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Magnetic quantum oscillations in a monolayer graphene
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The de Haas—van Alphen (dHvA) oscillations of electronic magnetization in a monolayer graphene with structure-

induced spin—orbit interaction (SOI) are studied. The results show that the dHvA oscillating centre in this system

deviates from the well known (zero) value in a conventional two-dimensional electron gas. The inclusion of SOI will

change the well-defined sawtooth pattern of magnetic quantum oscillations and result in a beating pattern. In addition,

the SOI effects on Hall conductance and magnetic susceptibility are also discussed.
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Magnetic oscillation, which was first predicted by
Landau in 1930,[") has been focus of research in con-
densed matter physics. One important reason is that
the de Haas—van Alphen (dHvA) oscillations of mag-
netization provide a vigorous technique to study the
properties of carriers around the Fermi surface. In
the last decade, thanks to tremendous advances in
microscopic semiconductor technology, the challenges
encountered in measuring weak magnetization signals
Magnetic dHvA oscil-
lations have thus been extensively studied®—! in

have been largely overcome.

two-dimensional semiconductor systems, in which the
magnetization oscillation mainly comes from the re-
sponse of the electron k-quadratic kinetic energy to
an external magnetic field.

Recently, graphene, as a perfect two-dimensional
electron gas (2DEG) system, has been extensively
studied both experimentally and theoretically.['2—14]
Unlike the conventional semiconductor 2DEG, a pe-
culiar characteristic of graphene is the presence of two
atoms per unit cell, which results in a variety of unique
properties. One intriguing fact is that graphene is
described at low energies by a 2D massless Dirac
wave equation with an additional pseudospin degree
of freedom. Because of the Dirac spectrum and the
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pseudospin-induced fermionic chirality, the magnetic
response properties in graphene sheets are naturally
expected to display behaviour that should be absent
in conventional semiconductor 2DEG systems. In ad-
dition, the Rashba-type spin—orbit interaction (SOI),
which is as large as tens of meV in graphene,!’? is
also expected to differ fundamentally from that in the
conventional semiconductor 2DEG and plays a key
role in determining the magnetic oscillation patterns
in graphene. This is mainly due to the fact that un-
like semiconductor heterostructures in which the SOI
perturbs only Landau levels (LLs) in a minor way,
both the kinetic term and the Rashba SOI term in
graphene are k-linear near the two inequivalent Dirac
points. Thus, the occurrence of SOI in graphene is ex-
pected to greatly change the LLs and the consequent
magnetic responses.

Motivated by this observation, in the present pa-
per we study the dHvA oscillations of the magnetiza-
tion in a monolayer graphene with SOI in a perpen-
dicular magnetic field. We find that the magnetiza-
tion oscillation in the present system differs from that
in traditional 2DEG by the calculated result that the
dHvA oscillating centre deviates from the well known
(zero) value. This deviation has an intimate relation
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with the Landau spectrum structure in the considered
system. We also find that the SOI effect mixes the
spin-up state and the spin-down state of neighbouring
LLs and leads to a striking change in both the centre
and the amplitude of the sawtooth-like magnetization
oscillation.

The Hamiltonian of graphene with a modified
Rashba SOI near the K point of the Brillouin zone

is given by[1¢
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where o is the Pauli matrix for pseudospin describing
the two sublattices in graphene, s is the Pauli matrix
for electron spins, m = ky—ik,, and y=hvp = 639
meV-nm (namely, the Fermi velocity vy = 105 m/s).
Following Ref. [15], in the present paper we choose the
SOI parameter to be A = 13 meV. The Hamiltonian
near the K’ point is the conjugate form of Eq. (1),
Hyr = H.

In the presence of a perpendicular magnetic field
B = BZ, the wave vector is transformed as k—II =
k+eA/hc with A = (—By,0,0), which results in the
commutation relation [w, TI'J[] = 2eBh/c. By introduc-
ing the harmonic oscillator operators a and a through
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the relation m = (\/5/[3) a, where lgp = y/hc/eB is
the magnetic length, the matrix h(k) in Hamiltonian
(1) is rewritten as

@a —iA
hk)y= | 2 et )
iA Ka

In the case of A = 0, the LLs are given by

efl/h = +V2nv/lp = tvp+/2nehB/c,
(=012 ) 3)

where the positive branch () is for electrons and the
negative branch (e) is for holes. When the Rashba
SOT is included, the LLs (e2/") are then generally spin-
split into the two branches efl/ i and ef/ " with their

expressions given by
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where A, = 2(2n — 1)I'? and I' = v/l |\|. Without
loss of generality, in this paper we consider only the
case of n-doping, for which only the electron branches
of LLs are involved. Figure 1 shows the electron LLs
each as a function of magnetic field.
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Fig. 1. Graphene Landau levels (a) without spin—orbital coupling, and (b) with spin—orbital coupling constant

A = 13 meV as functions of the external magnetic field B. And (c) the Landau levels as functions of the

spin—orbital coupling parameter A, with B = 4.0 T.
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It is clear that for a monolayer graphene with-
out SOI (see Eq. (3)), the energies of the electron LLs
are proportional to the square root of the external
magnetic field, which is shown in Fig. 1(a). However,
when the SOI is introduced, it will mix the spin-up
state and the spin-down state of neighbouring LLs (see
Fig. 1(b)). Figure 1(c) plots the first ten electron LLs
for a monolayer graphene as functions of the Rashba
SOI parameter A\. With the SOI strength increasing,
the spin degeneracy of the LLs is lifted and several
crossings occur. It is important to note that the two
zero modes, €y = 0 and eg = 0, which result in an
additional fourfold degeneracy of the ¢ = 0 state, re-
main unaffected by changing the SOI strength. In the
absence of Zeeman splitting, the Dirac—Landau energy
spectra (3) and (4) are massless with a whole electron—
hole symmetry and only half of these zero modes are
occupied by electrons in the case of n-doping.

Now with the knowledge of LLs, we study the
magnetic quantum oscillations in n-doped graphene.
The electron magnetization density is the derivative
of the Helmholtz free energy density with respect to
B at fixed electron density N and temperature T,
M = —(0F/0B)|x - The Helmholtz free energy den-
sity of n-doped graphene is given by

)
F(B,T) = puN — % D [l 4 efm] (5)
n=0,s
where 3 = 1/kgT, N, = 2/27l% is the degeneracy for
a non-zero LL (namely, the number of electrons per
unit area on an LL) with the factor 2 coming from
the Dirac corner-degeneracy, n and s are respectively
the orbital index and the spin index, and p is the
electron chemical potential. It should be noted that
although the zero mode has fourfold degeneracy, the
system has electron—hole symmetry and half of the
particles in the zero mode are electrons. In this case,
therefore, the electron filling factor for the zero mode
is No=3x4/2rl% = N,. The B-dependent chemical
potential p in Eq. (5) is related to the experimentally
accessible electron density A, which is given by

N=N, > f(e.) (6)
n=0,s
with f (e ,) = 1/[65@—62,5) + 1] being the Fermi-
Dirac distribution function. From Eq. (5) the electron
magnetization density becomes

e O€S,
M==3 Nofl(&.) 55

n=0,s

oo

L
h

n=0,s

= MO + MO, (7)

1 e
~Infl + eP=5.0))

Here the first part M) on the right-hand side of
Eq. (7) is the conventional contribution from the B
dependence of the LLs and thus denotes a diamag-
netic response; the second part M) comes from the
B dependence of the level degeneracy factor N, thus
describing the effect of the variation in the density of
states on magnetic field and denoting a paramagnetic
contribution to the total magnetization. Obviously,
M© is negative while M) is positive, thus the net
result is an oscillation of the total magnetization M
as a function of B.

We plot in Figs. 2(a) and 2(b) the sharp sawtooth-
like oscillating behaviour of the chemical potential p
and the dHvA oscillating characteristic of magnetiza-
tion M per electron, respectively, each as a function of
the external magnetic field B without SOI at low tem-
perature. The corresponding numerical results with
SOI parameter A = 13 meV are shown in Figs. 2(c)
and 2(d).
presence of SOI displays a beating pattern compared
with that without SOI since the SOI mixes the spin-
up and spin-down states of neighbouring LLs. The

It is clear that the magnetization in the

weaker the magnetic field, the larger the change by
SOI in the dHvA oscillations.

We find that there is a prominent difference
in dHvA oscillating pattern between the monolayer
graphene and the conventional semiconductor 2DEG.
For the latter it is well known that the oscillating cen-
tre of the magnetization M remains exactly at zero.
However, in the present monolayer graphene system
the oscillating centre picks up a positive value, which
implies the preference of a paramagnetic response.
This deviation arises from the different LL spectrum
structures in the two different systems considered.
The LL in the conventional semiconductor 2DEG
obeys a B(n + 1) rule while that in the monolayer
graphene system approximately obeys a v/nB rule.
In particular, the diamagnetic term of the magnetiza-

tion in the conventional semiconductor 2DEG turns to
be MO =2 320 e

he n=0,s “ns
. . 1) e occu. e
the paramagnetic term is M )—% n=0.s (Ho — €55).

(at zero temperature) while

Here pg is the zero-temperature Fermi energy. The
negative M9 and the positive M) give that the
net result is an oscillation of the total magnetiza-
tion M as a function of B. The oscillating amplitude
increases with B and the oscillating centre keeps at
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zero. In addition, although the paramagnetic term
in the monolayer graphene system also turns to be
MM =2¢ dono's (Ho — €,5) at zero temperature (The
factor 2 comes from the Dirac corner-degeneracy),
the diamagnetic contribution is nevertheless given by
M©)=—2 57070 3=, One can find that the diamag-

netic contribution of M(©) in the monolayer garphene
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is half reduced compared with that in the conventional
semiconductor 2DEG. The oscillating centre of the to-
tal magnetization now has a positive value. Although
this simple comparison is not strict in mathematics,
it affords an intuitive explanation of the difference in
magnetization between the monolayer graphene and
the conventional semiconductor 2DEG.
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Fig. 2. Magnetic field dependences of chemical potential p and magnetization M in an n-doped graphene
system with electron density A' = 3.0 x 1072 nm~2, and the temperature T' = 4.0 K. The left ((a), (b)) and
right ((c), (d)) panels correspond to the cases of A = 0 and A = 13 meV, respectively.

Now we consider the magnetization properties in
the case where the chemical potential is field inde-
pendent. Figure 3(a) plots the magnetization in the
monolayer graphene system as a function of the zero-
temperature chemical potential (i.e., the Fermi en-
ergy) at the external magnetic field B = 2.0 T. From
Fig. 3(a) one can find that the dHvA oscillating pat-
terns with and without SOI are prominently different
(see the shaded regions) due to the fact that the in-
clusion of SOI will lift the spin-degenerate LLs and
mix the LLs with different values of the integer n
(see Fig. 1). We also calculate M /dpug, from which
the Hall conductance oy is obtained by combining the

thermodynamic relationship with Streda formula

oM  opn
e e (8)
The numerical result of the Hall conductance as a
function of Fermi energy is plotted in Fig. 3(b), from
which the Hall plateaus are clearly obtained. One can
see that when the SOT is excluded (i.e., A\ = 0), due to
the spin- and K-degeneracies of LLs the Hall conduc-
tance is quantized as % (n+1/2) as shown in Fig. 3(b)

by the thick black lines. When the SOI is included,
however, the platforms of the Hall conductance oy
split and turn to be quantized as %(n + 1) as shown

in Fig. 3(b) by the thin gray lines.
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Fig. 3. (a) Calculated magnetization as a function of

Fermi energy po with the external magnetic field chosen as
B =2T. (b) The derived Hall conductance from OM/Opug.
The black curves are for the case of A = 0 and the gray
ones correspond to the case of A = 13 meV.

Before ending this paper, we investigate the mag-
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netic susceptibility x of the monolayer graphene sys-
tem. The magnetic susceptibility x is defined as the
first derivative of the magnetization with respect to
the external magnetic field, i.e., x = OM/0B. With
the knowledge of the magnetization [Eq. (7)], one can
easily obtain the final expression of magnetic suscep-

tibility, which is given by

> f (En,s) ae%,s e 826%,3
-2 N s s 6 B

. (9)

Figure 4 shows the magnetic susceptibility of graphene
as a function of 1/B. As the resonant (for magnetic
susceptibility) magnetic field only reflects the occu-
pation of the LLs, which is the same as that in the
conventional semiconductor 2DEG, it loses the infor-
mation about the oscillating centre value of the mag-
netization. From Fig. 4 the effect of SOI on mag-
netic susceptibility is obvious. One can see that the
distance between the neighbouring resonant peaks in
the case with SOI included is one half of that in the
case without SOI. With B decreasing, the effect of

the SOI on magnetic susceptibility becomes more and

more prominent.
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Fig. 4. Calculated magnetic susceptibility x as a function
of 1/B. The parameters are same as those in Fig. 2. The
black and gray curves correspond to the cases of A = 0
and A = 13 meV, respectively.

In summary, we have investigated the magnetic
dHvA oscillations in a spin—orbit coupled graphene
system. The results show that the oscillating cen-
tre of the magnetization maintains a positive value,
which is fundamentally different from that found in
conventional semiconductor 2DEG systems, in which
the dHvA oscillating centre always remains at zero.
This difference has an intimate relation with the dif-
ference in energy dispersions between these two kinds
of systems. In addition to the SOI-induced beating
pattern in dHvA oscillations, we have also studied the
effect of SOI on the resonant behaviours of magnetic
susceptibility and Hall conductance. These theoreti-
cal results are expected to be experimentally verified

in the future.
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