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Magnetic phase transition in Fe-doped topological insulator Bi,Se;
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We study the effect of Fe impurities in Bi,Se; on the magnetic phase and topological insulating property using
first-principles calculations. In particular, we investigate the ferromagnetic-antiferromagnetic phase transition
and the energy gap variation of surface states in Fe-doped Bi,Se;. We find that Fe-doped Bi,Se; has a
ferromagnetic phase at dilute doping regime by the interplay of the band inversion and intrinsic doping. For
higher Fe concentration, >1.7 at. %, Bi,Se; prefers the antiferromagnetic phase mediated by the superexchange
interaction. We show that neighboring Fe impurities with antiferromagnetic ordering behave like nonmagnetic
scattering centers that preserve the linear band dispersion and the in-plane spin texture of topological surface states.
Our result indicates that interdependency of the magnetic phase and the band topology in transition-metal-doped
topological insulators may tweak the electronic structure and topological surface states in peculiar ways.
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I. INTRODUCTION

Topological insulator (TI) is a new quantum state of matters
characterized by insulating bulk and metallic surface electronic
structures [1-4]. When the spin-orbit coupling (SOC) exceeds
the band gap to induce the band inversion, nontrivial band
topology may arise, and consequently, helical conducting
states form at the surfaces with robustness against defects as
enforced by the time-reversal symmetry (TRS) [5,6]. Manip-
ulation of this topological surface state (TSS) is considered
as an essential step for exploring exotic phenomena and
for application as well [7-9]. In particular, breaking TRS
and subsequent gap opening by transition-metal doping in
topological insulators is of great interest as a way to realize
the quantum anomalous Hall effect [10,11].

Transition metals are expected to induce TRS breaking
in TT and to destroy the linear band dispersion and helical
spin structure of TSS. There have been controversies over the
presence of gap openings upon transition-metal doping in TL.
For instance, a clear signature of gap opening is missing in
experiments of Fe adsorption on TI surfaces [12,13], while the
gap opening was reported in Fe-doped TIs [14,15]. Another
intriguing finding in the latter case is the band-gap size of TSS
in Fe-doped TTs that decreases at high Fe concentrations [15].
Also Fe-doped TIs exhibit interesting magnetic phase transi-
tions from ferromagnetic (FM) to antiferromagnetic (AFM)
phase as the Fe doping ratio exceeds the critical concentration
of about 1.5at. % [15]. It is very unusual that the magnetic
phase transition occurs without pressure or temperature control
in dilute magnetic semiconductors. The trend in the energy
gap of TSS and the magnetic phase transition upon Fe
doping indicate that the band topology and magnetic phases
in transition-metal-doped TIs may be interconnected in a
more complex way than anticipated, opening the possibility
of tweaking electronic structures while preserving the exotic
surface states.

In this work we study the magnetic ordering and its
transition and the behavior of TSS in Fe-doped TIs using first-
principles calculations. We investigate the ground magnetic
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phase of Fe-doped Bi;Se; and the mechanism of magnetic
ordering upon varying Fe concentrations. We also investigate
the effect of magnetic defects on TSS with changing the
position and magnetic ordering of Fe impurities.

II. METHOD

Calculations are performed using the first-principles self-
consistent pseudopotential method [16] as implemented in
the Vienna ab initio simulation package (VASP) [17]. The
exchange correlation of electrons is approximated as the
generalized gradient approximation (GGA) in the form of
Perdew-Burke-Ernzerhof [18]. SOC is included in the self-
consistent calculations. The cut-off energy for the plane-
wave-basis expansion is chosen to be 300 eV. We employ
a3 x 3 x 2k-point grid for the bulk system with a variation in
the number of atoms from 135 to 270 and a 3 x 3 x 1 k-point
grid for the slab structure containing 225 atoms. To describe
the long-range dispersion interaction properly, we employed
the van der Waals correction suggested by Tkatchenko and
Scheffler as implemented in VASP [19].

III. RESULTS AND DISCUSSION

We considered substitutional Fe defects at Bi sites which
are energetically more favorable than other sites [20]. First
we studied the change in the topological phase of Bi,Ses
due to the magnetic impurities in the dilute doping regime
of about 1%. Figure 1 shows calculated band structures.
Without Fe doping [Figs. 1(a) and 1(c)], we observe a shift
of the valence band in the I'-M direction toward the Fermi
level and the anticrossing at I' point by the SOC, which
indicates a change in the band topology [21]. Upon Fe doping
to Bi,Ses;, we observe the appearance of Fe d bands and
a reduction in the band gap from hybridization of TI and
Fe [Figs. 1(b) and 1(d)]. Our calculations show that Fe
impurities have a high spin configuration with a net magnetic
moment of 5 g as the exchange energy surpasses the crystal
splitting under octahedral symmetry. In order to check the
tendency of Fe aggregation in Bi,Ses, we calculated the total
energy of Fe-doped Bi,Ses for varying inter-Fe distance. Our
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FIG. 1. (Color online) (a)—(d) Calculated band structures of (a,c)
pristine and (b,d) Fe-doped (1 at. %) Bi,Ses; calculations (a, b)
without and (c, d) with SOC. The Fermi level is denoted by the
dashed line at zero energy. (e) The first Brillouin zone for the bulk
and the surface projection with the special k points. (f) Calculated
total energy for varying Fe distance relative to the case of a dilute
regime (Fe distance of 10 A).

calculations in Fig. 1(f) indicate that Fe may cluster instead of
dispersing randomly.

Next we studied the ground magnetic phase of Fe-doped
Bi,Se; with variation in inter-Fe distance from 4.6 to 28.5 A.
The calculated spin gap (the energy difference between FM
and AFM states) in Fig. 2(a) shows that the AFM state is
favored, regardless of Fe interatomic distance in the pristine
case [20]. The effect of the magnetic exchange responsible
for AFM ordering disappears quickly when the interatomic
distance exceeds 10 A. A primary mechanism of AFM ordering
in BiySes is the superexchange interaction, which is the
second-order hopping process mediated by anions [22,23].
Electronic structures of BiySe; with Fe impurities in AFM
ordering are almost the same, irrespective of inter-Fe distance
[Figs. 2(b) and 2(c)].

We also studied the effect of intrinsic doping on the
magnetic phase of Fe-doped Bi,Se;. Chalcogenide TIs such
as BiySe; and Bi,Te; usually have bulk conduction due to
anionic vacancy defects [24,25], and external doping is thus
required to obtain the insulating property. We emulated the
n-type doping observed in experiment by shifting the Fermi
level [15]. The calculated spin gap for n-type doping of

2.6 x 107* e/;\3 that corresponds to a Fermi level shift of
0.25 eV is also plotted in Fig. 2(a). The AFM ordering is stable
for an Fe interatomic distance of 20.5 A or shorter, but the
FM ordering becomes the ground phase when Fe interatomic
distance exceeds 20.5 A. The inter-Fe distance of ~20.5 A

PHYSICAL REVIEW B 92, 104405 (2015)

80 @ pristine+Fe
< 60F A n-doping+Fe
> A AFM
E 40}

Q
©
o
£
a
2}

-40 = . . . .

5 10 15 20 25 30

Distance (A)

FIG. 2. (Color online) (a) Calculated spin gap (the energy differ-
ence between FM and AFM phase) as a function of inter-Fe distance
(D); positive (negative) if AFM (FM) phase is the ground magnetic
state. Blue dots (red triangles) for Fe-doped Bi,Se; without (with)
n doping. (b, c) Calculated band structure of Fe-doped Bi,Se; with
inter-Fe distance of 28.5 and 4.6 A, respectively. (d, ) The states near
the Fermi level for Fe distance of 4.6 A calculated with the GGA and
MBJ potentials, respectively. Red (Blue) dots denote Bi (Te) atomic
character.

corresponds to an Fe concentration of about ~1.7at. % at
uniform dispersion, which is similar to the experimental
value [15]. The Curie and Néel temperatures of Fe-doped
Bi,Se; are estimated under the mean-field approximation to
be about 50 K for the ferromagnetic phase at a dilute Fe
doping regime (about ~0.63 at. %) and less than ~10 K for the
antiferromagnetic phase (at a moderate Fe doping condition
<10at. %). Here we set the spin gap to the coupling constant
2J in the Heisenberg model.

By increasing the n-doping level by shifting up the Fermi
level, the metallicity of Fe-doped Bi,Se; is enhanced and
the long-range Ruderman-Kittel-Kasuya-Yosida (RKKY) type
interaction between the TI conduction bands and localized
Fe d orbitals becomes significant. In this case, the band
inversion of TIs is essential for the FM phase to develop by
the RKKY interaction. In conventional narrow-gap semicon-
ductors, localized states of magnetic impurities are coupled
to the valence electrons, known as hole-meditated RKKY
interaction [26,27]. For TIs, the conduction-band edge has
the same orbital character as the valence band has before
the band inversion, and the conduction bands now work as
mediating channels for the magnetic impurities. When the
SOC is turned off in our calculations of Fe-doped Bi,Ses;
with inter-Fe distance of ~28.5 A, the spin gap is very small,
about —0.2 meV compared to —24 meV with the SOC. In this
case, localized Fe atoms have independent paramagnetic states
without any preferential spin direction, because the conduction
bands without the band inversion cannot work as mediating
channels for magnetic interactions. Fe-doped Bi,Se; has the
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FM ordering for Fe concentration <1.7% by the RKKY-type
interaction, which is now allowed by the topological insulating
property of BiSes. For higher Fe concentration >1.7%, Fe
atoms tend to aggregate, preferring AFM ordering mediated
by the superexchange interaction. One caveat is that the band
inversion in Fe-doped Bi,Se; should be carefully checked
because the band gap in first-principles calculations may
not be properly produced, depending on the type of the
exchange-correlation functionals. For example, the electronic
structure calculated within the GGA for 3.7 at. % Fe doping
has the band inversion (or the negative band gap), but it
has no band inversion (the positive band gap) with the
modified Becke-Johnson (MBJ) exchange potential [Figs. 2(d)
and 2(e)] [28,29]. The topological insulating property of
Bi,Se;, sustained at a dilute regime of Fe doping, may be
broken as Fe doping level increases. The critical Fe doping
level for the TI property to disappear is material dependent.
For example, Bi, Te; is more resistive to Fe doping than Bi, Ses,
remaining in the TI phase for ~3.7 at. % in our calculations
with the hybrid exchange-correlation functional.

One puzzling issue in experiment is the effect of Fe impu-
rities on the surface states, which apparently shows different
behavior depending on the position of Fe impurities [12—15].
We studied the TSS upon varying the position of Fe impurities.
The calculated formation energy of Fe-doped Bi,Ses in a slab
structure [20],

AHy = Ereys — (EvactBs + Fe),

where Er.ips (Evac+ps) 1S the total energy of Bi,Se; with
an Fe impurity (a single vacancy) and wp,. is the chemical
potential per atom of ferromagnetic bcc Fe, shows that Fe
doping of 1% can be energetically stabilized regardless of
Fe positions and that Fe impurities prefer the inner layers
[Fig. 3(a)]. The energy gap is opened by the magnetic moment
of Fe impurities, and its size depends on the position of Fe
[Fig. 3(b)], reaching the maximum for Fe at the outermost
quintuple layer and steadily decreasing for Fe moving into
inner layers. Such dependence of the energy gap is due to
strong hybridization between Fe impurities and topological
surface states. For nonmagnetic impurities such as arsenic, we
do not observe any gap opening in the surface states (with As
at Z =552 A) [Fig. 3(c)]. This supports that the gap opening
is due to the TRS breaking by magnetic impurities.

Next we investigated the effect of Fe clusters and their
magnetic ordering on TSS. Our calculations show that Fe
in BiySe; prefers aggregation to dispersion. We consider an
Fe impurity concentration of 4.4% with two Fe atoms at
the nearest-neighboring Bi sites. It was found that the AFM
ordering in the spins of an Fe dimer is more stable by 0.4 eV
than the FM ordering and that the AFM ordering originates
from the superexchange interaction. Fe-doped Bi,Se; has an
energy gap of ~50meV for a single atomic Fe [Fig. 4(a)] but
recovers the Dirac cone with clear in-plane spin helicity when
Fe defects form dimers with antiparallel spin configuration
(AFM ordering) [Figs. 4(b) and 4(e)]. The surface states reopen
the gap if Fe dimers are forced to have less stable FM ordering
[Fig. 4(c)]. As Fe-Fe distance of the dimers is increased, the
AFM ordering is still preferred but a gap opens in the TSS
[Fig. 4(d)]. This implies that the spin ordering in Fe dimers is
closely related to the mass gap in the Dirac cone.
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FIG. 3. (Color online) (a) Calculated total and formation ener-
gies of Fe-doped Bi,Se; for varying Fe positions from the top layer.
The energy reference is the value for Fe at the topmost layer. Fe
impurities prefer the inner layers in Bi,Ses. (b) Calculated energy
gap of TSS for varying Fe position from the surface. The gap is
the maximum when Fe impurities are located at the TSS-localized
layer. (c) From the left to right panels, calculated band structures of
Bi,Ses slab structure without defects, with arsenic doping, and with
Fe doping. Z is the distance of the impurity from the topmost Se
layer. The shaded region denotes the bulk band projection into the
surface Brillouin zone.

In order to analyze this feature straightforwardly, we build
a tight-binding Hamiltonian,

H = Z hvk - 6a,3c£ac,;ﬁ + Zgrd,:rradira
kap

ita

+ Y VM epg FHe) + Ao Y d Lo Gupding,

o, /
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where c¢;, and d;,. are the operators for the surface Dirac
fermion and Fe d electrons, respectively; «,f, the spin
indices; i, site index of Fe; t, d-orbital index; [, orbital
angular momentum of the d orbital; and &, the on-site
energy of d orbitals. ¢ denotes the Pauli matrices and v is
the Fermi velocity. Here, V represents the hybridization of
Dirac fermions with magnetic impurities and Ay, is the SOC
strength. The parameters in the Hamiltonian were chosen
by comparing the energy bands [Figs. 4(f) and 4(g)] to
first-principles calculations; V = 0.06 eV, A,, = 0.03 eV, and
& = £0.3eV. The surface states (the first term) are given
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FIG. 4. (Color online) Band structures of Bi,Se; slab calculated with first-principles method for (a) a single atomic Fe defect, (b) AFM- and
(c) FM-ordered Fe dimers with inter-Fe distance of 4.11 A, and (d) AFM-ordered Fe dimers with inter-Fe distance of 9.16 A. (e) In-plane spin
texture of the upper Dirac cone in (b). (f, g) Band structures of the tight-binding Hamiltonian for a single atomic Fe defect and AFM Fe dimers,
respectively. The parameters chosen from the first-principles results are V = 0.06eV, A;, = 0.03eV, and ¢, = £0.3eV. (h) Schematics of
TSS (blue and red arrows) interacting with an AFM-ordered Fe dimer (gray balls with spins in arrows).

as linear bands and Fe d orbitals (the second term) are
simplified as flatbands. The magnetic ordering was treated
by assigning opposite spins for neighboring Fe atoms. The
band structure was then obtained by direct diagonalization of
the tight-binding Hamiltonian. We observe the energy gap
for a single atomic Fe defect [Fig. 4(f)] but no gap for
AFM-ordered Fe impurities [Fig. 4(g)], which is consistent
with first-principles calculations. TSS may not distinguish a
spin-degenerate single impurity from an AFM-ordered dimer
[Fig. 4(h)]. In other words, the model Hamiltonian with
magnetic impurities in AFM ordering is equivalent to the case
of spin-degenerated impurities. Our calculations suggest that
the decrease in TSS energy gap for high Fe concentrations in
experiment [15] is similar to the case of AFM-ordered dimers.
This picture will break down when the Fe distance in the dimers
is increased. TSS may see individual Fe atoms in a dimer
and experience the spin scattering to have a gap [Fig. 4(d)].
The spin-flipping scattering in TSS by magnetic impurities
that favors AFM ordering may arise if (Ak)~' between TSS
scattering states is comparable to the interatomic distance of
magnetic impurities.

IV. SUMMARY

We investigated the magnetic phase transition and topolog-
ical nature of surface states in Fe-doped Bi;Se;. The AFM

phase is stable for the pristine case, regardless of Fe doping
levels, but once the Fermi level is shifted up to lie in the
conduction bands by intrinsic doping, the FM phase can be
stabilized at dilute Fe doping levels (<1.7at. %). At this
regime, the FM phase is mediated by the conduction bands
that have the same orbital character as the valence bands due
to the band inversion of the topological insulating property.
Above the critical concentration of ~1.7 at. %, localized spin
states are coupled by the superexchange interaction and spins
are aligned antiparallel to each other. We also found that Fe
impurities tend to aggregate to form AFM-ordered clusters that
serve as spin-degenerate impurities. As a result, TSS persists
without the loss of topological insulating characteristics of the
linear band dispersion and in-plane spin texture, even in the
presence of Fe impurities. Our results suggest a possibility
to control the electronic structure and magnetic phase of
topological insulating materials by the transition-metal doping.
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