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Enhancing the efficiency of thermoelectric materials has been practiced extensively by either improving
the power factor or reducing the lattice thermal conductivity. Magnetism, and the magnetic moment
—charged carrier interactions, has been suggested to enhance the efficiency of some compounds.
Nevertheless, decoupling of the magnetic and the carrier concentration—related effects has never been
achieved to prove once and for all, the importance of magnetism in thermoelectricity. Herein, we report
improved quality criterion of bismuth telluride upon chromium substitution. The magnetic interactions
with the magnetic moment carried by Cr atoms have increased the electrons' effective mass, enhancing
the thermopower. Combined with the decrease in the lattice thermal conductivity, the overall perfor-
mance of these compounds has been enhanced by 25% at constant carrier concentration, an improve-
ment seldom observed. This is a robust enhancement principle because magnetic interactions are
effective at high temperatures above the transition temperature, unlike magnon drag which is dependent
on ordering and typically a low temperature phenomenon. Our results indicate that taking advantage of
such relatively easily implemented magnetic doping effects along with existing strategies can lead to

enhanced efficiency of thermoelectric materials.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

resistivity, thermal conductivity and absolute temperature,
respectively. The enhancement of zT is, however, challenging due to
strong correlation of these physical properties together. Substantial
efforts have been devoted to reduce the lattice thermal conduc-

1. Introduction

Solid-state thermoelectric generators have been increasingly
attracting attention in the past decades owing to the need for new

technologies for energy conversion [1—3]. Thermoelectric materials
convert heat to electricity and vice versa, leading to new systems
for waste heat recovery from automobiles and industries or power
generations for sensors, and refrigeration. The efﬁcienc;/ of ther-
moelectric materials is defined by figure of merit, zT = %T, where
S, p, k and T are the Seebeck coefficient (thermopower), electrical
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tivity of bulk thermoelectric materials by seeking materials with
intrinsically low thermal conductivity [4—7] or nanostructuring
bulk materials [8—10]. Despite the popularity of bulk nano-
structuring in the last decade, the reduction of the lattice thermal
conductivity is achieved at the expense of reduced carrier mobility,
initiated from scattering of charge carriers [11—13]. Therefore,
improving the power factor, S?c, seems to be the most viable
strategy to further enhance the efficiency of thermoelectric mate-
rials. However, there is a conventional trade-off between S and 1/p.
Therefore, enhancement of the power factor has been achieved
through engineering the electronic band structure near the Fermi
level and tuning the scattering mechanisms, including resonant
states [14,15], multiple bands convergence [16—19], manipulating
the band gap [20—22] and/or modulation doping [23]. Recently,
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magnetic interactions have also been proposed as a strategy to
enhance the thermopower [24—27]. Charge carriers interact with
the local magnetic moments, resulting in increased charge carrier
effective mass and consequently enhance thermopower. Previous
reports have proved beneficial effect of magnetism on the ther-
moelectric performance of antiferromagnetic CuFeS, chalcopyrites
[24,25,28] and dilute magnetism of Mn in CuGaTe, chalcopyrite
[26]. However, to clearly differentiate the magnetism-driven en-
hancements from charge carrier concentration—driven variations
on transport properties of these materials, samples are required to
be compared at constant carrier concentration.

Here, we have doped bulk bismuth telluride samples with
chromium to obtain n-type dilute magnetic Biy_xCryTes (0 <x < 0.1)
compounds and determined their electronic and magnetic prop-
erties. Chromium has shown solubility of less than x = 0.02 in
bismuth telluride. Our results indicate that upon neutral substitu-
tion of Cr for Bi (i.e. isovalent substitution of Bi with Cr atoms) in
Bi1 99Crg1Tes, the power factor is enhanced and the thermal con-
ductivity decreased, leading to an improved zT. Samples of Bi;-
«Cr¢Tes (0 < x < 0.01) with higher carrier concentrations were
prepared separately and confirmed these findings. These results
differentiate the magnetism-driven enhancement of the power
factor from the effects of carrier concentration in diluted magnetic
thermoelectric materials and highlight the role of magnetism on
the thermoelectric properties.

2. Materials and methods
2.1. Synthesis

Polycrystalline samples of Bi, xCrxTes (x = 0.00, 0.01, 0.02, 0.05
and 0.10) were synthesized by direct reaction of stoichiometric
amounts of high purity (Bi (99.999%, Alfa Aesar) and Te (99.999%,
Alfa Aesar) pieces and Cr (99.996%, Alfa Aesar)) powder in vacuum-
sealed quartz ampoules, prepared in an Ar glove box. The ampules
were homogenised at 1,323 K for 10 h and quenched in cold water,
followed by annealing at 673 K for 3 days.

The obtained ingots were hand-ground into micron-sized
powders with agate mortar and pestle in an Ar-atmosphere glove
box and consolidated by spark plasma sintering (SPS), Dr. Sinter
8,000 Syntex, at 633 K and an axial pressure of 50 MPa for 5 min
under vacuum. The powders were sintered in a graphite die of
10 mm inner diameter with a final height of ~10 mm. The relative
densities of the samples were all found to be above 99%, except for
the x = 0.1 sample with a relative density estimated at 98%. The
second series of samples were prepared by the same technique of
melting, quenching, annealing and sintering, using shots of Bi and
Te (99.999%, 5N+), doped with chromium and Ga (99.99%, Sigma-
Aldrich) pieces, and sintered in the same conditions.

2.2. Materials characterizations

Phase purity and crystal structure of sintered samples were
characterised by powder X-ray diffraction (PXRD) using a Rigaku
SmartLab 3 diffractometer (Cu Ky; and K, radiations, without
monochromator) in reflection mode. The lattice parameters were
determined by Rietveld refinement of the collected spectra using
the FullProf program.

The microstructure and chemical composition of samples were
characterized using a JEOL JSM-7001F field emission gun scanning
electron microscope (SEM), equipped with energy-dispersive
spectroscopy (EDS) and Oxford Instruments X-Max SSD detector.
The obtained data were processed using the Aztec analytical soft-
ware suite. The samples were prepared by polishing to a quarter of
micron final finish.

2.3. Magnetic measurements

The magnetic susceptibility was measured on a Quantum
Design MPMS-1T magnetometer at a field of 1,000 Oe at the tem-
perature range of 4—300 K. Approximately 40 mg pieces of samples
were loaded in a gelatine capsule for measurement.

2.4. Transport property measurements

The electronic transport properties of samples were measured
in directions both parallel and perpendicular to the pressing di-
rection in SPS. Bar-shaped samples (~2 x 2 x 8 mm?>) were cut to
measure the electrical resistivity and the thermopower from room
temperature to 523 K. These two measurements were carried out
simultaneously using a ZEM-5 apparatus, Ulvac-Riko.

Thermal diffusivity was determined from room temperature to
523 K by using a Laser Flash Analyser (LFA 467-Netzsch) under
argon flow on disk-shaped samples (~10 mm in diameter) for the
parallel direction and on square prism—shaped samples
(~6 x 6 x 1 mm) for the perpendicular direction. The thermal
diffusivity of the nominal Bi;Te; sample was only measured for
parallel direction because of the lack of appropriate sample size.
However, Thermal Transport Option (TTO) of a Quantum Design
Physical Property Measurement System (PPMS) was adopted to
determine the thermal conductivity of the Bi;Tes sample in the
perpendicular direction between 300 and 375 K. The thermal
conductivity is calculated by k = d.Cp.py where d, Cp and py are the
thermal diffusivity, mass heat capacity and density, respectively. A
pyroceram disk was used as a reference to measure the heat ca-
pacity of samples according to the ASTM E 1461-07 method using
LFA 467 Netzsch. Several previous reports [29,30] adopted the
following equation to determine the specific heat capacity for
similar samples: C, = 108.61 + 1.92 1072*T J.mol~LK~! [31]. This
equation shows a very good approximation to our experimental
data at temperatures above 450 K, however, underestimated the C,
values by ~10% at around room temperatures. The combined un-
certainty in the determination of the zT values is estimated to be
~17% [32].

Bar-shaped samples cut in the perpendicular direction
(~2 x 2 x 8 mm>) were only used to obtain the Hall coefficient, Ry,
from measurement of the transverse electrical resistivity with the
AC transport option of a Quantum Design PPMS, in a five-wire
configuration and under magnetic field ranging from +3 T, be-
tween 10 and 350 K. The Hall carrier concentration, ny, was
calculated using n = 1/Ry.e. The low temperature transport prop-
erties of the sample x = 0, 0.01 and 0.02 were measured between 4
and 390 K on a sample of the same shape, using the TTO option of a
Quantum Design PPMS. The measurement was used to probe the
temperature dependence of the electronic mobility for these three
samples.

2.5. Electronic structure calculations

The present total energy pseudopotential calculations were
based on generalized gradient approximation parametrized by
Perdew et al. [33,34] for the exchange-correlation in the density
functional theory (DFT) [35,36]. The cut-off energies of 30 Ry for the
wave functions and 300 Ry for the electron density were used. The
crystal structure of BiyTes is rhombohedral, and we used a corre-
sponding hexagonal unit cell for BisCriTeg as 3(Bijgs7Cro.333Tes)
and Biy3CriTesg as 12(Bij.917Cro0g3Tes) to simplify the calculation.
Although x = 0.333 and x = 0.0833 contain quite high concentra-
tions of Cr, they are qualitatively reproducible for experimental
results. The lattice constants were fixed to the experimentally
measured values. Internal atomic positions were structurally
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optimized in their crystal symmetry with considering van der
Waals (VdW) interactions using DFT-D3 [37,38]. The spin—orbit
interaction was considered through the fully relativistic form of
the atomic pseudopotentials [39] in the calculations. The calcula-
tions throughout this study were performed with Quantum
Espresso code [40].

3. Structural analyses

The pseudo-binary (Bi,Sb),(Se,Te); systems are layered narrow
band gap semiconductors crystallizing in a rhombohedral unit cell.
These compounds remain to date the most efficient thermoelectric
materials for around room temperature applications [3] and
harbour topological insulating properties, and they are the most
extensively studied materials in the field [41—44]. In particular, the
effect of transition metals on the topological insulating properties
of bismuth chalcogenides was thoroughly studied, giving insight of
their transport properties [45—48]. In addition, the solubility of 3d
metal ions and their charge upon substitution for the pnictogen in
Bi/Sb chalcogenides was theoretically estimated [49]. Fig. 1 shows
the PXRD pattern of the sample BijggCrggoiTes. All patterns are
indexed to the rhombohedral tetradymite structure of space group
R3m, (schematically shown in Fig. 1 inset). This structure consists of
five planes of Te1—Bi—Te2—Bi—Tel, separated by VAW gaps. The
PXRD data of all samples and the relevant lattice parameters ob-
tained from Rietveld refinements of XRD spectra are included in
Fig. S1 and Table S1 of Supplementary Information, respectively.
The sample with x = 0.1 contains small additional peaks, indicating
a minor impurity phase.

All XRD patterns are Rietveld refined to precisely determine the
lattice parameters. A slight preferred orientation is detected in the
samples because of structural anisotropy, and the lattice constants
(a = 43849 A and c = 30.481 A) are consistent with the values
reported in literature [3,50]. Both lattice parameters of a and c are
shown as a function of Cr concentration (x) in Fig. 2.

Although the variations of both a and c with x are small, for the
sample with x = 0.01, the decrease in a departs from the general
trend. Doping of 3d metals, such as Cr, Fe Mn or Cu, in this structure
[45,47,51-53] indicates two possibilities: the direct substitution of
Bi by the metal atoms or the intercalation in the VAW gaps, located
between the two Te2—Te2 layers. The decrease in a exhibited by the
x = 0.01 compound strongly suggests direct substitution of Cr for Bi,
owing to the smaller size of the Cr** ion compared to covalently
bonded Bi**. This substitution is expected to shrink the Bi layers

Yobs
— Yealc
0 — Yobs-Ycalc
i=
)
>
© ‘
s i
<l 1
" T N
20 40 60 80 100
20

Fig. 1. Rietveld analysis of the X-ray diffraction pattern obtained from the sample
Bi1.99Cro01Tes. No significant anisotropy could be observed. Crystal structure of the
Bi,Te; compound projected along the a-axis; inset figure shows Bi and Te atoms by red
and blue spheres, respectively.
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Fig. 2. Variation of the lattice parameters of Bi,_xCriTes samples (x = 0, 0.01, 0.02, 0.05
and 0.10). Error bars on both a and ¢ were estimated from the Rietveld refinements.

without affecting strongly the interlayer distances. This feature is,
however, not shared with the other compounds, that should
theoretically show a decrease in a. These samples have lower a
values than the undoped sample; however, no further decrease is
observed with x, suggesting a partial substitution of Cr for Bi and
the presence of either Cr-based secondary phase or intercalation of
Cr in the VAW gaps. On the other hand, the expansion of the ¢
parameter for the sample x = 0.05 suggests that Cr ions are inter-
calated within the gaps. The SEM and EDS analyses of these sam-
ples have indicated the presence of Cr—Te—based precipitates for
samples with x > 0.02. This is detailed in the Supplementary
Information.

4. Electronic structure calculations

The electronic structure calculations were performed for BigTeg,
BisCriTeg and Biy3CrqTesg, and their total and projected densities of
states are shown in Fig. 3. In this study, we considered the para-
magnetic phase for BisCriTeg and Biy3CriTesg in order to evaluate
the experimental results above the transition temperature as
shown in Fig. 4, although the spin polarized phase is more
favourable [49]. The Cr dopant concentrations in the calculation are
x = 0.333 for BisCriTeg and x = 0.0833 for Biy3CriTesg, respectively.
These values are higher than concentrations of Cr in our com-
pounds, however, because there is very little hybridization between
the 3d states of Cr and the 5p and 6p states of Te and Bi [54], and our
conclusions remain valid for samples with lower dopant levels. In
Cr-doped systems, the partially filled Cr 3d levels are pinned at the
Fermi level because of its paramagnetism; however, the contribu-
tion of Cr 3d levels around the Fermi levels decreases and has little
effect on the energy distribution of the DOS as its concentration is
reduced, leading to the conservation of the n-type degenerate
semiconducting character.

5. Magnetic properties

Fig. 4(a) shows the temperature dependence of the magneti-
zation (M) for Biy_xCryTes (x = 0.01, 0.02, 0.05 and 0.10) compounds,
calculated per Cr atom, and the inverse molar magnetic suscepti-
bility, ¥, between 5 and 300 K temperature range. All samples
exhibit ferromagnetic ordering at low temperature. At the high
temperature paramagnetic regime, inverse magnetic susceptibil-
ities 5y~ were fitted using the Curie—Weiss law after correction for
the diamagnetic contribution:

C
x:—T_0+A (1)



diamagnetic contribution, with N the Avogadro constant, kg the
Boltzmann constant and p.fr the effective magnetic moment of the
Cr atoms in the paramagnetic state, and 0 is the Weiss constant and
gives an indication of the magnetic interaction. 6 Parameters were
found to be positive and roughly constant for all x values, ranging
between 217 K and 225 K without apparent trend. These values are
considerably higher than those found for Mn—, Fe— or V-doped
bismuth telluride (all below 50 K) [51,55—58], Cr-doping in bismuth
selenide thin films (=10 K) [46,59] and Cr intercalated TiTe;
compounds (100—150 K) [60]. Higher values of 0, above 300 K,
could only be observed in Cr-doped BiyTe3 nanotubes, for which a
strong influence of surface effects can be expected [61]. The values
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Fig. 3. The total and projected densities of states to each atomic element around the Fermi level of (a)—(c) BigTeg, (d)—(g) BisCrTeg and (h)—(k) Bip3Cr;Tess are drawn, respectively.
In the figures (b), (c), (e)—(g) and (i)—(k), the projected densities of states are resolved to each angular momentum.
where C is the Curie constant and C = %“’gff and A is the of 6 determined for our samples are similar to the temperature

where the magnetization shows an abrupt uprise, indicative of
ferromagnetic ordering. This is further supported by the field
dependence of the magnetization, M — H curves of Biyg9Crgo1Tes
plotted for different temperatures in Fig. 4(b). The M — H curve at
200 K indicates a ferromagnetic component, whereas it is almost
linear at 300 K, consistent with the indicated temperature of the
magnetic ordering. Such a high temperature ferromagnetic
ordering has never been observed previously in bulk tetradymite
and might have applications in the field of topological insulators.
The calculated effective magnetic moments provide very
different values of g for all values of x (Fig. 4). Comparing these
values with values expected for different oxidation states,
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magnetic susceptibility (open symbols), after diamagnetic corrections; (b) field
dependence of the magnetization, M—H curves of Bi; 99Crg 01 Tes at 10 K, 100 K, 200 K
and 300 K.

summarized in Table 1, allows us to obtain an insight into the

6. Electronic transport properties
6.1. 300—527 K electronic transport properties

The electrical resistivity p, Seebeck coefficient, S, and power
factor S2/p of Biy_xCrxTes (x = 0, 0.01, 0.02, 0.05 and 0.10) samples
are shown in Fig. 5 between 340 K and 523 K. Measurements were
performed in both parallel and perpendicular to the pressing di-
rection, except for x = 0 sample, for which only the perpendicular
direction could be measured. For all samples and directions, the
electrical resistivity exhibits typical metallic temperature depen-
dence behaviour, indicative of the degenerate semiconducting
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oxidation state and the coordination environment of the Cr ions.
For x = 0.01, an effective magnetic moment of 3.53 pp suggests an

octahedral coordination and charge of +3, which is consistent with
the aforementioned direct and neutral substitution of Cr for Bi,
estimated from the XRD data and expected from theoretical cal-
culations for n-type BiyTes [49]. A small hump in %~ ' at 260 K de-
parts from the classic linear Curie—Weiss law (even by taking into
account the correction for the diamagnetic contribution). This
might originate from the induced polarization of Bi and Te atoms or
in some short-range ordering on a narrow temperature range. The
evolution of the magnetic susceptibility and variations of the Cr
atoms magnetic moment as a function of total Cr content is dis-
cussed in details in the Supplementary Information.

Although ferromagnetic ordering is observed for all samples at
low temperatures, the average magnetization per Cr atom strongly
depends on the concentration and occupation of the substitutional
or interstitial sites by Cr atoms. In diluted magnetic semi-
conductors, the ferromagnetic exchange is carrier mediated ac-
cording to the Ruderman—Kittel-Kasuya—Yoshida coupling
mechanism [62]. Therefore, the variations in magnetization of Cr
ions should also be understood in terms of differences in carrier
mobilities and concentrations between samples.

Table 1
Magnetic moments of Cr ions calculated and observed depending on the oxidation
state [71].

Cr ion oxidation state Hcalculated spin-only (MB) Hobserved (M)

+2 Low spin state (octahedral) 2.83 3.2-33
+2 High spin state (octahedral) 4.90 4.7-4.9
+3 (Octahedral) 3.88 3.7-39
+4 (Tetrahedral) 2.83 2.6-2.8
+5 (Tetrahedral) 1.73 1.7-1.8

-90 { —e—x=0.01 perp -=0--x = 0.05 par
2 oo] Siid0m, Rt
= ] x=0. --A=-x = 0.
> 100 -=--x=0.02 garp —'—x:Opeprp
3 | —*—x=0.05perp »
— -110 A.__ Za
% “-A.._A_.._A---K";@’-
g 120
5 -130
8
S 1401
5
2 1501
(]
3 -160 - - - -

300 350 400 450 500 550

Temperature (K)

—~
O
~
N

-
a

Power factor (mW/m.K2)
o
o N

0 . . . .
300 350 400 450 500 550
Temperature (K)

Fig. 5. The temperature dependence of (a) the electrical resistivity; (b) thermopower
and (c) power factor for samples of Bi, xCrxTes (x = 0, 0.01, 0.02, 0.05 and 0.1) for both
directions, perpendicular to pressing (filled symbols) and parallel to pressing (open
symbols) between 325 and 523 K.
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nature of the samples. Despite moderate structural anisotropy
observed from the XRD patterns, p shows a significant anisotropy
for all compounds, with values of pperp/ppar ranging from 1.5 to 2.5,
which is well known for n-type bismuth telluride alloys [63]. The
change in anisotropy with x values can mostly be understood in
light of the Cr atoms filling the VAW gaps, which increases the
distance between the five plane layers. However, the presence of
precipitates and their alignment along the grain boundaries, as
evidenced in Fig. S2 of Supplementary Information, may also
contribute to the anisotropy observed in the electronic transport
properties of these samples. This results in a more pronounced
confinement of the electronic transport within the layers in the a
crystallographic direction; hence, more contrast is detected in the
electrical conduction properties between the two directions. This
effect is more apparent for the x = 0.05 sample, for which Cr
intercalation is expected to be maximum in the series. Electrical
resistivity, p, initially increases upon Cr substitution from 8.9 uQ m
at 350 K for the nominal compound up to 11.6 pQ m for
Bi1.99Cro1Tes. The electrical resistivity then decreases for all com-
pounds to 7.8 uQ m for the x = 0.1 composite sample. The low re-
sistivity for this sample might originate from the presence of the
Cr—Te secondary phase, leading to the off-stoichiometry of the
matrix Bi;Tes phase.

The thermopower values (Fig. 5(b)) at room temperature are
negative for all samples, indicative of electrons as the dominant
charge carriers. Excess Te and associated defects (antisite substi-
tution of Te for Bi—Tep;) are responsible for n-type conduction in
BioTes [64,65]. All compounds of the present study show a
maximum in thermopower within the range of 390—460 K, indi-
cating a bipolar effect that is typical behaviour of thermoelectric
degenerate semiconductors with narrow band gaps [66,67]. This
phenomenon derives from the excitation of intrinsic carriers,
competing with the extrinsic carriers, and decreasing Seebeck
coefficient, S, with increasing temperature as a result of combined
positive and negative charge carrier contributions. The highest
values at 350 K are obtained for the x = 0.01 sample with a
thermopower of —144 pV K™, a significant increase from the
pristine compound which only shows a value of —124 pv K~ ! at
this temperature. Above x = 0.01, thermopower decreases in ab-
solute value for all samples without a clear trend. For all samples,
the thermopower shows a small anisotropy between the mea-
surements along the directions parallel and perpendicular to the
pressing direction.

The power factors (Fig. 5(c)) show maximum values at 325 K for
all samples, ranging from 1.62 to 1.82 mW m~! K2 in the
perpendicular direction, which are considerably lower than the
ones obtained in the parallel direction, owing to higher cross-plane
electrical resistivity. The highest power factor of 1.82 mW m~! K2
is obtained in Biqg9Crgg1Tes at 325 K.

To confirm these findings, another series of Cr-doped Bi,Tes
were prepared with chromium concentrations of x = 0.005 and
0.01. Ga-doped samples of Biy.yGayTes (y = 0.01 and 0.02) were also
synthesised to compare substitution of non-magnetic univalent
Ga>* ions for Bi** ions with magnetic Cr>* jons. The electrical re-
sistivity, the thermopower and the power factor of these samples,
measured perpendicular to the pressing direction, are shown in
Fig. 6(a)—(c), respectively. The observed magnetic effect still ap-
pears for the Cr-doped samples, while the corresponding Ga-doped
samples show no increase in the absolute value of the Seebeck
coefficient. Fig. 6(c) shows that the power factors significantly in-
crease for the latter Cr-doped samples, whereas no improvement is
observed for the Ga-doped counterparts. These values do not,
however, exceed the power factors previously measured for the
first set of samples. This is most likely due to higher carrier con-
centrations in these samples.
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Fig. 6. Temperature dependence between 300 and 523 K of (a) the electrical re-
sistivity; (b) thermopower and (c) power factor for compounds Bi,_xDxTes for D = Cr,
Ga and x = 0, 0.005, 0.01 and 0.02, perpendicular to the pressing direction.

6.2. Carrier concentration and transport analysis

The electronic transport properties of all samples perpendicular
to pressing direction at 350 K are summarised in Table 2. The
temperature dependence of the Hall carrier concentration, n = 1/
eRy, was calculated between 5 and 350 K from the Hall coefficient,
Ry, and plotted in Fig. S3 of the Supplementary Information. It is
worth noting that the Hall coefficient is a tensor, and we have
measured the Hall coefficient, only perpendicular to the pressing
direction. The Hall coefficients are all negative, consistent with the
n-type conduction, evidenced from the thermopower measure-
ments. The carrier concentration of all samples, n, is above
3.5 x 10" cm~3, whereas n-type BiyTes-based systems usually
harbour optimal thermoelectric performance at carrier
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Table 2

The electronic transport properties of Bi, xCryTes (x = 0, 0.01, 0.02, 0.05 and 0.10) samples, perpendicular to the direction of pressing at 350 K.

Cr content Thermopower S Carrier concentration n

Electronic mobility, puy

Calculated carrier effective mass ~ Cr atoms effective magnetic

(x) (uV.K™1) (10" cm~3) (cm2V-1ls1) m* (mg) moment (i)
0.00 —124 5.70 123 0.71 -

0.01 —144 5.74 94.0 0.87 3.53

0.02 —-134 5.00 111 0.72 2.27

0.05 —136 6.00 854 0.83 231

0.1 -115 4.69 169 0.57 2.55

concentration in the lower range of 10'® cm~3 [3,53]. These rather
high charge carrier densities suggest the presence of a large num-
ber of charged structural defects. The measured carrier concen-
trations were found to be almost the same for the entire
temperature range for both undoped and x = 0.01 as predicted by
theoretical calculations [49], which is in line with our aim of
probing the sole effect of magnetism on the transport properties.
However, for samples with higher Cr content, carrier concentration
varies significantly, initially decreases with increasing x from 0.01
to 0.02. This might be associated with the reduction of Cr>* into
Cr™ for Biy.0gCro 02Tes, or with the intercalation of the dopant in the
VdW gaps. The effect of ionic 3d metal dopants intercalation on the
number of carriers is not straightforward, and 3d metal dopants can
act as both donors and acceptors similar to Ti dichalcogenides
[60,68]. For BiyggCrpo2Tes sample, the change in temperature
dependence at = 200 K could be the result of magnetic ordering on
the electronic transport properties; however, no similar effect is
evidenced for the other compounds. In addition, the Hall resistivity
curves versus applied magnetic field are plotted in Fig. S4 of the
Supplementary Information. Anomalous Hall effect is observed
below the Curie temperature, whereas at the paramagnetic phase,
the Hall resistance varies linearly with the magnetic field.

As already predicted theoretically [49], the substitution of 3d
metals in BiyTes is highly dependent on the carrier type and the
nominal carrier concentration, i.e. on the defects concentration
inherent to the fabrication process. Further work is, therefore,
needed to verify the possibility of such neutral substitutions with
3d elements on both n- and p-type, for various compounds and a
broad range of properties.

The Hall mobilities, py, were calculated at 350 K using uy = 1/n.
e p and summarised in Table 2. To gain an understanding of the
interaction between charge carriers and the magnetic dopant ele-
ments, the effective mass of carriers, m*, was calculated from the
measured Seebeck coefficients, S, and carrier concentration, n,
assuming a single parabolic band structure, in the absence of
phonon drag effect and energy-independent scattering [69], using
the following equations:

ke[, r+5/2Fnsn 2

S=+ e £F r+3/2 Frq/2(8F) ”
47 (2k ")

n:.nggﬂllﬁﬂ@” v

where kg is the Boltzmann constant, e the electron charge, mg the
electron mass, & the reduced Fermi energy and r the scattering
parameter. F;(§f) is the Fermi function, defined as

xidx

14 e %) )

Fi(ép) = T
0

The scattering parameter, 1, was evaluated from the temperature
dependence of the Hall mobilities, puy, according to uy = uo "1,

assuming acoustic scattering as the dominant scattering process.
Although the value of r close to the room temperature is usually
assumed to be —0.5 for acoustic scattering only, the fitting of py
between 200 and 350 K gave a slightly higher value of —0.26,
suggesting mixed acoustic and ionized impurity scattering [69],
consistent with values measured at room temperature for Fe-doped
Bi;Se; [70]. The effective masses are summarised in Table 2.
Although the single parabolic band model does not precisely
describe the electronic properties of a degenerate multivalley
semiconductors such as BiyTes, it provides a reasonably good
approximation of the effective mass, m", to compare samples with
roughly similar electronic band structure.

The most interesting results obtained from the effective masses

is the net increase of m* from 0.71 mg to 0.87 mg upon doping Cr at
1% mol on the Bi site at roughly constant carrier concentration. The
effective mass of the undoped compound was found to be within
the same range as other n-type BiyTes compounds with similar
carrier concentrations. The weighted mobility u,, can be defined as
3/2
Hy = 1 m—o . It includes the contributions of both the electron
mobility and the effective mass in a single parameter and, there-
fore, can be considered as a quality criterion for the charge trans-
port in thermoelectric materials. This parameter increases from
73.6cm? V15 1t0 76.3 cm? V! s~ with Cr substitution at x = 0.01
and then decreases for all other compounds. This increase, although
small, sheds light on the underlying mechanism of
carrier—magnetic moment coupling, eventually resulting in an in-
crease in thermopower apart from other well-known strategies. It
is worth noting that the presence of magnetic impurities de-
teriorates the carrier mobility (evidenced in Table 2), and therefore,
the weighted mobility is enhanced slightly. We attribute the slight
increase in the power factor of Bij g9Crgo1Tes than that of BiyTes to
the increase in pyw, highlighting further the interest of utilizing
magnetic interactions in thermoelectric materials. If heavier charge
neutral Cr-doping on the Bi site alone is possible, the effect should
also be magnified, giving rise to further enhanced power factor.
For the second series of samples, n, p and m* were also calcu-
lated and summarised in Table S1. In order to obtain a broader and
therefore more clear vision of the obtained data, the Seebeck co-
efficient was plotted as a function of n for all samples (Fig. 7) and
compared with the values obtained from the SPB model for a
constant effective mass of 0.72 my. For the undoped and Ga-doped
samples, S values are in good agreement with those expected for an
effective mass of m* = 0.72 mg, On the other hand, the values of S
for the Cr-doped samples lie significantly higher than the expected
values for this effective mass, except for the samples doped at
concentrations above x = 0.02, for which large amounts of chro-
mium telluride secondary phases were detected. In the latest set of
samples, m* increases form 0.73 mg to 0.97 mg upon substitution of
x = 0.01 Cr. But more strikingly, the weighted mobility increases u,,
from 34.8 cm? V! 571 to 50.9 cm? V- ! s~! These values, however,
do not exceed those measured for lower carrier concentration
samples but unambiguously demonstrate the effect of magnetic
doping on the thermoelectric properties. The larger magnitude of
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this effect at higher carrier concentration is not well understood yet
and should be the subject of further studies. Notably, it may be of
interest to dope samples with magnetic elements in compounds for
which the optimized zT values lie at high carrier concentration.

6.3. Low-temperature electronic transport properties (5 K—300 K)

Fig. 8(a) and (b) show the electrical resistivity and Seebeck co-
efficient of Bi;Te3 and Bij 99Crg g1 Tes samples between 5 and 300 K.
The temperature dependence of the electrical resistivity clearly
shows a discontinuity and a change in slope at the
ferromagnetic—paramagnetic transition temperature. In the ferro-
magnetic phase, the 3d levels of Cr are spilt below and above the
Fermi level (for majority and minority spins, respectively), hence
results in no significant effect on the electrical transport. However,
in the paramagnetic phase, the 3d levels of Cr lie directly at the
Fermi level Eg as shown in Fig. 3, resulting ultimately in the change
of the slope. Interestingly, the Seebeck coefficient remains unaf-
fected by the magnetic transition. With the 3d levels of Cr lying
very close to Ep, their contribution to S is very small (it basically
scales to E,;BTF for each state). The relatively small number of these
states results only in a negligible contribution to the thermopower,
therefore no changes observed in S at the transition temperature.
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Higher dopant levels on the same site should, however, result in a
visible change.

In addition, the absence of a discontinuity in S at the magnetic
transition totally rules out the effect of resonant states. For resonant
doping, an effect can be observed when resonant electronic states
lie at Er. However, for the present study samples, Cr 3d states lie
only at Eg in the paramagnetic state and split away from it in the
ferromagnetic region. This consequently would result in a higher S
in the paramagnetic region, and a discontinuity of S could be
observed at Tc.

It is also worth noting that the Seebeck coefficient value is
determined by two parameters: one depending solely on the band
structure and the density of states near Er and the other stemming
from the effects of scattering mechanisms, including scattering by
magnetic impurities [3]. This discontinuity of the thermopower
indicates that the magnetic enhancement of S indeed might not
originate from the former contribution but rather from the scat-
tering mechanism and therefore through the effect of the magnetic
moments on the motion of the electrons.

7. Thermal properties and figure of merit zT

The temperature dependence of the total thermal conductivity,
K, between 300 and 523 K for all samples of Biy_xCryTes is presented
in Fig. 9(a). All samples show significant anisotropy between the
measurements for perpendicular and parallel to the pressing di-
rection, with small variations with x. Except for the undoped Bi,Tes
compound that shows a minimum around 375 K, all other samples
exhibit a monotonic increase with temperature. Comparably low
values in the range of 1-1.5 W m~! K~! at 300 K were obtained
parallel to the pressing direction, while measurements perpen-
dicular to pressing direction showed values up to 22 W m~!' K~ !in
the undoped compound at 300 K. More details about the thermal
behaviour of these samples are provided in the Supplementary
Information.

The figure of merit, zT, was calculated between 300 and 532 K
for all samples for the first set of samples and presented in Fig. 9(b).
The highest value of the figure of merit, ~0.4, was obtained at
375—400 K for the sample Bijg9CrgoTes. Although lower zT are
generally obtained for n-type Bi,Tes compared to p-type Bi,Tes, the
low thermoelectric efficiency of our samples is associated with the
lack of carrier concentration optimization. We also purposely sin-
tered at the lowest SPS temperature which provided us with
samples with relative density of over 98%. Sintering at high

o x=0.01

-100 1 %, v
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0 . : ; . ;
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Fig. 8. Temperature dependences of the electrical resistivity (a) and Seebeck coefficient (b) between 5 and 300 K, for Bi,Tes and Bi; g9Crg01Tes, samples, having the same carrier

concentrations.
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Fig. 9. Temperature dependence of (a) the thermal conductivity and (b) the figure of merit (zT) between 300 and 523 K for Bi, 4«Cr¢Tes (x = 0, 0.01, 0.02, 0.05 and 0.10) samples.

temperatures can result in inhomogeneity of Bi;Tes samples in
terms of composition and introduces defects which both effect on
the electronic transport properties, and may lead to one-off high zT,
but which may also not be stable in long-term applications at high
temperatures. The highest zT values for n-type Bi,Tes-based com-
pounds (~1) are achieved in nanostructured Bi,Tes—Bi,Ses alloys at
optimised carrier concentrations, doped with Cu, which is also an
element with magnetic moment. The aim of this study was to
decouple the effect of magnetism and the carrier
concentration—related effect to prove the importance of magne-
tism on thermoelectricity; this was not viable to achieve in complex
chemistries, and therefore, we demonstrated the magnetic
enhancement effect in this way. Nevertheless, with x = 0.01, the
figure of merit shows an increase of roughly 25% compared to the
undoped compound, at constant carrier concentration. The mag-
netic doping, leading to magnetic interaction with the carriers
driving the increased S and leading to decreased Ky, due to the
point defect scattering, results in the observed enhancement in zT.
For the other compounds, the slight variations of n and the loss of
the magnetic coupling of the carriers due to intercalation of the Cr
ions prevent samples to achieve higher values of zT.

8. Conclusion

The substitution of Cr for Bi in the state-of-art thermoelectric
bismuth telluride has been studied. We demonstrated the possi-
bility of isovalent substitution of Cr for Bi, keeping the carrier
concentration roughly constant up to x = 0.01 and decoupling the
carrier concentration and magnetic scattering effects on the ther-
mopower. The increase in effective mass leads to an enhanced
thermopower and consequently a higher power factor. Together
with a reduction of the thermal conductivity due to the enhanced
point defect scattering and likely increased anharmonicity this
results in 25% enhancement in the zT value of the undoped com-
pound. However, limited solubility of Cr substitution in bismuth
telluride and intercalation in the VdW gaps prevented us to probe
this effect further.

The magnetic doping, which led to magnetic interaction with
the carriers, was shown to be an efficient method to improve the
thermoelectric performance of Bi;Tes compounds, at fixed carrier
concentration. This method could make its way into the already
rich toolbox of the scientist studying thermoelectricity and be-
comes a standard strategy for improving the performance of ther-
moelectric materials. One large advantage of this method over
phenomenon such as magnon drag is that magnetic interaction is
present in the same magnitude at higher temperatures, above the

transition temperature (i.e. the transition temperature is simply
manifested because of a competition with magnetic interaction and
thermal excitation). Therefore, its effects on the carrier transport
can lead to enhanced thermoelectric properties at high tempera-
tures, and thus, this thermoelectric enhancement effect is quite
robust. It is even very likely that this effect is already at play in
thermoelectric materials containing magnetic elements but
masked by the contribution of the changes in charge carrier
concentration.

In addition, we observed high ferromagnetic ordering at tem-
peratures >200 K obtained in the bulk sample, which very
favourably compares to other 3d metals substitutions in Bi,Te3 and
might give new insights towards the experimental realization of
topological insulators in this family of compounds.

Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time because of technical or time
limitations.
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