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Beating of magnetic oscillations in a graphene device probed by quantum
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We report the quantum capacitance of a monolayer graphene device in an external perpendicular
magnetic field including the effects of Rashba spin-orbit interaction (SOI). The SOI mixes the spin
up and spin down states of neighbouring Landau levels into two (unequally spaced) energy
branches. In order to investigate the role of the SOI for the electronic transport, we study
the density of states to probe the quantum capacitance of monolayer graphene. SOI effects on the
quantum magnetic oscillations (Shubnikov de Haas and de Hass-van Alphen) are deduced from the
quantum capacitance. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4732796]

Monolayer graphene is a gapless semiconductor with coni-
cal touching electron and hole bands. Since its discovery, this
single atomic sheet of graphite has attracted much attention.'
The charge carriers obey a linear dispersion relation near the
charge neutrality point (CNP, Dirac point), which endows the
system with unique electronic properties. The different nature
of the quasiparticles in graphene from conventional two-
dimensional electronic systems gives rise to unusual phenom-
ena.>* Besides the fundamental interest in understanding the
electronic properties of graphene, there are serious suggestions
that it can serve as a building block for nanoelectronic
devices.” Quantum Hall measurements are one of the key
tools providing evidence that the quasiparticles in graphene are
chiral massless fermions, known as Dirac fermions.®'°

In recent years, lots of attention has been directed
towards the role of the spin-orbit interaction (SON''16 in
graphene based nanostructures because it introduces addi-
tional features. It has been predicted to induce a spin Hall
effect.'’ Along this line, the Rashba-type spin, which is
larger than the intrinsic SOI, is also expected to differ funda-
mentally from that in the conventional two-dimensional elec-
tron gas. It plays a key role in determining the electronic
transport properties of graphene. The occurrence of SOI in
graphene is expected to greatly change the energy levels and,
consequently the magnetic response.'” While SOI effects
without magnetic field have received much attention, insight
into the magnetic response of graphene in the presence of
Rashba SOI is limited. In this context, we explore the effect
of the SOI on the electronic properties of a graphene mono-

density of states of an electron system. Though the focus in
graphene research has been on the transport properties, for
the fundamental electronic properties as well as device
physics it is important to study the capacitance-voltage (C-V)
characteristics of the system. This approach recently has been
realized for carbon nanotubes, graphene nanoribbons, and
mono/bilayer graphene'® > In general, attention is now being
paid to electrostatic properties such as the quantum capaci-
tance of graphene devices. Furthermore, to improve the per-
formance of field effect transistors,”® usage of graphene as a
channel material is creating a great deal of excitement. The
present work complements earlier density of states and mag-
netocapacitance measurements'©2% of carbon based systems
to determine the effects of the Rashba SOI.

We consider Dirac fermions in monolayer graphene
(xy-plane) in the presence of an external perpendicular mag-
netic field. The two-dimensional Hamiltonian for Dirac
fermions in a magnetic field is'"""”

H:vp(p-c)—f—%/l(cxs)z. (1)

Here, 6 = (0, 0,) is the two-dimensional vector of Pauli
matrices, s are the Pauli matrices for the real spin space, and
p =p + €A is the two-dimensional canonical momentum
with vector potential A. The spin-orbit coupling energy is
A =13 meV (Refs. 14 and 15) and vr denotes the Fermi ve-
locity. We employ the Landau gauge and express the vector
potential as A = (0, Bx, 0). The electron (e) and hole (h) Lan-
dau levels energies are given by'’

layer in an external perpendicular magnetic field. E S{A{I =0, @)
Among the most important tools for studying the elec- o/ 5 5 o/
tronic properties of a material are capacitance measurements, E\, =*Vi +2h w?, E - =0, 3)
which can be effectively used to probe the thermodynamic and forn > 2,
|
Edlh =+ \/% 22 +202n — D)R*w? + s\/)f‘ +4(2n — D22 2* + (202 a?)?), 4)
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where s = + denotes spin up and s =— denotes spin down.
Moreover, w = vp+/(eB/h) is the cyclotron frequency and
ne N.

We consider a gated graphene device in which the ca-
pacitor is formed between the gate and the graphene sheet.
The quantum capacitance Cy of the device represents the
charge response in the channel as the channel potential is
varied, where Q is the total charge on the graphene. In con-
ventional devices, Cy is large and can be ignored, whereas in
low dimensional devices, such as usual two-dimensional
electron gases, graphene, and (in future) graphene spintronic
devices, it is the dominant capacitive contribution and an im-
portant quantity for modelling the device. The quantum ca-
pacitance can be written as'® 2

B @ B e*on,
- 881: a 881:

Co = ¢’Dr(B), )

where Dy (B) is the temperature dependent density of states
at a finite magnetic field and n, is the carrier concentration.
It is determined from the relation'®

_ On, de

Dr(B) =—= _
T( ) 881«" 0 63F

D(e). (6)

Assuming a Gaussian broadening of the Landau levels, the
density of states per unit area is given by

212

2 & 1 (s — ES/h)?
D(S):ﬁgzrmexp - ) (7)

where I is the Gaussian broadening. At the CNP, we have

p — ES/h)?
~ (er n,s)]7 ®

2 1
D(8F>:ﬁzzr\/2—nexp

n=0,1 s

217

where ¢ is the Fermi energy. The results for Cy in Egs. (5)
to (8) reduce to the experimental ﬁndingslg’22 in the limit of
zero Rashba SOI.

In the numerical evaluation of C¢, we assume a Gaussian
broadening of the density of states, see Fig. 1, as a function of
the Fermi energy (gate voltage). The following parameters are
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FIG. 1. Quantum capacitance as a function of the Fermi energy at zero tem-
perature for a magnetic field of 2 Tesla. The Rashba SOI energy is 13 meV.
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employed:14’15’]7’18‘22 I'=1 meV, B=2 Tesla, temperature
T=0, n, =3 X 10'* m2, and vr = 10° ms™'. We do not
find any splitting from the analysis of C¢ at the CNP for n=0
and 1. It is important to note that the zero modes result in an
additional four fold degeneracy at the CNP, unaffected by a
change of the strength of the Rashba SOI. The splitting of the
other levels (n > 2) into two parts essentially is caused by the
competition between the spin-up and spin-down contributions
to the cyclotron energies. We find a maximum in Cyp at the
CNP, which is not affected by the Rashba SOI. All other Lan-
dau levels split into two parts with equal weights for the elec-
tron and hole contributions in the strong magnetic field
regime. When the magnetic field is weak, we observe well
resolved beating patterns of the magnetic oscillations (Shubni-
kov de Haas and de Haas-van Alphen) as a function of the
perpendicular magnetic field, as shown in Fig. 2.

A well resolved beating pattern appears when the sub-
band broadening is of the order of the Landau level separa-
tion. At high magnetic field, the effect of SOI weakens and
the beating pattern is replaced by split magnetocapacitance
peaks. The latter appears without SOI when the magnetic
field becomes very strong. Accordingly, the conclusion can
be drawn that the Rashba effect plays the main role in the
formation of beating patterns in the magnetic oscillations in
quantum capacitance measurements. Our numerical results
are consistent with those given in Refs. 18 and 22, obtained
in the limit of zero Rashba SOI.

Let us next discuss the experimentally observed regime of
the Rashba SOI in electronic transport measurements. We esti-
mate the cyclotron energy for B=1 Tesla as i = 36 meV.
The level broadening with constant shift is ' = 1 meV and
the Rashba SOI energy is 13 meV. Observation of a splitting
of this energy requires several conditions: The temperature
must be kept low and the system must be clean enough that
disorder effects do not wash out the Rashba SOI effects. To
attain this regime, temperature and disorder broadening must
not reach the Rashba SOI energy. For our calculation, we
have chosen a constant level width of I' = 10 Kelvin. In
order to observe beating patterns of the magnetic oscilla-
tions, the magnetic field must be low.

The splitting of Landau levels is important for many
physical quantities accessible in experiment, in addition to
the quantum capacitance. As an example, we discuss the
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FIG. 2. Quantum capacitance as a function of the magnetic field at zero
temperature for a Fermi energy of 100meV.
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magnetoconductivity experiments in Ref. 27. The Boltzmann
transport equation in case of short range scattering can be
obtained from the Einstein relation in terms of the previously
discussed density of states as o, = ezvl%rDT(B), where 7 is
the relaxation time.

In conclusion, we have investigated the effects of
Rashba SOI on the quantum capacitance of a monolayer gra-
phene device in a perpendicular magnetic field. We find that
when the subband broadening is much smaller than the Lan-
dau level separation, the effect of the Rashba SOI on the ca-
pacitance manifests as a splitting of the magnetic oscillations
peaks for the high magnetic field regime. For weak magnetic
fields, with a level broadening comparable to the Landau
level separation, a beating pattern appears in the quantum
magnetocapacitance as a function of the magnetic field. Fur-
thermore, no splitting is found at the CNP for n=0 and 1,
while it is found for higher Landau levels (n > 2) from the
quantum capacitance. The developed theory is in good
agreement with the available experimental data'®?? without
Rashba SOI.
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