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Spin-orbit coupling and interactions in quantum Hall states of graphene/WSe, heterobilayers
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We use magnetotransport measurements to probe quantum Hall ground states in graphene/WSe, heterobi-
layers. Compared to pristine graphene, inter-Landau level (LL) gaps at half-filled quartets away from filling
factor v = 0 show significantly weaker dependence on the magnetic field B, while odd v fillings show a stronger
dependence. We interpret this behavior using a model incorporating Ising and Rashba spin-orbit coupling (SOC)
along with Coulomb interactions within the self-consistent Hartree-Fock framework. A model fit yields Ising
SOC in range ~1-2 meV, Rashba ~10 meV, and the in-plane dielectric constant ~12, in agreement to previously
found values. In the zeroth LL quartet, the v = 0 gap as a function of magnetic field exhibits a plateau near 5 T,
compared to ~20-25 T for pristine graphene. This behavior is in agreement with a model in which the SOC
causes a phase transition from a canted antiferromagnetic state to a ferromagnetic state to occur at a much lower
field. Our studies demonstrate how the interplay of SOC and electronic interactions affect graphene’s electronic

structure.
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Spin-orbit coupling (SOC) provides a promising route to
controlling spin degrees of freedom in devices as well as
realizing topological phases [1,2]. Graphene has emerged as a
high mobility material with outstanding electronic properties.
However, its intrinsic SOC is weak [3—6]. This has motivated
many proposals and studies to induce SOC in graphene us-
ing proximity to other materials with stronger SOCs [7-24].
These include adatoms [7,8] as well as other two-dimensional
(2D) materials such as transition metal dichalcogenides
[9-18] (TMDs). Previous works have shown that coupling
graphene to TMDs induces a SOC that can be detected from
weak localization [11-16] and Shubnikov de Haas oscillations
[13]. Moreover, coupling graphene to TMDs has the advan-
tage of retaining graphenes high mobility. Recent work has
shown that SOC can be measured from the quantum Hall
effect (QHE) [17,18], where both valley Zeeman and Rashba
SOC can be measured in the same device [17].

Because of electronic interactions, the QHE in mono- and
few-layer graphene exhibits a rich phase diagram with various
spin, valley, and layer orderings [25,26]. These symmetry-
breaking interactions lift the degeneracy between quartets of
Landau levels (LLs) in graphene [27,28]. As SOC splits the
spin degeneracy and breaks inversion symmetry, it is expected
to profoundly influence the many-body phases in graphene.
However, a comprehensive study on graphene quantum Hall
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effects, where both the SOC and interactions play important
roles, has not been performed.

Here we report quantum Hall studies of monolayer
graphene/monolayer tungsten diselenide (WSe,) structures
encapsulated in hexagonal boron nitride (hBN). At low
temperatures, within a perpendicular magnetic field B, we
observe a Landau fan showing all integer quantum Hall
states, which provides information of the spin and valley
symmetry-breaking gaps. To investigate the LL structure with
the influence of proximity-induced SOC, we use temperature-
dependent transport measurements to determine the inter-LL
gaps A, associated with the broken symmetry states in the
QHE. All gaps increase with B with different characteris-
tic slopes for electron and hole doping, deviating from the
isolated graphene behavior [29]. A single-particle continuum
model based on Dirac fermions with an out-of-plane Ising and
in-plane Rashba SOCs is unable to account for the observed
trends. We therefore include electron-electron interactions in
a self-consistent Hartree-Fock approach. A good fit of the
B-dependent gap behavior to the Hartree-Fock model is ob-
tained, enabling us to extract the SOC parameters and the
effective dielectric constant. In the zeroth LL, due to minimal
screening of the Coulomb interaction at charge neutrality, the
Hartree-Fock approach cannot capture the strong electronic
interaction and fails to provide a satisfactory fit to the experi-
mental data.

The longitudinal resistance as well as the measured gap
vs. magnetic field both show a plateau near B =5 T. This
is consistent with a field-induced transition from a canted
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FIG. 1. All-integer quantum Hall effect in monolayer graphene on WSe,. (a) Main panel: R,, versus Vgg at T = 1.5 K. Left inset: Optical
image of an MLG/WSe, device. The dark blue dashed outline indicates the WSe, region before etching. Labels are included to indicate the
current and voltage probes in use and the applied current direction is shown with the arrow. Green highlighted region is the measured area.
Scale bar is 1.5 um. Right inset: Schematic diagram of the layer stack. (b) Landau Fan from a monolayer graphene on WSe, device. Splitting
of the quartet LLs is visible above 3 T and quantum Hall gaps at all integer fillings become visible at 8§ T (superimposed). (c) Temperature
dependence of R,, minima in symmetry broken quantum Hall states at B = 9 T. Inset: Arrhenius plot for v = 4 as a function of magnetic field.
(d) Temperature dependence of the insulating state at v = 0 at B = 9 T. Inset: Arrhenius plot for v = 0 as a function of magnetic field.

antiferromagnetic state to a ferromagnetic state [29,30], in
which SOC drives this transition to a much lower magnetic
field compared to that found in previous studies on isolated
graphene [31-33]. A similar observation has been reported in
monolayer graphene in proximity to yttrium iron garnet [34].
However, here we demonstrate that such behavior can occur
in the absence of magnetic materials.

Our devices were fabricated using a dry transfer and
stacking method [35]. Graphene and WSe, flakes were first
exfoliated on SiO,/Si substrates (285-nm-thick SiO;) and
then brought together and encapsulated in two hBN layers.
After vacuum annealing and contact mode AFM cleaning
[36], conventional electron beam lithography, and reactive ion
etching techniques were employed to pattern multiterminal
Hall bar geometry. A 5-nm/70-nm Cr/Au metal layer were
then evaporated to make one-dimensional edge contacts [37].
The degenerately doped Si substrate acts as a back gate. The
Fig. 1(a) left inset shows an optical image of a completed
device as well as the measurement configuration. The right
inset shows the layer stacking diagram. (We also employed a
metal top gate to study the effects of displacement field, which
shows no obvious influence, see Fig. 2(b) in the supplemental
material [38].)

We obtained high-quality data from two separate mono-
layer graphene/monolayer WSe, devices, D1 and D2. To
perform the measurements, completed devices were loaded
into a variable-temperature flowing gas “He cryostat. Trans-
port measurements were performed at a base temperature

T = 1.6 K using low-frequency lock-in techniques with a
constant ac current of 50 nA. Within the whole measurement
range, the Fermi level of WSe; is in its band gap [39]. All con-
ducting signals we observed came from the graphene layer. In
Fig. 1(a) (main panel), we show the longitudinal resistance
R,, as function of back gate voltage Vgg (applied to the Si
layer) from a representative device. From the Drude model,
we extract the field mobility to be 120000 cm? V~! s~! at
low temperature, indicating the high quality of our sample.
With a perpendicular magnetic field B applied, a color plot of
R, versus Vpg and B shows a Landau fan pattern [Fig. 1(b)],
arising from the integer QHE of graphene. Consistent with
the QHE in pristine monolayer graphene, the primary gaps
occur at filling factors v = 4(n + 1/2), where n is the Landau
level orbital index [40]. At those filling factors, the longitu-
dinal resistance valleys show flat behavior near zero, while
the transverse resistance shows well-developed plateaus at the
appropriate quantized values as shown in the supplemental
material [Fig. 2(a)] [38]. Fourfold degenerate LLs due to the
spin and valley degeneracy can be split by perturbations such
as electronic interactions and Zeeman splitting, as well as the
proximity-induced SOC in our devices. Symmetry breaking
gaps at half fillings of the nearly degenerate quartets (such
as v ==4,8,12,...) begin to appear above B =3 T. For
B > 6 T, R, minima are visible at all integer QHE states. A
line trace for R, as a function of Vg at B = 8 T is overlaid.
To determine the effect of the SOC on the LL spectrum, we
determined the thermal activation gaps A, by measuring the
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FIG. 2. Symmetry-broken quantum Hall states and theoretical
fitting results. (a) R, vs. Vg taken at B = 8 T in a log scale.
[(b) and (c)] Measured thermal activation gaps (open circles) and
single-particle fitting results (dashed lines) for v = —3, —4, —5 and
v = 3,4,5.[(d) and (e)] Measured thermal activation gaps (open cir-
cles) for v = £3, +4, £5 as well as the corresponding Hartree-Fock
fitting results (solid lines). Gray dotted lines represent the Zeeman
splitting with g = 2. Within each LL quartet, the fitting parameters
for the even and odd filling factors are obtained separately. Data in
this figure are all collected from sample D1.

temperature dependence of R,, minima at a number of filling
factors. These gaps are associated with the energy cost of the
lowest-lying charged excitations of the ground state. The A,
measurements enable us to extract quantitative information
of the symmetry broken gaps in the presence of proximity-
induced SOC. Examples of these measurements are shown in
Figs. 1(c) and 1(d). The insets show Arrhenius plots for v =4
[1(c) inset] and v = 0 [1(d) inset].

We begin our discussion with the evolution of symmetry
broken gaps with the magnetic field. At very low perpendicu-
lar fields, R, minima are visible only at half quartet fillings,
v =44, 8,12, .... Minima at quarter fillings of each quartet
emerge and become deeper with increasing B. Figure 2(a)
shows a log plot of R,, versus Vgg at B = 8 T. For electron
doping, R,, minima at half quartet fillings are much deeper

than minima at quarter fillings. The opposite holds true for
hole doping for n > 2. Measured activation gaps vs. B for the
first LL quartet are shown as open circles in Fig. 2(b) and
2(c). The B dependence of A, for all filling factors is similar,
following an approximately linear scaling, except for v = —4.
The hole side half-filled quartet LL gap, A_4, grows more
slowly with B, saturating eventually above 9 T. This trend be-
comes more pronounced for higher LL index (v = —8, —12,
see Fig. S3 in the supplemental material [38]). In contrast,
the half-filled quartet gaps in isolated graphene scale linearly
with B with an enhanced g factor, resulting from exchange
contributions [29]. Here we attribute the saturating behavior
of these gaps observed in our samples to proximity induced
SOCs.

To understand the impact of SOC on the LL structure and
extracting the SOC parameters from the gaps, we start from a
single-particle continuum Dirac model incorporating Rashba
and Ising SOCs, parametrized by A and V, respectively. Below
is the noninteracting Dirac Hamiltonian considered in this
work:

A
H = vp (70,7, + O'yﬁy) + E(tzsygx - ngy)
+ Vs, + bs,, nH

where vp = 1 x 10°m /s is the Fermi velocity; and t;, s;, and
o; denote the Pauli matrices for the valley, spin, and sublattice
degrees of freedom; and & = —ihV + eA is the momentum
operator, where b = guB/2 is the Zeeman splitting. This
single-particle model preserves two U (1) symmetries gener-
ated by valley (7,) and sublattice-spin (s,0;) rotations. The
antiunitary particle-hole symmetry, generated by C = o,k
where IC denotes complex conjugation, is explicitly broken by
the Ising SOC (x V) and Zeeman term (o b). This symmetry
breaking carries over when interactions are incorporated in the
model, and it is manifested in the particle-hole asymmetry of
activation gaps.

‘We have performed a fit for the measured gaps in each LL
quartet. The results showed that this single-particle Hamilto-
nian does not capture more than one gap in each LL, as shown
in Figs. 2(b) and 2(c). We therefore incorporate the effects of
Coulomb interactions via a Hartree-Fock approximation [41],
characterized by an in-plane dielectric constant €.

Figures 2(d) and 2(e) show the calculated gaps plotted
against B (solid lines) along with the data (open circles) for
v = —3, —4, and —5 in the left panel and v = 3, 4, and 5
in the right panel. Both the characteristic value of the slope
dA, /dB for positive odd v, as well as the saturating behavior
at half quartet filling, are captured by the fits. On the hole side,
the Hartree-Fock fits (e.g., the slope of A(B) curve) for odd v
do not match the data as well as the even v fits. Since the
small |g| intravalley Coulomb interaction between electrons
of opposite spins dominates over the intervalley one, it screens
better in the high-field ferromagnetic ground state at the even
fillings than the odd fillings. Therefore it is less likely for the
Hartree-Fock approximation to produce accurate results at an
odd filling factor. The Rashba term, which contributes to the
energy a term proportional to 1/+/B, can result in a saturation
behavior of the gaps at large fields, as is observed at even,
negative filling factors in the experimental data.
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corporated in a self-consistent Hartree-Fock calculation. The Rashba
and Ising SOC parameters (a) and the dielectric constant (b) from
the Hartree-Fock fitting of the thermal activation gaps in each LL
are considered separately. Hartree-Fock fitting results for negative
odd filling shown in lighter colors are less accurate, likely due to less
screened Coulomb interactions at odd fillings compared to even ones.

Figure 3 shows the obtained fit parameters for a number
of different filling factors. These values appear consistent
for the different quartets. We find an Ising SOC in range
~1-2 meV, a Rashba SOC ~12 meV, and a dielectric con-
stant ~12, consistent with previous measurements [11-13,13—
18]. It is worth mentioning that the SOC fitting parameters
extracted from the data shows an electron-hole asymmetry,
indicating the possible gate tunability of SOC strength. This
is consistent with observed larger Ising SOC in valence bands
of TMD compared to conduction bands [42-45]. Moreover,
while monolayer hBNs dielectric constant is € ; ~ 6.8, the
dielectric constant of monolayer WSe; is €, ~ 15.3 [46],
yielding a characteristic environmental dielectric constant
€ = (€)1 +€],2)/2 ~ 11 in reasonable agreement to the ob-
tained value.

We now turn to the behavior of the zeroth LL quartet. A
further notable feature of the experimental data is the plateau
behavior of R,, and Ay near B =5 T. Figure 4(a) shows
the longitudinal resistance R,, as a function of B at charge
neutrality. R, generally increases with B. An obvious slope
decrease takes place around B = 5 T, as shown in the dashed
box. To further look into the v = 0 quantum Hall state, we
extract its thermal activation gap A, according to the equa-
tion, Ry, = Roe™/?#sT [shown in Fig. 4(b)]. Consistent with
the evolution of the longitudinal resistance, at B = 5 T, the gap
size stops increasing and stabilizes around 1.2 meV and then
increases again as the field continuously increasing. This ob-
servation deviates from previous results in isolated graphene,
where an interaction-induced v = 0 gap shows a square root
or sublinear dependence with magnetic field [29,47,48]. We
attribute this behavior to a LL crossing induced by B, which
is already visible in the single-particle model without Hartree-
Fock corrections. As illustrated by Fig. 4(c), as the magnetic
field increases, the Zeeman terms drives the spin up LLs

FIG. 4. Quantum Hall states near the charge neutral point.
(a) Longitudinal resistance R,, as a function of magnetic field B.
(b) Measured thermal activation gap for v = 0. Gray dotted lines
represent the Zeeman splitting with g = 2. (¢) Simulated zero energy
LL structure in single-particle model with V = 0.3 meV. Valley and
spin information is noted for each LL branch. Data in this figure are
collected from D2.

to decrease and the spin down LLs to increase in energy,
resulting in a LL crossing of states with opposite spin in the
K_ valley at B~ 5 T. This indicates a phase transition from
a canted antiferromagnetic state into a ferromagnetic state,
leading to a kink in the transport gap Ao as a function of
magnetic field B as observed in Fig. 4(b). The critical B at
which this transition occurs depends on the SOC strength in
the single-particle model and can be modified by the Coulomb
interaction.

In summary, we measured inter-Landau level activation
gaps in WSe,/graphene heterostructures via transport mea-
surements versus perpendicular magnetic field and fit their
behavior to a Dirac model including spin-orbit coupling in
Coulomb interactions. We obtained values for the Ising and
Rashba SOCs consistent with previous measurements. The
behavior of the longitudinal resistivity in the zeroth Landau
level shows a marked departure from the behavior found in
pristine graphene. This can be understood as a transition from
an canted antiferromagnetic to ferromagnetic a state that oc-
curs at a low magnetic field because of the SOC. Future work,
including parallel magnetic field measurements, is likely to
yield additional insight into the interplay of SOC and interac-
tions in 2D materials.
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