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Van der Waals (vdW) heterostructures consisting of bilayer graphene (BLG) encapsulated within
monolayers of strong spin-orbit semiconductor WSs or ferromagnetic semiconductor CraGesTeg
(CGT), are investigated. By performing realistic first-principles calculations we capture the essen-
tial BLG band structure features, including layer- and sublattice-resolved proximity spin-orbit or
exchange couplings. For different relative twist angles (0 or 60°) of the WS; layers, and the magne-
tizations (parallel or antiparallel) of the CGT layers, with respect to BLG, the low energy bands are
found and characterized by a series of fit parameters of model Hamilatonians. These effective models
are then employed to investigate the tunability of the relevant energy dispersions by a gate field.
For WS, /BLG/WS; encapsulation we find that twisting allows to turn off the spin splittings away
from the K points, due to opposite proximity-induced valley-Zeeman couplings in the two sheets
of BLG. Close to the K points the electron spins are polarized out of the plane. This polarization
can be flipped by applying a gate field. As for magnetic CGT/BLG/CGT structures, we realize
the recently proposed spin-valve effect, whereby a gap opens for antiparallel magnetizations of the
CGT layers. Furthermore, we find that for the antiferromagnetic orientation the electron states
away from K have vanishingly weak proximity exchange, while the states close to K remain spin
polarized in the presence of an electric field. The induced magnetization can be flipped by changing
the gate field. These findings should be useful for spin transport, spin filtering, and spin relaxation
anisotropy studies of BLG-based vdW heterostructures.
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I. INTRODUCTION

capacitance measurements [35] and mesoscopic transport

Layered two-dimensional (2D) van der Waals (vdW)
materials have become indispensable for exploring new
functionalities in electronics and spintronics [I, 2]. The
fact that distinct 2D materials mutually influence each
other in vdW heterostructures via proximity effects [3]
has opened avenues for novel device designs at the
nanoscale [4H6]. It has been shown that several inter-
actions, such as superconductivity [7, [§], magnetism [9-
12], and spin-orbit coupling (SOC) [I3HI6], can be in-
duced on demand, while simultaneously each individual
layer maintains its characteristic properties. Moreover,
these proximity-induced spin interactions can be further
modulated by gating and twisting [111, I7H22].

In this context, bilayer graphene (BLG) has emerged
as a model playground for gate- and twist-tunable cor-
related physics [23H29] as well as for layer-dependent
proximity-induced spin interactions [10, B0H37]. Two
sheets of graphene stacked at a small twist angle can be-
come insulating, ferromagnetic [28], or superconducting
[23H277] under certain filling factors of the Moiré Brillouin
zone. By tuning the twist angle, one controls the inter-
layer coupling, thereby tailoring electronic and optical
properties of BLG [38].

Also proximity effects can induce spin interactions in
BLG. As theoretically predicted by first-principles calcu-
lations [30] and recently confirmed via penetration field
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[37], a transition-metal dichalcogenide (TMDC) in prox-
imity to BLG strongly enhances the SOC of the adjacent
graphene layer only. By applying a gate voltage, one can
then fully electrically turn on and off the SOC of the BLG
conduction electrons. Proximity effects even allow for
swapping spin interactions (SOC and exchange) in ex-so-
tic vdW structures, such as BLG encapsulated between
a ferromagnetic and a strong spin-orbit layer [32]. Such
a "bottom-up” approach to vdW engineering, building
more complex structures beyond bilayers, is just starting
to reveal its enormous potential for tailoring charge, spin,
and optical properties of 2D materials.

In this work, we consider BLG encapsulated either by
monolayers of the strong spin-orbit semiconductor WS,
or by monolayers of the ferromagnetic semiconductor
CraGegTeg (CGT). In such vdW heterostructures, BLG
preserves a great degree of autonomy of its electronic
structure, but both graphene layers experience proxim-
ity effects (SOC by WS or exchange coupling by CGT).
In the case of WSy encapsulation, and when all layers
are perfectly aligned (0° twist angle), we find that the
induced SOC is of valley-Zeeman type (Al ~ —\P ~
1 meV) and the same for both graphene layers. By twist-
ing the top WSy layer by 60°, with respect to the un-
derlying BLG/WS; structure, the valley-Zeeman SOC
of the top graphene layer switches sign (x\f — —Af,
AP — —AB). Rotating the top WSy layer by 60°, we
effectively switch the A and B sublattice of the under-
lying graphene layer. This has dramatic consequences
for the low energy bands of the WSy encapsulated BLG,
under zero external transverse electric field. The bands
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FIG. 1. Geometries of the encapsulated BLG heterostrucutres. Left: WS, encapsulated BLG, Right: CGT encapsulated BLG.

The relaxed interlayer distances are also indicated.

are spin-split, gapless, and s, spin-polarized for 0° twist
angle, while for 60°, they remain nearly unsplit and ex-
hibit a band gap. The reason is the sublattice- and layer-
polarized low energy band structure of BLG in combina-
tion with the short-range and layer-resolved proximity-
induced valley-Zeeman SOC, that can be controlled by
the twist angle.

Similarly, when BLG is encapsulated within two CGT
monolayers, their individual magnetizations control the
sign of the proximity-induced exchange coupling in the
corresponding graphene layer. When both CGT layers
have parallel magnetization, both graphene layers expe-
rience similar and uniform proximity exchange (A2, =~
AB ~ —3.5 meV). By switching the magnetization di-
rection of the top CGT layer, the proximity-induced ex-
change coupling of the adjacent graphene layer switches
sign (A — =A%, AB. — —AB). Similar to before, the
consequence for the BLG is that we can turn on and
off its conductance by tuning the layer-resolved proxim-
ity exchange coupling at zero external transverse electric
field. This realizes the recently proposed spin-valve vdW
heterostructure [36]. A finite electric field can be used to
tune the band gap, as well as spin and charge transport
properties.

II. COMPUTATIONAL DETAILS AND
GEOMETRY

In the following we consider BLG in Bernal stacking,
which is encapsulated within two layers of WS, or CGT,
see Fig. [I] Initial atomic structures are set up with the
atomic simulation environment (ASE) [39] and visualized
with VESTA software [40]. For the first-principles calcu-

lations we use 5 x 5 supercells of BLG, v/3 x v/3 CGT
supercells, and 4 x4 supercells of WS,. In the case of WSg
encapsulation, we stretch the lattice constant of BLG by
roughly 2% from 2.46 A to 2.5 A and the WS, lattice
constant is compressed by about 1% from 3.153 A [41]
to 3.125 A. In the case of CGT encapsulation, we keep
the lattice constant of graphene unchanged at a = 2.46 A
and stretch the CGT lattice constant by roughly 4% from
6.8275 A [42] to 7.1014 A.

The electronic structure calculations and structural
relaxations of the BLG-based heterostructures are per-
formed by density functional theory (DFT) [43] with
QuanTuM ESPRESSO [44]. Self-consistent calcula-
tions are performed with the k-point sampling of 12 X
12 x 1 (9 x 9 x 1) in the case of CGT (WS3) encapsu-
lation to get converged results for the proximity-induced
exchange (SOC). We use an energy cutoff for the charge
density of 500 Ry, and the kinetic energy cutoff for wave-
functions is 60 Ry for the scalar relativistic pseudopo-
tentials with the projector augmented wave method [45]
with the Perdew-Burke-Ernzerhof exchange correlation
functional [46]. In the case of CGT encapsulation, we
perform open shell calculations that provide the spin po-
larized ground state and proximity exchange coupling.
In addition, a Hubbard parameter of U = 1 eV is used
for Cr d-orbitals, similar to recent calculations [10] [47].
In the case of WSy encapsulation, we use the relativistic
versions of the pseudopotentials, to capture (proximity)
SOC effects.

For the relaxation of the heterostructures, we add vdW
corrections [48,[49] and use quasi-newton algorithm based
on trust radius procedure. Dipole corrections [50] are
also included to get correct band offsets and internal
electric fields. In order to simulate quasi-2D systems,



we add a vacuum of 20 A, to avoid interactions be-
tween periodic images in our slab geometries. Only the
WS2/BLG/WS; structure with 0° twist angles, as well as
the CGT/BLG/CGT structure with parallel magnetiza-
tions, are relaxed. To determine the interlayer distances,
the atoms of BLG and WSs are allowed to relax only in
their z positions (vertical to the layers), and the atoms
of CGT are allowed to move in all directions, until all
components of all forces are reduced below 1072 [Ry/aq),
where ag is the Bohr radius. When we then twist the top
WS; layer by 60°, or flip the magnetization of the top
CGT layer, no further structural relaxation is performed.

The obtained interlayer distances are summarized in
Fig. [l] and are similar to previous reports [I0} [30]. Since
we have assumed perfectly aligned individual layers, the
full heterostructures still have C5 symmetry after relax-
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ation. In addition, the relaxed structures are nearly, but
not fully symmetric regarding interlayer distances. The
reason is that the precise atomic registry (stacking) of
top and bottom encapsulation layer, with respect to their
corresponding graphene sheet, are not exactly the same.

III. MODEL HAMILTONIAN

Here we present the Hamiltonian used to model the
low energy bands of the encapsulated BLG structures.
The basis states are |Ca1,71), |Ca1,4), |Cs1, 1), |CB1,4),
|Ca2, 1), [Cas2,{), |Cr2, 1), and |Cga, ). In this basis the
Hamiltonian is (see also Refs. [32] and [57))
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We use the linearized version of the nearest-neighbor

structural function f(k) —@(T’fz — iky), with the
graphene lattice constant a and the Cartesian wave vec-
tor components k, and k, measured from £K for the
valley indices 7 = £1. The Pauli spin matrices are s;,
with i = {0,2,y, 2}, and s = %(sm +irs,). Here, v;,
j =1{0,1,3,4}, describe intra- and interlayer hoppings in
BLG when the lower (upper) graphene layer is placed in
the potential V' (=V'). The parameter A describes the
asymmetry in the energy shift of the bonding and an-
tibonding states. The parameters A (Aex) describe the
proximity-induced intrinsic SOC (exchange) of the corre-
sponding layer and sublattice atom (Ca1,Cg1,Ca2, Cgn2).
The combination of A\g and Ar describe the global and
local breaking of space inversion symmetry, similarly to
the Rashba term in graphene. To capture doping ef-
fects from the calculations, we introduce another param-
eter Ep, which leads to an energy shift on the model
band structure and we call it the Dirac point energy. To
extract the fit parameters form the DFT, we employ a
least-squares routine, taking into account band energies,
splittings, and spin expectation values.

IV. BAND STRUCTURE, FIT RESULTS, AND
GATE TUNABILITY

A. WS, encapsulated BLG

The first case that we address is the WS, encapsulated
BLG. Here, SOC is included in the calculation, since we
are interested in proximity-induced SOC effects, that are
present in both graphene layers. The calculated band
structure is shown in Fig. a). The dispersion features
four s,-polarized parabolic bands near the Fermi level,
that originate from BLG and which are located within
the band gaps of top and bottom TMDCs. Because the
layers interact via weak vdW forces, the dispersion of
BLG stays perfectly intact.

Zooming in to the relevant low energy bands, see
Fig. b)7 we find perfect agreement of the first-principles
calculation results with the model Hamiltonian. The fit
parameters are summarized in Table [ We know from
previous calculations [I0, B30, [32], that a substrate below
BLG induces a dipole field in BLG, similarly to an exter-
nal electric field. In both cases, a band gap will open in
the low energy dispersion. Here, the WSs encapsulated
structure is roughly z-mirror symmetric, and nearly no
dipole field is present. Hence, the orbital band gap is
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FIG. 2. (a) Band structure of WS, encapsulated BLG along the M — K —I" path. The color of the bands corresponds to the
s, spin expectation value. In the inset, we schematically illustrate the heterostructure, where both WS, layers have 0° twist
angle with respect to BLG. (b) Zoom to the calculated low energy bands (symbols) around the K point, corresponding to the
band structure in (a), with a fit to the model Hamiltonian (solid lines). (c,d) Same as (a,b) but when the top WS2 layer is
rotated by 60° twist angle with respect to the remaining BLG/WS, structure, as schematically illustrated in (c).

closed. In addition, both graphene layers experience the
same amount of proximity-induced valley-Zeeman type
SOC, see Table[l}

What happens if we now rotate the upper WS- layer
by 60°7 We will still have a fully C3 symmetric het-
erostructure, but the layer alignment changes (remember
also that we do not again relax the heterostructure after
twisting). The most drastic consequence is in reciprocal
space. We know that the valley-Zeeman SOC is con-
nected to the spin-valley locking in the TMDC. When all
layers are aligned (0° twist angles), the K and K’ points
of the individual Brillouin zones are also aligned and both
graphene layers are equally proximitized. However, when
the top WSs layer is rotated by 60°, the K point of the
BLG/WS, substrate couples now to the K’ point of the
top WSs layer, and vice versa. Regarding experiment,
there are now techniques to stack the layers under well
controlled twist angles [38, [52]. We want to know, what
is the consequence for the low energy BLG bands?

In Fig. c) we show the global band structure for the
60° scenario. Overall, the dispersion is nearly the same
as before, but the BLG bands are only s,-polarized near
the K point. Away from the K point, bands show an
in-plane spin polarization (they appear gray in our color
scale). In addition, if we zoom in to the fine structure, see
Fig. [2(d), we find that the low energy bands are nearly
unsplit away from the K point. The reason is that the low
energy bands are formed by non-dimer atoms Cpg; and
Caz from the individual graphene layers [51], 53], now
experiencing Rashba and opposite valley-Zeeman SOC,
see the fit parameters in Table [ At the K point, the
bands have a clear sublattice and layer character because
of the small intrinsic dipole field. The band splittings
and polarizations are dominated by the intrinsic SOC
parameters. Therefore, bands are split and s,-polarized.

However, away from the K point the bands are formed
equally by non-dimer atoms, having opposite valley-

Zeeman couplings, effectively cancelling each other.
Hence, bands are nearly unsplit and start to get in-plane
polarized due to the small but finite Rashba SOC, dom-
inating the band polarizations. Again, we find perfect
agreement of the first-principles calculation results with
the model Hamiltonian, see Fig. d)7 employing the
fit parameters in Table [l The vanishing of the valley-
Zeeman coupling for states away from the K point is
expected to decrease the spin relaxation anistropy (spin
lifetime ratio of out-of-plane to in-plane spins) to 50%,
characteristic for (residual) Rashba interactions only, de-
viating from the giant anisotropies predicted for large
valley-Zeeman splittings [64]. The gate field should then
restore the giant anisotropies (10-100), by introducing
valley-Zeeman couplings via layer polarization.

B. CGT encapsulated BLG

Now, we consider CGT encapsulated BLG. Here, SOC
is switched off in the calculation, because we are inter-
ested in bare proximity exchange parameters. In addi-
tion, we know that proximity SOC in graphene from CGT
is small compared to its proximity exchange [55]. Also
in this case, both graphene layers are getting proximi-
tized, and the valence and conduction band of BLG are
spin split. Depending on the magnetization directions
of the two individual CGT layers, different low energy
band structures can be realized. Our results show that
in the ferromagnetic configuration, where the magneti-
zations of both CGT layers point along the z direction,
both graphene layers are getting equally proximitized,
see Fig. a,b). This is especially reflected in the model
exchange parameters, Aex, in Table [[j which are equal in
sign and magnitude for all C sublattice atoms. Again,
the CGT/BLG/CGT sandwich structure is more or less
z-mirror symmetric and the built-in dipole field is al-
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FIG. 3. (a) Band structure of CGT encapsulated BLG along the M — K —I" path. Bands in red (blue) correspond to spin up
(spin down). In the inset, we schematically illustrate the heterostructure, where both CGT layers have parallel magnetization
(red arrows), pointing along the z direction. (b) Zoom to the calculated low energy bands (symbols) around the K point,
corresponding to the band structure in (a), with a fit to the model Hamiltonian (solid lines). (c,d) Same as (a,b) but for
antiparallel magnetization of the two CGT layers [bottom layer along z, top layer along —z, as schematically illustrated in (c)].

TABLE I. The fit parameters of the model Hamiltonian H
for the WS4 and the CGT encapsulated BLG structures. For
the WSz encapsulation, we consider the top WS2 layer to be
twisted by either 0° or 60°. In the case of CGT encapsulation,
we consider parallel (P) or antiparallel (AP) magnetizations
of the two CGT layers.

WS WS, CGT CGT
system

(0%) (60°) (P) (AP)
Y0 [eV] 2.444 2.444 2.519 2.524
71 [eV] 0.395 0.395 0.387 0.387
v3 [eV] —0.288  —0.288  —0.296  —0.295
Y4 [eV] -0.170  —0.170  —0.189  —0.189
V [meV)] ~1.024  —1.053  —0.495  —0.423
A [meV] 12.331 13.347 9.303 9.255
Ao [meV] 0 0 0 0
Ar [meV] 0.050 0.050 0 0
A [meV) 1.039 1.006 0 0
AP [meV) —1.067  —0.901 0 0
A2 [meV] 1.039 —0.802 0 0
AP? [meV] —1.067 1.088 0 0
AL [meV) 0 0 —3.447  —3.254
XS [meV] 0 0 —3.625  —3.460
A2 [meV) 0 0 —3.447 3.254
B2 [meV] 0 0 —3.625 3.460
Ep [meV] 2.815 1.928 0.987 1.051
dipole [debye] 0.020 0.037 0.051 0.054

most zero. Consequently, the orbital band gap of BLG
is closed, see Fig. b), which is reflected in the small
potential parameter V.

For the antiferromagnetic configuration, in which the

magnetization of the bottom (top) CGT layer points
along the z (—z) direction, proximity exchange effects
are still present, but the sign of the exchange coupling
for the top graphene layer changes. Consequently, the
spin splitting will be of similar magnitude, but of op-
posite sign, as also reflected in the fitted parameters in
Table[ll Since we have switched the magnetization of one
CGT layer, the global band structure is still similar to the
ferromagnetic case, compare Fig. [3|a) and Fig. [§|c), but
the bands corresponding to the upper CGT layer have
switched their spin polarization. Most remarkably, the
fine structure near the K point reveals a sizable band
gap of about 5 meV, such that no bands cross the Fermi
level, see Fig. d). In this case, it is not an intrinsic
dipole field that is responsible for the gap opening, but
rather the unique sublattice- and layer-polarized low en-
ergy band structure of BLG itself, being subject to lay-
ered antiferromagnetic proximity exchange.

Our CGT/BLG/CGT geometry is similar to the re-
cently proposed Crl3/BLG/Crl3 spin-valve heterostruc-
ture [36], in which the in-plane conductance can be con-
trolled by switching the magnetic configuration. Indeed,
the spin-split low energy bands cross the Fermi level
and the system is conductive in the ferromagnetic case,
see Fig. b), while in the antiferromagnetic case, see
Fig. d), no bands cross the Fermi level and the system
is insulating. The advantage of our presented structure is
that only the bands of the proximitized BLG are present
at the Fermi level, while for the Crl3/BLG/Crl; struc-
ture also bands originating from the Crls layers reside
near the Fermi level [36].

We want to point out that this switching mecha-
nism works for our symmetrical heterostructures, be-
cause V = 0 at zero external electric field. In experi-
ment, when BLG is asymmetrically encapsulated, e. g.,
with some additional substrate material, one needs to



tune the total electric field (built-in plus external) such
that V =~ 0.

C. Gate tunable low energy bands

We now turn to the gate tunability of the low energy
bands. As we know, an external electric field can be used
to tune the band gap of BLG [10, B0} [32] 51]. We exploit
the model Hamiltonian, along with the zero external field
parameters, listed in Table [, to calculate the electric
field behavior. We do not perform any additional first-
principles calculations here. From previous results [32],
we know that the electric field behavior can be modelled
realistically by tuning the parameter V only. For the
model calculations, we also set the Dirac point energy
Ep = 0, since doping effects seem not to play a role, as
the above first-principles results show.
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FIG. 4. Calculated low energy model band structures em-
ploying the fit parameters from Table [[] for the case of WS
encapsulation, when the top WSy layer is rotated by (a) 0°
and (b) 60°. The insets schematically illustrate the situations,
as in Fig.[2] From left to right, we tune the parameter V from
—5 meV to 5 meV, to simulate an external electric field, as
indicated by the arrows.

We restrict ourselves to three relevant cases,
V = -5, 0, and 5 meV, corresponding to external elec-
tric fields of about 0.75, 0, and —0.75 V/nm. A particu-
larly interesting case is, when V = 0, i. e., both graphene
layers are at the same potential, equally contributing to
the low energy bands at the K point. In our heterostruc-
ture calculations, a small asymmetry in the interlayer
distances remains from the relaxation, leading to a finite
intrinsic dipole and V # 0, see Table [}

1. WSz encapsulated BLG

In Fig. [d we summarize the model calculation results,
when employing an external electric field, for WSs encap-
sulated BLG. For the 0° twist angle and zero electric field
(V = 0), we find that the low energy bands are equally
split, s, polarized and cross the Fermi level, similar to
Fig. b). When an electric field is applied (V # 0), a
band gap opens. Independent of the field direction, the
low energy bands are the same, since both graphene lay-
ers experience the same valley-Zeeman SOC. For the 60°
twist angle and zero electric field, the bands exhibit a
gap and remain nearly unsplit. The origin is that the
individual valley-Zeeman SOCs from the two graphene
layers are now almost opposite, nearly cancelling each
other. A finite electric field opens the band gap, just as
before. But now, depending on the field direction, the
polarization of the two innermost bands can be switched,
important for spin-filtering purposes.

2. CGT encapsulated BLG
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FIG. 5. Calculated low energy model band structures em-
ploying the fit parameters from Table [[] for the case of CGT
encapsulation, for (a) parallel (P) and (b) antiparallel (AP)
magnetizations of the two CGT layers. The insets schemati-
cally illustrate the situations, as in Fig.[3] From left to right,
we tune the parameter V from —5 meV to 5 meV, to simulate
an external electric field, as indicated by the arrows.

In Fig. [5] we summarize the model calculation results,
when employing an external electric field, for CGT encap-
sulated BLG. In the ferromagnetic case, the low energy
bands can be tuned symmetrically with the field, inde-
pendent of the field direction, see Fig. a). The reason



is, that both graphene layers experience equal proximity
effects. This is also, why at zero field, the bands remain
split. In strong contrast, in the antiferromagnetic case,
and at zero field, the bands are also formed equally by
both graphene layers, but with opposite sign of proxim-
ity exchange. The couplings effectively cancel each other
and bands remain nearly unsplit. Because of this layered
antiferromagnetic proximity exchange, switching between
positive and negative electric field allows to flip the spin-
polarization of the two low energy bands, closest to the
Fermi level. Consequently, the relative magnetization of
the two CGT layers can be used to turn on and off the
in-plane conductance at zero external field. In the anti-
ferromagnetic case, an external electric field can be used
to control spin filtering.

V. SUMMARY

In summary, we have calculated the electronic struc-
ture of WSy or CGT encapsulated BLG from first prin-
ciples. By employing a model Hamiltonian, we were able
to reproduce the relevant low energy bands of BLG us-

ing suitable fit parameters. The gate tunability of the
bands was studied on a model level. Depending on
the encapsulation material, either valley-Zeeman SOC
or exchange coupling is induced in both graphene lay-
ers. Depending on the twist angle (magnetization di-
rection) of one WSy (CGT) layer with respect to the
remaining heterostructure, the corresponding proximity-
induced valley-Zeeman SOC (exchange coupling) in the
adjacent graphene layer can be switched in sign. These
tunable layer-resolved proximity effects in combination
with the unique sublattice character of the BLG low en-
ergy bands, allows to turn on and off the in-plane con-
ductance at zero external electric field. A finite electric
field can be used to further tailor the spin and charge
transport properties.
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