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The thermoelectric energy-conversion efficiency is significantly enhanced by introducing magnetism.
Doping Cr atoms in a Cu2SnS3(CTS) matrix modifies the electron density of state (e-DOS) and causes
a special electron-transport mechanism by localized impurity spin moments. The localized spin moments
cause a spin-spin exchange interaction with the spin of itinerant electrons of the CTS matrix. This is clearly
verified in M -T measurement, which deviated from Curie’s law. The figure of merit (zT) of the magnetic
nanocomposite was 8 times higher than that of pristine CTS by the synergetic effect of modifying e-DOS
near the Fermi level and electron transport by localized spin moments.
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I. INTRODUCTION

Introducing magnetism into thermoelectric materials is
an alternative strategy to enhance the performance of ther-
moelectric energy conversion. Thermoelectric material can
convert heat into electricity directly and vice versa, and
these materials have received attention in recent years due
to their potential applications in power generation and
cooling systems [1]. Thermoelectric energy-conversion
efficiency is related to the dimensionless parameter, ther-
moelectric figure of merit zT(=S2σT/κ tot) where S is the
Seebeck coefficient, σ is the electrical conductivity, κ is
the thermal conductivity, and T is the absolute tempera-
ture. S2σ is called the power factor, and the total ther-
mal conductivity can be expressed as κ tot = κe + κL [2,3].
Enhancement of zT is challenging because of the adverse
coupling of each parameter [2]. Particularly for power
factor (S2σ ), the S and σ are inversely interdependent [2].

S = 1
eT

∫ ∞
0 Eτ(E)(E − EF)D(E)(∂f /∂E)dE

∫ ∞
0 Eτ(E)D(E)(∂f /∂E)dE

. (1)

Here, E is electron energy, D is density of states, f is
Fermi-Dirac distribution, and τ is scattering time. The
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denominator of Eq. (1) is the σ , therefore, to decouple the
S and σ , it is necessary to modify the energy dependence
of the integrand in the numerator; particularly the electron
density of states (e-DOS) and scattering time (τ ) of carriers
[2,4]. Modifying e-DOS is carried out by doping resonant
dopant [5–16]. The resonant dopant could change the slope
of the D(E) near the Fermi level resulting in decoupling
of S and σ . Recently, magnetism-related thermoelectric-
ity has appeared as a powerful strategy to decouple the S
and σ , resulting in an enhanced power factor. In magnetic
materials, the magnon-drag Seebeck effect has been widely
studied previously [17–20]. The quantized spin current in
a magnetic material is called a magnon, which causes drag
of itinerant electrons. Therefore, this mechanism is lim-
ited for magnetic materials, such as ferromagnetic (FM),
antiferromagnetic (AFM), or paramagnetic (PM) mate-
rials. The contribution of magnon drag to the Seebeck
coefficient is quite large in magnetic materials [18]. How-
ever, most of the widely studied thermoelectric materials
are diamagnetic (DM). Recently, studies of thermoelectric
materials containing magnetic impurities in a DM matrix
were reported. The first example is the magnetic nanopar-
ticles’ embedded nanocomposite. Zhao’s group reported
nanocomposites consisting of embedded superparamag-
netic (SPM) nanoparticles (NPs) in a DM bulk thermo-
electric matrix [21–24]. They suggested that localized
spin-angular-momentum fluctuations due to SPM NPs
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affect itinerant electron transport, a phenomenon called
“multiple scattering” [21,22]. The fluctuation of spin
angular momentum of SPM NP is called a “Neel relax-
ation”, as expressed by Eq. (2) [25]:

τN = τ0exp
(

KV
kBT

)

. (2)

Here, τN is the Neel-relaxation time, τ 0 is the time con-
stant, which is on the order of a few nanoseconds, K is
the anisotropy energy per unit volume, V is the nanopar-
ticle volume, kB is the Boltzmann constant, and T is the
absolute temperature [25]. Zhao suggested that the cor-
relation between itinerant electrons and the Neel relax-
ation could enhance the Seebeck coefficient, because it
changes the electron-scattering mechanism, resulting in
an increase of scattering parameter, r, where, τ = τ 0Er

[21,22]. The second example is the atomic impurity by
magnetic dopants. Several studies reported various DM
thermoelectric materials doped with magnetic atoms with
unfilled d orbital, such as Fe, Co, Ni, Cr, and Mn etc. [26–
33]. There were unusual enhancements of Seebeck coef-
ficients in such alloys and the results [14–21] suggested
that the localized spin moment in atomic impurities could
affect itinerant electrons, which is similar to the Kondo
effect [21,34,35]. The Kondo effect occurs in solid solution
containing magnetic impurity in nonmagnetic matrix. The
theory described the interaction between localized spin of
d orbital in impurity atom and spin of itinerant electron of
s orbital in the matrix [34]. However, in the thermoelectric
field, the spin-spin exchange interaction was not fully dis-
cussed and direct evidences of exchange interaction were
not clarified. In this work, we select Cu2SnS3 (CTS) as
a matrix material, because it can be a potential candi-
date for ecofriendly thermoelectric materials [36–41]. This
material has been studied in thermoelectric field with the
various dopant [24–31]. Also, the change of Cu/Sn ratio
induced the modification of lattice symmetry resulting in
various crystal structure [42–44]. Here, we prepare the
Cr-doped CTS with monoclinic phase, where around 5%
of Cr atoms substituted on the Sn site and the additional
amount of Cr is precipitated as nanosized SPM-CuCrSnS4
particles.

II. MAGNETIC AND ELECTRONIC PROPERTIES

The nanostructure of SPM-CuCrSnS4 is confirmed in
TEM study, which is shown in Figs. 1, S1 and S2 within the
Supplemental Material [45]. The change of lattice param-
eters shown in Fig. S3 within the Supplemental Material
[45,56,57] indicates that only 5 at.% of Cr is substituted
into Sn sites and the additional amount of Cr made the
precipitate of CuCrSnS4 as a secondary phase. In vari-
ous doping concentrations, the x% of Cr-doped-Cu2SnS3
with magnetic CuCrSnS4 nanoprecipitates is referred to

as “CTS-Cr x%-MNC”, where “CTS” refers to copper-
tin-sulfide, Cu2SnS3, and “MNC” refers to a magnetic
nanocomposite. A schematic model for spin-spin exchange
interaction between localized spin moments of magnetic
impurities and spin of itinerant electrons in matrix CTS
is shown in Fig. 1(a). In CTS-Cr x%-MNCs, there are
two types of localized spin moments by SPM-CuCrSnS4-
NPs and substituted Cr atoms. The two types of localized
spin moments have different relaxational dynamics at high
temperature, which are called Neel relaxation [25] of SPM-
CuCrSnS4 nanoprecipitates and Korringa relaxation [58]
of substituted Cr atom. They induce spin-spin exchange
interactions with spin of itinerant electrons in matrix CTS
because of antiferromagnetic coupling [21,34,35,58–60].
The interaction between spin moments of SPM NP and
itinerant electron is called “multiple scattering” by Zhao
[21]. Meanwhile, the interaction between the spin of local-
ized magnetic dopant (electrons in the d orbital of localized
Cr atom) and the itinerant electron of matrix CTS (elec-
trons in s orbital of matrix CTS) is called “s-d exchange
interaction,” especially “Kondo effect” at low temperature,
described by Anderson Hamiltonian [59,60]. The CTS-Cr
15%-MNC sample shows a slight deviation from linearity
in the 1/χ plot as a function of temperature just above the
AFM-SPM-transition, as highlighted in Fig. 1(c). This is
observed in low temperature, however, it is an indication
of the spin-spin exchange interaction due to the following
reasons. Generally in the PM regime, the magnetic sus-
ceptibility (χ ) should follow Curie’s law as shown in the
following equation [61]:

χ = M
H

= g2S(S + 1)μB

3kBT
= C

T
. (3)

Here, M is magnetization, H is an applied magnetic
field, g is the Lande g factor, S is spin angular momen-
tum, and µB is the Bohr magneton. Therefore, in the PM
regime, the 1/χ versus temperature should show a linear
dependence. However, when there a spin-spin exchange
interaction, the temperature dependence of 1/χ can be
changed. The first theoretical explanation about the spin-
spin exchange interaction was studied by Kondo [34,
35]. The magnetic susceptibility under spin-spin exchange
interaction (s-d interaction) could be described based on
the following equation [60]:

χ = C
T

[

1 + J × D
N

(

1 − J × D
N

log
kBT
ED

)−1
]

. (4)

Here, J is the exchange-interaction constant, D is the den-
sity of states at the Fermi energy, N is the atom number
density, and ED is the band width. As shown in Eq. (4),
the temperature dependence of 1/χ is nonlinear when there
is the spin-spin exchange interaction. After the Kondo
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(a) (b)

(d)(c)

FIG. 1. (a) Schematic of exchange-interaction between localized spin moments (SPM-CuCrSnS4-NPs and atomic substitution of
Cr atom) and spin of itinerant electrons in the CTS matrix. (b) High-resolution TEM image for CuCrSnS4 superparamagnetic nano-
precipitates. (c) Temperature dependence of magnetic susceptibility. The highlighted region indicates a general feature of Kondo-like
behavior, which means there is the exchange interaction between two spins (impurity and itinerant electron). (d) Magnetic hysteresis
loop for CTS-Cr 15%-MNC.

effect was reported, a more advanced theoretical descrip-
tion using numerical renormalization group theory was
reported by Wilson [59]. The nonlinear feature of 1/χ
versus T in Kondo alloy at low temperature was also con-
firmed in experiments [62]. Because of the thermal fluctua-
tion at high temperature, the effect of exchange interaction
to magnetic susceptibility is only observed at low tem-
perature. In our CTS-Cr x%-MNC(x = 0,5,10,15,20), both
precipitated SPM NPs and substituted Cr atoms acted as
localized spin moments in the DM-CTS matrix, result-
ing AFM SPM behavior of magnetic susceptibility (χ ) as
shown in Fig. S6 within the Supplemental Material [45].
The pristine CTS indicates clear DM behavior, whereas
the CTS-Cr 15%-MNC shows AFM SPM transition behav-
ior at the blocking temperature around TB = 17 K. Below
17 K, the magnetization of the sample shows different val-
ues for zero-field-cooling (ZFC) and field-cooling (FC)
measurements, which is the general behavior of the AFM

regime. Above 17 K, the magnetization shows PM behav-
ior following Curie’s law. However, as mentioned in the
earlier section, there was a slight deviation from Curie’s
law as shown in Fig. 1(c). The spinel CuCrSnS4 has AFM
behavior whose Neel temperature is around 10–20 K,
which is consistent with our results [63,64]. Therefore,
it is clear that the AFM SPM behavior of CTS-Cr 15%-
MNC originated dominantly from the nanoprecipitate of
the spinel CuCrSnS4 phase. The M -H hysteresis curve is
obtained at 10 and 30 K, considering TB = 17 K as plotted
on Fig. 1(d). The hysteresis loop is open below the TB and
closed above it, which indicates an AFM SPM transition.

The Seebeck coefficients of CTS-Cr x%-MNC
(x = 10,15,20) are reduced, and that of CTS-Cr 5%-MNC
is enhanced comparing pristine CTS as plotted in Fig.
2(a). However, the reductions of Seebeck coefficients in
CTS-Cr x%-MNC(x = 10,15,20) are not significant con-
sidering the large enhancement of carrier concentration
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(a) (b)

(c) (d)

FIG. 2. (a) Temperature-dependent Seebeck coefficient. (b) Pisarenko plot. (c) Temperature-dependent mobility. (d) Field-dependent
Hall voltage (Vxy ). Anomalous Hall effect is observed in CTS-Cr 20%-MNC.

(approximately 10 times that of pure CTS). The Pisarenko
plot showing a correlation between Seebeck coefficient
and carrier concentration is plotted in Fig. 2(b). The
CTS-Cr x%-MNC(x = 10,15,20) samples had higher See-
beck coefficients than theoretically estimated values with
the single-parabolic-band model [65].

S = kB

e

[
(r + (5/2))Fr+(3/2)(η)

(r + (3/2))Fr+(1/2)(η)
− η

]

. (5)

Here, F is the Fermi-Dirac integral, and η is the reduced
Fermi level, EF/kBT. The enhancement of Seebeck coef-
ficient in Fig. 2(b) could be explained by two synergetic
effects: (1) the resonant doping of Cr; (2) change of
electron-transport mechanism by spin-spin exchange inter-
action. We discuss the resonant doping of Cr using the
density-functional theory (DFT) calculation results in the

next section. To clarify the change of the transport mecha-
nism, the temperature and field-dependent Hall-effect mea-
surements are conducted as plotted on Figs. 2(c) and 2(d).
The Seebeck enhancement by magnetic impurity has been
discussed by Zhao’s works [21,22], changing scattering
parameters in Eq. (5) to fit the experimental data. However,
there is no precise theoretical transport model to describe
the spin-spin exchange interaction by localized SPM NPs.
Moreover, in our sample, the effective mass also could be
changed by resonant Cr doping. Therefore, the quantita-
tive analysis of the Seebeck coefficient of our samples is
inaccurate. However, the anomaly in Hall-effect measure-
ments in Figs. 2(c) and 2(d) still confirms the change of
electron transport by localized spin moment. The pristine
CTS sample shows the dependence of µ ∼ T−1.43, which is
almost the same with acoustic phonon scattering dominant,
µ ∼ T−1.5 [65,66]. However, the CTS-Cr15%-MNC shows
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the dependence of µ ∼ T−0.99. This is the critical indi-
cation that the electron transport mechanism is changed
in CTS-Cr15%-MNC due to localized spin moment of
impurity CuCrSnS4. The field-dependent Hall voltage
shows anomalous Hall effect (AHE) for CTS-Cr20%-
MNC as shown in Fig. 2(d). The field-dependent Hall-
effect measurement is conducted at room temperature. The
anomaly is the evidence of the localized spin moment of
magnetic impurity affects to conduction electron [21–33].
The other MNC samples do not show the AHE because of
thermal fluctuation in the paramagnetic region. The evi-
dence of resonant doping of Cr is clarified using DFT
calculation, which is discussed in the next section.

Figure 3 shows the electrical conductivities, car-
rier concentrations, and mobilities of CTS-Cr x%-
MNC(x = 0,5,10,15,20) and the result of e-DOS calcula-
tion based on DFT. The electrical conductivity increased
to approximately 2000 S cm−1 at CTS-Cr 20%-MNC as
shown in Fig. 3(a). They have metallic behavior, which is
a general trend in heavily doped semiconductors. To clarify
the enhancement of electrical conductivity, the carrier con-
centrations n and mobilities µ for our samples are obtained
by Hall measurement as plotted in Fig. 3(b). The car-
rier concentration increases from 2.49 × 1020 cm−3(x = 0)
to 2.82 × 1021 cm−3(x = 20), and the mobility of CTS-
Cr x%-MNC(x = 0,5,10,15,20) is also enhanced depend-
ing on Cr-doping concentration. Thus, enhanced electrical
conductivity is caused by the increase of the carrier con-
centration and mobility. DFT calculation is conducted to
clarify the reason of carrier-concentration enhancement.
The e-DOS of Cr-doped CTS and the contribution of each
element on total DOS are plotted in Fig. 3(c). The Sn
orbitals only contribute to the upper conduction bands and
the lower valence bands, which means they have little con-
tribution to the states near the Fermi level. Sn orbitals
provide electrons to saturate the chemical bonds and sta-
bilize the compounds [67,68]. For this reason, doping the
unfilled d-orbital atoms to Sn sites can change the elec-
tronic structure around the Fermi level and can increase
the carrier concentration. The large enhancement of carrier
concentration in Cr-doped-CTS samples could be caused
by the electrons of Cr d orbital to the e-DOS near the Fermi
level. The mobility of CTS-Cr x%-MNC(x = 10,15,20) is
also increased from pristine CTS, which is very inter-
esting because they have more impurities than pristine
CTS resulting in more electron scattering. The mobility
is a function of scattering time and effective mass. The
effective mass of CTS-Cr x%-MNC(x = 10,15,20) must be
increased because they have a resonant state near the Fermi
level [61].

μ = eτ
m

, D(E) = 1
2π2

(
2m
�2

)3/2

(E − Ec)
1/2. (6)

(a)

(b)

(c)

FIG. 3. (a) Electrical conductivities, (b) carrier concentra-
tion and mobility for CTS-Cr x %-MNC(x = 0,5,10,15,20). (c)
Results of e-DOS calculation for Cr-doped Cu2SnS3. The black
line indicates total DOS, the red line is the contribution of the d
orbital, blue is p, and the green is s.
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Therefore, the scattering time of CTS-Cr x%-MNC
(x = 10,15,20) will be much longer than pristine CTS con-
sidering the increased mobility in Fig. 3(c). Assuming
there is no spin-spin exchange interaction and only impu-
rity scattering happens, it is impossible to explain this
increase of scattering time, because in CTS MNC, more
impurities are distributed than pristine CTS. Therefore, the
special transport phenomenon might happen in CTS MNC
by spin-spin interaction. Further analysis could be carried
out in future work. The temperature-dependent power fac-
tors of CTS-Cr x%-MNC(x = 0,5,10,15,20) are plotted on
Fig. 4(a). The power factor increases by approximately
520% compared with that of pristine CTS because of the
large enhancement of electrical conductivity and a rela-
tively small reduction of Seebeck coefficient in CTS-Cr
x%-MNC(x = 10,15,20) samples. The small reduction of
Seebeck coefficient is expected due to the synergetic effect
by resonant Cr doping and exchange interaction between
localized spin moments and the spin of itinerant elec-
trons. As described in Eq. (1) in the Introduction, the
modification of the electron density of states and scat-
tering time could decouple the Seebeck coefficient and
electrical conductivity. The poor coupling of two electri-
cal parameters limits the enhancement of thermoelectric
energy conversion. By adding Cr in the CTS system, the
energy dependence of e-DOS and scattering time could
be modified effectively, resulting in huge enhancement of
power factors. As shown in Fig. 4(b), the enhancement
of power factor in CTS MNCs is outstanding compared
to other SPM-NP-embedded nanocomposites [21–24,69].
In previously reported nanocomposites, only the magnetic
NPs are embedded in the DM matrix, whereas our CTS-Cr-
doped-MNCs have resonant state near the Fermi level and
embedded magnetic NPs simultaneously by doping the Cr
atom. The synergetic modification of e-DOS and scattering
time significantly enhanced power factor by decoupling
electrical conductivity and Seebeck coefficient.

III. THERMAL AND THERMOELECTRIC
FIGURE OF MERITS

The thermal properties and thermoelectric figure of
merit of CTS-Cr x%-MNC(x = 0,5,10,15,20) are shown
in Fig. 5. The total thermal conductivity decreased by Cr
addition until x = 15. The thermal conductivity reductions
of CTS-Cr x%-MNC(x = 5,10,15,20) can be explained by
bond softening due to Cr doping and phonon scattering
by nanoparticles of CuCrSnS4 and Cu2S. According to
the electron-localization-function (ELF) diagram shown in
Fig. S8 within the Supplemental Material [45,46–53], the
strong interatomic interactions between cation and S in
the [SnS4] tetrahedron decreased when Cr substituted Sn.
Moreover, as shown in Table S2 within the Supplemen-
tal Material [45], the integrated-crystal-orbital-Hamilton-
population (ICOHP) values in the Cr-doped CTS also

(a)

(b)

FIG. 4. (a) Power factors of CTS-Cr x%-
MNC(x = 0,5,10,15,20). (b) Comparison of power-factor
enhancements with other SPM-NP-embedded nanocomposites
[21–24,69]. The abbreviations are as follows: BST, Bi-Sb-Te
alloy; SKD, Skutterudite; BST, Bi-Te-Se alloy.

proved that the orbital population in the [SnS4] tetrahedron
decreased due to the Cr doping compared to that of pristine
CTS. It is well known that the chemical bond softening,
also called phonon softening, enhances the anharmonic-
ity of crystal (Grüneisen parameter) resulting in enhanced
Umklapp scattering, and reduced phonon group velocity,
thus reducing lattice thermal conductivity [69–73]. The-
oretical lattice thermal conductivity could be calculated
by changing the Grüneisen parameter (γ ) using the Call-
away model as plotted in Fig. S7 within the Supplemental
Material [45,54,55]. The results in Fig. S7 within the Sup-
plemental Material [45] show that the Grüneisen parameter
(γ ) in the CTS-Cr 15%-MNC sample increased to be
around 2 times larger than that of pristine CTS. The value
of γ = 2.3 is similar with that of PbTe(γ = 2.2), which is
an indication of strong phonon softening by resonant bond-
ing of Pb—Te. It is noteworthy that CTS could have high
γ without any heavy elements. The quantitative analysis
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(a)

(b)

FIG. 5. Temperature-dependent (a) thermal conductivities, (b)
thermoelectric figure of merit (zT).

of γ using the Callaway model is not a perfect esti-
mation for our composite, because there might be other
effects of phonon scattering by embedded nanoparticles
of CuCrSnS4 and Cu2S, and the Lorenz number might
be overestimated. However, the ELF diagram and ICOHP
results show the chemical bonding could be softened by
Cr substitution in the Sn site. The estimation of lattice
thermal conductivity reduction considering phonon soften-
ing in Fig. S7 within the Supplemental Material [45] is in
good agreement with experiments. Therefore, we conclude
that the phonon softening by Cr substitution on the Sn
site is the main reason of the lattice thermal conductivity
reduction in CTS-Cr x%-MNC(x = 5,10,15,20) samples.
The thermoelectric figures of merit zT of the CTS-Cr x%-
MNC(x = 0,5,10,15,20) are shown in Fig. 5(b). The opti-
mum doping amount of Cr is 15%, which showed zT = 0.8
at 723 K. The zT is significantly enhanced, approximately
8 times higher than zT = 0.1 of the pure CTS sample. This
significant enhancement might be induced by synergetic
effect of Cr substitution and the precipitation of SPM-
CuCrSnS4-NPs. The substituted Cr atom at the Sn site

effectively modulates the e-DOS and increases the elec-
trical conductivity significantly. The addition of Cr over
solubility limit approximately 5% in CTS results in pre-
cipitation of SPM-CuCrSnS4-NPs. The resonant doping
Cr and spin-spin exchange interaction successfully decou-
ple electrical conductivity and Seebeck coefficient, thus
enhancing power factor. Also, the substitution of Cr in the
Sn site of CTS could soften the phonon mode, effectively
reducing lattice thermal conductivity. Thus, the synergetic
effect of Cr addition in the CTS system caused a huge
enhancement of thermoelectric energy-conversion perfor-
mance. This is a very promising result because the CTS is
an alternative thermoelectric material consisted of cheap,
nontoxic elements.

IV. CONCLUSIONS

In summary, a magnetic nanocomposite consisted of Cr
substitution in the CTS matrix and CuCrSnS4 SPM nano-
precipitates is synthesized. The Cr substitution on the Sn
site in CTS effectively modified the e-DOS. The exis-
tence of magnetic CuCrSnS4 SPM NP in the CTS matrix
induced alternative electron transport features by local-
ized spin moments in the CTS matrix. The anomaly of the
M -T graph, Hall-effect measurements provided direct evi-
dence of exchange interaction between localized SPM spin
moments and spins of itinerant electrons in the matrix. The
additional scattering caused by such spin-spin exchange
interaction minimizes the reduction of Seebeck coeffi-
cient despite increased carrier concentration. Because of
the synergetic effect of Cr substitution and precipitated
SPM NPs, a high power factor of 7 μW cm−1 K−2 is
achieved in CTS-Cr 15%-MNC by decoupling of electrical
parameters. The results of DFT calculation indicate that Cr
substitution on Sn site in CTS also reduces thermal con-
ductivity by phonon softening. The estimated Grüneisen
parameter approximately 2.3 is similar to that of PbTe.
The maximum zT value of 0.8 at 723 K in CTS-Cr 15%-
MNC is 8 times higher than that of pristine CTS. The
significant enhancement of the zT value is driven by the
synergetic effect of spin-spin exchange interaction, e-DOS
modification and phonon softening. This report suggests
an alternative strategy for promising thermoelectric mate-
rials consisting of cheap and nontoxic elements through
introducing magnetism.
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