance, top (bottom)
gate voltages, elementary charge, vacuum permittivity, respec-
tively. The resistance is measured in the Oxford Teslatron sys-

tem using standard lock-in techniques.
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Fig. 1. (a) Device schematic and measurement configuration. Scale bar: 10 pm. In the cross section, a Bernal tetralayer graphene is stacked on a
trilayer WSe;, which are further encapsulated by hBN (green) and graphite gates (grey). (b) Spatial distribution of charge carriers schematically
plotted in the D—n diagram, where the blue wavy line illustrates the wave function and blue filled circles (blue empty circles) represent electrons
(holes). (c) Longitudinal resistance R, as a function of carrier density (n) and displacement field (D) at 300 mK.

3. Results and analysis

Depending on the device structure and the defined direc-
tion of displacement field in Fig. 1(a), the carrier distribution
of conduction (valence) band in the D—n diagram is schemat-
ically shown in Fig. 1(b). For an ideal layer-polarization sys-
tem like Bernal bilayer graphene or thombohedral multilayer
graphene, under a positive displacement field, electrons will
have a lower potential energy at the bottom surface, thus the
valence band is locked with the bottom surface and the con-
duction band is locked with the top surface. General speaking,
the low-energy band structure of BTG can be considered as
two sets of bilayer graphene-like bands with interaction. 6]
In BTG, layer polarization is far from being ideal, neverthe-
less, we can still draw a similar conclusion about the rela-
tionship between the spatial distribution of carriers and the
displacement field. In our asymmetric device, as electrons
(holes) approach WSe, in the case of a negative (positive) D
and a positive (negative) n (Fig. 1(b)), the proximity effect be-
comes more pronounced and we expect to gain a substantial
SOl in BTG. Figure 1(c) shows the longitudinal resistance Ry
map diagram at 300 mK, where a resistance minimum at the
charge neutrality point with D = 0 and tunable multi-resistance

peaks associated with Lifshitz transitions are clearly observed.
These remarkable features are consistent with the previously
reported transport characteristics of BTG, indicating the high
quality of our device.[>?’]

In order to systematically explore the influence of SOI on
AHE, we select some points with the same »n and opposite D
on the electron side, where the AHE signal has been observed
to be more pronounced than that on the hole side,®! to ob-
tain Hall resistance Ry,. By using the formula! R,,(B) =
NB+ Ran, 1 = 1/(ne), where 1 is the linear Hall coefficient,
and Ray is the anomalous Hall resistance, R,y is decomposed
into a linear part and an anomalous part. The extracted Ray
at different points (n,D) are shown in Fig. 2. Overall, Rag
increases and then saturates at ~ 0.03 T. We denote the dif-
ference between the saturated Ray plateaus formed in positive
and negative magnetic fields as ARay to characterize the inten-
sity of the AHE (Fig. 2(b)). It shows a significant dependence
on the signs of displacement field: ARAp(—D) > AR (+D).
As shown in the inset of Fig. 2(a), when D > 0 for which elec-
trons are farther away from WSe,, a weakened AHE is ob-
served. In contrast, when D < 0, electrons are closer to WSe,
and the AHE is enhanced.
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Fig. 2. Anomalous Hall resistance Ray atn = 0.2 x 10'2 ¢cm~2 as a function of magnetic field at £0.2 V/nm (a), £0.3 V/nm (b), 0.4 V/nm (c).
The black (red) line represents +D (—D). Inset of (a): Schematic distribution of carriers (blue wave). Inset of (b): Definition of ARAy.

The enhancement of AHE by pushing carriers in proxim-
ity to WSe is found to be effective over a large range of carrier
density. In Fig. 3, we fix D and change n to examine the vari-
ance of Rag. Both at D = £0.3 V/nm and 0.4 V/nm, ARay

becomes smaller with the increasing »n, indicating that AHE
is more significant in the low carrier region.[”! This is reason-

able, since the symmetry breaking of spin and valley degrees

3.8

is most significant at low carrier densities.!>3! The increase of
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n weakens the symmetry-breaking effect, and then the Berry
curvature is washed out, so is AHE. For electrons moves away
from WSe; under a positive D, ARay decays quickly. How-
ever, when D is negative, significant SOI is introduced into
BTG, resulting in considerable ARay even in the high carrier
region (Figs. 3(c) and 3(f)). In brief, SOI expands the signifi-
cant AHE to a larger carrier density.

Besides the extended carrier range, the working tempera-
ture of AHE is observed to be significantly enhanced. Here,
we select the two typical points (D = £0.4 V/nm and n =
0.05 x 10'2 cm~2) which exhibit the largest ARap at 300 mK,
and conduct the variable-temperature Hall resistance measure-

ment (Fig. 4). At all temperatures, we find that ARay(—D) >
ARap(+D), which, again, confirms the influence of the in-
troduced SOI on AHE. As temperature rises, thermal fluctu-
ation suppresses the electron—electron interaction, leading to
a weakened symmetry breaking effect that ultimately destroys
AHE. The introduction of SOI counteracts this negative effect
of temperature. In Fig. 4(i), the enhanced ARay can still be
observed at 80 K, higher than liquid nitrogen temperature and
the reported 70 K in the literatures.[®! This is of great signifi-
cance for the application of AHE in high temperature quantum

devices.1-3:21.22]
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Fig. 3. AHE with different n. (a)—(c) Rag at D = +0.3 V/nm with n = 0.1 x 10'2 cm~2 (a), 0.4 x 10'2 cm~2 (b) and 0.6 x 10'2 cm 2 (c).
(d)—~(f) Rayt at D = 0.4 V/nm with n = 0.05 x 102 cm~2 (d), 0.4 x 10'2 cm~2 (e) and 1 x 10'2 cm 2 (f).
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Fig. 4. The temperature dependence of AHE at D = +0.4 V/nm and n = 0.05 x 102 em2, including 5 K (a), 10 K (b), 20 K (c), 30 K (d),
40 K (e), 50 K (f), 60 K (g), 70 K (h) and 80 K (i). The solid red (black) line represents D = —0.4 (+-0.4) V/nm.
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Fig. 5. (a) ARy at n=0.2 x 10'? cm 2 as a function of |D|. (b) ARy at D = £0.3 V/nm and +0.4 V/nm with different n. (c) The temperature
dependence of ARay at D = 0.4 V/nm and n = 0.05 x 10'> cm~2. Inset: An enlarged view at high temperatures.

In the end, we summarize the enhancement of ARay as
a function of displacement field (Fig. 5(a)), carrier density
(Fig. 5(b)) and temperature (Fig. 5(c)). As can be seen, the
introduced SOI does not change the original dependences of
AHE on various physical parameters: it would also be en-
hanced by a large D, but suppressed by a large n, and a non-
monotonic relationship with temperature, which are consistent
with previous observation.’) However, the magnitude of AHE
is universally promoted, regardless the varied physical param-
eters.

4. Conclusion

In this work, we fabricate high-quality Bernal tetralayer
graphene—trilayer WSe, device to investigate the influence of
spin—orbit coupling on anomalous Hall effect. Given that the
WSe, layer rests on one side of the tetralayer graphene, the
structural asymmetry renders the AHE highly sensitive to the
positive and negative signs of displacement field. Specifically,
AHE intensifies when the carriers approach the WSe; layer
and is weakened otherwise. Furthermore, the enhanced AHE
persists to a large range of carrier density and, more impor-
tantly, a working temperature up to 80 K, offering a promising
route for achieving high-temperature topological devices.
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