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1. Introduction

Thermoelectric materials have the potential to convert waste heat into
electricity, offering a sustainable energy solution. However, their effi-
ciency is often limited by a fundamental trade-off between thermo-
power and electrical conductivity. Recent advances in spin-caloritronics

have highlighted the role of paramagnetic (PM)
effects, including spin entropy,[1–3]

superparamagnetism,[4,5] spin fluctuations,[6,7]

and paramagnon-drag,[8,9] in enhancing ther-
moelectric performance. These effects have gar-
nered significant interest in both disordered PM
semiconductors and magnetic semiconductors
as promising candidates for high-performance
thermoelectric materials.

Among the various magnetic semiconduc-
tors, antiferromagnetic (AFM) semiconduc-
tors have been widely studied for their
thermoelectric applications.[10–12] They are
favored over their ferromagnetic (FM) coun-
terparts due to the presence of doubly
degenerate magnon bands, higher magnon
group velocities, and longer magnon life-
times. These properties are crucial for the
transport of thermal energy and charge car-
riers in thermoelectric materials.[8]

In the condensed matter environment,
charge carrier spins, spin-waves (magnons),
spin-wave packets (paramagnons), and spin
entropy from spin and configurational degener-
acies can exhibit unique thermoelectric trans-
port properties under the influence of doping,
nano-inclusion, and external fields.[1–15] While
most spin-caloritronic effects are present only
in magnetically ordered domains below the
transition temperatures, paramagnon-drag and

spin entropy can exist in disordered paramagnetic domains, leading to
significant improvements in thermopower.

In the realm of PM phases, paramagnons play a crucial role. Paramag-
nons are quantized spin-wave packets that exist within short to
mid-range magnetic order in PM phases.[16] They are capable of drag-
ging itinerant (or band) carriers through mutual coupling, in
addition to the conventional diffusion transport mechanism (see
Figure 1a–c).[8,9] This interaction between carriers and paramagnons
can significantly enhance thermopower, as has been demonstrated in
recent studies of AFM Li-dopedMnTe[8] and FMHeusler alloys.[6] How-
ever, the magnon and paramagnon-drag thermopower can be signifi-
cantly affected by the bipolar conduction nature.[17]

Furthermore, the concept of spin entropy, which arises from the
spin and orbital degeneracies of localized ions, has been shown to
enhance thermopower in strongly correlated materials.[1–3] The elec-
tronic spin entropy is influenced by the competition between the
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Thermoelectric materials, capable of converting temperature gradients into
electrical power, have been traditionally limited by a trade-off between
thermopower and electrical conductivity. This study introduces a novel,
broadly applicable approach that enhances both the spin-driven
thermopower and the thermoelectric figure-of-merit (zT) without
compromising electrical conductivity, using temperature-driven spin
crossover. Our approach, supported by both theoretical and experimental
evidence, is demonstrated through a case study of chromium
doped-manganese telluride, but is not confined to this material and can be
extended to other magnetic materials. By introducing dopants to create a
high crystal field and exploiting the entropy changes associated with
temperature-driven spin crossover, we achieved a significant increase in
thermopower, by approximately 136 μV K�1, representing more than a 200%
enhancement at elevated temperatures within the paramagnetic domain. Our
exploration of the bipolar semiconducting nature of these materials reveals
that suppressing bipolar magnon/paramagnon-drag thermopower is key to
understanding and utilizing spin crossover-driven thermopower. These
findings, validated by inelastic neutron scattering, X-ray photoemission
spectroscopy, thermal transport, and energy conversion measurements, shed
light on crucial material design parameters. We provide a comprehensive
framework that analyzes the interplay between spin entropy, hopping
transport, and magnon/paramagnon lifetimes, paving the way for the
development of high-performance spin-driven thermoelectric materials.
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crystalline field and Hund’s rule coupling[1–3] leading to hopping trans-
port in localized carriers that is governed by the spin-selection rule (see
Figure 1d).[18] The mobility of these carriers is determined by various
factors, including activation energy, hopping frequency, separation
between hopping centers, and configurational degeneracy.[19]

While the net paramagnon-drag thermopower can be significantly
reduced by the bipolar conduction, spin entropy thermopower is not
similarly affected. This makes spin entropy a potentially effective route

for achieving high thermoelectric performance
in bipolar thermoelectric materials. However,
despite the promising prospects of spin
entropy, high thermoelectric performance
resulting from this effect is rarely reported in
materials with either intrinsic or extrinsic car-
rier nature.

In this study, we demonstrate high thermo-
electric performance in Chromium (Cr)-doped
Manganese Telluride (MnTe). We will discuss
how, in this bipolar ferromagnetic system, the
enhanced spin entropy resulting from
temperature-driven spin-crossover plays a cru-
cial role. Spin-crossover is a phenomenon
where a gradual temperature-driven transition
occurs between high-spin and low-spin
states.[20] To provide an overview of the objec-
tives and findings of this work, we have sum-
marized contemporary studies on MnTe-based
thermoelectrics in Table 1. The rest of the paper
will discuss the details of our study.

The thermoelectric performance of magnetic
semiconductors can be enhanced by designing
their spin environment, which directly influ-
ences spin-driven thermoelectric effects. How-
ever, this approach has been infrequently
explored in previous studies.[24–26] The spin
nature of these materials can be modified, for
example, through temperature-driven spin-
crossover, which transitions the spin states and
impacts the corresponding properties of the
magnetic or paramagnetic materials.

Our research demonstrates an enhancement
of PM spin-caloritronic effects due to
spin-crossover in Cr-doped MnTe. We investi-
gate its impact on carrier and thermoelectric
transport properties and aim to understand the
underlying processes to achieve high thermo-
electric performance.

Recent studies have reported that transition
metal doping, specifically with chromium (Cr),
in MnTe can exhibit several unique properties.
These include magnon bipolar carrier drag,[17]

crystal field-induced low-spin (LS) state in
manganese (Mn) ions,[17] presence of Mn3+

ions due to charge-transfer reactions,[17]

spin-crossover mediated heat capacity
contribution,[27] FM natures in AFM host,[17,27]

and magnon lifetime independent drag
thermopower.[17]

Cr-doped MnTe exhibits a bipolar carrier
nature due to the substitution of Mn2+ by Cr3+, FM-AFM clustering
due to the presence of FM CrTe phase, and a temperature-driven
spin-crossover in the 450–750 K range.[17,27] The high crystal field
from Cr3+ ions induces LS states in Mn ions, which transition to the
high-spin (HS) state above 450 K as thermal energy overcomes the
crystal field.[27] In Cr-doped MnTe, both Mn3+ (3d4) and Cr2+ (3d4)
ions can exist along with Mn2+ (3d5) and Cr3+ (3d3) due to the elec-
tron transfer reaction: Mn2+ + Cr3+→Mn3+ + Cr2+.[17,27] The

Figure 1. Carrier transport processes in magnetic and paramagnetic semiconductors: This figure
illustrates various carrier transport mechanisms in magnetic or paramagnetic semiconductors, along
with their respective mobility (μ) and thermopower (α) expressions: a) Drift Transport: Band carriers
are driven by an external electric field (E), moving electrons and holes in opposite directions. This
process is dominated by Coulomb scattering, carrier-phonon relaxations (τe or τh), and carrier-magnon
scattering (τem or τhm), the latter due to s-d exchange interactions. b) Diffusion Transport: A
temperature gradient (ΔT) drives band carriers in the same direction as the gradient, facilitating
electron and hole movement. c) Drag Transport: Band carriers are propelled by a magnon flux, created
by a temperature gradient, due to magnon/paramagnon-carrier drag, characterized by τem or τhm, τme

or τmh, and τm (magnon/paramagnon lifetime). d) Hopping Transport: Localized carriers engage in
hopping transport due to an entropy difference (ΔS) arising from spin and orbital degrees of freedom.
This transport is initiated when thermal energy (kBT) exceeds the activation energy (Δ) and is
dependent on the distance between hopping centers a), the availability of centers (1-x), and the
hopping frequency (v0). CB denotes the conduction band, VB the valence band, Eg the bandgap, EF the
Fermi energy, e the electron charge, m* the effective mass, c the magnon velocity, g the total
degeneracy, and N the total number of particles.
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magnetic susceptibility measurement reveals the LS (spin number,
S= 0.5) to HS (S= 2.4) transition of Mn ions at high temperatures in
the PM regime (above the Curie temperature of TC� 280 K),[27] which
supports the enhancement of the spin entropy. The heat capacity trend
of Cr-doped MnTe indicates the presence of magnons and paramag-
nons, which can be influenced by the temperature-driven spin-
crossover.[17,27]

The impact of spin-crossover on paramagnon lifetime is investigated
with inelastic neutron scattering (INS) and found to have insignificant
variation in the spin-crossover temperature range. Therefore, a detailed
analysis is performed to illustrate and analyze the impact of
spin-crossover on different carrier transport processes. Understanding
these processes will be instrumental in designing future
high-performance magnetic or PM thermoelectric materials.

2. Results

Figure 2 summarizes the thermoelectric transport properties of 5%
Cr-doped MnTe including electrical conductivity (σ) and thermopower
(α). The thermal conductivity (κ) and zT= σα2/κ are given in the
File S1. For better understanding, electrical conductivity and

thermopower of MnTe and Li-doped MnTe are shown in the insets.
MnTe is a p-type semiconductor that shows an extrinsic to intrinsic
transition in conductivity at Néel temperature due to spin-disorder
scattering.[17] Li-doped MnTe has higher p-type conductivity due to the
substitution of Mn2+ ions by Li+ ions causing the creation of holes (see
Equation 1). Li-doped MnTe also shows similar extrinsic to intrinsic
transition in conductivity at Néel temperature like MnTe. It is also
known that Cr-doping reduces the bandgap of MnTe,[17,27] and com-
pensates the p-type conductivity by substituting the Mn2+ ions with
electron donor Cr3+ ions that introduce the intrinsic carrier nature (see
Equation 2). Here, 3+ is the stable oxidation state of Cr in this material
system. The hole and electron donor nature of Li and Cr-doping in
MnTe, respectively, can be understood from the defect reaction equa-
tions considering the conservation of mass, charge, and sites based on
Kroger-Vink notation:

Mn0:97Li0:03Te ! 0:03Li�Mn þ 0:95Mn�Mn þ Te�Te þ 0:03hþ (1)

Mn0:95Cr0:05Te ! 0:05CrþMn þ 0:95Mn�Mn þ Te�Te þ 0:05e� (2)

Here, XY indicates X ions substituting Y ions, and the net charge of
the XY site is obtained by subtracting the charge of Y from the charge of
X. For example, at the LiMn site, the net charge is (+1) – (+2)=�1.
The number of holes/electrons is obtained such that the right side of
the equation is charge neutral.

Based on the electrical conductivity trend of Cr-doped MnTe shown
in Figure 2a, we can observe two distinct types of conductivity. Below
500 K, the electrical conductivity increases with temperature due to
thermal carrier excitation. Above approximately 500 K, electrical con-
ductivity exhibits an enhancement that can be attributed to additional
spin-crossover mediated carrier hopping. It is important to note that
this hopping conduction occurs at a deep paramagnetic temperature
(TC� 280 K), where no crystal or magnetic structure change is
observed,[27] and consequently, no band structure change occurs.

In Figure 3a, the diffusion and hopping electrical conductivities are
extracted, assuming that the conductivity below 500 K primarily results
from the bipolar diffusion of thermally excited carriers. Above the tran-
sition temperature, the mobility of conduction carriers in the MnTe sys-
tem typically reaches a saturation point due to the saturation of spin
disorder scattering.[8,17] Therefore, the diffusion electrical conductivity
above the transition temperature follows the trend of carrier concentra-
tion, which exhibits an exponential thermal excitation trend.[17] In con-
trast, the hopping conductivity, which is associated with the transport
of localized carriers, primarily follows the hopping mobility trend, as
the number of localized carriers remains approximately constant. Based
on these considerations, the hopping mobility is estimated and pre-
sented in Figure 3a. The hopping mobility is significantly lower than
the typical diffusion mobility of conduction carriers in the MnTe
system.[8,17] According to the hopping mobility expression shown in
Figure 1, the hopping barrier is determined to be 1.21 eV, and the
hopping frequency is found to be in the range of 1MHz. As indicated
in Figure 3, the hopping transport commences at temperatures above
approximately 500 K, and the anomalous enhancements of thermo-
power and inverse magnetic susceptibility also occur at a similar tem-
perature range.

According to Figures 2b and 3b, the total thermopower of Cr-doped
MnTe is nearly zero below its Curie temperature (TC� 280 K), then
experiences a slight increase until 500 K, and shows a significant
enhancement above 500 K, within a deep paramagnetic regime. In

Table 1. Recently studied MnTe-based spin-caloritronic systems.

Material
system

Conduction
type

Spin-caloritronic
effect

Impacted thermoelectric
properties

References

MnTe p-Type Magnon-drag

effect

Significant enhancement

in thermopower up to

the magnetic transition

temperature

[21]

MnTe:Li p-Type Paramagnon-drag

effect

Linear enhancement in

thermopower in the

paramagnetic domain

[8]

Spin Entropy Thermopower

enhancement due to

spin entropy

delocalized d-electrons

[22]

GeMnTe2 p-Type Spin

thermodynamic

entropy

Thermopower

enhancement from

disordering of spin

orientation by

modifying band

hybridization

[23]

MnTe:Cr Bipolar Magnon bipolar

carrier-drag

effect

Suppression of magnon/

paramagnon-drag

effect below and above

the transition

temperature

[17]

Spin-crossover

effect

Thermopower

enhancement at deep

paramagnetic

temperature due to

low spin to high spin

state transition of

magnetic ions from

thermal energy higher

than crystal field

energy

[27], this

work
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contrast, both MnTe and Li-doped MnTe exhibit an exponential
increase in thermopower below their Néel temperatures and a linear
improvement above the Néel temperature due to magnon and
paramagnon-drag effects, respectively. Given that Cr-doped MnTe
exhibits a bipolar conduction nature (as evidenced by Hall data in refer-
ence 17), the thermopower (including both electronic and drag contri-
butions) below the Curie temperature is significantly reduced,
primarily due to the bipolar effect on diffusion and magnon carrier
drag transport.[17]

Above the Curie temperature (TC� 280 K), thermopower begins to
incrementally increase with temperature, with an abnormal rise of
approximately 136 μV K�1 above 500 K, deep within the paramagnetic
domain. Recent studies suggest that this behavior may be linked to phe-
nomena such as paramagnon drag effect and spin entropy.[8,22,28] It is
imperative to elucidate the anomalous thermopower enhancement
above 500 K by examining these contributing factors. Specifically, if
paramagnon drag is influencing the paramagnetic thermopower trend
in Cr-doped MnTe, the observed thermopower spike should correlate
with an increase in paramagnon lifetime at similar temperatures, given
that drag thermopower is directly proportional to paramagnon
lifetime.[8,28] Our measurements of paramagnon lifetime at elevated
temperatures aim to test this hypothesis, with details provided in the
subsequent discussion.

To substantiate the role of spin entropy in thermopower, it is neces-
sary to confirm the presence of various magnetic ions in Cr-doped
MnTe and to demonstrate an increase in entropy at the pertinent tem-
peratures. The experimental evidence supporting these assertions is out-
lined below. In summary, spin entropy appears to underpin the
thermopower trends in Cr-doped MnTe, a topic that will be further
explored in the following section.

To affirm the influence of paramagnon drag on the paramagnetic
thermopower of Cr-doped MnTe, an analysis of heat capacity data is
instructive, as it reflects the presence of magnons and paramagnons.
Prior literature has documented heat capacity measurements for Cr-
doped MnTe, verifying the existence of these quasiparticles.[17,27]

While the bipolar effect markedly diminishes
magnon drag thermopower below the Curie
temperature,[17] a residual paramagnon drag
thermopower persists, albeit reduced. It is
important to note that the extent of this sup-
pression can vary based on multiple factors,[17]

including magnon/paramagnon lifetime,
which may be altered by magnetic transitions.

To corroborate the anomalous thermopower
enhancement in the deep paramagnetic regime,
we have undertaken measurements of paramag-
non lifetime in Cr-doped MnTe to detect any
variations within this regime. Literature
indicates that Cr-doped MnTe undergoes a
spin-state transition at deep paramagnetic
temperatures,[27] hence measuring paramagnon
lifetime can provide insights into the potential
interplay between paramagnons and spin-state
transitions. Accordingly, we have conducted
INS measurements across a temperature range
of 50–800 K. The paramagnon lifetime is
derived from the energy-momentum spectra
obtained from these INS measurements.

The INS spectra for Cr-doped MnTe,
depicted in Figure 4a–f, represent selected temperatures within the
magnetic and PM domains, with additional spectra available in the
File S1. As shown in Figure 4a, the low-temperature INS data
(<290 K) mirrors the magnon dispersion observed in Li-doped
MnTe,[8] attributable to the influence of Mn2+ ions on the spin-wave
nature of both MnTe systems. The orientation-averaged magnon
branches in polycrystalline Cr-doped MnTe originate from magnon
Bragg peaks at approximately 0.92 and 1.95 Å�1, with magnon
bands extending to �30 meV. Notably, distinct magnon branches
are present at 290 K, just above the TC, suggesting that Mn ions pre-
dominate in the magnon system of Cr-doped MnTe, with the FM
character stemming from Cr-induced impurity domains within the
MnTe matrix. Beyond 290 K, the magnon bands at 30 meV vanish,
as detailed in the File S1, and paramagnon scattering emerges near
0.92 Å�1. The lifetimes of magnons and paramagnons are ascer-
tained from the Lorentzian-fitted broad inelastic features, S(E), also
known as quasi-elastic, which manifest at E= 0 for the PM domain
and E> 10 meV for the magnetic domain, in accordance with the
Heisenberg uncertainty principle (refer to Figure 4g,h). The para-
magnon scattering feature maintains a consistent intensity and energy
distribution across all temperatures within the PM domain. Paramag-
non lifetimes are calculated from the S(E) profile at 0.92 Å�1, while
magnon lifetimes are derived from the S(E) at 1.5 Å�1.

Figure 4i presents the estimated lifetimes of magnons and paramag-
nons. Typically, paramagnon lifetime estimations are more accurate
than those of magnons. Instrumental limitations often result in under-
estimations of the actual magnon lifetime. Above approximately 300 K,
the paramagnon lifetime remains nearly constant at around 24 fs,
closely aligning with the measured paramagnon lifetime of 27 fs in Li-
doped MnTe.[8] Below 300 K, the magnon lifetimes sharply increase by
approximately five times. Interestingly, we observe no variations in
paramagnon lifetimes in the deep paramagnetic regime above 500 K,
despite the temperature-induced spin-crossover in Cr-doped MnTe.
This suggests that paramagnon lifetime, and consequently paramagnon
drag thermopower, is unaffected by temperature-driven spin-state

Figure 2. Temperature-dependent thermoelectric transport properties of 5% Cr-doped MnTe: This
figure presents the thermoelectric transport properties of 5% Cr-doped MnTe, which has a Curie
temperature (TC) of approximately 280 K. a) Electrical Conductivity: The distinct regions of thermal
carrier excitation and hopping conduction as functions of temperature. b) Thermopower: The
contributions of magnon bipolar carrier drag and spin-crossover mediated spin-entropy to
thermopower, again as functions of temperature. In both graphs, low-temperature data (blue circles)
were obtained using a Physical Property Measurement System (PPMS), while high-temperature data
(red circles) were collected using standard thermoelectric property measuring equipment, as described
in the Methods section. The insets show the electrical conductivity (left) and thermopower (right) of
pure MnTe (black circles) and Li-doped MnTe (green circles) for comparison.

Energy Environ. Mater. 2024, 0, e12822 4 of 10 © 2024 The Author(s). Energy & Environmental Materials published by
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transitions. Therefore, the consistent paramagnon lifetime in Cr-doped
MnTe implies that the anomalous enhancement of thermopower is not
attributable to the paramagnon drag effect. However, a suppressed form
of drag thermopower may still exist in Cr-doped MnTe due to its bipo-
lar conduction nature.

It is worth mentioning that there is a distinction in the trends of
anomalous thermopower enhancement between Li-doped and Cr-
doped MnTe. In unipolar (p-type) Li-doped MnTe, the thermopower
enhancement starts below the Néel temperature (TN= 307 K), maxi-
mizes at TN, and remains constant above TN at approximately
100 μV K�1 up to �900 K. Based on INS and heat capacity measure-
ments, Li-doped MnTe has a sufficient paramagnon lifetime to contrib-
ute to the drag thermopower. In contrast, Cr-doped MnTe is a bipolar

system with a significantly reduced drag thermopower. The extent of
this reduction depends on carrier concentration, carrier effective mass,
and magnon-carrier relaxation time.[17] In the ferromagnetic domain,
the negligible thermopower in 5% Cr-doped MnTe suggests a nearly
total cancelation of p-type and n-type drag and diffusion thermopower
contributions due to the bipolar effect. In the paramagnetic domain,
anomalous thermopower enhancement is observed only at �500 K,
while the magnetic transition occurs at �280 K and the paramagnon
lifetime remains almost constant throughout the entire paramagnetic
domain. This implies that the underlying reason for thermopower
enhancement in Cr-doped MnTe is different from that in Li-doped
MnTe, as discussed in the following sections. The small enhancement
in thermopower (�50 μV K�1) at the beginning of the paramagnetic
domain of Cr-doped MnTe could be due to paramagnon drag effects
resulting from disproportionate changes in paramagnon properties for
n-type and p-type carriers.

To validate the second prospective explanation for the anomalous
behavior of paramagnetic thermopower, namely spin entropy, we need
to understand the magnetic nature of Cr-doped MnTe in the
paramagnetic regime. We have measured the magnetic susceptibility of
Cr-doped MnTe to study the nature of magnetic ions (see Figure 3
[bottom]). The magnetic susceptibility reveals a spin-crossover occur-
ring at the same temperature range where Mn2+ and Mn3+ ions transi-
tion from LS to HS states.[27] The Curie–Weiss analysis on magnetic
susceptibility (χM) of Cr-doped MnTe provides critical information
about the spin states in the paramagnetic domain. In these domains,
inverse susceptibility exhibits multiple slope changes associated with
the change of the spin states. The spin number (S ) is calculated from
the inverse magnetic susceptibility using the Curie–Weiss law (see Ref.
[17] for details on calculation), which is found as S= 0.5 at 300–
400 K and S= 2.4 at >700 K. The S= 0.5 is due to the LS Mn2+

(LSMn2+= 0.5) and Mn3+ ions (LSMn3+= 0), while S= 2.4 is due to
the HS states of Mn2+ (LSMn2+= 2.5) and Mn3+ ions (LSMn3+= 2.0).
The magnetic susceptibility provides experimental evidence for
temperature-driven spin crossover. It is also imperative to provide
experimental support to spin entropy in Cr-doped MnTe, which can be
achieved by studying different oxidation states of Mn ions.

To determine the oxidation states of Mn ions, we performed X-ray
photoemission spectroscopy (XPS) on the powder sample. The sample
holder was prepared inside a glovebox under an Ar environment by
uniformly dispersing the powder on carbon tape and sealing the sample
holder in an Ar-filled plastic bag to reduce the growth of native oxides.
The sample holder was loaded into the XPS chamber under continuous
nitrogen flow. The collected XPS spectrum of Mn ions is shown in Fig-
ure 5, along with the detected characteristic peaks associated with the
Mn 2p cores. The entire XPS spectra are given in the File S1.

The obtained XPS features for Mn ions were analyzed with the
CasaXPS software package to determine the existing oxidation states of
Mn in Cr-doped MnTe. Binding Energy (BE) calibration was performed
referencing the adventitious carbon peak (C 1s at 285.0 eV). The XPS
spectra for Te 3d and Cr 2p cores have almost the same range of BE
[File S1].[29] The peak fitting analysis for the Mn 2p core is illustrated
in Figure 5. According to the analysis, XPS spectra of Mn 2p core can
be deconvoluted into four peaks. The first two peaks are associated with
Mn2+ and Mn3+ oxidation states, in agreement with the magnetic sus-
ceptibility results. The third peak can be associated with either MnO2 or
satellite features.[30,31] The oxide phase can originate from some native
Mn oxides grown during the sample loading into the chamber. The
fourth peak is the satellite peak originating from the charge transfer

Figure 3. a) Electrical transport properties of 5% Cr-doped MnTe:
Temperature-dependent electrical conductivity. Conductivity contributions
from diffusion and hopping transport are estimated based on the dominant
carrier transport mechanisms at different temperature ranges. The mobility
of 5% Cr-doped MnTe in the hopping transport regime is estimated from
the hopping conductivity contribution. b) Thermopower and Inverse
Magnetic Susceptibility of 5% Cr-doped MnTe: Both thermopower and
inverse magnetic susceptibility show enhancements in the paramagnetic
regime. The changes in spin number occur within a similar temperature
range, suggesting a significant influence of temperature-driven spin-crossover
on the enhancement of paramagnetic thermopower. Data from 2 to 400 K
and 300 to 800 K were collected using two different instruments, with an
overlap in the 300–400 K range. Detailed experimental procedures are
provided in the Materials and Methods section.
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Figure 4. Inelastic neutron scattering spectra, S(Q,E), for 5% Cr-doped MnTe at various temperatures within the magnetic (a, 240 K and b, 290 K) and
paramagnetic domains (c, 310 K; d, 400 K; e, 600 K; and f, 800 K). g) Magnon bands in the magnetic domain are observed to broaden with increasing
temperature. In the magnetic domain, spin-induced inelastic relaxation is quantified from the magnon branch in the range 1.1< |Q|< 1.6, distinct from the
dominant elastic relaxation. h) In the PM domain, spin relaxation is determined by fitting the S(E) intensity within 0.8< |Q|< 1.1 to a Lorentzian profile. i)
The resulting spin lifetime as a function of temperature is presented, alongside a comparison with the paramagnon lifetime reported in reference [8].
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between the outer electron shell of the ligand and the unfilled 3d shell
of Mn during the XPS.[30,31] Combining the results of magnetic suscep-
tibility and XPS, we found that Cr-doped MnTe has the presence of
both Mn2+ and Mn3+ ions and spin-state transitioning happens at deep
paramagnetic regime where the anomalous thermopower enhancement
occurs. These findings support the spin-crossover mediated spin
entropy thermopower concept which is discussed in the following sec-
tion in detail.

3. Discussion

The spin entropy in 5% Cr-doped MnTe is primarily influenced by Mn
ions, which are more prevalent than Cr ions. Susceptibility data indi-
cates that Mn ions undergo a temperature-dependent spin-crossover
above 400 K, a process governed by the balance between electron–elec-
tron repulsion energy (also known as chemical pressure) and the
energy barrier imposed by crystal-field or spin-orbit coupling.[24] In
Cr-doped MnTe, Cr3+ ions, with their 3d[3] configuration, maintain a
HS state and generate a strong crystal field. This field, at low tempera-
tures, keeps Mn ions in a LS state.[27] The carrier hopping associated
with spin entropy in LS Mn ions can be amplified by a temperature-
driven spin-crossover, which disrupts the spin-selection rule-controlled
spin blockade effect.[18] Between the temperature range of 400–700 K,
a gradual transition from LS to HS occurs. This slow transition also
results in a broad peak in heat capacity in the paramagnetic domain,
originating from the excess free energy due to the spin crossover.[27] In
dn (4≤ n≤ 7) transition metal systems, the coexistence of both LS and
HS ions is possible when crystal field and Hund’s exchange energy are
comparable.[32] Table 2 summarizes the probable spin-states for Mn
and Cr ions in Cr-doped MnTe, along with the allowed and forbidden
spin transitions between Mn3+ and Mn2+, and Cr3+ and Cr2+ ions with
different spin-states. The spin transitions in the system adhere to the
selection or blockade rule, which stipulates that electron hopping to
adjacent paramagnetic sites should result in an identical spin configura-
tion, i.e., Δms= 0.[33]

In a 5% Cr-doped MnTe system, the spin entropy is primarily
influenced by Mn ions, which are present in a significantly higher pro-
portion (�95%) compared to Cr ions (�5%). This spin entropy arises
from Mn3+ and Mn2+ ions in both LS and HS states, enabling electron
hopping.

An unusual increase in PM thermopower is observed, which is
attributed to the difference in spin entropy between LS and HS states of
Mn ions. This difference is due to the varying spin degeneracy of Mn
ions in these states.

The spin entropy contribution from Cr ions is negligible due to their
limited presence. At the high-temperature limit, the thermopower due to
orbital and spin degeneracy is expressed using the Heikes formula:[1,34]

αSE =� kB
e
ln gcgs
� �

=� kB
e
ln

g2
g3

x

1�x

� �
(3)

Here, gc and gs represent the configurational and spin degeneracy of
the magnetic ions, respectively. The spin degeneracy for Mn ions is
defined as gLS3 = 3 for Mn3+ LS, gLS2 = 6 for Mn2+ LS, gHS3 = 25 for
Mn3+ HS, and gHS2 = 6 for Mn2+ HS. The configurational degeneracy
(x) remains constant in both LS and HS states. The transition between
Mn3+ and Mn2+ from LS to HS alters the spin entropy, enhancing the
thermopower. This can be calculated using the following relations:

ΔαSE =� kB
e
ln

gHS2
gHS3

x

1�x

� �
þ kB

e
ln

gLS2
gLS3

x

1�x

� �

=� kB
e
log

3

25

� �
≈180 μV K�1

(4)

The experimental results align with the observed anomalous
enhancement of the PM thermopower, approximately 136 μV K�1,
considering experimental variations and approximating assumptions.
The spin crossover-mediated spin entropy contribution significantly
boosts thermopower by around 200%, electrical conductivity by
approximately 280%, thermal conductivity by about 25%, and the ther-
moelectric figure of merit (zT) by roughly 655% [File S1].

However, despite these enhancements, the zT of 5% Cr-doped MnTe
remains low (0.07 at around 800 K). This could potentially be
improved by optimizing carrier hopping transport under the influence
of spin-crossover mediated spin entropy.

It is important to note that while the thermopower and zT of Cr-
doped MnTe show improvement, the bipolar nature of this material
significantly restricts the overall thermoelectric performance of the sys-
tem. The only advantage of this bipolar conduction nature is the ability
to exclude the contribution of electronic and drag thermopower,

Figure 5. X-ray photoelectron spectroscopy (XPS) analysis of Mn 2p core
levels in 5% Cr-doped MnTe, highlighting the peaks corresponding to Mn2+

and Mn3+ oxidation states.

Table 2. Overview of selection rules for spin transitions between Mn3+/
Mn2+ and Cr3+/Cr2+ ions in Cr-doped MnTe.

HS Mn2+ LS Mn2+

HS Mn3+ ✓ X

LS Mn3+ X ✓

HS Cr2+ LS Cr2+

HS Cr3+ ✓ X

LS Cr3+ X ✓
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thereby demonstrating the concept and advantage of spin-crossover
mediated spin entropy in achieving higher thermoelectric performance.
Given that the spin-crossover mediated spin entropy affects localized
carriers, this concept could be leveraged to design a more efficient ther-
moelectric system with unipolar transport.

3.1. Enhancing zT through Optimization of Carrier
Concentration and Cr Doping

The thermoelectric performance of Cr-doped MnTe can be enhanced
by optimizing the Cr-doping and carrier concentration to maximize the
spin-crossover mediated spin entropy gradient. Cr-doping in MnTe
compensates for holes by replacing hole-donor Mn ions with electron-
donor Cr ions. However, the hole concentration can be increased
through Li-doping.[8]

X-ray diffraction (XRD) data of the Cr-doped MnTe samples reveal a
small amount of CrTe, suggesting that not all Cr ions substitute Mn.[17]

Interestingly, Li co-doping eliminates the CrTe, indicating a higher rate
of Cr substitution and doping activation in the Li-doped MnTe system
(see XRD analysis in Supporting Information). By optimizing Cr- and
Li-doping, we can create a more efficient spin-driven thermoelectric
system with a zT of approximately 1 at 1100 K.

Figure 6a presents the magnetic and inverse magnetic susceptibility
of Mn0.93Cr0.04Li0.03Te, supporting the occurrence of a temperature-
driven spin-crossover. The magnetic susceptibility of both Cr-doped
and Cr-Li co-doped MnTe exhibits similar temperature-dependent
trends. Mn0.93Cr0.04Li0.03Te has a lower TC than Mn0.95Cr0.05Te, as the
reduced amount of Cr creates less favorable conditions for the forma-
tion of FM Cr-Cr exchange interactions.[17] Furthermore, the spin cross-
over in Mn0.93Cr0.04Li0.03Te occurs at a lower temperature than in
Mn0.95Cr0.05Te. The spin crossover temperature is influenced by the
crystal field created by Cr ions and the exchange interaction between
high-spin (HS) ions.[27] The lower quantities of Cr and Mn ions in
Mn0.93Cr0.04Li0.03Te contribute to the shift of the spin crossover to a
lower temperature.

The thermopower trends in Figure 6b corroborate the influence of
spin entropy, which is augmented by the spin crossover in the PM
domain. The zT for Mn0.93Cr0.04Li0.03Te reaches approximately 1 at
1100 K, a result of multiple factors including the optimized Fermi level
and the effects of spin on both thermopower and electrical conductivity.
The electrical and thermal conductivities are detailed in the File S1. At

lower temperatures, the thermopower of
Mn0.93Cr0.04Li0.03Te is negative, in contrast to
the nearly zero thermopower of Mn0.95Cr0.05Te.
This may seem counterintuitive since Cr ions act
as electron donors in MnTe, which would typi-
cally lead to n-type conductivity.

The defect equations for CrLi-doped MnTe is
as follows:

Mn0:93Cr0:04Li0:03Te ! 0:03Li�Mn þ 0:04CrþMn

þ0:93Mn�Mn þ Te�Te þ 0:01e� (5)

As previously discussed, not all Cr ions are
substitutionally doped into MnTe, resulting in a
trace presence of CrTe in the Cr-doped MnTe.
However, Li co-doping enhances the substitu-

tion of Mn by Cr, leading to a greater number of active electron donors
and increased n-type conductivity in Mn0.93Cr0.04Li0.03Te compared to
Mn0.95Cr0.05Te.

In general, the spin-crossover process enhances the spin-entropy-
driven thermopower, and optimal doping improves the electrical con-
ductivity, thereby increasing the zT of Mn0.93Cr0.04Li0.03Te to above 1
at high temperatures.

When compared to Li-doped MnTe, CrLi-doped MnTe exhibits
lower thermoelectric performance; for instance, at approximately
900 K, CrLi-doped MnTe has a zT of about 0.5, whereas Li-doped
MnTe reaches a zT of approximately 1.

It is important to note that the aim here is not to report a high-
performing thermoelectric material system, but rather to demonstrate
the potential of the spin-crossover driven spin-entropy effect in design-
ing high-performance thermoelectrics. This is achieved through the
synergistic optimization of other properties, highlighting the promising
prospects of this approach.

4. Conclusion

As advancements in thermoelectric materials based on the optimization
of electron and phonon transport properties begin to plateau, spin,
and quantum materials have emerged as promising avenues for the
development of high-performance thermoelectrics. A key challenge
with conventional thermoelectrics is the inverse relationship between
thermopower and carrier concentration, a consequence of electrons
being fermions and thus subject to Fermi-Dirac statistics. In this study,
we have introduced a new category of thermoelectric materials that
can circumvent this fundamental limitation through the use of spin-
crossover mediated spin entropy in the paramagnetic regime. This
approach leads to a substantial increase in the thermoelectric power
factor and zT. Specifically, for the case of simple binary material Cr-
doped MnTe, the spin entropy and hopping transport boost the ther-
mopower by approximately 200%, the electrical conductivity by
around 280%, the thermal conductivity by about 25%, and the zT
by roughly 655%. By further optimizing the sample in terms of carrier
concentration and carrier hopping under the influence of the spin-
crossover mediated spin entropy, the zT reaches unity at 1100 K. These
findings introduce a new approach for the development of
high-performance spin-driven thermoelectric materials, enabling the
enhancement of thermopower without negatively impacting electrical

Figure 6. a) Depicts the magnetic susceptibility and its inverse for Mn0.93Cr0.04Li0.03Te, providing
evidence for the occurrence of spin-crossover within the paramagnetic domain. b) Presents the
significant enhancement in thermopower and zT due to the influence of spin-crossover mediated spin
entropy at approximately 350 K, culminating in a zT of approximately 1 at 1100 K.
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conductivity, thereby challenging traditional paradigms in thermoelec-
tric material design.

5. Experimental Section

Resource availability: Lead contact—Further information and requests for
resources should be directed to and will be fulfilled by the lead contact, Daryoosh
Vashaee (dvashae@ncsu.edu).

Materials availability—This study did not generate new unique reagents.

Materials and methods: Sample preparation—The synthesis of Cr-doped
and Cr-Li co-doped MnTe samples involved several steps, starting with the use of
99.99% pure Mn, Te, Cr, and Li elements. The elemental powders were first milled
in a tungsten carbide (WC) bowl for 8 hours at 650 rpm under an argon environ-
ment, using a Fritsch P7PL planetary ball mill. Following this, the milled powder
was annealed at 850 °C for 24 h under vacuum in a rocking furnace. This process
ensured a homogeneous phase with a roughly uniform distribution of dopants.
The annealed powder was then milled again for another 8 h in a WC bowl.

The powder was subsequently consolidated into cylindrical ingots using a
homemade spark plasma sintering (SPS) system, housed in a glove box filled with
argon. The SPS process was carried out under approximately 50MPa pressure,
with a constant heating rate of 60 °C/min, reaching a maximum temperature of
950 °C. This temperature was maintained for a soaking time of 20min. Through-
out the process, the levels of O2 and H2O were consistently kept below 0.1 ppm
inside the glove box. The resulting consolidated ingots achieved a density greater
than 97% of the ideal value.

Sample characterization—The characterization of the Cr-doped and Cr-Li co-
doped MnTe samples involved several techniques.

Firstly, room temperature X-ray diffraction (XRD) patterns were collected using
a Rigaku Miniflex with Cu-Kα radiation at a wavelength of 0.154 nm, operating
under 40 kV and 15mA. The XRD analysis confirmed the polycrystalline phase of
Mn1 � xCrxTe without any phase impurity, with no traces of Cr, MnO, or MnTe2
phases observed. The XRD pattern is provided in the Supporting Information.

The temperature-dependent magnetic susceptibility was measured using a
vibrating sample magnetometer (VSM) in a Quantum Design DynaCool 12 T
Physical Property Measurement System (PPMS). Measurements were taken from
2 to 400 K and from 300 to 800 K using the VSM Oven, all under a helium
environment.

Electrical conductivity was determined using the standard 4-point probe
method with Linseis equipment, from 200 to 850 K, also under a helium environ-
ment. Thermopower was measured simultaneously, with measurements per-
formed for five different temperature gradients with a tight temperature
tolerance. Each measurement was repeated four times and then averaged, with
thermopower calculated from the slope fitting to five separate ΔT and ΔV.

A thin cylindrical disk (diameter 6 mm, thickness 0.65 mm) was cut from the
ingot to measure the thermal diffusivity in the same direction as the electrical
conductivity and thermopower. The thermal diffusivity was measured using the
laser flash method with Linseis equipment under a vacuum environment, from
280 to 900 K. The thermal conductivity (κ) was calculated using the relation
κ= ρCpυ, where ρ is the mass density measured with the Archimedes method,
and Cp is the specific heat capacity.

[27]

Low-temperature (2–400 K) transport properties were measured with the ther-
mal transport option (TTO) puck of the Quantum Design DynaCool 12 T PPMS
under zero field and a helium environment.

Inelastic Neutron Scattering (INS) measurements were performed with
SEQUOIA, a direct geometry time-of-flight chopper spectrometer with fine
energy transfer (E ) and wave-vector (Q ) resolution capabilities. Data were col-
lected at a temperature range of 50–800 K with arbitrary step size (see Supporting
Information). All data are represented as a function of neutron energy transfer, E,
and momentum transfer, |Q|, where for elastically scattered neutrons |Q|= 4πsin
(θ)/λ, with θ as the scattering angle and λ as the neutron wavelength.

Lastly, the room-temperature X-ray photoemission spectroscopy (XPS) spectra
were acquired using a FlexMod X-ray Photoelectron Spectrometer with a PHOI-
BOS 150 Hemispherical analyzer, offering a resolution of less than 1 eV. The XPS
measurements and analysis were performed at the Analytical Instrumental Facility
(AIF) at NC State University, under vacuum conditions with the base pressure in

the 10�10 mbar range analysis chamber. The X-ray source for XPS measurement
was Mg kα excitation with 1254 eV. The Takeoff angle was normal to the surface,
while the X-Ray incidence angle was �30° from the surface and the X-ray source
to the analyzer �60°. The XPS spectra were analyzed with the CasaXPS software
package. The powder sample was uniformly dispersed on the sample holder with
double-sided Carbon tape.
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