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The concept of swapping the two most important spin interactions—exchange and spin-orbit coupling—
is proposed based on two-dimensional multilayer van der Waals heterostructures. Specifically, we show by
performing realistic ab initio simulations, that a single device consisting of a bilayer graphene sandwiched
by a 2D ferromagnet Cr,Ge, Tes (CGT) and a monolayer WS,, is able not only to generate, but also to swap
the two interactions. The highly efficient swapping is enabled by the interplay of gate-dependent layer
polarization in bilayer graphene and short-range spin-orbit and exchange proximity effects affecting only
the layers in contact with the sandwiching materials. We call these structures ex-so-tic, for supplying either
exchange (ex) or spin-orbit (so) coupling in a single device, by gating. Such bifunctional devices
demonstrate the potential of van der Waals spintronics engineering using 2D crystal multilayers.
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Introduction.—Novel 2D van der Waals heterostructures
give a strong push to spintronics [1-3] which requires
electrical control of spin interactions to realize devices such
as spin transistors [4-8]. The past years have seen
impressive progress in tuning spin-orbit and exchange
couplings individually [9-21]. A particularly suitable plat-
form for gating proximity effects is based on bilayer
graphene (BLG). It was proposed that spin-orbit coupling
in BLG can be turned on and off on demand [22,23], as
recently demonstrated [24]. Similar effects have been
predicted for ferromagnetic encapsulation [25-27]. The
next milestone would be a transport demonstration with
sensitivity to the spin polarization of the bands, or the spin-
orbit torque in the proximity setup [28-30].

In this Letter we present a device structure which is
capable of not only creating the two most important spin
interactions—spin-orbit and exchange couplings—in an
electronic system, but also swapping them on demand by
an applied electric field. Being able to swap two different
spin (or other effective) interactions by gating is a striking
thought, without precedence in the realm of conventional
materials. While proximity spin-orbit coupling preserves
time-reversal symmetry, and leads to such phenomena as
topological quantum spin Hall effect [31] or giant spin
relaxation anisotropy [14,32—-34], proximity exchange cou-
pling breaks time reversal symmetry and renders a nomi-
nally nonmagnetic electronic system effectively magnetic
[35]. Swapping the two interactions provides a reversible
route between time-reversal symmetric and magnetic
physics.

Our choice of the electronic platform for swapping the
spin interactions is BLG, which is nicely suited for
proximity-based devices by providing two coupled
surfaces. Via layer polarization, which locks a given layer
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to an electronic band (or set of bands), transport properties
can be strongly influenced by the environment. We
use a CGT/BLG/WS, heterostructure, with monoloayer
Cr,Ge,Teg (CGT) providing a strong proximity exchange
effect to the bottom layer of BLG, and WS, to induce
strong spin-orbit coupling to the top layer, see Fig. 1.

Gating can swap spin-orbit and exchange couplings, as
illustrated in Fig. 1. The applied electric field changes the
layer polarization, which changes the layer-band assign-
ment, thereby swapping the proximity exchange and spin-
orbit couplings. This intuitive picture is supported below by
realistic density functional theory (DFT) simulations and
phenomenological modeling, predicting quantitatively the
behavior of the ex-so-tic heterostructures in the presence of
a transverse electric field.

Swapping spin-orbit and exchange coupling by gate.—
We consider a supercell stack containing BLG sandwiched
between a monolayer WS, and a monolayer ferromagnetic
CGT with an out-of-plane magnetization, as depicted in
Fig. 1. We calculate the electronic states for this structure
using DFT, see Supplemental Material [36]. The band
structure along selected high-symmetry lines containing the
K point is shown in Fig. 2. The magnetization—from CGT
—as well as the strong spin-orbit coupling—from the
transition-metal dichalcogenide (TMDC)—are manifested
by the spin polarization of the bands. Inside the semi-
conductor band gap, there are well preserved parabolic
electronic states of BLG. States relevant for transport form
the four low-energy bands close to the Fermi level. It is
these four bands that are at the focus of this work.

BLG per se has no band gap, has tiny spin-orbit coupling
(on the order of tens of ueVs [37]), and has no magnetic
exchange coupling. But sandwiched by the two mono-
layers, both orbital and spin properties of the low-energy
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FIG. 1. Ex-so-tic van der Waals heterostructure. Top: BLG
sandwiched between a monolayer TMDC (such as WS, or
MoSe,) and a monolayer ferromagnetic semiconductor (such
as CGT or Crl;). The magnetization of the ferromagnet is
indicated by the arrows. The top layer of BLG is proximitized
by the TMDC, acquiring a giant spin-orbit coupling, while the
bottom layer of the BLG is proximitized by the ferromagnet,
acquiring an exchange coupling. Bottom: Electric tunability of
the low-energy bands at K and K’. The colors red and blue
indicate out-of-plane spin. For a fixed Fermi level E (here in the
conduction band), the Dirac electrons experience either exchange
or spin-orbit coupling, depending on the electric field.
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FIG. 2. Calculated electronic band structure of a WS,/BLG/
CGT stack along the high symmetry path M-K-I". The color of
bands (red and blue) corresponds to the s, spin expectation value.
We focus on the low energy bands within the dashed-line box.

bands of BLG strikingly change. First, the built-in dipole
moment in the heterostructure [22,27] separates the con-
duction and valence bands, inducing a band gap for a given
spin polarization. Next, the states exhibit a giant spin-orbit
coupling induced from the TMDC layer. This coupling is
opposite in K and K’ points, as a consequence of time
reversal symmetry of the spin-orbit interaction. Finally, the
electronic states of BLG become magnetic, manifested by
an exchange splitting, equal in K and K’, coming from the
ferromagnetic CGT. It is the fascinating spectral separation
of the spin-orbit coupling and exchange in the BLG which
allows for their swapping.

The three aforementioned effects are nicely seen in Fig. 3
which shows a zoom to the low-energy band structure of
the stack at both K and K’. Perhaps the most striking feature
of the band structure is the difference in the energy
dispersion at K and K’, which ultimately comes from
the interplay between the induced spin-orbit and exchange
couplings in BLG. While the valence and conduction bands
partially overlap at K, there is a local band gap at K'.
The dipole moment of the heterostructure is too weak to
open a global (over the whole Brillouin zone) band gap.
The spin splittings are 2-8 meV, which is experimentally
significant.

An applied external electric field increases the band gap
of the doubly proximitized BLG and makes explicit the
effects of the TMDC and CGT layers. This is demonstrated
in Fig. 3, which shows both the DFT results (for fields
—0.5, 0, and 0.4 V/nm) and model calculations (for fields,
-1, =0.5, 0, 0.4, and 1 V/nm) using an effective
Hamiltonian introduced in the next section. Let us first
look at negative electric fields, say —1 V/nm, which point
down, towards CGT. The conduction bands are split by
about 8 meV, having identical spin polarizations at K and
K’, which means that this splitting is due to exchange
coupling: the conduction bands are affected by the ferro-
magnetic CGT and conduction electrons will exhibit trans-
port properties of magnetic conductors. On the other hand,
the valence bands are split less, by about 2 meV. More
important, the spin polarizations of the two bands are
opposite at K and K, signaling time-reversal symmetry: the
valence bands experience spin-orbit coupling from WS,.
This makes sense. At negative electric fields electrons in
the upper layer of BLG have a lower energy, and form the
valence band. These electrons are affected by the TMDC
layer, which gives them the strong spin-orbit coupling
character. We will see in the next section that the spin-orbit
coupling is of the valley Zeeman type, which is character-
istic for graphene proximitized by a TMDC. Similarly,
electron orbitals in the lower layer of BLG have a higher
energy, forming the conduction band, which is magnetic
due to the presence of CGT. If the applied electric field
points up, towards the TMDC layer, the situation is
reversed and the spin characters of the valence and
conduction bands are swapped, see Fig. 3.
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FIG. 3. Low energy dispersion curves around K (top) and K’ (bottom) for the WS,/BLG/CGT heterostructure. The color of the

curves corresponds to the s, spin expectation value: spin up is red and spin down is blue. The yellowish and reddish backgrounds
indicate that the bands are split by spin-orbit coupling (SO): the yellowish is for down-up (blue-red) and reddish for up-down (red-blue)
spin ordering along increasing energy. The greenish background is for exchange coupling (EX) whose ordering is always up-down,
fixed by the magnetization of the CGT layer. From left to right the transverse electric field is tuned from —1 to 1 V/nm. For electric
fields of —0.5, 0, and 0.4 V/nm both model (solid lines) and DFT data (symbols) are plotted. For electric fields of =1 V/nm we use the
model parameters with extrapolated values for V, assuming a linear dependence on the field. Parameters V = 7.1, 3.2, —0.5, —3.6,
—8.1 meV correspond to the field values of —1, —0.5, 0, 0.4, 1 V/nm, respectively.

We have thus demonstrated the swapping of exchange
and spin-orbit couplings: at a fixed chemical potential
(doping level), the electrons exhibit either exchange or
spin-orbit coupling, not both. Which coupling is realized
depends on the gate. The same would work with few-layer
TMDCs and ferromagnetic semiconductors encapsulating
BLG, since the proximity effect is sensitive to the inter-
facial layers only [52].

Model Hamiltonian.—To describe the low-energy states
of our heterostructure we employ a Hamiltonian for BLG in
the presence of a transverse electric field [37],

H:Horb+Hsoc+HR+Hex+ED‘ (1)

It comprises orbital (orb), intrinsic spin-orbit (soc), Rashba
(R), and exchange (ex) terms. We also include the Dirac-
point energy Ep shift. Below we specify the individual
Hamiltonian terms using pseudospin notation. A matrix
form of H is given in the Supplemental Material [36].

The orbital physics is captured by

V3704
27/0 Ho @ (Tkxax + kyo-y) ® o
4
+El(ﬂx ®6x_:uy ®6y) ® S0
\/§7361
4
\/§73a
4
\/5}’4(1
2
+Vu, ® 69 ® 59

+Ap, ®o +u_®a_)® s, (2)

Horb = -

Hx ® (Tkxo-x - kyay) ® S0

/‘y ® (Tkxo-y + kyax) ® S0

(Tkxﬂx - ky:uy) ® 0o ® S0

where we denote the graphene lattice constant ¢ and the
wave vectors k, and k,, measured from +K for the valley
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index 7 = £1. The Pauli matrices y;, o;, and s;, represent
layer, pseudospin, and spin, with i = {0, x,y,z}. We also
define p. =% (u, £ pp) and o, =3 (0, +0y) to shorten
notation. Parameters y;, j = {0, 1,3, 4}, denote intra- and
interlayer hoppings of the BLG. Transverse displacement
field is introduced by voltage V for the lower, and —V for
the upper layer of BLG. Finally, A is the asymmetry in the
energy shift of the bonding and antibonding states.

The intrinsic spin-orbit coupling term, while also present
in a free-standing BLG, is strongly renormalized by the
proximity to the TMDC. This effect is described by

7—(soc =Hy ® T(AIIMGJr + ’111916—) ® Sz
- ® (e, + M) @5, (3)

with parameters A; denoting the proximity spin-orbit
coupling of the corresponding layer (1,2) and sublattice
(A, B) atom. Because of the short-rangeness of the proximity
effect only the upper layer is affected, so that only para-
meters 472 and 152 are significant (on the meV scale). The
Rashba coupling can emerge due to the breaking of the space
inversion symmetry in the heterostructure and the applied
electric field. This term has the form

1
Hy =5 (dou: + 2igho) ® (10, ® 5y =0y ® 51),  (4)

where 4 describes the local (intrinsic) breaking of space
inversion due to the presence of the other layer in BLG. The
resulting spin-orbit fields are opposite in the two layers,
giving no net effect on the spin-orbit splitting. The global
breaking of space inversion due to the heterostructure and
the electric field is accounted for by the proper Rashba
parameter Az. For a more detailed description of the model
and parameters, we refer the reader to Ref. [37]. Finally, the
magnetic proximity effect induces exchange coupling in
BLG, which has the standard form

Hex = My ® (_/1?)(16—0— + /15)(16—> ® Sz
—p- ® (Ao, +Ao]) ® 5., (5)

where parameters 4., represent the proximity exchange for
the individual sublattices and layers.

The spectrum of the effective Hamiltonian 7 is fitted to
the DFT-obtained low-energy dispersion of doubly prox-
imitized BLG at zero applied electric field shown in Fig. 2.

TABLE L

First, the orbital parameters y; from H,y, are obtained, as
well as the built-in bias V, staggered potential A, and the
Dirac energy Ep. In the second step we analyze the fine
structure of the spectrum and extract proximity induced
spin-orbit and exchange parameters. The induced spin-orbit
coupling in the upper layer is of the valley-Zeeman type,
with opposite parameters on the two atoms of the sub-
lattice: 492 = =152~ 1.1 meV. The atoms of the lower
BLG layer experience strong proximity exchange coupling
due to the adjacent CGT, 14! = 18! ~ —=3.9 meV. As for
the Rashba coupling, it is negligible (on the meV scale),
which is consistent with our finding that the spin polari-
zation of the considered bands is predominantly out of
plane. The fitted parameters are summarized in Table I;
parameters not presented there were found to be negligible
and set to zero. With such a minimal set of parameters the
agreement of the effective model and the DFT is excellent,
see Fig. 3.

The fitted parameters demonstrate the message that
one layer of BLG experiences giant (on the meV scale)
spin-orbit coupling, while the other layer giant exchange
coupling, at zero electric field. The only parameter that
significantly changes when an electric field is applied is
V. We therefore change V in our model Hamiltonian (and
keep other parameters as fitted to the zero-field DFT
results) to see how the spectra develop. The results are
presented in Fig. 3. Their qualitative interpretation was
already given above. Here we only note that the con-
sistency of this procedure (changing only V as the
electric field is applied) is checked by performing
DFT simulations for two electric fields, —0.5 and
0.4 V/nm; for +1 V/nm we use V assuming its linear
dependence on the applied electric field. The agreement
with the model calculations, seen in Fig. 3, gives us full
confidence in our approach. More detailed fit results can
be found in the Supplemental Material [36], where we
also provide results for the individual BLG/CGT and
WS, /BLG subsystems, to further validate the robustness
of the model.

For an experimental realization of the swapping effect it
is preferred to dope BLG with holes, to prevent spilling out
the conduction-band carriers into the CGT (the Dirac point
is about 100 meV below the conduction band of CGT, see
Fig. 2), upon application of a field. However, we do not
expect such a spill-out for conduction-electrons to happen
at fields lower than 0.5 V/nm [27].

Parameters of the model Hamiltonian H, Eq. (1), fitted to the DFT low-energy dispersion data for the CGT/BLG/WS,

heterostructure at zero applied electric field. Parameters y are in eV, others in meV. The dipole is given in debye. Unspecified model
parameters are zero. Based on the fit parameters for the individual BLG/CGT and WS, /BLG subsystems given in the Supplemental
Material, we assumed 192 = —182 and 14! = 28! here for the fit.

Y0 Y1 73 74 14 A 2 2 % 28 Ep Dipole
2.432 0.365 -0.273 —-0.164 -0.474 8.854 1.132 —-1.132 -3.874 -3.874 0.348 0.398
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Summary.—Doubly proximitized BLG offers a unique
platform for investigating fundamental spin physics and
designing multifunctional spintronics applications. Using
realistic DFT simulations and phenomenological modeling
we demonstrate swapping the two most important spin
interactions—exchange and spin-orbit couplings—in a
WS, /BLG/CGT multilayer. The swapping also means turn-
ing the time-reversal symmetry on and off, on demand, in the
electronic states at a given doping. Since the effect is robust,
we expect a variety of swapping phenomena if the bilayer
sandwich comprises antiferromagnets, ferroelectricity, ferro-
electrics, topological insulators, or superconductors.
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