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Using first-principles calculation methods, we study the possibility of realizing a quantum anomalous Hall
effect in graphene from stable 3d atomic adsorption via a charge-compensated n-p codoping scheme. As concrete
examples, we show that long-range ferromagnetism can be established by codoping 3d transition metal and boron
atoms, but only the Ni codopants can open up a global bulk gap to harbor the quantum anomalous Hall effect. Our
estimated ferromagnetic Curie transition temperature can reach over 10 K for various codoping concentrations.
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Introduction. The quantum anomalous Hall effect (QAHE)
is a quantized response of transverse charge current to an
electric field in the absence of magnetic field [1–4]. It
originates from the joint effect of spin-orbit coupling and
local magnetization. The presence of linear Dirac dispersion
has made both graphene [5] and topological insulators (TIs)
[6,7] ideal platforms to explore QAHE. Comparing with
graphene, TIs show great superiority because of their intrinsic
spin-orbit couplings, which indicate that the only condition to
realize QAHE in TIs is to break time-reversal invariance. By
doping magnetic atoms into TI thin films [e.g., doping Cr/V
atoms in (Bi,Sb)2Te3], QAHE has been theoretically proposed
[8,9] and later experimentally observed at extremely low
temperatures (e.g., <100 mK) [10–16]. A charge-compensated
n-p codoping scheme was adopted to increase the QAHE
observation temperature in TI thin films, e.g., a temperature
over 50 K can be achieved by codoping vanadium and iodine
atoms into Sb2Te3 thin films [17].

Alternatively, although graphene is nonmagnetic and ex-
hibits extremely weak spin-orbit coupling [5,18–20], it still at-
tracts broad attention to produce QAHE because of its superior
electronic properties and broad perspective for future industry-
scale applications. In Refs. [21–24], it was theoretically shown
that Rashba spin-orbit coupling together with ferromagnetism
leads to the formation of QAHE in graphene by periodically
doping magnetic atoms. However, precise control of the doping
position has not been achieved in current experimental tech-
niques. This makes this QAHE proposal unrealistic because of
the potentially induced intervalley scattering during nonperi-
odic doping schemes. Strikingly, a followup study [25] showed
that a random distribution of magnetic dopants in graphene
can greatly eliminate intervalley scattering. Subsequent studies
from both theoretical and experimental points of view showed
that magnetic atoms in graphene tend to nucleate into clusters
on graphene owing to the small binding energies [26,27].
After some efforts, a rewarding approach was theoretically
proposed to realize QAHE by placing graphene on magnetic
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insulator thin films [28,29]. Soon, it was experimentally
reported that a sizable AHE can be observed in graphene by
considering Y3Fe5O12 (YIG) magnetic thin films [30]. Such a
scheme can lead to considerable ferromagnetism in graphene,
but extremely weak Rashba spin-orbit coupling [30,31]. The
fundamental reason for the weak Rashba spin-orbit coupling
arises from the large separation (∼2.5–3 Å; see Refs. [28,29])
between graphene and the magnetic insulating substrate due
to a weak van der Waals interaction, which shows a clear
contrast with the chemical interaction in the atomic adsorption
situation (∼1.6 Å; see Refs. [21,22,24]). Thus, extremely weak
Rashba spin-orbit coupling is the only ingredient to hinder the
realization of QAHE.

To our knowledge, the most rewarding approach to increase
Rashba spin-orbit coupling in graphene is to design a stable
atomic adsorption scheme. Inspired by the advantages of
manipulating band gaps from the n-p codoping method
[32–39] and the successful fabrication of boron (B)-substituted
graphene [40], we present a systematic investigation on the
possible realization of QAHE in graphene by utilizing the
n-p codoping technique. As examples, we take 3d transition
metal atoms as n-type dopants that are adsorbed on top of
graphene and B atoms as p-type dopants that substitute carbon
atoms. We show that although the magnetic states for most 3d

adatoms (except Cr and Mn) show a Ruderman-Kittel-Kasuya-
Yosida (RKKY)-type spatial fluctuation, only V or Ni atoms
can exhibit long-range ferromagnetic orders in B-substituted
graphene. When spin-orbit coupling is further invoked, we find
that only Ni-B codoping can open up a global band gap that
harbors the QAHE. This is completely distinct from the situ-
ation of single-element Ni-adsorbed graphene [22,41,42] that
induces vanishing ferromagnetism arising from the electron
redistribution, i.e., 3d84s2 → 3d104s0. We further show the
dependence of the QAHE gap on the codoping concentration.

Computational methods. First-principles calculations were
performed within the framework of density functional theory
using the projected augmented-wave method [43] as imple-
mented in the Vienna ab initio simulation package [44–46].
The generalized gradient approximation [47] of Perdew-
Burke-Ernzerhof [48] was adopted to treat the exchange
correlation interactions. To avoid intervalley scattering in the
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FIG. 1. (a) Adsorption energy and (b) magnetic moment of 3d

TM adatoms on pristine graphene (blue) and B-codoped graphene
(green).

codoping scheme, an 8 × 8 graphene supercell was adopted.
A vacuum space of 20 Å between two graphene layers was set
to avoid spurious interactions between periodic images. The
kinetic energy cutoff and the energy convergence threshold
were set to be 400 and 10−4 eV, respectively. The atomic
structures were fully relaxed until the Hellmann-Feynman
force on each ion was less than 0.02 eV/Å. The Gaussian
smearing method with a smearing width of 0.1 eV and a k-mesh
point grid of 3 × 3 × 1 was adopted during the structural
relaxation. A k-mesh point of 5 × 5 × 1 was used for the total
energy estimation, while a 11 × 11 × 1 k-mesh point mesh
was used in calculating the density of states.

Adsorption analysis. We begin by revisiting the single-
element adsorbed graphene. Previous studies showed that most
3d metal adatoms favor a hollow position [22,49,50]. Thus, the
corresponding adsorption energy Ead can be defined as

Ead = ETM + EGra − ETot,

where ETM, EGra, and ETot are respectively the energies of
the isolated transition metal atoms, pristine graphene, and the
atom-adsorbed graphene. The blue bars in Fig. 1(a) display
the adsorption energy of only metal atom-adsorbed graphene,
which agrees well with previous studies in the range of
0.4–1.9 eV [22,51,52]. The relatively weak adsorption energy
cannot prevent the fast migration of adatom clustering when
other adatoms are further adsorbed on graphene. To overcome
the difficulty of forming a dilute adatom distribution, an n-p
codoping scheme was proposed in a previous work where
codoping with B atoms is able to significantly suppress those
undesirable effects and the metal adatoms are closely located
near the substituted B positions due to a strong electrostatic
attraction [39]. When B codopants are considered, as displayed
by the green bars in Fig. 1(a), the adsorption energy exhibits
a ∼1 eV enhancement compared with single-element doping,

FIG. 2. Orbital-resolved DOS of Fe adatom on (a) pristine
graphene and (b) B-codoped graphene. Orbital-resolved DOS of Sc
adatom on (c) pristine graphene and (d) B-codoped graphene. Blue
solid lines: majority spin; red dotted lines: minority spin.

which can effectively prevent adatom migration and clustering
on B-substituted graphene. Based on the Arrhenius equation,
the room temperature corresponds to an adsorption energy
of Ead ∼ 0.75 eV. Thus, the estimated stable temperature of
transition metal adatoms on B-doped graphene is within the
range of 617–1273 K, which is larger than that (142–797 K)
of only adsorbing transition metal atoms on graphene. This
indicates that n-p codoping adsorption on graphene is more
stable above room temperature in this study. This codoping
scheme provides a basic material structure with a stable dilute
distribution of adatoms in graphene.

We now investigate the magnetic property of the codoped
graphene system. In Fig. 1(b), one can find that the resulting
magnetic moments of Sc, Ti, V, and Cr adatoms on graphene
decrease when B atoms are codoped, while those of Mn, Fe,
Co, and Ni adatoms increase after B codoping. Below, we take
Fe and Sc atoms as examples to analyze the variance of the
magnetic moments after B codoping. Figure 2 displays the
orbital-resolved density of states (DOS) of Fe and Sc adatoms
on pristine and B-doped graphene, respectively. Compared
with the pristine graphene, p-doped B-substituted graphene
weakens the hybridization effect of lowering the 3d orbital
energies, therefore hindering the charge transfer from 4s

electrons to 3d orbitals. This makes the magnetic moments
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of the transition metal adatoms smaller (i.e., Sc, Ti, V) or
larger (i.e., Fe, Co, Ni) than those on pristine graphene (see
Fig. 1), while Cr and Mn atoms contribute their 4s electrons
to p-doped graphene, making its magnetic moment exactly
equal to 5μB and 6μB, respectively. The orbital-resolved
density of states presented in Fig. 2 further confirms this
physical mechanism: When the Fe atom is adsorbed on pristine
graphene [see Fig. 2(a)], electrons fully occupy five spin-up
3d orbitals and three spin-down 3d orbitals; after B codoping,
electrons fully occupy five spin-up 3d orbitals but only two
spin-down 3d orbitals [see Fig. 2(b)], resulting in an increase
of the magnetic moment from 2μB to 3μB. For Sc adatoms,
there is one spin-up 3d orbital fully occupied and two spin-up
3d orbitals partially occupied in the case of pristine graphene
[see Fig. 2(c)], while there is only one spin-up 3d orbital fully
occupied and one spin-up 3d orbital partially occupied in the
case of B-substituted graphene [see Fig. 2(d)], leading to a
smaller magnetic moment.

The above results show that the codoping approach can
indeed stabilize the dilute distribution of metal adatoms with B
substitution in graphene, and the magnetic moments of Mn, Fe,
Co, and Ni significantly increase while those of Sc, Ti, V, and
Cr remain relatively large. Now we further study the magnetic
interactions between two codopants (metal atom and B) pairs
by setting them in an 8 × 8 graphene supercell. As displayed in
Fig. 3(a), one metal adatom is located at the H0 site pairing with
a B dopant at the S0 site, and the second metal adatom moves
from H1 to H7 accompanied by the movement of its nearest-
neighbor B codopant. Figure 3(b) summarizes the energy
difference between the ferromagnetic and antiferromagnetic
states of the two transition metal atoms at given separations.
We find that the first to third nearest-neighbor configurations
are unstable for Cr and Mn adatoms, because the attraction
between two Cr or Mn adatoms is surprisingly large to form
clusters even though their corresponding adsorption energies
increase after codoping with B atoms. The second/third
nearest-neighbor configurations of Sc, Ti, V and the second
nearest-neighbor configurations of Fe, Co, Ni are also unstable,
with adatoms always tending to form the first nearest-neighbor
configuration.

The strong ferromagnetism or antiferromagnetism coupling
at the first nearest-neighbor distance for Sc, Ti, V, Fe, and Co
is closely related to the direct exchange interaction because
their first nearest-neighbor distances are approximately equal
to the first nearest-neighbor distances in their respective bulk
crystals, while Ni adatoms exhibit a weaker coupling energy
because of their small magnetic moments. However, most of
them present a RKKY-like long-range magnetic interaction,
except for Cr and Mn that display paramagnetism. One can
observe that only V-B and Ni-B codoped graphene systems
exhibit ferromagnetism at some longer adatom-adatom dis-
tances. This indicates the potential long-range ferromagnetic
order in these systems.

Ni-B codoping. From the above analysis, we find that both
V-B and Ni-B codoping may realize diluted ferromagnetism
in graphene. Then we study whether the QAHE can be
realized in V-B and Ni-B codoped graphene. Our further
calculations show that the introduction of spin-orbit coupling
in V-B codoped graphene does not open a bulk gap in any
codoping concentration. Therefore, below we only consider

FIG. 3. (a) An 8 × 8 supercell of graphene. H0–H7 and S0–S4

represent sites for the transition metal adatoms and substitutional B
dopants, respectively. (b) Magnetic coupling between two codopant
pairs at different distances. One pair is fixed at H0S0 and the other
moves from H1S1 to H7S4, as illustrated in (a).

the Ni-B codoped graphene. We first investigate the band
structures of Ni-B codoped graphene at different codoping
concentrations. By codoping two, four, and six Ni-B pairs in
an 8 × 8 supercell of graphene, one can get corresponding
concentrations of 1.6%, 3.1%, and 4.7%, respectively. Due
to the equal probability of different sublattices in graphene
to be substituted experimentally, the amount of B dopants in
the A/B sublattice is set to be identical. Figure 4(a) displays
the band structure of codoping six Ni-B pairs in the 8 × 8
supercell of graphene, with bulk band gaps opening near the
K and K ′ valleys when spin-orbit coupling is invoked. For
the three different codoping concentrations mentioned above,
the resulting bulk gaps are respectively 4, 8, and 10 meV
[see Fig. 4(c)], suggesting a gap tunability by controlling the
codoping concentration. Another obvious finding is that Fermi
levels lie outside the gaps for all concentrations and the shift of
the valence band maximum from the Fermi level enlarges with
an increase of doping concentration, as plotted in Fig. 4(d),
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FIG. 4. (a) Full band structure of six Ni-B codoping pairs in
the 8 × 8 supercell of graphene along the high symmetry lines.
(b) Zoom in of the bands around the K and K ′ Dirac points. The
red line represents the Berry curvature. (c) The band gap �, (d) shift
of valence band maximum from Fermi level Eshift, (e) exchange field
M , (f) Rashba spin-orbit coupling strength tR , and (g) simulated Curie
temperature TC as a function of Ni-B pair concentration.

because of the p-doping effect of B atoms. To realize the
insulating nature, artificial adjustment is required to tune the
Fermi levels into the bulk gaps, e.g., by applying a gate voltage
or tuning the ratio between the B and Ni dopants.

So far, we have shown that Ni-B codoped graphene can
form long-range ferromagnetism and the presence of spin-
orbit coupling can further open up a band gap. Below, we
investigate whether such a band gap can harbor the QAHE
via a Chern number calculation, which can be obtained by
integrating the Berry curvatures of the occupied valence bands
using the expression [53,54]

�(k) = −
∑

n

fn

∑
n′ �=n

2 Im〈ψnk|vx |ψn′k〉〈ψn′k|vy |ψnk〉
(En′ − En)2

,

where n, En, and ψnk are the band index, eigenvalue, and
eigenstate of the nth band, respectively. vx,y = ∂E/∂kx,y are
the velocity operators along the x and y directions within the
film plane, and fn = 1 for all n bands below the band gap.
Our calculation finds that this gap can host the QAHE. As an
example, Fig. 4(b) displays the Berry curvature distribution
along the high symmetry lines with large negative peaks
appearing near the K and K ′ valleys and vanishing elsewhere,
demonstrating a nonzero Hall conductance. The Chern number
can be obtained by integrating the Berry curvatures �(k) over
the first Brillouin zone using the equation

C = 1

2π

∫
BZ

d2k�(k),

which is numerically calculated to be C = 2 in our study. This
guarantees the formation of QAHE in Ni-B codoped graphene.

From a former theory [21], it is known that both the
ferromagnetic exchange field (M) and Rashba spin-orbit
coupling (tR) play crucial roles in realizing graphene-based
QAHE. By fitting our band structures around the K and K ′
valleys, we can extract the corresponding parameters M and tR .

Figures 4(e) and 4(f) display the dependence of exchange field
and Rashba spin-orbit coupling on the codoping concentration.
One can see that with increasing doping concentration, both
M and tR increase almost linearly, which agrees with the band
gap increasing from our first-principles calculations.

Curie temperature. The experimental observation tempera-
ture is determined by the lower limit of the bulk band gap and
ferromagnetic Curie temperature TC. We calculate the Curie
temperature (TC) by using the Monte Carlo method [55,56]
as applied to the diluted magnetic semiconductors within the
classical Heisenberg model,

H = −
∑
i,j

Jij Si ·Sj ,

where Jij is the magnetic coupling constant between moments
i and j , and Si is a unit vector representing the direction
of spin i. The magnetic coupling strength J for the pair
of magnetic atoms is obtained from the energy difference
between antiferromagnetic and ferromagnetic configurations
(J = EAFM − EFM). The thermodynamic magnetization per
atom and the susceptibility are respectively calculated by

m(T ) =
〈⎡
⎣(∑

i

Sx
i

)2

+
(∑

i

Sy

i

)2

+
(∑

i

Sz
i

)2
⎤
⎦

1/2〉/
N,

χ = N (〈m2〉 − 〈m〉2)/T ,

where N is the number of magnetic atoms. In a Monte Carlo
simulation, we consider a 12 × 12 graphene supercell and
average the normalized magnetization and susceptibility by
collecting 10 000 configurations with randomly distributed
Ni-B pairs. At a given temperature, the first 10 000 Monter
Carlo steps are used for relaxation, and thermodynamic quan-
tities are calculated in the following 10 000 steps. By analyzing
the simulated susceptibility χ as a function of temperature
for graphene with 1.6%, 3.1%, and 4.7% Ni-B codoping, the
TC’s are estimated to be 12, 10, and 9 K, respectively, which
are highlighted by susceptibility peaks. Figure 4(g) displays
that the ferromagnetic Curie temperature TC does not grow
with the codoping concentration because of the dominating
antiferromagnetic state at the H1S1 configuration as displayed
in Fig. 3(b).

Conclusions. In summary, we systematically investigated
the adsorption of 3d transition metal atoms from Sc to Ni on
B-doped graphene using first-principles calculation methods.
Comparing with the adsorption on pristine graphene, we found
that the 3d transition metal atoms have a larger adsorption
energy on B-codoped graphene, thus significantly suppressing
adatom migration and clustering. After investigating the
magnetic states, we found that most exhibit RKKY magnetic
fluctuations, but only V and Ni can form long-range ferromag-
netism on B-doped graphene. Moreover, a Berry curvature
calculation confirms that only Ni-B codoped graphene can
open a band gap to harbor the QAHE, and the nontrivial
band gap can be tuned by the adsorption concentration. The
estimated ferromagnetic Curie temperature can reach over
10 K for various codoping concentrations.

Details of the calculations are available in the Supplemental
Material [57].
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[42] H. Sevinçli, M. Topsakal, E. Durgun, and S. Ciraci, Phys. Rev.

B 77, 195434 (2008).
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