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Rashba spin splitting based on trilayer graphene systems
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We establish a general Rashba Hamiltonian for trilayer graphene (TLG) by introducing an extrinsic layer-
dependent Rashba spin-orbit coupling (SOC) arising from the off-plane inversion symmetry breaking. Our results
indicate that the band spin splitting depends strongly on the layer distribution and sign of Rashba SOC as well as
the ABA or ABC stacking order of TLG. We find that spin splitting is significantly enhanced as the number
of layers of the Rashba SOC with the same sign and magnitude increases. For the spatially separated two
Rashba SOCs of the same magnitude but the opposite sign, no spin splitting arises in ABC-TLG due to the
preservation of inversion symmetry that ensures the complete cancellation of contributions from the opposite
layers, whereas nonzero spin splitting is observed for ABA-TLG due to its own lack of inversion symmetry.
We further illustrate that gate voltage is effective to modulate the spin-polarized states near the band edges.
Moreover, we use density-functional-theory calculations to verify the Rashba splitting effect in the example of
TLG interfaced by Au layer(s), which induce simultaneously the effective terms of Rashba SOC and gate voltage.
Our results demonstrate the significance of layer and symmetry in manipulating spin and can be extended to
multilayer graphene or other van der Waals interface systems.
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I. INTRODUCTION

Flat graphene in its natural state has no magnetism and neg-
ligible spin-orbit couplings (SOCs) [1–3], resulting in its very
limited application in spintronics despite its excellent mechan-
ical, thermal, and electronic properties [1,4]. Because the spin
degeneracy of electrons in graphene inhibits its development
in spintronics, driving spin splitting has long been a key goal
for scientists and engineers [5–11]. In experiment, it is ef-
fective to open the spin degeneracy by inducing magnetism
or SOCs in graphene with edge engineering [12,13], adatoms
[14], or proximity effect [11,15]. For SOCs, it usually includes
[16,17] Rashba type, Ising type (valley-Zeemann term), and
Kane-Mele type, among which Rashba SOC is easier to in-
duce through interface engineering since only the off-plane
(z → −z) inversion symmetry [18] needs to be broken.

In recent years, numerous studies have been focused on
the Rashba physics based on graphene monolayer, bilayer,
and multilayer [15,16,18–37] (see Table I for the experimen-
tally reported Rashba interface systems). The key electronic
property induced by Rashba SOC is spin chirality in band
(spin vortex in momentum space) [23,27], which is an in-
triguing form of spin splitting. Remarkably, a large Rashba
splitting up to 0.1 eV was experimentally achieved by con-
tacting graphene with Au layer [25], unlike graphene/Ni
where magnetism is induced besides Rashba SOC [22,35].
Inspiringly, room-temperature spin Hall effect induced by
Rashba spin splitting and spin-valley coupling has been
observed in graphene-based heterostructures [38,39]. Nev-
ertheless, we have very little knowledge about the Rashba
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effect in trilayer graphene (TLG) until now, especially
considering its stacking order, ABC type in Fig. 1(a) or ABA
type in Fig. 1(b), between which significant differences exist
in electrically controllable electronic properties [40–43], spin
proximity effect [44], and second harmonics [45].

Here we systematically study the Rashba spin split-
ting in TLG by establishing a general Hamiltonian with
layer-dependent Rashba interaction induced by interface en-
gineering [9–11,18] from the top or bottom sides of TLG. We
show that the main factors affecting the band spin splitting are
the layer distribution of Rashba SOC and the stacking order of
TLG. In detail, the more layers the Rashba SOC of the same
sign and magnitude exist, the larger the band splitting is. For
a pair of Rashba SOCs with the opposite sign but the same
magnitude, we find that no spin splitting happens in ABC-
TLG since the inversion symmetry is not broken (resulting in
the complete cancellation of contributions from the opposite
layers), whereas spin splitting appears for ABA-TLG due to
its own lack of inversion symmetry. We also illustrate that gate
voltage can modulate the spin polarization by breaking the
spin or energy degeneracy near the band edges. Furthermore,
we use density-functional-theory (DFT) calculations [31,36]
to confirm the phenomena of Rashba spin splitting in TLG
interfaced by Au layer(s), for which Rashba SOC and gate
voltage work together.

Compared with Rashba bilayers [36], the Rashba trilayers
we consider here have an additional middle layer that can
be free from Rashba interaction and separates the top-bottom
Rashba layers by a greater distance. Significantly, our results
for TLG here reveal the nontrivial role of layer and symmetry
in manipulating spin, applicable to not only TLG but also
multilayers or other van der Waals materials. In addition,
our results based on Rashba bilayers [36] and trilayers reveal
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TABLE I. Interface engineered Rashba SOC (strength λ) in
graphene-based hybrid systems available in the existing references.
Here we are mainly concerned with the cases where Rashba SOC
plays a dominant role in the spin-dependent interactions. The ab-
breviations MLG, BLG, and FLG denote monolayer, bilayer, and
five-layer graphene, respectively.

Interface systems Strength (λ) Experiment Theory

MLG/Ni(111) ∼102 meV [22] [35]
MLG/Au 7–102 meV [25,29,30] [31,34]
MLG/MoTe2 2.5 meV [19] [19]
MLG/Bi0.3Sb1.7Te3 ∼10 meV [20]
BLG/WSe2 (biased) 10–102 meV [21]
FLG/2H-TaS2 70 meV [37] [37]

that an observable Rashba splitting can be induced without
need of strictly controlling the number of graphene layers and
the distribution uniformity between Rashba layers, facilitating
wider applications of carbon films in spintronics.

We organize this article as follows. In Sec. II, we establish
a general model Hamiltonian for Rashba trilayers within the
framework of tight-binding approximation. In Sec. III, we
present the results and discussion from the model. In Sec. IV,
we show the concrete examples of trilayer Rashba TLG from
DFT calculations. In Sec. V, other possible Rashba TLGs and
device application are discussed. The last section is devoted
to conclusion.

II. GENERAL MODEL HAMILTONIAN

On the basis of the tight-binding approximation [17,23],
we begin with an empirical lattice Hamiltonian,

H = − t
∑

〈i, j〉�α
c†
�i,αc� j,α −

� �=�′∑
�i,�′ j,α

γi jc
†
�i,αc� j,α

+ i

3

∑
〈i, j〉�αβ

λ�c†
�i,α (s × d̂�i,� j )

z
αβc� j,β

+
∑
�i,α

U�c†
�i,αc�i,α +

∑
iα

�ic
†
iαciα, (1)

where c†
�i,α creates an electron with spin polarization α at site

i on layer � (� = 1, 2, 3 for the bottom, middle, and top layers,
respectively), 〈i, j〉 runs over all the nearest-neighbor-hopping
sites, α (β ) denotes spin up (down), s = (sx, sy, sz ) is the spin
Pauli operator, and d̂ i j is the unit vector pointing from site
i to site j. The parameter t describes the intralayer nearest-
neighbor hopping energy, λ� is the �-dependent Rashba
spin-orbit energy, γ〈i, j〉 denotes the interlayer coupling energy
between site i on layer � and site j on layer �′ (�′ �= �), U�

indicates the effective layer-dependent potential induced by
gate voltage, and �i denotes the on-site energy. The hopping
parameter t satisfies υ = √

3at/2h̄, where a = 2.46 Å is the
lattice constant and h̄ is the reduced Planck constant. For
simplicity, we here mainly consider the interlayer nearest-
neighbor interaction (γ〈i, j〉 = γ ), which roughly captures the
main band features, while other longer-distance interlayer in-
teractions are useful to modify the band edges [42].
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FIG. 1. Real-space structures of TLG with (a) ABC stacking and
(b) ABA stacking in Cartesian coordinates (x, y, z). A� and B� label
two sublattices on the �th layer, and the dotted lines connect the
atoms that are exactly aligned in the z direction. (c) Brillouin zone.
K , K ′, 	, and M denote four high-symmetry points. (d) Schematic
diagram of the usual Rashba-induced band spin chirality χ = ±1
[23,27].

Corresponding to the five terms in Eq. (1) in order, we take
ψ = (ψ�=1, ψ�=2, ψ�=3) with ψ� = {ψA�↑, ψA�↓, ψB�↑, ψB�↓}
as the atomic basis set and perform the Fourier transformation
[1,17] and then obtain the effective momentum-space Hamil-
tonian near the Fermi energy as

H (p) = Hυ (p) + Hγ + Hλ + HU + H�, (2)

where the last term H� (nearly zero for bare TLG [44]) de-
pends on the interface details (see the example in Fig. 5, while
we do not write specific expressions here) and contributes
only to the diagonal term of the Hamiltonian, and the other
terms are written as

Hυ = υIτ (σx px + ξσy py)Is, Hγ = γ

2
(τxσx − τyσy)Is,

Hλ = λ

2
τz,φ (σxsy − ξσysx ), HU = Uτz,ϕIσ Is, (3)

where p = (px, py) describes the momentum [K (K ′) as
coordinate origin], ξ = ±1 represents valley K (K ′), s =
(sx, sy, sz ) is spin Pauli operator, σ = (σx, σy, σz ) is intralayer
sublattice pseudospin Pauli operator, Is(σ ) labels the 2 × 2
identity matrix in the s (σ) space, Iτ is the 3 × 3 identity
matrix in the layer pseudospin τ space. For each term in
Hamiltonian (3), Hυ indicates the massless Dirac term (υ
is the Fermi velocity in monolayer graphene), Hγ denotes
the interlayer nearest-neighbor coupling (γ is the strength),
Hλ represents the Rashba SOC (λ is the strength), and HU

represents the effective potential from gate voltage (2U cor-
responds to the vertical bias). In particular, to facilitate the
description of the layer pseudospin of trilayer graphene, we
here employ the 3 × 3 Pauli-like pseudospin matrices,

τx ≡
⎛⎝0 1 0

1 0 1
0 1 0

⎞⎠, τy ≡
⎛⎝0 −i 0

i 0 −νi
0 νi 0

⎞⎠,

τz,ϑ ≡
⎛⎝ϑ1 0 0

0 ϑ2 0
0 0 ϑ3

⎞⎠,

where ϑ denotes φ in Hλ and ϕ in HU and ν is +1 for the ABC-
stacking case and −1 for the ABA-stacking case. To simplify
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FIG. 2. Low-energy band structures for TLG with ABC stacking (top row) and ABA stacking (bottom row) near the K point without
gating (U = 0). The momentum on the horizontal axis is along the ky direction, and the color indicates the spin-component average 〈sx〉.
We use stacking order to differentiate the rows and �λ to differentiate the columns as λ = 7.14 × 10−3t is fixed. Specifically for the second
column, we use the loop marked by arrow to denote the spin handness in the (kx, ky ) plane [χ = +1 is labeled according to Fig. 1(d)], and
other cases can be similarly judged. By contrast, the first column shows the Rashba-absent case, and the last column shows the trilayer-uniform
Rashba case, whereas we focus beyond the first and last columns. All the bands are plotted with the same coordinate ranges as the first plot.

the parameter description, we define �λ = (φ1, φ2, φ3) and
�U = (ϕ1, ϕ2, ϕ3), where it satisfies U� = Uφ� and λ� = λϕ�

corresponding to Eq. (1). Without special instruction, a fixed
value of λ = 7.14 × 10−3t is used below to perform model
calculations, whereas the main conclusions (Abstract) do not
depend on the choice of λ value.

It should be noted that a recent work by Zollner et al. have
provided an effective Hamiltonian that includes additional
proximity exchange and spin-orbit couplings in TLG-based
van der Waals heterostructures [44] in addition to our con-
cerned Rashba terms. There the Rashba term is a perturbation
term and our-of-plane spin polarization is focused. In contrast,
we concentrate on the Rashba problem with respect to band
spin chirality [Fig. 1(c)]. The core issue we are concerned
about is the layer-dependent Rashba SOC, not only the am-
plitude but also, more importantly, the sign.

III. RESULTS AND DISCUSSION FROM THE MODEL

We start this section with two instructions below. First,
we consider the situation of spin splitting near the valley
K here, while the situation near the other valley K ′ can be
achieved by time-reversal symmetry [27]. Second, we plot the
energy bands along the ky direction and mainly calculate the
average value of spin component 〈sx〉 and schematically draw
the chirality of spin vortex [as sketched in Fig. 1(d)] where
appropriate. Note that it always satisfies

∑
i=x,y,z |〈si〉|2 = 1,

where 〈sz〉 is shown in Fig. 4 due to the necessity of analyzing
the spin orientation. For simplicity, we here set h̄/2 (the unit
of si) to be 1.

Without gate voltage, i.e., U� = 0 in model (1), we
plot the low-energy band structures in Fig. 2 by using
the Rashba parameter λ = 7.14 × 10−3t . For �λ = (1, 0, 0),
�λ = (1, 0, 1), and �λ = (1, 1, 1), it is seen that the num-
ber of subbands is doubled compared with �λ = (0, 0, 0),
as expected from the traditional Rashba effect [18]. Judging
from the strength of band spin splitting, we find that the more

layers the Rashba SOC of the same sign and magnitude exist,
the larger the band splitting is independent of the stacking
order. From the effect of band splitting, the Rashba effect
localized in each layer can be equivalently considered to be
equally divided by three layers through interlayer van der
Waals coupling, similarly to the previous finding in BLG
[36]. For the particular case �λ = (1, 0,−1), the spatially
separated two Rashba SOCs of the same magnitude but the
opposite sign, no spin splitting occurs in ABC-TLG due to the
complete cancellation of contributions from the opposite lay-
ers, whereas nonzero spin splitting is observed for ABA-TLG.
Essentially, inversion symmetry is preserved for ABC-TLG,
while ABA-TLG itself has no inversion symmetry even with-
out the Rashba term. Note that the situation of �λ = (1, 1, 1)
here is shown only for comparison, while we mainly focus
on the situations of �λ = (1, 0,±1) where Rashba SOCs are
induced by proximity effect from the top and bottom sides.
As a result, the band spin splitting depends strongly on the
layer distribution and sign of Rashba SOC (�λ) as well as the
ABA or ABC stacking order of TLG. In other words, symme-
try and stacking-order play a significant role in determining
whether Rashba splitting exsits in energy band. Notably, the
symmetry breaking here refers to the global structure rather
than the local structure (the top or bottom interface). Since
we are mainly concerned with the electronic states near the
Dirac point, we further use the Green’s function method [46]
to obtain the effective Hamiltonian for the simple case in
Fig. 2, where the last two terms in Eq. (1) are absent. For the
TLG with ABC-stacking, a four-band effective Hamiltonian
in basis {ψB1↑, ψB1↓, ψA3↑, ψA3↓} is obtained as

H̃ABC
eff =

[
(υπ†)3

2γ 2
(σx + iσy)Is + λ

3∑
i=1

φi
(υπ†)2

γ 2
σ ′s′

]
+ H.c., (4)

where π = px − iξ py is defined, �λ = (φ1, φ2, φ3) has been
defined below Eq. (3), and the orbit pseudospin operator σ ′
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FIG. 3. Low-energy band structures for gated TLG. This figure is obtained by setting the gate voltage 2U = λ = 7.14 × 10−3t and �U =
(1, 0, −1) on basis of Fig. 2. The insets enlarge the local band regions.

and the spin operator s′ read, respectively,

σ ′ = 1
2 (−iξσx + σy), s′ = 1

2 (sx + iξsy). (5)

The term of
∑3

i=1 φi = 0 in Eq. (4) agrees with the absence of
spin splitting in Fig. 2 when inversion symmetry is not broken
for �λ = (1, 0,−1). The magnitude of band spin splitting de-
pends strongly on the value of

∑3
i=1 φi, completely consistent

with the calculations in Fig. 2.
For the TLG with ABA stacking, an eight-band low-energy

effective Hamiltonian in basis {(ψB1↑ − ψB3↑)/
√

2, (ψB1↓ −
ψB3↓)/

√
2, (ψA1↑ − ψA3↑)/

√
2, (ψA1↓ − ψA3↓)/

√
2, (ψB1↑ +

ψB3↑)/
√

2, (ψB1↓ + ψB3↓)/
√

2, ψA2↑, ψA2↓} is obtained as

H̃ABA
eff =

(
hm D
D† hb

)
, (6)

where the different items are expressed as

hm = [υπ†(σx + iσy)Is + H.c.] + φ1 + φ3

2
λ(σxsy + ξσysx ),

hb =
[
− (υπ†)2

√
2γ

(σx + iσy)Is + λ

(
3∑

i=1

φi + φ2

)
υπ†

2
√

2γ
σ ′s′

]
+ H.c.,

D = φ3 − φ1

2
λξ

[
υπ†

√
2γ

σ ′s′ − (σ ′s′)†

]
. (7)

Here hm and hb describe the Rashba-modified monolayer-
like and bilayer-like Hamiltonian [1], respectively; D denotes
the coupling between hm and hb. For the case of �λ =
(φ1, φ2, φ3) = (1, 0,−1), we have φ1 + φ3 = 0,

∑3
i=1 φi =

0, and φ2 = 0, and therefore hm and hb return to the original
forms of massless Dirac and massive parabolic dispersion
[41], whereas the nonzero D modifies the Hamiltonian and
induced Rashba splitting.

Then we show the influence of gate voltage on band struc-
ture in Fig. 3 by fixing 2U = λ = 7.14 × 10−3t on basis
of Fig. 2. For �λ = (0, 0, 0), it is seen that a band gap is
opened in ABC-TLG, but semimetallic property is preserved
in ABA-TLG in spite of a local energy gap opened for the
linear-dispersion Dirac cone, consistent with previous results

[40,41]. For �λ = (1, 0,−1), spin degeneracy is opened even
though it is very weak (similarly to the high-order perturbation
effect in bilayer graphene [36]), because gate voltage breaks
inversion symmetry in ABC-TLG.

Regardless of spin degeneracy in Fig. 2 and Fig. 3, we
notice that the spin-component average satisfies 〈sx〉 � 0 in
the vicinity of valley K (further calculations not shown here
indicate that 〈sy〉 � 0 and |〈sz〉| � 1). This means that spin
flipping happens when the electronic states go across valley K .
For ABA-TLG with �λ = (1, 0,−1), it is shown that 〈sx〉 � 0
(actually 〈sy〉 � 0) holds in Fig. 2 for U = 0, and becomes
nonzero for U �= 0 in Fig. 3. To clarify the spin orientation for
�λ = (1, 0,−1), we further plot the spin-component average
〈sz〉 of electronic states in conduction bands in Fig. 4. We find
that 〈sz〉 � 1 holds, reflecting the spin signature dominated
by the out-of-plane orientation in the situation of layered-
opposite Rashba SOC [36].

In addition, we sketch the band spin chirality by taking
�λ = (1, 0, 0) as an example in Fig. 2 and Fig. 3 when the
electron energy deviates from the neutral point (E = 0). It is
seen that there is one subband with χ = +1 and one subband
with χ = −1 for ABC-TLG, whereas the subband number
with χ = −1 is one more than that with χ = +1 for ABA-
TLG. It is expected that this difference should be identifiable

y

0

5

K
y

K

ABA stacking with      =(1, 0, -1)λ

−1

1

0

FIG. 4. The spin-component average 〈sz〉 denoted by color in
conduction bands for ABA-TLG with �λ = (1, 0, −1) by fixing
λ = 7.14 × 10−3t . The gate voltage reads U = 0 (left panel) and
2U = 7.14 × 10−3t , �U = (1, 0, −1) (right panel).
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FIG. 5. Band structures calculated by DFT (solid lines) and fitted by lattice model (circles) for TLG interfaced by Au layer(s). The unit
cell is sketched from the top and side views for each structure, where we mainly consider the good-symmetry cases of Au atoms located at the
hexagonal centers [case (i) and case (ii)] or hexagonal vertices [case (iii) and case (iv)] of their nearest-neighboring graphene layer. The right
insets show the side views of ABC- and ABA-TLG, where site energies �, �′ and hopping parameters t , γ , γ ′, γ ′′ are denoted. See Table II
for complete fit parameters.

from the spin Hall experiment [15,39]. The analysis of band
spin chirality here is also applicable to other situations in
Figs. 2 and 3.

IV. TRILAYER RASHBA TLG FROM DFT CALCULATIONS

By employing DFT calculations, we verify the Rashba spin
splitting in model Hamiltonian (1) by contacting TLG with
Au layer(s) from the top or bottom side(s) as an example but
not limited to this example (see other candidates in Table I).
All the calculations are carried out using the VASP package
[47] based on the first-principles plane-wave pseudopotential
method and density functional theory. The exchange correla-
tion functional adopts the Perdew-BurkeErnzerhof [48], the
plane-wave basis energy cutoff is set as 500 eV and the k-
point setup uses the Monkhorst-Pack scheme, with 15 × 15 ×
1 k-point meshes. Geometric optimization is performed by
electron relaxation, where the convergence value of energy is
set as 10−6 eV and the force of all atoms is less than 0.01
eV/nm. The unit cell has six C atoms and one (two) Au
atom(s), and a vacuum region of 20 Å is used to avoid the
interactions between neighboring slabs. The lattice parameter

of graphene is a = 2.46 Å, with TLG interlayer distances
of d = 3.3 Å [42]. To better observe the Rashba splitting
effect, we artificially set the spacing between Au atom and
graphene layer at set as 2.7 Å (smaller than the equilibrium
position 3.2–3.4 Å). Undoubtedly, the interlayer distance ob-
tained from different experimental samples may vary [31],
but the nature of Rashba induced band splitting will not be
affected.

In Fig. 5, we show the DFT band structures for TLG in
proximity with Au layer(s), where case (i) and case (iii) [case
(ii) and case (iv)] are the single (dual)-interface situations,
with the difference that cases (i) and case (ii) [case (ii) and
case (iv)] correspond to the situation that Au atoms locate at
the hexagonal centers (vertices) of their nearest-neighboring
graphene layer. Our results indicate that the Rashba splitting
indeed depends strongly on the stacking order and structural
symmetry. For the same stacking order, case (iii) has larger
splitting than case (i), as expected from Fig. 2. No spin split-
ting happens when inversion symmetry is preserved for case
(ii) of ABC-TLG, likewise for case (iv) of ABC-TLG. To
demonstrate the spin orientation, we also show 〈sx〉 by color
in Fig. 5. It is worth nothing that 〈sx〉 for case (ii) and case (iv)
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TABLE II. Fitting parameters for the DFT calculations in Fig. 5. The parameters t , γ , γ ′, and γ ′′ are the hopping energies, � and �′ denote
the site energies, μ denotes the chemical potential induced by doping from Au layer(s), as sketched in the right insets of Fig. 5. The Rashba
and bias parameters read (λ, �λ) and (U,�U ), respectively, as shown in model (2).

System ABC-(i) ABC-(ii) ABC-(iii) ABC-(iv) ABA-(i) ABA-(ii) ABA-(iii) ABA-(iv)

t (eV) 2.572 2.386 2.569 2.423 2.576 2.489 2.528 2.461
γ (eV) 0.325 0.384 0.369 0.385 0.321 0.275 0.322 0.221
γ ′ (eV) −0.192 −0.216 −0.237 −0.279 −0.183 −0.212 −0.229 −0.192
γ ′′ (eV) −0.144 −0.167 −0.158 −0.164 −0.148 −0.165 −0.159 −0.167
� (eV) −0.050 0.086 0.076 0.086 0 0 0.168 −0.160
�′ (eV) 0.027 −0.023 0.083 0 −0.082 0 0.135 0
λ (meV) 43.4 43.2 93.6 93.3 43.2 42.9 93.2 92.8
�λ (1,0,0) (1,0,−1) (1,0,0) (1,0,−1) (1,0,0) (1,0,−1) (1,0,0) (1,0,−1)
U (eV) −0.261 −0.003 −0.202 −0.003 −0.281 −0.305 −0.258 −0.301
�U (1,−0.75, −1) (0,1,0) (1,0.25,−1) (0,1,0) (1,−0.86, −1) (0,1,0) (1,0.67,−1) (0,1,0)
μ (eV) −0.505 −0.832 −0.502 −0.861 −0.494 −0.865 −0.616 −0.702

of ABC-TLG is zero (opposite spin is mixed, resulting in spin
degeneracy).

Furthermore, we fit the DFT results by the tight-binding
model parameters, as listed in Table II. It is judged that the
terms of Rashba SOC and gate voltage in model (1) are si-
multaneously induced. The Rashba term originates from the
hopping between 5d orbital in Au atom and π orbital in car-
bon atom [31]. The chemical potential μ < 0 holds because
there is electron transfer from Au atoms to carbon atoms.
This charge transfer happens between the interlayer nearest-
neighboring orbital hybridization of Au and carbon atoms.
It is the potential energy difference between TLG layers that
gives the origin of the effective gate-voltage term. Matching
with the DFT data and tight-binding model, a more accurate
effective Hamiltonian with a more extended form of orbital
part is given as follows. For ABC stacking, we have

HABC
γ ′ = υ ′(τ+σ−π + τ−σ+π†),

HABC
γ ′′ = υ ′′(τ+π† + τ−π ),

HABC
� = τ1 ⊗

(
� 0
0 �′

)
+ �τ2 ⊗ Iσ + τ3 ⊗

(
�′ 0
0 �

)
,

(8)

where υ ′ = √
3γ ′t/(2h̄), υ ′′ = √

3γ ′′t/(2h̄) with a = 2.46 Å
(see Fig. 5 for hopping parameters t , γ ′ and γ ′′), σ± = (σx ±
iσy)/2, τ± = (τx ± iτ ν=1

y )/2. For ABC stacking, we have

HABA
γ ′ = υ ′(τ4σ−π + τ5σ+π†) + H.c.,

HABA
γ ′′ = υ ′′(τ4π

† + τ5π ) + H.c.,

HABA
� = (τ1 + τ3) ⊗

(
� 0
0 �′

)
+ �

2
τ2 ⊗ (Iσ − σz ). (9)

For the layer-related 3 × 3 matrices τi (i = 1 → 5) in Eq. (8)
and Eq. (9), all non-zero matrix elements are listed as follows:

(τ1)11 = 1, (τ2)22 = 1, (τ3)33 = 1,

(τ4)12 = 1, (τ5)23 = 1, (10)

which are used to shorten the writing of formulas.
Besides the situations where Au atoms locate at the specific

positions in Fig. 5, the model (1) that we build should be

applicable in the other situations, for which the values of
(λ,�λ), (U,�U ), and (�,�′) should be modified during
model fitting. Conceivably, when magnetic interactions are
further considered in complex interfaces [10,16,36], more
physics related to magnetism and topology can be achieved.

From the perspective of experimental feasibility, the free-
standing form of the structures in Fig. 5 is still a challenge
although is is theoretically possible. The existing reports in-
dicate that graphene can indeed be embedded by Au atoms
arranged in a monolayer structure, while additional substrate
like Ni [31] or Co [49] is needed to avoid the tendency of Au
atoms to arrange in clusters. In actual operations, one can use
SiO2 [29], instead of Ni or Co, as the substrate or use bulk
Au [50] (viewed equivalently, due to the short-range nature of
the proximity effect, only the surface Au monolayer works)
to preserve the well-separated graphene states in Fig. 5 with-
out the extra substrate-induced overlapping or hybridization
effects.

V. OTHER POSSIBLE RASHBA
TLGS AND DEVICE APPLICATION

We notice that the experimental observation has shown
that there is an additional AAA-stacking TLG configuration
(simple hexagonal stacking) [51], for which the electronic
structure differ significantly from ABA-stacking and ABC-
stacking. With this in mind, we perform further DFT
calculations for Au/AAA-TLG in Fig. 6(a) and Au/AAA-
TLG/Au in Fig. 6(b). The inversion symmetry is broken for
the former but holds for the latter. As a result, no spin splitting
is observed for Au/AAA-TLG/Au [�λ = (1, 0,−1)], while
spin splitting occurs for Au/AAA-TLG [�λ = (1, 0, 0)].

Actually, many structural configurations different from
ABA and ABC stacking for TLG can occur under artificial
control, typically twisted-angle control [52,53]. A notable re-
cent theoretical work by Avisha et al. has solved the problem
of twisted TLG with Rashba SOC [54], where the Rashba
trilayer Moiré lattice especially at small twisted angle (θ is
near 1◦) is discussed, and as the twisted angle θ changes, the
nonanalytic electronic charge density and the equilibrium spin
currents are illustrated. Imaginably, the twist angle can easily
alter or break the symmetry of untwisted parent structure.
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FIG. 6. Real-space structures and DFT band structures for
Au/AAA-TLG in (a), Au/AAA-TLG/Au in (b) and Au/ABB-
TLG/Au in (c). Specifically, the ABB-stacking TLG in (c) can be
seen as the outcome of the ABC-stacking TLG after π/3 rotation of
the top layer around the axis depicted in the figure while the other
two layers remain unchanged.

Based on these considerations, we choose a simpler case of
twist-angle π/3 to discuss the problem, as shown in Fig. 6(c),
where ABC stacking with inversion symmetry can become
ABB stacking without inversion symmetry after the top layer
is rotated. Notably, the TLG with ABB stacking does exist
in the twist angle experimental samples [52,53]. As expected,
spin splitting happens for ABB stacking here, in stack contrast
to ABC stacking (Fig. 5). Undoubtedly, Moiré patterns and
flat bands under small twist angle should appear [52–54],
but the Rashba splitting mechanism dictated by symmetry
breaking should not be altered.

Moreover, it is necessary to discuss the difference between
Rashba trilayer and Rashba bilayer in quantum transport from
the perspective of device application. For simplicity, we here
discuss the situation of low-energy effective models based
on the analytical expressions in Sec. III. An npn junction is
proposed in Fig. 7(a). As analyzed by the band-to-band tun-
neling, the transport should be forbidden at normal incidence
for TLG with ABC stacking because the incident and trans-
mitted (scattering region) states are orthogonal [27], resulting
in zero transmission. For BLG with AB stacking, the complete
transmission should happen at normal incidence because the
incident and reflected states are orthogonal, resulting in Klein
tunneling [1]. As expected, the calculated transmission in
Fig. 7(b) is independent of barrier height, holding for any
�iφi �= 0 in our calculations.

Essentially, the results in Fig. 7 are a manifestation
of band topology characterized by the Berry’s (geometric)
phase �B, defined by �B = ∮

C d p ·A(p), where A(p) =
〈ψ (p)|i∇p|ψ (p)〉 is the Berry connection for the wave func-
tion ψ (p). Using the effective Hamiltonian in Eqs. (4)–(5)
for Rashba TLG with ABC stacking, one can prove that �B

changes from 3π under �iφi = 0 to 2π under �iφi �= 0. In

E
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FIG. 7. (a) Quantum tunneling in an npn junction (top) for (i)
Rashba TLG with ABC-stacking (middle) and (ii) Rashba BLG
with AB stacking (bottom). d is the barrier width, E represents the
energy of incident electron, and V0 (in units of E/|e|) denotes the
barrier height. For case (i) and case (ii), the dispersion is plotted
in each region, and the solid and hollow points label two different
electronic states at normal incidence in transport. The symbol ×
(
√

) indicates that the normally incident electrons from the left are
forbidden (allowed) from crossing the barrier. (b) Dependence of
transmission on barrier height at normal incidence for two cases in
(a). The parameters E = 20 meV and d = 50 nm are fixed.

comparison, �B changes from 2π under �iφi = 0 to π under
�iφi �= 0 for Rashba BLG [27]. This means, to observe Klein
tunneling, �B/π should be an odd number [1,27,36], which
also applies to the situation of AAA or ABB stacking as
well as the complex situation of TLG with ABA stacking
when both the Dirac-like dispersion and the parabolic-like
dispersion coexist.

VI. CONCLUSIONS

By adding the layer-dependent Rashba interaction to the
usual Hamiltonian of trilayer graphene, we have got four
useful bits of information. First, the situation of band spin
splitting in Rashba TLG is determined by the layer distribu-
tion and sign of Rashba interaction and especially the stacking
order. Second, the more layers the Rashba SOC of the same
sign and magnitude exist, the larger the band splitting is.
Third, for the spatially separated two Rashba SOCs of the
opposite sign but the same magnitude, no spin splitting hap-
pens in ABC-TLG with inversion symmetry while obviously
weakened spin splitting is observed for ABA-TLG without
inversion symmetry. Forth, gate voltage is helpful to modulate
the spin splitting by opening the energy gaps in the vicinity
of energy valleys. To confirm the phenomena of Rashba spin
splitting, we have used DFT calculations in the platform of
TLG interfaced by Au layer(s), which induce simultaneously
the terms of Rashba SOC and gate voltage in TLG. Our
results reveal the significance of layer and symmetry of TLG
in manipulating spin and can be extended to other multilayer
graphene or van der Waals quantum materials.
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