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NaxCoO2 was known 20 years ago as a unique example in which spin entropy dominates the thermoelectric behavior. Hitherto,
however, little has been learned about how to manipulate the spin degree of freedom in thermoelectrics. Here, we report the
enhanced thermoelectric performance of GeMnTe2 by controlling the spin’s thermodynamic entropy. The anomalously large
thermopower of GeMnTe2 is demonstrated to originate from the disordering of spin orientation under finite temperature. Based
on the careful analysis of Heisenberg model, it is indicated that the spin-system entropy can be tuned by modifying the
hybridization between Te-p and Mn-d orbitals. As a consequent strategy, Se doping enlarges the thermopower effectively, while
neither carrier concentration nor band gap is affected. The measurement of magnetic susceptibility provides a solid evidence for
the inherent relationship between the spin’s thermodynamic entropy and thermopower. By further introducing Bi doing, the
maximum ZT in Ge0.94Bi0.06MnTe1.94Se0.06 reaches 1.4 at 840K, which is 45% higher than the previous report of Bi-doped
GeMnTe2. This work reveals the high thermoelectric performance of GeMnTe2 and also provides an insightful understanding of
the spin degree of freedom in thermoelectrics.

1. Introduction

Thermoelectrics offers a unique solution for the direct con-
version from waste heat into versatile electricity [1–3]. The
commercial applications of thermoelectric device, however,
are still limited by the low conversion efficiency. The perfor-
mance of thermoelectrics is evaluated by the dimensionless
figure of merit, ZT = α2σT/κe + κph, where α, σ, κe, κph, and
T are the Seebeck coefficient, electrical conductivity, electri-
cal thermal conductivity, lattice thermal conductivity, and
absolute temperature, respectively [4–14]. Since the transport
factors are strongly coupled with each other, to achieve a high
ZT is always a big challenge.

In principle, a physical phenomenon in a solid can be
understood on the basis of the four fundamental degrees of
freedom, i.e., charge, lattice, spin, and orbital [14–18]. Ther-
moelectric transport involves the charge and lattice degrees
of freedom obviously. The most applied strategies for perfor-
mance enhancement can be attributed to the handling of the

charge and lattice degrees of freedom. On the other hand, the
effects of orbital and spin degrees of freedom in thermoelec-
trics are not that evident. Until recent years, the crucial role
of orbital degree freedom in the scheme of band engineering
was gradually disclosed by theoretical studies [19–21]. In
many systems, such as PbTe, SnTe, and Mg2Si, band engi-
neering has been proved to be a very efficient strategy for
improving ZT, since it partly decouples the electrical conduc-
tivity and Seebeck coefficient [21–27]. The examples for spin
degree of freedom in thermoelectrics are rare. NaxCoO2
exhibits an anomalous Seebeck coefficient [28, 29], which is
nearly one order higher than the prediction from Mott’s for-
mula [30]. This puzzle was finally resolved by the concept of
spin entropy [29, 31]. Owing to the increased spin degener-
acy, the large entropy current strongly enhances the Seebeck
coefficient in NaxCoO2. It is conceivable that a system with
more adjustable degrees of freedom has the larger potential
to be improved. “Thermoelectrics needs a spin,” it was
addressed by J. He and T. Tritt recently [14].
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Despite the significantly enhanced Seebeck coefficient,
NaxCoO2 has a moderate maximum ZT around 1 at 800K
[32], whereas the maximum ZT in some traditional semicon-
ductors, such as PbTe, GeTe, and SnSe, has been improved
above 2 [33–35]. The limited ZT in NaxCoO2 may be owing
to two reasons. First, the localized d-orbital of Co strongly
reduces the carrier mobility, although it is also the origin of
spin entropy. Second, the microscopic understanding of spin
entropy is not insightful enough to make the further optimi-
zation. The original spin entropy explanation for NaxCoO2 is
an approximation with high-temperature limit (T → +∞),
i.e., the spin entropy takes its maximum, and the deduced
Seebeck coefficient is temperature-independent [29]. For this
reason, the theory does not tell us how to tune the spin
entropy under finite temperature. Recently, the Seebeck coef-
ficient in Li-doped MnTe was found to be significantly
enhanced by the magnetic phase transition, while the
enhancement is strongly dependent on the transition tem-
perature and carrier concentration [36–38]. The phenome-
non was explained by magnon (or paramagnon) drag, but
not spin entropy. Nevertheless, this study gives some clues
about the optimization of the spin degree of freedom. The
maximum ZT of Li-doped MnTe reaches 1 at 900K [36].

The IV-VI compound GeTe is a remarkable thermoelec-
tric material characterized by high electrical conductivity and
high power factor PF = α2σ [34, 39–45]. GeTe undergoes a
phase transition from rhombohedral structure to cubic struc-
ture at 700K [46]. When 50% Ge is substituted by Mn, the
cubic phase is stabilized in GeMnTe2 at room temperature
[47, 48]. GeMnTe2 was found to have a very small band
gap less than 0.05 eV, while its Seebeck coefficient reaches
200μV/K at 700-800K. According to the Goldsmid-Sharp
relationship, Eg = 2eSmaxTðSmaxÞ [49], the estimated band
gap is around 0.3 eV, that is to say, the measured Seebeck
coefficient is nearly one order higher than the theoretical pre-
diction. The presence of the 3d transition element Mn in
GeMnTe2 induces a ferromagnetic phase transition below
room-temperature [50]. Comparing with the examples of
NaxCoO2 and MnTe, it is reasonable to presume that the
enhancement of Seebeck coefficient is related to the spin
degree of freedom. Previous studies on GeMnTe2 have
treated the system as a traditional semiconductor. Bi doping
and Pb doping have been applied to optimize the perfor-
mance, while the peak ZT of 0.9 and 1.4 were achieved,
respectively [47, 48]. To study the spin degree of freedom
in GeMnTe2 is not only theoretically meaningful, and it
may also promote the realistic application of this material.

In this work, the thermoelectric properties of GeMnTe2
are investigated by manipulating the spin degree of freedom.
Based on the analysis of Heisenberg model, two specific strat-
egies are designed to enhance the spin’s thermodynamic
entropy. Se doping and Bi doping are introduced individually
to reduce the spin-spin interaction by fully filling the p
-orbital of anions. The Seebeck coefficient is found to be
effectively enhanced, while the measurements of magnetic
susceptibility prove that the enhancements are inherently
related to the variation of entropy. In Ge0.94Bi0.06Te1.94Se0.06,
a high peak ZT of 1.4 at 843K is achieved. Compared with the
previous report on singly Bi-doping, the maximum ZT is

increased by 45%. This work shows GeMnTe2 is a promising
thermoelectric material and also provides an insightful
understanding on the spin degree of freedom in
thermoelectrics.

2. Theoretical Analysis and Experiment Design

Seebeck coefficient and entropy are related via the electron
chemical potential. The chemical potential of electron μ is
given by μ = −Tð∂S/∂NÞU ,V , where entropy S = SðU ,V ,NÞ
is a function of energy U , volume V , and electron number
N . Then, Seebeck coefficient α can be written as

α = 1
e
∂μ
∂T

= −
1
e
∂
∂T

T
∂S
∂N

� �
: ð1Þ

Within high temperature limit, entropy is temperature
independent, and equation becomes Heikes formula α = −ð
1/eÞð∂S/∂NÞ. The entropy S = SðU , V ,NÞ includes the contri-
butions from both charge and spin degrees of freedom. If
spin degree of freedom is frozen, its contribution to entropy
is zero, and the given Seebeck coefficient should obey the
Goldsmid-Sharp relationship [49]. In GeMnTe2, the esti-
mated band gap from Goldsmid-Sharp relationship is one
order higher than the measured one. This indicates that the
spin degree of freedom dominates the Seebeck coefficient.
Thus, the Seebeck coefficient could be further enhanced by
simply increasing the spin entropy.

In NaxCoO2, the large entropy is from the high degener-
acy of d-electron local states, owing to the competition
between crystal field splitting and exchange splitting. It was
argued that the coexistence of Co3+ and Co4+ ions plays an
important role [29]. In GeMnTe2, the 3d element Mn only
has the +2 valence state, and therefore, the degeneracy of
local states should be much lower than that in NaxCoO2.
Another kind of spin entropy may be related to the spin ori-
entation. As shown in Figure 1, the highly ordered spin ori-
entation indicates a low entropy state. As temperature
increases, the long-range order of spins is broken and the
entropy increases. To calculate the energy-dependent
entropy S = SðU , V ,NÞ is difficult, especially for a spin-
correlated system. But we still can get some useful informa-
tion from qualitative analysis. The interaction of a spin sys-
tem can be described by Heisenberg model:

H = −Σ′
i,j
J ijŜi ⋅ Ŝj, ð2Þ

J J

T ↑

J ↓

Figure 1: Schematic representation of spin orientation and
thermodynamic entropy. As temperature T increases or exchange
integral J decreases, the perturbation of spin order leads to the
increase of entropy.
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where J is the exchange integral

Jij =
ð
ϕ∗i rið Þϕ∗j r j

� �
V rij
� �

ϕi r j
� �

ϕj rið Þdrir j: ð3Þ

It is easy to find that the transition temperature of a spin-
ordered state is determined by the magnitude of J . As for a
given system, a larger ∣J ∣ will lead to a higher transition tem-
perature. The ordering of spin, i.e., entropy, depends on the
competition between temperature T and exchange integral
J (as shown in Figure 1). Under a certain temperature, the
entropy from the spin degree of freedom could be enhanced
by decreasing J . In NaxCoO2, “spin entropy” was referred to
the highly degenerate spin states under high-temperature
limit. Here, the entropy from the disordering of spin orienta-
tion under finite temperature is termed as spin’s thermody-
namic entropy, to distinguish it from the concept of spin
entropy in NaxCoO2.

Equation (3) shows that the magnitude of Jij depends on
the overlap of d-wave functions at the spin sites of i and j. In
GeMnTe2, the 3d elements are separated by Te2- ions. Thus,
the effective d-d hopping should be via Te-p orbitals. The
stronger p-d hopping is, the larger J is. If Te-p orbitals are
fully filled by the Mn-s electrons, the p-d hopping will be
screened, leading to a zero J . In the real system, p-d hopping
cannot be completely screened because the energy levels of
Mn-s and Mn-d are close. According to above discussions,

two strategies can be figured out to reduce J . The first is to
replace Te with the elements having stronger electronegativ-
ity. The second is to reduce the carrier concentration. The
both two strategies can reduce the p-d hopping by further fill-
ing the Te-p orbitals. In this work, Se doping is designed to
increase the electronegativity of anions, and Bi doping is
designed to reduce the carrier concentration.

3. Results and Discussion

GeMnTe2 has a NaCl type structure, with Ge and Mn occu-
pying the Na sites equally (as shown in Figure 2(a)).
Figure 2(b) presents the XRD patterns for the examples with
Se doping. All the samples are indicated to be the rock-salt
structure, and no secondary phases can be observed from
the XRD patterns. Figure 2(c) displays the calculated lattice
constants from XRD results. The obtained lattice constants
of GeMnTe2-xSex show a linear decrease as the amount of
Se increases up to x = 0:08. At x = 0:10, the XRD patterm still
indicates a cubic structure, but the lattice constant does not
obey the linear decrease. The measurements show that the
GeMnTe2-xSex (x = 0 − 0:08) samples are homogenous solid
solutions.

The measured Seebeck coefficients for GeMnTe2-xSex are
displayed in Figure 3(a) as a function of temperature. It may
be seen that Se doping increases the Seebeck coefficient
within a large temperature range. At 840K, GeMnTe1.94Se0.06
shows a high Seebeck coefficient about 190μV/K, compared
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Figure 2: Measured crystal structure of GeMnTe2-xSex . (a) Crystal structure for cubic GeMnTe2, (b) powder XRD patterns, and (c) calculated
lattice constants for GeMnTe2-xSex (x = 0, 0.02, 0.04, 0.06, 0.08, 0.10).
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the value of 120μV/K for the undoped GeMnTe2. The ther-
moelectric properties of GeMnTe2 has been reported by
Zhou et al., and they used similar synthesis method [48].
Compared with their data, our Se-doped samples also show
the largely enhanced Seebeck coefficients. The measured
electrical conductivity and power factor are presented in the
Supplementary Information (available here). The sample of
GeMnTe1.94Se0.06 is found to have the largest power factor
of 15μwcm-1 K-2 at 840K.

Figure 3(b) presents the Hall carrier concentrations of
GeMnTe2-xSex at room temperature. The measured carrier
concentrations are all around 5 × 1021 cm−3. It is not surpris-
ing that the substitution of Se for Te does not change the car-
rier concentration. Figure 3(c) shows the optical band gap
from infrared absorption spectra. The both two samples of
x = 0 and x = 0:06 show the very small band gap less than
0.05 eV. This result is consistent with the previous report
[47]. We applied band structure calculations for GeMnTe2,
but failed to produce a band gap. It is not uncommon that
density functional theory fails to describe the electron-
correlated system. Then, the enhancement of Seebeck coeffi-
cient in Se-doped samples is neither from the variation of
band gap nor from the decreasing carrier concentration.

As we discussed, Se doping was designed to increase the
spin’s thermodynamic entropy by reducing the exchange
integral J . GeMnTe2 was found to have a ferromagnetic
phase transition below room temperature. If J is reduced by
Se doping, the magnetic transition temperature TC should
decrease. To verify this purposive design, we measured the
low temperature magnetic susceptibility for x = 0 and x =
0:06 samples. Using the measured magnetic susceptibility,
the derivative of magnetization dM/dT can be calculated.
The Curie temperature TC can be roughly determined by
the minimum of dM/dT. In Figure 3(d), the deduced dM/dT
is plotted as a function of temperature. As may be seen, the
estimated transition temperature TC is decreased from 76K
for x = 0 to 71K for x = 0:06. The enhanced Seebeck coeffi-
cient and decreased Curie temperature by Se doping are con-
sistent with our experiment design, indicating the crucial role
of spin’s thermodynamic entropy in GeMnTe2.

In the study of Zhou et al., GeMnTe2 was treated as a tra-
ditional semiconductor, and Bi doping was introduced to
adjust the carrier concentration [48]. At room temperature,
the Seebeck coefficient was increased from 55μV/K for
GeMnTe2 to 140μV/K for Ge0.9Bi0.1MnTe2, while the hole
concentration is decreased from 3:6 × 1021 cm−3 to 1:0 ×
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Figure 3: Measured electrical properties of GeMnTe2-xSex . (a) Temperature-dependent Seebeck coefficient of GeMnTe2-xSex (x = 0 − 0:08).
(b) Hall carrier concentration at room temperature as a function of Se content in GeMnTe2-xSex (x = 0 − 0:08). (c) Optical band gap from
infrared absorption spectra and (d) the temperature-dependent magnetization derivative dM/dT for GeMnTe2-xSex (x = 0, 0:06).
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1021 cm−3. Considering the high level of carrier concentra-
tion, the measured Seebeck coefficient is unusually large.
For comparison, the Seebeck coefficient of GeTe is about
100μV/K at room temperature with the carrier concentra-
tion of 1:5 × 1020 cm−3 [34]. The large enhancement of See-
beck coefficient by Bi doping may not be simply explained
by the decrease of carrier concentration. As we discussed,
the decrease of carrier concentration could increase the spin’s
thermodynamic entropy, which should be the underlying
reason for the increase Seebeck coefficient. To clarify this
problem, Bi doping is introduced into the GeMnTe1.94Se0.06
sample.

Figure 4(a) shows the measured Seebeck coefficient for
Ge1-yBiyMnTe1.94Se0.06. It may be seen that the Seebeck coef-
ficient shows a monotonous increase as Bi doping increases
from y = 0 to y = 0:1. At room temperature, Seebeck coeffi-
cient is significantly enhanced from 85μV/K for y = 0 to
175μV/K for y = 0:1. In Figure 4(a), the data of
Ge0.9Bi0.1MnTe2 from Zhou et al. are also presented [48].
Compared with the singly Bi-doped sample, the Bi/Se

codoped sample shows the higher Seebeck coefficient.
Figure 4(b) show the electrical conductivity for all the sam-
ples. As the amount of Bi doping increases, electrical conduc-
tivity is decreased monotonously. In Figure 4(c), the room-
temperature Hall carrier concentrations of Ge1-yBiy
MnTe1.94Se0.06 are presented. The measured carrier concen-
tration continuously decreases from 5:3 × 1021 cm−3 for y =
0 to 1:2 × 1021 cm−3 for y = 0:1. The carrier concentration
of Ge0.9Bi0.1MnTe1.94Se0.06 is very closed to the reported
value of Ge0.9Bi0.1MnTe2 [48]. This is consistent with our
conclusion that Se doping does not change the carrier
concentration.

According to our discussions, Bi doping could increase
the spin’s thermodynamic entropy by reducing the carrier
concentration. It is difficult to measure the entropy directly.
The ordering of spin orientation, however, can be character-
ized by the magnetic susceptibility under weak field.
GeMnTe2 has a ferromagnetic phase at low temperature
[48]. If the spin orientation is well ordered, the system should
have a high magnetic susceptibility and a low entropy.
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Figure 4(d) displays the measured magnetic susceptibility for
3 representative samples, GeMnTe2, GeMnTe1.94Se0.06, and
Ge0.9Bi0.1MnTe1.94Se0.06. The reciprocals of magnetic suscep-
tibility for all the samples show the good linear dependence
on temperature within a large temperature range.
Figure 4(d) clearly shows that magnetic susceptibility are
strongly correlated to Seebeck coefficient. GeMnTe2 has the
largest magnetic susceptibility and the smallest Seebeck coef-
ficient, GeMnTe1.94Se0.06 has the intermediate magnetic sus-
ceptibility and the intermediate Seebeck coefficient, while
Ge0.9Bi0.1MnTe1.94Se0.06 has the smallest magnetic suscepti-
bility and the largest Seebeck coefficient. Furthermore, the
differences between magnetic susceptibility is found to be in
proportion to the difference between Seebeck coefficient. It
is noticeable that the variation of Seebeck coefficient between
the three samples cannot be explained by Mott’s expressions.
The Goldsmid-sharp relationship gives the limit of the max-
imum of Seebeck coefficient. As we discussed, the measured
small band gap indicates that the Goldsmid-sharp relation-
ship fails to describe the thermopower of GeMnTe2.
Figure 4(d) presents a convincing evidence for the presump-
tion of spin’s thermodynamic entropy.

Figure 5(a) presents the low temperature Seebeck coefficient
from 50K to 300K. The Seebeck coefficient was measured in
the two processes of cooling and heating. Interestingly, themea-
sured Seebeck coefficients from two processes do not converge.
From 120K to 200K, the cooling process gives higher Seebeck
coefficient than the heating process does. In the traditional
semiconductors, such phenomenonwould be difficult to under-
stand. In magnetic materials, however, the effect of magnetic
hysteresis is common: magnetic systems tend to retain its spin
alignment. In this measurement of Seebeck coefficient, no mag-
netic field was applied, but the spontaneous magnetization
occurs at low temperature. In the heating process, the system
stars at a low entropy state. At a certain temperature, the heating
process may cause lower entropy than the cooling process, for
the spin state is history-dependent. As shown in the inserted fig-
ure, the largest difference of Seebeck coefficient reaches 15μV/K
at 170K. Figure 5(b) shows the magnetic susceptibility under a

lowmagnetic field of 50Oe for the two processes of cooling and
heating. As we expected, the heating process exhibits the lower
magnetic susceptibility than the cooling process from 130K to
300K. Within the picture of spin’s thermodynamic entropy,
the measured Seebeck coefficient and magnetic susceptibility
within two processes are consistent with each other. The
history-dependent Seebeck coefficient confirms the strong effect
from the spin degree of freedom.

Figures 6(a) and 6(b) present the total thermal conductiv-
ity and lattice thermal conductivity for Ge1-yBiy
MnTe1.94Se0.06, respectively. The lattice thermal conductivity
is determined by relationship of κL = κtot − κe, where κtot is
the total thermal conductivity and κe is the electrical thermal
conductivity. The Wiedemann-Franz relation κe = LσT is
used to calculate the electrical thermal conductivity, where
L, σ, and T are the Lorenz number, the electrical conductiv-
ity, and the absolute temperature, respectively. The Lorenz
number is calculated based on the SPB model. As may be
seen, the total thermal conductivity decreases as Bi doping
increased up to y = 0:06. At y = 0:08, the total thermal con-
ductivity is close to the one of y = 0:06. The lattice thermal
conductivity of Ge1-yBiyMnTe1.94Se0.06 shows similar ten-
dency to the total thermal conductivity. At y = 0:06, the lat-
tice thermal conductivity reaches a minimum 0.41 at 840K.
At y = 0:08, the lattice thermal conductivity shows an
increase relative to y = 0:06. Such nonmonotonic thermal
conductivity in solid solutions is not uncommon.

Figure 6(c) shows the temperature-dependent power
factors of Ge1-yBiyMnTe1.94Se0.06. The maximum PF
appears at the y = 0 sample. With Bi doping, the peak of
power factor is reduced from 15μWcm-1 K-2 at y = 0:0
to 10μWcm-1 K-2 at y = 0:10. The reduction of PF by Bi
doping is mainly due to the decrease of electrical conduc-
tivity (as shown in Figure 4(b)). The obtained thermoelec-
tric figure of merit for Ge1-yBiyMnTe1.94Se0.06 is displayed
in Figure 6(d). Ge0.94Bi0.06MnTe1.94Se0.06 shows the maximum
ZT of 1.4 at 840K. Compared with the previous report on Bi-
doped GeMnTe2, the maximum ZT is enhanced by 45%. The
results show that the thermoelectric performance of is
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GeMnTe2 efficiently enhanced by Se doping. Therefore, our
designed strategies are proved to be effective, and the picture
of spin’s thermodynamic entropy is verified.

Here, we show two effective strategies for the manipula-
tion of the spin’s thermodynamic entropy. According to
our theoretical analysis, other effective strategies may also
be expected. For example, if the crystal lattice can be
enlarged, the exchange integral J will be reduced and the sys-
tem band gap will be enlarged. This situation will lead to the
cooperation of the charge and spin degrees of freedom.
Therefore, the thermoelectric performance of GeMnTe2 is
believed to have a large potential to be further improved.

4. Conclusion

In summary, the thermoelectric properties of the emerging
materials GeMnTe2 are investigated. GeMnTe2 was found
to have a large thermopower and a small band gap, which
is apparently against the Goldsmid-Sharp relationship. By
measuring the magnetic susceptibility, we demonstrate that
the anomalous thermopower of GeMnTe2 is inherently
related with the spin’s thermodynamic entropy. Heisenberg
model is implemented to analyse the entropy of the spin sys-
tem. It is found that the entropy depends on the competition

between temperature and exchange integral. Under finite
temperature, the entropy can be enhanced by reducing the
exchange integral, which could be achieved by decreasing
the hybridization between Te-p and Mn-d orbitals. The con-
sequent strategies, Se-doping and Bi-doping, are proved to be
very efficient. In Ge0.94Bi0.06MnTe1.94Se0.06, the maximum
ZT reaches 1.4 at 840K, which is 45% higher than previous
report. This work reveals a new system with high thermoelec-
tric performance and provides an insight into manipulation
of spin degree freedom in thermoelectrics.

5. Experimental Section

5.1. Synthesis. The compounds with nominal compositions of
GeMnTe1-xSex (x = 0 − 0:10) and MnGe1-yBiyTe1.94Se0.06
(y = 0 − 0:10) were prepared by vacuum melting combined
with HP process. High purity bulk germanium (Ge,
99.999%), manganese (Mn, 99.999%), bismuth (Bi,
99.999%), tellurium (Te, 99.999%), and selenium (Se,
99.999%) were weighted according to the stoichiometric pro-
portions to obtain the compounds. The raw materials were
sealed into a vacuum quartz tube, melted and swung at
1223K for 1 h, quenched in the cold water, and then annealed
at 950K for 72 h. The obtained ingots were crushed and hand
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ground into fine powders. The powders were vacuum hot
pressed in a ϕ12.7mm graphite mold at 900K for 30min
under the uniaxial stress of 50MPa to obtained dense bulk
samples.

5.2. Phase Structure and Microscopy Characterization. The
phase structure and microstructure were characterized by
X-ray diffraction (Bruker D8, Germany) using Cu Kα radia-
tion and scanning electron microscope (Quanta FEG 250,
FEI, USA) equipped with an energy dispersive spectrometer
(EDS), respectively.

5.3. Thermoelectrical Properties Measurement. The Seebeck
coefficient and electrical conductivity were measured by a
ZEM-3 apparatus (UlvacRiko, Inc., Japan) under a helium
atmosphere from 300K to 853K. The thermal conductivity
was calculated from κ = λρCp, where λ is thermal diffusivity
measured by the laser flash method (NETZSCH LFA-457,
Germany), ρ is the sample density determined by the Achi-
medes method, and Cp is the heat capacity calculated by the
Dulong-Petit law. The Hall coefficient (RH) at room temper-
ature was measured using a Quantum Design physical prop-
erties measurement system (Quantum Design PPMS-9,
USA) in magnet fields from -5T to 5T. Hall carrier coeffi-
cient (nH) and mobility (μH) were calculated from nH = 1/ð
eRHÞ and μH = σRH , where e is the electron charge.

5.4. Magnetic Properties Measurement. Magnetization mea-
surements were performed by a superconducting quantum
interference device magnetometer from Quantum Design,
MPMS (magnetic property measurement system) under
magnetic field of 200Oe from 0 to 300K, and the rate of heat-
ing and cooling is 1K/min. The Seebeck coefficient of low
temperature (from 50K to 275K) was using a physical prop-
erty measurement system (Quantum Design PPMS-9, USA)
from 50 to 300K and the rate of heating and cooling is
0.5K/min.

Data Availability

All data needed to evaluate the conclusions in the paper are
presented in the paper and supplementary materials. And
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upon reasonable request.

Conflicts of Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Authors’ Contributions

Sichen Duan is responsible for the investigation, data cura-
tion, and writing—original draft; Yinong Yin for the investi-
gation; Guo-Qiang Liu for the conceptualization, data
curation, writing—review and editing, and funding acquisi-
tion; Na Man and Jianfeng Cai for the investigation; Xiaojian
Tan for the funding acquisition; Kai Guo and Xinxin Yang

for the resources; and Jun Jiang for the data curation, writin-
g—review and editing, and funding acquisition.

Acknowledgments

This work supported by the National Natural Science Foun-
dation of China (21875273 and 51872301), Natural Science
Foundation of Zhejiang Province (LY18A040008), and
Youth Innovation Promotion Association of CAS (2019298).

Supplementary Materials

A. Power XRD pattern and Lattice constant for Ge1-
yBiyMnTe1.94Se0.06. B. SEM image of GeMnTe1.94Se0.06
and Ge0.94Bi0.06MnTe1.94Se0.06 after annealing. C. The
electrical transport properties of GeMnTe2-xSex (x = 0,
0.02, 0.04, 0.06, 0.08) and Ge1-yBiyMnTe1.94Se0.06 (y = 0,
0.04, 0.06, 0.08). D. The magnetic properties of GeMnTe2-x
Sex (x = 0, 0.06). (Supplementary Materials)

References

[1] L. E. Bell, “Cooling, heating, generating power, and recovering
waste heat with thermoelectric systems,” Science, vol. 321,
no. 5895, pp. 1457–1461, 2008.

[2] Y. Zhang, “Thermoelectric advances to capture waste heat in
automobiles,” ACS Energy Letters, vol. 3, no. 7, pp. 1523-
1524, 2018.

[3] D. Champier, “Thermoelectric generators: a review of applica-
tions,” Energy Conversion and Management, vol. 140, pp. 167–
181, 2017.

[4] W. Liu and S. Bai, “Thermoelectric interface materials: a per-
spective to the challenge of thermoelectric power generation
module,” Journal of Materiomics, vol. 5, no. 3, pp. 321–336,
2019.

[5] C. Chang and L.-D. Zhao, “Anharmoncity and low thermal
conductivity in thermoelectrics,” Materials Today Physics,
vol. 4, pp. 50–57, 2018.

[6] X. Shi, L. Chen, and C. Uher, “Recent advances in high-
performance bulk thermoelectric materials,” International
Materials Reviews, vol. 61, no. 6, pp. 379–415, 2016.

[7] X. Shi, J. Zhou, and Z. Chen, “Advanced thermoelectric design:
from materials and structures to devices,” Chemical Reviews,
vol. 120, no. 15, pp. 7399–7515, 2020.

[8] J. G. Snyder and E. S. Toberer, “Complex thermoelectric mate-
rials,” Nature Materials, vol. 7, no. 2, pp. 105–114, 2008.

[9] T. Zhu, Y. Liu, C. Fu, J. P. Heremans, J. G. Snyder, and X. Zhao,
“Compromise and synergy in high-efficiency thermoelectric
materials,” Advanced Materials, vol. 29, no. 14, p. 1605884,
2017.

[10] J. Mao, Z. Liu, J. Zhou et al., “Advances in thermoelectrics,”
Advances in Physics, vol. 67, no. 2, pp. 69–147, 2018.

[11] T.-R. Wei, C.-F. Wu, F. Li, and J.-F. Li, “Low-cost and environ-
mentally benign selenides as promising thermoelectric mate-
rials,” Journal of Materiomics, vol. 4, no. 4, pp. 304–320, 2018.

[12] G. Tan, L.-D. Zhao, and M. G. Kanatzidis, “Rationally design-
ing high-performance bulk thermoelectric materials,” Chemi-
cal Reviews, vol. 116, no. 19, pp. 12123–12149, 2016.

[13] W. Xu, Y. Liu, A. Marcelli, P. P. Shang, and W. S. Liu, “The
complexity of thermoelectric materials: why we need powerful

8 Research

http://downloads.spj.sciencemag.org/research/2021/1949070.f1.pdf


and brilliant synchrotron radiation sources?,”Materials Today
Physics, vol. 6, pp. 68–82, 2018.

[14] J. He and T. M. Tritt, “Advances in thermoelectric materials
research: looking back and moving forward,” Science,
vol. 357, p. 1369, 2017.

[15] M. V. Costache, G. Bridoux, I. Neumann, and S. O. Valen-
zuela, “Magnon-drag thermopile,” Nature Materials, vol. 11,
no. 3, pp. 199–202, 2012.

[16] N. Tsujii, A. Nishide, J. Hayakawa, and T. Mori, “Observation
of enhanced thermopower due to spin fluctuation in weak itin-
erant ferromagnet,” Science Advances, vol. 5, article eaat5935,
2019.

[17] W. Koshibae and S. Maekawa, “Effects of spin and orbital
degeneracy on the thermopower of strongly correlated sys-
tems,” Physical Review Letters, vol. 87, no. 23, p. 236603, 2001.

[18] M. E. Lucassen, C. H. Wong, R. A. Duine, and Y. Tserkovnyak,
“Spin-transfer mechanism for magnon-drag thermopower,”
Applied Physics Letters, vol. 99, no. 26, p. 262506, 2011.

[19] S. Ahmad, K. Hoang, and S. D. Mahanti, “Ab initio study of
deep defect states in narrow band-gap semiconductors: group
III impurities in PbTe,” Physical Review Letters, vol. 96, no. 5,
article 056403, 2006.

[20] K. Hoang and S. D. Mahanti, “Electronic structure of Ga-, In-,
and Tl-doped PbTe: a supercell study of the impurity bands,”
Physical Review B, vol. 78, no. 8, article 085111, 2008.

[21] X. Tan, H. Wang, G. Liu et al., “Designing band engineering
for thermoelectrics starting from the periodic table of ele-
ments,” Materials Today Physics, vol. 7, pp. 35–44, 2018.

[22] J. P. Heremans, V. Jovovic, E. S. Toberer et al., “Enhancement
of thermoelectric efficiency in PbTe by distortion of the elec-
tronic density of states,” Science, vol. 321, no. 5888, pp. 554–
557, 2008.

[23] Y. Pei, X. Shi, A. Lalonde, H. Wang, L. Chen, and G. J. Snyder,
“Convergence of electronic bands for high performance bulk
thermoelectrics,” Nature, vol. 473, no. 7345, pp. 66–69, 2011.

[24] J. He, X. Tan, J. Xu et al., “Valence band engineering and ther-
moelectric performance optimization in SnTe by Mn-alloying
via a zone-melting method,” Journal of Materials Chemistry A,
vol. 3, no. 39, pp. 19974–19979, 2015.

[25] X. Tan, G. Liu, J. Xu et al., “Thermoelectric properties of In-Hg
co-doping in SnTe: energy band engineering,” Journal of
Materiomics, vol. 4, no. 1, pp. 62–67, 2018.

[26] W. Liu, X. Tan, K. Yin et al., “Convergence of conduction
bands as a means of enhancing thermoelectric performance
of n-type Mg2Si1-xSnx solid solution,” Physical Review Letters,
vol. 108, no. 16, p. 166601, 2012.

[27] X. Tan, Y. Yin, H. Hu et al., “Understanding the band engi-
neering in Mg2Si-based systems from Wannier-orbital analy-
sis,” Annalen der Physik, vol. 532, no. 11, p. 1900543, 2020.

[28] I. Terasaki, Y. Sasago, and K. Uchinokura, “Large thermoelec-
tric power in NaCo2O4 single crystals,” Physical Review B,
vol. 56, no. 20, pp. R12685–R12687, 1997.

[29] W. Koshibae, K. Tsutsui, and S. Maekawa, “Thermopower in
cobalt oxides,” Physical Review B, vol. 62, no. 11, pp. 6869–
6872, 2000.

[30] M. Cutler and N. F. Mott, “Observation of Anderson localiza-
tion in an electron gas,” Physical Review B, vol. 181, no. 3,
pp. 1336–1340, 1969.

[31] Y. Wang, N. S. Rogado, R. J. Cava, and N. P. Ong, “Spin
entropy as the likely source of enhanced thermopower in Nax-
Co2O4,” Nature, vol. 423, no. 6938, pp. 425–428, 2003.

[32] K. Fujia, T. Mochida, and K. Nakamura, “High-temperature
thermoelectric properties of NaxCoO2-δ single crystals,” The
Japan Society of Applied Physics, vol. 40, pp. 4644–4647, 2001.

[33] K. Biswas, J. He, I. D. Blum et al., “High-performance bulk
thermoelectric with all-scale hierarchical architectrures,”
Nature, vol. 489, no. 7416, pp. 414–418, 2012.

[34] J. Li, X. Zhang, Z. Chen et al., “Low-symmetry rhombohedral
GeTe thermoelectrics,” Joule, vol. 2, no. 5, pp. 976–987, 2018.

[35] L.-D. Zhao, S.-H. Lo, Y. Zhang et al., “Ultralow thermal con-
ductivity and high thermoelectric figure of merit in SnSe crys-
tals,” Nature, vol. 508, no. 7496, pp. 373–377, 2014.

[36] Y. Zheng, T. Lu, M. M. H. Polash et al., “Paramagnon drag in
high thermoelectric figure of merit Li-doped MnTe,” Science
Advances, vol. 5, article eaat9461, 2019.

[37] J. D. Wasscher and C. Haas, “Contribution of magnon-drag to
the thermoelectric power of antiferromagnetic Mn Te,” Physics
Letters, vol. 8, no. 5, pp. 302–304, 1964.

[38] M. M. H. Polash, F. Mohaddes, M. Rasoulianboroujeni, and
D. Vashaee, “Magnon-drag thermopower in antiferromagnets
versus ferromagnets,” Journal of Materials Chemistry C, vol. 8,
no. 12, pp. 4049–4057, 2020.

[39] M. Hong, K. Zheng, W. Lyv et al., “Computer-aided design of
high-efficiency GeTe-based thermoelectric devices,” Energy &
Environmental Science, vol. 13, no. 6, pp. 1856–1864, 2020.

[40] J. Dong, F. Sun, H. Tang et al., “Medium-temperature thermo-
electric GeTe: vacancy suppression and band structure engi-
neering leading to high performance,” Energy &
Environmental Science, vol. 12, no. 4, pp. 1396–1403, 2019.

[41] S. Perumal, M. Samanta, T. Ghosh et al., “Realization of high
thermoelectric figure of merit in GeTe by complementary co-
doping of Bi and In,” Joule, vol. 3, no. 10, pp. 2565–2580, 2019.

[42] X. Zhang, J. Li, X. Wang et al., “Vacancy manipulation for
thermoelectric enhancements in GeTe alloys,” Journal of the
American Chemiscal Society, vol. 140, no. 46, pp. 15883–
15888, 2018.

[43] J. Shuai, Y. Sun, X. Tan, and T. Mori, “Manipulating the Ge
vacancies and Ge precipitates through Cr doping for realizing
the high-performance GeTe thermoelectric material,” Small,
vol. 16, no. 13, p. 1906921, 2020.

[44] M. Hong, J. Zhou, and Z. Chen, “Thermoelectric GeTe with
diverse degrees of freedom having secured superhigh perfor-
mance,” Advanced Materials, vol. 31, no. 14, p. 1807071, 2019.

[45] X. Zhang, Z. Bu, S. Lin, Z. Chen, W. Li, and Y. Pei, “GeTe ther-
moelectrics,” Joule, vol. 4, pp. 1–18, 2020.

[46] T. Chatterji, C. M. N. Kumar, and U. D. Wdowik, “Anomalous
temperature-induced volume contraction in GeTe,” Physical
Review B, vol. 91, no. 5, article 054110, 2015.

[47] J. Dong, J. Pei, H.-L. Zhuang, H. Hu, B. Cai, and J.-F. Li, “High-
performance electron-doped GeMnTe2: hierarchical structure
and low thermal conductivity,” Journal of Materials Chemistry
A, vol. 7, no. 48, pp. 27361–27366, 2019.

[48] B. Zhou, W. Li, X. Wang et al., “Promising cubic MnGeTe2
thermoelectrics,” Science China Materials, vol. 62, no. 3,
pp. 379–388, 2019.

[49] H. J. Goldsmid and J. W. Sharp, “Estimation of the thermal
band gap of a semiconductor from Seebeck measurements,”
Journal of Electronic Materials, vol. 28, no. 7, pp. 869–872,
1999.

[50] R. W. Cochrane, M. Plischke, and J. O. Ström-Olsen, “Magne-
tization studies of (GeTe)1−x(MnTe)x pseudobinary alloys,”
Physical Review B, vol. 9, no. 7, pp. 3013–3021, 1974.

9Research


	Anomalous Thermopower and High ZT in GeMnTe2 Driven by Spin’s Thermodynamic Entropy
	1. Introduction
	2. Theoretical Analysis and Experiment Design
	3. Results and Discussion
	4. Conclusion
	5. Experimental Section
	5.1. Synthesis
	5.2. Phase Structure and Microscopy Characterization
	5.3. Thermoelectrical Properties Measurement
	5.4. Magnetic Properties Measurement

	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

