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Tuning of magnetic and transport properties in Bi2Te3 by divalent Fe doping
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We report the doping effect of a magnetic Fe ion in Bi2Te3, that is, Bi2−xFexTe3 (x = 0, 0.08, 0.15, 0.2, 0.25,
and 0.3). The paramagnetic magnetization data reveal that the Fe ions are doped in the divalent form. The Fe2+

state substituted for Bi3+ can create hole donors, which compensate for the electron dopants of Bi2Te3 with a
small amount of Te excess. This causes the n-type carrier density to be decreased with increasing x, and finally
be changed to p type at x = 0.3, where the carrier mobility suddenly drops and the electrical resistivity abruptly
increases. These results are consistent with angle-resolved photoemission spectroscopy experiments. The Fermi
level shifts downward with increasing x. Furthermore, we find a larger spin polarization for the Fe-doped Bi2Te3

samples, which is crucial for future spintronics applications.
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Bi2Te3 is not only a traditional material of the A2B3 (A =
Bi, Sb and B = Se, Te) family to show high thermoelectric
efficiency at room temperature,1–3 but also a new material of
three-dimensional topological insulators to show an insulating
bulk band with a metallic surface state.4 The surface state,
protected by time-reversal symmetry, has been theoretically
predicted from band calculations5–8 and experimentally as-
certained from angle-resolved photoemission spectroscopy
(ARPES).9–12 The two-dimensional transport arising from the
topological surface state is expected to be useful for potential
device applications.13,14 However, it is difficult to observe the
surface state by measuring the electrical transport because
of the large number of antisite defects between the Bi and
Te sites in Bi2Te3.15–20 If Bi2Te3 samples are prepared from
stoichiometric melts, p-type charge carriers are invariably
generated due to the presence of BiTe-type antisite defects,
i.e., some atoms of Bi occupying the Te sublattice.18 On the
other hand, when an excess of Te is introduced into Bi2Te3,
the antisite defects of type TeBi become dominant.19,20 Then,
n-type charge carriers are generated so that the Fermi level
often touches the bulk conduction band. In this case, the
carrier density reaches up to ∼1019 cm−3 in the bulk regime.
If monovalent or divalent ions are replaced for the trivalent
Bi ions, the charge carriers can be tuned to be p type after
passing through the topological surface regime. Moreover, if
the doped ion is magnetic, the time-reversal symmetry can be
broken to open a gap because of the magnetic order.21–23

In this Rapid Communication, we report the doping effect
of magnetic Fe in Bi2Te3, that is, Bi2−xFexTe3 (x = 0, 0.08,
0.15, 0.20, 0.25, and 0.3). The single crystals are prepared
with a small amount of Te excess, which causes antisite
defects of type TeBi, leading to the generation of n-type charge
carriers. The Fe doping drives the tuning of charge carriers
from n to p type at x = 0.3, where the carrier mobility is
suddenly suppressed. From the fit with the Brillouin function
of the magnetization versus field curve in Fe-doped Bi2Te3,
the valence of the Fe state is divalent. This indicates that

Fe doping can create hole donors, which compensate for the
electron dopants from antisite defects of type TeBi, so that the
n-type carrier density is decreased with an increase of the Fe
contents up to x = 0.25. This result is well consistent with
the result of ARPES experiments. For an Fe content of x =
0.3, the hole carriers become dominant and the carrier density
is more suppressed. The Fe doping effect is more explicit in
magnetic properties, which undergo paramagnetic behavior,
as compared with other reports on ferromagnetic order at low
temperatures.23

The single crystals of Bi2−xFexTe3 (x = 0, 0.08, 0.15, 0.20,
0.25, and 0.3) were prepared by a congruent melting method. A
stoichiometric mixture of Bi, Fe, and Te with a small amount
of Te excess was put into a cleaned quartz tube and sealed
in vacuum. The temperature was slowly raised up to 800 ◦C
and kept for 16 h. Then it was slowly cooled down to 550 ◦C
and kept for 3 days. This annealing process was required to
obtain pure crystals. All the grown crystals were well cleaved
along the basal plane. The cleaved surface was silvery, shiny,
and mirrorlike. The transport and magnetic properties were
measured by using the physical property measurement system
(PPMS) and a superconducting quantum interference device–
vibrating sample magnetometer (SQUID-VSM), respectively.
The spin-resolved ARPES measurement was performed with
a He discharge lamp at the efficient spin-resolved spec-
troscopy end station of the Hiroshima synchrotron radiation
center.24 The measurement was performed at 8 K, and the
sample was in situ cleaved under an ultrahigh vacuum below
1 × 10−8 Pa.

The crystals were characterized by imaging, spectro-
scopic, and diffractive methods. Aberration-corrected scan-
ning transmission electron microscope (STEM) images of
cross-sectional Bi2Te3 in Fig. 1(a) clarify that the atomic
lattice fringes are clearly visible and the lattice spacing is
0.579(4) nm, in good agreement with the d value of (101)
planes of the rhombohedral Bi2Te3 samples.25 In Fig. 1(b),
the atomic resolution STEM images present identical atomic
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FIG. 1. (Color online) (a), (b) Aberration-corrected scanning
transmission electron microscope (STEM) images of the x = 0 and
0.08 samples. For the x = 0.08 sample: (c) electron energy loss
spectroscopy (EELS) and (d) energy dispersive spectroscopy (EDS).
(e), (f) X-ray diffraction (XRD) data of the x = 0.08 samples.

structures even with Fe doping in the x = 0.08 sample. In
the spectroscopic studies of the x = 0.08 sample of Figs. 1(c)
and 1(d), the Fe L3 and L2 edges in electron energy loss
spectroscopy (EELS) and Fe Kα edge in energy dispersive
spectroscopy (EDS) indicate the presence of Fe in the lattices
of the x = 0.08 sample. These results support that Fe is indeed
substituted in Bi2Te3. Figures 1(e) and 1(f) show the x-ray
diffraction (XRD) patterns measured on the cleaved surface
for two typical samples of x = 0 and 0.08. The diffraction
peaks are exclusively labeled with (00L) indices without any
impurity peaks. This indicates that the samples are single
crystalline and the cleaved surface is perpendicular to the
c axis. The obtained c-axis lattice parameter for the x = 0
sample is 30.47 Å, which is the same value reported by other
literature26 and is larger than the value obtained for the x

= 0.08 sample. It is expected when considering the smaller
ionic radius of Fe than of Bi. These characterized data for the
other samples are not shown here because they have a similar
tendency.

With these well characterized single crystals, first we
determine the carrier type and the carrier density from the
slope of the Hall resistance, and then the carrier mobility
is calculated with the obtained carrier density and electrical
resistivity. The electrical resistivity data will be discussed later.
In Table I, we summarize the carrier type and the values of

the carrier density, electrical resistivity, and carrier mobility
obtained at 3 K. The x = 0 sample is simply n type with
a carrier density of 8.03 × 1018 cm−3, which decreases with
increasing Fe contents to be 3.36 × 1018 cm−3 for x = 0.25.
For the highest doping content of x = 0.3, the carrier type is
changed to p type with a carrier density of 2.02 × 1018 cm−3.
These carrier density values are still in the bulk regime. When
the carrier type is n type (x<0.3), the carrier mobility is almost
the same, while the carrier mobility is suddenly suppressed for
the p-type sample (x = 0.3). Here it should be mentioned that
in the x = 0.3 sample the electrical resistivity is also suddenly
changed from metallic behavior, which will be discussed later
in Fig. 4. With these values listed in Table I, we plot the
hypothetical band structure with different positions of the
Fermi level for each sample. As expected, the Fermi level
of the x = 0 sample with an excess of Te is located in the
bulk conduction band because of TeBi-type antisite defects.
The Fermi level of Fe-doped Bi2Te3 samples is continuously
lowered with increasing Fe contents x. When the Fermi level
is in the bulk conduction band regime (x = 0–0.25), the n-type
carrier density is decreased by Fe doping. On the other hand,
when the Femi level is in the bulk valence band regime (x =
0.3), the surface carriers may be screened by the p-type carriers
from the bulk valence band, leading to a strong suppression of
carrier mobility.

To confirm the location of the Fermi level, we carried out
ARPES experiments. Figures 2(a) and 2(b) show the results
of energy dispersion curves along the K-�-K line of the x

= 0 and 0.08 samples, respectively. Unfortunately, we do not
have the ARPES data for higher x value samples. In Fig. 2,
the topological surface state with a linear dispersion is clearly
visible. The overall features shown here for the x = 0 sample
are quite similar to those previously reported for Bi2Te3.12 A
conduction band is enclosed inside the topological surface
state and crosses the Fermi energy, supporting the n-type
carrier conduction in these samples. The noticeable feature
is that the Fe doping lowers the Fermi level, as predicted by
the transport results. In the upper panels of Figs. 2(a) and
2(b), the constant energy contours at the binding energy of
EB = 100 meV are similar so as to be hexagonally warped,
which agrees well with other reports.12 Here a question arises:
How much is the spin polarization affected by the Fe doping?
Although the theoretically derived spin polarization is above
50% for Bi2Te3,27 the reported values are much lower by about
20%.4,28 Figures 2(c) and 2(d) show the spin-resolved energy
distribution curves measured at emission angles of ± 3◦ which
correspond to k = − 0.1 and + 0.1 Å−1, respectively, as
denoted by the two dots in the upper panel of Fig. 2(b).
Prominent spin-up and spin-down features are clearly seen
around EB = 100 meV, where their signs are opposite for
k = − 0.1 and + 0.1 Å−1. The observed spin polarizations are
60% for the x = 0 sample and 75% for the x = 0.08 sample.
This larger spin polarization is crucial for future spintronics
applications.

In order to probe the spin states affected by Fe doping, we
have measured the magnetization versus magnetic field curves.
In a previous report,24 Bi2Te3 becomes ferromagnetic by Fe
doping. The Curie temperature is between 9 and 12 K, and
the easy magnetization direction is the c axis. However, in our
case we find that Bi2Te3 is diamagnetic and all the Fe-doped
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TABLE I. (Color online) Values of carrier density, electrical resistivity, and carrier mobility measured at 3 K for Bi2Te3

(x = 0) and Fe-doped Bi2Te3 (x = 0.08, 0.15, 0.20, 0.25, and 0.3). The figure in the right-hand column shows the hypothetical band
structure with different positions of the Fermi level (red lines) for each sample.

Material Carrier density Resistivity Mobility
(Bi2Te3) Carrier type (1018 cm−3) (μ� cm) (cm2 V−1 s−1)

Bi2Te3 n 8.03 27.5 28293.09
(x = 0)
Fe doped n 5.29 35.2 33480.33
(x = 0.08)
Fe doped n 3.80 51.4 32010.65
(x = 0.15)
Fe doped n 3.95 81.0 19522.01
(x = 0.20)
Fe doped n 3.36 116.7 15941.37
(x = 0.25)
Fe doped p 2.02 26300 117.54
(x = 0.30)

Bi2Te3 is paramagnetic. In Fig. 3, the total magnetization is
increased with increasing Fe contents, implying that the Fe
atoms are nominally well doped into Bi2Te3. However, if the
magnetization is subtracted by the diamagnetic background
signal, the magnetization for (n-type) x < 0.3 samples is
still increased with increasing x except for the (p-type) x

= 0.3 sample, where the carrier type is changed, the carrier
mobility suddenly drops, and the electrical resistivity abruptly
increases. The magnetization curve for the x = 0.3 sample
shows no magnetic hysteresis, indicating that the x = 0.3
sample is indeed paramagnetic. The sudden increase of the

low-field magnetization data are well fitted by the Brillouin
function with a divalent Fe state, which is shown as the solid
line in Fig. 3. This result is consistent with that expected from
the transport properties. The Fe2+ state substituted for Bi3+
can create hole donors, which compensate for the inherent
electrons. Thus, with increasing x values up to 0.25, the n-type
carrier density is decreased, and finally the carrier density is
changed to p type at x = 0.3.

Now let us discuss the electrical resistivity data plotted in
Fig. 4. For the n-type samples (x = 0, 0.08, 0.15, 0.20, and
0.25), the electrical resistivity monotonically decreases with

FIG. 2. (Color online) (a), (b) Constant energy contour and energy dispersion curves of the x = 0 and 0.08 samples. The position of the
Fermi energy shifts downward by Fe doping. (c), (d) Spin-resolved energy distribution curves taken at k = − 0.1 Å−1 corresponding to the red
symbol and red line in (b) and k = + 0.1 Å−1 corresponding to the blue symbol and blue line in (b). The spin-up and spin-down features are
clearly antisymmetric for k = − 0.1 and + 0.1 Å−1.
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FIG. 3. (Color online) Magnetization vs field for the x = 0.08,
0.15, 0.2, 0.25, and 0.3 samples.

decreasing temperature. The inset shows the low-temperature
data for a comparison. This is typical metallic behavior,
because the Fermi level is located in the bulk conduction
regime. However, at the p-type sample (x = 0.3), the electrical
resistivity is an order of three times larger than that of the
other samples and undergoes a semiconducting behavior at low
temperatures below 150 K. This semiconducting behavior may
come from the reduction of antisite defects in our system, or
the topological transport properties as reported by Qu et al..29

However, it should be mentioned that the carrier density of
the x = 0.3 sample is in the bulk regime. We expect that such
a high resistivity value may come from the mixture of the
bulk valence band and topological surface state, because the
Fermi level spans the bulk valence band with the topological
surface state, as shown in the band structure of Table I. Then,
we can expect a p-type bulk carrier density of the order of
1018 cm−3 with a low density of surface electrons, which hinder
the movement of charge carriers. Because we detected the
mobility of bulk carriers from our simple Hall measurements,
the carrier mobility precipitously drops in the x = 0.3 sample.

In conclusion, by introducing divalent Fe ions instead of
trivalent Bi ions in Bi2Te3, we have achieved a change in
carrier type from electrons to holes at x = 0.3 in Bi2−xFexTe3,

FIG. 4. (Color online) Electrical resistivity vs temperature for the
x = 0, 0.25, and 0.3 samples. The inset shows the low-temperature
data for the x = 0, 0.08, 0.15, 0.2, and 0.25 samples.

where the carrier mobility suddenly drops and the electrical
resistivity abruptly increases. The n-type carrier density is
decreased with increasing Fe contents; from 8.03 × 1018 cm−3

for x = 0 to 3.36 × 1018 cm−3 for x = 0.25. This result
is reconfirmed by angle-resolved photoemission spectroscopy
experiments. The decrease of n-type carriers is attributed to
the hole donors created from divalent Fe ions substituted for
trivalent Bi ions. The Fe2+ states are demonstrated by the fit
of magnetization versus field curves with a Brillouin function
form. We observe paramagnetic behavior for Fe-doped Bi2Te3,
as compared with previous reports. In addition, we find a larger
spin polarization for Fe-doped Bi2Te3, which is beneficial for
spintronics applications.
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