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Abstract. Graphene is known to have small intrinsic spin-orbit Interaction (SOI). In this review, we demon-
strate that SOIs in graphene can be strongly enhanced by proximity effect when graphene is deposited on
the top of transition metal dichalcogenides. We discuss the symmetry of the induced SOIs and differences
between TMD underlayers in the capacity of inducing strong SOIs in graphene. The strong SOIs contribute to
bring novel phenomena to graphene, exemplified by robust supercurrents sustained even under tesla-range
magnetic fields.
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1. Introduction

Since the first experimental demonstration in 2004 [1], graphene has been one of the most
intriguing materials in condensed matter physics. Novel phenomena have been continuously
found, which contrast strikingly with the typical two-dimensional (2D) electron gas in quantum
wells, up to the recent discovery of intrinsic superconductivity and electron correlations in
twisted bilayer graphene, exploiting interactions between two neighboring layers [2].

Since graphene is a truly 2D crystalline conductor with exposed surface electrons, electronic
transport properties can be easily modulated via interactions with a substrate, molecules, or
another 2D material.

Graphene is intrinsically rich of novel properties. Its unique Dirac band dispersion brings
about extremely high mobility and exotic phenomena such as Klein tunneling [3] or unconven-
tional quantum Hall effect [4]. However, graphene lacks two properties significant in condensed
matter physics: Magnetism and spin-orbit interactions (SOIs). Because electronic transport in
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graphene is dominated by 7 electrons originated from the 2p orbitals of carbon atoms, their itin-
erant nature prevents graphene from exhibiting magnetism. Likewise, SOIs are also weak because
of the small atomic number of carbon. Recent calculations based on the density functional the-
ory (DFT) estimate 24 ueV as the intrinsic SOI of graphene [5]. Since SOIs are key to implement
electrical manipulation of spins in the field of spintronics [6], and also to drive novel topologi-
cal phenomena [7], there has recently been an intense focus to induce strong SOIs in graphene,
with the goal of expanding the functionalities of this novel material. In early studies on induc-
ing strong SOIs in graphene, many theoretical proposals suggested the use of adatom deposi-
tion or molecular functionalization [8-10]. It is natural to think that deposition of elements with
strong SOIs may enhance SOIs in graphene. However, because adatoms or molecules also be-
have as disorder when deposited on graphene, they degrade transport properties, including the
mobility. To maintain the advantageous transport properties in graphene, it can also be consid-
ered to deposit graphene on top of a substrate with strong SOIs. As mentioned above, due to
exposed 2D electrons, electronic transport in graphene is highly affected by the nature of the
substrate, as epitomized by the ultrahigh mobility graphene encapsulated in hexagonal boron-
nitride (hBN) [11, 12]. Since magnetism is successfully induced in graphene by an yttrium iron
garnet (YIG, YsFe5012) substrate [13], a similar strategy may be successful by selecting an appro-
priate substrate to induce strong SOIs in graphene and detect them through transport measure-
ments.

Among high spin-orbit (SO) materials, transition-metal dichalcogenides (TMDs) are one of
the most reasonable candidates. TMDs are 2D materials with the MX, composition where M is
a transition metal and X a chalcogen such as S,Se or Te. In our studies we used materials with M
either Mo or W and X either S or Se and the heavy element (Mo or W) is sitting on the A sites of
a hexagonal lattice in the trigonal-prismatic (2H-) structure. In the monolayer form, the bottom
of the conduction bands and the top of the valence bands are located at inequivalent K and K’
valleys, similar to graphene, but a relatively large gap between 1 and 2 eV separates these bands.
Therefore these TMDs are semiconductors and much more resistive than graphene. Owing to
the heavy elements, the intrinsic SOI is as strong as 1 to a few meV for the conduction bands
and 100 - 400 meV for the valence bands [14]. Because of the broken A-B sublattice symmetry,
the intrinsic SOI in TMDs can be described by a so-called Valley-Zeeman (VZ) type hamiltonian
near the band edges where the SO field acts as an out-of-plane Zeeman field. Conservation of
time-reversal symmetry requires the direction of the effective Zeeman fields to be opposite at the
K and K’ valleys. Electronic and optical properties of these 2D-materials have been thoroughly
investigated, and it has already been found that the TMDs properties differ in the monolayer and
bulk forms, as exemplified by the direct (monolayer) and indirect (more than two layers) band gap
transition [15, 16]. Better coupling is realized between two van-der-Waals 2D materials compared
to that between a van-der-Waals 2D material and 3D isotropic material because it is easier to
obtain an atomically flat surface experimentally. Therefore 2D TMDs should be good candidates
as a substrate to induce strong SOIs in graphene. Moreover, monolayer TMDs are better than bulk
(thicker) TMDs as we will discuss below.

In this review, we demonstrate generation of strong SOIs in graphene by TMDs and present
novel transport phenomena observed in the hybrid TMD/graphene system, using not only
normal metal contacts but also superconducting contacts. This review is organized as follows: We
briefly mention the sample fabrication process and experimental details in Section 2. Section 3
and Section 4 are devoted to the demonstration of strong SOIs induced in graphene by TMDs.
We discuss the difference in the amplitude of SOIs induced in graphene by different TMDs
and different thicknesses. The nature and symmetry of the induced SOI are also considered. In
Section 5, we present data showing supercurrent in graphene/TMD Josephson junctions which is
highly robust to a magnetic field. Finally, we summarize the novel properties of graphene/TMD
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heterostructures and provide future prospects for this hybrid system as a platform to pursue more
exotic effects created by strong SOIs.

2. Sample fabrication and experimental details
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Figure 1. (a) Sketch of the device structure for graphene/monolayer WS, (Mono WS,)
samples is illustrated. Graphene is deposited on the CVD-grown monolayer WS;. (b) Gate
voltage (V) dependence of the resistance (R) for Mono WS, sample. A clear Dirac peak
is observed near Vg = 0, showing that electronic transport in the bilayer is dominated by
graphene. The mobility of graphene is relatively high 12000 cm?V~'s~!. (c) The quantum
conductivity correction Ao as a function of perpendicular field B from Mono WS, sample
taken for the electron-doped region at different temperatures. At all temperatures clear
WAL peaks are observed, demonstrating that the strong SOI is induced in graphene. The
flat tails at higher fields are also a signature of the strong SOI in the system.

In our studies, we employ three different types of 2D materials: Graphene, TMDs and hBN.

Graphene and hBN are always prepared by mechanical exfoliation from graphite and hBN
crystals, respectively. The thickness of each flake is determined by the optical contrast on a
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285-nm-thick SiO,/Si substrate under the microscope. For TMDs, monolayer WS, and MoS, are
grown by chemical vapor deposition (CVD) [17], while other TMDs are fabricated by mechanical
exfoliation, similarly to graphene and hBN. CVD-grown WS is first synthesized on a Si substrate
covered with thermally-oxidized SiO;, and then transferred to a fresh SiO,/Si substrate to avoid
oxygen vacancies induced in the SiO; layer during the CVD growth.

By using these 2D materials prepared separately on SiO,/Si chips, we fabricate heterostruc-
tures with polydimethylsiloxane (PDMS) covered with polymethyl methacrylate (PMMA),
polypropylene carbonate (PPC) or poly carbonate (PC) [12]. Electrical contacts are formed
by electron-beam (EB) lithography, followed by electron-gun evaporation of titanium and gold.
For the Josephson junction samples, after the EB lithography the top hBN layer is etched by
reactive-ion etching (RIE) and MoRe, a type II superconductor, is sputtered by conventional DC
sputtering instead of electron-gun evaporation.

Low temperature measurements are performed in a dilution refrigerator with a base tempera-
ture below 100 mK, and electrical measurements are carried out using a typical lock-in amplifier
operating at 77 Hz frequency and excitation current 100 nA unless otherwise specified.

(a) 0.1 T T T T T T T (b) 0.f——————————————
| V=20V-30V ] rVg=20V-30V
| Mono A [ 477000 cmev-is ]
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Figure 2. (a) Ao (B) from Mono WS; sample. The theoretical fit (solid line) reproduces well
the experimental result (triangles). The inset shows an optical microscope image of the
device. (b) Ao (B) from Bulk WS; sample in the same V; region as that in (a). There are
striking upturns at higher B, showing the dominant WL contribution in these regions. The
left inset displays the relation between R and V; from the same sample, and the right inset
shows an optical microscope image of the sample.

3. Strong spin-orbit interaction in graphene induced by monolayer and bulk WS,

We first show evidence of strong SOIs induced in graphene by a CVD-grown WS, monolayer.
Among different TMDs, WS, has stronger SOIs compared with Mo-based TMDs [14]. To induce
strong SOIs in graphene by WS,, we fabricate heterostructures as schematically shown in Fig-
ure 1 (a). In this structure, monolayer graphene is deposited on monolayer CVD-grown WS,.

Since WS;, is a semiconductor and much more resistive than graphene, electronic transport is
dominated by graphene in the heterostructures especially at low temperatures. Figure 1 (b) dis-
plays the resistance as a function of the gate voltage (V) obtained from graphene on monolayer
WS,. The sharp Dirac peak is observed between 0 V and 10 V, demonstrating that the transport is
dominated by graphene.
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For evaluating the induced SOI in graphene, we employ magnetotransport measurements
with magnetic fields perpendicular to the graphene plane. At low temperatures, the phase co-
herence of the electron’s wave function increases, leading to quantum corrections to the classi-
cal Drude conductance for a diffusive conductor. In particular, constructive interferences along
time-reversed loops give rise to a low temperature decrease of the conductance. This phenom-
enon is known as weak localization [18]. This weak localization correction is canceled in a mag-
netic field which breaks time-reversal symmetry. Therefore one can measure a resistance de-
crease with magnetic field, over a characteristic scale corresponding to a flux quantum through
the square of the phase coherence length. When the system has strong SOIs, however, the situa-
tion is different. SOIs give rise to an additional 7 phase (Berry phase) due to the spin rotation of
the electronic wave-functions along time-reversed loops. Therefore wave functions interfere de-
structively, yielding a positive quantum correction to the conductance in zero field and a positive
magnetoresistance. This is called weak antilocalization (WAL). Thus by analyzing magnetoresis-
tance data at low temperatures around the zero magnetic field, we can estimate the amplitude of
SOIs in the system based on the weak (anti)localization theory [18].

We note that WL in graphene is different from that of the typical 2D electron gas. Because of
the valley degree of freedom in graphene, graphene has an additional degree of freedom, chirality.
Due to the chirality, if one considers a closed trajectory of an electron localized at one valley in
the momentum space, the electron acquires a m phase during the itinerary even without SOIs,
thus naturally exhibit WAL. This is the origin of the absence of localization for Dirac fermions
as observed in topological insulators [19, 20], but for real experimental samples of graphene
measured at low temperatures, we usually measure WL rather than WAL [21]. This is because
intervalley scatterings due to disorder in real samples easily break the conservation of chirality
and suppress WAL. Therefore WAL in graphene is driven solely by SOIs at low temperatures.

Figure 1 (c) shows the quantum conductivity correction (Ao (B) = o(B) — ¢ (0)) as a function of
a perpendicular magnetic field (B) taken from a sample with graphene/monolayer WS, (Mono
A) at different temperatures in the electron-doped regime. To suppress the effect of universal
conductance fluctuation (UCF), whose amplitude is of the same order of magnitude of Ac(B)
(~ €®/h), we average 50 curves with different values of gate voltage in a 10 V window around a
given V. A sharp peak is observed at B = 0 and Ao (B) decreases with B at all temperatures, in-
dicating that the system is in the WAL regime. In previous reports on magnetotransport for pris-
tine graphene, Ao (B) exhibits WL at low temperatures, thus our results of the observation of WAL
demonstrate that the strong SOl is induced in graphene on monolayer WS,. We also fabricate and
measure graphene/bulk WS, (Bulk WS,) samples. Figure 2 (a) and (b) are a direct comparison be-
tween a Mono WS, and Bulk WS, sample in the similar electron-doped region. Both of them ex-
hibit a peak around B = 0, a signature of WAL. Interestingly, we also find that magnetoconductiv-
ity curves at higher B for Mono WS, becomes extremely flat. The field dependence in this region
is determined by the competition between the WL and WAL effects with a characteristic upturn
if WL is dominant. Thus the weak B dependence at large field indicates that the SOIs induced in
graphene by a monolayer WS; is strong, whereas it is modererate for the case of a WS, bulk where
a sizable upturn is observed.

To evaluate the amplitude of the SOIs precisely, we employ the theoretical formula derived for
weak antilocalization in graphene [22]. In this formula, contributions from SOIs enter via relax-
ation times, Ts_ylm and T;sly, where sym (asy) denotes the symmetric (asymmetric) contribution to
the SO scattering time with respect to the mirror reflection on the graphene plane.

The quantum conductivity correction Ao (B) is expressed as:

2 -1 -1 -1
e T T T
Ty Ty +2T5y Ty TTs0

A0(B) = ——
o(B) 2nh
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Figure 3. (a) Ao (B) from Mono WSe; taken for the different V; regions at 1 K. For the all V,
regions clear WAL peaks are observed. (b) Comparison of WAL curves from Mono WSe, and
Bulk WSe; in the same V; window. The inset shows the relation between R and Vg from the
Bulk WSe2 sample. (c) Similar Ao (B) curves from Mono MoS; both in the electron-doped
and hole-doped regions. (d) The spin-orbit energy (Es) as a function of Vg obtained from
different samples for comparison. It is clear that graphene on monolayer tungsten-based
TMDs exhibit the highest SOIs. The inset displays ‘L'J)l as a function of T, which clearly

shows that T;bl is linearly proportional to T, as expected when phase coherence is limited
by electron-electron scattering.

where F(x) = In(x) + ¢(1/2 + 1/x), with y(x) the digamma function and 75 = 753, + Togy- Tg i8
the phase relaxation time, and 7p = 1i/4eDB. The fits yield three parameters 7y, Tasy and Ts,. Ts‘ol
determines the total amplitude of SOI in the system, whereas from the ratio 7asy/7sym one can
evaluate the symmetry type of SOL

As shown in Figure 2 (a) as an example, all experimental data are reproduced well by using the
equation (1). When focused on the total amplitude of the SOI, these fits provide 75, = 0.05 ps,
independent of temperature. We note that 7 = 43 ps at 1 K. If we simply define the spin-orbit
energy as Es, = i/ 14y, we obtain Es, = 13 meV. This value is three orders of magnitude larger than
that of pristine graphene [5]. We note that due to the flat tail of Ac(B) at high fields, 75, < 0.05
ps provides almost the same curve. Namely, the estimated value of Es, shown above is a lower
bound of E,.

C. R. Physique — 2021, 22, n° S4, 145-162
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From the difference in the slope of Acg(B) at high fields in Figure 2 (a) and Figure 2 (b), we can
deduce that the induced SOIs seem smaller in Bulk WS, than Mono WS, as already mentioned.
To estimate the amplitudes of SOIs in Bulk WS, more accurately, we also fit the experimental
data taken from Bulk WS; using equation (1). The fits yield 74 = 36 ps and 7, = 4 ps, equivalent
to Eg, = 170 peV. This value is still larger than that of pristine graphene, but much smaller
than that obtained by using monolayer WS,. Therefore monolayer WS, can induce stronger
SOIs in graphene than bulk WS,. The difference in the efficiency to induce strong SOIs between
monolayer and bulk TMDs will be discussed in detail in the next section.

4. SOIs in graphene induced by different TMDs with different thickness

To confirm that TMDs can universally induce strong SOIs in graphene, we measure gra-
phene/TMD heterostructures with different types of TMDs with different thickness. In our study
we focus on semiconducting 2 H-structure TMDs, specifically WSy, WSe, and MoS,. As already
shown in the previous section, WS, can induce strong SOIs in graphene through the proximity ef-
fect. Therefore it is also interesting to use WSe, to induce strong SOIs in graphene since tungsten-
based TMDs such as WS, and WSe, are reported to have stronger SOI than molybdenum-based
SOIs, and also WSe; has stronger intrinsic SOI than WS [14]. Recent theoretical calculations re-
veal that for the valence band the SOI is 460 meV for monolayer WSe, while it is 430 meV for
monolayer WS, [14]. Therefore stronger SOIs are expected to be induced in graphene by mono-
layer WSe;.

We fabricate graphene/monolayer WSe, (Mono WSe,) and graphene/bulk WSe, (Bulk WSe;)
and estimate SOIs induced in graphene via weak (anti)localization measurements. Figure 3 (a)
shows Ao (B) obtained from Mono WSe; at different gate voltages. All curves exihibit WAL peaks,
demonstrating that strong SOIs are induced in graphene. Similar to the graphene/WS; samples,
we can also compare the amplitudes of the SOIs induced in graphene by monolayer and bulk
WSe, flakes. Figure 3 (b) is a direct comparison between the two curves from the Mono WSe,
and Bulk WSe, samples. While there is a striking upturn at high fields for Bulk WSe,, a higher
peak around B = 0 and a flat tail are observed for Mono WSe;. This is in agreement with our
previous observations on graphene/WS, structures and confirms that monolayer TMDs can
induce stronger SOIs in graphene than bulk TMDs can.

We also expand our study to evaluate SOIs induced in graphene by molybdenum-based TMD
(MoS). Because the atomic number of molybdenum is smaller than that of tungsten, its intrinsic
SOI is also smaller and recent theoretical calculations reported 150 meV for the value of the
intrinsic SOI in the valence bands of monolayer MoS;, almost three times smaller than those of
the tungsten-based TMDs [14]. Nevertheless, MoS; is still usable to enhance SOIs in graphene. In
Figure 3 (c) Ao (B) from graphene/monolayer MoS, (Mono MoS,) is plotted both for the electron-
doped and hole-doped regions. Especially in the electron-doped region, a clear WAL peak is
visible around B = 0, a signature of the strong SOIs in graphene. By contrast, the peak in the
hole-doped region is weak.

Eq, for graphene with different TMDs with different thickness is summarized in Figure 3 (d)
for different gate voltages. It reveals that monolayer tungsten-based TMDs (WS, and WSe,) can
induce the strongest SOIs in graphene, and that their bulk counterparts induce weaker SOIs.
We found that the amplitude of the SOIs induced by a monolayer MoS; is comparable to those
induced by bulk WS, and WSe,. We also find that the gate dependence of the induced SOI is
rather weak. We note that in the hole-doped region for Mono WS, and Mono WSe; samples,
temperature-independent background signals are superimposed on the WAL signals. Since WL
and WAL are quantum effects and temperature dependent, we subtract those temperature-
independent backgrounds when we carry out fits based on equation (1) [23, 24].
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While it seems reasonable that the SOIs generated by tungsten-based TMDs should be
stronger than those induced by molybdenum-based TMDs, the difference between mono-
layer and bulk TMDs is more difficult to understand in terms of the capacity to induce SOIs
in graphene.

There are several differences between monolayer and bulk TMDs. For instance, TMDs such
as WS;, WSe, and MoS; are in the trigonal-prismatic 2 H-structure. In the monolayer form, this
structure is inversion asymmetric, but in the bulk form, it is inversion symmetric since two
neighboring layers are coupled by inversion symmetry. This difference with respect to space
inversion operation between monolayer and bulk TMDs is reflected in the band structure of each
system. For monolayer TMDs, the bands are spin-split due to the inversion symmetry breaking,
whereas they are spin degenerate for bulk TMDs [14, 25, 26]. Recent theoretical studies point out
that the strength of the spin splitting in the band structure severely affects the amplitude of SOIs
induced in graphene [27]. Therefore monolayer TMDs, which have spin-split bands, are superior
to bulk TMDs to generate stronger SOIs in graphene.

Another factor to consider is the possible interface mismatch between bulk TMD crystals and
graphene. As reported previously, graphene in real samples is not ideally flat and includes ripples
and bubbles. Monolayer TMDs are more flexible so that they can conform to the neighboring
graphene layer, but it is more difficult in the case of bulk TMDs. This interface mismatch may
reduce the interaction potential between conduction electrons in graphene and atomic orbitals
in the TMD. There are no supporting theoretical scenarii for this difference at the time of writing,
thus further experimental and theoretical studies are required.

5. Identification of the dominant type of SOIs
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Figure 4. (a) Ao (B) from Mono WSe, sample. The best fit (black solid line) is obtained
for Teym < Tasy, while other fits calculated intentionally with different ratio between 7sym

and T,y clearly deviate from the experimental results. (b) The relation between 272 and

F'p
5%1 p!Tso. The deviation from the linear relation provide the estimate of the contribution

from the EY spin relaxation mechanism.

In the previous sections, we evaluated the amplitude of SOIs induced in graphene by the
TMDs from 7, obtained from the fits based on (1). Three different types of SOIs are theoretically
predicted to be induced in graphene on TMDs; Kane-Mele (KM, or intrinsic), Rashba and Valley—
Zeeman (VZ) SOL. KM SOl is the intrinsic SOI, thus it exists even in pristine graphene. Rashba SOI
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is allowed in a system with broken inversion symmetry, especially when the z — —z symmetry is
broken in the case of 2D materials. Therefore large Rashba SOI may be expected in monolayer
graphene on TMD intuitively, but surprisingly it is almost negligible as we will discuss below.
By contrast, Rashba SOI may be dominant in the case of bilayer graphene on TMD as reported
in [28]. On the other hand, VZ SOI breaks A-B sublattice symmetry, and it becomes significant
when heavy elements (such as Mo or W) contribute to the sublattice symmetry breaking [29]. By
evaluating the ratio between Tqym and 7asy in the fits based on the equation (1), we can determine
the symmetry of the SOI principally induced in graphene by the TMDs. For all investigated
samples, this ratio is found to be larger than 10, which indicates that the Rashba component of the
SOIs acting on the in-plane spin components leading to the 7,5y scattering time is much weaker
than the out-of-plane components, which determine the 7y, scattering time. For graphene on
TMDs, two types of z — —z symmetric SOI may be considered, the intrinsic KM SOI and VZ SOLI.
The former and the latter are respectively symmetric and asymmetric about the A-B symmetry of
the hexagonal lattice. We note that the lattice parameters of TMDs and graphene are different.
Moreover, we do not specifically align the relative orientations of the two layers. Therefore it
is a priori tempting to assume that carriers in graphene are scattered randomly by heavy TMD
atoms. However, it is shown theoretically [27, 30] that this is not an appropriate picture and that
in spite of the incommensurablity between the 2 lattices, the TMD/graphene bilayer retains a Cs3
symmetry whereas the initial Cg of Graphene is lost. Actually a VZ SOI is induced in graphene
with an amplitude of a few meV depending on the nature of the TMD. In the following we show
that our experimental data are consistent with these findings.

Figure 4 (a) shows fits for the Mono WSe; sample with different ratios between Tsym and 7asy.
The fits with Teym < T,y unambiguously give a much better description of the experimental
results. This demonstrates that the symmetry of the SOIs induced in graphene by the TMDs is
predominantly z — —z symmetric.

Table 1. Agy and App obtained from the fits using (2) for each sample

Sample Agy [meV] App [meV]
Mono WSe, | 48.0 +12.2 3.3+0.10
Mono WS, A | 274 +2.8 4.4 +0.047
Mono WS, B | 32.9+3.8 6.4+0.14

Mono MoS; A | 10.3+1.7 0.87 £ 0.035
Mono MoS; B | 4.3 +£0.035 | 0.86 + 3.5x 1073
Bulk WSe, 11.6+2.1 0.38 + 0.013
Bulk WS, A 8.9+3.7 0.73 £ 0.028
Bulk WS, B - 0.72 £ 0.022

We first note that the KM and VZ SOI, both of which are z — —z symmetric, give rise to
different spin relaxation mechanisms in graphene. There are two spin relaxation mechanisms in
graphene, Elliot-Yafet (EY) and D’yakonov—Pérel (DP). These two mechanisms provide different
dependences of 75, on 7, where 7, is the momentum relaxation time. Whereas 7, o< 7, for
the EY mechanism, 74, T;l for the DP. The KM SOI contributes to the EY spin relaxation
mechanism since the DP mechanism requires spin-splitting due to inversion symmetry breaking.
On the other hand, since the VZ SOI originates from broken sublattice symmetry, it leads to
a DP-type spin relaxation. We neglect the smaller contributions from the Rashba SOI. Each
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contribution (EY or DP) can be determined by fitting the relation between 75, and the momentum
relaxation time 7, following the equation [31]:

2 2
Eplp — A2 (4ADP) 2.2

= — |2t 2
Tso EY hz F'p ()

where Agy(pp) is the amplitude of spin-orbit coupling leading to the EY (DP) mechanism and
er is the Fermi energy. Figure 4 (b) displays the relation in equation (2) for each sample. It is
clear from these expressions that the DP scattering mechanism is dominant in the highly doped
region whereas the EY is dominant in the vicinity of the Dirac point. In Table 1, we show the fitting
parameters Agy and App obtained from the fits for each device. The DP energy scales found are in
good agreement with theoretical predictions concerning the VZ SOI [30]. We also find a large EY
contribution whose origin is more difficult to explain since the KM intrinsic SO contribution is
expected to be small compared to the VZ one, considering the recent theoretical studies [27, 30].
Up to now we do not have a good explanation for these large values of Agy. However we must
note that these values are extracted from data taken close to the Dirac point where the formation
of a disordered network of electron-hole puddles dominates the properties of graphene [32] and
er isill-defined, resulting in possible important errors in the determination of Agy from (2).

6. Superconducting Josephson junctions with graphene/WS, heterostructures

Now that we have confirmed that strong SOIs can be induced in graphene by the TMDs, it
is also tempting to integrate graphene/TMD heterostructures into superconducting Josephson
junctions. There have already been many studies on Josephson junctions with graphene [33-
37], but transport properties of supercurrent in graphene with strong SOIs have never been
explored. SOIs are an essential ingredient to realize topological superconductivity, thus it is of
great significance to investigate effects of strong SOIs on supercurrent transport in graphene. In
this section, we present robust supercurrent observed in Josephson junctions with graphene/WS;
heterostructures.

The device structure is illustrated in Figure 5 (a). In this study we employ superconducting
electrodes made of MoRe because it provides a good superconducting contact to graphene
without any buffer layers, and possesses high critical temperature (7, ~ 10 K) and high critical
magnetic field (H, ~ 8 T). The MoRe electrodes are connected to two types of structures,
either hBN/graphene/WS, (Gr/WS,) or hBN/graphene/hBN (Gr/hBN) heterostrucures, forming
a superconducting Josephson junction. The width of graphene is around 10 pum for all junctions,
and the length of the junction ranges from 100 nm to 500 nm, depending on the sample.

We first show the gate dependence of the resistance in Figure 5 (b). There is a striking difference
between Gr/WS, and Gr/hBN junctions, and the Dirac peak for the Gr/WS; junction is much
broader than that of the Gr/hBN junction. This indicates that the mobility of graphene on WS,
is much smaller than that on hBN. While a recent study reported that TMDs can be a substrate
as good as hBN for graphene [38], since our samples employ monolayer CVD-grown WS, the
surface of flakes is not as flat as multilayer hBN, and also there may remain some residues on the
surface, originating from the transfer process of CVD-grown WS, from the original substrate used
during the growth to a fresh substrate for measurements (see Section 2). We note that all Gr/WS,
junctions with different L have a lower mobility than the Gr/hBN junctions with the same L. For
L =100 nm and 200 nm Gr/hBN junctions, we observe Fabry-Pérot-like oscillations in the hole
doped region (not shown) in the normal state. This is in agreement with previous reports [35,36],
and demonstrates that these two junctions are in the ballistic regime.

Figure 5(c) and (d) display the differential resistance (dV/dI) as a function of magnetic
field (B) for L = 500 nm Gr/WS; (c) and Gr/hBN (d) junctions. To measure dV/dI, a small ac
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Figure 5. (a) Schematic illustration of superconducting Josephson junction composed
of hBN/graphene/WS;, or hBN/graphene/hBN in contact with MoRe superconducting
electrodes. (b) Gate voltage dependence of resistance for Gr/hBN and Gr/WS; junctions. (c)
dV/dI plotted for both the dc current (I;.) and field (B) for a L = 500 nm Gr/WS; junction.
Fraunhofer-like oscillations are visible. (d) Similar dV/dI plot as in (c) obtained from a L =
500 nm Gr/hBN junction. Larger critical current I, is observed compared with that for the
Gr/WS; junction in (c).

current (I,c) is added to the dc current (I4.). Fraunhofer-like oscillations are clearly observed, a
signature of supercurrent flowing through the junctions. Slight deviations from the ideal shape
of oscillations may be due to small inhomogeneities of the current distribution in the junction.
The Gr/hBN sample exhibits larger critical current (/) at zero field, consistent with the higher
mobility of graphene.

While superconducting properties are better for Gr/hBN junctions than Gr/WS; around the
zero field, these characters become dramatically different at higher fields. Figure 6 displays
dV/dlI around 1 T (10000 G). For L = 100 nm junctions, even around 8000 G, dips are observed
in dV/dI and I, oscillates with B for both junctions. In the previous report on graphene ballistic
Josephson junctions, field-dependent and sample-specific differential resistance dips at a low
current were also observed around 5000 G, and the B and V; regions of low dV/dI were termed
'superconducting pockets’ [35]. In our shortest samples, the superconducting pockets are still
visible around B = 16000 G for the Gr/WS; junction (not shown). We note that all Gr/WS,
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Figure 6. (a) and (d) are dV'/dI as a function of both I3, and B around B = 8000 G for L=100
nm Gr/WS; ((a)) and Gr/hBN ((d)) junctions. Both junctions show the suppressed dV/dI
at certain magnetic fields ((g)), signatures of the induced superconductvity in graphene.
(b) and (e) display dV/dI around B = 10000 G for L = 500 nm Gr/WS; ((b)) and Gr/hBN
((e)) junctions. While the Gr/WS; junction exhibits the suppressed dV/d1, it is competely
absent in the Gr/hBN junction ((h)). (c), (f) and (i) show the zero-bias differential resistance
R as a function of B for Gr/WS, and Gr/hBN junctions with different L. Clear differences in
the decay of the amplitudes of the oscillations are observed between Gr/WS; and Gr/hBN
junctions.

junctions, even the shortest one with L = 100 nm, are in the diffusive limit due to the shorter
mean free path /., whereas the L = 100 nm Gr/hBN junction is in the ballistic limit.

While signatures of robust supercurrent are observed for both Gr/hBN and Gr/WS; junc-
tions for L = 100 nm samples, a striking difference emerges for longer junctions (L = 500 nm).
Figure 6 (b) and (e) display the colour-coded differential resistance dV/dI as a function of I and
B, for B around 10000 G for Gr/WS; ((b)) and Gr/hBN ((e)) junctions. For the Gr/WS, junction
superconducting pockets are still observable. By contrast, they are completely suppressed for
Gr/hBN junctions. In Figure 6 (g) and (h) we compare crosssectional cuts of dV/dI for both sam-
ples with L=100 nm ((g)) and L =500 nm ((h)). The suppressed (Gr/WS,) and flat (Gr/hBN) dV/dI
are shown more explicitly in Figure 6 (h).

To investigate the evolution of dV/dI in a broader range of field, we measure the zero bias
differential resistance (dV/dI(I3. = 0) = R) with increasing field. Figure 6(c), (f) and (i) show
the relation between R and B for L = 100 nm ((c)), L = 500 nm ((i)) and also for L = 300 nm
((f)) Gr/WS, and Gr/hBN junctions. For the L = 100 nm junctions, the amplitudes of oscillations
are comparable for both Gr/WS, and Gr/hBN junctions up to 18000 G. However, for the L =
300 nm junctions, while the Gr/WS, junction exhibits relatively large amplitude of oscillations
even around B = 18000 G, the amplitude is strongly suppressed for the Gr/hBN junction. The
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difference is much more striking for the L = 500 nm junctions. Whereas the oscillations are rapidly
suppressed for B less than 1000 G for the Gr/hBN junction, R continuously oscillates up to 18000
G for the Gr/WS; junction. We show that the oscillations are still observable even at 70000 G in
Figure 7 (a) [39].

Now we discuss the possible origin of superconducting pockets for these junctions. As for L =
100 nm ballistic Gr/hBN junctions, Andreev bound states mediated by chaotic ballistic billiard
paths located at the edges of graphene have already been proposed as an origin [35]. Those
chaotic paths can be regarded as a ballistic analog of the quasi-classical phase-coherent paths
and produce mesoscopic fluctuations of the supercurrent

8Ic=\/(1Z) — 1)

In the case of ballistic short junctions, 6 I, is estimated as

er
ol ~ R 3)
where A denotes the superconducting gap at T =0 [40].

This formula yields I, ~ 240 nA for short Gr/hBN junctions, slightly higher than the exper-
imentally observed value. We note that the above formula is calculated in the zero field limit.
For finite magnetic fields, a recent theoretical study for 2D ballistic junctions provides a picture
of supercurrent distribution at high fields [41]. As B increases, supercurrent is localized close to
the edges, and I. decays faster (I, < 1/B?) than the typical decay of I, around the zero field
(I. < 1/B). By contrast, supercurrent fluctuations 61, persists even at high fields, and are ex-
pressed as 61, = aET/®y with a = 27/9v/3. This estimate provides 61, ~ 200 nA for the L =
100 nm Gr/hBN ballistic junctions, in qualitative agreement with our experimental results. How-
ever, these high field supercurrent fluctuations are specific for ballistic junctions, and not ex-
pected for diffusive junctions.

In order to explain the robust supercurrent signatures which we find in the diffusive Gr/WS;
junctions, it thus seems necessary to account for the role of SOIs. SOIs favor the formation
of edge states, epitomized by the topological quantum spin Hall phase [42]. We note that it is
unlikely for our results to be relevant to the topological edge states because our measurements
are carried out in the highly-doped region. On the other hand, edge states can also exist in a
non-topological system, and coexist with bulk states of the same energy [43]. Such edge states
are generally sensitive to scattering, but some degree of protection against smooth disorder may
exist if the edge states are well separated from bulk states in momentum space. In addition, spin
can also provide additional protection if the spins of the edge state and those of the nearby
bulk band are opposite. In the case of graphene on WS,, the analysis of weak antilocalization
experiments, see previous sections and [23, 24, 28, 44, 45], has shown that the induced SOIs
have both a Rashba-type in-plane component and a more than ten-folds larger out-of-plane
component, predominantly of Valley-Zeeman type probably. The combined effect of those two
types of interactions was demonstrated theoretically to generate non-topological edge states
along zigzag edges [46]. For exploring whether such edge states may explain the persistance and
oscillations of supercurrent at high fields, we have carried out simulations of I, as a function of
B in graphene strips containing different types of SOIs (Figure 7 (b)). We find that supercurrent
persists up to higher fields with SOIs than that without SOIs, even when disorder is included.
Due to divergently increasing calculational time with increasing number of the flux quanta,
we unfortunatly cannot reach the regime where thousands of flux quanta thread the junction.
Further theoretical studies are awaited.

While we carried out our supercurrent experiments in the highly doped region, it may be inter-
esting to contemplate the properties of the edge state from the view point of topological physics.
Nontopological edge states are theoretically predicted as shown in [46], but no theoretical works
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Figure 7. (a) Zero bias differential resistance dV/dI(Vg. = 0) = R with B from 0 G up to
70000 G from the L = 500 nm Gr/WS, and Gr/hBN junctions. Oscillations are still visible
even at B = 70000 G in Gr/WS,. (b) Simulated I, as a function of the normalized flux
quantum (®©/®y, Dy = h/2e) with and without SOIs. As for SOIs, three types of SOI are
considered: Rashba (Ag), Kane-Mele (Axy) and Valley—Zeeman (Ayz) SOIs. For the details
of the simulation, please refer to Supplemental Material of [39].

address the graphene VZ SOI system proximitized by superconductivity. As evidenced in previous
studies, supercurrent transport reveals topological properties of the system [47-49]. Considering
the fact that the edge states observed in our study are protected against disorder, novel topolog-
ical phases are possible. Theoretical works such as Majorana fermions in a half-metallic wire on
an Ising superconductor [50] may be helpful to obtain some insights to study these novel phases.
We comment on the relation between those edge paths and the chiral edge states of the
quantum Hall (QH) regime. The QH regime develops when the mean free path I, > 2r;, where
rc is the cycrotron radius (r. = ikr/eB) [33]. For example at Vy = 60 V and B = 10000 G,
2r. ~ 500 nm, thus chiral edge states do not contribute to the Andreev bound states localized
at the edge. We note that this 2r, value is much larger than I, = 30 nm of L = 500 nm Gr/WS;
junction. At higher fields, r. becomes smaller than /., so that the Landau localization of bulk
states and the formation of chiral edge states may become relevant. We observe superconducting
pockets even at 70000 G for Gr/WS; junction for L = 500 nm, and 61, ~ 30 nA [39]. However,
this value is more than one order of magnitude larger than § I, reported in the QH regime with
a comparable r, for shorter and narrower junctions with better quality graphene [33]. This may
indicate that the supercurrent enhancement by the SOIs can also be effective in the QH regime.

7. Discussions and future possibilities

In this review we showed that strong SOIs can be induced in graphene through heterostructures
with TMDs. The susceptibility of graphene’s exposed 2D electron gas facilitates the modulation
of its transport properties via proximity effects. Owing to interactions between 7 electrons in
graphene and p- or d-orbitals in TMDs, originating from calchogen and heavy atom, respectively,
the strong intrinsic SOI in TMDs are transferred to graphene, thereby WAL signals are observed
in magneto-transport measurements at low temperatures. While all of the TMDs have stronger
SOIs than graphene, monolayer tungsten-based TMDs (WS, and WSe,) bring considerable en-
hancement of SOIs in graphene compared with their bulk counterparts or other TMDs.

In addition to the normal-state transport properties, supercurrent transport through graphene
exhibits dramatic changes driven by the strong SOIs. Even for diffusive graphene with relatively
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low mobility, signatures of robust supercurrent are observed even around 1 T in Gr/WS; Joseph-
son junctions. Specifically, for the L=500 nm Gr/WS, junctions, dips of the differential resistance
dV/dlI are observed in magnetic fields as high as 7 T, a signature of superconductivity induced
in graphene. These exotic phemena may be driven by the localization of supercurrent near the
edges protected by the strong SOls.

While it is clear that graphene/TMD hybrid structures are an intriguing system to explore,
several issues still remain to be clarified. This system has been investigated both theoretically and
experimentally, but there are discrepancies in the estimates of the induced SOIs in graphene via
the TMDs. Early theoretical reports based on the DFT calculations predict SOI amplitudes of the
order of ~ 1 meV [51,52], smaller than the values obtained in experiments [23,24,28,44,45,53-57].
More recently, the angular dependence of the SOIs induced in graphene by the TMDs has been
considered [27,30]. These studies take into account a finite angle between graphene and a TMD
layer, more appropriate to real experimental devices. They demonstrate that the amplitudes of
the SOIs induced in graphene dramatically change depending on the relative angle between
the two layers, and at certain angles the SOIs become a few tens of meV, much larger than the
values estimated based on the DFT calculations where the relative angle between the two layers
is always set to zero. The discrepancies between the theoretical estimates and experimental ones
may also be due to differences in the position of the Fermi level in the band structure of the
system. For graphene/TMD bilayers, the band structure is generically the superposition of the
band structure of graphene and the TMD. However, the position of the Dirac cone (note that
now the linear band crossing is gapped due to the SOIs and bands are spin-split) depends on
the combination of graphene and the TMD. It is shown that the amplitudes of the induced
SOIs are highly affected by the position of the Fermi level in the band structure [30]. The band
structure of graphene/TMD hybrids has been experimentally investigated by angular-resolved
spectroscopy (ARPES) measurements [58, 59]. In the case of graphene/MoS, heterostructures,
while the ARPES data show that the Fermi level is located around the middle of the conduction
band, the DFT calculations propose that the Fermi level is near the conduction band edge of
MoS, [51, 58]. This discrepancy between the experimental results and calculations may also
be one of the reasons for the difference between the theoretical and experimental estimates of
the SOIs. To clarify these points further systematic experimental studies are essential including
different experimental probes. One of the promising candidates among them is resistively-
detected electron-spin resonance (RD ESR) technique, already used to determine the amplitude
of the intrinsic SOI in graphene [60]. By using this technique it may be possible to reveal the band
structure of graphene/TMD hybrids, thereby more precise values of SOIs can be extracted.

We now briefly discuss future directions of the graphene/TMD hybrid system. As for normal
state transport phenomena, since it is possible to generate spin currents even without ferromag-
netic contacts by using nonmagnetic TMDs such as MoS; or WSe, it is of great interest to fab-
ricate a device with pristine graphene connected to graphene/TMD electrodes. These electrodes
act as a spin current generator and detector. So far there have been reports on spin transport in
a graphene/TMD bilayer [61-64]. However, ferromagnetic metals are exploited as a spin injector
or detector in these studies. By using a graphene/TMD bilayer as a spin injector and detector for
“pristine” graphene instead of conventional ferromagnetic electrodes, it becomes much easier to
overcome spin impedance mismatch problem between spin injector/detector and graphene. By
depositing TMD flakes partially on graphene, it is realizable to make such a device.

It is also attractive to explore supercurrent properties in graphene/TMD Josephson junctions.
To demonstrate more explicitly the localization of supercurrent, scanning tunneling microscope
(STM) may be useful to show the edge states which carry supercurrent. Since supercurrent can
flow for as long as 500 nm in graphene/WS; Josephson junctions, it is also possible to fabricate
more complex structures to carry out further investigations of supercurrent transport.
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