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Abstract

Proximity-induced fine features and spin-textures of the electronic bands in graphene-based van
der Waals heterostructures can be explored from the point of tailoring a twist angle. Here we study
spin—orbit coupling and exchange coupling engineering of graphene states in the proximity of
1T-Ta$S, not triggering the twist, but a charge density wave (CDW) in 1T-TaS,—a realistic
low-temperature phase. Using density functional theory and effective model we found that the
emergence of the CDW in 1T-TaS, significantly enhances Rashba spin—orbit splitting in graphene
and tilts the spin texture by a significant Rashba angle—in a very similar way as in the conventional
twist-angle scenarios. Moreover, the partially filled Ta d-band in the CDW phase leads to the
spontaneous emergence of the in-plane magnetic order that transgresses via proximity from
1T-TaS, to graphene, hence, simultaneously superimposing along the spin—orbit also the exchange
coupling proximity effect. To describe this intricate proximity landscape we have developed an
effective model Hamiltonian and provided a minimal set of parameters that excellently reproduces
all the spectral features predicted by the first-principles calculations. Conceptually, the CDW
provides a highly interesting knob to control the fine features of electronic states and to tailor the
superimposed proximity effects—a sort of twistronics without twist.

1. Introduction

The ability to stack two-dimensional mater-
ials offers to design ultrathin van der Waals
heterostructures [1-3] that can foster spintronics
[4-9], optoelectronics [9-11], and twistronics [12,
13] applications and pave the way to novel carbon-
based and, hence, environmentally-friendly devices.
Modifying the properties of van der Waals mater-
ials through proximity effects is an added degree
of functionality so far very intensively explored,
particularly, proximitizing graphene leads to the

© 2023 The Author(s). Published by IOP Publishing Ltd

appearance of induced spin—orbit coupling (SOC)
[10], or inducing magnetic exchange proximity
effects [14, 15].

In order to add a novel tuning knob to the
van der Waals heterostructures, we investigate the
effect of charge density wave (CDW) that devel-
ops in 1T-TaS; and explore its effect on the spin
degree of freedom in proximitized graphene. In
addition to various CDW orderings that are emer-
ging in layered 3D bulk structures of transition
metal dichalcogenides (TMDCs) [16], also their
2D counterparts [17-19] offer a potential platform
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for studying the effects stemming from the dimen-
sionality, and CDW-triggered commensurability
and shape-topography [20, 21]. In particular, some
of TMDCs in the 1T polymorph phase have the
propensity to exhibit a variety of periodic lattice
distortions [22]. Frequently, the Peierls instabil-
ity gives rise to a stable low temperature periodic
CDW phase with a triangular /13 x /13 superlat-
tice. Particular examples count 1T-TMDCs such as
TaS, [23-25], TaSe, [25-27] and TaTe, [25, 27] or
NbS, [28] and NbSe, [29-31]. Structural CDW dis-
tortions have the form of David stars [32]—clusters
of 13 transition metal atoms in which an excess elec-
tron is effectively trapped at the star center [33-38].
What is particularly interesting, the commensurate
V13 x /13 CDW phase of TaS, forming the super-
lattice of David stars [39] possesses below 180 K
[40] enough electronic correlations [41] to develop
the Mott phase [42-46] and even superconductiv-
ity under pressure [32, 47]. Formation of CDW in
1T-TaS, results from the subtle interplay of lattice,
orbital and spin degrees of freedom [48], along with
the electron—phonon coupling [49, 50] which res-
ults in strongly localized electronic states near the
Fermi level [51]. The anharmonic phonon—phonon
interactions in 1T-TaS, are predicted to stabilize
CDW at elevated temperatures [52]. The correla-
tions at low-temperatures lead to spin polarization
and transform a monolayer of 1T-TaS, into a
magnetically polarized semiconductor [53] with in-
plane magnetization [54]. Rich electronic proper-
ties of 1T-Ta$S, can be engineered by the temperat-
ure [55-58], pressure [59], electrical pulses [60, 61],
electrical bias [62, 63], creation of domain electronic
walls [64], insertion of adsorbates [65, 66], charge
doping [67], substrate selection [68], strain [69-71],
or laser light [45, 72-74]. All this gives the 1T-TaS,
monolayer a potential for 2D spintronics applica-
tions counting ionic field-effect transistor [75], logic
gates and circuits [76], non-volatile memory devices
[58, 77, 78], and others.

In addition to many promising studies of 1T-
TaS, in the bulk or monolayer form, also its vari-
ous heterostructures have been considered in recent
literature, including the experimental works on the
heterostructures with 2H-TaS, [79], 2H-MoSe, and
2H-WSe, [80], 2H-MoS, [81], permalloy [82], h-BN
[83] or black phosphorus [84], and also graphene
[41, 85-87]. The latter is providing an ideal platform
for investigating fine spectral features stemming from
the proximity of graphene Dirac electrons to the cor-
related CDW phase.

The CDW degree of freedom present in 1T-TaS,
and its spatial topology provides a channel to con-
trol the proximity exchange coupling and SOC in
graphene without any physical change in a twist of
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the heterostructure components, as the CDW phase
can be manipulated locally, for example, by optical
means [88-90], electrical pulses [77, 78], or just tem-
perature and in a fully reversible manner. Such a fea-
ture has been only achieved in optical lattice analog
to bilayer graphene [91]. Twisted graphene/TMDC
heterostructures have been recently intensively stud-
ied [92-96] and control of the twist angle is of para-
mount importance for possible applications based
on the design of spin-charge conversion utilizing
the Rashba—Edelstein effect [8, 90, 97-99]. Here we
show that the same level of functionality can be
expected also for graphene/CDW states where the
‘role of the twist’ is played by the spatial topology
of CDW.

In the paper, we study the van der Waals het-
erostructure of graphene and 1T-TaS, monolayer by
means of first-principles calculations and propose
an effective tight-binding model for graphene bands
near the Dirac point extracting relevant model para-
meters. We found that the model parameters reflect
induced SOC and exchange interaction proximity
effects for transitions of the 1T-TaS; monolayer from
the normal to CDW state, and then to the ferromag-
netic ground state achieved by gradually decreasing
temperature.

2. Effective model Hamiltonian

Based on a given structural symmetry one can derive
a specific effective model Hamiltonian for graphene
m-bands [100, 101]. It has been noted [92, 93] that
the most general form of the induced Rashba SOC
term in twisted graphene/TMDC heterostructures
that obeys time reversal and threefold rotation Cj;
symmetries can be written as UTHRrU, where Hy is
the effective Rashba Hamiltonian, Hg = Ar(kos, —
oysy) [102,103] and U = e~ =9/2 \where oy, are the
Pauli matrices acting in sublattice space, while s ,
are the Pauli spin matrices for the spin degree of free-
dom. The Rashba angle ¢y originates from SOC mat-
rix elements between d-orbitals of metal atoms in
TMDC [92] and in general, represents a sum of the
geometric angle and the quantum phase [104]. The
results provided below are given with respect to the
ordered Bloch basis:

|A(q),1),1A(Q),4),[B(q), 1), [B(q),4), (1)

where the states are sublattice (A, B) and spin (7, J)
resolved, and the crystal momentum q is measured
from the I point.

The corresponding effective Hamiltonian in the
studied cases has C; symmetry, and its low energy
expansion close to the K (k. =1) and K (k= —1)
point is given as follows:
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and then modeled analytically employing an effective
tight-binding Hamiltonian derived from the sym-
metry considerations. The model parameters were
determined by fitting the tight-binding to the DFT
data. A crucial finding is the fundamental influence
of CDW formation on the proximity effect, result-
ing in a profound change in the parameters, spin tex-
tures, and fine-band topologies. As a consequence,
controlling the CDW presence in a heterostructure
consisting of graphene on 1T-Ta$, provides a prom-
ising tool to manipulate the electronic properties of
graphene near the Dirac point, in particular, a possib-
ility to tailor the radial Rashba SOC, which cants the
in-plane spin projections. In addition to SOC prox-
imity, the in-plane magnetic polarization of the CDW
phase superimposes the SOC, and exchange proxim-
ity effects offering to control the proximity effects by
temperature.

Our findings demonstrate that the emergence of
CDW in 1T-Ta$, profoundly modifies the proximity
effects in the studied heterostructure with graphene.
The effect bears resemblance to the physical situation
in twisted heterostructures, where modification of the
twist angle allows control over the proximity effects.
It should be strongly emphasized that in our sys-
tem this effect takes place without physical modific-
ation of the relative twist angle of 13.9° between the
graphene layer and 1T-TaS; layer, as enforced by the
lattice commensurability for V/13 x /13 reconstruc-
tion. Therefore, a specific sort of spintronics/twis-
tronics without a twist may be realized based on CDW
control in our heterostructure.

The proximity-induced SOC controlled with the
twist angle in van der Waals graphene/TMDC het-
erostructure might find application in spin-to-charge
inter-conversion [98, 124]. In particular, the modific-
ation of the in-plane spin texture with the twist angle
enables tunability of the Rashba—Edelstein effect [98].
In this context, we might mention that the control-
lability of the proximity effects in our heterostructure
offers a route to master also the spin-to-charge inter-
conversion but without the need to tune physically the
twist angle and with full reversibility.
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