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Stepping Stone Mechanism: Carrier-Free Long-Range Magnetism Mediated by

Magnetized Cation States in Quintuple Layer *
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The long-range magnetism observed in group-V tellurides quintuple layers is the only working example of carrier-
free dilute magnetic semiconductors (DMS), whereas the physical mechanism is unclear, except the speculation
on the band topology enhanced van Vleck paramagnetism. Based on DFT calculations, we find a stable long-
range ferromagnetic order in a single quintuple layer of Cr-doped Bi2Te3 or Sb2Te3, with the dopant separation
more than 9Å. This configuration is the global energy minimum among all configurations. Different from the
conventional super exchange theory, the magnetism is facilitated by the lone pair derived anti-bonding states near
the cations. Such anti-bonding states work as stepping stones merged in the electron sea and conduct magnetism.
Further, spin orbit coupling induced band inversion is found to be insignificant in the magnetism. Therefore, our
findings directly dismiss the common misbelief that band topology is the only factor that enhances the magnetism.
We further demonstrate that removal of the lone pair derived states destroys the long-range magnetism. This novel
mechanism sheds light on the fundamental understanding of long-range magnetism and may lead to discoveries
of new classes of DMS.

PACS: 75.50.Pp, 71.15.Mb, 71.70.Gm, 75.30.Hx DOI: 10.1088/0256-307X/35/1/017502

The stable magnetism in 2D materials has been
challenging and critical to realize new spintronic de-
vices for decades. Recently, there are some devel-
opments in the realization of 2D magnetic transi-
tion metal compound.[1−3] Nevertheless, the carrier-
independent ferromagnetism and anti-ferromagnetism
in 2D or thin film dilute magnetic semiconductors re-
main to be extremely difficult to realize.[4] In such
applications, an ideal purpose of free carrier manipu-
lation is to realize the desired electronic functions with
magnetic properties unchanged. However, in reality, it
is almost unavoidable to tune both properties simulta-
neously. Very recently, it has been demonstrated that
a long-range ferromagnetism, independent of both po-
larity and density of free carriers or even without carri-
ers, can exist in Cr- or V-doped (Bi𝑥Sb1−𝑥)2Te3 thin
film or multiple quintuple layers, leading to the dis-
covery of the quantum anomalous Hall effect.[5−13]

One of keys to the success is the long-range ferromag-
netism, while the underlying physical mechanism is
still largely unclear.

(Bi𝑥Sb1−𝑥)2Te3 is a typical topological insulator
with conducting surface states and insulating bulk
states, protected by time reversal symmetry.[14] The
introduction of magnetic dopants, such as Cr, may
break the time reversal symmetry and affect the topo-
logical surface states.[15−19]

In this DMS quasi 2D system, the long-range mag-
netic interaction network contains both cation sites
and anion sites of host materials that connect mag-

netic dopants. The usual super exchange theory that
focuses on response of mediated anions cannot explain
the long-range ferromagnetism in this system.[20−22]

As we shall show, the states near cations in the net-
work may make significant contribution to the long-
range magnetic interactions. On the other hand, the
present theory proposed to explain the long-range fer-
romagnetism mechanism emphasizes on the topolog-
ical non-trivial band structure.[15] In this attempt,
however, only the enhanced paramagnetic susceptibil-
ity in undoped topological insulators was estimated,
and no mutual interaction between magnetic dopants
with large separations was calculated. In addition,
no theoretical analysis was performed to study the
difference between similar material family of Bi2Te3,
Sb2Te3 and Bi2Se3. Later numerical works based on
small supercells can hardly convince the existence of
the long-range magnetism.[23,24] Also, one work esti-
mated long-range magnetic coupling constants in the
presence of carriers in a few configurations without
analyzing the stability of the dopants.[25] Therefore,
the systematic analysis of carrier free magnetism in
such systems is missing. Also, in most of the previ-
ous works, the dopant concentration is higher than
experimental value and may lead to some unphysical
results.[23,24] However, in our calculations, the simu-
lation cell is intentionally chosen to have the similar
dopant concentration as experimental ones. In addi-
tion, the carrier free nature of our calculation guar-
antees the correct occupations of electrons and avoids
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the common mistakes in early literature on DMS.[26,27]

In this Letter, we investigate the mechanism for
the long-range ferromagnetism in Cr-doped topolog-
ical insulators by performing ab initio calculations
within the density functional theory (DFT) frame-
work implemented in VASP code with a sufficiently
large simulation cell[28] (refer to SI-A for computa-
tional details). To avoid further complexity of alloy
effects in (Bi𝑥Sb1−𝑥)2Te3, we calculate the magnetic
order of Cr doped Bi2Te3, Sb2Te3 and Bi2Se3, respec-
tively. To our surprise, we discover a novel long-range
ferromagnetic (FM) order in carrier free Bi2Te3 and
Sb2Te3 single quintuple layer. In addition, these con-
figurations are the most stable for a single quintuple
layer only. This finding is independent of the band
topology. The similar ferromagnetic order is relatively
unstable for Bi2Se3, consistent with the experimental
results.[29] Later, we use Bi2Te3 as a model system
to illustrate the origin of the magnetism and qualita-
tively explain the intriguing interaction based on an
extended Hubbard model.[30]

To study the long-range magnetic order of the Cr-
doped Bi2Se3, Bi2Te3, and Sb2Te3 thin films, we first
replace two Bi or Sb atoms with two Cr atoms in the
4×4 host cell that contains one quintuple layer (details
can be found in Fig. S1 of the Supplemental Material).

The relative formation energy is defined as the en-
ergy difference between the formation energy of a con-
figuration and that of the most stable configuration, as
shown in Fig. 1(a). Significant formation energy drops
on the seventh neighboring sites are found in all the
systems. These configurations are the global minima
in Bi2Te3 and in Sb2Te3, which are even more stable
than the first or second nearest neighbor ones. On
the other hand, the second nearest neighbor configu-
ration is the most stable in Bi2Se3. As a function of
the distance between the neighboring Cr atoms, the
relative formation energy of Cr dopants in these three
materials shows generally similar trends.

Since the global minimum of the formation energy
of Cr atoms in the Bi2Se3 thin film is the second near-
est neighbor configuration, Cr atoms tend to form
clusters in Bi2Se3, leading to nonmagnetic or para-
magnetic orders. On the contrary, the global min-
imum of the formation energies of Cr atoms in the
telluride suggests a long-range ferromagnetism order.
These results qualitatively agree with the experimen-
tal observations.[5,29]

We also calculate the ferromagnetic coupling con-
stants vs the neighboring sites, as shown in Fig. 1(b).
The coupling constants are defined as half of the
energy difference between the two Cr atoms with
the same spins (ferromagnetism) and the two atoms
with opposite spins (anti-ferromagnetism). We find
that the seventh nearest neighbor configurations favor
ferromagnetism and yield coupling constants about
6meV for all systems, despite the fact that the cou-

pling strength is lower than the first or second near-
est neighbor configurations. Also, the periodic images
of the dopants may enhance the magnetism. This is
physical because our simulated concentration is close
to the experimental values. Also, calculations based
on large cells without the enhancement of the pe-
riodic images demonstrate ferromagnetism (see SI-B
and Fig. S2 for details).
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Fig. 1. (a) The relative formation energy of two-Cr-atom
doped (4 × 4 supercell) single quintuple layer of Bi2Se3
(purple square), that of Bi2Te3 (green circle), and that of
Sb2Te3 (red triangle) with respect to different neighbor-
ing sites of the Cr atoms. (b) The ferromagnetic coupling
constants of the same systems

These findings are novel because the coupling
strength in common DMS decays very fast in respect
to the separation distances.[31] However, in our sev-
enth nearest neighbor configuration, the two Cr atoms
are separated by two anion atoms and one Bi atom.
Also note that the difference between the formation
energy on the seventh nearest neighboring sites and
that on the first (or second) nearest neighboring sites
in Sb2Te3 is the largest among these three systems.
These results match with the experimental findings
that quantum anomalous Hall effect can be realized
in the Sb rich (Bi𝑥Sb1−𝑥)2Te3.

[5]

In order to check the accuracy of GGA results in
the slab model, we also calculate the formation en-
ergy and the coupling constants using the GGA+U
method with spin orbit coupling (SOC) included. We
find that GGA+U and SOC do not change the conclu-
sions of the GGA results (more details are shown in
Fig. S3). Furthermore, calculations about Cr doped
bulk Bi2Te3 also show the similar trend (refer to
Fig. S4 and Fig. S5).

Based on the above discussions, both GGA and
GGA+U plus SOC yield similar results. Therefore,
we only include the GGA results on slab models in
the following discussions.

To understand the origin of such long-range ferro-
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magnetism, we further study the intrinsic electronic
properties of Bi2Te3. The projected density of states
(pDOS) of Bi 6𝑠 and Te 5𝑝 are shown in Fig. 2(a). De-
spite the local symmetry difference, two Te atoms at
different sites yield similar 5𝑝 orbital components, so
we choose one Te atom to show these orbitals. From
the pDOS figure, it is clear that the dominant com-
ponent of the valence band is Te 5𝑝. Additionally,
the majority of the Bi 6𝑠 state, as a nonbonding lone
pair state, is deep under the valence band maximum
(VBM). However, a relatively small portion of Bi 6𝑠
state is found to be slightly below the VBM. These re-
sults suggest that the small portion couples with the
Te 5𝑝 orbital and forms an occupied 𝑠𝑝 anti-bonding
(anti-𝑠𝑝𝜎) state.
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Fig. 2. (a) The pDOS of the Bi 6𝑠 orbital (blue) and Te
5𝑝 orbital (green) in pure Bi2Te3. The total density of
states is shown in the grey shading background. The dot-
ted line shows the Fermi level. (b) The pDOS of the Cr
3𝑑 orbital (red) and the 6𝑠 orbital of Bi (blue) (Bi atom
on the Cr-Te-Bi-Te-Cr path) in single Cr-doped Bi2Te3.
The grey background is the total DOS of single Cr-doped
Bi2Te3, and the positive and negative values represent the
pDOS of spin-up and spin-down components, respectively.

Next, we study the single Cr-doped Bi2Te3. Cr
dopant has 3 unpaired 3𝑑 electrons with a magnetic
moment of 3𝜇

B
. The pDOS of the Cr 3𝑑 orbitals and

the 6𝑠 orbital of the Bi next to the Cr dopant are cal-
culated, as shown in Fig. 2(b). The significant asym-
metric nature of the spin-up and spin-down portion
of the Bi 6𝑠 orbital suggests that it is magnetized by
the nearby Cr atom. Therefore, the anti-𝑠𝑝𝜎 state is
also magnetized. It should be noted that the anti-𝑠𝑝𝜎
state is an intrinsic property of Bi2Te3. We calculate
the partial charge density of the second band below
VBM (Fig. S6). The charge density in vicinity to the
Bi atom shows the shape of the anti-𝑠𝑝𝜎 state. The
role of Cr dopant is to magnetize it, but not to create
it. The pDOS of Cr 3𝑑 also indicates that there is a
small occupation of spin-down component, leading to
the magnetization of the surrounding atoms.

To understand the magnetization of surrounding
atoms, we further calculate the spin density of single
Cr-doped Bi2Te3, as shown in Fig. 3(a), where only the
spin polarized atoms are displayed. We find that the
neighboring 𝑝 orbitals of Te are magnetized along the
bonding direction between Te and Cr atoms, which
we label as 𝑝𝑧 orbital (note that 𝑧 axis is along the
local bonding direction). The total magnetization of
all the Te 𝑝 orbitals is anti-parallel to the Cr mag-
netic moment. These results are in good agreement
with the experimental observations.[32] The spin den-
sity also suggests that the spin up electron cloud near
the Bi atom is the anti-𝑠𝑝𝜎 state, which also couples to
the Cr atom. Interestingly, the Cr-Te-Bi chain forms
a right angle, as shown in Fig. 3(b). Note that such
chains are fundamental building blocks to form the
long-range magnetic order, as further studies suggest.

(b)

sp anti-bonding
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Te Pz orbital

FM

AFM
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Direct exchange
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No exchange

(a)

Fig. 3. Spin density of single and two Cr doped Bi2Te3.
Large purple atom is Bi, cinnamon atom is Te, blue atom
(central atom) is Cr. (a) The spin density of the single
Cr-doped Bi2Te3 with Cr in the center. Center Cr atom
is surrounded by six Te atoms. Bi atoms bonding to Te
atoms. (b) The spin density of two adjacent magnetic
blocks in ferromagnetism and anti-ferromagnetism states.
The spin-up and spin-down density are yellow and blue,
respectively, in both figures.

The spin polarized results can be qualitatively un-
derstood based on an electron hopping mechanism.
Since the electronic environment around the Cr atom
is approximately 𝑂ℎ symmetry, the Cr 3𝑑 orbitals are
split into filled spin-up 𝑡2𝑔 states and empty 𝑒𝑔 states.
Due to the local symmetry, the Te 𝑝𝑧 orbital is only
coupled to the Cr 𝑒𝑔 states. Since the energy of the
spin-up 𝑒𝑔 states is lower than that of the spin-down
component, a portion of spin-up electrons of the Te
𝑝𝑧 orbital hops to the 𝑒𝑔 state. As a result, the 𝑝𝑧
orbital is magnetized towards spin down. Since the
𝑡2𝑔 states are already occupied by three spin up elec-
trons, only spin-down electrons in the anti-𝑠𝑝𝜎 state
can hop to the 𝑡2𝑔 states. As a result, the anti-𝑠𝑝𝜎
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state is magnetized towards spin up.
These results also indicate that the magnetic mo-

ments of the Cr atom are not fully localized at the Cr
site and a small portion of them are distributed in the
surrounding orbitals. Still, the magnetic moment in
the Te 𝑝 states cannot be interpreted as spin polarized
hole states,[32] because the Cr-doped Bi2Te3 thin films
remain carrier-free.

As shown in Fig. 3(b), when two of these build-
ing blocks are placed in adjacent to each other, long-
range ferromagnetic interaction can occur, with the
two Cr atoms at seventh nearest neighboring sites.
In the ferromagnetic configuration, the spin of the
anti-𝑠𝑝𝜎 orbitals in one block and the adjacent 𝑝𝑧 or-
bitals in the other block are anti-parallel. Therefore,
electron hopping between these orbitals lowers their
kinetic energy. However, in the anti-ferromagnetic
configuration, these two spins are parallel and elec-
tron hopping cannot lower the energy. As a result,
the ferromagnetic configuration is energetically favor-
able. Such building blocks further connect and form
a strong ferromagnetic network in the whole crystal.
In this novel scheme, the anti-bonding state near the
middle cation serves as an essential stepping stone to
mediate the magnetic interaction. Therefore, we name
this mechanism as a stepping stone mechanism and
these Bi atoms connecting the two building blocks are
at stepping stone sites. Also, this effect is different
from the traditional super exchange theory, which pro-
vides no discussions on the role of intermediate cation
states.[20−22]

To validate our new mechanism, we replace Bi
atoms at the stepping stone sites with Ga atoms that
do not have lone pair electrons, but share the same
valence as Bi atoms. Due to the periodic bound-
ary condition, the two adjacent building blocks in
4 × 4 Bi2Te3 supercell have four stepping stone sites.
We replace Bi atoms at the sites one by one by Ga
atoms and calculate the magnetic coupling strength,
as shown in Fig. 4(a). The magnetic coupling constant
decreases approximately linearly with the number of
the replacements and finally vanishes when all four Bi
atoms are replaced. In contrary to the Ga replaced
case, the magnetic interaction remains approximately
unchanged when Sb atoms substitute the stepping
stone Bi atoms. These results are also qualitatively
consistent with the ferromagnetism order observed in
(Bi𝑥Sb1−𝑥)2Te3.

[5] To further demonstrate the unique
properties of the Bi atoms at the stepping stone sites,
we also replace the Bi atoms that are not at the step-
ping stone sites, but still in the same quintuple layer,
by Ga atoms and find that the ferromagnetic order
preserves since the coupling constants almost do not
change even when four non-stepping-stone Bi atoms
are replaced. These results confirm our mechanism.

Finally, to visualize the disappearance of the anti-
𝑠𝑝𝜎 state when Bi at the stepping stone site is re-

placed, we calculate the spin density of two touching
magnetic blocks with one Bi atom replaced by a Ga
atom, as shown in Fig. 4(b) and Fig. 4(c). It clearly
shows that the Ga atom does not have a spin polar-
ized anti-𝑠𝑝𝜎 orbital, which still can be seen around
the remaining Bi atom, as indicated by the arrow in
Fig. 4(c). These results also suggest that the missing
of such states can be the fundament reason to hinder
the long-range magnetism in carrier-free DMS. Also
note that, such a mechanism is a necessary condition
for long-range magnetism and the formation energy
of this configuration is required to be the global min-
imum to achieve DMS.
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Fig. 4. (a) The ferromagnetic coupling constant with re-
spect to the number of Ga and Sb atoms replacing the
Bi atoms at the stepping stone sites (blue and brown, re-
spectively), or at the non-stepping stone sites (red). (b)
The 4 × 4 Bi2Te3 simulation cell with the seventh neigh-
boring sites doped with Cr atoms and one Bi atom at
the stepping stone site replaced by a Ga atom (green). (c)
The spin density of two adjacent magnetic blocks with one
Ga atom replacing one Bi atom at the stepping stone site.
The yellow and blue colors represent the spin-up and spin-
down densities, respectively. The 𝑠𝑝 anti-bonding state is
marked by the arrow

Our new discovery suggests that during the crys-
tal growth stage, there exists a thermodynamic driv-
ing force that separates the magnetic dopants and
forms long-range magnetic order. Of course, after
the growth and during the transport measurement,
other possible mechanisms, such as surface topolog-
ical states, can also enhance the magnetism. Still,
there are plenty of discussions[16,19] in this area and it
is beyond the scope of this paper.

In summary, we have found a stable carrier in-
dependent long-range ferromagnetic interaction in
Bi2Te3 and Sb2Te3, which agrees well with the exper-
imental results.[5,6,33,34] An electron hopping mecha-
nism based on the intrinsic anti-𝑠𝑝𝜎 state is proposed
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to qualitatively explain this intriguing finding. Our
further studies also suggest that this mechanism ex-
ists in other material systems (not published results).
This discovery may greatly enhance the understanding
of the hidden and carrier free long-range magnetism,
lead to the discoveries of new classes of DMS materi-
als, and widen the material choices of spintronic de-
vices.
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Text A: Computational Methods and Details 

  All calculations are performed using projected augmented wave (PAW) [1] potentials with Perdew-

Burke-Ernzerhof (PBE) [2] generalized gradient approximation (GGA) as implemented in Vienna ab 

initio simulation package (VASP) [3]. The cutoff energy for plane-wave expansion was set to 350eV for 

both Bi2Se3 and Bi2Te3 and 400eV for Sb2Te3. Gamma centered 331 k mesh is used to sample the 

Brillouin zone for 44 supercell of Bi2X3 (X=Se, Te) and Sb2Te3, as shown in Fig. S1, with all the 

neighboring sites marked. The number 0 represents the position of first Cr atom. The numbers 1 to 8 

represent the 1st to 8th nearest neighbor placements of the second Cr atom. All atoms in every 

supercell are fully relaxed until the residual force is less than 0.01 eV/Å. Convergence tests about kpoints, 

cell sizes, vacuum size, magnetism, and energy cutoffs have been performed. The formation energy of 

the dopants is defined as: 

∆𝐻𝑓(𝐶𝑟) =  𝐸𝑡𝑜𝑡(𝑋2𝑌3: 𝐶𝑟) − 𝐸𝑡𝑜𝑡(ℎ𝑜𝑠𝑡) − Σ𝑖𝑛𝑖𝜇𝑖       (1), 

where Etot (X2Y3:Cr) (X=Bi, Sb;Y=Se, Te) is the total energy of a supercell with Cr dopants; Etot 

(host) is the total energy of the supercell without impurities; ni is the number of certain atoms added 



to (ni < 0) or removed from (ni > 0) the supercell; and µi is the corresponding chemical potential. In 

the main text, we take the relative formation energy in reference to the lowest energy among all 

configurations.  

Text B: Influence of supercell size on magnetic coupling constant 

  Due to the periodic conditions, magnetic interactions not only exist between Cr atoms within the 

supercell, they also exist among the Cr atoms and their images. In seventh nearest neighbor of 44 

supercell, the distance (9.984Å) between two Cr atoms in the simulation cell and the distance 

(9.984Å) between one Cr atom and the image of the other Cr atom are the same, as shown in Fig. S2. 

So, the magnetic interaction is indeed long range even. Our further calculations suggest that the existence 

of the long range magnetic coupling is independent on the simulation cell size. In addition to a (4x4) cell, 

we tested larger supercell (55) to calculate magnetic coupling constant. We found that the magnetic 

coupling constant is about 7meV. Inside the 55 supercell, the distance between the Cr atoms is still 

9.984Å. However, the distance between Cr atom and the image in the neighboring cell is about 13.994Å 

(Fig. S2). So, the magnetic coupling still exists, except that it is weaken due to the long distance between 

the Cr atom and the image atom. 

Text C: Spin Orbit Coupling (SOC) effect in slab model 

  The strong SOC in Bi2Se3 and Bi2Te3 cause band inversion between valence band and conduction 

band, and results in different occupations of electrons [4], which may change the long-range 

magnetic order. Besides, the strong electron-electron correlation for d-electrons of Cr atoms requires 

introduction of U values to account for the on-site Columbic interaction. Previously it was found 

that inclusion of the electron-electron correlation enlarges the band gap and slightly changes the 

electron occupations [5].  

  To investigate the effect of SOC and +U on the long-range magnetic order, we performed GGA + 

U [6] calculations on Cr-doped Bi2X3 (X=Se, Te) with SOC effect included. For one quintuple layer 

of Bi2X3 (X=Se,Te), a 44 unit-cell slab and at least 20Å vacuum are included, and 3x3x1 k-point 

sampling mesh is adopted. We applied U = 3eV and J = 0.87eV on Cr d-orbitals, which are the same 

as those used in previous works [5]. The two Cr atoms in the supercell are placed either in the second 

nearest neighbor (2nd-NN) or in the seventh nearest neighbor (7th-NN). Results are summarized in 

Fig. S3.  

  Compared with calculations without SOC effect and +U effect, the ferromagnetic coupling strength 

in both systems becomes weaker, as +U treatment usually leads to more localized states for d-



orbitals. Nevertheless, the magnetism at the 7th-NN preserves. Although the SOC changes the 

positions of the p orbitals of Bi and anions, the sp anti-bonding state still mediates the magnetic 

interactions.  

  In addition, we calculated the formation energy of Cr-doped Bi2X3 (X=Se, Te) and included the 

SOC. The FM configuration at 7th-NN is still the most stable, about 2meV lower than the second 

lowest energy configuration. However, the most stable configuration of Bi2Se3 is still the 2nd-NN, 

about 3meV lower than the 7th-NN. 

Text D: Cr doped bulk Bi2Te3 

  In order to estimate the magnetic order in very thick films, we calculated the formation energy 

and coupling constants of Cr doped bulk Bi2Te3. As shown in Fig. S4, the first nearest neighbor 

becomes more stable than seventh neighbor, although the ferromagnetic order of the seventh 

nearest neighboring configuration preserves. These results are qualitatively consistent with 

experimental findings that the quantum anomalous Hall effect becomes weaker in (BixSb1-x)2Te3 

thin films with 6 or more quintuple layers [7]. Although substrate and interface may also play 

important roles in the magnetic order, the simulation cell size is too large in the long range 

magnetism studies. Therefore, it’s impossible for us to directly simulate such effects.  

Text E: SOC effect on Cr doped bulk Bi2Te3 

  Effect of SOC on Cr doped bulk Bi2Te3 is also calculated and results are shown in Fig. S5. 

Similar to the case of slab calculations, SOC only changes the relative coupling strength and 

the relative formation energy. Long range magnetic interactions can still be observed but 

weaker than the short range ones. 

Text F: Partial charge of sp hybridized orbital 

  The sp hybridization also can be visualized by partial charge density as shown in Fig. S6 (partial 

charge density of the second band below valence band maximum (VBM)). The sp hybridized orbital 

around Bi is clearly shown. This hybridized orbital is the step stone state for long range magnetic 

interaction in Bi2Te3. 



Figure S1: (a) The side view of one quintuple layer X2Y3 supercell (44) with green atoms 

being Se or Te, yellow and blue atoms being the Bi or Sb in the upper and lower layers 

respectively. (b) The top view of the upper (yellow) and lower (blue) layer of Bi or Sb.  

 

Figure S2: Cr-Cr distance of seventh nearest neighbor (7th-NN) in different supercells. (a) 44 

supercell (b) 55 supercell. Orange atom is Cr, blue atom and yellow atom are Bi in different 

atomic layer. The dash line is the boundary of the supercell. The Te atoms are removed for 

clarity. Atom denoted by 1(2) and 3(4) are equivalent atoms in neighboring images. d12 is the 

distance between Cr atoms within the simulation cell and d23 is the distance between Cr atom 

and the image in the neighboring cell. 

 



Figure S3: (a) Ferromagnetic coupling constants (defined as half of energy difference between 

anti-ferromagnetism state and ferromagnetism state) of Cr doped Bi2Se3. (b) Ferromagnetic 

coupling constants of Cr doped Bi2Te3. 

 

Figure S4: (a) Relative formation energy of Cr doped bulk Bi2Te3. (b) The ferromagnetic 

coupling constant of the same system. 

 

Figure S5: (a) Relative formation energy of Cr doped bulk Bi2Te3 with (green line) and without 

SOC (purple line) included. (b) The ferromagnetic coupling constant of the same system. 



 

Figure S6: Partial charge density of the second energy band below VBM. Large purple atom 

is Bi, cinnamon atom is Te, blue atom is Cr. Green part is the partial charge density. 
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