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Magnetic Anisotropy in Doped Graphene
with Rashba Spin–Orbit Interaction
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We present our calculations of on-site magnetic anisotropy (MA) in graphene with magnetic atoms. We assume
that the graphene layer is placed on a substrate, which generates the homogeneous Rashba spin–orbit field. The
resonant state in the presence of Rashba spin–orbit interaction is calculated for two possible orientations of the
magnetic moment namely perpendicular, Sz = 1, and parallel, Sz = 0, to the graphene plane. The magnetic
anisotropy is calculated as a difference between the energies of these states and presented as a function of impurity
potential g0 and magnitude of the Rashba spin–orbit coupling α.
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1. Introduction

Graphene is a single layer of carbon atoms with
the gapless electronic structure [1, 2]. The natu-
ral spin–orbit interaction (SOI) in graphene, usually
called intrinsic SOI, can modify the low-energy spec-
trum leading to the energy gap (around ∼ µeV) [3]
but the magnitude of this interaction is so small that
it can be completely neglected in calculations. An-
other way to change the electron structure of graphene
is to use a substrate breaking the crystal symme-
try in 2D system [4]. This type of spin–orbit inter-
action plays crucial role in graphene applications in
spintronics [5].

Magnetic properties of carbon-based materials are of
great interest for physics and applications. One of
the possible ways to change the magnetic properties in
graphene is related to the doping with impurities. The
disorder in doped graphene can be realized with a long-
or short-range potential profile with random or ordered
distribution of impurities [6–8].

The problem of magnetic anisotropy in graphene at-
tracted a lot of interest recently. In particular, high
magnetic anisotropy has been predicted for graphene
decorated with transition-metal adatoms and dimers [9].
By using the density functional theory (DFT) method,
the magnetic anisotropy parameter was calculated in
graphene quantum dots [10]. Recently, the mag-
netic anisotropy has been observed in single or bi-
layer graphene [11], graphene oxides [12], and in
graphene/magnetic heterostructures [13].

The existence of resonance states in semiconductors
leads to strong changes of their transport properties.
This problem has been considered for single and bilayer
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graphene [14, 15]. Recently, the problem of resonant
scattering affecting the momentum relaxation time of
electrons in graphene has been investigated by Irmer et
al. (see Ref. [16]).

In this paper we consider the implementation of mag-
netic atoms with short-range potential V̂0 located in one
of graphene sublattices, A or B [17–19]. Such an im-
purity can generate local magnetic moment by electron
occupation of the resonant state [20, 21]. We consider
the case of rather low concentration of magnetic im-
purities so that the effects of their interaction can be
neglected.

2. Model

To calculate the electron energy spectrum of graphene
on substrate we use the relativistic model described by
the Dirac Hamiltonian of massless electrons with the
Rashba spin–orbit interaction

Ĥk = v(±τxkx + ντyky) + λ(±τxσy − τyσx), (1)
where v = ~vF = ~c/300, c is the speed of light, the
matrices τ = (τx, τy) and σ = (σx, σy) are the Pauli
matrices acting in sublattice (A or B) and spin spaces,
respectively. The sign ± refer to nonequivalent Dirac
points K and K ′ in the Brillouin zone. The eigen-
values of the Hamiltonian (1) are E = ∓εk, where
εk = λ±

√
v2k2 + λ2.

The impurity state associated with a single magnetic
atom localized in one of the sublattices in graphene can
be calculated with the perturbation localized at r = 0:

V̂ (r) = gδ(r)

(
S · σ 0

0 0

)
, (2)

where g is the coupling constant and the vector of
magnetic moment S has an arbitrary orientation.
The matrix of perturbation in the basis functions of
Hamiltonian (1) has the following form:

V̂kk′ =
g

2
(1 + τz)S · σ ≡ V̂0. (3)
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In order to find the energy of localized state of doped
graphene with the Rashba spin–orbit interaction we
use the T -matrix method, in which the equation for
T -matrix is

T̂kk′(ε) = V̂kk′ +
∑
k1

V̂kk1
Ĝk1

(ε)T̂k1k(ε), (4)

and the Green function of Hamiltonian (1), Ĝk(ε) =(
ε− Ĥk

)−1, can be written as

Ĝk(ε) =
ε+ vτ · k + λ(τxσy − τyσx)

ε2 − ε2k
. (5)

Equation (4) means that we account for perturbation (2)
in all orders of magnitude.

We assume that the energy parameter ε includes a
small imaginary part ε → ε + iδ, which corresponds to
the retarded Green function. Using Eqs. (4)–(5) we find

T̂ (ε) =
[
1− V̂0F̂ (ε)

]−1
V̂0, (6)

where F̂ (ε) =
∑
k

Ĝk(ε). The resonant states can be

found from the equation, defining the poles of T -matrix

det
[(

1− V̂0F̂ (ε)
)−1

V̂0
]

= 0. (7)
After calculating the determinant we can present Eq. (7)
in the following form:

1− g20ϑ1ϑ2 + g0Sz(ϑ1 − ϑ2) = 0, (8)
where

ϑ1 =
∑
k

kε(ε2 − v2k2)

ε4 − 4λ2ε2 − 2v2k2ε2 + v4k4
, (9)

ϑ2 =
∑
k

kε(ε2 − v2k2 − 4λ2)

ε4 − 4λ2ε2 − 2v2k2ε2 + v4k4
. (10)

Fig. 1. Energy of localized state in graphene with the
Rashba spin–orbit interaction 2λ = α = 100 meV as a
function of g0/gc > 0, where gc = a20εc for two types of
magnetic orientation. Red colour — magnetic moment
is parallel to the graphene plane, Sz = 0, and blue colour
— magnetic moment is perpendicular to the plane,
Sz = 1.

Using Eq. (8) we calculate the energy of resonant states
ε for different angles of impurity magnetic moment S.
The dependence of this energy on g0 is presented in Fig. 1,

where the blue color corresponds to spin perpendicular
to the graphene plane while the red corresponds to the
in-plane spin.

We define the MA as a difference between the energy of
localized states E = |ε↑−ε0| for given potential g0. In our
calculation we use the Rashba spin–orbit coupling equal
to α = 100 meV [22–24]. The value of MA as a func-
tion of energy Ē = |ε↑ − ε0|/2 is presented in Fig. 2a.
In Fig. 2b for ε > 0 and ε < 0 we can see two regions
of the dependence of MA. The first one is for small im-
purity potential ∼ 25g0/gc, where the MA can have two
different values. The magnetic anisotropy for impurity
potential larger than 25g0/gc is weak and depends very
weakly on g0.

Fig. 2. Magnetic anisotropy (a) as function of average
value of energy for impurity potential g0/gc = 11, (b)
as a function of impurity potential g0. In both figures
Rashba spin–orbit coupling is α = 100 meV.

The energy level of localized state depends on the
strength of the Rashba spin–orbit coupling (see Fig. 1).
The magnitude of coupling constant can by modified
by external electric field. The possibility of controlling
Rashba spin–orbit coupling makes it possible to control
the magnetic properties doped graphene. From Fig. 3a
and b we see that in order to reach observable magnetic
anisotropy one can use magnetically doped graphene
on a substrate with relatively weak Rashba spin–orbit
coupling.
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Fig. 3. (a) Maximum value of magnetic anisotropy as
a function of Rashba spin orbit coupling α in the width
range of impurity potential g0/gc = [10, 300]. (b) Mag-
netic anisotropy as a function of Rashba spin–orbit cou-
pling α for chosen impurity potential g0/gc = 11.

3. Conclusion

We calculated the energy of a resonant level created
by magnetic impurity in graphene with the Rashba spin–
orbit interaction. Our main result is that this energy is
dependent on the orientation of magnetic moment of im-
purity with respect to the graphene plane. This leads to
appearance of on-site magnetic anisotropy provided that
the corresponding impurity level is occupied by electron.
As we see from Fig. 1, the energy of localized state is
lower if the moment is perpendicular to the plane. Thus,
the off-plane orientation of the moment is energetically
favorable.

Our results also demonstrate that one can control the
structure of electron energy states by using the reorien-
tation of magnetic moments of impurities on graphene.
This can affect electrical properties of graphene, and the
effect can be rather strong due to the resonant scattering
of electrons from magnetic impurities.
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