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A less studied class of magnetic semiconductors based on the tetradymite structure compounds, which
include Bi2Te3, Bi2Se3, and Sb2Te3, doped with 3d transition-metal �T� elements is investigated using the
full-potential linearized muffin-tin orbital method in the local spin-density approximation �LSDA�. The small
size of the T atoms �Ti–Zn� relative to the larger Bi/Sb atom site leads to a strong lattice relaxation, which
primarily affects the atoms close to the defect in neighboring layers but has less impact within the layer
containing the T ion. Even with the relaxation, the size difference leads to quite localized 3d states and hence
a high-spin state with large magnetic moments. The valence is 3+ for the first half of the series but reduces
closer to 2+ �Co� or 1+ �Ni� for the latter half of the series. This reduction is due to hybridization in the
transition-metal 3d state with the Se /Te p state of the atom in the layer closest to the T site which reduces the
amount of charge transfer between these two atoms. It corresponds to a competition between the stabilization
by the exchange energy dominating for the early T ions and the covalent bonding effects for the later ones. For
Cu and Zn the trend reverses and the valency is between 2+ and 3+ with a small magnetic moment remaining
for Cu but a negligible moment for Zn. LSDA+U calculations for the Fe-Ni atoms slightly change this balance
of the two effects and promote higher valency and larger magnetic moment.
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I. INTRODUCTION

The emergence of the field of spintronics1 has led to a
search for new magnetic semiconductors. These include di-
luted magnetic semiconductors �DMSs�, adding small con-
centrations of transition-metal atoms into nonmagnetic semi-
conductors to obtain a composite material with both
magnetic and semiconducting properties. Most of these are
based on low doping of traditional group-IV,2 III-V,3 or II-VI
semiconductors,4 but other classes of semiconductors are
candidates for DMSs as well. One such class is the tetradym-
ite structure materials, including Bi2Te3, Bi2Se3, and Sb2Te3,
which have been used extensively for thermoelectric
applications.5 For thermoelectric applications, these materi-
als are doped with nonmagnetic atoms to enhance electron or
hole transport. However, dilute doping with magnetic atoms
have shown ferromagnetic �FM� transitions at low
temperatures.6–13

Recently, Bi2Te3 and related systems with dilute dopings
of transition-metal T atoms �Ti, V, Cr, Mn, and Fe� have been
found to have ferromagnetic transitions at low temperatures.
Sb2−xVxTe3 was found to have a Curie temperature �TC�
around 22 K for x�0.03 �Refs. 6 and 7� while Sb2−xCrxTe3
was found to have a TC around 20 K for x�0.095.8

Bi2−xMnxTe3 orders around 10 K and Sb2−xMnxTe3 around
17 K, both for x�0.02,9 though earlier measurements for
Sb2−xMnxTe3 found no magnetic transition.10 Bi2−xFexTe3 or-
ders around 12 K for x�0.08, but no transition is found
above 2 K for Bi2−xFexSe3 �Ref. 11� or Sb2−xFexTe3.13 How-
ever, the most significant interest in this class of materials
comes from much larger dopings of thin films of Sb2−xVxTe3,
around x�0.35 which increases TC to around 177 K and
Sb2−xCrxTe3 and around x�0.59 which increases TC to
around 189 K.8 Further increase with higher concentrations
seems possible.14 This is in line with the TC of more tradi-

tional diluted magnetic semiconductors ��100 K �Ref. 15��,
but no theoretical understanding of the magnetic properties
yet exists.

This work will study the magnetic properties of dilute-
doped Bi2Te3, Bi2Se3, and Sb2Te3 using electronic structure
calculations. While the electronic structure of the pure com-
pounds has been studied in detail,16–22 the magnetic proper-
ties of the doped systems have not yet been investigated. We
will investigate the larger doping levels corresponding to the
larger values of TC because they require smaller unit cells.
This should allow us to obtain at least a qualitative under-
standing of the mechanisms leading to magnetism. In fact,
we will show that even in the fairly small unit cells the T
atoms interact only weakly magnetically, so the fundamental
physics will remain unchanged even for the lower doping
levels relevant to many of the experiments.

Bi2Te3, Bi2Se3, and Sb2Te3 doped with nonmagnetic at-
oms currently serve as the most important room-temperature
thermoelectric materials available.5 For this reason, the elec-
tronic structure of the pure compounds especially Bi2Te3 has
been studied extensively in the past. While Shubnikov-de
Haas and de Haas–van Alphen experiments find sixfold de-
generate conduction and valence-band extrema in
Bi2Te3,23–25 several electronic structure calculations by dif-
ferent authors17–20,22 have disagreed about the details near
the Fermi level which are needed to determine the thermo-
electric transport. Fewer studies have been done on
Sb2Te3,20,21 which can thus far only be grown p type26,27 and
Bi2Se3,20 which can only be grown n type:28,29 both having
sixfold degenerate extrema. However, these details are not
important to understand the magnetic properties of DMS
Bi2Te3 :T and related systems. The transition-metal atoms
which have previously been studied �V, Cr, Mn, and Fe�,
unlike dopants used for thermoelectric applications �SbI3,
CuBr, excess Te,30 etc.�, have an unfilled 3d shell unlike the
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5p states in Sb or 6p states in Bi. Since the transition-metal
atoms have only partially filled 3d states, the bonding will
differ significantly, so the nature of the bonding and the po-
sition of the 3d state are most important to understand the
ferromagnetism.

II. CRYSTAL STRUCTURE AND METHOD

Bi2Te3, Sb2Te3, and Bi2Se3 form in the tetradymite crystal
structure with the smallest unit cell having three inequivalent
atoms in the rhombohedral �R-3m, No. 166� structure with Bi
in the 2c, Te1 in the 2c, and Te2 in the 1a Wyckoff positions.
The crystal structure consists of alternating layers of Bi and
Te in the order Te1-Bi-Te2-Bi-Te1 to form “quintuple layer
leaves” with each atom in a roughly octahedral coordination
with its neighbors �Fig. 1�. Strong covalent bonding is seen
within and between the layers, except for Te1 �Se1� which
lies along a van der Waals gap across from another Te1 �Se1�
atom. The positions of the atoms in this D3d

5 symmetry are
that all atoms lie along the trigonal axis. Te2 /Se2 �1a� lies at
the origin while the Bi /Sb�2c� atoms lie at �u �0�u�1�
and the Te1 /Se1�2c� atoms lie at �v �0�v�1�. The experi-
mental values of u and v used in the calculation are u
=0.399 and v=0.792 for Bi2Te3 and Bi2Se3 with u=0.4 and
v=0.788 for Sb2Te3. The experimental lattice constants for

Bi2Te3 are a=4.38 Å and c=30.5 Å, for Bi2Se3 are a
=4.14 Å and c=28.6 Å, and for Sb2Te3 are a=4.25 Å and
c=30.4 Å when describing the axes in hexagonal
coordinates.31 These positions are relaxed in the 15-atom su-
percell described later in the paper.

Electronic structure calculations were carried out within
the local spin-density approximation �LSDA� to density-
functional theory �DFT� �Ref. 32� using a full-potential lin-
ear muffin-tin orbital �FP-LMTO� program33 using the
exchange-correlation parametrization of Barth and Hedin34

for the spin-polarized case and that of Hedin and Lundqvist35

in the non-spin-polarized case. This method uses an opti-
mized basis set consisting of muffin-tin orbitals with
smoothed Hankel functions as envelope functions. This pro-
gram includes calculation of the atomic forces for the pur-
pose of structural relaxation by a conjugate gradient method.
The smoothing radii and � values �Hankel function decay
parameters� were carefully adjusted to optimize an efficient
basis set with one s, p, and d state on each Sb, Te, Se, and T
site and one s, p, d, and f state on each Bi site. The smooth
interstitial quantities are calculated using a fine Fourier-
transform mesh and the Brillouin-zone integrations were car-
ried out with a well-converged k mesh based on a uniform
division of reciprocal space. The details of the k-mesh inte-
gration depend on the size of the unit cell and will be dis-
cussed later in the paper.

III. RESULTS

A. Pure compound density of states

The band structures of Bi2Te3, Bi2Se3, and Sb2Te3 have
been studied extensively16–22 due to their importance as
room-temperature thermoelectric materials. The density of
states �DOS� for the pure system Bi2Te3, Bi2Se3, and Sb2Te3
is given in Fig. 2. The Te�Se�1 and Te�Se�2 5�4�p states form
below the Fermi level with the 5�4�s states around −10 eV.
The Bi�Sb� 6�5�p states form above the Fermi level with
significant hybridization only occurring within �0.1 eV of
EF itself. The covalent bonding leads to each Bi�Sb� in a
3+ state and each Te�Se� in a 2− state. Spin-orbit �SO� ef-
fects increase the hybridization and reduce the band gap in
Bi2Te3 and Bi2Se3.17–20 Sb2Te3 without spin orbit is a weak
semimetal within LSDA or generalized gradient approxima-
tion �GGA� calculations �for the experimental lattice param-
eters�; spin-orbit opening is a small gap due to the
Sb 5p-Te 5p hybridization.20,21 The results shown here in-
clude spin-orbit coupling.

B. Basic DOS features

Experimental evidence shows that the transition-metal at-
oms replace the larger Bi�Sb� atoms within the lattice rather
than Te�Se�.6,7,9,11,12 Calculations have been performed on
SbTTe3 �T=Ti-Zn,x=1�. In these calculations, a 5�5�5
mesh was used for the k points along with a real space 10
�10�60 mesh. SO interaction was included in the calcula-
tion, though little effect was seen on the magnetic properties.
In the larger unit cells, SO was not included for this reason
and to help speed convergence. Calculations were also per-

Te1

Te1

Bi

Bi

Te1
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FIG. 1. �Color online� Crystal structure of Bi2Te3 �and related
compounds�. Large blue spheres Bi, small yellow Te2, and larger
greenish spheres Te1. The five-atom “quintuple layer leaves” are
separated by a van der Waals gap.
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formed using the hexagonal supercell containing 15 atoms
�Fig. 1� with one Sb or Bi atom replaced by a T atom. This
effectively changes x in �Sb:Bi�2−xTx�Se:Te�3 from 1 to
0.333; the value in Sb2Te3:V which has a TC of 177 K.14 In
these calculations, a 3�3�3 mesh was used for the k points
along with a real space 60�60�180 mesh.

The concentration of T in SbTTe3 or BiTTe3 is much
higher than realized experimentally, so calculations are per-
formed at this concentration only to understand the position
of the T d states with respect to the DOS of Sb2Te3 and
Bi2Te3. In the DOS of SbVTe3 and BiMnTe3, the transition-
metal peaks are obscured by the Bi�Sb� and Te portions of
the DOS; but the spin-majority �dotted lines� and spin-
minority bands �dashed lines� corresponding to the

transition-metal 3d states �Fig. 3� lie above and below EF.
The nearest-neighbor environment of the Mn is approxi-
mately octahedral. In reality it has C3v symmetry with three
anions above and three below it. Yet, we do not see any
splitting of the d states in t2g- and eg-like states but only a
strong spin splitting. This means that the electronic structure
is close to the atomic limit in which Hund’s rules dictate
maximum spin. While these states are narrow and lie sepa-
rated into spin-minority states mostly above EF and spin-
majority states either partially filled or below EF, there exists
some hybridization between the transition-metal d states and
the Te p and Bi /Sb p states. However, the layered structure
and the size mismatch between the transition metal and the
Bi/Sb site it replaces makes the hybridization fairly weak and
does not affect the position of the transition-metal d state.
The position is determined by the filling of the d states with
3+ valence.

C. Structural relaxation

The small transition-metal atom enters the larger Bi/Sb
site which causes relaxation of the lattice. The latter was
studied by minimizing the energy both as function of lattice
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FIG. 2. Calculated total DOS for �a� Bi2Te3, �b� Bi2Se3, and �c�
Sb2Te3. The states lying above the Fermi level �EF� are Bi�Sb�
6�5�p, those just below EF are Te�Se�1 and Te�Se�2 5�4�p with the
Te�Se�1 and Te�Se�2 5�4�s lying near −10 eV.
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FIG. 3. �Color online� Calculated total DOS �black solid lines�
for �a� SbVTe3 and �b� BiMnTe3. The transition-metal spin-
majority partial density of states �PDOS� �red dotted lines� and
spin-minority PDOS �green dashed lines� are narrow even for this
concentration.
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parameters and internal coordinates for the 15-atom-
hexagonal unit cell. The Bi atom has an atomic radius of
about 2.8 a.u. and Sb of about 2.6 a.u. compared to the
typical size of the T atom �2.4 a.u.�, all in their uncharged
state. Some general features of the relaxation are noted. The
atoms move more in Bi2Te3 and Bi2Se3 than in Sb2Te3 dur-
ing relaxation, most likely caused by the slightly smaller Sb
radius compared to that of Bi where the T atom is replaced.

The T atoms replace Bi�Sb� which lies between two
Te�Se� atoms. Relaxation of the lattice parameters found
these neighboring atoms moving to accommodate the smaller
radius of the T atom, but the remaining atoms see a much
smaller change in order to maintain the original crystal struc-
ture. An example of this relaxation is shown in the schematic
of Bi5MnTe9 �Fig. 4�. One Te atom lying next to Mn shifts
significantly toward Mn to fill in the space left from the
larger Bi atom. However, the relaxation of the rest of the
lattice is fairly small, so that the rest of the lattice remains
very similar to that of the undoped compound.

D. Magnetic moments

A simple picture of the T moment in Bi2Te3 :T and related
compounds is obtained by considering that the valence of the
T should be 3+; the same as the Bi or Sb atom that it replaces
�Bi2

3+Te3
2−�. Calculations of the magnetic moment of the 15

atom supercell found that the moments are near integer for Ti
to Cr, but for Mn and Fe calculations fall below the curve to
about 2+ then down to about 1+ for Ni while for Cu and Zn
the values lie between 2+ and 3+ valence �Fig. 5�. The oc-
currence of integer moments is also closely related to half-
metallic behavior.36–38 As shown in Sec. III E below, the
early T shows a gap in their minority spin for the ferromag-
netic state and thus half metallic.

In order to understand the magnetism and position of the
transition-metal d states, the PDOS has been plotted across
the series from T=Ti to Zn in Sb5TTe9. In Sb5TiTe9 �Fig.
6�a�� the spin-minority states become hybridized with the
Sb p states above EF while all five spin-majority states be-
come pinned at EF so that one electron is filled consistent
with 3+ valence. A similar situation is seen in Sb5VTe9 �Fig.
6�b�� with the spin-majority state slightly lower to accommo-
date two electrons. In Sb5CrTe9 �Fig. 6�c�� the d states split
with three electrons hybridizing with the Te p states between
−1 and −4 eV with a much narrower peak at EF. This situ-
ation continues in Sb5MnTe9 �Fig. 6�d�� which appears to
have a fairly wide splitting of the spin-majority states below
EF and the spin-minority states above. The Fe d majority
states in Sb5FeTe9 �Fig. 6�e�� become pinned at EF but still
yield a moment which is close to that of 3+.

Up to this point, as seen in Fig. 5, the transition-metal
state produces a moment consistent with a 3+ configuration.
The situation changes for Sb5CoTe9 �Fig. 6�f�� with a va-
lence of about 2+. In Sb5NiTe9 �Fig. 6�g�� the valence re-
duces to 1+ as the minority-spin states move below EF and
hybridize with the Te p states. Ni-doped Sb2Te3 has not been
investigated for DMS materials, but these calculations pre-
dict significantly different behavior than that of V, Cr, Mn,
and Fe which have been studied so far. The valence of
Sb5CuTe9 �Fig. 6�h�� lies much closer to 3+ where there

FIG. 4. Schematic diagram of the relaxation of Bi5MnTe9. One
Te atom lying close to the smaller Mn atom moves considerably due
to the difference in atomic radii of Mn and Bi which it replaces. The
other atoms show little relaxation. The numbers indicate the amount
of relaxation.
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FIG. 5. �Color online� Calculated moments using LSDA for
Sb5TTe9, Bi5TTe9, and Bi5TSe9 for T from Ti to Zn. The upper
curve corresponds to a valence of 3+, the middle to a valence of 2+,
and the lowest to a valence of 1+.
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exists only a small remnant of the spin-minority state which
gives the magnetic moment, the remaining bands hybridized
with Te p below EF. In Sb5ZnTe9 �Fig. 6�i�� we see truly
localized atomiclike states near where the small moment
arises from states near EF.

We may explain this trend as follows: In the early T ions
Hund’s rules provide a significant stabilization because of
the exchange energy. When we go beyond half filling of the
d shell, however, the magnetic stabilization effect is de-
creased and covalent bonding starts to take over. In the Fe,
Co, and Ni cases, the minority-spin states become clearly
split in two peaks �t2g- and eg-like states� and the lower of
these �the t2g� tends to shift down below the Fermi energy to
lower the band-structure energy. This results in a reduction in
the valency and with it an increase in the size of the ion to
better fit the Bi or Sb location. By the time we reach Cu, a 1+
ion would have corresponded to a d10 nonmagnetic configu-
ration. Apparently, it is more favorable to still obtain some
stabilization from the exchange effect by reversing the trend
and going back to a slightly more than 2+ ion and more so in
the Bi �more space less covalency� case than in the Sb case.

This is because the d states now already lie rather deep and
do not hybridize as efficiently with the anion p states any-
more. Thus, it appears that the minimization of the energy
requires a careful compromise between the magnetic ex-
change energy stabilization and adjusting the size of the ion
to promote covalent bonding stabilization.

To further illustrate this point, we compare in more detail
the partial DOS of Sb5MnTe9 and Sb5NiTe9 in Fig. 7. In
particular, we here show the T d and the Te p PDOS of the
Te atom closest to the T atom. This atom, as noticed earlier,
moves even closer to the T atom by relaxation and thus re-
inforces the effect discussed here. In the early T element Mn,
we see almost no overlap between the Te p states and the
empty Mn d states with the Te p states almost completely
filled, corresponding to close to ionic bonding where Te is a
2− ion and Mn a 3+ ion. For Ni, however, we see a substan-
tial hybridization of empty Ni d and empty Te p states. This
means that the ionicity is reduced. There is a competition
between the energy gain in filling the Ni d states and the
Te p states and the system prefers to leave the Te p states
partially unoccupied by filling the Ni d states instead. In par-
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FIG. 6. �Color online� Calculated partial DOS T 3d for Sb5TTe9 and for T from Ti to Zn. Spin-majority states are shown positive while
spin-minority states are plotted negative.
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ticular there is a large overlap between Ni dxy and dx2−y2

states and Te py states, as allowed in C3v symmetry.

E. Exchange coupling of magnetic moments

Our electronic structure calculations confirm the existence
of a ferromagnetic ground state in these materials. A 30 atom
supercell was constructed by doubling the relaxed 15 atom
unit cell along the x axis to make Sb10V2Te18. The FM state
has lower energy than the antiferromagnetic �AFM� state by
0.15 eV /T atom. The V d states in the FM configuration
�Fig. 8� lie above those in the AFM configuration in the
conduction band with the peak in the conduction band just
below EF sharper for the FM case than for the AFM case.
The value of the d level DOS crossing of that crosses EF is
around 3 states/eV/cell for the AFM case and 2 states/eV/cell
for the FM case. Another important point to note is that the
spin-minority band in the FM phase has a gap in the spec-
trum at EF in the presence of the large spin-majority peak
�Fig. 8� while no gap occurs in the AFM phase. A similar gap
in the spin-minority band in the FM phase can be seen for
Sb5TiTe9, Sb5VTe9, and Sb5MnTe9 �Figs. 6�a�, 6�b�, and
6�d��.

F. LSDA+U calculations

As seen up to this point, the nature of the ferromagnetic
moment is understood for doping with most of the early

transition-metal elements and the very late ones, but the mo-
ments for Fe, Co, and Ni are smaller than expected. The
transition-metal T atoms in the larger Bi�Sb� sites are ex-
pected to have the same valence �3+� as the atom it replaces.
This is what is seen for T from Ti to Mn and to a lesser
extent for Cu-Zn, but Fe, Co, and Ni have a magnetic mo-
ment which corresponds to a 2+ or 1+ valence �Fig. 5�. The
T d states for Fe, Co, and Ni appear to be fixed at the Fermi
level due to partial filling. It is possible that this is an artifact
of the LSDA which tends to underestimate magnetic mo-
ments in some cases. We thus investigate whether the
LSDA+U approach39,40 may result in a shifting of the d
states away from EF and thus restoring the 3+ valency. We
use the LSDA+U approach for the latter half of the
transition-metal series as recently implemented in the FP-
LMTO approach.41 LSDA+U adds a Hubbard U correction
to specific orbitals in order to add many-body physics to
LSDA density-functional calculations. Additional orbital-
dependent effects of partially filled shells are described by J.
Typical values for U of 8 eV and J of 1 eV were used to shift
the T d orbitals. The filled d states move down in energy
while the empty d states move to higher energies. The values
of the magnetic moment obtained in this approach are given
in Fig. 9.

While the Fe d orbitals are moved away from EF to yield
a 5�B moment �3+valence�, the effect is smaller for Co-Zn.
Bi5CoTe9 is found to have a moment of 4�B �3+valence�,
but Sb5CoTe9 and Bi5CoSe9 have moments closer to 3�B.
For all three materials doped with Ni, the moment increases
from the LSDA value of 1�B but falls below 2�B. The mo-
ments are nearly the same for all three compounds with Cu
and Zn dopings. These results are consistent with the above
observation that a subtle balance between tendencies for co-
valency and magnetism is at work for the later transition
elements and with a slight increase in the tendency toward
magnetism using the LSDA+U functional.
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IV. SUMMARY

Electronic structure calculations have found that the
transition-metal �T=Ti,V,Cr,Mn,Fe,Co,Ni,Cu,Zn�-doped
tetradymite compounds Bi2−xTxTe3, Bi2−xTxSe3, and
Sb2−xTxTe3 arise from filling of the 3d bands. All of the
atoms move closer to the smaller T site, but the Te atoms in
neighboring layers relax around the transition-metal defect
with the relative positions of the other layers mostly un-

changed. The spin-majority and spin-minority bands hybrid-
ize only weakly with the Bi /Sb p and Te /Se p states. The
weak hybridization leads to an almost atomic configuration
dominated by Hund’s rule stabilization of the maximum spin
for the T3+ ions up to half filling of the d shell with barely
any splitting of the T d states noticeable. For Co and Ni,
however, the magnetic exchange stabilization is weaker and
instead a more covalent solution is found indicated by a
splitting of the minority-spin d states in two peaks; a prefer-
ence for 2+ valency with a larger ion and hence a reduced
magnetic moment. This is primarily due to a competition
between filling the Te p states of the nearest-neighbor Te of
the T ion and the energy gain from filling one of the split T
d states. For Cu and Zn, the trend reverses again to a valency
between 3+ and 2+. LSDA+U calculations favor the mag-
netic stabilization and, in particular for Fe, shift the d states
below the Fermi level, thereby restoring an integer valency
�3+� and magnetic moment. They also tend to increase the
valency and magnetic moment slightly for Co and Ni but do
not completely restore the ideal valency of 3+ for the tet-
radymite cation. The ferromagnetic coupling between these
localized magnetic moments is found to be preferred over the
antiferromagnetic coupling.
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