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Understanding and design
of spin-driven thermoelectrics

Md Mobarak Hossain Polash,’-? Duncan Moseley,® Junjie Zhang,>* Raphaél P. Hermann,?
and Daryoosh Vashaee'-?>*

SUMMARY

While progress in thermoelectric materials based on the engineering
of electronic and phononic characteristics is reaching a plateau, the
addition of the spin degree of freedom has the potential to open a
new landscape for alternative thermoelectric materials. Here, we
present the concepts, current understanding, and guidelines for
designing spin-driven thermoelectrics. We show that the interplay
between the spin and heat currents in entropy transport via charge
carriers can offer a path to enhance the electronic thermopower.
The classical antiferromagnetic semiconductor manganese telluride
(MnTe) is chosen as the case study due to its significant spin-medi-
ated thermoelectric properties. We show that, although the spin-dis-
order scattering reduces the carrier mobility in magnetic materials,
spin entropy, magnon, and paramagnon carrier drags can dominate
and significantly enhance the thermoelectric power factor, and
hence zT. Finally, several guidelines are drawn based on the current
understanding for designing high-performance spin-driven thermo-
electric materials.

INTRODUCTION

With the progress in developing high-efficiency thermoelectric materials over the
last 2 decades, the thermoelectric market continues to grow for various applications,
including power generation, cooling, sensing, and imaging applications. Accord-
ingly, new generations of thermoelectric devices'™ and characterization tech-
niques®® have also been developed. New thermoelectric (TE) materials have
been designed based on original concepts such as power factor enhancement via
carrier filtering,"? carrier pocket engineering,'®'? complex structures,'*'* creation
of resonant energy levels close to the band edges,'” and low dimensional struc-
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tures.'®"” Enhanced phonon scattering via nano-inclusions and nanostructur-
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Table 1. Selected material studies demonstrating spin-driven thermoelectric properties

Spin-caloritronic effects Materials Impacts Ref.

Magnon-carrier drag Fe, Co, Ni, MnTe theoretical view of the magnon-carrier drag 9658

Spin-fluctuation Fe,VAlg ¢Sig 1, AT4Sby, skutterudites thermopower enhancement 59

Spin-entropy (spin and BiCuSeO, Na,Co,04 thermopower enhancement from spin entropy YD

configurational degeneracies)

Spin-Seebeck Pt/Holey MoS,/Y3FesO1z, Bi:YIG film, thermopower enhancement 61-63
NiFe,Oy/Pt

Half-metallicity Heusler and half-Heusler families high zT from engineering of electron and S

phonon transport properties

Superparamagnetism XTM/Bag 3Ing 3C04Sb1, (TM = Co, Fe or Ni), rnhanced thermoelectric performance from 66,67

Bio.sSby 5Tes with Fe304 nanoparticles magnetic and superparamagnetic fluctuations,

2T = 1.8, 32% enhancement due to spins

Spin thermodynamic entropy GeMnTe, zT = 1.4, ~45% enhancement due to spins and o8

carrier concentration optimization

Paramagnon-carrier drag MnTe, Mn1.Cr,Sb thermopower, zT = 1, ~300% enhancement 37.39

due to spins

landscape to engineer thermoelectric materials based on the spin’s contributions. The
motivation originates from the fact that magnons (spin-wave) are bosons and are not
bound to the fermionic limitation that introduces a counterindicative relation between
electrical conductivity and thermopower through the Fermi energy.*®' Magnetic ma-
terials can deliver spin contributions to the thermopower over a broad range of temper-
atures from below to above room temperature. Some transition metal oxides have also
shown a spin contribution to thermopower from crystal-field driven spin entropy.**~**
As such, they can offer a prospect for various thermoelectric technologies, including en-

-3 with high performance coming

ergy harvesting, sensing, or cooling applications,
from the auspicious spin-caloritronic effects.”’*'" A complete understanding of the
spin-based thermoelectric impact in magnetic semiconductors can pave the way to en-
gineering the thermoelectric materials with larger power factors beyond the fermionic
limitations.**" In spin-caloritronic systems, spin can exist as the individual spin of itin-
erant carriers, spin-wave, and spin-wave packets. Spin-wave and spin-wave packets, the
localized coupled spin ensembles, also known as magnons, and paramagnons, respec-
tively, behave as bosonic quasiparticles in the condensed matter.*’*” The addition of
the spin degree of freedom into the linear Onsager system having reciprocally coupled

charge and phonon*?*?

can offer an excess thermopower contribution to the diffusion
one (i.e., the entropy carried by free electrons, ae = (7rkB)2T/?:eEF).3O'31 Over the de-
cades, various spin-caloritronic effects on thermopower have been studied, such as

spin fluctuation systems,***> heavy fermion effects in Kondo lattices,***® dilute Kondo

systems,””™" spin-Seebeck and spin-Peltier effects,””>* spin-dependent Seebeck and
Peltier effects,”>° spin entropy in hopping systems,?*“° magnon-electron drag
37,39

(MED) effect,’’ paramagnon-electron drag effect,
drag effect,®’ but until now, none of these effects have led toward a high thermoelectric

and magnon-bipolar carrier

figure-of-merit dominantly due to the spin effects. Table 1 summarized different mate-
rial systems studied thus far, showing spin-driven thermoelectric properties.

The base materials for most of the systems listed in Table 1 are already good thermo-
electric materials in which some magnetic doping is used to further increase the already
high zT. The scenario is different for the manganese telluride (MnTe) system, a simple
binary antiferromagnetic (AFM) semiconductor with a hexagonal NiAs crystal structure.
The spin effects such as magnon/paramagnon drag and spin-disorder scattering have
been observed in many ferromagnetic (FM) and AFM materials, with similar trends as in
MnTe.?/3756:57.67 MnTe displays spin effects more significant than electronic effects on
thermoelectric properties leading to zT = 1. Without the spin effects, MnTe is not a
good thermoelectric material (electronic diffusion transport at optimum carrier

2 Cell Reports Physical Science 2, 100614, November 17, 2021



Cell Reports

Physical Science ¢? CelPress
OPEN ACCESS

Figure 1. Schematic of magnon-electron drag (MED) and MnTe crystal

(A) Schematic demonstration of the MED in a magnetic material. Ty and T¢ are the temperatures at
hot and cold ends, w,, and wy, are the magnon and phonon frequency, and e represents an
electron.

(B) The crystal of a-MnTe in the hexagonal NiAs structure. Jq, Jo, and J3 represent the magnetic
exchanges between pairs of first, second, and third nearest-neighbor Mn ions, respectively.

concentration gives zT = 0.3). However, zT enhances by ~300% solely due to the spin
effects. This enhancement is observed, interestingly, in the paramagnetic (PM) domain,
where the magnetic ordering is diminished. Therefore, we base this study on the MnTe
system to emphasize the spin-driven effects.

Recent studies on MnTe have demonstrated the significant spin-based thermo-
power contribution from paramagnon-hole drag, leading to zT > 1 in the deep para-
magnetic domain.?” The salient feature of paramagnon-carrier drag compared to
other spin-caloritronic effects is that paramagnons originate from the long spin-
spin correlation that lived in the short-range ordered domains above the transition
temperature. Moreover, MnTe is a simple binary spin system that can provide better
insight into designing high-performance spin-driven thermoelectrics compared to
the complex materials in which synergistic electronic and spin effects cause a high
zT. To avoid any confusion, we like to clarify that in this article, we are not reporting
a new material system; instead, our focus is to develop a guideline for designing
high-performance spin-driven thermoelectric materials. MnTe is chosen for the
above-mentioned reasons; furthermore, all of the needed data for this study is avail-
able to the authors. However, for self-consistency, we resynthesized and character-
ized similar samples as in Zheng et al.>’ Furthermore, we reproduced the reported
data and performed further characterizations to understand and develop a general-
ized guideline for the broad thermoelectric community.

In FM and AFM materials, the coupling between phonons and magnons due to the
thermal fluctuations of the localized spins’ long-range ordered structure induces a
momentum gradient into the magnon system, which can influence the itinerate elec-
trons or holes via s-d or p-d interaction.?’-*” This transfer of linear momentum cre-
ates a drag effect on the electrons or holes. Hence, an advective transport mecha-
nism is introduced to the charge carriers, resulting in the excess contribution of
magnon drag thermopower to the diffusion thermopower. Figure 1A illustrates
the MED mechanism schematically into a magnetically ordered material system.

The paramagnon drag may occur above the transition temperature in short to mid-
range ordered magnetic structures. A short-lived spin-wave in short to mid-range
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ordered structures can still act as a wave packet or quasi-magnon (paramagnon) due
to the local thermal fluctuations of magnetization.?’*” These paramagnons in the
PM regime are expected to drag electrons (or holes) when the paramagnon lifetime
is greater than the charge carrier momentum relaxation time, and the spatial spin-
spin correlation length is larger than the mean free path and effective Bohr radius
of the electrons.®’

Spin disorder scattering theory has been widely used to explain the carrier mobility
in magnetic materials. The s-d exchange interaction plays a vital role in both spin dis-
order scattering and magnon drag theories. However, theoretical calculations of the
thermoelectric properties based on the existing theories cannot adequately explain
the experimental data. AFM MnTe, a widely studied magnetic system, and a prom-

d’37,70—72

ising thermoelectric compoun makes an informative platform to explore

the underlying physical phenomena related to the thermoelectric properties.

This study discusses the fundamentals, prospects, and limitations of some of the
most critical spin-based theories to explain the thermoelectric properties. We
choose MnTe for the case study to apply the theoretical analysis. The experimental
results of undoped and Li-doped MnTe are considered to benchmark the theoretical
predictions. We also evaluate the prospect of spin entropy effects to explain the
excess thermopower of the MnTe system in the paramagnetic domain. Moreover,
we calculate various magnetic heat capacity contributions of MnTe relevant to the
magnon drag thermopower. Such detailed discussions offer a better understanding
of the existing theories and help devise more accurate formalisms for designing
spin-based thermoelectric materials.

RESULTS AND DISCUSSION

Thermoelectric transport properties of MnTe and Mn,Li;_,Te

The AFM MnTe has a hexagonal NiAs structure,”® as shown in Figure 1B. In MnTe,
Mn?* (3d°) ions have a ¢S ground spin state with the orbital angular momentum of
L = 0 and spin angular momentum of S = 5/2.”%’° Due to the quenched orbital
angular moment, the spin angular moment is the origin of the total magnetic
moment of MnTe. Therefore, the terms “spin” and “magnetization” are used inter-
changeably due to the direct relationship between spin angular momentum and
magnetization.

To analyze the spin-based thermoelectric transport properties, we synthesized a se-
ries of new Mn,Lii,Te (x = 0, 0.03, 0.05) samples and characterized them for this
study, which reproduced similar transport properties reported as in Zheng et al.*’
Details of the synthesis and characterization methods are discussed in the Supple-
mental experimental procedures. Both undoped and Li-doped AFM MnTe show
distinct features in thermoelectric transport properties. The role of Li-doping on car-
rier transport properties can be understood from the defect equations for Li-doped

MnTe:

Li(MnTe) — Liy,, + Tef, + h’

. . % .
Liy,, + Mny,, < Liy,, + Mn,,,

Here, the notations are the standard for defect equations, i.e., ' represents the nega-
tive charge, * represents the neutral charge, and - represents the positive charge.
The subscriptions represent the corresponding sites in the host, and h represents
the hole. As seen in the first equation, Li ions in the Mn sites have an effective
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Figure 2. Thermoelectric properties

(A-D) (A) Electrical resistivity, (B) thermopower, (C) thermal conductivity, and (D) zT of Mn,Liy_,Te
(x=0,0.03,0.05). Spin-based phenomena in AFM and PM provide anomalous excess thermopower
contributions in addition to the electronic (or diffusive) thermopower.

negative charge, inducing a free hole in MnTe to achieve charge neutrality. The sub-
sequent substitution of Li by Mn creates interstitial neutral Li and Mn"".

Figures 2A and 2B demonstrates the resistivity (p) and thermopower («) of Mn,Li; ,Te
samples versus temperature. Both transport properties exhibit distinct features in
AFM and PM regimes, which, as discussed below, are related to spin-based effects.
MnTe and Mn,Li;_.Te samples have p-type electrical properties.”” The electrical re-
sistivity of both MnTe and Mn,Liy_,Te is dominated by the spin-disorder scattering,
maximized at the transition temperature, Ty, above which the electrical resistivities
saturate and do not change significantly with temperature.”® The reduction in resis-
tivity of undoped MnTe above ~600 K is due to the bipolar transport resulting from
the thermal activation of electron-hole pairs. As the carrier concentration of doped
and undoped MnTe remains the same below and above T’ their electrical con-
ductivity trends follow those of the carrier mobility, mediated by spin-disorder
scattering.

Like electrical resistivity, thermopower of doped and undoped MnTe shows spin-effect
mediated features (i.e., an advective thermopower contribution with T2 relation from
magnon-hole drag effect below Ty’? and a nearly constant thermopower enhancement
in addition to the linearly increasing diffusive thermopower above Ty) Li-doped
MnTe exhibits a thermopower peak at ~21 K due to the phonon drag effect.?” The
thermopower enhancement above Ty has been attributed qualitatively to the paramag-
non-hole drag,®” although there is as yet no theory to formulate it. The decline in the
thermopower of the pristine MnTe, again near 600 K, is attributed to the bipolar effect,
which was also observed in the electrical resistivity. Li doping in MnTe increases the
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electrical conductivity and reduces the thermopower while maintaining the spin-medi-
ated thermopower. As a result, Mng o7Lig o3 Te presents nearly twice the larger power fac-
tor, PFT = o®T/p, compared to that of MnTe.

According to Figure 2C, the thermal conductivity (k) of both doped and undoped
MnTe shows similar trends at low temperatures due to the lattice dominant thermal
conduction. With the increase in Li doping, k increases due to the increase in the
electronic contribution. Overall, the spin effects resulted in doubling of zT compared
to the case without the spin effects, where zT = a?T/px.

As mentioned earlier, the carrier mobility of AFM MnTe is determined by the spin-
disorder scattering. Carrier mobility of the MnTe systems is determined from the
electrical resistivity and the carrier concentration (from Hall effect measurement
shown in Figure S8), and is illustrated in Figure 5E. Accordingly, carrier mobility de-
creases rapidly with the temperature near Ty and remains almost constant above the
Tn, presumably due to the saturation of the spin-disorder scattering. We discuss this
trend in more detail in the next section.

To investigate the spin-based effects, we analyze, theoretically and experimentally,
the heat capacity, carrier mobility, and relaxation lifetime characteristics of the
doped and undoped MnTe samples in the following sections and evaluate the suc-
cess and limitation of the spin theories in explaining the observed thermoelectric
properties. All the material properties used in the analysis are given in Table S1 in
the supplementary information.

Magnon-carrier drag thermopower below the magnetic phase transition
Understanding various spin-based theories and their application domains is crucial
for designing high-performance magnetic thermoelectric materials. However,
before going into detail on spin theories, it is essential to explain the different
spin and carrier relaxation lifetimes used to determine both carrier mobility and
drag thermopower. Therefore, four different relaxation processes are introduced.

The first relaxation process is the electron scattering process (relaxation lifetime, 7,)
for the scattering of electrons by everything except magnons. The second mecha-
nism is the magnon scattering with a relaxation lifetime, 7, for the scattering of
magnons by everything except electrons. The third process is the electron-on-mag-
non scattering defined by the relaxation lifetime, 7¢m,, which only accounts for
scattering of electrons by magnons. The last one is magnon-on-electron scattering,
having a relaxation lifetime, 7., which considers the scattering of magnons only by
electrons. Magnon relaxation lifetime can be calculated from the following

expression:’’

:—m = %Z2J;Sziafq2. (Equation 1)
Jis the exchange interaction energy, S is the spin number, z is the number of nearest-
neighbor spins, a is the separation between spins, and g is the magnon wavevector
or spin-spin correlation length. Spin-disorder scattering between carriers and magnons
causes a momentum transfer from electron to magnon, known as the 1st-order scat-
tering effect defined by 7.,,. However, considering the 1st-order effect alone violates
Kelvin's relation, and the contribution from the 2nd-order effect must be included in
the formalism. The 2nd-order effect considers that magnons can also return a portion
of momentum to the carriers before being randomized.”® This momentum transfer
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maintains the equilibrium. From the conservation of linear momentum, and considering
only scattering of electrons and magnons, we derive the following expression (see Sup-
plemental experimental procedures for derivation):

Tme _ kB Tas

= Equation 2
Tem 3W2PM*V2 (Eq )
Equation 2 defines the relationship between 7., and 7. We may assume g= kin
this relation. For the case of non-degenerate semiconductors, one can estimate
k=kr= (2m*kT)1/2/h, and for the case of degenerate semiconductors, k = kr =
(372p)'/3, where p is the carrier concentration.

Due to the similar nature of phonons and magnons, the formalism to calculate the
magnon drag thermopower is very similar to that of phonons. The main difference
is associated with the nature of the magnons, namely FM magnons versus AFM mag-
nons. Compared to FM magnons, AFM magnon has a linear dispersion typically at
long wavelength (like acoustic phonons), degenerate bands, higher magnon veloc-
ity, and longer magnon relaxation time. Like carrier mobility, magnon drag thermo-
power has contributions from both the 1st- and 2nd-order effects and therefore can
be expressed as™

2kg m*c? 1,
g = —
e I(BT Tem

-1
(‘I +T—m> . (Equation 3)
Tme
Here, the pre-factor 2 is for the degeneracy of the AFM magnon. The term in the pa-
rentheses of Equation 3 represents the 2nd-order drag effect, and the rest is known
as 1st-order magnon drag thermopower (am), which infers that always oy < aum.
Equation 3 assumes fixed energy-independent relaxation times. Typically, the 1st-
order drag effect is stronger in AFMs than FMs due to the degenerate magnon
modes, higher magnon group velocity, and longer magnon lifetime.*” However,
FMs have stronger 2nd-order drag thermopower due to the longer magnon-electron
relaxation time than that of AFMs.>? Overall, AFMs exhibit a stronger magnon drag
effect due to the dominance of the 1st-order drag effect over the 2nd-order drag
effect.’”

We derive a more accurate approximation following Herring's steps for phonon-

drag thermopower’? as

m*cz Tm 1 2’(5 8’(5 F(T/To) .
= X — X—=_—— = (Equation 4)
ksT Tem TT;: 74,3;;(/%) +1 e 3e F(w)

oy

where F(x) represents the Debye function and Ty is a characteristic temperature that
can be determined from Ty = 2hckr/kg, where kgis the Fermi wavevector. Equation 4
predicts a maximum limit for the magnon drag thermopower per magnon mode in
the AFM magnon system. For MnTe, Ty is found to be ~255 K. Interestingly, magnon
drag thermopower starts showing the enhancement over diffusion thermopower
around the same temperature (Figure 2B). At this temperature, the average magnon
energy is equal to the thermal energy kg To/2. Note that for the degenerate semicon-
ductor, g=kr.

The maximum drag thermopower per magnon mode happens when

T,;:: %>>1. According to Equation 4, the theoretical limit for the magnon

thermopower of MnTe is ~230 pV/K, considering that the 2nd-order drag contribu-

tion is insignificant. The inclusion of the 2nd-order effect will reduce magnon drag
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Figure 3. MED thermopower and magnon relaxation time
(A and B) (A) Magnon drag thermopower and (B) magnon lifetime as a function of temperature-
weighted mobility (x) for different hole effective masses at T = 300 K.

thermopower. The experimental magnon drag thermopower near Ty is unexpect-
edly close to the theoretical maximum, indicating an overestimating formalism.

Experimentally, one may estimate the magnon drag thermopower considering ag =
o — ae, where a, is the diffusion thermopower. For a p-type non-degenerate semi-
conductor, electronic thermopower can be written as:*’

ki 5 k .

o = f (r t5+ log(eNvutp)) =§Iog(e”5/zeNv,utp) (Equation 5)
where ris the scattering exponent, N, is the effective hole density of states, u, is the
total carrier mobility, and p is the resistivity. We plot the experimental « versus p for
the undoped and two doped MnTe samples (see Figure S3). The «(p) plot can be fit
with the following function:

o= k—eBlog (ﬁ) (Equation 6)

Here, pocan be determined from the a(p) plot, which is ~6.9 x 10~*Qcm. Combining

3/2
Equations 5 and 6 and inserting N, = 2(””2#) , one can write another expres-

sion for the drag thermopower of a non-degenerate system:

21rm*kBT) 3/2

k .5 k 45
g = —glog(e’ /ZeNv,lLtp()): f;BlOg e /26',UtP02( P¥)

N 3/2
ke log Ze(Lme kB) e”s/zpox

_= 2

(Equation 7)

3/2
Here, x =, (ﬁTO) is temperature-weighted mobility. In Equation 7, all of the pa-

rameters except x are known constants. Figure 3 illustrates the plot of ay versus x
for different values of the hole effective mass at 300 K. It can be seen that the mag-
non drag thermopower is not a very sensitive function of the effective mass or the
carrier mobility for the values of x < 10 cm?/Vs. For example, ag remains ~210-
400 pV/K over a large range of the carrier effective mass (0.3m, — 1.5m,) at x =
2.4 cm?/Vs (corresponding to the experimental mobility at ~300 K). The sensitivity
to the effective mass reduces at smaller x values. Therefore, it can be stated that

8 Cell Reports Physical Science 2, 100614, November 17, 2021
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Figure 4. Thermopower components and comparisons

(A) The experimental thermopower (2) of MnTe and the fitting components: diffusion (afit) and
drag (afi).

(B) Experimental thermopower, tep, along with theoretically estimated drag contributions,
Od(theory) aNd e + Gd(theory), theoretical maximum drag thermopower, apy and ap + o, and the drag
thermopower calculated from the magnon lifetime obtained from INS measurement, aqqns)-

the magnon drag thermopower near and above Ty is not a strong function of the
hole effective mass while the low-temperature thermopower is (see Supplemental
experimental procedures). Like the magnon drag thermopower, magnon lifetime
is also a weak function of the hole effective masses for x < 10 cm?/Vs at ~ Ty shown
in Figure 3 (see Supplemental experimental procedures for detailed derivation).
However, low-temperature magnon lifetime can change significantly with the hole
effective mass (see Figure S4).

Figure 4A exhibits the experimental thermopower and the empirically extracted
diffusion and drag components, while Figure 4B shows the theoretical estimations
of the different components. Previously, the thermopower of MnTe was modeled
only by the diffusion and magnon drag thermopowers in the AFM domain.*’ In
Figure 4, the theoretical calculations are extended based on the formalisms dis-
cussed earlier. Here the agns plot is calculated using the magnon lifetime ob-
tained from the inelastic neutron scattering (INS).>” The Qdtheory Plot is calculated
using the magnon lifetime obtained from Equation 1. Electronic thermopower,
e, is the same as in Figure 4A. Here, we are ignoring the bipolar transport effect
at high temperatures. Theoretical maximum drag thermopower, ay, is calculated
from Equation 4. According to Figure 4B, agins and agtheory are similar, but they

both are significantly smaller than the expected drag thermopower, agf, in Fig-

ure 4A. In fact, the drag thermopower, agt, is very close to the theoretical
maximum thermopower ay. The apparent discrepancy between the theoretical
drag thermopower and the experimental value can be due to some of the oversim-
plifying assumptions, which we discuss later for the spin-disorder limited carrier
mobility theory. Moreover, the magnon drag described by Equation 3 is deter-
mined from the momentum conservation law between the magnon and carrier sys-
tems. Here, the limiting factor can be the consideration of magnon-carrier relaxa-
tion processes only; however, there may be multiple magnon-carrier coupling
processes involved. Moreover, the theories for determining the various relaxation
times involved in the magnon drag thermopower may not be adequately accurate.
Another error source can be due to a nontrivial anomalous Hall effect that can
affect the carrier relaxation time near Ty.

Magnon drag thermopower can also be determined from the heat capacity data,

which results in a better estimation of the drag-thermopower below Ty. The thermo-
power and heat capacity of AFM semiconductors show the same trend of T at low
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temperatures (T < < Ty). As discussed in the following section, the analysis based on
heat capacity can better describe the drag thermopower below the transition
temperature.

Discrepancy of the magnon/paramagnon lifetimes from INS and transport
data

As discussed, magnon/paramagnon lifetimes play a crucial role in determining the
spin-based thermoelectric transport properties near and above the transition
temperature. Earlier sections discussed the theoretical model to determine these
lifetimes, which can be different from the practical values due to the limitations high-
lighted in the previous section. Therefore, in this section, we discuss the empirical
methods to determine the magnon and paramagnon lifetimes.

INS is a direct method for estimating the spin relaxation time. With this technique, the
neutron intensity of inelastic scattering by magnons or magnetic fluctuations is
measured as a function of energy (E) and momentum transfer (Q), where |Q| =
47 sin 0/A. Here, 20 is the scattering angle, and 4 is the neutron wavelength. In general,
for single crystals, the lifetimes for both magnons and phonons with specific wavevec-
tors can be calculated from the intensity of the INS scattering function, S(Q,E). Both in-
elastic and elastic features can be present in the S(Q,E) plots. The lifetimes are calcu-
lated from the full-width at half maximum (FWHM) of the Lorentzian-fitted inelastic
features using the Heisenberg energy-time uncertainty principle 4E ® A7 = #. Magnon
lifetimes for a polycrystalline sample cannot be determined from INS due to the
random orientation. In the paramagnetic domain, a broad inelastic feature centered
on E =0, called quasielastic scattering, can be used for determining the paramagnon
lifetimes, as magnons cease to exist and are replaced by liquid-like magnetic fluctua-
tions above the transition temperature. To be precise, this is the relaxation rate in the
spin-spin pair-correlation that is determined. This approach is also applicable for poly-
crystalline material, although some information on the directionality of spin-fluctua-
tions is lost. Similarly, the spin-spin correlation length can be roughly estimated in
the orientational average for a polycrystal from the FWHM of the broad feature that re-
places the magnetic Bragg peak, calculated from an intensity versus momentum plot,
S(Q), using the Heisenberg uncertainty principle Ax ® Ap = h.

For undoped MnTe, INS was performed on an ~10-g pressed pellet at the Wide
Angular Range Chopper Spectrometer, ARCS, of the Spallation Neutron Source at
Oak Ridge National Laboratory, using neutrons with 60 meV incident energy. Data
were analyzed to estimate the magnon/paramagnon lifetimes. The INS spectra at
different temperatures above and below Ty are illustrated in Figure 5A. In Zheng
et al.,’’ the paramagnon lifetimes were reported only for Li-doped MnTe. Here,
we measured the lifetimes using INS for the undoped MnTe as well, as shown in
Figure 5.

The undoped MnTe shows distinct magnetic Bragg peaks at ~0.92 A~" and 1.95 A"
below Ty, along with the magnon bands extended up to ~30 meV, which is in agree-
ment with the previous neutron studies.’’”* Above Ty, the distinct magnon bands
disappear, and a broad feature associated with paramagnon exists at 0.92 AT
The feature representing the paramagnon scattering remains unchanged in intensity
and energy distribution at all temperatures in the PM domain. The paramagnon life-
times are estimated from the Lorentzian-fitted quasielastic features of S(E) obtained
from a slice at 0.92 A" (see Zhengetal.?’). In comparison, another slice at 1.5 A Tis
considered to estimate the magnon lifetime near the van Hove singularity from the
Lorentzian-fitted inelastic features in S(E) at ~25 meV. Note that the actual magnon
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Figure 5. Neutron spectroscopy and magnon relaxation time

(A-C) (A) Illustration of neutron spectra (S(Q,E)) from INS measurements at different temperatures,
(B) calculated magnon/paramagnon lifetime from the transport properties, and (C) the estimated
magnon/paramagnon lifetimes of MnTe and 3%Li-doped MnTe (Zheng et al.”’) from neutron
spectra.

lifetime can be higher than the estimated lifetimes below the transition temperature,
while paramagnon lifetime estimation can be closer to the practical values. The ob-
tained magnon/paramagnon lifetimes are shown in Figure 5B. It can be seen that the
paramagnon lifetime is approximately constant above Ty and is ~30 fs.

Next, we derive the lifetime expression from the drag thermopower and carrier
mobility. We assume that electrons are dominantly scattered by magnons, ignoring
other scattering mechanisms, and rearrange the drag mobility expression from Zan-
marchi and Haas’’ as

Tom (1 + Tm) =MHd (Equation 8)

Trme e
Inserting Equation 8 into Equation 3, we have

2ks em*c® T,  2¢%Thm
oy = =

e keT mpy Tug

(Equation 9)

By rearranging Equation 9, the expression for magnon lifetime can be obtained as

Tugaq .
Tm = 5 (Equation 10)

Equation 10 can be used to estimate the magnon relaxation time from the experi-
mental magnon carrier drag thermopower ay and the Hall mobility uy. One may
derive a more accurate relation by taking the energy-dependent relaxation times
and solving the coupled Boltzmann transport equations for electrons and magnons
similar to Herring's treatment for phonon drag effect.?” Considering the magnon
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velocity as 14,000 m/s,”” we can estimate the magnon lifetime for undoped and 5%
Li-doped MnTe from Equation 10, as illustrated in Figure 5C.

The magnon lifetime derived from the transport properties of undoped MnTe is in
the same range as the one estimated from the INS data. The paramagnon lifetimes
of undoped and doped MnTe obtained from INS are within the same range but or-
ders of magnitude smaller than the lifetime calculated from the transport properties
of undoped MnTe.

To explain the experimental paramagnon drag thermopower data, the parmagonon
lifetime must be in the range of 120 fs. However, the lifetime estimated by INS is
smaller in the range of 30 fs. The difference can be associated with assuming a
constant magnon velocity when evaluating Equation 10. As such, temperature-
dependent magnon/paramagnon velocities below and above Ty have been used
to reconcile with neutron scattering experiments (refer to Equation 14).8

Magnon/paramagnon drag thermopower from magnon heat capacity

Heat capacity (C,) can reveal different phase transitions and entropy carriers such as
phonons, charge carriers, Schottky, hyperfine, magnon, and spin transition. As such,
the temperature-dependent features associated with those contributors can be
tracked in the heat capacity trend.”” Both the heat capacity and thermopower of a
system are thermodynamically related. The magnon drag thermopower can be
approximately calculated from the magnon heat capacity using the following
relation:*’

2C, 1,

oyg=z——".
3 ne Tm+Tme

(Equation 11)
The term containing the relaxation times Tme, Tem, and 7, take into account the frac-
tion of the momentum that transfers from the magnons to charge carriers. In general,
this ratio is a function of various parameters such as magnetic ordering, degenerate
or non-degenerate semiconducting nature, defects, and temperature. The limita-
tions of models for calculating the lifetimes can introduce a discrepancy between
the experimental and theoretical values. For example, the previous literature
demonstrated success in explaining only the experimental drag thermopower
trends using the heat capacity data below transition temperature; however, it failed
in explaining the numerical values,”” and an arbitrary coefficient was used to scale
and fit the data.®” However, with no theoretical basis for the arbitrary coefficient,
the analysis can mislead physical explanations.

It is essential to model the magnonic heat capacity correctly to evaluate the drag
thermopower. The experimental and theoretical heat capacity of MnTe is illustrated
in Figure 6 with the contributions from different entropy carriers, namely phonons
(C,), dilation (Cg), Schottky (Cs.), and magnons (C,,). It should be noted that Li-
doped MnTe exhibits similar heat capacity trends. The magnon heat capacity contri-
bution in MnTe was also reported earlier.>’-’##? By considering the various param-
eters associated with the non-magnetic heat capacity contributions from Sugihara,®”
one can determine the magnonic contribution to heat capacity from the experi-
mental values. According to Figure 6, magnon heat capacity contribution maximizes
at Néel temperature. Below Ty, both magnon heat capacity and magnon drag ther-
mopower show a similar T trend.?” According to the spin-wave theory,®* spin-waves
are well defined up to the transition temperature due to long-range ordering that
bestows rigidity. Here, it is essential to note that the spin-wave contribution to
heat capacity calculated from linear spin-wave theory shows a T° trend at lower
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Figure 6. Relation between heat capacity and thermopower

(A) Specific heat capacity (Cp) of MnTe along with its contributing components: the phonon(C,),
dilation (Cg), Schottky (Csc), C,+Cg+Csc, and magnon (Cy,). Experimental C,, (solid black) is
compared with theoretically calculated C,, (dotted black).

(B) Experimental thermopower and the calculated drag thermopower following Sugihara’s®’
formalism.

temperatures than Ty and saturates near Ty, like phonon heat capacity® (see Figure
S5 in the supplemental experimental procedures). Therefore, the linear spin-wave
theory cannot explain the A-anomaly at Tn. Long-range magnetic ordering breaks
into mid to short-range ordering above the transition temperature and introduces
A-magnetic phase transition.®> Breaking of the magnetic order can also contribute
to the heat capacity along with spin-wave due to the entropy change.®® Spin-wave
heat capacity generally has an asymmetric trend below and above the transition
temperature, while magnetic ordering-disordering can have a symmetric trend.®
Typically, magnetic semiconductors exhibit A-anomaly in heat capacity, attributed
to both the spin-wave and magnetic ordering-disordering entropy.®”

The well-known AFM magnon heat capacity based on spin-wave theory is given
below®*:

2J5V?2z

The constant Cis a lattice structure-dependent parameter. N is the total number of

3
Crnag = CNkB( kel ) . (Equation 12)

magnetic ions, kg is the Boltzmann constant, J is the exchange energy, z is the num-
ber of nearest-neighbors, and Sis the ground state spin number. Equation 12 is valid
only at low temperatures and cannot explain the AFM magnon heat capacity near
Tn. However, the 2 contribution to the heat capacity due to the order-disorder tran-
sition is modeled by the relations based on several fitting parameters.®® Therefore, it
is imperative to accurately calculate the magnon heat capacity to determine the
magnetic contribution to the heat capacity accurately. The low-temperature mag-
non heat capacity can be directly estimated based on the linear spin-wave theory
from the magnon density of states. However, the linear spin-wave theory breaks
down near the Néel temperature; as such, special attention must be taken to use
an accurate model for the magnon heat capacity near the transition temperature.

Considering the two magnetic heat capacity contributions, spin-wave, and magnetic
order-disorder transition, it is also essential to know which heat capacity should be
used to determine the magnon drag thermopower based on Equation 11. Due to the
A-anomaly observed in MnTe, it is expected that the spin-wave heat capacity contri-
bution in MnTe is smaller than the C,, shown in Figure 6. In the previous literature,’’
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the magnon drag thermopower was estimated using Equation 11 by considering to-
tal magnon heat contribution (C,,) and the 71,/ (Tm + Tme) term as a fitting parameter.
The latter term was assumed to be 1/100, which does not agree with the lifetime es-
timates of Figure 9. Therefore, an accurate estimation of the spin-wave heat capacity
contribution (Cp,.g) may better estimate the magnon drag thermopower.

81,83

Sugihara provided another formalism based on magnon heat capacity to esti-
mate the magnon drag thermopower. In this formalism, a magnon mode-dependent
heat capacity is multiplied by a momentum transfer ratio and summed over all mag-

non modes.?"®* The magnon drag thermopower in this formalism is expressed as®’

(Equation 13)

B ZR(Q)%(Q)

3e
q

where e is the electron’s charge, g is the magnon wavevector, and C,, is the mag-
non’s specific heat. Ris the momentum transfer ratio between the magnon and elec-
tron systems, which can be determined from the total magnon relaxation time over
the relaxation time of magnons due to s-dinteraction.?’ The drag thermopower from
Equation 13 is also limited to the Néel temperature and shows a divergence at Ty.
The thermopower obtained from Equation 13 is illustrated in Figure 6D for
comparison.

Both thermopower models can explain the experimental data by using some fitting
parameters. The model described in Equation 11 uses an arbitrary value for 7,,/7me
to explain the thermopower data. Sugihara’s model calculates the lifetime without
fitting parameters; however, the model assumes a temperature-dependent magnon
velocity vg(T) to reconcile with neutron scattering experiments:

Vo(T) = vs(Ti) [1 + (1 — T/TN)ﬂ

i = {1 T<Ty (Equation 14)

T)2:T=TN
Here, a; and ¢; are fitting parameters.

While both models can explain the thermopower trend below Ty, using some fitting
parameters, the thermopower above Ty cannot be explained with either model.
Therefore, the thermopower trend in the PM domain requires further investigation.

Limitations of the paramagnon drag thermopower formalism

As shown in Figure 2B, the thermopowers of MnTe and Li-doped MnTe samples
keep increasing without a decline above the transition temperature. This anomalous
trend of the thermopower above the magnetic transition temperature was hypothet-
ically attributed to the paramagnon electron drag.?” INS measurements have been
used to find the magnon lifetime above the Néel temperature for both undoped and
doped MnTe.?” From the INS, paramagnon lifetime and energy spreading have
been measured at different temperatures, and the estimated paramagnon lifetime
was found to be ~30 fs. The corresponding paramagnon correlation length was
found to be ~2-2.5 nm, which is higher than the free-carrier effective Bohr radius
(~0.5 nm) and de Broglie wavelength ~0.6-1 nm.?” It was argued that since the
spatial extent of the thermal fluctuation of magnetization is larger than the effective
Bohr radius of the electron, paramagnons appear as magnons to electrons; hence,
paramagnons can induce a similar drag effect to that of magnons.
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The problem with this argument arises by noting the magnon lifetime’s disconti-
nuity, as seen in Figure 5C. There is an apparent drop in the paramagnon lifetime
compared to the magnons at around Ty; however, the drag thermopower does
not demonstrate any drop at the phase transition temperature.

Using the experimental lifetime of the MnTe system from INS in the paramagnetic
domain, paramagnon drag thermopower is calculated from Equation 3, where 7¢m,
is taken from the Hall mobility data, and 7 is obtained from Equation 2. As shown
in Figure 4, the calculated paramagnon drag thermopower is significantly smaller
than the experimental value. The calculated paramagnetic thermopower is
dominated by the diffusion thermopower (Figure 4B), while the experimental
decomposition (Figure 4A) shows a significant component in addition to the diffu-
sion thermopower in the PM domain. The discrepancy observed in the paramagnetic
domain suggests at least two possible explanations: (1) the drag thermopower re-
quires a new formalism to explain the experimental data, or (2) the MnTe system
has different or multiple spin-based mechanisms that may or may not include the
paramagnon drag effect.

As discussed, above the Néel temperature, magnons are broken into paramagnons
with shorter lifetimes, and long-range magnetic ordering is broken into short- to
mid-range magnetic ordering. Both of them can create excess entropy in the disor-
dered domain. We can calculate the magnetic entropy related to the spin-wave by
using the relation

Sy = /C’_;’_ag dT. (Equation 15)
Here, Cpag is the spin-wave (magnon) heat capacity, and Sy is the associated mag-
netic entropy. In the high-temperature limit, we can relate the magnetic entropy to
thermopower by ame = Sm/ne, where n is the concentration of the charge carriers.
This estimation of magnetic thermopower contribution in the PM domain needs
an accurate estimation of Crag-

In summary, per the observations from the experimental and theoretical data in
AFM and PM domains, one can make the following conclusions. If the paramag-
non electron drag thermopower follows a similar formalism as that of magnons,
then the thermopower must demonstrate a decline right above Ty, as one would
expect an abrupt reduction of 7, when the material transitions from the AFM to
PM |ohase.87 However, the experimental data exhibits a constant contribution
(with no decline) to the thermopower in the PM domain in addition to the diffu-
sion thermopower. The magnetic entropy shows a similar trend. These conclu-
sions suggest that either the paramagnon drag thermopower needs more accu-
rate governing formalism or the paramagnetic thermopower (excluding the
electronic thermopower) must have contributions from multiple spin-based trans-
port processes, such as a combination of paramagnon drag and magnetic
entropy.

In the following section, we explore the spin entropy prospect originating from the
degeneracy of two different spin centers to explain the paramagnetic thermopower.
Here, it is essential to differentiate the terms spin entropy and magnetic entropy
from spin-wave. A straightforward difference is that spin entropy is caused by the
presence of two different magnetic centers in the host, but spin-wave entropy is
caused by the randomness of the spin-wave.
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Spin entropy to explain excess thermopower
According to the thermodynamic relation, thermopower can be considered as the
amount of entropy carried by a unit charge carrier in the direction of the charge
flow.?® The entropy gradient creates a flow of the electronic fluid in the solid making
a net electric field by repositioning the Fermi energy to balance the net current flow.
The entropy gradient in the system can originate from various sources, such as the
thermal gradient or the spin/orbital degeneracy of various magnetic centers in the
system. The entropy from spin and orbital degeneracy can cause the relocation of
electrons from a high entropy state to a low entropy one. Spin-carried entropy is
often insignificant in many compounds, except in materials with strong electron-
electron interactions such as transition-metal systems.?*~** In a transition-metal sys-
tem, 3d electrons can have both spin and orbital degeneracy originating from the
degeneracy of the electronic spin states of the magnetic ions, namely, low, interme-
diate, or high spin states. Such electronic configurations in 3d orbitals are primarily
due to the competition between the crystalline field and the Hund's rule coupling.
Based on the Heikes formula® at the high-temperature limit, thermopower or See-
beck coefficient due to the crystal field-driven spin entropy can be expressed as*’
LA —Eln(gg) (Equation 16)
eT e e sIen
where u is the chemical potential and ¢ is the entropy per electron, which equals en-
ergy per unit temperature coming from the spin entropy, gs is the spin degeneracy,
and g. is the configurational degeneracy. kg/e =86.25 puV/K can be considered the
natural unit of the thermopower. The necessary condition for electron hopping in a
system with spin entropy is that the change in the total spin number of the system
should be zero.

The spin entropy was found to explain the anomalously high thermopower in
metallic oxide sodium cobaltate (Na,C0,04)."° In the MnTe system, we show that
the spin degrees with strong p-d interaction may also be responsible for the large
thermopower contribution. If we assume a hole transport similar to metallic
NaxCo,04, then MnTe can exhibit the spin entropy thermopower at the presence
of Mn?* and Mn'* ions. The existence of Mn'* ions in MnTe has already been
confirmed by the X-ray photoelectron spectroscopy (XPS) studies, which can be
due to the broken Mn-Te bonds.?” The concentration of Mn'* and Mn?* ions can
be determined from high-temperature magnetometries such as magnetic suscepti-
bility measurement. As we show below, the presence of even a small amount of Mn'*
ions (a few percentages) in Mn?* host can provide a significant impact. When elec-
trons from the °A, ground state of Mn?* ion (3d°) move to Mn'* ions (3d®) with
7S5 state, the total change in the spin number remains zero; hence, it satisfies the
condition for spin entropy-initiated electron hopping. It is expected that due to
the strong correlation, holes can hop between the empty states (Figure 7) and
contribute to the thermopower. Here, it is essential to identify the physical sources
of different Mn ions. The hybridization of the p(Te)-d(Mn) and s(Te)-d(Mn) orbitals
can play a crucial role in the interaction of the itinerate electrons and the 3d elec-
trons. A recent article also discusses the spin entropy thermopowerin MnTe, relating
it to the delocalization of d-electrons due to the band hybridization.”® As mentioned
earlier, both conduction and valence bands of MnTe are hybridized by Mn 3d bands
and the Te 5p and 5s bands.”'~”® Doping and defects can both induce different
types of magnetic ions in the system. Any charge-transfer reaction between the
ions can introduce new electronic configurations into the system.”? The intrinsic p-
type conductivity of MnTe can be explained by the Mn vacancies,®' which can intro-
duce various magnetic centers into the system.
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Electron hopping between Mn?" and Mn'* ions of the strongly correlated MnTe system due to the
spin entropy gradient coming from different spin and configurational degeneracies. Hcg and He e
are associated with the crystal field and Hund's rule coupling energies.

According to Equation 16, spin entropy thermopower is a strong function of the
configurational and spin degeneracy of the system. The configurational degeneracy
is due to all of the atoms involved in hopping, which are Mn?* and Mn'* in the case of
MnTe. The spin entropy is due to both the spin degeneracy and orbital configuration
degeneracy.?®** Therefore, to calculate the spin entropy thermopower, one must
determine both. For instance, considering spin degeneracy for high-spin (HS)
Mn?*, g, = 6, and for HS Mn"*, g; = 15 (see Figure 7). In MnTe, electronic states
are singly occupied due to the large on-site electron-electron repulsion energy
(U). If tis the hopping integral, the condition of kgT >> t meets the high-temperature
limit of the Hubbard model.>?** Therefore, the total configurations number (g) is
limited by the condition of U >> kgT >> t. This condition also means that the carriers
are free to move between the sites, not bound to hoping energy t. From the total
number of configurations under the given condition, the spin thermopower at the

high-temperature limit can be written as®**

kg oing .
o= — ° N (Equation 17)

Here, N is the number of electrons. Considering the existence of Mn?* and Mn'* in

the MnTe system, the total number of configuration (g) can be obtained as®***

r-M_M Nr!

91 MI(N7! — M)’ (Equation 18)

9=9:9:=9)
where N7 is the total number of Mn ions in MnTe, and M is the number of Mn'*. In-
serting Equation 18 in Equation 17, and using Stirling’s approximation, one can
arrive at the following simplified formula for the spin entropy thermopower:

k
a= -2 n(g X ), (Equation 19)
e a1 1—x
where x = M,\j’fn*. If we assume that the concentration of Mn'* ions is ~2% of that of Mn

ions (i.e., x = 0.02), the spin entropy thermopower is ~410 uV/K. This value is larger
than the maximum excess thermopower measured in MnTe. Considering that MnTe
is not a hopping system, this approach may overestimate the spin entropy
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thermopower. Nevertheless, it can offer an alternate explanation for the anomalous
trend of the thermopower in the PM domain.

According to the previous literature,*%-74~7¢

a strong magnetic field-dependent ther-
mopower is a signature of spin entropy thermopower. For example, the magneto-
thermopower of Na,Co,04 shows a substantial reduction with increasing the field.*©
To check the effect of the magnetic field on the thermopower of MnTe, we measure
the magnetothermopower along with the field-dependent magnetic moment (M-H)
and heat capacity (shown in Figure S7 in the Supplemental experimental proced-
ures). The results show that the external field almost has no impact on the thermo-
power up to 12 T. The impact of the external field on spin entropy contribution de-
pends on the material. If the external field is strong enough to force the spin
alignments in the direction of the field, then the spin entropy can be affected by
the external field. A similar discussion is made in Wang et al.”” when comparing
the in-plane and c-axis field-oriented data. However, Li-doped MnTe shows almost
no variation in thermopower or heat capacity with the field, indicating that the 12 T is
insufficient to change the spin alignment and affect the spin entropy contribution.
The M-H plot also shows an almost featureless linear trace with minor changes in
the slope.

MnTe and Na,Co,0, are two different systems in terms of magnetic properties. So-
dium cobaltate is a paramagnetic metal oxide with a large magnetic susceptibility,
about two orders larger than MnTe (and typical metals). That explains the field-
dependent spin properties, even at low fields. For the case of MnTe, as shown in
the M-H plot, the magnetization of the sample is mostly compensated, and only a
small fraction of the Bohr magneton is detected, even above the spin-flop transition.
The net magnetization is only ~0.04 pB/Mn at the 12 T field. This corresponds to less
than a 1° canting angle. In this respect, MnTe is an entirely different case than so-
dium cobaltate. Equation 2 in Wang et al.*? described the field-dependent thermo-
power based on the assumption of non-interacting residual free spins. It works for
sodium cobaltate but does not apply to MnTe. A relevant observation is the para-
magnetic Curie temperature (§) of sodium cobaltate (~55K), which is an order of
magnitude smaller than MnTe (~575K). As the antiferromagnetic exchange energy
is Jap = 6, this also explains that a much larger field is needed to change the
spin alignment and eliminate the spin entropy in MnTe.

Spin-disorder scattering to explain carrier mobility

Different spin disorder scattering models by Haas,”® Zanmarchi and Hass,”” and Her-
ring’? tried to explain the carrier mobility of undoped and doped MnTe systems with
limited success. All of the models considered that the itinerate carriers are scattered
by the random motion of the spin of lattice ions. This scattering is primarily domi-
nated by the s-d or p-d exchange interaction. It should be noted that not all magnons
can scatter charge carriers. The problem is similar to the case of electron scattering
by acoustic phonons,”” where there is a limit to the wavevector of the magnons that

can scatter an electron with wavevector k (i.e., g<gm = 2k+m;"m). This relation indi-
cates that the energy of an electron can change after scattering by magnons at most
by 2VmQm = 2hvmk + m*v2. Comparing this energy with kT, one can find the temper-
ature T;below which the effect of inelastic scattering may become significant (similar

to the case of Debye temperature).”®
For the doped sample Mng g7Lig.03Te, assuming p=4.5x10%° ecm ™3, one has Tj= 507

K. Therefore, for the case of doped MnTe, the effect of inelasticity can be significant
for a broad range of temperatures that go above Ty. This infers that the elastic
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scattering-based models are not valid in the broad range of temperature, indicating
a major shortcoming in the models. Nevertheless, it has often been ignored in the

previous literature.”®””

Carrier mobility, due to the drag effect, including both the 1st- and 2nd-order effect,
can be written as’’

€Tem Tm .
= 1+ . Equation 20
My m ( Tme) ( q )
The term in the parenthesis represents the 2nd-order effect. This term was ignored in the
calculation of spin-disorder mediated carrier mobility in previous literature.”®’? However,
it can significantly impact the carrier mobility when the carrier diffusion thermopower be-
comes comparable to the magnon drag thermopower, like in the MnTe system.

In a magnon system with itinerant electrons, spin-disorder scattering can be associ-
ated with spin-flip or spin non-flip scattering.?”"’¢ Both energy-dependent scattering
mechanisms depend on magnetic susceptibility and magnon band structure.?”’®
Spin-flip scattering is a two-magnon process that occurs only in the AFM magnon
system due to the degenerate magnon band.?’ However, spin non-flip scattering
is a one-magnon scattering process that can exist in both AFM and FM materials.*”
In the spin-disorder scattering theory, relaxation time can be calculated for both
spin-flip (71,) and spin non-flip (1) scattering processes. The energy-dependent
lifetimes can be determined from the following relations’®

-

1 (E) = éiﬁﬁ? (2 25 ) , (Equation 21)
(2N -

711(E) = zﬂJégléusT ( ”Zé ) . (Equation 22)

Here, Nis the number of the magnetic ions per unitvolume, gis the g-factor, ug is the
Bohr magnetron, and x is the magnetic susceptibility. For calculating the spin disor-
der relaxation time, magnetic susceptibility is considered (x| +2x1). x!'and xtare
taken from experimental data, which are given in Figure S2 of the supplemental
experimental procedures.

Using the above relations, one can calculate spin-flip, spin non-flip, and spin-disorder
scattering lifetimes. Energy-dependent spin-flip and spin non-flip scattering lifetimes
are shown in Figure Sé of the supplemental experimental procedures, while spin-disorder
scattering lifetime is illustrated in Figure 8A. The spin-disorder scattering relaxation time
(Tspin disorder) 1S ON the order of several fs between 200-1,000 K. This is some orders of
magnitude largerthan typical relaxation times, such as those due to scattering by acoustic
phonons and ionized impurities. Therefore, one can assume that the total hole relaxation
time is approximately the same as Tqpin disorder and can calculate the carrier mobility for
degenerate AFM MnTe. Figure 8B compares the theoretical carrier mobility with the
experimental values (see Supplemental experimental procedures for the analysis). As
seen in the figure, spin-disorder theory is unable to capture the trend of carrier mobility.
The calculated mobility is different than the observed value for most of the temperature
range, which indicates the limitation of the current theory. As mentioned earlier, the car-
rier mobility of the MnTe system is influenced by both 1st-order and 2nd-order effects.
The 2nd-order effect enhances the carrier mobility; therefore, the difference can be
partially explained by the absence of the 2nd-order contribution to this theory.
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Figure 8. Spin-disorder scattering and mobility

(A) Calculated temperature-dependent spin-disorder scattering lifetime for MnTe assuming a hole
concentration of 10" cm 3,

(B) Carrier mobility of MnTe from experiment and spin-disorder scattering theory according to
Haas.”®

We adopt an alternative route to find out the impact of the 2nd-order effect on car-
rier mobility. From Equation 2, the 7, can be written as

Tem kB Tkgvg

" 3mZpmvZ’ (Equation 23)

Tme
Here, k.,g =g near the Fermi energy.”’ By inserting Equation 23 into Equation 20,
we can calculate the 1., as

m* .
o = TR (Md Tkok?,, — 3Tmczepﬂ’2>. (Equation 24)
The 7, can be calculated from Equation 1. From the Hall data and 7y, Tem can be ob-
tained from Equation 24 and we can also calculate ¢ using Equation 23. Using this
approach, we estimated the three mentioned lifetimes for MnTe from the experi-
mental data of the drag thermopower and Hall mobility, as illustrated in Figure 9.

Here, the carrier mobility is assumed to be dominated by the magnon scattering,
and all other scatterings are neglected. The nearest neighbor magnetic exchange
energies Jq, Jo, J3 (Figure 1) are assumed to be —1.85 meV, +0.06 meV, and
—0.25 meV, respectively, according to Szuszkiewicz et al.”* The positive and nega-
tive signs refer to FM and AFM exchange, respectively. The lattice constants are
assumed to be a = 4.144 A and c = 6.703 A,

Figure 9 shows what the relaxations must be if the models describing Equations 1,
20, and 23 are accurate. In Figure 9B, we have calculated the 1st-order carrier
mobility using the obtained lifetimes and compared it with the total carrier
mobility.”””” It can be seen that the carrier mobility is significantly enhanced due
to the 2nd-order effect.

Several reasons can prevent the spin-disorder scattering theory from explaining the
carrier mobility of the system:

(1) The s-dexchange coupling between magnons and carrier system, which is the

source of spin disorder scattering, is treated as a perturbation where energy
uncertainty should be less than the thermal energy, kgT, in other words:
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Figure 9. Relaxation times and mobility

(A) Empirical estimations of the relaxation times T, Tem, and Tme from Equation 1 and the Hall
mobility data.

(B) Comparison of the 1st-order carrier mobility compared with the total (1st and 2nd orders)
following Herring’s®” model.

AE = h < kgT. (Equation 25)
T

By replacing the 7 with carrier mobility, the inequality relation in Equation 25 can be
written as:

u>>45 (g) (cm? / Vs). (Equation 26)

Here, Equation 26 assumed a carrier effective mass of me. According to the exper-
imental values, the carrier mobility of MnTe violates the condition given in
Equation 26.

(2) The model assumes a quasielastic scattering in which the energy transfer be-
tween magnon and electron systems is small compared to the thermal energy
kgT; hence, it does not apply to inelastic scattering. In degenerate FM semicon-
ductors and metals, the quasielastic condition occurs at T, and above T; howev-
er, in AFMs, low-temperature optical magnons rise to inelastic scattering. This
may not be critical for MnTe, a simple two-sublattice AFM with mainly two
branches of magnon states of the acoustic type. However, the scattering process
is inelastic for the temperature range in which kgT <#wg, for which the spin dis-
order scattering model cannot be applied. One can estimate the temperature
at which the model fails by considering that magnons can scatter only a carrier
of wavevector k with g <2k + mc/#. This scenario in AFMs is similar to the scat-
tering of a carrier with acoustic phonons.” Therefore, for the temperature range
in which kgT < 2hck + mc?, the electron magnon scattering is inelastic, and the
model is not valid. For non-degenerate undoped MnTe, k=ky,, and for degen-
erate Li-doped MnTe, k=kr, where ky, and kg correspond to the thermal and
Fermi energies. Therefore, one can show that the inelasticity could be important
for MnTe up to ~130 K and for Mng o7 TeLig o3 up to ~500 K.

(3) Accordingto Haas,” the contribution of the qzterm isignored, and only small
k" — k wavevector contributions are taken into account, while this assumption
is not applicable for intervalley scattering. MnTe valance band consists of
several valleys near the band extremum.'®°

=

The spin relaxation time must be calculated from the complete wavevector
spectrum; thus, its partial consideration can lead to a wrong estimation of
the relaxation time.
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(5) The AFM order defines a new BZ boundary that can change the band energy
and lead to effective mass variation at the Néel temperature.

(6) Apart from the temperature-dependent effective mass, temperature-depen-
dentwavefunctions can alter the exchange integrals, J, in the model calculations.

(7) Moreover, the exchange integral can be different for the two MnTe sublatti-
ces due to different wavefunctions for the spins of opposite orientations.

The strength of these effects depends primarily on various parameters such as the
band structure, magnetic exchange parameters, deformation potentials, and tem-
perature. Therefore, quantitative analyses are required to determine which effects
are dominant for a given material system.

In summary, as we discussed, thermoelectric materials progress based on the engineer-
ing of the electronic and phononic characteristics is reaching a plateau mainly because
electrons are fermions, and the Fermi-Dirac statistics impose an inverse relation between
the thermopower and the carrier concentration. Magnons and paramagnons are bo-
sonic quasiparticles that can play as a new independent variable not limited to the coun-
terbalancing nature of the parameters that enter zT. Recent studies in spin-driven ther-
moelectrics have demonstrated several auspicious spin-based effects, stimulating
growing interest in magnetic thermoelectrics. Observations of thermopower enhance-
ment and zT improvement in the deep paramagnetic domain from entirely spin effects
extend the search domain for good thermoelectrics to the paramagnetic semiconduc-
tors, of which there are many. Despite the considerably large landscape of magnetic
semiconductors, thermoelectric material identification and design are challenged by a
lack of reliable predictive tools to guide materials development. Several spin-based
transport theories have been proposed to explain the current experimental data. We
evaluated the successes and limitations of those theories for a case study on the
MnTe system, a simple binary AFM semiconductor. The anomalous trend in carrier
mobility, excess heat capacity contribution, and excess thermopower below and above
the Néel temperature can be attributed to different spin effects. We especially present
the applicability of several theories, such as spin-disorder scattering, magnon drag, and
paramagnon drag effects. We also study the prospect of spin-entropy theory to explain
the thermopower trend in the paramagnetic domain. Spin-fluctuation or spin-disorder
scattering-based carrier mobility model fails to explain the experimental trend observed
in MnTe. Significant s-d interaction energy compared to thermal energy, significant in-
elastic processes, the quadratic magnon wavevector terms, improper consideration of
wavevector spectrum, band energy, and BZ boundary are some of the factors that, as
discussed, can lead to inaccurate estimation of the carrier mobility. Excess thermopower
is attributed to magnon hole drag in the AFM regime consisting of both the 1°*- and 2nd-
order drag effects. The heat capacity-based models explain better the T° trend of the
magnon drag thermopower in the AFM domain but must be scaled significantly by an
arbitrary coefficient to fit the data. The magnetic heat capacity of MnTe has contributions
from both the spin-wave and magnetic ordering-disordering, although thermopower
models based on heat capacity consider only the spin-wave component. In the PM
domain, the anomalous thermopower is suggested to result from a paramagnon drag
effect due to the nearly constant paramagnon lifetime observed from INS measure-
ments. However, the extension of the current magnon-carrier drag theories to the para-
magnon domain predicts a decline at the phase transition temperature, in contrast to the
experimental observations. Furthermore, the experimental values are higher than the
theoretical limits of the drag thermopower in the paramagnetic (PM) regime, meaning
that either the existing theories are incomplete or there are different or multiple spin-
based mechanisms affecting the thermopower. The evaluation of the magnetic and
spin entropy contributions to the paramagnetic thermopower shows that they could
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explain the paramagnetic thermopower trend but with somewhat higher values. Overall,

this work can explain the magnon and paramagnon drag thermopowers closer to the

experimental values than the previous works. Further experimental and theoretical

studies are needed to explain the anomalous thermoelectric properties precisely in mag-
netic semiconductors. The following guidelines can be drawn to help designing high
performance spin-driven thermoelectric materials:

(1) AFM semiconductors are generally better candidates than FM semiconductors

=

=

=

=

=

—

=

for spin-driven thermoelectrics. AFM magnons have degenerate magnon modes,
higher magnon group velocity, and longer magnon lifetime than FM magnons,
which provide enhanced 1st-order magnon-carrier drag thermopower for
AFMs, although FMs give higher second-order drag thermopower than that of
AFMs due to the longer magnon-electron relaxation time. Overall, drag thermo-
power is higher in AFMs than FMs due to the 1st-order drag effect’s dominance.
Thermopower is proportional to magnetic heat capacity. Electrical conductiv-
ity saturates above the transition temperature. Hence, materials with a signif-
icant magnetic heat capacity contribution that extends to temperatures
above the phase transition can offer larger spin-driven thermopower, leading
to a high zT in the PM domain. The thermal conductivity increases with the
heat capacity, but since the thermal diffusivity shows an opposite trend, ther-
mal conductivity is less affected.

Materials with a paramagnon lifetime higher than electron-on-magnon relax-
ation time offer more significant spin-driven thermopower.

Thermopower increases linearly above phase transition, and spin disorder scat-
tering saturates in the PM domain. Therefore, the high zT happens above and
away from the phase transition temperature. This hints that the material’'s mag-
netic phase transition temperature must be well below the thermoelectric de-
vice's working temperature, but not too low that the PM lifetime decays out.
Ahigh discrepancy of the exchange energies among the nearest neighbors in
a crystal is likely helpful to sustain the local ordering in one direction (corre-
sponding to the largest J) above the transition temperature. The phase
transition occurs when the magnetic ordering along the smaller exchange en-
ergies disappears, but a short-range correlation is still maintained along the
largest exchange energy chain.

There is an apparent drop in the MnTe paramagnon lifetime compared to the
magnons at ~Ty; however, the drag thermopower does not show any drop at
the phase transition temperature. This observation is critical for designing
spin-drive thermoelectrics, but the current theories cannot explain it.

The magnon drag thermopower near and above Ty is not a strong function of
the charge carrier effective mass, while the low-temperature thermopower is.
Like the magnon drag thermopower, magnon lifetime is also a weak function
of the carrier effective masses in low-mobility materials ~ Ty, which is valid for
most magnetic materials.

Magnon drag thermopower starts showing the enhancement over diffusion
thermopower roughly around the temperature Ty at which the average mag-
non energy is equal to the thermal energy kgTo/2.

EXPERIMENTAL PROCEDURES

Resource availability
Lead contact

Further information and requests for data should be directed to and will be fulfilled

by the lead contact, Daryoosh Vashaee (dvashae@ncsu.edu).
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Materials availability
This study did not generate new unique materials.

Data and code availability
All data related to this study included in the article and supplemental information will
be provided by the lead contact upon reasonable request.

Sample preparation

Samples with the nominal compositions of Mn_Li,Te (x = 0, 0.03, and 0.05) were
synthesized from raw elements (Mn powder, 99.99%, Li chunks, 99.9%, Te chunks,
99.999%). Samples are made inside Ar-filled tungsten-carbide (WC) cups using a
high-energy Fritsch P7PL planetary ball mill, keeping 5:1 WC balls to the powder
weight ratio. The materials were milled for 8 h, annealed for 24 h at ~1,050 K, milled
again for 8 h, and then sintered at 1,173 K for 20 min by spark plasma sintering (SPS)
under an axial pressure of 50 MPa with a heating rate of 50 K/min. The ingots are
cylindrically shaped with ~6.0 mm diameter, 12 mm length, and densities of
>97% of theoretical values (6.0 g/cm3).

Sample characterization

The phase analysis was performed by X-ray diffraction (Rigaku MiniFlex, XRD) (see
Figure S1). The resistivity and thermopower measurements were performed on sam-
ples simultaneously with the standard 4-point probe method using Linseis equip-
ment under an He environment. The commercial software of the equipment does
not eliminate the dark emf (i.e., the offset voltage at AT = 0 K) and can lead to sig-
nificant errors. Therefore, the thermopower was obtained from the linear fit to 5
separate temperature and voltage gradients, repeated 4 times for a total measure-
ment of 20 points at each temperature. The accuracy of the measurement was
confirmed by inspection. Thermal diffusivity (v) was performed on a thin disk (cut
from the cylindrical ingot with a diameter of 6 mm, thickness <0.6 mm) in the
same direction as that of the electrical conductivity and thermopower using the laser
flash apparatus (Linseis) under a vacuum environment from 250-900 K. The thermal
conductivity (k) was calculated from the relation k = pCou, where mass density, p, is
obtained by the Archimedes method and heat capacity, Cp, is obtained from phys-
ical property measurement system (PPMS) and differential scanning calorimetry
(DSC). Low temperature (4-400 K) heat capacity is performed with Quantum Design
12T DynaCool PPMS, and high temperature (300-900 K) heat capacity is measured
with DSC under N; flow to avoid the formation of oxide phases. Low temperature (4—
400 K) thermal transport properties, including electrical and thermal conductivity
and thermopower, are also measured with PPMS.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100614.
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