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Experimental observation of spin—split energy dispersion in
high-mobility single-layer graphene/WSe, heterostructures

Priya Tiwari', Mohit Kumar Jat', Adithi Udupa®, Deepa S. Narang', Kenji Watanabe (@7, Takashi Taniguchi@*, Diptiman Sen'? and

Aveek Bid®'®

Proximity-induced spin-orbit coupling in graphene has led to the observation of intriguing phenomena like time-reversal invariant
7., topological phase and spin-orbital filtering effects. An understanding of the effect of spin-orbit coupling on the band structure
of graphene is essential if these exciting observations are to be transformed into real-world applications. In this research article, we
report the experimental determination of the band structure of single-layer graphene (SLG) in the presence of strong proximity-
induced spin-orbit coupling. We achieve this in high-mobility hexagonal boron nitride (hBN)-encapsulated SLG/WSe,
heterostructures through measurements of quantum oscillations. We observe clear spin-splitting of the graphene bands along with
a substantial increase in the Fermi velocity. Using a theoretical model with realistic parameters to fit our experimental data, we
uncover evidence of a band gap opening and band inversion in the SLG. Further, we establish that the deviation of the low-energy
band structure from pristine SLG is determined primarily by the valley-Zeeman SOC and Rashba SOC, with the Kane-Mele SOC
being inconsequential. Despite robust theoretical predictions and observations of band-splitting, a quantitative measure of the
spin-splitting of the valence and the conduction bands and the consequent low-energy dispersion relation in SLG was missing—

our combined experimental and theoretical study fills this lacuna.
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INTRODUCTION

Graphene has attracted much attention due to a plethora of
remarkable electronic properties like Dirac energy dispersion,
relativistic effects, half-integer quantum Hall effect, and Klein
tunneling. Additionally, its van der Waals heterostructures with
other 2-dimensional materials'™ host several single-particle and
emergent correlated states that are topologically non-trivial®~,
The ability to precisely transfer and align these atomically thin
planar structures into high-quality heterostructures promises
outstanding opportunities for both fundamental and applied
research®'". This has made theoretical and experimental studies
of several aspects of graphene-based van der Waals heterostruc-
tures of great contemporary interest®1%-1°,

With a long spin-relaxation length of several um at room
temperature, graphene appears a perfect base for low-power
spintronics devices?%2!. However, its extremely weak intrinsic
spin-orbit coupling (SOC) strength makes spin manipulation
challenging. Decorating the surface of graphene with heavy
atoms (such as topological nanoparticles)”?2 or weak hydro-
genation of graphene?® improves the SOC in graphene at the
cost of introducing disorder and reducing the graphene’s
mobility. An alternate technique is interfacing graphene with
two-dimensional transition metal dichalcogenides (TMDC) hav-
ing a hlgh Soc11,16,19,21,24735'

Before one conceives increasingly complex graphene/TMDC
heterostructures and considers their potential applications, it is
imperative to understand the impact of the proximity of TMDC
on the electronic properties of graphene. Prominent amongst
these are the breaking of inversion symmetry, breaking of sub-
lattice symmetry, and hybridization of the d-orbitals of the
heavy element in TMDC with the p-orbitals of SLG, leading to

strong SOC in SLG. This proximity-induced SOC in SLG has three
primary components, all of which contribute to spin splitting of
the bands—(i) valley-Zeeman (also called Ising) term, which
couples the spin and valley degrees of freedom, (ii) Kane-Mele
term3%37, which couples the spin, valley and sublattice
components and opens a topological gap at the Dirac point'832,
and (iii) Rashba term3° which couples the spin and sublattice
components.

In the presence of a strong Ising SOC, the electronic band
dispersion of graphene is predicted to be spin-split'’?*397%2 a5
was observed recently in bilayer graphene/WSe, heterostruc-
tures'®*, Consequences of this induced SOC include the
appearance of helical edge modes and quantized conductance
in the absence of a magnetic field in bilayer graphene® and of
weak antilocalization'®, and Hanle precession in SLG?7284444-48
Despite these advances, a quantitative study of the effect of a
strong SOC on the electronic energy band dispersion of SLG is
lacking.

In this research article, we report the results of our studies of
quantum oscillations in high-mobility heterostructures of SLG and
trilayer WSe,. Careful analysis of the oscillation frequencies shows
spin-splitting of the order of ~5 meV for both the valence band
(VB) and the conduction band (CB). We find that the bands remain
linear down to at least 70meV (corresponding to
n~2x10"cm™2). Close to zero energy, the lower energy
branches of the CB and the VB overlap, leading to band inversion
and opening of a band gap in the energy dispersion of SLG. We fit
our data using a theoretical model that establishes that, to the
zeroth order, the magnitude of the spin-splitting of the bands and
that of the band gap are determined by only the valley-Zeeman
and Rashba spin-orbit interactions.
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Transport measurements in hBN encapsulated SLG/WSe, heterostructures. a A schematic of the device. The bottom right corner

shows the sequence of all the layers of the heterostructure. b Four-probe resistance of the device plotted as a function of the back-gate
voltage Vj,g; the data were collected at 20 mK. An optical image of the device is shown in the inset. The scale bar in the figure is 15 pm. ¢ Plots
of longitudinal resistance R, (left-axis) and the Hall conductance G, (right-axis) versus V4 in the quantum Hall regime. The measurements
were done at 20 mK in the presence of a 3 T perpendicular magnetic field.

RESULTS
Experimental observations

Heterostructures of single-layer graphene and trilayer WSe,,
encapsulated by hexagonal boron nitride (hBN) (see device
schematic Fig. 1a) of thickness ~20-30 nm, were fabricated using
dry transfer technique**°°, One-dimensional Cr/Au electrical
contacts were created by standard nanofabrication techniques—
note that this method completely evades contacting the WSe,
thus avoiding parallel channel transport (see Supplementary
Information for details). Electrical transport measurements were
performed using a low-frequency ac lock-in technique in a dilution
refrigerator at the base temperature of 20 mK unless specified
otherwise. Multiple devices of SLG/WSe, were studied, and the
data from all of them were qualitatively very similar. All the data
presented here are from a device labeled B9S6. The data for two
other similar devices are presented in the Supplementary
Information. The extracted impurity density from the four-probe
resistance of the device as a function of gate voltage (see Fig. 1b)
was ~2.2x 10" cm™2, and the mobility was ~ 140,000 cm?V—'s~",
The four-probe resistance response as a function of the gate
voltage were identical for different measurement configurations
(see Supplementary Information), indicating that the fabricated
device is spatially homogeneous. Figure 1c shows the quantum
Hall data at 3 T - the presence of plateaus at v=+2,+6,+10
confirms it as SLG. Along with the signature plateaus of SLG, one
can see a few of the broken symmetry states appearing already at
3 T, confirming it to be a high-quality device.

Representative data of the Shubnikov-de Haas (SdH) oscillations
measured at 20mK are plotted in Fig. 2a. In addition to the
expected decay of the amplitude of the oscillations with increasing
1/B, we observe the presence of beating, implying two closely
spaced frequencies. The fast Fourier transforms (FFT) of the data
Fig. 2b show that this indeed is the case. We find similar splitting in
the SdH oscillation frequency in all the SLG/WSe, devices studied
by us—the data for two additional similar devices are presented in
the Supplementary Information. There may be a legitimate concern
that the observed beating can be caused by device inhomogene-
ities which lead to different charge carrier density in different
regions of the graphene channel. We rule out this artifact from
measurements of the four-probe resistance and SdH oscillations in
multiple contact configurations—we find that the data are
identical in each case (see Supplementary Information).

Recall that the SdH oscillation frequency, B is directly related to
the cross-sectional area A(k) at the Fermi energy by the relation
Br = hA(k)/2me”’. For an isotropic dispersion in which the Fermi

energy E is a function of ke = | /kZ + k; (where (k,, k,) are defined
with respect to one of the Dirac points, K or K’, of the SLG), the
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Fig. 2 Shubnikov-de Haas(SdH) oscillations. a Plot of the
Shubnikov-de Haas oscillations measured at Vp,g=—-9 V and

T=20mK. b The corresponding FFT spectra showing two distinct
peaks. ¢ Charge carrier density (n) dependence of the frequency of
SdH oscillations. The inset shows the schematics of the spin split
conduction and valance bands.

cross-sectional area of the Fermi surface is given by A(k) = mk?.
Figure 2c shows the charge carrier density (n) dependence of B.
The appearance of two closely spaced frequencies at all n (or Ef)
implies that for each value of the Fermi energy, there are two
distinct values of kg. This is a direct proof of the energy splitting of
both the CB and the VB of the SLG.

From the temperature dependence of the amplitude of the SdH
oscillations (Fig. 3), we extracted the effective charge carrier mass
m’", using the the Lifshitz-Kosevich relation>>>3;

ARy 2m2kg Tm* /heB
Ro _* sinh(2m2ksTm* /heB)’
Here, R, the longitudinal resistivity at B = 0. On fitting the effective

mass m* versus n using the relation m* = h(\/T/vg)n®>* (see
Supplementary Information), we obtain a=0.5+0.02 and Fermi

m

Published in partnership with FCT NOVA with the support of E-MRS



A o — 15 A
20— 28 I\
r 7K A |
95K |
= 10 15K oA | /
e} 20K A / 1
e 25K A f
) - ‘
10} v \/ VR
| ‘, \
20| ! v
1 B (T) 2 3
b c 0.03
120 *
*
o Eo
g = 0.02
x €
4t »
0.01}
0 L L f L L L L L
0 10 20 30 3-2-1 01 2 3
T (K) n (x10% m2)

Fig. 3 Temperature dependent SdH oscillations and effective
mass extraction. a SdH oscillations for different temperatures
measured at Vg =25 V. b The normalized amplitude of the SdH
oscillations as a function of temperature (black stars). The solid red
line is the fit to Eq. (1) used to extract the effective mass. c Plot of the
effective mass m* versus the charge carrier density n (black stars).
The solid red curve is the fit used to extract the relation between m*
and n.
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Fig. 4 Experimentally obtained dispersion relation. a Dispersion
relation for SLG on WSe, as extracted from our SdH measurements.
The inset shows the zoomed-in plot near the Dirac point. b Plot of
the magnitude of the energy difference between the two spin-split
bands, AE; versus k for the valence band (green open circles) and
the conduction band (red filled circles). The inset shows a schematic
of the band-splitting in the CB— AE; is the spin-splitting at k.

k (10°A7)

velocity vi=1.29+0.04x 10° ms~'. The value of a being 0.5
establishes the dispersion relation between energy and momen-
tum in SLG on WSe, to be linear’’.

Figure 4a are the resultant plots of E versus k for both CB and
the VB from our experimental data. Note that our experimental
data extends down to =30meV (corresponding to
n=3.9x10"°cm™2). Below this nhumber density, the SdH oscilla-
tions are not resolvable — presumably due to the dominance of
charge puddles on the electrical transport of SLG in this energy
range.

We observe that, on extrapolating the E — k plots to E=0, the
low-energy branches of the spin-split bands of both the CB and
the VB bands enclose a finite area in the k-space at E=0. This
leads us to expect that there will be an overlap between the lower
branches of the CB and VB, ultimately leading to band inversion
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near the K (and K’) points. A verification of this assertion requires
further measurements in extremely high quality devices that will
allow measurements of SdH oscillations near E = 0.

To summarize our experimental observations, we have quanti-
fied the spin-splitting of the energy bands in SLG in proximity to
WSe, and mapped out the dispersion relation of the spin-split
bands of SLG. We find that till a certain energy, the dispersion

remains linear; below this energy scale, we observe a deviation
from linearity.

Theoretical calculations

Using the experimental data, we fit a theoretical model to obtain
the dispersion relation close to the Dirac points. The continuum
Hamiltonian near the Dirac points for SLG with WSe, has the
following terms (see, for instance, ref.>°):

H = hvi(nk«ox + kyoy) + Ao, + AmnS;0; + AvznS; + Ar(nSy0x — S¢0y)

+@ [)‘ﬁlA(oz +00) + AgIA(oZ — 00)](kxSy — kySx)
()

In Eq. (2), the Pauli matrices o; and the S; represent the sublattice
and spin degrees of freedom, respectively. The first term denotes
the linear dispersion near the Dirac points, where vg is the Fermi
velocity, k. and k, are the momenta with respect to the Dirac
point, and n = + 1 denotes the valleys K (K’) respectively (We note
that #avp=3ta/2, where t is the nearest-neighbor hopping
amplitude and the nearest neighbor carbon carbon distance a is
142 A). The second term represents a sublattice potential of
strength A. We have considered the four possible spin-orbit
couplings: (i) Kane-Mele SOC with strength Ay, (ii) valley-Zeeman
SOC with strength Ayz, (i) Rashba SOC with strength Ag, and (iv)
pseudo-spin asymmetric SOC with strengths A%, and A, for
sublattices A and B respectively.

Since this Hamiltonian results in the same dispersion at both the
valleys, we only consider the case n=+1 (K point). The
Hamiltonian in Eq. (2) is invariant under a simultaneous rotation
of (ky ky), (0, 0y) and (S, S,) by the same angle; this implies that
the dispersion is isotropic in momentum space, and it is sufficient
to take k, = k and k, = 0. The data for the four bands shown in Fig.
4a are fitted to the Hamiltonian with t, A, Akm, Avz and Ag as the fit
parameters. The best fit gives t =3979.10 £ 3.99 meV implying a
large Fermi velocity in this device of 1.286 x 10 ms~' (compared
to about 0.86 x 10° ms~ in pristine SLG>®). The parameters in the
Hamiltonian which give the spin-split band gap in both
conduction and valence bands are A,y and Az. We find that the
best fit gives the values of Ayz and Ag to lie on a circle of radius
2.51 meV, such that

Az = 2.51cosOmeV, and Az = 2.51sinOmeV. (3)

where 6 can take any value from 0 to 2m, and A = A = 0. Eq. (3)
can be understood by looking at the first-order perturbative effect
of the valley-Zeeman and Rashba terms in the Hamiltonian. Taking
Ho = hvgko, and the perturbation V= AyzS, + Ar(S,04 — Sx0y), we
find that the zeroth order spin-degenerate dispersion Ey = + Aivek
in the positive and negative energy bands receives first-order
corrections given by

Erx = /A, + A3 = £2.51meV (4)

for both the bands, thus giving the general relation in Eq. (3). This
gives a gap equal to twice 2.51 meV which fits the experimentally
observed value of ~5meV. The two extreme cases are given by
6=0 with only valley-Zeeman SOC and 6=mn/2 with only
Rashba SOC.

The overall magnitude of effective SOC of 2.51 meV agrees well
with previous reports'®193948,

The band dispersion for higher energies (E>5 meV) remains
unaffected for any combination of A,z and Az which satisfies
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Fig. 5 Theoretically calculated dispersion relation. a A 2D plot of

the energy dispersion relation calculated with vg = 1.286 x 106ms~',

and 6 = 13" (A\yz =~ + 2.45 meV and Az = + 0.56 meV). The value of Az is
taken from ref.3°. The value of A, comes from fitting the
experimental spin split band gap energy. Further, the other
parameters in this graph have been set as follows: A =0.54 meV,
Aaw = 0.03 meV, M, = —2.69 meV and A5, = —2.54 meV. b The 3D
dispersion of this model for the same set of parameters as in (a).

\/A%; + A2 = 2.51 meV. However, the relative magnitudes of Ay,

and Ar modifies the lower energy band dispersion (E <5 meV) - a
region inaccessible in our experiments. To evaluate the value of
Mz and A explicitly, one needs the value of the band gap at £=0.
As is well known, the presence of finite impurity density
(No=2.2x10"cm~2 for this device) leads to the dominance of
charge puddles on the electrical transport of SLG at the Dirac
point making it extremely difficult to make an accurate estimate of
such a small energy gap. In the absence of such information, we
take the theoretically predicted value of Az =0.56 meV>° which
corresponds to 8= 13" in Eq. (3). This yields the strength of the
valley-Zeeman term to be Ayz=245meV and a maximum
expected band gap of 3.3 meV for A, ~2.51 meV. The resulting
dispersion is plotted in Fig. 5a. In generating this plot, we have
used A = 0.54 meV, A, = 0.03 meV, A, = —2.69 meV and A5, =
—2.54 meV>*. Figure 5b further shows the 3-dimensional plot of
the energy dispersion for this model.

DISCUSSIONS

Coming to the role of the magnetic field in the extracted energy
dispersion relation, the SdH oscillations were studied at a
magnetic field of the order of 1 T. This field gives a very small
Zeeman energy of the order of 0.08meV in the energy. Since the
experimental data points are quite far from E =0, we can ignore
the magnetic field effect in the Hamiltonian. Further, the fitting
does not give us the values of A, Auw, Apa and AS, with any
certainty. While the PIA terms do not alter the dispersion in our
region of interest, the other two parameters, A and Ay will open
up a gap at the two values of the energy lying at k = 0. The effect
of the Kane-Mele term in this model has been further discussed in
the Supplementary Information. However, we note that the
presence of A, Mgw, Apa and A3, does not alter the spin-split
band gap of 5 meV observed between the bands away from zero
energy.

All previous theoretical and experimental studies note that the
valley-Zeeman A,z and the Rashba Az are the major spin-orbit
coupling (SOC) terms for graphene/TMDs'®1%3948 These two
terms by themselves give a constant energy gap between the
spin-split bands. The other relevant spin-orbit coupling terms are
Apia @and Agum. The Apja terms are negligibly small and do not alter
the band dispersion in the region of interest. On the other hand,
we find that including a very large Ay and A terms ~20 meV in
the standard theoretical models can give a dispersion where the
energy gap between the two spin-split bands increases as one
approaches the Dirac point. However, such large Axy and A might
not be reasonable and have not been reported to date. To the
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best of our knowledge, there is no consistent theoretical
understanding of the increase in energy gap between the
spin-split bands on approaching the Dirac point; we leave this
as an open question to be explored in near future.

Finally, a comment on the relative magnitudes of Ayz and Ag:
The spin relaxation mechanism in graphene/TMDC heterostruc-
tures is extraordinary. It relies on intervalley scattering and can
only occur in materials with spin-valley coupling. In such systems,
the lifetime 1 and relaxation length A of spins pointing parallel to
the graphene plane (T!, A‘Sl) can be markedly different from those
of spins pointing out of the graphene plane (t, )\j). Realistic
modeling of experimental studies indicate that the spin lifetime
anisotropy ratio { = T!/TSL = (/\SL/)\!) can be as large as a few
hundred in the presence of intervalley scattering®'“**#”, Recall that
the Ayz provides an out-of-plane spin—orbit field and affects the in-
plane spin relaxation time, Tlsl. On the other hand, Ag generates an
in-plane spin-orbit field and is relevant for determining t-%". The
large spin lifetime anisotropy ratio (T!/TSL > 1) seen both from
experiments and theory*'***” show that the value of Ay, can
indeed be significantly larger as compared to Ag.

In conclusion, we have experimentally determined the band
structure of single-layer graphene in the presence of proximity-
induced SOC. We find both the VB and the CB spin-split with a
spin-energy gap of ~5meV; the splitting increases as one
approaches the Dirac point. There are strong indications of
overlap of the lower energy branches of the conduction and the
valence bands. We also provide precise values of the spin splitting
energy, the Fermi velocity and the effective mass of charge
carriers in graphene/WSe, hetrostructures. Theoretical modeling
of the data establishes that the band dispersion near the Dirac
point and the magnitude of the spin-splitting are determined
primarily by large valley-Zeeman (Ising) SOC and small Rashba
SOC. Our work raises the strong possibility that in this system, the
transport properties near the Dirac point are dominated by charge
carriers of a single spin component, making this system a potential
platform for realizing spin-dependent transport phenomena, such
as quantum spin-Hall and spin-Zeeman Hall effects.

METHODS
Device fabrication

The SLG, WSe,, and hBN flakes were obtained by mechanical
exfoliation on SiO,/Si wafer using scotch tape from the
corresponding bulk crystals. The thickness of the flakes was
verified from Raman spectroscopy. Heterostructures of SLG and
WSe,, encapsulated by single-crystalline hBN flakes of thickness
~20-30nm was fabricated by dry transfer technique using a
home-built transfer set-up consisting of high-precision XYZ-
manipulators. The heterostructure was then annealed at 250°C
for 3h. Electron beam lithography followed by reactive ion
etching (where the mixture of CHF3; and O, gas were used with
flow rates of 40 sccm and 4 sscm, respectively, at a temperature of
25°C at the RF power of 60 W) was used to define the edge
contacts. The electrical contacts were fabricated by depositing Cr/
Au (5/60 nm) followed by lift-off in hot acetone and IPA.

Measurements

All electrical transport measurements were performed using a
low-frequency AC lock-in technique in a dilution refrigerator
(capable of attaining a lowest temperature of 20mK and
maximum magnetic field of 16 T).

DATA AVAILABILITY

The authors declare that the data supports the findings of this study are available
within the main text and its Supplementary Information. Other relevant data are
available from the corresponding author upon reasonable request.
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