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Despite their structural similarity, the electronic properties of silicene are fundamentally different
from those of well-known graphene due to the strong intrinsic spin orbit interaction and buckled
structure of silicene. We address the magnetocapacitance of spin and valley polarized silicene in an
external perpendicular magnetic field to clarify the interplay of the spin orbit interaction and the
perpendicular electric field. We find that the band gap is electrically tunable and show that the
magnetocapacitance exhibits beating at low and splitting of the Shubnikov de Haas oscillations at
high magnetic field. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4754711]

Silicene forms an alternative platform to explore the
properties of two-dimensional electronic systems.'™ Its hon-
eycomb lattice is isostructural to graphene with a low energy
Dirac spectrum. Indeed, silicene exhibits advantages over
graphene in several areas of intense recent research due to
the strong spin orbit interaction (SOI) and its buckled struc-
ture. The latter is related to the large ionic radius of silicon.
Although lots of efforts had been undertaken to induce in
graphene a band gap'®'' and substantial SOI,'*™'* no satis-
factory progress was achieved yet.'>'® Overcoming these
problems, silicene exhibits a large band gap of 1.55meV,
which provides a mass to the Dirac fermions.'”” In addi-
tion, the band gap can be increased by the application of a
perpendicular electric field along the buckling direction.””
Strong SOI combined with a tunable band gap are expected
to be key criteria in the race towards electronic applications
compatible with the existing technology.

There are two major distinctions between silicene and
graphene: First, the inversion symmetry is broken due to the
electric field in the direction of the buckling, see Fig. 1. This
field give rise to the valley Hall effect,”' where particles in dif-
ferent valleys flow to opposite transverse edges. Second, the
strong SOI results in a quantum spin Hall effect.'” In the pres-
ence of a perpendicular external magnetic field, a valley polar-
ized quantum Hall effect has been demonstrated recently.*” In
this context, capacitance measurements are among the most
important tools for studying the electronic properties. They
can be effectively used to probe the thermodynamic density of
states (DOS). Although the focus in silicene research has been
on transport properties, insight into the fundamental electronic
properties and device physics calls for knowledge about the
capacitance-voltage (C-V) characteristics of the system.
Results have been reported for carbon nanotubes, graphene
nanoribbons, and mono- and bilayer graphene systems.”> * In
view of this, attention is now being paid to electrostatic prop-
erties, such as the magnetocapacitance of silicene devices.
Furthermore, to improve the performance of field effect tran-
sistors,29 silicene is creating excitement as potential channel
material. This is due to the excellent intrinsic transport fea-
tures as well as the possibility of patterning device structures
by top-down lithographical techniques.
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The present work aims at determining the combined
effects of the SOI and perpendicular electric field on the
magnetocapacitance of a silicene device. To this aim, we
model silicene by an effective Hamiltonian in the xy-plane
with an external magnetic field B in z-direction, taking into
account the effects of the SOI and perpendicular electric
field. The Dirac fermions in buckled silicene obey the two-
dimensional graphene-like Hamiltonian'®2*2

H! = v(nop, + a,p,) + nsio. + Ao, (1)

with n = +1/—1 for K/K', s = +1/—1 for spin up/down,
the Pauli matrices oy, 0y, and o, the Fermi velocity v of the
Dirac fermions, and the two dimensional canonical momen-
tum p. The uniform electric field E, perpendicular to the
silicene sheet (/=0.23 A) results in the energy A = 2IE..
The intrinsic spin orbit coupling strength is 2 = 4 meV.'®!°
Using the Landau gauge with vector potential (0, Bx, 0), the
diagonalization of the Hamiltonian given in Eq. (1) leads to
eigenvalues

Ely=nA+si for n=0

2 2 (2)
El,, = t\/nh ®? + (A+nsA)” for n#0.

B Ez

FIG. 1. Crystal structure of silicene. The black and red spheres represent the
two sublattices. The directions of the electric and magnetic fields are indi-
cated by arrows.

© 2012 American Institute of Physics
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Here, t=+1/—1 represents the electron/hole band,
® = vy/2eB/h, and n is the Landau level index. We note
that a splitting of the Landau levels requires finite SOI and fi-
nite electric field. In this case, the n =0 Landau level explic-
itly lifts the four-fold degeneracy known from graphene. In
the absence of an electric field, the spectrum is electron-hole
symmetric with a SOI gap. Finally, the eigenvalues depend
rather linearly on B (and are not proportional to v/B) as the
Dirac fermions acquire mass due to a relatively large SOI
gap. This mass can be controlled by application of an exter-
nal perpendicular electric field.

We consider a gated silicene device in which the capaci-
tor is formed between the gate and the silicene. The magne-
tocapacitance CQ27‘30 is the dominant capacitive contribution
in nanoscale devices and represents the charge response in
the channel as the channel potential is varied. In the limit of
zero temperature, it is obtained analogous to Ref. 27 as

e 1 (Er — Elo)’
Cp =" —exp|——f S0
@ ZnIZ{%:r\/zn p[ 212

217

}, 3)

where I' is the width of the Gaussian broadening of the Lan-
dau levels. The magnetocapacitance is plotted in Fig. 2 as a
function of the Fermi energy (i.e., of the gate voltage) for
B=1T, 2 =4meV, and A = 8 meV. We choose a constant
broadening of I' = 0.5 meV. We are interested in changes of
the character at £ = 0 on variation of the SOI and electric
field energy relative to each other. It must be noted that the
n=0 Landau level here plays the most important role. Figs.
2 and 3 show that Cy is zero at Er = 0. This occurs because
the n=0 Landau level splits only when 4 #£ 0 or A # 0. It
splits into one electron and one hole level in each valley
independently (individual electron-hole symmetry) when
4 =0 and A # 0. Importantly, Cyp can be tuned in each
valley independently from a minimum to a maximum when
the electric field energy is enhanced via the external gate
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FIG. 2. Magnetocapacitance as a function of the Fermi energy for B=1T,
SOI energy A =4meV, and electric field energy A = 8meV. Red/black
color represents the K/K' valley.
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FIG. 3. Total magnetocapacitance of the K and K’ valleys as a function of
the Fermi energy for B=1T, SOI energy 4 =4meV, and electric field
energy A = 8 meV (black) and A = 4meV (red).

voltage. For A > 1, both n=0 sublevels are shifted into the
electron/hole region for the K/K’ valley, see Fig. 2. To
observe the splitting, the broadening of the Landau levels
must be less than the electric field energy. We note that not
only the n =0 Landau level but also all Landau levels are
split into two sublevels. The total magnetocapacitance
obtained by summing over both valleys is shown in Fig. 3 as
a function of the Fermi energy for A > 4 and A = /4. An
electrically tunable band gap at Er = 0 is evident. The mag-
netocapacitance is zero for the former case and maximal
(with a single peak and electron-hole symmetric spectrum)
for the latter case. All other Landau levels are likewise split.
In the case of maximal magnetocapacitance, the energy gap
between the spin down states closes to yield a sharp peak at
Er = 0, whereas the spin up states maintain their energy gap.
This behavior is consistent with Eq. (2).

In Fig. 4, we show the Shubnikov de Haas oscillations
in Cg for T=0K, A =4meV, I' =0.5meV, and realistic
values of n, =5 x 10" m 2 and v = 5 x 10° ms~1.'""'? For
low and high magnetic field, we observe a beating pattern
and a splitting of the Shubnikov de Haas oscillations, respec-
tively. Both is the result of interference of the frequencies of
the spin up and spin down states and therefore a consequence
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FIG. 4. Total magnetocapacitance of the K and K’ valleys as a function of

the magentic field for SOI energy 4 = 4meV and electric field energy A =
8 meV (black) and A = 15meV (red).
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of the splitting of the Landau levels for finite SOI and finite
electric field. The beating pattern vanishes once the electric
field energy dominates the SOI energy. For the chosen para-
meters, this occurs at a magnetic field of about 1.5 T. Above
this value, we find a well resolved splitting of the Shubnikov
de Haas oscillations in Fig. 4, which we next investigate in
some more detail. With the help of the Poisson summation
formula, we obtain for the contributions of the n > 1 Landau
levels for the oscillatory part in the magnetocapacitance

2n 4n
Co ~ 4cos {W (E2—)? — Az)} cos [m JVA} @

This result represents a wave of higher frequency with
an amplitude oscillating at lower frequency. Both the
observed beating pattern and splitting of Shubnikov de Haas
oscillations are induced, because AA < Ep. The amplitude

4n 4 IA

W a? P a?
= *0.5,*1.5,..., where the modulating cosine vanishes as
shown in Fig. 4. We also note that the amplitude modulation

given by the term cos [4—” )»A} occurs only when both the

W w?
SOI and electric field are finite. Moreover, the threshold
magnetic field where beating is seen depends on both 4 and
A. For magnetic fields up to about 1.5 T, the beating persists.
Above this value, it is quenched to show splitting of the
Shubnikov de Haas oscillations.

In conclusion, we have investigated the effects of SOI
and electric field on the magnetocapacitance of silicene, a
monolayer of silicon, in a magnetic field. It turns out that the
SOI induces a large band gap at the charge neutrality point
and that the electric field breaks the inversion symmetry. In
addition, we have shown that the presence of both SOI and
electric field yields for the magnetocapacitance a beating
pattern at low and a level splitting at high magnetic fields.
This behavior is explained by interference of the Shubnikov
de Haas oscillations at the two frequencies of the split Lan-
dau levels. Noting that the cyclotron energy for B=1T is
hw = 18 meV, observation of the Landau level splitting and
the discussed consequences requires that the temperature and
disorder broadening do not become comparable to the SOI
and electric field energies. We note that our analysis for sili-
cene is also valid for germanene, which is a monolayer of
germanium with an even stronger SOI of A = 43 meV.'"""°

is modulated by cos{ iA] and nodes occur at
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