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A two-step doping process, magnetic followed by charge or vice versa, is required to produce massive
topological surface states (TSS) in topological insulators for many physics and device applications. Here,
we demonstrate simultaneous magnetic and hole doping achieved with a single dopant, carbon, in Bi,Se;
by first-principles calculations. Carbon substitution for Se (Cg.) results in an opening of a sizable surface
Dirac gap (up to 82 meV), while the Fermi level remains inside the bulk gap and close to the Dirac point at
moderate doping concentrations. The strong localization of 2p states of Cg. favors spontaneous spin
polarization via a p-p interaction and formation of ordered magnetic moments mediated by surface states.
Meanwhile, holes are introduced into the system by Cg.. This dual function of carbon doping suggests a

simple way to realize insulating massive TSS.
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The second-generation 3D topological insulators (TIs),
Bi,Se; and Bi,Te;, are a class of time-reversal-invariant
materials characterized by an insulating bulk state and a
conducting surface state consisting of a Dirac cone [1,2].
Such massless surface states are protected by time-reversal
symmetry (TRS) and immune to surface disorders such as
vacancies [3,4]. Many striking physics and device applica-
tions of TIs have been proposed, such as the quantum
anomalous Hall effect (QAHE) [5,6], magnetic monopole
imaging [7], topological contribution to Faraday and Kerr
effects [8], and TI-based p-n junctions [9]. To enable the
above applications, it is necessary to open a surface energy
gap as well as keep the Fermi level (E;) inside the bulk gap
[8]. It is proposed that doping TIs by magnetic transition
metals (TMs), such as Fe and Mn, could break the TRS and
open a surface gap [3], which has been the most common
experimental approach [5,6,10-17]. Recently, it has been
demonstrated that the magnetic proximity effect, induced
by a covered magnetic insulator (MnSe, EuS), can be used
to open a small Dirac gap in Bi,Ses, due to the overlapping
of topological and ordinary interfacial states [18,19].
However, in these experiments, the existence of anionic
vacancies in the as-grown Bi,Se; thin films leads to a
typical n-type material [10,11,20]. To bring the E inside
the bulk gap from the bulk conduction band, the excess
electrons must be compensated (via hole doping), which
can be achieved by doping with divalent cations (Mg>" or
Ca?") [10] or chemical molecules with strong electron-
accepting ability (NO,, CO) [11,20,21]. Nevertheless, it
remains a challenge to find a reliable yet simple scenario to
produce out-of-plane magnetization, a stable long-range
magnetic order, and proximity of E; to the Dirac point.
These three conditions are necessary in order to experi-
mentally observe the Dirac gap and/or QAHE by using the
approach of magnetic doping [3,6,22-25].

The spontaneous spin polarization and local moments in
carbon-doped ZnO, a diluted magnetic semiconductor

0031-9007/13/111(23)/236803(5)

236803-1

PACS numbers: 73.20.At, 68.35.Dv, 71.15.Mb

(DMS), has been successfully demonstrated both experi-
mentally and theoretically [26,27]. Since O and Se have
similar electronic configurations and chemical properties,
and C has a quite similar electronegativity (2.55) but two
more valance holes compared to Se, one can expect that
substitution of C for Se would compensate both Se vacan-
cies and excess electrons in the as-grown Bi,Se;. This
motivated us to consider carbon doping as a means to
achieve massive topological surface states (TSS) in Bi,Ses.

In this Letter, we report results of our first-principles
investigation on TSS of carbon-doped Bi,Se;. The compu-
tational details are given in the Supplemental Material [28].
It is found that substitution of C for Se in Bi,Se; introduces
local moments as well as holes. Carbon doping can lead to
simultaneous opening of the Dirac gap up to 82 meV and
pinning of E inside the bulk energy gap. It is striking that
magnetic doping and ordering can be achieved by using a
nonmagnetic dopant (C). We discuss the origin of the mag-
netic moment, the mechanism of magnetic coupling, and the
cause of magnetocrystalline anisotropy in a carbon-doped
TI system and compare them with TM-doped TIs. The
effects of the carrier density and impurity concentration on
the electronic structure are also discussed.

We first consider an ideal Bi,Se; surface. Figure 1(a)
shows the band structure calculated by using a 3 X 3 slab
supercell 7 quintuple layers (QLs) thick with the ideal
Bi,Se; surface. As can be seen, the I" Dirac point and the
Fermi level (E;) are just above the bulk valance band
(BVB). However, the experimentally observed E; of
undoped Bi,Se; is often near the bulk conduction band
(BCB) and could be as far as 300 meV away from the
Dirac point [6,10,11,20,29]. This is due to Se vacancies,
which are easily formed in experimental conditions (Bi
rich), leading to a typical n-type doping of Bi,Se;
[6,10,11,20,29]. First-principles calculations have con-
firmed this n-type doping in Bi,Se; with Se vacancies
[21] (see the Supplemental Material [28]).
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FIG. 1 (color online).

(a) (t2)

sp orbitals splitting in a
tetrahedral crystal field

Calculated band structure of Bi,Se; without a defect (a) and with substitutional carbon doping in the surface

layer (b). The topological surface states and carbon impurity states are mainly located in the energy range 0-0.2 eV and 0.7-0.8 eV,
indicated by red and green, respectively. The weight of states in each band is shown by the circle size. The bulk band is projected onto
the two-dimensional Brillouin zone (blue). (c) Schematic diagram of carbon substitutional doping on the outermost surface layer and
its orbital splitting. (d) The schematic illustration of band structures of as-grown Bi,Se; (with Se vacancies) and C-doped Bi,Ses,
respectively. All band structures are calculated by using a symmetric 3 X 3 slab supercell with 7 QLs of Bi,Se;. The top and bottom

surfaces are identical, and each contains two Cg,.

We next consider substitutional carbon doping at a
selenium site on the outermost surface layer of Bi,Ses,
which can be regarded as a filling of surface Se vacancies
by carbon. Theoretically, it should not be difficult to fill the
Se vacancy in Bi,Se; with carbon. This is because carbon
has the same electronegativity (2.55) as Se but a much
smaller atomic radius (70 pm). Moreover, the large inter-
stitial space in the Bi,Se; crystal lattice, due to the large
covalent radius of Bi (146) and Se (116), is able to facilitate
diffusion of carbon to Vg, sites on the Bi,Se; surface. As
the doping concentration increases, carbon can further
replace other selenium atoms during high-temperature
annealing [13]. Here we consider a Cg, in the outmost
layer. Even though the outermost Se layer is less energeti-
cally favored for substitutional carbon doping, which has a
formation energy of 52 meV higher than that in the third Se
layer [in the first QL but on the van der Waals’ (vdW) gap
side], based on our formation energy calculation, Cg, can
be expected to be rich in the outermost Se layer, since
experimentally doping is typically done through diffusion
of dopants into grown Bi,Se; samples [10,11,13].
Furthermore, surface doping results in a more direct effect
on the topological surface states. The calculated band
structure of Bi,Se; with carbon substitutional doping is
shown in Fig. 1(b). It shows that carbon doping leads to the
opening of a sizable surface Dirac gap (82 meV for the
doping concentration corresponding to two carbon atoms
in the 3 X 3 surface units), which is comparable to that in
Fe- or Mn-doped Bi,Se; [10,11]. In addition, the Fermi
level is drawn back from the bottom of the BCB in the
presence of the Se vacancy to near the top of the BVB due
to hole doping introduced by C‘s‘e_z,. The calculated spin
texture (Supplemental Material [28]) confirms that the
surface Dirac state is not affected by C doping. This
indicates that we could open the Dirac gap and tune Ey

in one step [Fig. 1(d)], in contrast to the aforementioned
two-step process by magnetic transition metal and charge
doping.

In order to understand how a nonmagnetic element such
as carbon can open a Dirac gap and tune E; simulta-
neously, we calculated the projected density of states
(DOS) of a carbon-doped Bi,Se; thin film and present
the results in Fig. 2. A strong coupling between the 2p
states of the dopant (C) and 4p/6p states of the host
(Se/Bi) is clearly seen at the valence band top and con-
duction band bottom. This p-p interaction is essentially a
result of quantum-mechanical level repulsion, which splits
the majority and minority 2p states of carbon and
“pushes” the minority 2p states up inside the bulk band
gap. The exchange splitting energy between the majority
and minority spin ¢, states at the zone center [Aer =

e(th)—e(tlz)] is substantial (~ 0.80 eV). Further
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FIG. 2 (color online). Calculated DOS (without SOI) of
C-doped Bi,Se;. The inset is the projected DOS on carbon 2p
orbitals.
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examination on the projected p states of carbon (see the
inset in Fig. 2) shows that the p, and p, orbitals are
degenerate. The spin-down p, , states are partially occu-
pied, while the spin-down p, states are completely empty.
The energy difference (A epy) between pﬁ,y and pﬁ is around
0.66 eV. Such a splitting is due to the change of the carbon
bonding environment, especially in the z direction, under
the tetrahedral crystal field. The symmetry and wave func-
tion of the impurity state (p-like f,) are similar to those of
the valance band top and conduction band bottom of
Bi,Se;, which consist mainly of anion Se 4p and cation
Bi 6p orbitals [without spin-orbit interaction (SOI)]
(Fig. 2) or cation 6p and anion 4p orbitals (with SOI)
due to band inversion. Therefore, a strong p-p coupling
between the impurity state and valence band state is
allowed near Ej, resulting in the spin polarization and
formation of local moments (1.78 t ). Such local moments
are quite stable, and the spontaneous spin-polarization
energy is 175 meV. We considered also the effects of C
doping in the middle and bottom (on the side of the vdW
gap) Se layers of the first QL and found that the system
energetically favors a spin-polarized ground state in both
cases, with a magnetic moment of 2.0 and 1.83 up, respec-
tively. This indicates that, even if C substitutes Se at differ-
ent sites in the first QL, under different experimental
conditions, the basic property of the system remains the
same. Our calculations also show (see the discussion on the
impurity concentration effect below) that these local
moments favor an out-of-plane long-range ferromagnetic
coupling on the surface of Bi,Se;, mediated by the surface
state. The carbon valence orbitals favor more stable four-
fold (I' = a; + t,) splitting under the tetrahedral crystal
field, forming C*~ (Fig. 1), which provides two more holes
compared to Se?”. Therefore, Cg. can introduce holes as
well as local moments. This duality of carbon doping leads
to the simultaneous topological surface state and Fermi
level tuning in this intrinsic nonmagnetic topological
system.

It is noted that, due to coupling between defect states and
surface states, some defect levels appear near the TSS in
the bulk gap, similar to that found in transition metal doped
TIs [30] and ferromagnetic thin film capped TIs [18].
Interestingly, the carbon impurity states are localized
inside the bulk conduction band [Fig. 1(b)] and thus
not expected to influence the device performance in a
significant way. A band-bending effect has been observed
experimentally on the TI surface under the atmospheric
environment [4,21,31-34]. Our electrostatic calculations
indicate that this effect is not strongly influenced by
carbon doping (see the Supplemental Material [28]).
Experimentally, the carrier and impurity density are two
key parameters. We therefore discuss these effects on the
stability and Fermi level tuning in carbon-doped Bi,Se;.

Carrier effect.—Carriers play critical roles in magneti-
cally doped TTs, in both the bulk and surface. They mediate
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FIG. 3 (color online). Dependence of the spin moment and
Dirac gap of C-doped Bi,Se; on electron density.

the long-range magnetic order [14] and control E, [10,11].
Electrons in the system also affect the localization of
magnetic moments, especially in systems with a delocal-
ized p band and a hole-induced magnetic system. Here, we
consider only the effect of electrons on the local moment
and Dirac gap in C-doped Bi,Se;. In the calculation, excess
charges are directly introduced into the system, and a
jellium background is used to maintain the charge neutral-
ity of the supercell [27,30]. As shown in Fig. 3, carbon
substitutional doping at the anion site induces a magnetic
moment of ~2up per anion. If excess electrons are intro-
duced into the system, which is possible in an experimental
environment, they would quench the magnetic moments.
Meanwhile, the Dirac gap can be closed if the electron
carrier density is sufficiently high.

Impurity concentration effect.—The impurity concentra-
tion can affect both the degree of localization of magnetic
moments and the hole density, because the carbon dopants
introduce local moments as well as holes into the system.
Figure 4 shows the dependence of the local moment and
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FIG. 4 (color online). (a) Dependence of the magnetic moment
and Dirac gap on the interimpurity distance, which is used to
indicate the impurity concentration. (b) Schematic illustration of
the possible magnetic coupling. The left figure shows the DOS
for two isolated carbon dopants, and the right figure shows the
coupling when the two carbon dopants are in close proximity at a
higher doping concentration.
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Dirac gap on the impurity concentration, which is given in
terms of distance between impurities, by assuming a uni-
form dopant distribution. Note that the interimpurity dis-
tance in the figure is discontinuous. A high impurity
concentration enhances the magnetic coupling and intro-
duces more holes, but too large an impurity concentration
would quench the local moment and reduce the size of the
Dirac gap. This can be understood based on the phenome-
nological band-coupling model [35]. Under a very low
impurity concentration, the impurity states are localized
and isolated, which is insufficient to open a Dirac gap. At a
moderate doping concentration, the 2p states with the
same spin couple to each other into a ferromagnetic phase
(FM phase) but remain localized (FM-I phase), and a Dirac
gap opens. The localized impurity bands become broader
and delocalized (FM-II phase) as the impurity concentra-
tion increases further. This eventually leads to a charge
transfer from the majority spin state to the minority spin
state, a reduced local moment and exchange splitting
(Fig. 4), and a corresponding reduction of the Dirac gap.
If the impurity concentration is sufficiently high, the much
reduced exchange splitting would lead to an antiferromag-
netic phase (AFM phase), even though the energy gain of
the FM phase is usually larger than that of the AFM phase
in C-doped TI. This is the case when two C dopants are
situated in opposite atomic planes, bordering the
van der Waals gap, separated by a distance of 3.3 A.
Therefore, a moderate carbon-doping concentration is nec-
essary to open a sizable Dirac gap and to tune the Fermi
level close to the Dirac point.

C-doped TIs vs TM-doped TIs.—Finally, we wish to
make a comment on C-doped TIs and TM-doped TIs.
There are several important differences between the
C-doped and Fe- or Mn-doped TIs due to the distinctly
different orbitals (2p vs 3d) of the dopants. First, the p
orbitals of C are usually fully occupied in ionic states,
leaving no room for unpaired electrons compared to the
d orbitals of transition metals. Second, the spin-orbit and
hyperfine interactions in C are considerably weaker com-
pared to that in TMs, since they scale as the fourth power of
the atomic number. Consequently, it is possible to preserve
spin coherence over time and distance in C-doped TIs
much longer than in TM-doped TIs. Finally, concerning
the mechanism of magnetic ordering in TIs, Liu et al.
proposed a mediation of the long-range ferromagnetism
by surface states through the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction in TM-doped TIs [3,22], while
Chang et al. suggested the p-d Van Vleck mechanism
(localized p valence electrons) for the long-range magnetic
order [6]. Clearly, the ferromagnetism in carbon-doped
Bi,Se; challenges our understanding of magnetic ordering,
because there are no d electrons near either conductance or
valence bands (Fig. 2). The above s-d RKKY or p-d Van
Vleck mechanism cannot be applied here. The ferromag-
netic double-exchange mechanism can produce large spin

moments, but it is a short-range interaction that requires a
mixed valence, i.e., 2p" < 2p""!. Based on our magnetic
calculations, there is no evidence that a mixed valence
occurs in C-doped Bi,Se;. Therefore, it is reasonable to
believe that the spontaneous spin polarization is induced by
the p-p interaction and the magnetic exchange coupling in
such a system is mediated by the surface states.

In summary, we propose carbon substitutional doping at
Se site as a one-step approach to achieve massive TSS in
Bi,Se;, which is more effective compared to the usual
approach of magnetic impurity doping followed by chemi-
cal charge doping or vice versa. This is because carbon
doping simultaneously introduces localized spin moments
and holes. The long-range ordering of the spin moments
could be established through p-p interaction. Meanwhile,
holes introduced by carbon doping pull the Fermi level
inside the bulk gap from the bulk conduction band. We
expect this simple approach of producing massive TSS to
promote experimental studies in fabricating C-doped TIs
or similar materials and eventually lead to a simpler ex-
perimental procedure and robust TIs for broader device
applications.
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