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Despite being a prospective thermoelectric (TE) material, SnTe has limited applicability due to
very high ‘hole’ concentration arising from ‘Sn’ vacancies. Engineering of multiple valence band
with addition of extra ‘Sn’ and isovalent doping is a well-established strategy for enhanced TE
properties. Here, we report a new approach utilizing magnetism to try to enhance the TE
properties. Magnetic and TE properties of Mn doped self-compensated Sn;g3Te were studied in
context of its dilute magnetic nature. A systematic (i) increment of magnetic moments and weak
ferromagnetism leading to coupling of charge carriers, (ii) increase in effective thermal mass of
charge carriers and (iii) overall enhancements in power factor has been observed and analyzed
based on the magnetization, heat capacity and high temperature transport measurements. At low
temperatures weak ferromagnetism is generated with Mn doping in otherwise diamagnetic Sn; ¢3Te,
thus giving system magnetic entropy and structural disorders which leads to a modified TE
transport. Enhancement of power factor for Sng¢3Mng;Te from Sn; o3Te has been explained based

on magnetic moments, anomalous Hall Effect, high effective thermal mass and magnetic entropy.
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Introduction

Being emission-free, silent, vibration-less and without scaling effect, thermoelectric (TE)
generators are expected to play a vital role in energy harvesting techniques via direct conversion of
waste heat into electrical energy.1 Conversion efficiency of any TE material can be estimated by
using dimensionless figure of merit, ZT' = a’6T/(k. + K;), where o is thermoelectric power, o is
electrical conductivity, x, is electronic thermal conductivity, x; is lattice thermal conductivity and 7
is an average absolute temperature, respectively. Enhancement of Z7 has been limited in a certain
range of carrier concentration n, due to mutual correlation of three TE parameters. To attain high
ZT, decoupling of electrical and thermal transport is one of the most crucial aspects for enhancing
power factor, a’c and lowering thermal conductivity, . >> Poor x has been achieved by solid
solution alloying,® nanostructuring,” ® rattling atoms,” softening of phonons,'® ' nano-micropores,'?
and introducing defects'” while enhancing o’c is more challenging as « and ¢ are strongly
dependent on electronic band structure around density of states near Fermi energy. Valence bands
convergence'* '* and introducing resonant states'® ! in valence bands have remarkably improved
o’o by enhancing a while maintaining an optimized o.

Tin telluride (SnTe) is a group IV-VI narrow-gap semiconductor with a high » originating from

'823 The high n can be controlled by self-substitution of Sn and/or doping

inherent Sn vacancies.
with guest elements.'"-?"-**?° Sn-Mn-Te belongs to a family of dilute magnetic semiconductor such
as Pb-Mn-Te, Pb-Mn-Se, Pb-Mn-S and Pb-Sn-Mn-Te where Mn®" ions carry localized spin

26-27. 2 Mn being divalent not only provides an optimized density of

magnetic moments (S = 5/2).
state for light and heavy hole valence bands through charge carrier modification,*" ****° but also

gives rise to soft phonon modes'' by structural anharmonicity to modify the TE properties. The

effect of magnetic element doping and utilization of magnetic interactions ** *'** has been shown

2
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to be a unique strategy to enhance the carrier effective mass and enhance TE performance of
materials. In addition to this, inclusion of superparamagnetic nanoparticles in matrix** and magnon
drag effects at low temperatures in magnetically ordered systems® >’ have also been reported for
improvements in TE properties.

In this work, we report charge carrier coupled magnetic moments with high o’c in Mn doped
self-compensated Sn;¢;Te. The high o’c attributes to contribution from high n and enhanced
effective mass by coupling of charge carriers and magnetic moments, which is supported by
temperature and field dependent magnetic, anomalous Hall Effect and heat capacity measurements.
Experimental Details

Polycrystalline Sn; g3,Mn,Te (x =0, 0.05, 0.07 and 0.1) samples were synthesized by solid-
state melting method using high purity Sn powder (99%), Te shot (99.99%) and Mn chips (99.99%)
in the stoichiometric ratio and the details on preparation and characterizations can be found in
earlier work."' To a brief note, vacuum sealed (~ 10~ mbar) samples were heated to 1073 K and
soaked for 6 h followed by quenching in water. The obtained ingots grounded to powder and cold
pelletized followed by vacuum annealing at 773 K for 72 h. Temperature and magnetic field
dependent magnetization measurements were performed using a superconducting quantum
interference magnetometer, (SQUID-MPMS-3, Quantum Design). Physical properties
measurements system (PPMS-Dyna cool, Quantum Design) was used for both heat capacity and
Hall Effect measurements. High temperature a and o measurements were performed on a bar

shaped samples (dimension ~ 3 mm x 2 mm x 10 mm), using a ULVAC ZEM-3.
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Results and Discussion

r= —@—5Sn; (3Te
! (a) —- Sn(l)_::Mno_OsTe (b)
0-3 ’: -’—Sno_%Mno.mTc I
| —‘—Sn0'93Mn0_lTe
1
202}
= 1
£ |
2, |
= 0.1
I
0.0}
4 6
020} 5 T (© |7 (d)
%2 0.0 oK
o 0.15 'éll Sng.gMng,o7Te
Eﬁ : 0.5
-
g 0.10 T=300K |
: (¢
0.05} ||
0.00 -, o
0 20 40 60 0.5 0.0 05

H (kOe)
Fig. 1. (a) M (T) with Mn content showing paramagnetic response in temperature range of 2-350
K, (b) expanded view of M (7) in a narrow range of 2-8 K, (¢) M (H) plot with Mn content at 300 K
and 2 K (inset); (d) and (e) are low field M (H) at 2 K for SngosMngo;Te and Sngg93Mng;Te,
respectively, showing a very weak ferromagnetism. All figures share same color notation for

sample identification.
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To understand the magnetism originating from Mn doping, temperature dependent
magnetization, M (7), at 100 Oe field is shown in Fig. 1(a). M (7T) of pure Sn;¢;Te shows a
diamagnetic behavior with temperature independent and negligible negative values, while Mn
doped samples show a systematic paramagnetic behavior throughout the temperature range of 2-
350 K. Noticeably, M values increases with Mn content below 8 K, (Fig. 1(b)). Further, negative
field dependence of M (H), of Sn;p3Te in Fig 1(c), both at 2 and 300 K, clarifies the weak
diamagnetic response. For Mn doped samples, linear M (H) suggest a strong paramagnetic response
at 300 K, whereas saturation in M (H) (Inset, Fig. 1(c)) and existence a feeble coercivity (H, - 60-80
Oe), (Fig. 1(d) and (e)) demonstrate a very weak ferromagnetism at 2 K, for Sng9sMng¢;Te and
Sngp93Mng  Te, respectively. Thus, Mn is providing a systematic magnetic ordering, which is

expected to develop indirect exchange interaction with charge carriers and modify charge transport

properties. For a ferromagnet in paramagnetic region, magnetic susceptibility y (= M / H)> 18

. . . c .
expressed by a Curie-Weiss fuctions, y = ey + xo, where C, 0, and y, are the Curie constant,
paramagnetic Curie temperature, and a temperature independent diamagnetic term, respectively.’®

Here, the Curie constant is given as C = NMnﬂeﬁ”2 /3kp, where Ny, 1s the number of Mn atoms, .y is
the effective magnetic moment, usually given in units of up, the Bohr magneton. The .y
determined from the Curie-Weiss fits and the approximate saturation magnetization i, (estimated
from the magnetization at 2 K measured at the maximum field 70 k Oe) are given in Table 1, as a
function of Mn doping. Values of iy are substantial,”® indicating that the magnetization is derived

from the doped Mn atoms and not from any minor impurity phase. The small values of saturation

magnetization indicate the itinerant nature of magnetism. Thus, all magnetic data provide evidence
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for weak ferromagnetism in doped Sn;g3xMnyTe samples, which can affect charge transport in

these samples.
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Fig. 2. (a) M (H) and (b) Hall resistivity, p, (H) of Sngo3MngTe at 5 K (open circle) and 300 K
(solid circle). (c) M as function of n (or Mn content) at 300 K. Solid line is guide to the eyes and
vertical dashed line indicates threshold 7.

In metals and degenerate semiconductors, the Lorentz force drives charge carriers to exhibit
a linear transverse Hall voltages with applied magetic field. Whereas, in the case of magnetic
materials or in the presence of magnetic impurites, Hall voltage has non-linear dependence with
external field (known as Anomalous Hall Effect-AHE). The non-linearity is because of internal
fields.”>* Thus, AHE is one of the important tool to understand coupling between charge carriers
and magnetic moments. M (H) and Hall resistivity, p,, (H) at 5 and 300 K of Sng93Mng:Te, are
shown in Fig. 2 (a) and (b), respectivly. A very strong non-linear p,, (H) is observed at 5 K,
whereas a linear p,,, (H) at 300 K. Non-linear field dependence appears due to internal field arising
from magnetization in addition to applied field, thus described with two terms, py, = RoH +

4mtMR,, where Ry and R are ordinary and anomalous Hall coefficients, respectively, and M is

Page 6 of 16
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magnetization.*' First term represents normal Hall effect due to Lorenz force on charge carriers,
while second term refers to the anomalous Hall effect, which is temperature dependent and
proportional to magnetization.” A large AHE is observed in magnetic semiconducters, especially
ferromagnetic materials such as Gal_XMnxAs,42 Fel_XCoXSi40 and also observed for the magnetic
semiconductor CuGal_anxTez,31 Notably, the estimated Ry = 0.56 x 10 pQ-cm G!and R =
0.39 pQ-cm G values suggest the strong magnetic coupling between charge carriers and Mn
moments.” Here, positive values of R, suggest weak ferromagnetism in samples.’’ AHE is a result
of strong assymetric scattering of charge carriers with local moments and this scattering is high for
materials with high n. Comparing with earlier reports on Mn-doped SnTe thin films, the threshold
n for ferromagnetism is n, = 2 X 10% cm™, which is the case with our sample too. As shown in Fig.
2(c), samples with n lower than n, show low M values whereas samples higher than n, show
magnetic ordering with enhanced M values. The threshold #, is equal to the concentration of carriers
at which the Fermi level enters the band of heavy holes, thus the magnetic moments due to Mn are

coupled to n in Sn1.03_anxTe.43
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Fig. 3. (a) C/T versus T° plot with Mn content, upturn below 6 K is appearing in Mn doped
samples; Inset shows that with application of 50 k Oe magnetic field upturn vanishes for

Sng93Mng 1 Te, (b) magnetic contribution C,,., from Mn is estimated by subtracting C (Snjo3Te)
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from C (Sn; 3xMnTe); Inset shows estimated magnetic entropy and (c) log-log plot of C/T° versus

T. All figures share same color notation for sample identification.
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Table 1. Parameters derived from magnetic and specific heat data of Sny ¢3.xMn,Te.
Magnetization Heat capacity
Sample Name efr (LLp/Mn) Ws. (Ms/Mn) X B Op
(mJK*mol™) | (mJK*mol™) (K)

Sn; o3Te - - 0.2 0.95 160
SngposMng gsTe 2.9 0.64 4.4 1.18 149
Sno.%MnomTe 4.4 1.1 6.3 1.27 145
Snp9sMng 1 Te 3.1 1.2 7.0 1.35 142

In earlier reports, appearance of soft-phonon modes in Raman spectra of doped samples
were indicated to give rise to anharmonicity in samples, and consequently a low thermal
conductivity was reported.'’ To understand the effect of magnetism on thermal transport, we carried
out heat capacity measurements at low temperatures. All Mn doped samples exhibit upturns below
~ 8 K in the molar heat capacity C/T vs T° curves (Fig. 3 (a)), which substantially disappear under
50 k Oe magnetic field (Inset, Fig. 3). This indicates that the associated contribution originates from
the weak ferromagnetism in samples. Furthermore, excluding the heat capacity below 6 K,
electronic and lattice contributions have been estimated by fitting data with C/T =y + [)’TQ , Where y

is Sommerfield constant and § is lattice part to heat capacity.** The Debye temperature can be

1277° NR
Sp

b
estimated using 6, :( J ,where N is the number of atoms per formula unit (here N = 2)

and R ~ 8.314 J mol™ K™ is the ideal gas constant.” The estimated y, # and 6}, values from fitting
results are listed in Table 1. The estimated 6j values are in range of 142 to 160 K, which is

consistent with reported values of SnTe.* Systematic increase of y with Mn doping can be
9



10

11

12

13

14

15

16

Journal of Materials Chemistry C Page 10 of 16

Page 10

understood as due to enhanced effective mass of carriers with magnetic ordering. Magnetic

contribution to heat capacity (C,qg) 1s estimated by subtracting C of Sn; ¢3Te from C of Mn doped
: C,. :
samples and finally magnetic entropy S, (T)= J‘(TngT , has been calculated (Fig. 3 (b) and

inset). A systematic increase in both C,,, and S, confirms the effect of magnetism on thermal
transport. In addition to electronic and magnetic contributions to heat capacity, soft phonon
modes'' and structural disorder due to Mn-doping also affect the lattice contributions of heat
capacity. Lattice contribution due to disorders can be analyzed by plotting C/T° vs T, which is used
to understand nature of phonons in disordered metals, metallic glasses*® and charge ordered states
in compounds.”” A hump like feature, called boson peak,*® is observed and low temperature data
diverges with higher Mn content which is a signature of the existence of low energy contributions
to thermal transport.’ In case of amorphous and crystalline conductors, these low energy
vibrations cannot be accounted by usual Debye model.*® This behavior has agreement with
previously reported soft-phonon modes affecting the thermal transport in SnMnTe.'' Thus,
increased magnetic entropy as well as disorder from Mn significantly modifies thermal behavior of

samples.

L) v [ v i v T v Ll v L)

(a) - Conductivity :' 160 2a; (b) -.-Snl 03Te
6000 | -0~ Seebeck Coefficient 1140 a | 8- Sng 96Mng g7Te
1120 ;-“ 2r “®-5ng,93Mng 1 Te
T . ligse 'E
54000 F Ry, B 1005:1 S15k
) Y ETRE
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Fig. 4. Temperature dependence of (a) o (closed symbol), o (open symbol) and (b) o 6 of Mn
doped Sn; g3Te samples. Color notations of samples are shown in (b).

To understand further on the overall effect of magnetic interactions on TE properties of
Snj 03xMnyTe, temperature dependent TE transport measurements (o, a and « 20) have been
performed in the range of 325 - 873 K (Fig. 4). In all samples, ¢ decreases with increasing
temperature showing a metallic nature, while increase in a is attributed to high carrier effective
mass supported by y values and convergence of double valence bands.'' In previous reports,
different dopants (Cd, Hg, Mg and Mn) are used for engineering the degeneracy of light hole and

212548 Therefore, with Mn doping, high « and ¢ can be

heavy hole valence bands to achive high .
explained from enhanced carrier effective mass and large n respectively. Consequently, we have
discovered that o’ of Mn-doped samples is enhanced three times for Sng93Mny ;Te with respect to
Sn; o3Te, via enhancing the effective carrier mass because of interaction between charge carriers
and magnetic moments.
Conclusions

In summary, we have demonstrated the effect of weak ferromagnetism on TE transport
properties of Mn doped self-compensated Sn; g3Te. Interaction between magnetic moments of Mn
and charge carriers in Sn; g3.xMnyTe has been indicated by analysis of the weak ferromagnetism and
anomalous Hall effect, which results in an enhancement of the power factor oo by three times.
Here the role of Mn is not only to provide structural disorders but also to give magnetic coupling of
charge carriers by assymetric scattering. We emphasize that we have realised an effective strategy

for better TE properties with Mn doping in this system, developing anharmonicity in lattice while

enhancing effective mass of carriers through magnetic entropy.

11
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