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SnTe is renowned for its promise in advancing energy-related technologies based on thermoelec-

tricity and for its topological crystalline insulator character. Here, we demonstrate that each Mn

atom introduces �4 lB (Bohr magneton) of magnetic moment to Sn1�xMnxTe. The Curie tempera-

ture TC reaches �14 K for x¼ 0.12, as observed in the field dependent hysteresis of magnetization

and the anomalous Hall effect. In accordance with a modified two-band electronic Kane model, the

light L-valence-band and the heavy R-valence-band gradually converge in energy with increasing

Mn concentration, leading to a decreasing ordinary Hall coefficient RH and a favorably enhanced

Seebeck coefficient S at the same time. With the thermal conductivity j lowered chiefly via

point defects associated with the incorporation of Mn, the strategy of Mn doping also bodes well

for efficient thermoelectric applications at elevated temperatures. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4948523]

SnTe crystallizes in the Fm�3m ðO5
h; No: 225Þ structure

with lattice parameter a¼ 6.318 Å,1,2 well known for thermo-

electric (TE) applications.3–16 The band gap, separating the

conduction band (CB) and the light valence band (LVB), is

located at the L point of the Brillouin zone. Another heavy va-

lence band (HVB), also contributing to transport, is present at

the R point, with an energy offset DE� 0.3–0.4 eV.17,18 The

properties of SnTe depend critically on Sn vacancies (V00Sn,

double-hole acceptors), which lead to �1020 cm�3 holes in

“pristine” SnTe.19 Recently, SnTe has been identified as a top-

ological crystalline insulator (TCI).20,21 Its surface states

(SSs) are topologically protected by the crystalline symme-

try,22 in contrast to topological insulators (TIs)23,24 where

magnetic dopants break the time-reversal symmetry and open

up a gap in the SSs.25–27 Introducing magnetism in SnTe is

thus of fundamental interest as it may realize phenomena such

as the quantum anomalous Hall effect.28–30 Doping SnTe with

manganese seems promising, as is known in dilute magnetic

semiconductors (DMSs) including II-VI,31,32 III-V,33,34

IV(-VI),35,36 and V2VI3 compounds.37 Although Mn gives

rise to ferromagnetism in SnTe, earlier studies have only

examined samples with either too low Mn content

(�10 at. %)38 or too high hole concentrations.39 More com-

prehensive low-temperature magnetic and transport character-

izations on a wider range of Mn concentrations are desirable.

Here, we report our recent study on Sn1�xMnxTe

(x¼ 0–0.12), where the Curie temperature TC increases as a

function of x. Consistent with a two-band Kane model and a

Debye-Callaway thermal conductivity formula, the low-

temperature transport properties evolve systematically upon

Mn doping, which suggests the convergence of the L and R
bands, favoring efficient thermoelectricity.

Polycrystalline Sn1�xMnxTe (x¼ 0–0.12) were synthe-

sized and structurally characterized as detailed in Ref. 8. The

X-ray diffraction (XRD) measurements have detected no sec-

ondary phases. The samples studied here can be treated as sin-

gle phase at the XRD level, although transmission electron

microscopy (TEM) studies have revealed the presence of a

small amount of Mn-rich nanoinclusions for x¼ 0.12.8 This

suggests that the solubility limit of Mn in SnTe is x� 0.12.

Rectangular bar-shaped samples (�1.5� 2.5� 5.5 mm3) were

cut out at room temperature using a diamond saw. Magnetic

and transport measurements were performed over the temper-

ature range of 1.8–300 K. Magnetic studies were conducted

using a superconducting quantum interference device

(SQUID) magnetometer equipped with a 5.5 T magnet in a

Quantum Design Magnetic Property Measurement System

(MPMS). The electrical resistivity q, Seebeck coefficient S,

and thermal conductivity j were determined using a longitudi-

nal steady-state technique.40 Hall effect and magnetoresist-

ance (MR) measurements were performed using a Linear

Research ac bridge with 16 Hz excitation. The uncertainties of

q, S, and j are 63%, 62%, and 65%, respectively.

The temperature dependent susceptibilities vm (¼M/H
per mole) in an applied magnetic field H¼ 40 Oe (magnet-

ization M depends linearly on H up to �50 Oe) are plotted in

Fig. 1. With x> 0.03, the system becomes ferromagnetic,

manifesting a significant increase of vm below �20 K. As

shown in the upper inset of Fig. 1, above TC, vm for x� 0.03

follows the Curie-Weiss law

vm ¼
C

T � hp

þ v0; (1)

where C is the Curie constant, T is the absolute temperature,

hp is the paramagnetic Curie temperature, and v0 is a lattice

term. The fitting parameters are summarized in Table I, to-

gether with the effective moment per Mn atom, peff, deduced
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from C ¼ NAp2
effl

2
B=3kBx, where NA is the Avogadro’s num-

ber, lB is the Bohr magneton, and kB is the Boltzmann con-

stant. As exemplified in the lower inset of Fig. 1 for x¼ 0.12,

TC can be determined via the Arrott plot (l2 vs. Hl�1),41

in reasonable agreement with hp. Future studies are needed

to clarify the contribution to the magnetic response from

the nanoinclusions at the grain boundaries of x¼ 0.12.

Furthermore, doping beyond the bulk solubility limit x� 0.12,

using non-equilibrium technique such as molecular beam epi-

taxy (MBE), may achieve even higher TC, considering TC of

V-doped Sb2Te3 was successfully improved from 22 K (bulk

Sb1.97V0.03Te3) to 177 K (Sb1.65V0.35Te3 thin film).42

As shown in Fig. 2(a), M of SnTe displays linear field

dependence at 1.8 K. With increasing x, hysteresis gradually

develops and the high-field saturated M (up to 10 kOe) has

quickly reached values exceeding 2000 emu mol�1 for

x¼ 0.12. Measurements at low fields reveal small coercivity

fields HC� 10 Oe, indicating the softness of these ferromag-

netic semiconductors.

M contributes to the Hall resistivity qyx via

qyx ¼ RHBþ RsM; (2)

where RH is the ordinary Hall coefficient, B (¼l0H) is the

magnetic induction, and Rs is the anomalous Hall coefficient.

The second term disappears well above TC, restoring linear

field dependence for qyx. The presence of Rs revealed in the

hysteretic behavior of qyx vs. B is one of the most reliable

proofs of ferromagnetism. As shown in Fig. 2(b), a distinctly

hysteretic character of qyx is apparent with x> 0.03 at 5.0 K.

The very low coercivity [lower inset in Fig. 2(b)] corrobo-

rates the M vs. H hysteresis loops in the inset of Fig. 2(a).

Considering that M is already well saturated above

FIG. 1. Zero-field-cooled (ZFC) vm measured with H¼ 40 Oe for

Sn1�xMnxTe. The susceptibilities are well described (upper inset) by the

Curie-Weiss law. The hp agrees with TC determined from the Arrott plot, as

exemplified for x¼ 0.12 (lower inset).

TABLE I. Fitting results of Sn1�xMnxTe. The magnetic parameters C (emu K mol�1), hp (K), v0 (10�5 emu mol�1), peff (per Mn), and TC (K) are from the

Curie-Weiss law. The electronic properties q (lX m), S (lV K�1), RH (10�2 cm3 C�1), lH (cm2 V�1 s�1), Eg (eV),1,52 DE (eV), and L (10�8 W X K�2) are from

experiments or the two-band Kane model at 300 K. The thermal coefficients ‘ (lm), A (10�41 s3), and U (10�17 s K�1) are based on the Debye-Callaway

formula.

Magnetic Electronic Thermal

x C hp v0 peff TC q S RH lH Eg DE L ‘ A U

0 … … … … … 1.28 6.48 4.49 351 0.18 0.43 2.49 2.12 0.98 0.86

0.01 … … … … … 1.48 11.9 3.56 241 0.19 0.40 2.59 2.01 1.43 0.87

0.03 0.066 5.48 �1.62 4.20 1.8 2.43 23.4 2.93 121 0.21 0.36 2.56 0.66 2.41 0.83

0.07 0.155 7.94 �1.13 4.21 7.5 3.98 42.9 1.33 33.4 0.26 0.14 2.27 0.95 3.83 1.01

0.12 0.279 15.1 2.74 4.31 14.5 5.19 66.2 0.77 14.8 0.31 �0.10 2.12 1.71 4.75 1.73

FIG. 2. (a) The field dependent M for Sn1�xMnxTe at T¼ 1.8 K showing a

hysteresis loop with HC� 10 Oe (inset). (b) The qyx (T¼ 5.0 K) of

Sn1�xMnxTe develops hysteresis (anomalous Hall effect) for x¼ 0.07 and

0.12 (lower-right inset). The linearity and the decreasing slope at higher

fields indicate a decreasing RH upon Mn doping. The upper-left inset com-

pares the MR in samples with (x¼ 0.12) and without Mn (x¼ 0).
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H� 1 kOe and possesses little field dependence at high

fields, the decreasing slope of qyx in its high-field linear

region is mainly due to the decreasing magnitude of RH as x
increases. The RH can be extracted from the linear field de-

pendence of qyx above TC and is displayed in Fig. 3(a).

Furthermore, the alignment of spins in Mn-doped samples

(e.g., x¼ 0.12) in the presence of B leads to a negative MR,

in contrast to the positive semi-classical parabolic MR of

SnTe [upper inset in Fig. 2(b)].

The temperature dependent electronic properties of

Sn1�xMnxTe are illustrated in Fig. 3, with 300 K values

collected in Table I. Due to the high apparent hole concentra-

tion pH (�1/eRH, e being the elementary charge) �1.9

� 1020 cm�3 (10 K), q of SnTe [Fig. 3(b)] is metallic. While

S of SnTe exhibits a nearly linear temperature dependence

close to ambient temperatures (dominated by diffusion proc-

esses), at low temperatures it develops a broad peak at

�50 K which originates from strong electron-phonon cou-

pling referred to as the phonon-drag effect.43 Acoustic pho-

nons responsible for this effect also produce a dielectric

maximum observed on j in Fig. 4(a). The phonon drag is

substantially washed out with increasing Mn, which strongly

scatters acoustic phonons.

While the carrier density measured by RH, assuming a

single parabolic band, clearly increases with increasing x,

the Hall mobility lH (�RH/q) rapidly diminishes [Fig. 3(d)]

and is responsible for the rising q. Meanwhile, S gradually

improves with increasing x [Fig. 3(c)]. This might seem to

be a consequence of lowered Fermi level EF in a single band

with the density of states D(e), where q and S are propor-

tional to D(e)�1 and @lnD(e)/@e, respectively.44,45 However,

such a na€ıve scenario should be accompanied by a decrease

in pH, contradicting its increase as the RH data clearly

suggest.

Considering both LVB and HVB [inset of Fig. 3(d)], the

overall two-band46–48 electronic properties (RH, S, and the

Lorenz number L) are combinations of single-band components

RH ¼
RH;Lp2

N;Lb2 þ RH;Hp2
N;H

pN;Lbþ pN;Hð Þ2
; (3)

S ¼ SLpN;Lbþ SHpN;H

pN;Lbþ pN;H
; (4)

and L ¼ LLpN;Lbþ LHpN;H

pN;Lbþ pN;H
þ pN;HpN;Lb SH � SLð Þ2

pN;Lbþ pN;Hð Þ2
; (5)

FIG. 3. The temperature dependent (a)

RH, (b) q, (c) S, and (d) lH of Sn1�xMnx

Te. The inset of (b) shows that q of fer-

romagnetic samples (x¼ 0.07 and 0.12)

develops a peak at �TC. The inset of (d)

summarizes the band structure (binding

energy EB at high symmetry points L
and R). The LVB (at L) and HVB (at R)

converge in energy upon Mn doping,

leading to a much enhanced S. The nu-

merical fitting (lines) in (a) and (c)

simultaneously account for both RH and

S within a two-band Kane model. For

x¼ 0.07, the two-band S is compared

with contributions from its single-band

components SL (from LVB) and SH

(from HVB).

FIG. 4. (a) The temperature dependent j of Sn1�xMnxTe. (b) The jL is well

understood within the Debye-Callaway phonon conductivity model, reveal-

ing the enhanced point defect scattering upon Mn doping. The inset in (b)

illustrates the dramatically improved ZT at room temperature for the most

heavily doped sample, suggesting that efficient TE applications based on

these compounds are possible at high temperatures.
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respectively. The mobility ratio b (�lL/lH) is taken to be 8

for SnTe according to Ref. 18. In a single Kane band with

nonparabolicity parameter b (�kBT/Eg), the number concen-

tration of holes pN is given by

pN ¼
2m�dkBTð Þ3=2

3p2�h3
0F

3=2
0 ; (6)

where m�d is the density-of-states effective mass and �h is the

reduced Planck constant. Assuming acoustic phonon domi-

nates,49–51 the generalized Fermi integrals are

nFm
k gð Þ ¼

ð1
0

� @f0

@n

� �
nn nþ bn2
� �m½ 1þ 2bnð Þ2 þ 2	k=2dn;

(7)

where f0¼ (en�gþ 1)�1 is the Fermi-Dirac distribution,

n¼ e/kBT, and g¼ lc/kBT, with the energy e and chemical

potential lc measured from the band edge and DE¼ kBT
(gL� gH). The single Kane-band electronic properties are

RH ¼
1

epN

0F
1=2
�4 
 0F

3=2
0

ð0F1
�2Þ

2
; (8)

S ¼ kB

e

�
1F1
�2

0F1
�2

� g

�
; (9)

and L ¼ kB

e

� �2
"

2F1
�2

0F1
�2

�
�

1F1
�2

0F1
�2

�2
#
; (10)

respectively.

Assuming a Kane-like LVB and a parabolic HVB

(bH¼ 0),3,4,47,48 the two-band Kane model [solid lines in

Figs. 3(a), 3(c)] is used to characterize the temperature and

composition dependence of RH and S, with a temperature de-

pendent Eg
1,52 and constant effective masses (in the unit of

rest electron mass me) m�d;L¼ 0.1 and m�d;H¼ 3, respectively.

The fitting parameters are displayed in Table I. A universal

shrinking trend (insensitive of Eg and m�d) of DE vs. x (from

�0.40 eV for SnTe to a somewhat negative value for

x¼ 0.12) has been observed, indicating that Mn gradually

changes the band structure and brings into energy conver-

gence the two valence bands–consistent with recent theo-

ries.8 An ability to achieve band convergence via chemical

doping is beneficial for further improving the TE perform-

ance of SnTe,5,53,54 as the temperature-induced convergence

in PbTe [DE� 0.17 eV (Ref. 55)] is much less feasible in

SnTe due to its considerably larger DE. As illustrated in Fig.

3(c), contributions to S from the LVB (SL) and HVB (SH) are

compared with the total S for x¼ 0.07. The data suggest that

holes are transferred from the LVB to HVB due to the band

convergence. Indeed, the less mobile holes in the HVB

become more dominant in the electrical transport, leading to

an enhanced S and reduced lH.

The j of Sn1�xMnxTe decreases with increasing x essen-

tially over the whole measured temperature range, as shown in

Fig. 4(a). The peak in j of SnTe is drastically suppressed due

to strong phonon scattering by Mn. The lattice thermal con-

ductivity jL, estimated by subtracting the electronic thermal

conductivity je (¼LT/q, according to the Wiedemann-Franz

law) from j, has been examined using the Debye-Callaway

model40

jL ¼
kB

2p2v

kB

�h

� �3

T3

ðhD=T

0

x4ex

ex � 1ð Þ2

� 1

v=‘þ Ax4 þ Ux2T exp �hD=3Tð Þ dx; (11)

where x ¼ �hx=kBT, x is the phonon frequency, v
(�2000 m s�1) is the averaged sound velocity,56 hD (�177 K)

is the Debye temperature,57 ‘ is the mean grain size, A repre-

sents the Rayleigh point defect scattering, and U denotes the

Umklapp processes.58 As shown in Fig. 4(b), the phonon con-

ductivity model describes reasonably well the temperature de-

pendence of jL. However, future effort is needed to improve

the model presented here, in order to consider effects from

nanoinclusions.59 The fitting parameters are summarized in

Table I, revealing a clear trend of enhanced point defect scat-

tering (A) with increasing Mn. The fitted ‘ is approximately

on par with the values (5–10 lm) typically observed in our

SnTe-based polycrystalline samples.8

The synergistically tuned electrical and thermal trans-

port properties give rise to an enhanced TE figure of merit

ZT [�S2T/qj, inset of Fig. 4(b)]. At room temperature, the

ZT for x¼ 0.12 (�0.1), two orders of magnitude higher than

that of SnTe, holds promise for TE performance. Indeed,

high ZT values �1.3 (900 K) for Sn1�xMnxTe have been

recently reported.8–11

In summary, magnetic and transport studies have been

performed on Sn1�xMnxTe, with x approaching the bulk sol-

ubility limit �0.12. TC of �14 K has been achieved for

x¼ 0.12 in the ferromagnetically doped SnTe, as confirmed

via the hysteresis in both magnetization and anomalous Hall

effect. The study holds promise for further increase of TC

using MBE techniques which should enhance Mn incorpora-

tion. Ferromagnetic SnTe with high TC may be of interest in

future TCI-based (opto-)electronic devices.60 Mn doping

also favorably modifies the electronic structure via the L and

R valence band convergence, and synergistically lowers j by

means of enhanced point defect scattering. This leads to an

improved TE performance in comparison to undoped SnTe.
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