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Heterostructures of Graphene and Topological Insulators

Bi2$e3, BizTe3, and szTe3

Klaus Zollner* and Jaroslav Fabian

Prototypical 3D topological insulators of the Bi,Se; family provide a beautiful
example of the appearance of the surface states inside the bulk bandgap caused by
spin-orbit coupling-induced topology. The surface states are protected against
backscattering by time reversal symmetry, and exhibit spin-momentum locking
whereby the electron spin is polarized perpendicular to the momentum, typically
in the plane of the surface. In contrast, graphene is a prototypical 2D material,
with negligible spin-orbit coupling. When graphene is placed on the surface of a
topological insulator, giant spin-orbit coupling is induced by the proximity effect,
enabling interesting novel electronic properties of its Dirac electrons. A detailed
theoretical study of the proximity effects of monolayer graphene and topological
insulators Bi,Ses, Bi,Tes, and Sb,Te; is presented, and the appearance of the
qualitatively new spin-orbit splittings, well described by a phenomenological
Hamiltonian, is elucidated by analyzing the orbital decomposition of the involved
band structures. This should be useful for building microscopic models of the
proximity effects between the surfaces of the topological insulators and graphene.

hybridize through the bulk, and a finite
gap emerges in the Dirac spectrum.
Another prototypical material that hosts
Dirac electrons is 2D graphene,!"""? which
is a single layer of carbon atoms arranged in
a honeycomb lattice. In contrast to the topo-
logical insulators, the Dirac states in gra-
phene are not topologically protected.
However, due to the 2D nature of graphene,
one can easily manipulate its electronic
states via so-called proximity effects.!'’!
Within van der Waals heterostructures!"* ¢l
with other 2D materials, one can induce
magnetism, as well as strong spin-orbit cou-
pling (SOC) in graphene.’”~2% Combining
proximity-induced exchange and SOC in
graphene can, under the right conditions,
also lead to topologically protected edge

1. Introduction

The 3D topological insulators!" Bi,Se;, Bi,Te;, and Sb,Te;, are
prototypical bulk materials demonstrating topological surface
states, with a potential for practical applications, such as photo-
detectors and transistors.l”) The surface states feature Dirac elec-
trons whose spins are locked to the momentum,? providing
topological protection against back-scattering!*®! and making
the states highly conducting.! These materials consist of quin-
tuple layers (QLs) of alternating Bi/Sb and Se/Te atoms, where
weak van der Waals forces hold the individual QLs together.
The minimum number of QLs, such that topologically pro-
tected surface states emerge, is about 5-6, as demonstrated by
angle resolved photoemission spectroscopy (ARPES)! and first-
principles calculations.®™'% When these topological insulators
are too thin, top and bottom surface state wave functions
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states,”*? which could be important for
novel spintronics applications.

There have already been numerous stud-
ies considering graphene/topological insulator bilayers,”**%! in
which two different kinds of Dirac electrons are simultaneously
present. More specifically, it is possible to grow high-quality topo-
logical insulators such as Bi,Se; epitaxially layer-by-layer on gra-
phene, with small defect density.*>*% Such heterostructures can
actually be used as broadband photodetectors.*®! Relevant to our
work are spin properties of graphene/topological insulator slabs.
It has been argued that these structures can still exhibit quantum
spin Hall states,*'?%) and that the type and magnitude of
proximity SOC in graphene can be tuned by the twist angle.**2%l
Finally, spin transport experiments have demonstrated spin-
to-charge conversion in graphene on (Big15Sbgss),Tes!*” and
on Bi,Te,Se.*®

Similar to transition-metal dichalcogenides,™”'® topological
insulators strongly enhance the negligible intrinsic SOC of the
graphene Dirac states from 10 peV,!'»*"** by two orders of mag-
nitude to about 1meV.**?>* The proximity-induced SOC in
graphene is giant, drastically reducing spin relaxation times,
and of valley-Zeeman type, leading to giant spin relaxation
anisotropies.”>** Such graphene/topological insulator bilayers
are ideal for the interaction of topological surface states, with
in-plane spin-momentum locking, and the proximity-induced
spin-orbit fields in graphene.

In this article, we first review the properties of Bi,Tes as a rep-
resentative example of the 3D topological insulator family. Our
first-principles results, considering eight layers of Bi,Te; where
the Dirac surface states have already formed, are consistent with
literature. We include this background information to set the
stage for the discussion of main results. As we will be interested
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in the effects of an external (transverse) electric field, we also
investigated the gate effect on the degenerate surface states
in the Bi,Te; slab, which exhibit spin-momentum locking.
Indeed, we show that these topological states can be efficiently
separated in energy by an applied electric field. The splitting,
AE, of the surface states, increases linearly with the slope of
about 6.5 meV per mV nm ™" with the applied field. This density
functional theory (DFT) prediction agrees well with a simple esti-
mate based on electrostatics.

In the second part, we consider graphene/topological insula-
tor bilayers where we are interested in the proximity-induced
SOC in graphene. We quantify the magnitude and type of
induced SOC by fitting a symmetry-derived model Hamiltonian
to the low-energy bands of graphene. The proximity-induced
SOC in graphene is similar, but with variations in magnitude
(0.1-1 meV), for the considered topological insulators Bi,Ses,
Bi,Te,Se, and Sb,Te;. Moreover, the charge transfer between
materials and the resulting doping level of graphene can be sig-
nificantly different for different topological insulators, ranging
from 0 to 350meV in terms of the Fermi energy. When the
Dirac points of both materials are located near the Fermi level,
as the case of Bi,Te,Se indicates, the simultaneous study
of two very different spin-orbit fields is possible. Motivated
by the recent spin-charge conversion experiments in graphene
on (Big15Sbygs),Te;, " we extensively discuss the case of
graphene/Sb,Tes, including spin-orbit fields, and the gate tun-
ability of proximity-induced SOC and the doping level. We find
a giant electric field tunability of Rashba and intrinsic SOC, in
magnitude and sign, which is important to interpret the afore-
mentioned experimental data.

2. Monolayer Graphene in Proximity to Bi,Se;
and Bi,Te;

2.1. Topological Band Structure of Bi,Te;

We begin by describing the topological band structure of Bi,Te;,
to analyze the spin projection of the Dirac electrons as well as the
orbital decomposition of the states.

For the calculation of the topological insulator Bi,Tes,
we set up the atomic structure with the Atomic Simulation
Environment (ASE).**) We consider 8 QLs of Bi,Te;, using
the lattice constants*®! @ =4.386 A and c=30.497 A, with the
atomic parameters (u,v) = (0.4000,0.2097). In Figure la, we
show the geometry of 8 QLs of Bi,Se;, visualized with
VESTA.*”) The unit cell contains 40 atoms.

The electronic structure calculations are performed by DFT
with Quantum ESPRESSO.*? Self-consistent calculations are
performed with the k-point sampling of 30 x 30 x 1. The energy
cutoff for the charge density is 600 Ry, and the kinetic energy
cutoff for the wavefunctions is 70 Ry. We consider relativistic
pseudopotentials with the projector-augmented wave method*”!
using the Perdew—Burke-Ernzerhof exchange correlation func-
tional.®! Dipole and van der Waals corrections®*~>* are included
to get correct band offsets and internal electric fields. To simulate
the 8 QL slab of Bi,Te;, we add a vacuum layer of 30 A.

In Figure lc—e, we show the calculated low-energy band
structure, projected on the three different parts (top QL, bottom

[48]
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QL, bulk) of the geometry, defined in Figure 1a, along the k-path
shown in Figure 1b. We find that the Dirac states, that cross the
Fermi level, are localized in the top and bottom QL layer of
the Bi,Te;. Due to inversion symmetry of the 8 QL structure,
the Dirac states of top and bottom QL are at the same energy,
but with opposite spin. In Figure 1g-h, we show the same band
structure where the color corresponds to the s,, s,, and s, spin
expectation value, respectively. As the chosen k-path is along
the k,-direction, the Dirac states only have a s, spin component.
In Figure 1f, we show the spin-orbit field of the top QL
Dirac bands around the I" point. As expected, the Dirac states
show spin-momentum locking. Away from the center of the
Brillouin Zone, the Dirac bands also show some trigonal warp-
ing. Still within the bulk gap, the Dirac states acquire perpendic-
ular (s,) spin, which increases as the states get closer to the
bulk bands.

Our calculated low-energy band structure agrees very well with
ARPES measurements® and earlier DFT results."*®! Especially
the Dirac point of Bi,Tes is at about —150 meV below the Fermi
level and located within the bulk bands, see Figure 1c. In con-
trast, other topological insulators such as Bi,Se; have the Dirac
point at the Fermi level under ideal defect-free conditions.!
However, from the experimental point of view, unintentional
intrinsic doping is present for all members of the Bi,Se; topo-
logical insulator family, and the Dirac point is typically located
below the Fermi level.’™ To compensate this effect and to bring
the Dirac states to the Fermi level, the multicompositional
topological insulator crystals Bi, ,Sb,Te;_,Se, are consid-
ered.”>>78 Depending on the numbers x and y, the defect dop-
ing can be counteracted and bulk transport can be suppressed.
Of course, the formation of the Dirac states depends also on the
number of QLs,[8"1°’59’6°] because for thin samples the surface
state wave functions still interact with each other through the
bulk, such that gapless surface states are absent.

A possibility to break the aforementioned degeneracy of
the Dirac states of top and bottom QL is by the application of
a transverse electric field along the c-axis or through a substrate,
breaking the inversion symmetry. Depending on the potential
difference on the two sides, the Dirac states will be separated
in energy.®"! The electric field that we apply is modeled by a saw-
tooth potential, and we can directly estimate the potential energy
difference AV = e x A x d, from the electric field amplitude A,
the thickness of the 8 QL structure d = 78.7A (the distance
between the outermost Te atoms), and e is the charge of the elec-
tron. In Figure 2a, we show a zoom to the calculated Dirac sur-
face states of Bi, Te; for a transverse electric field of 5 mV nm™.
We find that the states originating from top and bottom QL
are still intact and separated by AE in energy. The dipole of
the structure, see Figure 2b, grows linearly with the applied field.
In Figure 2c, we compare the energy splitting AE, extracted from
the calculated band structures, with the estimated potential dif-
ference AV, as function of the applied electric field. Both depend
linearly on the applied field, as expected, but the energy splitting
AE is smaller than the estimated potential difference AV for all
field values. This can be attributed to the fact that the surface
states are localized within top and bottom QL and their spatial
separation is not exactly equal to the thickness d, as we use in
the estimation for AV. The splitting AE increases with a slope
of roughly 6.5 meV per mV nm™" of applied field.
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Figure 1. Geometry and calculated band structure of Bi,Te;. a) Side view of 8 QLs of Bi,Te; with definitions of the top and bottom QL and the bulk-like
part of the geometry. b) The first Brillouin Zone of the hexagonal unit cell, defining the k-path for the band structure. c—e) The calculated band structure
projected onto the three different parts (top QL, bottom QL, bulk) in the geometry, as defined in (a). f) The spin-orbit field of top QL Dirac bands around
the T point. The color corresponds to the s, expectation value, whereas arrows represent the in-plane spin components. g—i) The same as (c—e), where the

color corresponds to the s, s,

2.2. Proximitized Graphene: Effective Hamiltonian with SOC

To understand the proximity effect on the electronic band struc-
ture of graphene, we first introduce a generic phenomenological
model describing Dirac states of graphene with reduced symme-
try due to external effects.['”18:2062-661 The model Hamiltonian
given in the basis |¥a, 1), W4, |), |¥p, 1), and |¥, |) reads

H =Ho+ Hp +H; +Hr +Hpia + Ep
Ho = hve(tk,o, — ky0,) ® 5o

Ha = Ao, @ sy

Hy=1(Mo, +Po ) ®s,

Hy = —Ag(70, ® s, + 0, ® 5,)

Hpia = a(Apia04 — Apia0-) ® (kys, — kys,).

Phys. Status Solidi B 2021, 258, 2000081 2000081 (3 of 9)

and s, spin expectation value, respectively.

The first term H, describes a gapless linear dispersion near
Dirac points K (K’) with two-fold spin-degenerate bands. The
parameter vg denotes the Fermi velocity, and k, and k, are
the Cartesian components of the electron wave vector measured
from =£K, corresponding to the valley index z = 1. The Pauli
spin matrices are s; and o; are pseudospin matrices, with
i=1{0,x,y,z}. We also define o, =1/2(6, £ 0,) for shorter
notation. The pristine graphene lattice constant is a.

When graphene is situated above a substrate, the pseudospin
symmetry of graphene gets broken and H, describes a mass
term, opening a gap in the spectrum.!*”*! The corresponding
parameter A is called staggered potential and models the size
of the induced gap. Of course, the pseudospin symmetry break-
ing depends on the interlayer distance?®*%*! and on the actual
arrangement of graphene above the substrate’s surface which
can be tuned by twisting.[**® However, the sublattice potential
asymmetry is not always responsible for the gap opening.
Also a Kekulé lattice distortion, 23972 leading to a nearest

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Zoom to the calculated Dirac surface states of Bi,Te; for a
transverse electric field of 5 mV nm™". Color of lines corresponds to the sy
spin expectation value. Open triangles (spheres) correspond to projec-
tions onto top (bottom) QL. The surface states split in energy by AE,
due to the electric field. b) The calculated dipole and c) potential difference
AV and extracted energy splitting AE as function of the applied transverse
electric field.

neighbor-hopping asymmetry,”> and SOC, from
adatoms,”*7% can open the bandgap in graphene.

The Dirac bands of freestanding graphene show an intrinsic
SOC of about 12 peV.['"*142 Dye to a substrate, also the SOC in
the effective graphene p, orbitals, forming the Dirac bands, can
be modified. The term H; accounts for the modification of the
intrinsic SOC due to proximity effects, where A8 and AP are the
sublattice resolved intrinsic SOC parameters.

The presence of a transverse electric field (vertical to the gra-
phene layer) or a substrate breaks all symmetries, that would
allow to flip the orientation of the transverse z axis (inversion
with respect to z or mirror with respect to the xy-plane). Two
additional terms arise due to this symmetry breaking, namely
Hg and Hpia. The first term is the Rashba SOC with parameter
Ag, which describes the amount of space inversion asymmetry.
The second term is the sublattice resolved pseudospin-inversion
asymmetry (PIA) SOC Hamiltonian with parameters A4, and
28, ,, which describe the strength of the mirror plane asymmetry.

Finally, Ep accounts for electron or hole doping of the Dirac
bands due to external influences and we call it the Dirac point
energy.

e.g.,

2.3. Graphene/Topological Insulator van der Waals Bilayers

We now realize, using atomistic simulations, the effective
Hamiltonian introduced in the previous section by combining
graphene with a single quintuplet of Bi,Se;, Bi,Te,Se, and
Sb,Te; topological insulators. The resulting structure is essen-
tially a van der Waals bilayer, as we show in Figure 3.

For the calculation of the graphene/topological insulator
bilayers, we consider a 5 x 5 supercell of graphene on top
of a 3 x 3 supercell of a topological insulator. Initial atomic
structures are set up with ASE**! and the heterostructure was
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Figure 3. Geometry of graphene above 1QL of (Bi/Sb),(Se/Te);.
Different colors correspond to different atomic species, as in Figure 1.

visualized with VESTA,*”) see Figure 3. For periodic DFT calcu-
lations, we need to marginally strain the constituent layers to
form a commensurate unit cell. Therefore, we strain the gra-
phene lattice constant””) to a = 2.486 A and use the lattice struc-
ture of Bi,Se;, according to ref. [46], extracting only 1QL of the
topological insulator. For the other topological insulators,
Bi,Te,Se and Sb,Te;, we simply replace the relevant atoms with-
out changing the geometry. We consider only bilayers without
relaxation, using interlayer distances of 3.5 A between the gra-
phene layer and the QL of the topological insulator.?**"!

The first-principles calculations are performed in a similar
way as for the 8QL Bi,Te; structure, discussed earlier. For the
bilayer structures, we use a k-point sampling of 9 x 9 x 1, an
energy cutoff for the charge density of 500 Ry, and a kinetic
energy cutoff for wavefunctions of 60 Ry. Dipole and van der
Waals corrections are also included.”*=* Moreover, a vacuum
layer of 24 A is added, to avoid interactions between periodic
images in our slab geometry.

Note that for describing the electronic structure of a 3D topo-
logical insulator, the GW (G = Green’s function, W = screened
Coulomb interaction) method is a more accurate choice, as com-
pared with the generalized-gradient-approximation (GGA) used
in this work.®788% However, as we can see in Figure 1,
the GGA also captures the main band structure features of
the topological insulator and matches the ARPES measure-
ments.*” This makes sense, as GW is usually used to faithfully
describe the orbital gap in semiconductors, while the topological
surface states are gapless (up to finite-size hybridization) and
GGA is fully adequate to describe them and yield reliable predic-
tions. Furthermore, GW calculations are computationally very
demanding and inaccessible for such large heterostructure
systems we consider here. In addition, recent GGA-based calcu-
lation results!®* have already been successfully used for the inter-
pretation of experimental data for graphene/topological insulator
structures.*”)

In Figure 4, we show the calculated band structures of gra-
phene on 1QL of Bi,Ses, Bi,Te;Se, and Sb,Te;. In the case of
Bi,Se;, the Dirac point energy Ep, is well above the Fermi level
indicating strong hole doping, similar to refs. [23,81]. In contrast,
for the other two topological insulators, the Dirac point of
graphene is located at the Fermi level. As the topological
insulator thickness is just 1QL, the surface states have not yet
developed.”'%**) However, we indicate the topological insulator

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Calculated band structures of graphene on 1QL of a) Bi,Ses, b) Bi,Te,Se, and c) Sb,Te;. The color is the s, spin expectation value. In (a),
we define the Dirac point energy Ep and the doping energy of the topological insulator Eq.

Table 1. Fit parameters of Hamiltonian H for the graphene/topological insulator bilayers. The Fermi velocity v, gap parameter A, Rashba SOC parameter
g, intrinsic SOC parameters A and A%, and PIA SOC parameters 15, and A8,. The Dirac point energy Ep, as defined in Figure 4a.

Tl ve/10° ms™! A [peV] g [meV] A [meV] 18 [meV] s [MeV] ABa [meV] Ep [meV]
Bi,Se; 8.134 0.6 —-0.771 1.142 —1.135 0.465 0.565 353.2
Bi,Te,Se 8.123 0.3 —0.669 1.353 —1.351 —1.091 —1.209 4.0
Sb,Te; 8.119 0.2 —0.221 0.147 —0.139 2.623 1177 —-2.0

surface states with the energy Epy in Figure 4a. By fitting the
Hamiltonian H from the previous section to the graphene
Dirac bands we can extract several relevant orbital and spin-orbit
parameters. In Table 1, we show the fit parameters for the
different bilayers. The accuracy of the fit is shown in the next
section, where we analyze the graphene/Sb,Te; case in detail.

The Fermi velocity is roughly independent of the topological
insulator substrate. The sublattice symmetry breaking of
graphene due to the topological insulator, described by the
staggered mass parameter A, is tiny and almost negligible com-
pared with the other parameters. Consequently, the potential
asymmetry of the graphene sublattices in our investigated
structure is small. However, by twisting the layers!®**®! or by
decreasing the interlayer distance between graphene and the
topological insulator surface,****%* the gap in graphene’s
spectrum can be enhanced.

Interestingly, the intrinsic SOC parameters A} and AP are
almost equal in magnitude but opposite in sign for all the stud-
ied bilayers. Such a valley-Zeeman type SOC, i.e., 14 ~ —A?, can
lead to giant spin-relaxation anisotropies in graphene.!'®2%4%
A more detailed analysis of the graphene/Bi,Se; and graphene/
Bi,Te,Se cases is given in refs. [20,23]. More precisely, depend-
ing on the twist angle and the exact interface of graphene and
the topological insulator, a giant spin-relaxation anisotropy can
be present.””l Additional QLs of the topological insulator are
necessary for the surface states to form, but will have a minor
extra impact on graphene’s band structure, as proximity effects

Phys. Status Solidi B 2021, 258, 2000081 2000081 (5 of 9)

are short-ranged. In contrast, two very efficient tunability knobs
for band offsets and proximity SOC are the interlayer distance
and a transverse electric field.2%

Different to monolayer graphene, bilayer graphene shows a
giant bandgap, due to the intrinsic dipole present in heterostruc-
tures with Bi,Se;. Moreover, the resulting proximity band struc-
ture of bilayer graphene can be tuned by gating and a spin-orbit
valve can be realized.”*#?

2.4. Sb,Te; Substrate

The proximity effect in graphene due to Sb,Te; has not yet been
systematically studied. In the following, we provide both DFT
results and phenomenological descriptions for these bilayers.

In Figure 5b, we show the calculated band structure for the
graphene/Sb, Te; heterostructure, in the absence of a transverse
electric field applied across the bilayer structure. We find that the
Dirac point of graphene, as well as the band edge originating
from the topological insulator is located at the Fermi level.
The overall band structure is comparable to ARPES measure-
ments of graphene on a thick Sb,Te; substrate, showing the
coexistence of both Dirac cones near the bulk Sb,Te; valence
band edge.’®*

When a negative transverse electric field of —2Vnm™" is
applied across the bilayer, see Figure 5a, graphene gets electron-
doped and the Dirac point shifts to about —200 meV below the
Fermi level. The bands of the topological insulator do not shift in

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.pss-b.com

ySIC

3 IQIQD
SEINCF NS PSS

www.pss-b.com

www.advancedsciencenews.com

M K r M M K r M

Figure 5. Calculated band structures of graphene on 1QL of Sb,Te; with an applied transverse electric field of a) —2Vnm™', b) 0Vnm™’, and
c) 2V nm™". The color corresponds to the s, spin expectation value. In (c), we define the Dirac point energy Ep and the doping energy of the topological

insulator Eq,.

energy, compared with the zero field case. In contrast, when a  of the topological insulator do. In Figure 5c, we also label the
positive electric field of 2Vnm™ is applied, see Figure Sc, doping energy of the topological insulator with Ery, as these
the graphene bands do not shift in energy, whereas the bands  bands would correspond to the topological surface states in

—3
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Figure 6. Calculated low-energy band properties (symbols) for the graphene/Sb,Te; bilayer, with a fit to the model Hamiltonian H (solid lines) for zero
electric field. a—d) The spin expectation values of the four low-energy bands. €) The low-energy band structure of proximitzed graphene. The color is the s,
spin expectation value. f) The splitting of the valence (conduction) band in blue (red).
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Figure 7. Fit parameters of Hamiltonian H for the graphene/Sb,Te; bilayer as a function of a transverse electric field. a) The gap parameter A,
b) the Fermi velocity v, c) the dipole of the structure, d) Rashba SOC parameter Jg, intrinsic SOC parameters A and A%, e) PIA SOC parameters
M5,a and A8, and f) the Dirac point energy Ep, and the doping energy of the topological insulator Eyy, as defined in Figure 5c.

few QL structures. In Figure 6, we show the low energy band
properties of the graphene Dirac states, fitted to the model
Hamiltonian, for zero electric field. The model agrees perfectly
with the DFT-calculated band structure, capturing also the spin
expectation values and band splittings, using the parameters
summarized in Table 1 for the Sb,Te; substrate.

In Figure 7, we summarize the evolution of the fit parameters
as function of a transverse electric field, applied across the
bilayer. Most interesting are the intrinsic SOC parameters, which
can be tuned from positive to negative values, but always of
valley-Zeeman type. The Rashba and PIA SOC parameters are
also strongly changing with the applied field and can be even
tuned to zero. The resulting spin-orbit fields of the Dirac bands
are due to a competition of Rashba and PIA SOC favoring an
in-plane spin texture, and the intrinsic SOCs favoring an out-
of-plane texture. Due to tunability of these parameters with
the electric field, we have a potential knob to tune the spin-orbit
fields, as well as the magnitude of the proximity-induced SOC.
The spin-orbit fields of the four Dirac bands, as labeled in
Figure 6e, are shown in Figure 8 for the zero field case. We
can see that bands show very pronounced Rashba spin-orbit
fields. For example, the first conduction band (CB;) shows
counter-clockwise, whereas the second conduction band (CB,)
shows a clockwise rotating spin-orbit field, both also with a sig-
nificant and opposite out-of-plane spin component.

Recently, a gate-tunable spin-galvanic effect has been shown
experimentally in graphene/topological insulator bilayers.!*")
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. k, [107%/A]

Figure 8. First-principles calculated spin-orbit fields around the
K point of the bands a) B, b) €38, c) €48 and d) &8, for the
graphene/Sb,Te; bilayer, corresponding to the four low-energy bands
in Figure 6e. The dashed white lines represent the edge of the
Brillouin zone.
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More precisely, they demonstrate an efficient spin-charge conver-
sion at room temperature in graphene/(Biy5Sby s ), Te; hetero-
structures, which should be well comparable to our graphene/
Sb,Te; bilayers. Especially the electric field results in Figure 7
can be used to explain their gate-tunability of the conversion
efficiency, due to tunable proximity SOC.

Based on the aforementioned results, we can conclude that
for device applications, only a thin (1-2 QLs) topological insulator
is sufficient to fully exploit its proximity effect on graphene.
A thicker topological insulator is necessary for the Dirac surface
states to form, allowing to simultaneously study two types of
Dirac electrons, with very different spin-orbit fields. An electric
field can be used to tune both, the surface states of the topological
insulator and the proximity SOC in graphene. The magnitude
of proximity SOC and band offsets depend on the topological
insulator crystal. Consequently, a multicompositional material
Bi,_,Sb,Te;_,Se, might be the best choice for applications, as
proximity effects can be maximized with energetically aligned
Dirac states. Especially the mentioned gate-tunable spin-charge
conversion is important for novel spin-orbit technology, without
the need of ferromagnets.

3. Conclusion

We have reviewed the basic properties of the topological insulator
Bi,Te; and found gate-tunable energy splitting of Dirac states,
which resulted from the potential difference in the surface states.
The energy splitting increases linearly with a slope of about
6.5 meV per mV nm™ " of applied field, which can be experimen-
tally verified. In addition, we have reported original results
for graphene/Sb,Te; bilayers in the context of related graphene
heterostructures with Bi,Se; and Bi,Te,Se. We find that the
position of the graphene Dirac point strongly depends on the
substrate, when considering a single quintuplet of Bi,Se;,
Bi,Te,Se, or Sb,Te;. We quantify the proximity SOC by fitting
a symmetry-derived low-energy graphene Hamiltonian to the
DFT-simulated band structure. The overall results are similar
for all different topological insulators; we find a strongly
enhanced SOC in graphene, which is of the valley-Zeeman type.
The effective model and fitted parameters provide realistic foun-
dations for phenomenological modeling of especially spin trans-
port, and for interpreting future experiments on such structures.

From the detailed analysis of the graphene/Sb,Te; case, we
find also a strongly gate-tunable proximity SOC and doping level.
We show that by tuning the gate field the graphene Dirac point can
be well isolated from the valence band of the topological insulator,
and the spin-orbit parameters can change sign as a function of the
electric field. Remarkably, for all the investigated electric fields the
intrinsic SOC induced in graphene remains of the valley-Zeeman
type, although the corresponding parameters change sign (simul-
taneously) at around the fields of about —2 Vnm™". For this par-
ticular field value, the Rashba coupling is predicted to dominate
the spin properties. Our results regarding the electric field tunabil-
ity of the proximity SOC strength is important to interpret recent
gate-tunable spin-charge conversion experiments.

As outlook, it will be important to make a systematic investi-
gation of twisted bilayers of graphene and topological insulator
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quintuplets, to demonstrate further tunability of the proximity-
induced phenomena in the two important materials.

Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) SPP 1666. Open access funding enabled
and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

graphene, heterostructures, proximity spin-orbit coupling, spintronics,
topological insulators

Received: February 10, 2020
Revised: May 4, 2020
Published online: May 15, 2020

[1] H.Zhang, C. X. Liu, X. L. Qi, X. Dai, Z. Fang, S. C. Zhang, Nat. Phys.
2009, 5, 438.
[2] W. Tian, W. Yu, J. Shi, Y. Wang, Materials 2017, 10, 814.
[3] D. Hsieh, Y. Xia, D. Qian, L. Wray, J. H. Dil, F. Meier, ). Osterwalder,
L. Patthey, ). G. Checkelsky, N. P. Ong, A. V. Fedorov, H. Lin,
A. Bansil, D. Grauer, Y. S. Hor, R. ). Cava, M. Z. Hasan, Nature
2009, 460, 1101.
[4] M. Z. Hasan, C. L. Kane, Rev. Mod. Phys. 2010, 82, 3045.
[5] T. Zhang, P. Cheng, X. Chen, J. F. Jia, X. Ma, K. He, L. Wang,
H. Zhang, X. Dai, Z. Fang, X. Xie, Q. K. Xue, Phys. Rev. Lett. 2009,
103, 266803.
[6] N. Koirala, M. Brahlek, M. Salehi, L. Wu, J. Dai, J. Waugh, T. Nummy,
M. G. Han, J. Moon, Y. Zhu, D. Dessau, W. Wu, N. P. Armitage,
S. Oh, Nano Lett. 2015, 15, 8245.
[7] Y. Zhang, K. He, C. Z. Chang, C. L. Song, L. L. Wang, X. Chen, |. F. Jia,
Z. Fang, X. Dai, W. Y. Shan, S. Q. Shen, Q. Niu, X. L. Qi, S. C. Zhang,
X. C. Ma, Q. K. Xue, Nat. Phys. 2010, 6, 584.
[8] C. X. Liu, H. Zhang, B. Yan, X. L. Qi, T. Frauenheim, X. Dai, Z. Fang,
S. C. Zhang, Phys. Rev. B 2010, 81, 041307(R).
[9] O. V. Yazyev, |. E. Moore, S. G. Louie, Phys. Rev. Lett. 2010,
105, 266806.
[10] K. Park, ). ). Heremans, V. W. Scarola, D. Minic, Phys. Rev. Lett. 2010,
105, 186801.
[11] M. Gmitra, S. Konschuh, C. Ertler, C. Ambrosch-Draxl, ). Fabian, Phys.
Rev. B 2009, 80, 235431.
[12] A. K. Geim, K. S. Novoselov, Nat. Mater. 2007, 6, 183.
[13] I. Zuti¢, A. Matos-Abiague, B. Scharf, H. Dery, K. Belashchenko,
Mater. Today 2019, 22, 85.
[14] A. K. Geim, I. V. Grigorieva, Nature 2013, 499, 419.
[15] K. S. Novoselov, A. Mishchenko, A. Carvalho, A. H. Castro Neto,
Science 2016, 353, aac9439.
[16] D. L. Duong, S. J. Yun, Y. H. Lee, ACS Nano 2017, 11, 11803.
[17] M. Gmitra, ). Fabian, Phys. Rev. B 2015, 92, 155403.
[18] M. Gmitra, D. Kochan, P. Hégl, ). Fabian, Phys. Rev. B 2016,
93, 155104.
[19] K. Zollner, M. Gmitra, . Fabian, New J. Phys. 2018, 20, 073007.
[20] K. Zollner, ). Fabian, Phys. Rev. B 2019, 100, 165141.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.pss-b.com

ADVANCED
SCIENCE NEWS

v
O
:S:8°

4; (7

physica

www.advancedsciencenews.com

[27] T. Frank, P. Hégl, M. Gmitra, D. Kochan, ). Fabian, Phys. Rev. Lett.
2018, 720, 156402.

[22] P. Hogl, T. Frank, K. Zollner, D. Kochan, M. Gmitra, J. Fabian, Phys.
Rev. Lett. 2020, 7124, 136403.

[23] K. Song, D. Soriano, A. W. Cummings, R. Robles, P. Ordején,
S. Roche, Nano Lett. 2018, 18, 2033.

[24] D. Khokhriakov, A. W. Cummings, K. Song, M. Vila, B. Karpiak,
A. Dankert, S. Roche, S. P. Dash, Sci. Adv. 2018, 4, eaat9349.

[25] S. Jafarpisheh, A. W. Cummings, K. Watanabe, T. Taniguchi,
B. Beschoten, C. Stampfer, Phys. Rev. B 2018, 98, 241402 (R).

[26] ). Zhang, C. Triola, E. Rossi, Phys. Rev. Lett. 2014, 112, 096802.

[27] A. Zalic, T. Dvir, H. Steinberg, Phys. Rev. B 2017, 96, 075104

[28] H. Steinberg, L. A. Orona, V. Fatemi, |. D. Sanchez-Yamagishi,
K. Watanabe, T. Taniguchi, P. Jarillo-Herrero, Phys. Rev. B 2015,
92, 241409.

[29] C. L. Song, Y. L. Wang, Y. P. Jiang, Y. Zhang, C. Z. Chang, L. Wang,
K. He, X. Chen, J. F. Jia, Y. Wang, Z. Fang, X. Dai, X. C. Xie, X. L. Qj,
S. C. Zhang, Q. K. Xue, X. Ma, Appl. Phys. Lett. 2010, 97, 143118.

[30] W. Dang, H. Peng, H. Li, P. Wang, Z. Liu, Nano Lett. 2010, 10, 2870.

[37] P. Lee, K. H. Jin, S. ). Sung, J. G. Kim, M. T. Ryu, H. M. Park, S. H. Jhi,
N. Kim, Y. Kim, S. U. Yu, K. S. Kim, D. Y. Noh, J. Chung, ACS Nano
2015, 9, 10861.

[32] L. Kou, F. Hu, B. Yan, T. Wehling, C. Felser, T. Frauenheim, C. Chen,
Carbon 2015, 87, 418.

[33] L. Kou, B. Yan, F. Hu, S. C. Wu, T. O. Wehling, C. Felser, C. Chen,
T. Frauenheim, Nano Lett. 2013, 13, 6251.

[34] M. Rodriguez-Vega, G. Schwiete, ). Sinova, E. Rossi, Phys. Rev. B
2017, 96, 235419.

[35] W. Cao, R. X. Zhang, P. Tang, C. Yang, |. Sofo, W. Duan, C. X. Liu, 2D
Mater. 2016, 3, 034006.

[36] H. Qiao, ). Yuan, Z. Xu, C. Chen, S. Lin, Y. Wang, ]. Song, Y. Liu,
Q. Khan, H. Y. Hoh, C. X. Pan, S. J. Li, Q. L. Bao, ACS Nano
2015, 9, 1886.

[37] S. Rajput, Y. Y. Li, M. Weinert, L. Li, ACS Nano 2016, 10, 8450.

[38] K. Vaklinova, A. Hoyer, M. Burghard, K. Kern, Nano Lett. 2016, 16,
2595.

[39] I. Popov, M. Mantega, A. Narayan, S. Sanvito, Phys. Rev. B 2014, 90,
035418.

[40] D. Khokhriakov, A. M. Hoque, B.
arXiv:1910.06760, 2019.

[41] S. Abdelouahed, A. Ernst, J. Henk, I. V. Maznichenko, I. Mertig, Phys.
Rev. B 2010, 82, 125424.

[42] ). Sichau, M. Prada, T. Anlauf, T. J. Lyon, B. Bosnjak, L. Tiemann,
R. H. Blick, Phys. Rev. Lett. 2019, 122, 046403.

[43] K. H. Jin, S. H. Jhi, Phys. Rev. B 2013, 87, 075442.

[44] A. W. Cummings, ). H. Garcia, ). Fabian, S. Roche, Phys. Rev. Lett.
2017, 119, 206601.

[45] S. R. Bahn, K. W. Jacobsen, Comput. Sci. Eng. 2002, 4, 56.

[46] S. Nakajima, J. Phys. Chem. Solids 1963, 24, 479.

[47] K. Momma, F. Izumi, J. Appl. Crystallogr. 2011, 44, 1272.

[48] P. Hohenberg, W. Kohn, Phys. Rev. 1964, 136, B864.

[49] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni,
D. Ceresoli, G. L. Chiarotti, M. Cococcioni, |. Dabo, J. Phys.: Condens.
Matter 2009, 21, 395502.

[50] G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758.

[51] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.

[52] S. Grimme, J. Comput. Chem. 2006, 27, 1787.

[53] V. Barone, M. Casarin, D. Forrer, M. Pavone, M. Sambi, A. Vittadini,
J. Comput. Chem. 2009, 30, 934.

Karpiak, S. P. Dash,

Phys. Status Solidi B 2021, 258, 2000081 2000081 (9 of 9)

www.pss-b.com

[54] L. Bengtsson, Phys. Rev. B 1999, 59, 12301.

[55] Y. L. Chen, ]. G. Analytis, J. H. Chu, Z. K. Liu, S. K. Mo, X. L. Qj,
H. J. Zhang, D. H. Lu, X. Dai, Z. Fang, S. C. Zhang, I. R. Fisher,
Z. Hussain, Z. X. Shen, Science 2009, 325, 178.

[56] S. Basak, H. Lin, L. A. Wray, S. Y. Xu, L. Fu, M. Z. Hasan, A. Bansil,
Phys. Rev. B 2011, 84, 121401.

[57] Z. Ren, A. A. Taskin, S. Sasaki, K. Segawa, Y. Ando, Phys. Rev. B 2011,
84, 165311.

[58] T. Arakane, T. Sato, S. Souma, K. Kosaka, K. Nakayama, M. Komatsu,
T. Takahashi, Z. Ren, K. Segawa, Y. Ando, Nat. Commun. 2012,
3, 636.

[59] X. Luo, M. B. Sullivan, S. Y. Quek, Phys. Rev. B 2012, 86, 184111.

[60] T. Forster, P. Kruiger, M. Rohlfing, Phys. Rev. B 2016, 93, 205442.

[61] T. Zhang, J. Ha, N. Levy, Y. Kuk, J. Stroscio, Phys. Rev. Lett. 2013,
111, 056803.

[62] D. Kochan, S. Irmer, ). Fabian, Phys. Rev. B 2017, 95, 165415.

[63] K. Zollner, M. Gmitra, T. Frank, ). Fabian, Phys. Rev. B 2016,
94, 155441.

[64] K. Zollner, M. Gmitra, J. Fabian, Phys. Rev. B 2019, 99, 125151.

[65] D. Di Sante, P. Eck, M. Bauernfeind, M. Will, R. Thomale, ). Schifer,
R. Claessen, G. Sangiovanni, Phys. Rev. B 2019, 99, 035145.

[66] C. L. Kane, E. ). Mele, Phys. Rev. Lett. 2005, 95, 146802.

[67] G. Giovannetti, P. A. Khomyakov, G. Brocks, P. J. Kelly, J. van den
Brink, Phys. Rev. B 2007, 76, 073103.

[68] S. Y. Zhou, G. H. Gweon, A. Fedorov, P. N. First, W. De Heer,
D. H. Lee, F. Guinea, A. C. Neto, A. Lanzara, Nat. Mater. 2007,
6, 770.

[69] C. Y. Hou, C. Chamon, C. Mudry, Phys. Rev. Lett. 2007, 98, 186809.

[70] G. Giovannetti, M. Capone, J. van den Brink, C. Ortix, Phys. Rev. B
2015, 917, 121417.

[71] Z. Lin, W. Qin, ). Zeng, W. Chen, P. Cui, J. H. Cho, Z. Qiao, Z. Zhang,
Nano Lett. 2017, 17, 4013.

[72] C. Gutiérrez, C. J. Kim, L. Brown, T. Schiros, D. Nordlund,
E. B. Lochocki, K. M. Shen, J. Park, A. N. Pasupathy, Nat. Phys.
2016, 12, 950.

[73] Y. Ren, X. Deng, Z. Qiao, C. Li, J. Jung, C. Zeng, Z. Zhang, Q. Niu,
Phys. Rev. B 2015, 91, 245415.

[74] C.Weeks, ). Hu, . Alicea, M. Franz, R. Wu, Phys. Rev. X2011, 1,021001.

[75] ). Ding, Z. Qiao, W. Feng, Y. Yao, Q. Niu, Phys. Rev. B 2011,
84, 195444.

[76] H. Jiang, Z. Qiao, H. Liu, J. Shi, Q. Niu, Phys. Rev. Lett. 2012,
109, 116803.

[77] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov,
A. K. Geim, Rev. Mod. Phys. 2009, 81, 109.

[78] I. Aguilera, C. Friedrich, G. Bihimayer, S. Bliigel, Phys. Rev. B 2013,
88, 045206.

[79] I. A. Nechaev, R. C. Hatch, M. Bianchi, D. Guan, C. Friedrich,
I. Aguilera, ). L. Mi, B. B. Iversen, S. Bligel, P. Hofmann,
E. V. Chulkov, Phys. Rev. B 2013, 87, 121111.

[80] O.V.Yazyev, E. Kioupakis, ). E. Moore, S. G. Louie, Phys. Rev. B 2012,
85, 161101.

[81] J. Chae, S. H. Kang, S. H. Park, H. Park, K. Jeong, T. H. Kim,
S. B. Hong, K. S. Kim, Y. K. Kwon, J. W. Kim, M. H. Cho, ACS
Nano 2019, 13, 3931.

[82] M. Gmitra, ). Fabian, Phys. Rev. Lett. 2017, 119, 146401.

[83] G. Bian, T.F. Chung, C. Chen, C. Liu, T. R. Chang, T. Wu, |. Belopolski,
H. Zheng, S. Y. Xu, D. S. Sanchez, N. Alidoust, J. Pierce, B. Quilliams,
P. P. Barletta, S. Lorcy, ). Avila, G. Chang, H. Lin, H. T. Jeng,
M. C. Asensio, Y. P. Chen, M. Z. Hasan, 2D Mater. 2016, 3, 021009.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.pss-b.com

	Heterostructures of Graphene and Topological Insulators Bi2Se3, Bi2Te3, and Sb2Te3
	1. Introduction
	2. Monolayer Graphene in Proximity to Bi2Se3 and Bi2Te3
	2.1. Topological Band Structure of Bi2Te3
	2.2. Proximitized Graphene: Effective Hamiltonian with SOC
	2.3. Graphene/Topological Insulator van der Waals Bilayers
	2.4. Sb2Te3 Substrate

	3. Conclusion


