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Transition Metal Substitutions Induce Ferromagnetism in BiyTe;
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The possibilities of magnetism induced by transition-metal atoms substitution in BisTeg
system are investigated by ab initio calculations. The calculated results indicate that a
transition-metal atom substitution for a Bi atom produces magnetic moments, which are due
to the spin-polarization of transition-metal 3d electrons. The values of magnetic moments
are 0.92, 1.97, 2.97, 4.04, and 4.98 ug for 4% Ti-, V-, Cr-, Mn- and Fe-doped BiyTesz re-
spectively. When substituting two transition-metal atoms, the characteristics of exchanging
couple depend upon the distributions of the Bi atoms substituted. When two transition-
metal atoms substituting for Bi atoms locate at the sites of Bil and Bi5, with the distance of
11.52 A, the Bi; g4 TMg.16Tes system is energetically most stable and exhibits ferromagnetic
coupling.
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I. INTRODUCTION

Recently, topological insulators with both metallic
surface states and insulating bulk states have attracted
enormous attention, due to their exotic physical proper-
ties and potential applications in low dissipation devices
and quantum computing [1-5], particularly after the
experimental confirmation of a three-dimensional topo-
logical insulator [6]. V3-VI3 compounds such as BiyTe;
and SbyTes, which are well-known conventional mate-
rials for thermoelectric applications [7—9], with unique
electronic structures, exhibit a Dirac-like conducting
band as the bulk topological insulators.

BisSes can be made into a superconductor by non-
magnetic copper intercalation in the van der Waals gaps
[10, 11]. The long-range magnetic order can also form in
topological insulators when doped with transition met-
als (TM) in the bulk [12]. The introduced magnetic
order can lead to the time reversal symmetry breaking,
resulting in a gap opening at the Dirac point, which
is the crucial criteria for the realization of many inter-
esting phenomena, such as quantized anomalous Hall
effect [13] and topological magnetoelectric effect [14].

BisTes and related systems with dilute dopings of
transition-metal atoms (V, Cr, Mn, and Fe) have
been found to be ferromagnetic at low temperatures.
Dyck et al. found both the magnetic semiconduc-
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tor Sby_, V,Tes (£=0.03) and Sby_,Cr,Tez (2=0.095)
have a Curie temperature (T¢) around 22 and 20 K
respectively [15, 16]. Hor et al. reported experimen-
tally that substitution Mn into BisTes makes the com-
pound magnetism and the system may be a dilute
magnetic topological semiconductor. The compositions
Biy_,Mn,Tes (x=0.04 and 0.09) have a ferromagnetic
transition with Tc=9—12 K. The easy axis of magne-
tization in the ferromagnetic phase is perpendicular to
the BiyTes basal plane [17]. In addition, the experimen-
tal research also demonstrated that a systematic Mn
doping can control the dynamics of spin-Dirac fermions
in BisTes, which results in the material potentially ap-
plications in topological device [18]. The ferromagnetic
phase was also found in p-Bis_,Fe,Tes at the temper-
ature which increases with the Fe content z increasing
to 12 K (2=0.08), while hole concentration decreases,
i.e., iron atoms exhibit donor properties. The easy-axis
for magnetization is parallel to the Cs crystallographic
axis [19].

The substitutional doping with transition metals
plays a very important role in tuning the electronic
and magnetic properties of BisTes and related systems.
However, the mechanisms of electronic and magnetic of
TM-doped BisTeg are still unclear. In order to address
exactly these problems, we explore the electronic and
magnetic properties of bulk of BisTesz with transition
metals doping via the first-principles density functional
theory (DFT). The results demonstrate that for BisTes
system, magnetic moments can be induced when one Bi
atom is substituted by a TM (TM=Ti, V, Cr, Mn, and
Fe) atom. We also compare the energies of ferromag-
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netic and antiferromagnetic couplings between two TM
atoms substitutions in BiyTes super-cell. The type of
preferential magnetic coupling of system depends upon
the distributions of the Bi atoms substituted.

Il. COMPUTATIONAL DETAILS

The DFT calculation is performed with the plane-
wave pseudopotential method in the Vienna ab initio
simulation package (VASP) [20, 21]. The generalized
gradient approximation (GGA) [22] scheme is used to
describe the exchange correlation energy. The calcu-
lated lattice constants (a=4.386 A and c=30.497 A) are
in good agreement with reported results [23]. We con-
struct a 2x2x2 rhombohedral BisTes periodic supercell
containing 60 atoms, where a Bi atom is substituted by
a TM atom (TM=Ti, V, Cr, Mn and Fe). Such substi-
tution corresponds to Bij g2 TMj osTes and the doping
level is 4%. An energy cutoff of 400 eV is used for the
plane wave expansion of the electronic wave function.
Special k points are generated with a 3x3x1 grid based
on Monkhorst-Pack scheme. Good convergence is ob-
tained with these parameters. The cases of pure BisTes
and TM atoms (TM=Ti, V, Cr, Mn and Fe) doped
BisTes are considered. The total energy is converged
to be 1.0x10~% eV /atom, while the Hellman-Feynman
force is smaller than 0.01 eV/A in the optimized struc-
ture.

I1l. RESULTS AND DISCUSSION

Bulk BisTes has a rhombohedral crystal structure
with the space group D3,(R3m) and with five atoms
in a unit cell. A rhombohedral structure can be visu-
alized as a layer structure and a hexagonal lattice cell.
We plot this hexagonal cell in Fig.1. In the hexagonal
cell of BiyTeg, there are five individual atomic layers in
the sequence of Te-Bi-Te-Bi-Te along the trigonal axis.

The band structure of BisTesz and related systems
has been studied extensively due to their importance
as room-temperature thermoelectric materials [24—30].
The density of state (DOS) for the pure system BiyTe;
is given in Fig.2(a). The Tebp state formed below the
Fermi level with the 5s state which is around —10 eV.
The Bibp state forms above the Fermi level. The co-
valent bonding leads to each Bi in a 34 state and
each Te in a 2— state. In addition, the total DOS for
pure BisTes system also shows that no spin-polarization
emerges around the Fermi energy level, indicating that
the pure BisTes is nonmagnetic, as there are no un-
paired electrons.

Experimental evidence has shown that the transition-
metal atoms replace the larger Bi atoms within the lat-
tice rather than Te [19, 31]. Calculations have been per-
formed on Bij g2 TMg gsTes (TM=Ti, V, Cr, Mn, and
Fe). The total DOSs of Bij g2TMg.0sTes (TM=Ti, V,
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FIG. 1 The schematic crystal structure of rhombohedral
BisTes. Sage green balls and violet balls represent Te atoms
and Bi atoms, respectively.

Cr, Mn, and Fe) are shown in Fig.2 (b)—(f). An obvi-
ous spin-split in the spin-up and spin-down total DOS
at/near the Fermi level can be found. Obviously, Ti-,
V-, Mn-, and Fe-doped Bi;Tes are all half-metals and
magnetic with 100% spin polarization. The Cr-doped
BisTes is magnetic semiconductors, because both the
majority and minority spin DOSs are zero at the Fermi
level and there is a clear spin polarization between the
DOSs of the two spin channels around the Fermi level.
According to our calculations, the value of magnetic
moments are 0.92, 1.97, 2.97, 4.04, and 4.98 ug for 4%
Ti-, V-, Cr-, Mn- and Fe-doped BiyTes respectively.
The total energies of the supercell with
B11492TM0,08Te3 (T‘l\/[:rfl7 V, CI‘, Mn and Fe) for
spin-polarized and nonspin-polarized modes are also
calculated, too. The corresponding energy differ-
ence AEN.v=FEN—F\ between the total energies of
nonmagnetic state Ex and the magnetic state FEy
are 0.027, 0.63, 1.4, 0.86 and 0.19 eV for 4% Ti, V,
Cr, Mn and Fe doped BisTes respectively. All the
results show that the magnetic state is more stable
than the nonmagnetic one. Figure 3 (a)—(e) show the
spin-density distribution (spin-up minus spin-down)
for Bij g2 TMg gsTes (TM=Ti, V, Cr, Mn and Fe). The
spin density is mainly distributed on the TM atoms.
In order to understand the electronic structure fur-
ther, the atom-, orbital-, and spin-projected density of
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FIG. 2 Total DOS of (a) pure BiQTe3, (b) Bil‘ggTio_osTe;;, (C) Bi1,92V0,03T63, (d) Bil‘ggcro‘ogTezj, (e) Bil.gzMno,osTe3 and
(f) Bii.g2Feq.08Tes, respectively. The vertical dotted line indicates the Fermi level.

the TM atom (TM=Ti, V, Mn and Fe) 3d states, Te
atoms bs and 5p states and Bi atoms 6s and 6p states are
calculated and presented in Fig.4 for Ti-, V-, Mn-, and
Fe-doped BisTes. Obviously, the TM3d DOS shows an
exchange splitting between the spin-up and spin-down
DOS peaks at/near the Fermi level, which results in
a magnetic moment. In addition, small induced mag-
netic moments are also observed for the Bi and Te atoms
(not shown in Fig.3), these induced magnetic moments
are due to the small spin polarization of p-states of Te
atoms and Bi atoms. While very small, the difference
between the spin-up and spin-down DOS of Te atoms
5p states and Bi atoms 6p states can be found, which
can be seen in Fig.2 (a)—(d). The Bi and Te atoms
around the 3d TM atoms are polarized while other Te
(or Bi) atoms are not. That is to say, the polarized
electrons are decided by the distance between the Te (or
Bi) atom and the TM atom. The spin-projected DOS of
spin-up orbitals (or spin-down orbitals) passing through
the Fermi level and spin-down orbitals (or spin-up or-
bitals) can exhibit the characteristics of semiconductor.
Therefore, Ti-, V-, Mn-, and Fe-doped BisTes are the
half-metal materials.
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FIG. 3 Three-dimensional iso-surfaces (the iso-value is
0.01 e/A3) of magnetization density for (a) Bij.g2Tio.0sTes,
(b) Bi1.92Vo.08Tes, (c) Bi1.92Cro.08Tes, (d) Bi1.92Mno.osTes,
and (e) Bij.g2Fep.0sTes. The yellow iso-surfaces represent
the spin density of spin up.

Subsequently, we perform spin polarized calculations
on the BisTes supercell with two TM (TM=Tj, V, Cr,
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FIG. 4 Partial DOS of TM3d states, Te 5s and 5p states, and Bi 6s and 6p states for Bii.goTMg.osTes. (a) Ti, (b) V, (c)
Mn and (d) Fe, respectively. The vertical dotted lines indicate the Fermi level.

Mn and Fe) atoms substituting for Bi atoms in the lat-
tice. Such substitution corresponds to Bij g4TMg 16Tes
and the doping level is 8%. In the supercell, we inves-
tigate six distributions of the two Bi atoms, which are
replaced by TM atoms. The six cases are: (i) the two
TM atoms are located at the sites of Bil and Bi2, and
the distance is 4.45 A; (ii) the two TM atoms are located
at the sites of Bil and Bi3, and the distance is 6.56 A;
(iii) the two TM atoms are located at the sites of Bil
and Bi4, and the distance is 10.63 A; (iv) the two TM
atoms are located at the sites of Bil and Bib, and the
distance is 11.52 A; (v) the two TM atoms are located
at the sites of Bil and Bi6, and the distance is 14.63 A;
(vi) the two TM atoms are located at the sites of Bil
and Bi7, and the distance is 15.92 A. In order to deal
with the effect of the magnetic coupling between the two
isolated TM atoms, we evaluate the relative energies
between ferro- and antiferromagnetically ordered states
by GGA calculation. Table I provides the energy dif-
ferences between ferromagnetic state (FM) and antifer-
romagnetic state (AFM) as well as magnetic moments
of two TM atoms doping. Here, AE,=Farn—FrMm
represents energy difference between antiferromagnetic
state and ferromagnetic state after optimization, which
enables us to estimate stable states of magnetism cou-
pling. AFE,,>0 indicates that the ferromagnetic state
is more stable than the antiferromagnetic state, while
AFE,, <0 indicates that the antiferromagnetic state is
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more stable than the ferromagnetic state. The energy
differences AFE of structures with different distance be-
tween the two TM atoms substitution for Bi atoms in
BiyTes are also listed in Table I. By comparing the to-
tal energies of the above six cases for Bij g4 TMg.16Tes
(TM=Ti, V, Cr, Mn and Fe), we find that when the
two TM atoms are located at the sites of Bil and Bi5,
the system with ferromagnetic coupling has the low-
est energy among the six cases and produces a mag-
netic moment of 1.91, 3.99, 6.01, 7.98, 9.46 ug for 8%
Ti, V, Cr, Mn, and Fe doped BisTe3. We also find
that antiferromagnetic coupling is energetically favor-
able in the case (ii) for Bij g4Tip.16Tes, case (iii) for
Biy.84Crg.16Tes, and case (i) for Bij g4Mng 16Tes. It is
evident that the type of preferential magnetic coupling
of system depends upon the distributions of the TM
atoms substitution for Bi atoms in BiyTes.

IV. CONCLUSION

We explore the structural, electronic and magnetic
properties of 4% TM-doped (TM=Ti, V, Cr, Mn and
Fe) BioTes alloys via the first-principles PAW poten-
tial within DFT, employing the exchange-correlation
potential provided by the GGA. The results demon-
strate that, for BisTes system, magnetic moments can
be induced when one Bi atom is substituted by a TM
atom. On the electronic structures, the analyses of total
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TABLE I The relative energies of states FM and AFM (AEL,), the total net magnetic moments (M;ot) and distance between
the Bi Atoms substituted, values of the relative stabilities AFE, calculated for the Bii g4TMg.16Tes.

Atoms substituted

Bil and Bi2  Bil and Bi3  Bil and Bi4 Bil and Bi5 Bil and Bi6  Bil and Bi7
Distance/A 4.45 6.56 10.63 11.52 14.63 15.92
AFEn/meV  BiigaTig.16Tes 20.5 —18.3 10 13 14.5 77.4
B11,84V0,16T63 24.1 44 .4 3 14.5 3 6.2
Bil,g4Cr0,16Te3 12.8 3.6 720.3 8 2.9 7.6
Bii1.g4aMng.16Tes —16.9 85.5 19.4 32.6 16 17.7
Bii .gaFeo.16Tes 49.5 7.4 5.2 17.5 12.9 9.2
Mot /1B Bii .84 Tig.16Tes 2.02 1.84 1.91 1.98 1.94
Bii.84Vo.16Tes 3.98 4.04 4.02 3.99 3.97 3.97
Bii.84Cro.16Tes 6.01 6.14 6.01 5.95 5.94
Bi1.s4Mno.16Tes 8.07 7.98 7.98 7.94 7.95
Bii gaFep.16Tes 8.45 7.17 9.65 9.46 9.28 9.68
AFE/meV Bii .84 Tip.16Tes 118.0 128.8 12.7 0 27 20.5
Bii1.84Vo.16Tes 157.4 110.3 8.70 0 68 59
Bil,g4Cr0,16Te3 88.1 69.4 27.7 0 101.8 49.5
Bii.g4aMng.16Tes 104.0 45.1 21.9 0 181.7 157.8
Bii .gaFeo.16Tes 158.4 220.4 25.6 0 31.2 101.7

DOSs indicate that Ti-, V-, Mn- and Fe-doped BisTes
alloys are all half-metals and magnetic with 100% spin
polarization and seem to be good candidates for spin-
tronic applications. It can also be found that the mag-
netic phase is energetically preferred to the nonmag-
netic phase for all the Bil,ggTMO'ogTeg, (T‘h/[:’rl7 V, CT,
Mn and Fe) systems. For Ti-, V-, Mn- and Fe-doped
BisTes alloys, the results of spin-projected DOS show
that the spin splitting mainly comes from TM3d states,
and the peak that crosses the Fermi level consists most
of the 3d state and also contains some Teb5p and few
Bi6p states. Small magnetic moments are also observed
for the Bi and Te atoms, which are due to the small spin
polarization of p-states of Te and Bi atoms. The Te and
Bi atoms around the TM3d atom are polarized while
other Te (or Bi) atoms are not polarized. That is to
say, the polarized electrons are decided by the distance
between the Te (or Bi) atom and the TM atom. We
also compared the energies of ferromagnetic and anti-
ferromagnetic couplings between two TM (TM=Ti, V,
Mn and Fe) atoms substitutions in BisTes supercell, in
which we investigate six distributions. The results show
that when the two TM atoms are located at the sites of
Bil and Bib, the system has the lowest energy and the
ferromagnetic coupling is energetically more favorable
than the antiferromagnetic coupling.
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