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A B S T R A C T

The influence of substrate morphology on the Rashba band splitting at the Dirac point of graphene, has been
theoretically investigated. More specifically, the possibility for this splitting to be caused by spin–orbit coupling
(with the heavy metal substrate) was of a special interest to study. The model system consisted of a 4H-SiC
(0 0 0 1)/graphene interface, with an intercalated metal layer (Ag and Au, respectively). These intercalating
metal layers were built with two different types of morphologies; either flat or buckled (with different buckling
positions). The results show that depending on the position of the buckled metal atom, the size of the bandgap
and band splitting (at the Dirac point of graphene) will either increase (or decrease). Moreover, the enlargement
of the buckling size was also shown to affect the electronic properties of graphene (i.e., by increasing the
bandgap). The sizes of the bandgaps and band splitting for the different intercalating metals (Ag and Au), were
also found to be different. Spin-projected band structures was also implemented in the present study, with the
purpose to show the spin-texture of graphene. It was thereby shown that the spins pined to the x and y spin
components for most of the cases.

Introduction

Graphene, with its two-dimensional structure, has been vastly stu-
died the recent years. This is mainly due to the various numbers of
fascinating features of graphene (such as electronic, optical and me-
chanical properties [1,2]). Another feature of graphene that has been of
a large interest to study is the topological phase, which depends on the
size of the spin–orbit coupling (SOC). However, the SOC value for C
atoms is very small [3,4]. One needs therefore to modify the graphene
material towards larger SOC values, to be able to use graphene within
applications like spintronics, and for applications based on quantum
spin hall effects (QSHF) [5,6].

There are two types of SOĆs in graphene; the intrinsic and the
Rashba. The intrinsic SOC can cause an opening in the bandgap at the
Dirac point [7], whilst the Rashba SOC will split the bands [8]. The
Rashba effect, which appears in the absence of mirror symmetry, has
been vastly studied for various types of 2D materials. Especially then for
graphene, with a metal layer being intercalated between graphene and
the substrate [9–11]. The purpose with an intercalation metal layer is
two-fold; i) to create a single layer of graphene, and ii) to increase the
SOC in graphene to make it more suitable for QSHF and spintronic
applications. Some experimental studies report on the enlargement of
the SOC in graphene by using an intercalated Au layer (with active d

orbital electrons) [12], or an intercalated Pb layer (with active p orbital
electrons) [13]. Another study has reported on an SOC enlargement
with graphene in close contact with a transition metal dichalcogenide
(TMD) [14]. It has theoretically been shown that the SOC will be either
intrinsic, or Rashba, depending on the position of the metal adatoms. It
was found to originate from the tunneling of electrons between the
orbitals on the adatoms, and the pz-orbital of graphene, throughout
available electron channels [15,16]. However, the effect of the mor-
phology of the intercalated layer, on the Rashba splitting in graphene,
has not yet been investigated.

The main goal with the present project has been to theoretically
investigate the effect of the morphology of Au- (or Ag)- intercalated
layers (with active 5d-orbital electrons) on the Rashba SOC for gra-
phene. Density Functional Theory (DFT) techniques were thereby used,
in addition to a model of the Au- (or Ag-) intercalated 4H-SiC (0 0 0 1)/
graphene interphase. Buckled layers of the metals, with different
buckling sizes (i.e., morphologies) and positions, were thereby con-
sidered, and the electronic properties of the SiC/metal/graphene in-
terface were accordingly calculated.

Computational methods

Density Functional Theory (DFT) techniques, based on periodic
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boundary conditions, have been used to obtain and analyze the results
in the present study. The exchange–correlation function was general-
ized by using GGA (Generalized Gradient Approximation), as im-
plemented in the Atomistix ToolKit 2019.3 [17,18]. PseudoDojo pseu-
dopotential [19], including spin–orbit interactions, was used in the
calculations. In order to describe the weak interactions between the
individual layers in the interface models (such as those between gra-
phene and the metal layer), the DFT-D2 method [20] was used. Fur-
thermore, a Monkhorst-Pack sampling of 25 × 25 × 1, with a cut-off
energy of 140 Ha, was considered with the purpose to describe the
electronic properties of the model structures.

In the construction of a 4H-SiC (0 0 0 1)/metal/graphene interface
model, a lattice matching of × °R3 3 30 (of graphene with respect to
SiC) had to be considered. In addition, when adjusting the monolayer of
graphene with respect to the SiC/metal structure, a tensile stress of
8.4% was used [21]. A vacuum thickness of 40 Å was considered in
order to remove any interaction between neighboring model slabs. With
one exception, all atoms in the supercell were geometrically relaxed
with the purpose to obtain a thermodynamically stable structure. A
7 × 7 × 1 k-point sampling was then used, with a threshold force of
0.01 eV/Å for each atom. In addition, the bottom atomic layer (of SiC)
had to be fixed in order to simulate a continuation into bulk SiC.

Three different structural configurations of the intercalated metal
layer were used with the purpose to study the effect of morphology of
the intercalated metal layers on the Rashba band splitting (RBS) at the
Dirac point (DP) of graphene. One of these structures was a completely
flat metal layer, while the other two were slightly buckled (see Fig. 1 for
an intercalated Ag metal layer). For these latter types of buckled mor-
phology, one metal atom in the intercalated layer, and per supercell,
was slightly closer positioned to the underlying SiC substrate. More-
over, the difference between the two buckled metal layer morphologies
was the position of the buckled formation with respect to the graphene
geometrical structure. It was either positioned directly under a gra-
phene hollow site (H), or under a graphene C atom (top site: T). This
was the situation for both Ag and Au intercalation.

Results and discussion

Geometrical structures

Intercalation with flat (or buckled) Ag (or Au) layers has here been
considered, with the purpose to study the role of substrate morphology
on the formation of Rashba band splitting at the Dirac point of graphene
(Ag-intercalated models are shown in Fig. 1). As a first step, the geo-
metry of the 4H-SiC (0 0 0 1)/metal structures were optimized to the
most energetically stable structural configurations. A monolayer of
graphene was thereafter attached to these SiC/Ag and SiC/Au surfaces.

It was thereby rotated (by 30 degrees) to match the unit cell of the
substrate, forming a × °R3 3 30 supercell. The geometry of the newly
formed 4H-SiC (0 0 0 1)/metal/graphene structures were thereafter
optimized to the most stable configurations. As can be seen from Fig. 1
there were three Ag (or Au) atoms under the graphene sheet, out of
which one was positioned beneath the center of a hexagonal ring of
graphene, and the other two atoms were positioned directly beneath
two carbon atoms. This specific SiC/metal/graphene geometrical
structure has earlier been used in a theoretical work by Varchon et al.
[22]. For the flat layers, all metal atoms had identical z-values (i.e.,
along the z-axis), whilst for the buckled ones, the individual z-positions
depended on type of buckling (H and T). Moreover, the degree of
buckling varies. The metal atom that was slightly closer positioned to
the underlying SiC substrate, was positioned 0.1 and 0.2 Å, respec-
tively, under the other metal atoms (in the z-direction). In order to
more deeply study the difference in electronic properties for the here
presented graphene monolayers (i.e., with different underneath-posi-
tioned metal layer morphologies), the SiC/Ag/graphene interface has
first been studied, followed by the SiC/Au/graphene interface.

Intercalating Ag layers

Flat Ag monolayers
The SiC/Ag/graphene interfaces were thereafter geometrically re-

laxed with a resulting Ag-graphene distance of 2.75 Å. This distance
indicates a week binding between graphene and the Ag layer, indicating
that the interaction between 4H-SiC/Ag and graphene is caused by
physisorption, (and not chemisorption). The obtained value for the Ag-
graphene distance is smaller than earlier reported distances; 3.085 Å
[23]. This is due to a basis set superposition error (BSSE), which ori-
ginates from the localization of LCAO basis sets [24]. In order to correct
for this error, counterpoise (CP) correction has here been used [25,26].
This correction was observed to increase the Ag-graphene distance to
3.04 Å. The calculated bandstructure for a flat intercalating Ag layer
(i.e., within 4H-SiC/Ag/graphene), with and without spin-orbital in-
teractions, are shown in Fig. 2a and b. As can be seen in Fig. 2a, the
Dirac point of graphene is intact and located at −0.98 eV, which is an
indication of n-type doping induced by the Ag layer. [The band-
structures for the complete Brillion zone (i.e., in the Γ-K-M-Γ direction)
are provided in the supporting information (Fig. S1)]. As can also be
seen in Fig. 2a, there is a bandgap of 2.1 meV at the Dirac point of
graphene for a flat Ag layer. This observation can be explained by a
breakage of sublattice symmetry of graphene (as has also been found in
other studies [27–29]). In addition, the possibility for spin–orbit cou-
pling has also been considered for this flat Ag monolayer, and the
calculations resulted in a band splitting of 7.5 meV (see Fig. 3a). This is
most probably due to the absence of mirror symmetry in the structure

Fig. 1. Three different configurations for Ag intercalated layers within the SiC/graphene interface.
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[10]. Moreover, it was observed that the spin–orbit coupling will de-
crease the bandgap size (from 2.1 to 0.32 meV).

Buckled Ag monolayers
Buckled Ag layers, of type H and with various buckling sizes, were

thereafter considered. As can be seen in Fig. 2c and d, by increasing the
buckling size (i.e., by changing the Ag morphology) the size of the
bandgap and Rashba band splitting (at the Dirac point of graphene)
changed. Buckling sizes corresponding to Δz values of 0.1 and 0.2 Å

were found to increase the bandgap to 0.35 and 0.38 meV. On the
contrary, the Rashba band splitting were observed to decrease to 6.2
and 5.4 meV, respectively. [The BG and BS for a flat Ag layer was 0.32
vs. 7.5 meV]. Interestingly, much larger effects were observed for the T
type buckled Ag layers. As can be seen in Fig. 2e and f, the size of the
bandgap at the Dirac point of graphene increased sharply to 13.1 and
23.3 meV for buckling sizes of Δz = 0.1 and 0.2 Å, respectively. These
bandgaps are thereby almost 50 times wider than those for the H site.
However, the band splitting values became reduced to as low values as

Fig. 2. Bandstructures of graphene at the Dirac point
(K) of graphene for different structural configurations
of the 4H-SiC/Ag/graphene interface. (a) and (b) are
results for the flat Ag layer, without and with spi-
n–orbit coupling. (c) and (d) are results for the H type
buckled Ag layer (with a 0.1 vs. 0.2 Å buckling size).
(e) and (d) are results for the T type buckled Ag layer
(with a 0.1 vs. 0.2 Å buckling size). The full path of
the bandstructure can be found in supporting in-
formation (Fig. S1).

Fig. 3. Projected bandstructure (left) and
partial DOS (right) spectra that show how
the pz orbitals (from graphene) and d orbi-
tals (from Ag) will hybridize with each other.
Red and blue lines denote the pz and d or-
bitals, respectively. Ag (l = 2, m = 0) and
Ag (l = 2, m = -2) are identical with the dz2

and dxy orbitals, respectively. (l is the orbital
angular momentum quantum number, and m
is the magnetic quantum number). The
transparent yellow circles show the position
of the Dirac point of graphene (EF = 0). (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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2.9 vs. 1.8 meV. Perturbative models have earlier been used [15] for
both H and T types of 4H-SiC/metal/graphene interfaces, with the
purpose to show how electrons can move between the pz orbitals of
graphene (either directly between the neighboring pz orbitals in gra-
phene, or by using available d-orbitals in the metal as tunneling
bridges).

It is thereby possible to conclude that the morphology of inter-
calated Ag layers will play a very important role for the electronic
properties of graphene. The calculated values obtained in the present
study are all presented in Table 1.

The existence of hybridization between the p orbitals of graphene
and the d orbitals Ag were investigated by performing projected
bandstructure (PBS) and projected density of states (PDOS) calcula-
tions. The analysis of the PBS reveals that pz orbitals of graphene will
hybridize with two d-orbitals of Ag (dz2 and dxy) (see Fig. 3a). These
hybridizations are, however, much stronger around the Fermi energy
(E = 0) as compared with the Dirac point of graphene. The here pre-
sented results are in good agreement with earlier published ones
[11,12]. To depict the strength of hybridization, PDOS spectra have
been calculated. Fig. 3b shows PDOSs for the C and Ag orbitals that
strongly support the results in the PBS (Fig. 3a). In addition, it is clear
from the PDOS spectra that dz2 and dxy orbitals (from the Ag layer) will
undergo hybridization with the pz orbitals (from the monolayer of
graphene). More precisely, the intensity of these hybridizations was
found to increase when going further away from the Dirac point of
graphene, where also other d-orbitals start to participate in the hy-
bridization (see Fig. 4).

Intercalating Au layers

Flat Au monolayers
As compared with the calculations for intercalation with Ag within

the 4H-SiC/graphene interphase, an identical procedure was performed
for intercalation with Au. Hence, the same Au morphologies were used.
But it must here be stressed that, due to the geometry optimization of
the 4H-SiC/Au/graphene interface, the atomic positions became
slightly changed. The same trend in results was obtained, although the
size of the BGs and BSs became different (see Table S1). The results
showed that a buckled Au atom at the T site will increase the bandgap
at the DP, while it will reduce the Rashba band splitting (these results
are compared to the situation with a flat Au intercalating layer). The
numerical values for the bandgap were 19.02 and 33.25 meV for a
buckling size of 0.1 and 0.2 Å, respectively. The BG value for a flat Au
layer was 0.41 meV. Also, the band splitting for a flat Au layer was
13.8 meV when SOC was considered, while it decreased to 9.0 and
8.2 meV for a buckling size of 0.1 and 0.2 Å, respectively. In case of a
buckled Au atom at the H site, the numerical values for the bandgap
became 3.64 and 3.83 meV for Δz = 0.1 and 0.2 Å, respectively. The
results for a buckled Au atom at the H site also showed that the size of
band splitting became reduced (as compared with a flat Au inter-
calating layer).

When comparing Ag and Au buckled layers, with the same type of
morphology, it is obvious that both metals follow the same trend,
however with different numerical values. The causes to these differ-
ences can be found with help from PDOS analysis (see Fig. 4), as well as
from PBS analysis (see Fig. S3). As indicated in Fig. 4, the hybridization
(at the DP of graphene) of dz2 and dxy orbitals (in Au), with the pz-
orbital (in graphene), is much stronger than the corresponding hy-
bridization for the Ag counterpart. This difference in hybridization is
most probably responsible for the change in BG and BS sizes, and will
thus explain the difference in results for the SiC/Au/graphene and SiC/
Ag/graphene structure, respectively. Moreover, other d-orbitals in Au,
including dxz and dyz, were found to play a more prominent role for the
hybridization around the energy of 1.5 eV (as compared with Ag). This
difference in hybridization does most probably originate from the dif-
ference in size of the d-orbitals within the Ag and Au metals.

With the purpose to study the spin-texture of SiC/Au/graphene,
when SOC is implemented, PBS has been used for three spatial com-
ponents of the spins; sx, sy and sz. The spin projections in the x- and y-
directions are in-plane spin components of the SO interaction, while the
z-component is perpendicular to the plane of graphene. For the electron
spins in graphene, the sy components were found to be dominating (see
Fig. 5a). Another interesting feature of the spin components at the DP of
graphene is that, in the M−K direction, most of the electrons are
pinned to sx (see Fig. 5b), while in the K-Γ direction, the electrons
change their spins and orient in the direction of sy (see Fig. 5c). Also,
the sz components participate to the spin orientation exactly at the DP
(see Fig. 5d). As can be seen in the Supporting information, non-colli-
near Mulliken Population analysis has been used (Table S2), in com-
bination with physical spherical coordinates (r, θ, φ) (Fig. S4), with the
purpose to show how the spins of the electrons will be positioned along
the three spin components.

Table 1
Numerical values of the bandgaps (BG) and Rashba band splitting (BS) for SiC/
Ag/graphene structures with different Ag layer morphology. Spin-orbit cou-
pling is denoted as SOC. The unit is meV.

Morphology of Ag layer Parameters Values

Flat without SOC BG 2.1 meV
Flat with SOC BG 0.32 meV

BS 7.5 meV
Buckled Ag layer H site T site
Buckled of 0.1 Å with SOC BG 0.35 meV 13.1 meV

BS 6.2 meV 2.9 meV
Buckled of 0.2 Å with SOC BG 0.38 meV 23.3 meV

BS 5.4 meV 1.8 meV

Fig. 4. PDOS spectra for SiC/Ag/Graphene (up) and SiC/Au/Graphene (down)
with flat intercalated metals. Ag (or Au) (l = 2, m = 1) and Ag (or Au) (l = 2,
m = −1) are identical with the dxz and dyz orbitals, respectively. The enlarged
insets show the differences in d-pz hybridization for Ag and Au.
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Conclusions

The electronic properties of graphene, especially at the Dirac point
(DP), have been investigated for an Ag- (or Au-) intercalated SiC
(0 0 0 1)/Ag/graphene system. Different morphologies were considered
for the metal layers; either flat or buckled. The DP was shown to be
intact after intercalation with a flat metal layer, which proves that
graphene will act like a quasi-free-standing layer. In addition, the DP
was located under the Fermi energy due to interactions with the un-
derneath-positioned metal layer. The results also showed that by im-
posing a buckled structure on the Ag (or Au) layer, the size of bandgap
(BG) and band splitting (BS) would noticeably change. The BG was
shown to increase, while the Rashba BS decreased. When the buckling
Ag atom was positioned under a graphene hollow site (H), the sizes of
BG and BS were found to slightly increase and decrease, respectively (as
compared with the results for a flat intercalating Ag layer). However,
when the buckling Ag atom was positioned under a graphene C atom
(T), the trends were the same, but the deviations from the flat-layer
counterpart were much larger. The same trends, for the BG and BS
values, were also obtained when using Au as the intercalating metal
layer. It could here be noticed that the BG and BS values were even
more affected by buckling of the Au layer. Furthermore, it was also
found that the hybridization between the metal d-orbitals and the pz-
orbital (in graphene) was much stronger for the SiC (0 0 0 1)/Au/
graphene system, as compared with the SiC (0 0 0 1)/Ag/graphene
system. This difference in hybridization is assumed to be the underlying
cause to the different BG and BS values of the two metals. The spin-
texture of graphene, in the SiC (0 0 0 1)/Au/graphene system, was also
investigated. The results showed that the majority of the spins were
oriented in the xy-plane of the graphene sheet, which was proven by
Noncollinear Mulliken Population analysis. It is thus possible to con-
clude, that the morphology of the intercalated metal layer will not only
affect the Rashba band splitting but will also change the bandgap at the
Dirac point of graphene. This is a result that can be considered to be of
large experimental interest.
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