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ABSTRACT: In this Letter, we provide experimental evidence of the
time-reversal symmetric Hall effect in a mesoscopic system, namely, high- /Q’
mobility graphene—WSe, heterostructures. This linear, dissipative Hall \.J}

effect, whose sign depends on the sign of the charge carriers, persists up to
room temperature. The magnitude and the sign of the Hall signal can be
tuned using an external perpendicular electric field. Our joint experimental
and theoretical study establishes that the strain induced by lattice
mismatch, or alignment angle inhomogeneity, produces anisotropic bands
in graphene while simultaneously breaking the inversion symmetry. The
band anisotropy and reduced spatial symmetry lead to the appearance of a
time-reversal symmetric Hall effect. Our study establishes graphene—
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transition metal dichalcogenide-based heterostructures as an excellent platform for studying the effects of broken symmetry on the

physical properties of band-engineered two-dimensional systems.

KEYWORDS: graphene, WSe,, symmetric Hall effect, time-reversal symmetry, strain, band anisotropy

T opological and band geometric effects in two-dimensional
systems have attracted significant attention due to their
fascinating physics and potential applications in spintronics
and novel electronic devices.' > Graphene-based heterostruc-
tures offer one such exciting platform for studying band
geometric effects. The coupling to the charge, spin, and valley
degrees of freedom in graphene leads to, among other things, a
multitude of unconventional Hall effects; some prominent
examples include the spin Hall,’”” the valley Hall,'*”" the
nonlinear anomalous Hall,'°">* and the layer contrasted Hall
effect.”*® All of these phases require a finite Berry curvature
and opposite anomalous velocity in the two valleys of graphene
to exist.'°™'® They fall under the category of dissipationless
antisymmetric Hall effect, in which the current always flows
perpendicular to the electric field, and the polarity of voltage
changes if one interchanges the source and drain contacts.
What is underappreciated is that a time-reversal symmetric
system with anisotropic band velocity can also host nontrivial
and symmetric Hall effects irrespective of the presence or
absence of a finite Berry curvature. The focus of this Letter is
the observation of a finite “symmetric Hall response”.”*~>° The
symmetric Hall effect can appear without time-reversal
symmetry breaking, and it is unrelated to the so-called
quantum geometry of the wave function.

In this Letter, we report the observation of a large time-
reversal symmetric, linear Hall response ny(B = 0) originating
from asymmetric momentum space band dispersion of the
heterostructure. We find that the sign of ny(B = 0) flips as the
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Fermi level moves from the valence to the conduction band
(mimicking the finite B field classical Hall signal in graphene)
and is observed up to room temperature. We explain our
observations using a realistic two-band model for an
anisotropic band dispersion with an orthogonal anisotropy
orientation in the two bands.

Single-layer WSe, used as a substrate influences the
graphene bands in two significant ways. The first of these
has been well studied. Graphene on WSe, possesses spin-split
bands owin% to the Ising-like SOC, which gives rise to the spin
Hall effect.”’~> The second effect, equally vital for our
purposes but little explored to date, is the appearance of a
substantial lateral strain in the graphene layer. We show that
the effect of this proximity-induced SOC, lattice mismatch, and
small angle rotation can induce gap and asymmetric dispersion
in graphene, leading to the appearance of a symmetric Hall
signal near the Dirac point. We verify that the symmetric,
charge-carrier sign-dependent Hall response is absent in
graphene devices without the WSe, layer. Note that previous
studies of the SLG—WSe, heterostructure (or graphene on
transition metal dichalcogenides in general) focused primarily
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Figure 1. Device characteristics and band dispersion. (a) Schematic of the graphene—WSe, layers encapsulated in hBN illustrating the sequence of
crystal stacking. (b) Optical image of the device. (c) Map of the longitudinal conductance [G,,(B)] with varying carrier density n and perpendicular
magnetic field B at ~20 mK. The thicker dashed lines correspond to the signature plateaus of single-layer graphene. Thinner lines mark the broken-
symmetry phases indicating complete lifting of the spin and valley degeneracies at low B values. (d) SdH oscillations vs 1/B at a Vi, of —40 V. (e)
Fourier spectrum of the SdH oscillations. Two peaks are distinctly visible, establishing the presence of two Fermi surfaces. (f) Schematic of the
band dispersion of the K valley of monolayer graphene (left) and graphene on the WSe, heterostructure (right). The WSe, layer essentially lifts the
spin degeneracy of the low-lying energy bands and opens a gap at the Fermi energy. (g) Schematic of the band structure of strained graphene on
WSe, with the orientation of band anisotropy being orthogonal in the conduction and valence bands. This is highlighted by the arrows in the

contour plots.

on the spin aspects of the transport,””***°~** where a nonlocal

signal is measured as a signature of the spin Hall effect and
weak (anti) localization measurements were used to quantify
the spin—orbit coupling strength.29’33_39 Interestingly, these
studies did not probe the finite Hall effect without a magnetic
field. This makes our observation of the time-reversal
symmetric nontrivial Hall effect in this system unique.

Heterostructures of single-layer graphene (SLG) and single-
layer WSe,, encapsulated by crystalline hexagonal boron nitrate
(hBN), were fabricated using a dry transfer technique.*”*'
One-dimensional electrical contacts were formed by electron
beam lithography, followed by etching (using a mixture of
CHF; and O,) and deposition of S nm/60 nm Cr/Au contacts.
A separate deposition was done for the top-gate electrode (see
the Supporting Information for details). A schematic of the
device structure is shown in Figure 1a, and an optical image of
the device is shown in Figure 1b. The dual-gated architecture
of the devices allows independent control of charge-carrier
density n and vertical displacement field D/gy; n = (Cthtg +
Cbngg) /e —ngand D = (Cthtg - Cbngg) /2 = Dy. Here G,
(Ctg) is the capacitance per unit area of the back gate (top
gate), and V,,, (V,,) is the back-gate (top-gate) bias. 1y and D,
are the residual charge-carrier density and residual vertical
displacement field induced by impurities in the device channel,
respectively.

Electrical transport measurements were performed at a
source-drain current of 10 nA using low-frequency lock-in
detection techniques. All data were obtained at 20 mK unless
specified otherwise. The measurements were performed on
multiple devices; the results were similar. In the text, we

present the data from a single device, SW1, unless specified.
The data from other devices (SW2, SG3, SG4, and SW3) are
shown in Figures S5—S9.

A map of the measured longitudinal conductance G,, as a
function of charge-carrier density n and perpendicular
magnetic field B is shown in Figure lc. The appearance of
broken symmetry quantum Hall states at low B fields implies
complete lifting of the spin and valley degeneracies in SLG
bands. The splitting of the spin-degenerate bands in SLG
(shown schematically in Figure 1f) is also evident from the
beating pattern seen in the Shubnikov de Haas oscillations
(Figure 1d) and the double periodicity in the corresponding
Fourier spectrum (Figure le). This beating pattern is absent in
SLG devices without WSe, (see section S10).

Figure 1g is a schematic representation of the band structure
of strained graphene on WSe, with the orientation of the band
anisotropy in the valence and conduction band being
orthogonal (see section S1 for details). The lifting of spin
and valley degeneracies in the band dispersion (along with the
high field effect mobility 4 ~ 140000 cm®* V™' 57! of the
device) shows that the graphene—WSe, interface is atomically
clean with significant interfacial coupling and minimal random
potential fluctuations.

In Figure 2a, we present the data for longitudinal resistance
R, (left axis, red line) and transverse resistance R,, (right axis,
blue line), measured at 0 T. We observe a finite Hall signal in a
narrow range of charge-carrier densities An = +10"° m™
centered about the charge neutrality point. Rx},(B = 0) values
measured for other contact configurations give quantitatively
similar results (see Figure S5). Strikingly, R,,(B = 0) features a
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Figure 2. Sign-reversal symmetric Hall effect. (a) Plots of zero-magnetic field longitudinal resistance R,,(B = 0) (left axis, red line) and zero-
magnetic field transverse resistance R, (B = 0) (right axis, blue line) vs n. The data were measured at 20 mK. (b) R,,(B = 0) response as a function
of n at a few representative temperatures. The measured ny(B = 0) persists up to 300 K. (c) Plot of ny(B =0) as a function of n for two different
values of electrical current. The data were taken at 142 K. (d) Plot of the peak value of ny(B =0) vs T. The dotted line is a guide to the eye. (e)
Plot of the transverse resistance vs number density in two different configurations for device SW2. Configuration 1 measures ny(B = 0), and

configuration 2 measures
voltage and current leads.

(B = 0). One can see that R,,(B = 0) = R,,(B = 0); the measured Hall effect is symmetric upon interchanging the
x Xy X
f) Theoretically calculated symmetric Hall resistivity (pxy) for three different temperatures.

change in the sign about the charge neutrality point; it is
positive when n < 0 (hole band) and negative when n > 0
(electron band). The current independence of R, (B = 0)
establishes it to be a linear Hall effect (Figure 2c). The finite
Hall response persists up to room temperature with a
diminished amplitude, as shown in panels b and d of Figure
2. Importantly, the transverse signal is symmetric upon
exchange of the voltage and current leads; ny(B =0) =
Ryx(B = 0) (see Figure 2e). This observation in hBN—
graphene—WSe,—hBN heterostructures of a room-temper-
ature, B = 0 symmetric Hall effect that changes sign across the
charge neutrality point is unique and is our central result.

A finite zero-magnetic field Hall response is often seen in
graphene devices near the charge neutrality point (see Figure
S7). This can originate from trivial effects that mix the
longitudinal and transverse signals (e.g., misaligned probes or
misalignment of the measurement axis with the crystal axis);
thus, the sign of this signal is independent of the type of charge
carrier. We emphasize that our observation is distinct from this
trivial case in one very important aspect. In graphene—WSe,
heterostructures, the sign of the Hall response flips as the
carrier type changes from electrons to holes (see section S8 for
a comparison of the data in graphene and graphene—WSe,
devices). The data for R,(B = 0) were also reproduced in
cryostats without a superconducting magnet, ruling out the
remnant field of a magnet as the origin of the observed Hall
response. Measurement of ny(B =0) in a device with contacts
in the “sunflower” geometry shows that the symmetric Hall
effect is anisotropic with a strong angle dependence (see
section S9).

Having ruled out experimental artifacts as the origin of our
unusual observation, we develop below a detailed model that

explains our essential observations. A symmetric Hall response
can arise from the Drude mechanism in materials with an
anisotropic band dispersion. The symmetric Hall conductivity
is specified as”*** Oy = et f s vxvy(—f’), where v; = J,¢ is the
band velocity, f’ is the energy derivative of the Fermi
distribution function, and 7 is the scattering time. However,
such a symmetric Hall response usually does not change its
sign when going from the valence to the conduction band,
contrary to our experimental observations (see Figure S6). We
argue below that such sign reversal can arise in particle—hole
symmetry broken systems with different anisotropy orienta-
tions in the electronic dispersion of the conduction and
valence band.

To gain a complete understanding of the unusual Hall effect
observed in the SLG—WSe, structure, we start by noting that
the band structure of this system is anisotropic. This is
schematically highlighted in Figure 1g. The anisotropy axis in
the conduction and valence bands is close to orthogonal (see
Figure S1 for realistic calculations for the graphene—WSe,
heterostructure). This band structure is reminiscent of that
seen in periodically strained bilayer graphene that hosts a time-
reversal symmetric linear pseudoplanar Hall effect.”* Such an
anisotropic band dispersion preserves time-reversal symmetry
but breaks particle—hole symmetry (see the Supporting
Information for details). Let us consider a symmetric system
to which we add a small anisotropy. The anisotropy modifies
the band structure to induce a change in the band velocity, v,/,
- V)™ + vy, In a simplistic scenario in which év,, are
independent of the Bloch momentum, we have o, o 6v,6v,lul.
One can show that if the tilt directions of the conduction and
valence bands are orthogonal to each other, as they are for the
SLG—WSe, structure (see Figure le), the product év,6v, and
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Figure 3. Dependence of transverse resistance R,, on D and B. (a) Two-dimensional contour map of ny(B = 0) plotted in the n—D plane. (b) Plots
of R,,(B = 0) vs n for different values of D. The data have been vertically shifted by 200 Q for the sake of clarity. The dashed horizontal line for each
plot marks the zero point of ny(B =0). (c) Representative plot of R,, vs B measured at n = —0.18 X 10' m™2. An arrow marks the value of the

anomalous Hall resistance.
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Figure 4. Dependence of R..(B = 0) on D. (a) Two-dimensional contour map of R,.(B = 0) plotted in the n—D plane. (b) Plots of R,,(B=0) vs n
for different values of D. The data have been vertically shifted by 1 k€2 for the sake of clarity. The dashed horizontal line for each plot is the zero
point of the y-axis. (c) Variation of the calculated Drude conductivity o,, with energy (u) for three different values of the interlayer potential
induced by an applied electric field: A = 300 meV (red line), A = 0 meV (blue line), and A = —300 meV (green line). The values of o,, have been

scaled by o,, where 6, = e*t/47*h%.

consequently the symmetric Hall response reverse their signs
as we go from the conduction to valence band.

This orthogonal orientation of the band anisotropy in the
conduction and valence bands is the origin of the sign-reversal
symmetric Hall effect (see the Supporting Information for the
generic model of the sign-reversal symmetric Hall effect and
detailed calculations for the graphene—WSe, heterostructure).
Figure 2f presents the calculated symmetric Hall conductivity
for an effective two-band model, which qualitatively captures
the experimentally observed sign-reversal symmetric Hall effect
(also see Figure S2).

We do not find evidence of a sign-reversal symmetric Hall
effect in hBN—SLG—hBN devices without the intervening
WSe, layer (Figure S7). Thus, the orthogonal asymmetry in
the conduction and valence bands induced by the WSe,—
graphene combination is essential for this effect.

The band anisotropy in SLG on WSe, can be traced back to
the lattice mismatch-induced strain. The lattice constant of
graphene is ~2.46 A, while that of WSe, is ~3.27 A. This large
lattice mismatch generates a significant strain across the

graphene flake as the heterostructure relaxes to the stable
ground state. From Raman spectroscopy, we estimate the
magnitude of the strain on the SLG layer in our hBN—SLG—
WSe,—hBN heterostructure to be ~0.15—0.20% (see section
SS5). We find that the strain magnitude decreases with
temperature (see section S5 for details). Our observed
symmetric Hall effect survives the combined action of (i)
decreases in strain and band anisotropy with an increase in
temperature and (ii) the thermal broadening of the Fermi
function to be finite at room temperature.

Having demonstrated the symmetric Hall effect, we now
focus on the dependence of the symmetric Hall response on
perpendicular displacement field D (Figure 3). It is
illuminating to map transverse zero-B field conductivity
R, (B = 0) data in the n—D plane (Figure 3a). The plot
shows that R,,(B = 0) is finite only at the band edges. This can
be seen clearly in the line plots of ny(B = 0) for different
values of D shown in Figure 3b. Note that the plots are
vertically offset by 200 Q for the sake of clarity. The measured
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R,,(B = 0) has an intriguing D dependence; it changes its sign
as the direction of D flips (Figure 3a,b).

Measurements in a finite magnetic field B applied
perpendicular to the device interface (see the Supporting
Information) reveal the interplay between the classical Hall
effect and the B = 0 symmetric Hall effect. The data smoothly
cross over from the symmetric Hall phase at B = 0 to the
conventional Hall phase at a finite B field with an anti-crossing
feature. This feature resembles the planar Hall effect in
corrugated bilayer graphene.”* A non-zero intercept of the plot
of R,, versus B (shown for a fixed n in Figure 3¢) on the B axis
captures the symmetric Hall effect. We note that R,, is
nonhysteretic in the presence of a small nonquantizing
magnetic field (see Figure S6d), ruling out emergent
ferromagnetism in the system.

In Figure 4a, we present a plot of R, in the n—D plane
measured at B = 0. We observe that with an increase in D, the
resistance peak at the charge neutrality point splits into two
maxima. This feature can be better appreciated in Figure 4b,
where we show individual plots of R, (B = 0) versus n at
several representative values of D. At higher values of IDI, we
find two distinct peaks in R,, separated by a shallow valley.
Such a displacement field-dependent dispersion of the bands
near the Dirac point is not captured by the existing models for
graphene—WSe, heterostructures.””"*~* To remedy this, we
construct a new model Hamiltonian for the graphene—WSe,
system, retaining both the WSe, and the graphene Hamil-
tonian blocks, which allows us to include the impact of a
vertical displacement field systematically (see the Supporting
Information for details). Figure 4c is a plot of the theoretically
calculated o, as a function of the chemical potential; the
panels show the splitting of the conductivity minima into two
asymmetric conductivity minima at a finite D value. Our model
thus reproduces the prominent features of o,, both at a zero
displacement field”* and at a finite D, along with the
observed symmetric Hall effect.

To summarize, we report the first observation of a room-
temperature time-reversal symmetric Hall effect in high-
mobility graphene—WSe, heterostructures. Primarily known
for their promising spintronic aspects, the charge Hall response
of such a heterostructure was expected to be relatively
mundane. On the contrary, we measure a time-reversal
symmetric Hall effect at zero magnetic field. More interest-
ingly, the observed symmetric Hall effect changes sign across
the charge neutrality point and persists until room temper-
ature. We show that the symmetric Hall effect arises from the
anisotropy of the electronic band structure. The sign reversal
of the observed Hall effect arises from the different orientation
of the anisotropy direction in the conduction and valence
bands. The symmetric Hall response features a unique
perpendicular electric field tunability. Our work establishes
the graphene—WSe, heterostructure as an excellent platform
for further exploration of the interplay of charge, spin, and
valley responses in band-engineered two-dimensional systems.
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