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a b s t r a c t

The Seebeck coefficient enhancement due to an increase of density-of-states effective mass of electron
has been found in n-type Bi1.9Lu0.1Te3. This enhancement is assumed to be related to forming the narrow
and non-parabolic impurity (Lu) band with local maximum of electronic density of states lying near the
Fermi level. Minimum in the specific electrical resistivity, r, originated from change of conductivity
mechanismwas observed at temperature Tmz 11 K. Above Tm, the r change is due to decrease of electron
mobility via acoustic phonon scattering. Below Tm, the variable-range hopping conductivity takes place.
The electron hops between the localized states of the impurity energy band occur via tunneling process.
Using the temperature and magnetic field dependences of r, the localization radius of electron was
estimated as z6 nm. Two parts in the magnetic field dependence of the electrical resistivity were found
at temperature of 2 K. At weak magnetic fields, the r change is in agreement with the variable-range
hopping conductivity mechanism. At high magnetic fields, the positive and almost linear transverse
and longitudinal magnetoresistances were observed at low temperatures. Both variable-range hopping
conductivity and positive linear magnetoresistance are characteristics of disordered and inhomogeneous
semiconductors.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Element doping is one of prospect and fruitful ways to improve
thermoelectric efficiency of materials characterized by the
dimensionless thermoelectric figure-of-merit, ZT [1e5]. In turn, ZT
is defined as (S2/rk)T, where T, S, r and k are the absolute temper-
ature, Seebeck coefficient, specific electrical resistivity and total
thermal conductivity. The element doping can at the same time
effect on the S, r and k quantities to maximize ZT. Atoms or ions of
elements forming the narrow and non-parabolic impurity band
lying inside or, at least, partially overlapping with conductance
(valence) band are the most effective dopants to enhance the
thermoelectric figure-of-merit [6e8]. Such kind of impurity band
should be characterized by high and sharp density of states (DOS)
positioned near the Fermi level. Then, both density-of-states
effective mass and scattering factor of carriers can remarkably
enhance that in turn results in an increase of the Seebeck coeffi-
cient. This doping effect was before used to successfully explain the
thermoelectric efficiency improving of PbTe at the Tl doping [9].

Currently, bismuth telluride, Bi2Te3, and Bi2Te3-based
).

erved.
compounds are the best thermoelectric materials for various ap-
plications near room temperature [10]. Rare earth elements (Lu, Ce,
Sm, Er, La, etc.) used as dopants can enhance the thermoelectric
performance of Bi2Te3 [11e18]. Forming the narrow and non-
parabolic impurity band related to rare earth elements is believed
to be one of main sources to enhance ZT in this case. According to
theoretical predictions, an ideal electronic DOS to maximize the
thermoelectric figure-of-merit is the Dirac delta function not
achievable in real materials [7,8]. However, electronic f-levels of
rare earth elements are tightly bound in atoms, and bind little in
solids [19]. These levels will give the sharp Lorentzian singularity of
very narrowwidth in DOS near the Fermi level. So, this is the closest
approximation to the Dirac delta function.

It is important to note, besides the increase of the Seebeck co-
efficient, the impurity band can induce other features in the
transport properties of thermoelectrics. First of them is a resonance
scattering of carriers resulting in extra decrease of a carriermobility
[20]. This feature is due to an electron impulse scattering as elec-
tron tunnels from band state to localized one. These electron states
have the same energy. The second feature is a hopping conductivity
as electron tunnels from one to another localized state within the
impurity energy band [21]. The hopping conductivity is character-
istic of heavily doped semiconductors, which behave as strongly
disordered and inhomogeneous systems. Moreover, the hopping
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conductivity is characterized by the specific temperature and
magnetic field behavior. Both resonance scattering and hopping
conductivity will be observed at low temperatures when acoustic
and optical phonon scattering of carriers can be neglected.

The aim of this paper is to find and analyze the features in the
temperature and magnetic field dependences of the specific elec-
trical resistivity in Bi1.9Lu0.1Te3 originated from forming the impu-
rity (Lu) band. Undoped Bi2Te3 was also studied as reference sample
to trace any change of the specific electrical resistivity, Seebeck
coefficient and thermoelectric figure-of-merit at the Lu doping.
There are two main reasons to choose Lu as dopant. First, Lu was
found to be the most effective dopant to enhance the thermo-
electric efficiency of Bi2Te3 [11]. Second, in contrast to the most of
rare earth elements, Lu has zero magnetic moment. So, an addi-
tional electron scattering by magnetic moments of impurity atoms
will not contribute to the specific electrical resistivity of Lu-doped
Bi2Te3. In this case, the temperature and magnetic field de-
pendences of the specific electrical resistivity of Bi2Te3 at the Lu
doping could be analyzed easier and more reliable.

2. Materials and methods

The microwave-solvothermal synthesis and spark plasma sin-
tering were applied to prepare the Bi1.9Lu0.1Te3 and Bi2Te3 com-
pounds. In brief, analytically pure chemicals (Bi2O3, TeO2, Lu2O3,
ethylene glycol, nitric acid and N,N-dimethylformamide) were used
for the synthesis. First, the oxides taken in a stoichiometric ratio for
each compound were dissolving in mixture of concentrated nitric
acid and ethylene glycol. Then, N,N-dimethylformamide was added
in mixture after dissolving. The microwave-assisted reaction was
carried out in aMARS-6microwave reactor for 15min at pressure of
4MPa and temperature of 463 K. To sinter the bulk Bi1.9Lu0.1Te3 and
Bi2Te3 samples, spark plasma sintering method was applied by
using a SPS-25/10 system at pressure of 40MPa, temperature of
683 K and sintering time of 5min.

The densities of the bulk samples were measured by the
Archimedes' method.

To characterize both structure and phase compositions of the
bulk Bi1.9Lu0.1Te3 and Bi2Te3 compounds, X-ray diffraction (XRD)
analysis was performed by a Rigaku Ultima IV diffractometer with
CuKa e radiation.

Energy dispersive X-ray spectroscopy (EDX) method by using
scanning electron microscope a Nova NanoSEM 450 was applied to
map the Lu distribution in Bi1.9Lu0.1Te3.

The specific electrical resistivity, r, and Seebeck coefficient, S,
above room temperature were measured by using a ZEM-3 system.
The S and r values along with the thermal conductivity value, k,
were further used to calculate the thermoelectric figure-of-merit
value. To determine k by the laser flash method, a TC-1200 sys-
tem was applied.

The temperature and magnetic field dependences of the specific
electrical resistivity at low temperatures were taken by a Cryogenic
Free system. This system was also used to study the Hall effect and
extract the type, concentration, n, and Hall mobility, mH, of the
majority charge carriers.

3. Results and discussion

3.1. The samples characterization

The XRD patterns for the bulk Bi2Te3 and Bi1.9Lu0.1Te3 com-
pounds taken at room temperature are shown in Fig.1. According to
the XRD analysis, these compounds are single hexagonal phase
characteristic for pure Bi2Te3. The Lu atoms are believed to incor-
porate to the Bi2Te3 lattice changing the lattice parameters. The
lattice “a” and “c” parameters calculated by the Rietveld refinement
are equal to 4.385 Å and 30.476 Å for Bi2Te3 and 4.388 Å and
30.481 Å for Bi1.9Lu0.1Te3, respectively. Details of the Rietveld
refinement are shown in Supplementary Fig. S1 (Bi2Te3) and Fig. S2
(Bi1.9Lu0.1Te3). In fact, the “a” and “c” changes are very small and
close to an accuracy of the XRD analysis. So, just weak effect of the
Lu doping on the Bi2Te3 structure could be founded in XRD phases.
Weakness of this effect should be attributed to a small difference
between ionic radii of Lu (1.001 Å) and bismuth (1.100 Å) [22].

To confirm uniformity of the Lu distribution in Bi1.9Lu0.1Te3, the
EBSD method was applied (Fig. 1 (b) and (c)). One can see from the
EBSD mapping that Lu is uniformly distributed.

The densities of the Bi2Te3 and Bi1.9Lu0.1Te3 samples were equal
to 6.72 g/cm3 and 6.82 g/cm3, respectively, which are 87% and 88.5%
of the theoretical density of Bi2Te3 (7.7 g/cm3). So, the densities of
these samples were less than the theoretical density. However, it is
important to note these densities are almost the same for both
compounds. Then, the expected effect of porosity on the transport
properties of the samples under study should be the same, too. In
this case, any changes in the transport properties of Lu-doped
Bi2Te3 should be attributed to the Lu doping.

3.2. The specific electrical resistivity and Seebeck coefficient above
room temperature

First of all, let us analyze the r and S changes in Bi2Te3 originated
from the Lu doping. To do so, the type, concentration and Hall
mobility of the majority charge carriers for both Bi1.9Lu0.1Te3 and
Bi2Te3 were firstly determined. According to the Hall effect study,
the majority charge carriers for both compounds are electrons.
Values of the electron concentration and electron Hall mobility
taken at room temperature are listed in Table 1.

The type and concentration of carriers in Bi2Te3 are closely
related to point defects [1,2]. The most common point defects are
vacancies at the Te sites (VTe, provides two electrons per defect),
vacancies at the Bi sites (VBi, contributes three holes per defect) and
antisite defects of Bi at the Te sites (BiTe, is accompanied with for-
mation of one hole). Besides, for polycrystalline Bi2Te3, the dangling
bonds at grain boundaries due to Te deficiencies can be considered
as fractional-VTe working as n-type dopants in the same manner as
whole-VTe defects inside the grains. Therefore, polycrystalline
undoped Bi2Te3 can behave as an n-type semiconductor due to
dangling bonds at grain boundaries and VTe vacancies.

According to Table 1, the Lu doping results in the n increase and
mH decrease. The doping effect on n is related to the difference of
electronegativity for elements forming the antisite BiTe defects
responsible for appearance of holes. The electronegativity values
are equal to 2.1, 2.02 and 1.27 for Te, Bi and Lu, respectively. So, a
larger electronegative difference for the Lu-Te pair as compared
with the Bi-Te pair will decrease the concentration of antisite de-
fects at the Te-sites which contributes one hole per defect and
hence results in more electrons.

Reducing the carriermobility in Bi2Te3 can be originated from an
alloy scattering of carriers due to the Lu doping [23,24]. The alloy
scattering is related to forming the point defects in the Bi2Te3 lattice
as a result of substituting the Lu atoms for the Bi sites.

The r(T) dependences for Bi1.9Lu0.1Te3 and Bi2Te3 taken within
the 285e450 K range are presented in Fig. 2 (a).

As is seen, r of these compounds increases with increasing
temperature. This behavior is typical for degenerate semi-
conductors and metals [25]. The specific electrical resistivity of
solids is expressed as r¼ 1/(enm), where e is the charge of electron.
The r(T) behavior of the degenerate semiconductors is determined
by T-dependent m contribution, while n contribution is T-inde-
pendent. The electron mobility due to phonon scattering of carriers



Fig. 1. (a) XRD patterns of Bi2Te3 (1) and Bi1.9Lu0.1Te3 (2); (b) SEM image of the Bi1.9Lu0.1Te3 surface; (c) EBSD mapping of Lu on the Bi1.9Lu0.1Te3 surface.

Table 1
The concentration (n), Hall mobility (mH) and density-of-states effective mass of
electrons (m*) in Bi2Te3 and Bi1.9Lu0.1Te3.

Compound n (1019, cm�3) mH (cm2.V�1ˑs�1) m*

Bi2Te3 1.2 420 0.16m0

Bi1.9Lu0.1Te3 2.4 360 0.25m0

Fig. 2. The r vs. T (a) and S vs. T (b) dependences for Bi2Te3 (curve 1) and Bi1.9Lu0.1Te3
(2). Insets to Figures: the r vs. T2.2 (a) and ZT vs. T (b) dependences for the same
compounds.
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can be described by empirical expression [26].

m � T�m; (1)

where m is an exponent changing from 1.5 up to 2.5. For acoustic
phonon scattering acting as main scattering mechanism at low
temperatures, m is equal to 1.5. Above the Debye temperature,
optical phonon scattering becomes comparable to acoustic phonon
scattering and m increases towards 2.5. For instance, the electron
mobility for n-type silicon varies as T �2.3 when both optical and
acoustic phonon scattering become dominant. The Debye temper-
ature for Bi2Te3 is equal to ~150 K. Inset to Fig. 2 (a) shows that the
best fit for the experimental r(T) curves corresponds to m¼ 2.2.
Thus, the scattering mechanism is the same for both Bi2Te3 and
Bi1.9Lu0.1Te3.

Hence, although the alloy scattering reduces the m value in Lu-
doped Bi2Te3 (Table 1), the r(T) dependences in Fig. 2 (a) are
determined by optical and acoustic phonon scattering, rather than
by the alloy scattering. The matter is that the alloy scattering is one
of mechanisms determining the low-temperature electrical con-
ductivity of solids. It becomes dominant when the phonon scat-
tering can be neglected. Due to the alloy scattering, at low
temperatures r will be T-independent when electron scattering by
neutral impurities takes place or will vary as T3/2 when ionized
impurities act as scattering centres.

The S(T) dependences for Bi2Te3 and Bi1.9Lu0.1Te3 are shown in
Fig. 2 (b). Since the majority charge carries are electrons, the See-
beck coefficient has a negative sign. The S(T) dependences are
parallel to each other and linearly increase with increasing tem-
perature. The Seebeck coefficient of the degenerate semiconductors
can be expressed as [11].



Fig. 3. The r vs. T dependence for Bi1.9Lu0.1Te3. Inset: the r(T) minimum at Tmz 11 K.
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S ¼ 2k2BTm
*

3eZ2

� p

3n

�2=3�3
2
þ g

�
; (2)

where kB is the Boltzmann constant, ћ is the reduced Planck con-
stant, m* is the density-of-states effective mass of electron and g is
the scattering factor.

Expression (2) shows that a higher n decreases S, while a larger
g increases the Seebeck coefficient. Normally, the r increase is
accompanied by the S increase. But, Fig. 2 (b) shows an opposite
trend. So, the possiblem* and g changes in addition to the n change
should be taken into account to explain the S behavior in Bi2Te3 at
the Lu doping. The g value is determined by mechanism of the
charge carriers scattering. According to the inset to Fig. 2 (a), this
mechanism is the same for all the compounds studied. So, gwill be
the same, too. The g value is equal to �1/2 for acoustic phonon
scattering and 0 for optical phonon scattering above the Debye
temperature [27,28]. As was discussed above, both optical and
acoustic phonon scattering should be considered as the dominant
mechanisms to account for the r(T) behaviour in Fig. 2 (a). There-
fore, for further S analysis, let us assume that g¼�1/2 (acoustic
phonon scattering)þ 0 (optical phonon scattering)¼�1/2. Next, in
accordance with expression (2), a rate of the linear S(T) growth in
Fig. 2 (b) is characterized by a coefficient DS[mVˑK�1]/DT
[K]z 2.14� 10�7. Using the n (Table 1), DS/DT and g values, the
density-of-states effective mass of electron can be estimated. The
m* estimates are listed in Table 1 (m0 is mass of free electron). So, at
the Lu doping m* substantially increases from 0.16m0 for undoped
Bi2Te3 up to 0.25m0 for Bi1.9Lu0.1Te3.

As was mentioned above, the m* increase can be related to
forming the narrow and non-parabolic Lu band with the high and
sharp DOS near the Fermi level. For instance, schematic diagram
showing the narrow and non-parabolic impurity band lying inside
conduction band in an n-type semiconductor is presented in
Supplementary Fig. S3.

Effect on electronic structure on the Seebeck coefficient is partly
explained by Motts equation

S ¼ p2k2BT
3e

dlnðsðEÞÞ
dE E¼EF

; (3)

where s(E) is the electronic conductivity as a function of the Fermi
energy, EF.

As s(E)¼ n(E)ˑeˑm(E) and n(E)¼ g(E)ˑf(E), expression (3) can be
rewritten as

S ¼ p2k2T
3e

�
1
m

dmðEÞ
dE

þ 1
gðEÞf ðEÞ

dgðEÞf ðEÞ
dE

�
E¼EF

; (4)

where g(E) is the electronic DOS and f(E) is the Fermi function.
So, rapidly changing DOS near EF (Fig. 3) will result in larger S

than flatter DOS near EF. That is, the Seebeck coefficient can be
considered as a measure of asymmetry in the electronic structure
and scattering rates near the Fermi level. Disturbances in the
electronic structure and scattering rates within a narrow energy
interval near EF can induce such kind of asymmetry. According to
expression (4), the Seebeck coefficient can be increased via
increasing the energy dependences of m(E) or n(E). The m(E)
dependence can be increased by a specific scattering mechanism
that strongly depends on energy of electrons, while the n(E)
dependence can be increased by a local increase in DOS. The
Mahan-Sofo theory [8] suggests that such local increase in DOS due
to the narrow and non-parabolic impurity band will enhance the
Seebeck coefficient.

It is important to note that the thermoelectric figure-of-merit of
Bi2Te3 is sufficiently increasing at the Lu doping (inset to Fig. 2 (b)).
To calculate the ZT values, the S and r were used (Fig. 2 (a) and (b))
and the thermal conductivities of the Lu-doped and undoped
samples were measured. The enhancement of the Seebeck coeffi-
cient via increase of the density-of-states effective mass for con-
duction band is one of main origins resulting in the ZT increase in
doped Bi2Te3.
3.3. The electrical conductivity mechanisms at low temperatures

Thus, the S enhancement in Lu-doped Bi2Te3 could be originated
from forming the Lu band. As was mentioned above, the features of
low-temperature transport properties should be observed in this
case. The r(T) dependence for Bi1.9Lu0.1Te3 taken within the 2e70 K
range is shown in Fig. 3.

Clear r(T) minimum is observed at temperature Tmz 11 K as
shown in inset to Fig. 3. Above this temperature, r increases with
increasing temperature demonstrating again the behaviour typical
for degenerate semiconductors or metals. Below Tm, the r(T)
dependence is typical for semiconductors that is r increases with
decreasing temperature. The r(T) minimum is obviously related to
the change of the conductivity mechanism from “metal” type to
“semiconductor” one. It was found the r(T) dependence varies as T3/
2 above Tm starting from temperature Tdz 30 K up to 70 K (Fig. 4).

This temperature behavior is determined by the temperature
dependence of the electron mobility due to only acoustic phonon
scattering as the dominant scattering mechanism working below
the Debye temperature. Then, the electron mobility can be written
as

mn ¼ 2
ffiffiffiffiffiffiffi
2p

p
eZ2dy2s

3m*5=2ðkBTÞ3=2D2
ac

; (5)

where d is the mass density, ʊs is the sound velocity and Dac is the
deformation potential.

It should be noted no r(T) minimum observed in undoped
Bi2Te3. So, the Lu doping is responsible for appearance of this
minimum. There are several mechanisms resulting in the



Fig. 4. The r vs. T3/2 dependence for Bi1.9Lu0.1Te3. Inset: the ln(rˑT 3/4) vs. T �1/4

dependence.
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“semiconductor” type r(T) behavior observed below Tm. The main
mechanisms are the scattering by neutral or ionized impurities
[26], Kondo effect [29], electron-electron scattering [30], and
hopping conductivity [21]. Of these mechanisms, the hopping
conductivity is the most attractive and interesting mechanism to
explain the low-temperature transport properties of heavily doped
semiconductors with the impurity energy band creating the local
maximum in the electronic DOS. Therefore, let us try to describe the
r(T) dependence below Tm (Fig. 3) in framework of the hopping
conductivity mechanism.

The hopping conductivity in three dimensional doped crystal-
line semiconductors can be realized via differentmechanisms given
by a universal equation [31].

rðTÞ ¼ r0ðTÞexp
	�

T0
T

�p

; (6)

where r0(T) is the pre-exponential factor, T0 is the characteristic
temperature and p is the exponent depending on the hopping
conductivity mechanism.

The case of p¼ 1 corresponds to the regime of nearest-neighbor
hopping conductivity and p¼ 1/4 and 1/2 to the Mott and
Shklovskii-Efros types of variable-range hopping (VRH) conduc-
tivity, respectively [31]. Generally, the VRH conductivity sets in
when the internal microscopic disorder is high enough to make
tunneling between the nearest sites energetically unfavorable.

If the r(T) change due to the hopping conductivity is strong
enough, the r0(T) contribution to total r(T) dependence can be
neglected, i.e. only exponential factor can be taken into account in
equation (6). But, if r changes weakly, both pre-exponential and
exponential factors should be taken into account at the same time.
For Bi1.9Lu0.1Te3, the r(T) change observed around Tm is very weak.
So, the r0(T) factor is also significant one. This factor can be
expressed as [32].
r0ðTÞ ¼ ATq; (7)

where A is the constant and q is the exponent depending on the
regime of the hopping conductivity.

It was found the best fit for the experimental r(T) curve below
Tm corresponds to p¼ 1/4 and q¼�3/4 (inset to Fig. 4). Such p
value is characteristic of the VRH conductivity of the Mott type, and
such q value is related to wave function for localized electron
expressed as [31].

jðrÞ � r�1exp
�
�r
a

�
; (8)

where a is the localization radius of electron.
The characteristic temperature T0 estimated from a slope of the

ln(rˑT 3/4) vs. T �1/4 line in inset to Fig. 4 is equal to z370 K.
3.4. Low-temperature magnetoresistance

Thus, the VRH conductivity of the Mott type can be responsible
for the r(T) change in Bi1.9Lu0.1Te3 below Tm. Besides the specific
r(T) dependence, the VRH conductivity is also characterized by the
specific magnetic field dependence, r(H). It is known [21] both r(T)
and r(H) dependences for the VRH conductivity can be expressed
by a single equation

ln
rðHÞ
rð0Þ ¼ t1

�
a
LH

�4�T0
T

�3=4
; (9)

where t1 is the constant equal to 5/2016 and LH is the magnetic
length.

In turn, LH is defined as

LH ¼
�
cZ
eH

�1=2
; (10)

where c is the speed of light.
The magnetic field dependences of the transverse and longitu-

dinal magnetoresistance, r(H)/r(0), for Bi1.9Lu0.1Te3 taken at tem-
perature of 2 K are shown in Fig. 5 (a). Here, r(H) is the specific
electrical resistivity at magnetic field H changing from 0 up to
40 kOe, and r(0) is the specific electrical resistivity at zero magnetic
field. Magnetic field was applied perpendicular to current direction
to measure the transverse magnetoresistance, while parallel
orientation of magnetic field and current direction was used to
measure the longitudinal magnetoresistance.

As is seen in Fig. 5 (a), Bi1.9Lu0.1Te3 is characterized by the pos-
itive magnetoresistance, since both transverse and longitudinal
r(H)/r(0) dependences increase as magnetic field increases. The
transverse magnetoresistance magnitude is about twice more than
the longitudinal magnetoresistance magnitude. It is important to
note that both r(H)/r(0) dependences do not saturate up to
maximum H value. These dependences can be divided into two
parts. At weak magnetic fields, r rapidly increases with increasing
magnetic field up to some crossover field, HC. But, the r(H)/r(0) vs.
H dependences very close to linear take place at higher magnetic
fields above HC. The crossover fields, H+C and HkC, are equal to
z20 kOe for both transverse and longitudinal magnetoresistance.
Two parts in the r(H)/r(0) curves corresponding to the weak and
high magnetic fields can be very clearly demonstrated by the de-
rivative d[r(H)/r(0)]/dH vs. H dependence as shown for the trans-
verse magnetoresistance in Fig. 5 (b). These two parts are really
different in the rate of the r(H) change.

It should be noted that the positive linear magnetoresistance is



Fig. 5. (a) The transverse (curve 1) and longitudinal (2) r(H)/r(0) vs. H dependences for
Bi1.9Lu0.1Te3 at temperature of 2 K. (b) The d[r(H)/r(0)]/dH vs. H dependence for the
transverse magnetoresistance. Inset: the ln[r(H)/r(0)] vs. H2 dependence.

Fig. 6. (a) The r(H¼ 8 kOe) - curve 1 and r(0) e 2 vs. T dependences in Bi1.9Lu0.1Te3. (b)
The r(H¼ 8 kOe)/r(0) vs. T dependence. Dashed curve is a background change. Inset:
the Dr[(H¼ 8 kOe)/r(0)] vs. T dependence (dashed curve varies as T3/4).
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often observed in the inhomogeneous and disordered semi-
conductors [33e35]. In turn, the VRH conductivity assumed for
Bi1.9Lu0.1Te3 in our experiments is also characteristic of such kind of
semiconductors. Moreover, the transverse magnetoresistance
magnitude is usually much more than the longitudinal magneto-
resistance magnitude. But, the magnitudes of the transverse and
longitudinal magnetoresistances are comparable for Bi1.9Lu0.1Te3.
This feature can also be related to strong disorder and in-
homogeneity of Lu-doped Bi2Te3.

The magnetic field r(H)/r(0)~H2 dependence is known to be
typical for a lot of conventional metals and semiconductors and
associated with cyclotron motion of carriers under external mag-
netic field [36]. However, for semiconductors with the VRH con-
ductivity, the field ln[r(H)/r(0)]~H2 dependence would be more
correct to describe the experimental r(H) curves (expression (9)).
Actually, at weak magnetic fields the r(H)/r(0) vs. H dependence
can be satisfactory described by expression (9), because the
replotted ln[r(H)/r(0)] vs. H2 dependence is close enough to line
(inset to Fig. 5 (b)). In this case, a rate of linear growth is charac-
terized by a coefficient Dln[r(H)/r(0)]/DH2[kOe2]z3.7� 10�11.
Then, using the values of this coefficient and temperature T0,
expression (9) was applied to estimate the localization radius a. The
estimate is equal to z6 nm.

To extract the temperature r(H) behavior due to the VRH con-
ductivity in Bi1.9Lu0.1Te3, the temperature r(H¼ 8 kOe) and r(0)
dependences were taken within the 2e40 K range (Fig. 6 (a)). The
transverse magnetoresistance orientation was applied in this
experiment. Next, the temperature dependence of the
r(H¼ 8 kOe)/r(0) magnetoresistance was plotted (Fig. 6 (b)). As is
seen, r(H¼ 8 kOe)/r(0) increases with decreasing temperature and
a clear upwards deviation takes place below Tm. A background
r(H¼ 8 kOe)/r(0) change above Tm was described by empirical
expression

rðH ¼ 8 kOeÞ=rð0Þ ¼ 1:002 ½mU,m� � 1:8� 10�9
h
ðmU,mÞ,K�3

i

� T3;

(11)

as shown by dashed line in Fig. 6 (a).
By subtracting the background change from the r(H¼ 8 kOe)/

r(0) vs. T curve, the VRH conductivity contribution to total
magnetoresistance was recovered (inset to Fig. 6 (b)). In accordance
with expression (9), this contribution should be varied as T3/4.
Dashed curve in inset corresponds to this T-variation.

Results of detailed magnetoresistance examination of Lu-doped
Bi2Te3 will be published elsewhere.

4. Conclusion

So, it is found the Lu doping results in the Seebeck coefficient
enhancement of Bi2Te3 via an increase of density-of-states effective
mass of electron. This enhancement can be originated from forming
the narrow and non-parabolic Lu band with local maximum of the
electronic DOS near the Fermi level. The variable-range hopping
conductivity with the localization radius ofz6 nmwas observed at
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low temperatures below Tmz 11 K. The electron hops between the
localized states of the impurity energy band take place via
tunneling process. The magnetoresistance features typical for
disordered and inhomogeneous semiconductors are also in agree-
ment with the hopping conductivity mechanism.
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