iIScience @ CelPress

OPEN ACCESS

Spin fluctuations yield zT enhancement in
ferromagnets

Md Mobarak
Hossain Polash,
Daryoosh Vashaee

Spin Fluctuations boost zT

E A dvashae@ncsu.edu
P i o0 o i S
80 Highlights

O\o "’——3-- Spin-dependent
. , d Y { ) thermoelectric properties
F 60 B \ . are investigated
ol § Q “ Itinerate ferromagnetism-
40 B T induced Stoner excitation
F A favors thermoelectric
) & transport
o
\

(Spin /7 q ol

Fluctuations - :
on carriers 100 200 300 40 it M o e

T(K) by 80% near and below

the transition temperature

Spin in CrTe

\' Fluctuations
‘ on Phonons

Az
N
=)

Spin fluctuation
contribution dominates

spin-wave to the transport

properties in CrTe

Se

Polash & Vashaee, iScience 24,
103356

November 19, 2021 © 2021
The Author(s).
https://doi.org/10.1016/
j.isci.2021.103356

o
updates.


mailto:dvashae@ncsu.edu
https://doi.org/10.1016/j.isci.2021.103356
https://doi.org/10.1016/j.isci.2021.103356
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103356&domain=pdf

iIScience

Spin fluctuations yield
zT enhancement in ferromagnets

Md Mobarak Hossain Polash’? and Daryoosh Vashaee'?3*

SUMMARY

Thermal fluctuation of local magnetization intercoupled with charge carriers and
phonons offers a path to enhance thermoelectric performance. Thermopower
enhancement by spin fluctuations (SF) has been observed before. However, the
crucial evidence for enhancing thermoelectric-figure-of-merit (zT) by SF has not
been reported until now. Here we report that the SF leads to nearly 80% zT
enhancement in ferromagnetic CrTe near and below T¢ ~ 335 K. The ferromagne-
tism is originated from the collective electronic and localized magnetic moments.
The field-dependent transport properties demonstrate the profound impact of
SF on the electrons and phonons. Under an external magnetic field, the enhance-
ment in thermopower is suppressed, and the thermal conductivity is enhanced,
evidencing the existence of a strong SF. The anomalous thermoelectric transport
properties are analyzed based on theoretical models, and a good agreement with
experimental data is found. This study contributes to the fundamental under-
standing of SF for designing high-performance spin-driven thermoelectrics.

INTRODUCTION

Enhancing the entropy flow via electron gas by exploiting the intercoupled transport of electron, phonon,
and spin has motivated a considerable amount of research recently in the thermoelectric society, which
opened up a new direction in waste energy harvesting known as spin caloritronics (Uchida et al., 2008; Lieb-
ing et al., 2011; Polash et al., 20271a). Spins, the fundamental entropy carriers on electronic orbitals as a
quantum nature of electrons and lattice ions as collective spin excitations, also known as magnons, offer
a degree of freedom to engineer the counter-indicative thermoelectric material properties, namely, elec-
trical conductivity (o), thermal conductivity (), and thermopower (o), to design high-performance spin-
driven thermoelectric materials (Zheng et al., 2019; Polash et al., 2020a; Polash and Vashaee, 2020). The
ever-growing research interests in thermoelectric-based green energy harvesting have forcefully led to
emergence of numerous pathways for designing materials for carbon-free energy harvesting applications
with the broad societal needs of mitigating greenhouse and ozone-depletion potentials. Magnetic and
paramagnetic semiconductors, among these pathways, offer a relatively new landscape with a large num-
ber of materials for investigations (He and Tritt, 2017; Uchida et al., 2016; Polash and Vashaee, 2021a).
Therefore, designing high-performance thermoelectrics requires a deep understanding of the spin-driven
effects. For this purpose, the physics learned from the simple elemental or binary magnetic materials can
shed light on the underlying spin-driven transport natures without mixing the contributing effects due to a
complex structure. The transition-metal chalcogenides (TMCs) are considered prospective exotic material
families for versatile spin-based materials applications (Polash and Vashaee, 2021b; Han et al., 2016; Soots-
man et al., 2009). Consequently, they have been extensively studied as thermoelectric materials for their
strong spin and quantum-driven properties along with their salient electronic and phononic transport
properties (Zheng et al., 2019; Polash et al., 2020a; Han et al., 2016; Shi et al., 2019; Zhang and Zhang,
2017). The interplay between electronic itinerancy and localized magnetization in metallic TMCs can drive
different promising spin-caloritronic effects such as magnon-drag (Vaney et al., 2019; Takaki et al., 2017),
paramagnon-drag (Zheng et al., 2019; Polash et al., 2020a), spin entropy (Brown et al., 2013; Wang et al.,
2019), and spin fluctuation (Motizuki, 1987; Ramirez et al., 1997). Most of these spin-caloritronic effects pro-
vide enhancement primarily in the thermopower. Magnon-drag, for example, enhances the thermopower
in the magnetically ordered domain and increases near the phase transition temperature (Wang et al.,
2003; Watzman et al., 2016; Tsujii et al., 2019). However, the paramagnon-drag enhances the thermopower,
and consequently the figure-of-merit (zT = Ta?s/k, T is the temperature), in the disordered magnetic
domain where the short-range magnetic ordering helps to survive the spin-wave packets, also known as
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paramagnon quasiparticles, that act like magnons to itinerant carriers under certain conditions (Zheng
et al., 2019).

Despite the advances in thermoelectric materials over the last two decades, the zT is still low to compete
with alternate technologies and must be improved to make the commercial thrive. Therefore, the daunting
energy demand of the future sustainable society urges the deployment of highly efficient thermoelectric
devices. Such enhancement can be achieved only by optimizing the thermoelectric properties from the syn-
ergistic engineering of all degrees of freedom (Gharleghi et al., 2020; Tan et al., 2014; Shin et al., 2018). The
electron and phonon transport engineering methods have already been extensively explored. As a result, a
significant zT improvement has been achieved; however, the progress has reached a plateau with little
progress over the last several years. Therefore, other strategic degrees of freedom based on spin and
quantum effects have taken attention recently to be explored as a new route for improving zT (Zheng
et al., 2019; Wang et al., 2003; Tsujii et al., 2019; Xiao et al., 2006; Polash et al., 2021b).

With the abovementioned objectives, the impact of the spin fluctuation effect on thermoelectric transport
properties of CrTe, a binary TMC with simple NiAs ferromagnetic (FM) structure, is investigated to learn
the physics of the underlying spin- and quantum-driven effect as a new strategy to enhance the zT. The
prospect of spin fluctuation-induced thermopower enhancement and hence in thermoelectric power factor
(P = ¢%0) has been reported recently without exploring the overall impact of spin fluctuation on zT (Tsujii
et al., 2019; Viennois et al., 2009; Takabatake et al., 2006). We explore and weigh the impact of spin fluc-
tuation on all the parameters entering zT, electrical conductivity, thermal conductivity, and thermopower.
We show that an external magnetic field suppresses the SF, leading to a significant reduction in the thermo-
power and increased thermal conductivity. Consequently, once an external magnetic field suppresses the
SF, the zT reduces significantly. Overall, around 60%-80% enhancement in zT has been observed in CrTe
from the SF at zero field near and below the transition temperature, which is remarkable compared with
the previous reports (Liu et al., 2018). This observation implies that the SF can be a likely source of zT
enhancement in magnetic thermoelectric materials. Furthermore, the physics learned about the SF-medi-
ated electrical and thermal transport properties from this work can be instrumental for the broader scien-
tific community interested in spin-driven research for versatile application fields.

RESULTS AND DISCUSSION
Chemical phase analysis and magnetic properties

Phase identification of the synthesized CrTe is performed on the room-temperature X-ray diffraction (XRD)
data (Figure 1) using the PDXL software. The phase analysis indicates the formation of CrTe with a small
trace of Cr, which agrees with previous literature (Lotgering and Gorter, 1957). The presence of a small
amount of Cr infers the formation of the Cry_sTe phase, but for simplicity, we used the CrTe symbol for
further discussion in the paper. The lattice parameters extracted from the XRD are a,b = 3.97A, ¢ =
6.1%&, a,8=90°, and y = 120°, which have small temperature dependency (Ohta et al., 1993). The reference
intensity ratio analysis calculates the presence of ~1% Cr in CrTe. CrTe is an FM hexagonal crystal (Curie
temperature, Tc = 340 K) with NiAs structure and metallic conductivity (Dijkstra et al., 1989a, 1989b).
CrTe has a distorted hexagonal close packing of Te atoms with Cr atoms in octahedral interstices. CrTe
typically has Cr-vacancies in every second metal layer. The number of vacancies can introduce Te-rich
CrTe phases (Cry_sTe) with a distortion in the crystal structure, affecting the material properties, including
magnetic parameters (Ohta et al., 1993; Dijkstra et al., 1989a). The zinc-blend CrTe shows half-metallic FM
nature that originated from the interplay between exchange splitting and hybridization (Liu et al., 2010). In
general, NiAs-type 3d chalcogenides have both direct exchange interactions between nearest-neighbor
3dions and indirect exchange in the form of superexchange interaction between two 3d ions via an inter-
mediated anion (Figure 1) (Lotgering and Gorter, 1957). The impurity phase Cr is antiferromagnetic (AFM)
below ~310K (Collings et al., 1961). The net magnetic momentin AFM Cr is nearly zero with an insignificant
impact on the magnetic properties of CrTe.

To investigate the magnetic nature of the CrTe sample, we measured both temperature and field-depen-
dent magnetic susceptibility, as illustrated in Figure 2. The temperature-dependent magnetic moment of
CrTe exhibits the nature of FM. Interestingly, both zero-field-cooled and field-cooled (FC) molar magnetic
susceptibility show similar trends above ~200 K, whereas FC susceptibility is larger below 200 K. At T <
100 K, magnetic moment decreases gradually, as also observed in previous work (Dijkstra et al., 1989a;
Polesya et al., 2010). The decrease in the magnetic moment at a lower temperature can be attributed to
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Figure 1. Chemical structure of CrTe from XRD

The room temperature XRD pattern of CrTe. The inset shows the NiAs crystal structure along with their collinear and non-
collinear spin orientation and exchange energies between nearest, next-nearest, and next-next-nearest Cr-Crions. Non-
collinear spin orientation can exist below 100 K.

the canted structure coming from the collinear to non-collinear structural transition shown in Figure 1 (Pole-
sya et al., 2010). Other possible reasons can be the itinerant FM origin (Polesya et al., 2010) and the
softening of the magnon modes due to the drop of the spin-wave stiffness (Mathew and Kaul, 2011).
The softening of the magnon mode can be associated with the canted structure. The 3d orbitals of Cr in
CrTe contribute to the formation of localized and band carriers and, therefore, can originate the bulk
and itinerant ferromagnetism in CrTe, respectively (Dijkstra et al., 1989a; 198%9b; Polesya et al., 2010).

The inverse magnetic susceptibility is calculated to extract several magnetic parameters using the Curie-
Weiss law in the paramagnetic domain. The Curie-Weiss law reveals that the CrTe sample is ferromagnetic
with Tc~ 336K, Curie constant, C = 2.32 emu-K/Oe/Mole, effective paramagnetic moment, u, =4.3 ug, and
effective spin number, S = 1.71. The extracted parameters are within the range of previously reported
values (Dijkstra et al., 1989a, 1989b). To understand the FM nature of the sample, saturation magnetization
is calculated as us ~ 2.13 pg at 10 K from field-dependent magnetic susceptibility. The ratio between effec-
tive paramagnetic and saturation magnetization (u,/us) can indicate the FM nature of the materials. For
CrTe, the py/us = 2 means that the FM nature of CrTe originates from collective electron and localized
magnetic moments (Rhodes and Wohlfarth, 1963). Note that a unity ratio is the indicator of a purely local-
ized moment-induced FM nature (Rhodes and Wohlfarth, 1963). The intermediate ferromagnetism can be
explained by itinerant ferromagnetism (Moriya, 1985). Moreover, the heat capacity data show the spin-
wave in the system—note that the spin-wave originates from the localized magnetization. Therefore,
both itinerant and bulk ferromagnetism is considered the origin of the collective FM nature of CrTe, where
3d Crions can be the origin for both itinerant and bulk magnetism. The field-dependent magnetic suscep-
tibility exhibits the characteristic hysteresis nature of FM phase below 336 K and no hysteresis in paramag-
netic phase above ~336 K. Moreover, field-dependent magnetic susceptibility exhibits saturation with the
field at 10 K and unsaturated moment near T¢, which can be associated with the itinerant ferromagnetism.

Here, itis essential to discuss the difference between localized magnetization-induced ferromagnetism and
electronic itinerancy-induced nearly or weak ferromagnetism in metals. The localized magnetization-
induced FM phase below T¢ originates from the thermally fluctuated coupled localized moments known
as spin-wave or magnons (Lonzarich and Taillefer, 1985). In the paramagnetic phase, the short-lived spin-
wave excitations are called paramagnons, which are overdamped due to the weakly coupled moments (Lon-
zarich and Taillefer, 1985). This type of FM material follows the Curie-Weiss law and has uy/us = 1 (Lonzarich
and Taillefer, 1985). On the other hand, the nearly or weak ferromagnetism is coming from the non-uniform
distribution of itinerant electron-hole spin bands (Lonzarich and Taillefer, 1985). Nearly or weak FM metals
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Figure 2. Magnetic properties of CrTe

(A and B) Illustration of (A) temperature-dependent zero-field cooled (ZFC) and field-cooled (FC) magnetic susceptibility
(%) and inverse magnetic susceptibility and (B) field-dependent magnetic susceptibility at different temperatures. Inset
shows the close view of coercive field and remnant magnetization trends.

exhibit Stoner-type excitations with unsaturated moments with temperature and magnetic field, having
up/ts > 1 (Lonzarich and Taillefer, 1985). In localized magnetic moment-induced FMs, the SF is caused by
the spin-related scattering on thermally fluctuated propagating magnons, whereas in nearly FMs, the SF oc-
curs by exchange-enhanced non-propagating spin-density fluctuations (Kaul, 2005). Both types of sources
for SF mechanisms can exist in transition-metal systems depending on spin-wave dispersion and Stoner
excitation continuum nature for temperature and spin wavevector (Kaul, 2005; Eich et al., 2018).

Magneto-thermoelectric transport properties

In this work, the magneto-thermoelectric properties of CrTe are measured to observe the impact of the
spin-caloritronic effect in CrTe. Therefore, the measurements are performed in the range of 4-380 K at
0,4, 8,and 12 T fields, as illustrated in Figure 3. The transport properties are calculated from the averaged
data of the positive and negative field-dependent measurement, which helps to eliminate the parasitic
field-induced effects. The measurements of magneto-thermoelectric transport properties include thermo-
power, thermal conductivity, and electrical conductivity. zT is calculated from these properties. According
to Figure 3A, the thermopower at zero field shows almost a linear trend with a negative value in the FM
domain. The slope changes at ~335 K, which is also the magnetic transition temperature (T, ~ 336 K) of
CrTe. Under the fields, the thermopower of CrTe reduced significantly by more than 20% at T.. The
field-dependent suppression in thermopower is about the same for all the applied fields. Since the FM na-
ture of CrTe is due to the itinerant electrons and the localized magnetic moments, the spin-dependent
scattering originated from the propagating spin-wave, and the non-propagating spin-density fluctuations
can influence the thermoelectric properties. Besides the magnetic contributions, the carrier diffusion also
contributes to the thermopower. The diffusion part can be extracted from the low-temperature trend of the
thermopower at 12 T, as the high field suppresses the spin-based thermoelectric effects. A detailed anal-
ysis of the magnon-drag and SF is required to evaluate the contributions of different spin-driven effects on
thermopower, which is discussed later.

Unlike the thermopower, the thermal conductivity shows field-induced enhancement in the FM domain,
although it approaches the zero-field thermal conductivity trend at higher temperatures. Characteristically,
the spin-based contribution in thermal conductivity of magnetic or paramagnetic materials can be both
positive and negative. The magnon quasiparticles positively contribute to heat conduction added to the
electronic and lattice heat conductions in magnetic materials. At a sufficiently high field, the FM magnons
can be suppressed by damping out the thermal excitations of localized magnetic moments, which leads to
the suppression of the magnonic thermal conductivity with the field. On the other hand, the presence of SF
in magnetic or paramagnetic systems typically introduces spin-phonon scattering, which reduces the
lattice thermal conductivity. The SF can also reduce the electronic thermal conductivity due to the presence
of spin-related scattering. With the field-induced suppression of SF, the overall thermal conductivity en-
hances, explaining the field-dependent thermal conductivity enhancement in CrTe.

Figure 3C illustrates the field-dependent electrical conductivity. It can be seen that the electrical conduc-
tivity increases with the field. In the presence of both magnons and SF, the conduction carriers can
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Figure 3. Thermoelectric transport properties of CrTe

(A-D) Magnetothermoelectric transport properties of CrTe at different fields, i.e., 0,4, 8, and 12 T: (A) thermopower (a), (B)
thermal conductivity (), (C) electrical conductivity (o), and (D) zT. The inset of (D) shows the field-induced suppression in
zT, which indicates the prospect of spin fluctuations in spin-driven thermoelectrics.

experience excess scattering due to the existence of spin-flip and spin non-flip scatterings. The spin-dis-
order scattering enhances with temperature and maximizes at the transition temperature. The spin-disor-
der scattering directly relates to the carrier mobility, and hence, the electrical conductivity dominates by
the trend of spin-disorder scattering-mediated carrier mobility. With the field, the suppression of the
spin-disorder scatterings enhances the electrical conductivity. The spin-driven effects on electrical conduc-
tivity are further discussed with the galvanomagnetic properties, including Hall and magnetoresistance
later. Overall, spin-driven effects in CrTe yield a significant enhancement in the zT at zero-field, which is
suppressed with the field (Figure 3D). A significant enhancement is observed in the temperature range
of 100-375 K. The nearly zero difference in zT at T > 375 K infers that the thermal fluctuations of localized
magnetic moments at a higher temperature overcome the field-induced quenching. According to the inset
of Figure 3D, the spin-driven effects can enhance the zT by 60%-80% near and below T.. As discussed, the
magneto-thermoelectric properties can be influenced by both the magnon/paramagnon-drag and SF.
Therefore, it is essential to evaluate the contributions of each effect. The field-dependent heat capacity
analysis can shed light on the relative contributions of spin-wave and SF. It contains the features from
different entropy carriers in the system, discussed in the next section.

Field-dependent heat capacity analysis

Heat capacity is one of the reliable and direct methods to probe the existence of different entropy carriers,
including electronic, phonons, magnons, Schottky, dilation, spin-state transitions, and spin fluctuations
(Polash et al., 2020b; lkeda and Gschneidner, 1982). All the contributing sources in heat capacity have
distinct temperature dependency (Polash et al., 2020b; Ikeda and Gschneidner, 1982). Among these sour-
ces, magnetic heat capacity components can show strong magnetic field dependency based on the mag-
netic nature, provided that they can be quenched or modified with the external magnetic fields (Polash
et al.,, 2020b; lkeda and Gschneidner, 1982). Quenching of magnonic heat capacity depends on the
spin-wave stiffness, exchange energy, spin number, and magnetization (Polash and Vashaee, 2020). On
the other hand, spin fluctuation contribution can be quenched by suppressing the inelastic spin-flip scat-
tering (lkeda and Gschneidner, 1982). If the external field is sufficiently large to create the Zeeman energy
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Figure 4. Heat capacity and entropy properties of CrTe

(A-D) Illustration of the heat capacity of CrTe: (A) different heat capacity contributions at zero field obtained theoretically
and experimentally, (B) field-dependent heat capacity measured at 0, 0.5, 1, and 3 T, (C) theoretically and experimentally
extracted different magnetic heat capacity contributions from magnons (spin-wave) and spin fluctuations, and (D) spin
entropy obtained from the magnetic heat capacity and magnetic entropy calculated from field-dependent magnetic
susceptibility shown in Figure 2B.

splitting comparable or larger than the characteristic spin fluctuation energy, the available thermal energy
cannot introduce SF in the system (lkeda and Gschneidner, 1982). As mentioned in the earlier section, the
metallic FM CrTe has collective contributions from itinerant and localized electrons. Therefore, it has mag-
netic contributions to the heat capacity from both magnons and SF. They can be extracted by modeling the
nonmagnetic heat capacity components and subtracting them from the total heat capacity.

Figure 4A presents the zero-field heat capacity (C,) and the contributions from phonon (C,), electron (C),
Schottky (Cs.), and magnetic (Cp,). The theoretical models associated with respective heat capacity contri-
butions are given in the supplementary of previous literature (Polash and Vashaee, 2021b). The physical and
fitting parameters associated with heat capacity modeling are listed in the table in STAR Methods. The
insignificant variation in the thermal expansion results in an insignificant heat capacity contribution from
dilation (Ohta et al., 1993). The magnetic heat capacity illustrated in Figure 4C shows a peak at ~332 K,
which is also near T¢ ~ 336 K. To extract the individual magnetic contributions, the magnonic heat capacity
originated from the spin-wave and SF is estimated from (lkeda and Gschneidner, 1982; Van Kranendonk
and Van Vleck, 1958; Brinkman and Engelsberg, 1968):

2JS

Here, Csyand Cseare the spin-wave and SF contributions to magnetic heat capacity (C,,), cis the constant
related to the crystal structure, Jis the exchange energy, N is the Avogadro’s number, kg is the Boltzmann
constant, Sis the ground spin number, and D is a material-dependent constant. According to Figure 4C,
the SF contribution provides an anomalous enhancement in the electronic contribution to the heat capac-

1.5
Cp = Csw + Cgr = cNkg (kBT) +DTéInT (Equation 1)

ity, which is more significant than the spin-wave contribution. External fields can significantly suppress the
heat capacity due to SF. The electronic heat capacity enhancement due to SF is typically due to the renorm-
alization of the effective electron mass and the variation in electron self-energy with temperature (Dhar
et al., 1987).
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Figure 4B illustrates the field-dependent heat capacity trends. It is observed that the magnetic heat capac-
ity features are significantly suppressed with a field. The suppression of magnetic heat capacity can be
associated with the suppression of both magnons and SF. The field-induced Zeeman splitting can also
modify the Schottky heat capacity contribution. As the thermopower is related to the thermodynamic en-
tropy of the system carried by conduction carriers, the contributing entropy source can be estimated by
calculating the available entropy from different sources. In CrTe, two types of spin-related entropy can
exist: spin entropy from the spin-wave and magnetic entropy from the magneto-caloric effect. The insertion
and removal of the external field can introduce a magneto-caloric effect, which maximizes at the transition
temperature. Therefore, we estimated both entropy contributions from associated relations and illustrated
them in Figure 4D.

The spin entropy (ASsy) is estimated from the heat capacity from ASgy, = fCLTW dT, and the magnetic en-
tropy (ASym) is calculated from field-dependent magnetic susceptibility using the relation ASy =

J (%) dH, where H is the magnetic field. It is seen in Figure 4D that the magnetic entropy is orders of
H

magnitude lower than the spin entropy. Moreover, the magnetic entropy decays quickly below and above
the transition temperature. Thus, the trend in spin entropy rather closely follows the trend of thermopower,
which indicates that the spin-related contribution in thermopower is coming from magnons and spin
fluctuation.

The overall conclusions from the field-dependent heat capacity analysis are as follows: (1) both spin-wave
and spin fluctuation are present in CrTe with the spin fluctuation being dominant, (2) the magneto-caloric
effect has an insignificant impact on the thermoelectric transport of CrTe, and (3) the field-induced modi-
fication in heat capacity can be due to the quenching of the spin-wave and spin fluctuation. Besides heat
capacity, galvanomagnetic properties can also shed light on the spin and quantum nature of conduction
carriers discussed in the following sections.

Galvanomagnetic properties

The isothermal galvanomagnetic properties, including the Hall effect and transverse magnetoresistance
(TMR), reveal the carrier transport nature. The Hall properties provide information on the type and
concentration of charge carriers. The field-dependent variation of the resistance yields information on
the interaction between carriers and other transport carriers and the Fermi surface (Hurd, 1972). The
isothermal condition eliminates the contribution from adiabatic galvanomagnetic effects due to the heat
current-induced galvanomagnetic potentials (Sommerfeld and Frank, 1931). The isothermal galvanomag-
netic properties of the sample are measured with the Van der Pauw method over the 10-400 K temperature
range and —12-12 T magnetic field in Physical Property Measurement System made by Quantum Design.
The isothermal Hall and TMR properties are estimated from the average of the positive and negative field
data, as illustrated in Figures 5 and 6.

The field-dependent longitudinal and transverse resistivity (Hall resistivity) shown in Figure 5A and 5B re-
veals the existence of both ordinary and anomalous Hall effects, which is common in FM materials. The or-
dinary and anomalous Hall coefficient (OHC and AHC) are estimated semiempirically from, p,, = Ry =
RoB + RapugM, where p,, or Ry is the transverse resistivity or Hall resistivity; Ro and Ry are OHC and
AHC, respectively; ug is vacuum permeability; B is the magnetic field; and M is the magnetization. The or-
dinary Hall effect is due to the transverse Lorentz force under the external magnetic field, whereas the
anomalous Hall effect is caused by the breaking of the time-reversal symmetry due to the intrinsic or
defect-induced spin-orbit coupling forces (Nagaosa et al., 2010). In CrTe, the anomalous Hall effect is
more dominant than the ordinary Hall effect due to the strong interaction between conduction and local-
ized electrons. The OHC is positive in the FM domain due to hole conduction (Nogami, 1966) and shows a
sign change near Tc. The hole conduction nature in CrTe has already been reported in previous literature
(Dijkstra et al., 1989a, 1989b; Nogami, 1966; Shimada et al., 1996). Therefore, the sign change can be attrib-
uted to the temperature-independent spin-orbit interaction between conduction and magnetic electrons
(Nogami, 1966). On the other hand, AHC is always negative, has a broad peak at ~270 K, and remains non-
zero above the Curie temperature. This indicates the presence of a spin-orbit coupling field below and
above the Curie temperature. The carrier concentration and mobility are calculated from OHC and electri-
cal conductivity considering the single-band Hall transport. The Hall carrier concentration in CrTe
is obtained in the range of 1 x 10?2 cm ™2 which is close to the theoretically estimated concentration of
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Figure 5. Galvanomagnetic properties of CrTe

(A-D) lllustration of Hall properties of CrTe: (A) field-dependent electrical resistivity at different temperatures, (B) field-
dependent Hall resistivity at selected temperatures, (C) the ordinary and anomalous hall coefficient, and (D) Hall carrier
concentration and mobility.

0.2 holes/per unit formula (Dijkstra et al., 1989a). The variation can be associated with the variation in va-
cancies and impurity phases present in CrTe. The carrier mobility is found as ~2 cm?/Vs.

Figure 6 illustrates the TMR (current flow is perpendicular to the applied field) as a function of the square of
the external magneticfield (9. In magnetic metals, both longitudinal and TMR are significantly affected by
the SF effect. Along with the SF contribution, the resistivity of FM metals can also have a contribution from
domain structure, i.e., p(T, B)=pgomain(T, B) + pse(T, B) (Chakravorty and Raychaudhuri, 2015). For bulk
samples with large grain sizes, the positive change of magnetoresistance mainly comes from the domain
contribution (Chakravorty and Raychaudhuri, 2015). This increase of magnetoresistance at low fields (lower
than the local anisotropic field, Ha) is generally due to the domain movement controlled by the Ha (Chak-
ravorty and Raychaudhuri, 2015). As the CrTe does not show any field-dependent enhancement in TMR at
low fields, the domain contribution in TMR must be insignificant. However, according to Figure 6, the TMR
below ~50 K shows a positive quadratic increase with the field (~B? dependency), whereas the TMRs above
~50 K always show negative trends. The positive quadratic nature of TMR below ~50 K can be associated
with the dominance of the cyclotron motion of carriers along the open orbits on the Fermi surface, also
known as the trajectory effect. Above ~50 K, CrTe exhibits a typical TMR nature of an FM metal, which
shows a negative TMR originated from the magnetic field suppression of the spin fluctuations in space
and time domains that leads to the reduction of spin-related scattering, decreasing the electrical resistivity
under the field (Kaul, 2005; Yamada and Takada, 1972).

Both heat capacity and TMR measurements suggest strong SF in CrTe, which directly impacts the carrier
transport properties. Therefore, we discuss the SF and its impact on the thermoelectric properties of
CrTe in the following section.

Impact of spin fluctuations on transport properties

As mentioned earlier, the spin-wave (or magnon) and exchange-enhanced spin fluctuation (or spin-density
fluctuation) contributions can coexist in ferromagnetic metals and make distinct impacts on the transport
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Figure 6. Transverse magnetoresistance of CrTe
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properties. In such systems, the temperature and field-dependent magnetization is dominated by the
propagating spin-wave at low temperatures and the non-propagating spin fluctuations at intermediate
temperatures and temperatures near the Curie point (Kaul, 2005). The impacts of magnons and SF on trans-
port properties are determined by the spin-dependent scattering arising from the charge-spin interaction
(Polash et al., 2020a) and the correlated electron-hole pair collective excitations (Kaul, 2005). The magnetic
excitations in an FM metal with the collective origin of ferromagnetisms are both temperature and energy
dispersion-dependent. At zero temperature, magnetic excitations due to spin-wave are confined around
zero magnon wavevector (g = 0) in the Brillouin zone, representing the bound states for electron-hole pairs
(Kaul, 2005). The energy gap between low-energy spin-wave and bound states corresponds to the energy
splitting between the majority and minority spin bands (shown in Figure 7) (Kaul, 2005). This energy gap
reduces with the increase in g, and at certain g = q¢, the magnon dispersion curve enters the Stoner exci-
tation continuum. At g > g¢, magnons get damped. The dominant magnetic excitation mechanism is tran-
sitioned from spin-waves to exchange-enhanced spin fluctuations, observed in thermodynamic quantities
like magnetization, electrical conductivity, thermal conductivity, heat capacity, and thermopower at spe-
cific temperature ranges (Kaul, 2005). Therefore, at low temperatures (T << T¢), the dominant magnetic
contribution in transport properties is due to the long-wavelength low-frequency spin-wave modes,
whereas at intermediate temperature (T < T¢) and near T ~ T¢, SF has a dominant contribution in the trans-
port properties (Kaul, 2005).

Under external field, both spin-wave and SF get quenched, and hence, the magnetic excitations due to the
spin-wave and SF are also suppressed. The field-dependent magnon dispersion can be expressed as (Kik-
kawa et al., 2016):

Eq=(DG? + vuoB) v/ 1+ yuoMssin20

where D is the spin-wave stiffness, v is the gyromagnetic ratio, M; is the saturation magnetization, and 6 is
the angle between magnon flow and the external magnetic field direction. Under field, the magnon disper-
sion curve shifts toward higher energy with modified D" shown in Figure 7, increasing the energy gap
for magnetic excitation or g. (Kaul, 2005). Similarly, under field, the Stoner continuum shifts toward higher
energy due to the increase in the spin-band splitting. Hence, higher thermal energy is required for the
magnetic excitations (see Figure 7). Overall, both spin-wave and SF suppression can suppress the spin-
dependent scattering on electrons and phonons to a specific temperature observed in the transport

(Equation 2)

properties.

The field-dependent carrier transport nature in CrTe can shed light on the dominant magnetic excitation
mechanisms. According to the inset of Figure 4B, the field-dependent heat capacity shows the suppression
of magnetic contributions above ~225 K, whereas both spin-wave and SF exist above ~125 K with a signif-
icant contribution from SF. Therefore, the field-dependent suppression in magnetic heat capacity near T¢
is expected to be dominated by the SF quenching. The TMR is another property that manifests a distinct
field- and temperature-dependent behavior. Generally, at low temperatures (T << T¢), TMR due to the
spin-wave exhibits —BIn(B) dependency at the low fields and saturates at high fields (Kaul, 2005). With
the temperature increase, the TMR due to spin-wave decreases quickly (Kaul, 2005). On the other hand,

¢? CellPress

OPEN ACCESS

iScience 24, 103356, November 19, 2021 9




¢? CellPress

OPEN ACCESS

[~ Stoner Excitations
(Spin-flip)

Wavevector, q

Magnon Dispersion

|
|
|
|
|
|
|
|
|
|
|
E; =~ Dg?\/1 + yuoMsin26 I
—\ q 0Ms 1
|
|
|
|
|
|
|
|
|
|
|

g
&ﬂﬂﬁﬁ on Phonons

B=0

B>0

Figure 7. Fundamentals on spin fluctuations in the absence or presence of external magnetic field

iScience

EA

7 y *
) 5*>0
*=A+gusB

Wavevector, q

T
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influenced carrier transport. External field-induced Zeeman splitting can quench the Stoner excitations to certain temperatures. On the other hand, spin-

wave is coming from the temperature-induced fluctuation of magnetization of lattice ions. Spin-wave excitations can drag the itinerant carriers by the

momentum relaxation process. Spin-phonon scattering can also have a direct impact on phonon transport properties.

TMR due to SF at intermediate temperature and near T¢ exhibits ~ B? dependency and saturates at a
much higher field than the spin-wave-mediated TMR (Kaul, 2005). Interestingly, TMR due to SF increases
up to ~ Te (Kaul, 2005).

For the case of CrTe, according to Figure 6, TMR shows ~ B? trends above 150 K, and the absolute value of
TMR increases up to around T¢ and decreases beyond Tc. The TMR trend below 50K is due to the trajectory
effect (Hurd, 1972). The trends support the presence of SF as a dominant magnetic excitation mechanism at
intermediate and near Curie point temperatures.

The thermal transport properties of CrTe, including thermopower and thermal conductivity, also demon-
strate distinct field-dependent features, as shown in Figure 3. Under the 12 T field, the magnetic excitations
on carriers below T¢ are expected to be quenched completely. Hence, it can be considered that the ther-
mopower at 12 T below T¢ is dominantly due to the diffusion thermopower. With this consideration, the
magnetic contribution to the thermopower is extracted by subtracting the zero-field thermopower and
thermopower at 12 T (shown in Figure 8).

The drag thermopower contribution due to FM magnons exhibits characteristic T2 dependency and can
be determined by magnonic heat capacity (Zheng et al., 2019). The magnon-drag thermopower (ang) is
estimated from Zheng et al. (2019):

2 Cow 1

3ne Trrajrn (Equation 3)

Omd =
where n is the carrier concentration, 7., is the magnon-electron relaxation time, and 7, is the magnon
lifetime. Considering the limit of 7¢m/7m (Zheng et al., 2019), the maximum magnonic thermopower
is achieved when 7¢p /7 = 2, which is shown in Figure 8. According to the figure, the temperature-depen-
dent trend and the maximum value of magnon-drag thermopower are characteristically different than the
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Figure 8. Analysis of SF-mediated thermopower and thermal conductivity

(A and B) (A) The magnetic contribution in thermopower of CrTe along with the theoretical contributions from spin-wave
and spin fluctuations. Spin fluctuation shows better fit to the experimental data, and (B) the enhancement in thermal
conductivity, Ak/k = (k(B = 12) - k(B = 0))/«(B = 0), compared with thermal conductivity at zero field, k(B = 0).

experimental trend. On the other hand, the experimental magnetic thermopower is fitted better with the
SF-drag thermopower model, i.e., (Okabe, 2010):

2

T 2 0+ (T/TO) .

Oésf:(T) = AT + BT(?) 1097 (Equa‘uon 4)
0

(1)

Here A, B, Tp, and 6 are the parameters obtained from fitting the experimental data with Equation (4).
Considering the similar underlying physics of SF contributed heat capacity (Dhar et al., 1987), the first
term in SF-drag thermopower is most likely coming from the SF-enhanced electronic heat capacity due
to the SF-induced renormalization of electron effective masses, whereas the second term is associated
with the variation in electron self-energy with respect to temperature. Here, the estimated parameters
are A=—0.02 pV/K?, B=0.0125 uV/K3, Ty = 815K, and 6 = 4. According to Figure 8, the theoretical SF-drag
thermopower below T closely follows experimental magnetic thermopower. The characteristic tempera-
ture of SF, Ty, is the temperature below which the SF contribution is dominant. Ty can be close to the SF
temperature, Tsg, often used in the literature (Okabe, 2010).

Like thermopower, the thermal conductivity (k) manifests the existence of spin fluctuations that impedes
the heat flow by electrons and phonons. Typically, thermal conductivity due to the magnons (k) posi-
tively contributes to the total thermal conductivity that can be suppressed under an external field. On
the other hand, the spin fluctuations reduce the thermal conductivity, so its suppression by the field
can explain the thermal conductivity enhancement observed in Figure 8. This reduction can happen
for both the electronic thermal conductivity (ke) and phononic thermal conductivity (kpp). Overall, in an
FM metal with a collective origin of ferromagnetism, total thermal conductivity can have a contribution
from charge carriers, phonons, SF, and magnons, which can be expressed as (Chen et al., 1997; Gratz and
Markosyan, 2001):

-1 -1
1 1 1 1
K = Ke+Kph+Km=|—+ +—+ +Km
Ke0 KeSF Kpho  Kph,SF

Here, koo and kpno are the electronic and phonon thermal conductivity without SF effect, and, ke sr
and kpp, sF are similar quantities but with SF effect. Owing to the SF induced spin-phonon scattering,
the total phonon mean free path is modified to 1/lop = 1/lnag+1/lhonmag. Where the nonmagnetic
contribution to mean free path (l,onmag) is determined by the Umklapp phonon-phonon, electron-
phonon, and phonon-defect scattering, and the magnetic contribution to the mean free path (/y,.g) is
limited by the spin-phonon scatterings due to SF (Chen et al., 1997). Under an external magnetic field
at finite temperature, suppression of SF leads to a larger In,g and hence, a larger Iy, which provides
higher thermal conductivity (Chen et al., 1997). The SF can also impact the electronic thermal conductiv-
ity due to the SF-induced spin scattering on carriers. ke and kg ¢ show ~ T and ~T~" dependency,
respectively (Gratz and Markosyan, 2001). The parallel thermal transport channels arising from SF effects

(Equation 5)
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on carriers and phonons cause the reduction in total thermal conductivity, whereas suppressing those
transport channels under field enhances thermal conductivity. The suppression of the magnons, the third
component contributing to the thermal conductivity, tends to reduce the thermal conductivity at high
fields.

According to Figure 9, the field-dependent thermal conductivity trends indicate both SF- and magnon-
contributed thermal conductivity modifications. Typically, the SF-mediated phonon thermal conductivity
trends follow the trend of the deviation of magnetization from the saturation value (Chen et al., 1997).
Comparing the magnetization trends shown in Figure 2, both electronic and phonon thermal conductiv-
ities must be affected by the SF effect. In contrast, the high field reduction in thermal conductivity can be
associated with the field-induced reduction of the magnon thermal conductivity. Owing to the compli-
cated relationships of the magnetic contribution to thermal conductivity, the quantitative determination
of each component is complex, and it requires a more detailed investigation beyond the scope of this
study.

Conclusions

The interplay between electronic itinerancy and localized magnetization in TMC ferromagnets can intro-
duce rich spin-dependent thermoelectric properties. The temperature, field, and energy-dependent
spin-wave and spin fluctuation excitations manifest in the transport properties with characteristic features
that help to understand the underlying mechanism of spin, carrier, and phonon transport. These inter-
coupled transport mechanisms recently exhibit several prospective spin-caloritronic effects, including par-
amagnon-drag, spin entropy, and spin fluctuation. This work demonstrates a significant zT enhancement in
FM metal CrTe originated from the spin fluctuation-mediated thermoelectric transport properties. The
electronic, magnetic, heat capacity, galvanomagnetic, and thermoelectric transport properties are
measured and analyzed with SF and spin-wave models. The experimental and theoretical investigations
exhibit good agreement, indicating that the SF, and in this case more significantly than the spin-wave,
can effectively enhance the zT in magnetic materials.

Limitations of the study

We did not discuss on how to engineer and enhance the SF-mediated zT. This requires further studies to
guide identifying or designing the material systems with a large zT resulted from SF. Moreover, a detailed
study on calculating the individual contribution of the spin-wave, SF, and Schottky on transport and ther-
modynamic properties is suggested to provide a better understanding of the overall spin contributions in
thermoelectric performance.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Chromium (powder, 99.99%) Alfa Aesar 7440-47-3
Tellurium (powder, 99.99%) Changsha Santech Materials Co. Ltd. 13494-80-9

Software and algorithms

Matlab R2019a Mathworks www.mathworks.com

PDXL Software Rigaku www.rigaku.com

Other

P7PL planetary ball mill Fritsch www.fritsch-international.com
Miniflex x-ray diffractometer Rigaku www.rigaku.com

DynaCool 12T Physical Property Measurement System (PPMS) Quantum Design www.qdusa.com
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Daryoosh Vashaee (dvashae@ncsu.edu).

Materials availability

This study did not generate new unique compounds.

Data and code availability
® All data reported in this paper will be shared by the lead contact upon request.

® The code utilized in this paper will be shared by the lead contact upon request.

® All other items will be shared by the lead contact upon request.

METHOD DETAILS

Material synthesis

The polycrystalline CrTe sample was synthesized by the solid-state reaction from the high purity Chromium
(powder, 99.99%) and tellurium (powder, 99.99%) sources. The pure elements with nominal compositions
are milled in a tungsten carbide (WC) cup under an argon (Ar) environment for 8 hrs at 650 rpm using Fritsch
P7PL planetary ball mill to achieve a uniform mechanical mixture of the elements. The milled fine-sized
powder was subsequently annealed at 700°C for 24 hrs under vacuum in a rocking furnace to achieve ho-
mogeneity in chemical compositions. The annealed powder was milled again with the same recipe to
obtain a nano-sized powder. To consolidate the powder into a cylindrical ingot, spark plasma sintering
(SPS) was performed with a homemade SPS tool inside the glovebox under an Ar environment at
1000°C and 50 MPa pressure with a constant heating rate of 60°C/min and a soaking time of 20 min. The
O, and H,0 levels in the Ar-filled glove box were kept at < 0.01 ppm during the synthesis process. The cy-
lindrical disks were cut from the ingot using the wire saw for various characterizations.

XRD

For the chemical phase analysis, the room temperature X-ray diffraction (XRD) data was collected from a
disk-shaped sample using the Rigaku Miniflex x-ray diffractometer in the reflection mode. The sample
was mounted on the zero-background sample holder. The XRD was collected with a 26 scan range of 2°
to 90° using the Cu-Ka radiation at 0.154 nm wavelength and a maximum power of 400 W (40 kV and 15
mA), and a wide area scintillation counter detection system.
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Magnetic characterization

The temperature-dependent, M(T), and field-dependent, M(H), magnetic susceptibility were measured
with the vibrating sample magnetometer (VSM) using Quantum Design DynaCool 12T Physical Property
Measurement System (PPMS) from 2K to 400K at different fields under the He environment. The sample
was mounted on the quartz VSM paddle with GE7031 varnish, a vinyl phenolic adhesive. The sensitivity limit
of VSM measurement with PPMS is around 107 emu levels.

Thermal transport properties characterization

The thermopower and thermal conductivity were measured simultaneously with the thermal transport op-
tion (TTO) of PPMS at different magnetic fields under a high vacuum. The voltage and temperature
measuring Cernox chip thermometers were connected to the sample using the highly conductive silver
paste. The temperature and electrical voltage drop across the sample due to the applied heat pulse at
the hot end were measured simultaneously to calculate the thermal conductivity and thermopower, respec-
tively. The measurements were performed under positive and negative magnetic fields, and the average
was taken to obtain error-free field-dependent data.

Heat capacity

Temperature and field-dependent heat capacity data was collected with PPMS at different magnetic fields
under a high vacuum. The sample was mounted on the heat capacity puck with Apiezon N and H grease for
measuring the low (<200 K) and high (>200 K) temperature heat capacity data.

Hall measurement

The Hall measurement is performed with Van der Pauw (VdP) method in PPMS under the He environment at
selected temperatures and fields. The wires were connected on the sample edge using a highly conductive
silver paste. The experimental data were analyzed with theoretical models to understand the physical
mechanisms of the corresponding properties

Parameter table for heat capacity analysis

All Parameters are fitting values except the one with the reference.

Parameter Value

Carrier Concentration, n 1.4 x 10?2 cm 3

Lattice parameter

A 3.97 A
c 6.19 A
Exchange interaction, J 11.1 meV [Ref: Rhodes and Wohlfarth, 1963]
Debye Temperature, 6p 148 K
Einstein Temperature, 0 325 K
D 1.425 x 10710
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