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Abstract

Thermal to electrical energy conversion using thermoelectric devices built based on the
Seebeck effect has been intensely explored over the past two centuries. These devices not
only convert heat into electricity but also operate in reverse, acting as solid-state refrig-
erators or coolers by actively pumping heat. Thermomagnetic devices are alternatives to
thermoelectric devices and are built based on the Nernst effect. When temperature gra-
dient and magnetic field are applied perpendicular to each other in a given material, a
transverse voltage develops due to the Nernst effect in the direction normal to the plane
containing the magnetic field and temperature gradient vectors. The Nernst coefficient
is then defined as the ratio of the transverse electric field to the longitudinal temperature
gradient, normalized to the applied magnetic field. The material parameters influencing
the response of the Nernst effects are relatively unexplored compared to the well-known
Seebeck effect.

This PhD thesis presents several significant findings. Firstly, an evaluation of the
applicability of Moreau’s relation in predicting the magnitude and trend of the Nernst
coefficient in the standard thermoelectric material, BiyTes, a narrow-band gap semicon-
ductor, is undertaken. According to this relation, the Nernst coefficient of a material
can be written as the negative of the product of its Thompson coefficient (defined as the
product of the temperature of the sample and the first derivative of its Seebeck coefficient
with respect to the temperature), Hall coefficient, and electrical conductivity. Moreau’s
relation is found to predict reasonably well the magnitude of Nernst coefficient and
the temperature at which it changes sign. However, it could not explain the non-linear
relationship between the Nernst coefficient and the applied magnetic field observed at
low temperatures. As predicted by the relation, an increase in the Nernst coefficient
magnitude is observed as the mobility of the carriers increases at lower temperatures.

Secondly, a larger Nernst coefficient is observed in the high-temperature phase of
1T-TiSe, where the mobility is the lowest. 1T-TiSe; is a layered semimetal representing
a distinctive class of materials that exhibits slight overlap between their valence and the
conduction band, accompanied by a high degree of carrier compensation. We attribute
this increase to an abrupt reconstruction of the Fermi surface driving a rapid increase in

the size of electron-hole pockets which leads to an increased bipolar effect and enhanced
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Nernst coefficient.

Thirdly, an enhanced Nernst signal peak in MoTe; is observed. MoTe; is a topological
Weyl semimetal that exhibits both quadratic and linear dispersion in its band structure.
Analyzing the transport data, we attribute this to the movement of the Fermi level in
crossing the Dirac point. A similar study was carried out on PdTe,, a Dirac semimetal.
Even after changing the temperature from 2 — 400 K and the magnetic field from —9
T to +9 T, such band crossing was not observed. This highlights the importance of
EDirac point—EF as an important selection parameter in recognizing potential topological
semimetals for thermomagnetic applications.

Fourthly, a sign change in the Nernst coefficient during the antiferromagnetic (AF) -
ferromagnetic (FM) transition of FeRh/Al,O3, a metal, is recorded. The differing signs
in the two phases were attributed to an anisotropic mobility of spin-up and spin-down
electrons in the AF phase. Additionally, despite the AF phase displaying higher mo-
bility, the magnitude of the Nernst coefficient was higher in the FM phase owing to
the contribution from its internal magnetization. A hysteresis loop was evident in the
temperature-dependent Nernst coefficient response with a shape similar to that observed
in the Seebeck coefficient but with a narrower width.

Lastly, a significant Nernst coefficient of 11.2 VKT~ at 80 K is observed in the
FATCNQ-doped P3HT polymer which is comparable to the response in many inorganic
materials. The basis for this is not yet clear due to the polymers exhibiting much more
complex molecular structures than the inorganic materials. As of now, this remains an
open question and is a potential starting point for future work.

The practical implications of this PhD thesis lie in identifying efficient thermomag-
netic materials that can be used in building environmentally friendly waste-heat to use-

ful energy converters.
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Chapter 1

Introduction

1.1 Thermoelectrics

The Thermoelectric (TE) effect is the direct conversion of temperature difference to elec-
tricity. The thermoelectric performance of a material is evaluated by its dimensionless
tigure of merit, zrgT, defined as 0S?T /x where o is the electrical conductivity, S is the
Seebeck coefficient, « is the thermal conductivity, and T is the average temperature of
the material. TE modules can operate both in power generation and refrigeration mode
making them an ideal candidate for a multitude of applications. These modules do not
emit any greenhouse gas during their operation. Having no moving parts, they are silent
in operation and require very low maintenance. The first observation of cooling using a
Bi, Tesz thermocouple about seventy-five years ago inspired a surge of interest in the field
of thermoelectric energy conversion [1]. Identifying suitable new materials and enhanc-
ing the thermoelectric properties of the already recognized ones have been the major
research drive of the thermoelectric research community since then [2-14]. Significant
progress was made in the 1950s. Heavily doped semiconductors were identified as good
TE materials and commercialization of TE modules started using materials like BiyTes
and its alloys. Between 1960-1990 only incremental progress was made in the field. In
the early 1990s, concepts like phonon-glass/electron-crystal (PGEC), and the incorpora-
tion of low-dimensional materials revived the field [15-17]. These concepts have grown
parallelly and independently since then. In recent times, these ideas appear to be coming

together with the inclusion of nanomaterials in bulk thermoelectric materials [18, 19].
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fo (E)

9(E)TE(E — Ef)

Figure 1.1: Carriers with energy above or below the Fermi level oppositely (S; and S»,

shaded areas) contribute to net Seebeck coefficient.

1.1.1 Seebeck Effect

Thermoelectric power generation or refrigeration mode relies on the Seebeck effect in
which a longitudinal electric voltage is generated in response to a temperature gradient
Fig. 1.1 (reproduced from ref. [20]). According to the Boltzmann transport theory, the
equation of the Seebeck coefficient, S, of a single-carrier (electron or hole) can be written
as [21]:

I2g (E) wE (E Ep) B gF

1
S=T e[ g (E) T, EILE )dE

(1.1)

where, g (E) is the density of states (DOS), 7, is the relaxation time, Ep is the Fermi

level, fo (E) is the Fermi-Dirac distribution function, e is the charge of the carriers and

dfo(E)
dE

is the Fermi window. Only carriers within the vicinity of the the Fermi window

contribute to the transport. Since, e |, 6’0 g (E) TeEdf 0E)4F is essentially the electrical con-
ductivity of a material and always positive, the sign of S is always determined by the
term [g (E) ©.E (E — EF) dfg—}(f)] in the numerator. Carriers above and below the Fermi

level give rise to S of opposite polarity.

slz/:g(E)rgE(E—E)dfO( ) dE > 0 (1.2)
S, = /:Fg (E) wE (E — Eg) dfcoié ) d4E <0 (1.3)
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Total S of a material is the direct addition of these two contributions. For a material like
metals where the Fermi level is deep inside the conduction band and nearly symmetric

DOS above and below the Fermi level should result in a low S.

1.2 Thermomagnetics

1.2.1 Nernst effect

When a magnetic field is applied perpendicular to an imposed temperature gradient,
there will be a secondary transverse voltage, the so-called Nernst voltage. The Nernst
thermopower is then defined as the ratio of the transverse electric field to the longi-
tudinal temperature gradient in the presence of a mutually orthogonal magnetic field.
We refer to the Nernst coefficient as the slope of the Nernst thermopower with respect
to the magnetic field (defined per magnetic field). Similar to the Seebeck voltage, the
Nernst voltage can serve as the basis for thermal-to-electrical energy conversion. Just as
the Seebeck effect is the thermal analog of the electrical resistivity, the Nernst effect is
the thermal analog of the Hall effect. In the Hall effect, an electrical current is applied
along the sample, and a magnetic field is present in the out-of-plane direction. In the
Nernst effect, the electrical current is replaced by a thermal current. Hence the Nernst
coefficient has features of both the Seebeck and Hall coefficients (see Fig. 1.2).

Let us assume the elements of the magneto-thermoelectric transport tensor as S;j,
where i indicates the direction of the applied flux or temperature gradient, —V;T; j
indicates the direction of the induced electric field, E; ; and k indicates the direction of the
externally applied magnetic field, ﬁ;{ (if present). Because a magnetic field is not always
present in characterizing thermoelectric transport, such as for the conventional Seebeck
effect, the third index can be dropped in the absence of an externally applied magnetic
field. With this labeling in mind, Sy indicates a zero-field Seebeck coefficient, while Sy,
indicates a Nernst thermopower, both in units of V.K~1. From this notation, it becomes
apparent that the Nernst thermopower configurations are the off-diagonal components
of the magneto-Seebeck tensor (f) =S (ﬁ)]VT) This notation also holds for the
electrical resistivity and thermal conductivity transport tensors. To provide notation

simplicity, alternatives like S in place of Syx, N in place of Sy, and N/B in place of

3



(a) )

Sample

(b)

(c)

Heat flux, g

Figure 1.2: Schematic illustration of the a) Hall Effect, b) Seebeck Effect, c) Nernst Effect.
Uniform temperature throughout the material (represented by solid color in the figure)
is required for the Hall effect measurement while a temperature gradient (represented
by the color gradient in the figure) is needed for the Seebeck and the Nernst measure-
ments. Here Vi, Vs, Vi represents Hall voltage, Seebeck voltage, and Nernst voltage

respectively, and V,;T represents the temperature gradient along the length of the sam-

ple.



Nernst coefficient will be used where needed in the dissertation.

A thermoelectric module can work in two distinct modes of operation: power gen-
eration and heat management. The latter includes refrigeration [22], active cooling [23],
and thermal switching [24], all of which are based on the manipulation of heat with
electricity using the Peltier effect. The Peltier effect is the thermodynamic inverse of the
Seebeck effect wherein an electrical current passed through a heterojunction results in
cooling or heating of the material within proximity of the junction. The Peltier coeffi-
cient is defined as the ratio of the electronic thermal current to the electrical current.
Conceptually, we understand the cooling or heating to be the result of electrical current
conservation at the junction which results in thermal current discontinuity when the
Peltier coefficient varies across the junction. The Ettingshausen coefficient is the trans-
verse analogue of the Peltier coefficient in the presence of a magnetic field and is the
basis of thermomagnetic cooling. The Nernst and the Ettingshausen effects are therefore
the basis of thermomagnetic power generation and heat management, respectively. In

general, the Kelvin-Onsager relation relates the Peltier tensor (77;j) to the Seebeck tensor

(Sijk) as:
Tijk (Hi) = TSijk (—Hi) (1.4)

where i, ],k are directions as defined previously and T is the temperature. At zero
magnetic field, we recover 7y, = TSy, relating the longitudinal Seebeck and Peltier co-
efficients. At nonzero magnetic fields, the off-diagonal elements of the Peltier tensor
represent the Ettingshausen coefficients and the off-diagonal elements of the Seebeck
tensor represent the Nernst thermopowers. These relations are valid in the linear trans-
port regime when electrical and thermal currents are linearly proportional to the electric
field and temperature gradient. Since the Peltier and Ettingshausen coefficients are re-
lated to Seebeck and Nernst thermopowers as described, they have the same dependence
on the material’s parameters such as electronic structure and scattering rates, and they
follow the same physics. Hence, in the linear transport regime, it is sufficient to limit
our discussion to the Seebeck and Nernst effects. The Nernst thermopower is also often
referred to as the Nernst-Ettingshausen thermopower as a reminder of both the power

generation and the cooling modes of thermomagnetic modules.
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1.2.2 Thermomagnetic modules

The efficiency of a thermomagnetic power generator and the coefficient of performance
of a thermomagnetic cooler are increasing functions of the material’s thermomagnetic

tigure of merit defined as:

zrmT = (SiyZUysz> / Kxxz (1.5)

where 0y, is the electrical conductivity along the y-direction (direction of the Nernst
voltage), kyy; is the thermal conductivity along the direction of the applied thermal gra-
dient, and T is the average temperature of the material. The form of the thermomagnetic
tigure of merit, zr T, replicates that of the thermoelectric figure of merit, zT, while
accounting for the fundamental differences in geometry between the two. Traditional
thermoelectric effects are longitudinal, with collinear heat and electrical flux, making
it difficult to decouple thermal and electrical transport properties. For instance, the
electrical conductivity of metal is proportional to its thermal conductivity; this builds
the paradigm that a simultaneous electrical conductor and thermal glass is not possi-
ble in a strong metal where the electrons are both heat and electrical charge carriers.
In contrast, in a thermomagnetic module, electrical and thermal conductivity are mea-
sured orthogonally to one another. Hence, it is possible to decouple the transport by
designing an anisotropic conductor with large in-plane electrical conductivity and low
cross-plane thermal conductivity. The 2D layered materials are a good example where
the cross-plane thermal conductivity is weak due to the weak van der Waals interactions
between the layers while the in-plane electrical conductivity can be strong in metallic
and semimetallic layered structures.

A typical thermoelectric module requires alternating n-type and p-type legs con-
nected electrically in series and thermally in parallel, as shown in Fig. 1.3, to return the
electrical current to an isothermal plane. In contrast, thermomagnetic modules can be
designed with a single type of material since the resultant electric field is inherently in
an isothermal plane, resulting in a simplified module design involving fewer intercon-
nections with significantly decreased contact resistance. Furthermore, traditional ther-

moelectric modules utilize single-carrier materials since the Seebeck effect is an even
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Figure 1.3: Schematic illustration of the power generation (a, c) and the refrigeration (b,

(c)

d) mode of a thermoelectric (a, b) and a thermomagnetic (c,d) module.

function of charge carrier polarity, meaning both positively and negatively charged car-
riers move in the same direction, causing them to cancel out one another. Contrastingly,
the Nernst effect is an odd function of charge carrier polarity since the magnetic field
causes oppositely signed charge carriers to separate such that the contributions from
both polarities of charge carriers effectively add. Thus, traditional thermoelectric mate-

rials are semiconductors, and traditional thermomagnetic materials are semimetals.

The typical structures of a single thermoelectric and a single thermomagnetic module
operating in power generation and refrigeration modes are shown in Fig. 1.3(a)-(d). The
performance of both modules varies depending on the size and shape of the legs used as
they have a direct relationship with the module’s electrical and thermal resistance. The
geometry of a thermomagnetic leg has been optimized by various authors over the years.
A trapezoid with arc sides, also referred to as the infinite-stage shape [see Fig. 1.3(d)]
proposed by Harman, is considered the optimum shape for thermomagnetic modules

used for heat management [25]. Harman used idealistic assumptions like temperature-
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independent material properties and therefore temperature-independent current density
in his derivation. More recently, Mobarak et al. [26] considered a temperature-dependent
material parameter model and found a slightly modified version of the same shape
(thinner in the middle) that has a higher coefficient of performance at larger temperature
differentials.

The operating temperatures of thermoelectric modules are also different than those
of thermomagnetic ones. The Seebeck coefficient and zT tend to increase with tempera-
ture. While there have been many reports of thermoelectric materials with zT > 1 at high
temperatures, there are only a handful of materials with zT values near 1 at room tem-
perature and none at temperatures below 200 K. Figure 3(a) summarizes some important
traditional thermoelectric materials with high zT (AgPboSbTe1, [27], AgPb1gSbTey [27],
B doped SiGe [28], Bi,Sby_,Te3 [29], BixTep 79Seg 21 [30], CsBisTeg [31], Mg)Sii_Sny [32],
Na-Pb-Sb-Te [33] and PbTe-SrTe-Na [34]). In contrast, the Nernst thermopower tends
to be maximized at low temperatures. Among the known thermomagnetic materials,
many display their maximum z7)T at temperatures below room temperature. Only a
handful of materials with z7)/T have been reported, some of which are summarized in
Fig. 3(b) (BixTes [35], Big7Sbs [36], BiggSb; [36], Cd3As; [37], PrFesP;, [38], URu,Si; [39],
Lig9MosO17 [40], NbP [41], NbSb, [42], PtSny [43], WTe;, [44] and ZrTes [45]).

1.2.3 Brief history of the Nernst effect

Initial studies of the Nernst effect and its measurement can be traced back to the late
19th century from the works of German physicists Albert von Ettingshausen and Walther
Nernst, who first observed the development of a transverse voltage in a bismuth sample
subjected to a heat current placed perpendicularly in a magnetic field [46]. Further
extending their studies, they observed the same phenomena in metals such as copper,
silver, and gold, and demonstrated that it can be a versatile probe in elucidating the
electronic and thermal transport properties of metallic systems. Their works inspired
many scientists to explore this effect in a wide range of materials including metals [47-
50], semimetals [26, 51-53], and narrow gap semiconductors [54-57].

In the early 20th century, experimental measurements of the Nernst effect expanded

to include rare metals such as molybdenum, tungsten, indium, cerium, tantalum, thal-
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Figure 1.4: Temperature dependence of the a) thermoelectric and b) thermomagnetic

figure of merit of various materials collected from literature.

lium, and lithium [58], as well as nickel, cobalt [59], tellurium, soft iron [60], and
alloys such as iron-cobalt [59], monel, nichrome [58], tellurium-antimony, tellurium-
bismuth, tellurium-lead, antimony-silver, and copper-phosphorus [61]. Later in the
1950s, semimetals, a class of materials with co-existing electron and hole pockets (e.g.,
antimony, bismuth) became the focus of intensive study, as they exhibit characteristics
that are intermediate between metals and non-metals, leading to unique magnetoresis-
tance and thermomagnetic properties [52, 62]. At the same time, the exploration of the
Nernst effect extended to semiconductors, such as germanium with a positive Nernst

coefficient under 175 K and negative above this temperature [63], silicon with a Nernst
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coefficient of around -570 #V.K~1 at 50 K [64], lead selenide, lead telluride [65], bismuth
telluride [66, 67], and antimony-cadmium [58].

In parallel with the exploration of new materials, there have been investigations of
the potential use of the Nernst effect in making devices, such as power generators, re-
frigerators, and sensors. Harman introduced and explored the infinite-stage Nernst-
Ettingshausen refrigerator, optimizing its geometry for optimal performance [25, 68, 69].
Other researchers extended Harman’s theoretical optimization to geometries optimized
for practical applications [26, 70], such as Guthrie et al. [70] who explored the geometry
of this Nernst-Ettingshausen refrigerator at room temperature with single crystal bis-
muth. Wright explored the prospect of a Nernst-Ettingshausen generator made out of
a semiconductor and defined a thermomagnetic figure of merit [71]. Concurrently, the
theoretical aspects of anisotropic Nernst-Ettingshausen devices and their operational
characteristics were explored [72]. In recent decades, the field of experimental Nernst
measurements has witnessed significant advancements. Researchers have explored ex-
otic materials such as topological insulators and low-dimensional systems, thereby fur-
ther expanding the understanding of the Nernst effect [73-75]. Behnia has provided
a comprehensive review of the effect in metals, superconductors, and semiconductors
[76, 77]. Additionally, novel measurement techniques and equipment have allowed for

more precise and comprehensive characterization of the Nernst effect [78-80].

1.2.4 Theory of the Nernst effect

The Nernst theory has been developed over more than a century. In 1900, Moreau [81]
developed a phenomenological model for the Nernst coefficient which was shown valid
in many metals [82]. According to this relation, the Nernst thermopower of a material
can be defined as the negative of the product of its Thomson coefficient (defined as
the product of the temperature of the sample and the first derivative of its Seebeck
coefficient with respect to the temperature, (Tyx; = T%), Hall coefficient Ry, and
electrical conductivity oyy:

Sxyz = —Texz0xxRH (1-6)

Sondheimer studied the galvanometric and thermomagnetic effects in metals with s

and d bands [83]. Sommerfeld and Frank [84] obtained an electronic distribution func-
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tion in the presence of a magnetic field by solving the Boltzmann transport equation
and linear response theory to derive an equation for the Nernst coefficient in metals.
Putley extended the Sommerfeld-Frank formalism to semiconductors and mixed con-
ductors [65, 85]. Theoretical predictions of the Nernst thermopowers of PbTe and PbSe
appeared to be reasonably close to experimental values. Price [67] developed a model
for the Nernst thermopower in the case of isotropic two-band semiconductors using
Boltzmann statistics. He found that the Nernst thermopower can be expressed as a func-
tion of electrical conductivity, Hall and drift mobilities, the Seebeck coefficient of each
band, and the diffusion coefficient. Delves studied the symmetry of thermomagnetic
properties of semiconductors and semimetals within the relaxation time approximation
(RTA) and multi-valley band structure [52]. Nakamura et al. studied the thermomag-
netic effect in semiconductors using a Maxwell-Boltzmann-like distribution function for
both parabolic [86] and non-parabolic [87] dispersions and compared the theory with
experiments. Clayhold studied the Nernst effect in anisotropic materials and found that
the value of the Nernst thermopower depends on the correlation between the Hall angle
and thermopower at different points on the Fermi surface [49]. Pikulin et al. [88] com-
pared the value of the Nernst thermopower in cuprate superconductors calculated using
constant relaxation time approximation (CRTA) and momentum-dependent relaxation
time approximation. They found that in the combined presence of band and scatter-
ing anisotropy, the CRTA is a poor approximation and can result in an error significant
enough to result in a Nernst coefficient of the wrong sign. Using semiclassical ap-
proaches, Behnia [76] proposed two routes toward large Nernst thermopower in metals:
the presence of multiple bands and energy-dependent Hall angle or energy-dependent

mobility.

More recently, Zebarjadi et al. [89] have developed a simple description of the Nernst
theory using an RTA and power laws to describe the energy dependence of the scatter-
ing rates. They have shown that within an isotropic single-band model, the Nernst
thermopower is zero under the CRTA. A nonzero Nernst thermopower in this case is
the result of energy-dependent relaxation times and is proportional to the difference
between thermal and Hall mobilities multiplied by the Seebeck coefficient. Within the

anisotropic bands, the Nernst thermopower is nonzero even within the CRTA, and it
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is proportional to the difference in the Seebeck coefficient of x and y directions. They
conclude that identical electron and hole bands that are anisotropic (in the crystallo-
graphic directions perpendicular to the magnetic field) with large s-parameters and zero

or overlapping bands are the best candidates for good thermomagnetic materials [89].

The models described here are only valid for weak magnetic field regimes. The
Boltzmann equation breaks down at large magnetic fields when cyclotron frequency w,
multiplied by the relaxation times (7) is much larger than unity (w.t > 1) where the
response is nonlinear. In addition, when fiw. > kgT, then the splitting of the Landau
levels is greater than the thermal energy, and the wave number is not a good quan-
tum number. The Fermi surface breaks into one-dimensional Landau levels and leads
to quantum oscillations of transport properties with respect to the magnetic field. Peri-
odic oscillations with respect to 1/H (Schubnikov-de Haas effect) are observed in many
magnetoresistance measurements. These oscillations are also observed in Seebeck and
Nernst measurements of some samples [90, 91]. Several theoretical works have explored
and explained these oscillations. Landau levels and their dependence on electric fields
and their effect on Nernst oscillations are discussed in graphene [92] and bismuth [93],

for example, theoretically.

Accurate calculations of the Nernst thermopower without fitting parameters are a
challenge that has not yet been fully addressed. The Seebeck coefficient calculations
based on first principles have advanced significantly in the past decade. First-principles-
based codes such as BoltzWann [94] and BoltzTrapz [95] have been developed and sig-
nificantly contributed to the prediction power of the thermoelectric community. The
Seebeck coefficient is not sensitive to the details of scattering parameters. Hence, even
within the CRTA approximation, accurate Seebeck coefficient values can be predicted
merely based on the full electronic band structure. The Nernst coefficient however is
very sensitive to the details of scattering rates as the Nernst coefficient is proportional to
the carrier mobility. It is also a tensor response and the direction of the magnetic field
relative to the crystal directions plays an important role. Therefore, accurate numerical
calculations of the Nernst coefficient are a challenge. This challenge has been addressed
recently by Rezaei et al. [96, 97]. They have developed a module to be added to the

BoltzZWann code in which the effect of the magnetic field on transport properties is in-
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cluded within CRTA [96]. They have then shown that if scattering rates can be added
properly, for instance using the AMSET code [98], to reproduce the mobility correctly,
the same rates can be used to predict and reproduce the experimental Nernst values in
semiconductors [97]. We note that to extend this to semimetals and metals, the correct
inclusion of scattering rates in these materials is required; to extend this to magnetic
materials and materials with a nonzero Berry curvature, the inclusion of the anomalous

Nernst effect is required.
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Chapter 2

Nernst effect in the narrow band gap

semiconductor BirTes

Collaborators and Personal Contributions: Single-crystals used in this study were grown by Dr.
Sergiy Krylyuk from Dr. Albert Davydov’s group at the National Institute of Standards and
Technology. First-principal calculation was done by S. Emad Rezaei under the supervision of
Dr. Keivan Esfarjani of MSE, UVA. The Nernst theory here was done by Dr. Mona Zebarjadi.
The electrical, thermoelectric, and thermomagnetic characterizations were all done by Md Sabbir

Akhanda under the supervision of Dr. Mona Zebarjadi.

2.1 Background and context

Despite the discovery of numerous other thermoelectric materials to this date, Bi;Tez and
its alloys (with Sb,Tes for p-type and with BiySes for n-type conductivity, respectively)
are still the dominant materials used in commercial thermoelectric modules for near
room-temperature applications [99]. Hence, it is no surprise that a large number of
articles are focused on the study of BiyTes thermoelectric transport properties [100-104].
Bismuth Sesquitelluride BiyTez is a layered material and inherently has low thermal
conductivity [105]. At the same time, it is a topological material with a complex band
structure [106]. Many detailed first-principles studies have been reported so far to better
understand the electronic band structure and consequently thermoelectric properties of

the BiyTes family [106-114]. Due to spin-orbit interaction, BiTez has band inversion with
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band extrema that are not at the high symmetry I' point [106]. The resulted valleys have
small effective masses and high valley degeneracy, making the electronic band structure
of Bismuth Sesquitelluride Bi,Te3 ideal for thermoelectric applications. Various reports
on the Seebeck coefficient and the Hall measurement of doped samples pointed to the
necessity of a six-valley band model to properly describe the relationship between the
Hall coefficient and the carrier concentration [115-118]. While examining the thermal
conductivity behavior at a temperature range of 77 K to 380 K, Satterthwaite and Ure
reported a sharp rise in the thermal conductivity around room temperature and above
due to ambipolar diffusion of electrons and holes [105]. Goldsmid found that the lattice
thermal conductivity of doped BiyTe; is independent of its electrical conductivity [119].
He reported that doping with halogen atoms is an exception and results in the reduction
of lattice thermal conductivity due to the large cross-section of phonon-halogen atom

scattering.

While the thermoelectric properties of Bi;Tez have been well-studied to attain a
higher figure of merit, the thermomagnetic properties lack the same research depth.
When a magnetic field is applied in the z—direction, i.e., normal to the basal (0001) crys-
tal plane in BiyTe3, the thermomagnetic figure of merit, z7pT is defined as (N ZU’ny) [ Kx
where N is the Nernst coefficient in the unit of uV/K, oy, is the electrical conductivity
in the y-direction, xyyx is the thermal conductivity along the direction of the applied
thermal gradient, and T is the average temperature of the material [120]. The Nernst
coefficient in the thermomagnetic transport is the transverse equivalent of the Seebeck
coefficient Sy, in the thermoelectric transport. Thermomagnetic power generators and
coolers are an alternative to thermoelectric modules. They have several advantages com-
pared to their thermoelectric counterparts such as exhibiting higher energy conversion
efficiency for the same zT (adiabatic) (applicable when the zT (adiabatic) is greater than
0.2) [121, 122], better suitability for energy conversion in the case of thin films, and
simpler design as the module can be made using only one material compared to two
(n-type and p-type) in case of a thermoelectric module [52, 122]. The potential that the
transverse thermomagnetic properties hold in energy conversion can duly be stressed
by taking the Dirac semimetal Cd3As; as an example. In a recently published paper, it

has been reported that, primarily due to its large Nernst coefficient, Cd3As; has a trans-
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verse thermomagnetic zrp T ~ 0.5 at room temperature which is more than twice its
longitudinal thermoelectric zrgT [37]. The study of the Nernst effect is also important
in spintronics. It has recently been shown that the Nernst voltage can be a source of
spurious signal in spin-orbit torque measurements in topological insulators [123]. The
magnetization dynamics can be controlled by thermally driven spin Nernst torque [124].
Therefore, taking a closer look at the thermomagnetic properties of BiyTe3 is evidently
titting. To our best knowledge, only a few attempts have been made to study the Nernst
effect in BirTes so far. Mansfield and Williams in 1958 measured the Nernst coefficient
of BipTe; under a magnetic field of 1.4 T and reported a slow increase in the coefficient
with decreasing temperature [56]. In 1966, Champness and Kipling measured the Nernst
coefficient for an n-type Bi;Tez under a constant magnetic field of 1.88 T applied paral-
lel to the cleavage plane and concluded that the electron to hole mobility ratio of their
sample decreases up to room temperature [125]. In 1997, Zhitinskaya et al. used the
Nernst measurement at 300 K in the weak magnetic field regime as a means to predict
the degree of inhomogeneity present in the BiyTez crystal [55]. All these studies revealed
useful information but do not provide a complete picture of the Nernst effect covering
both wide magnetic fields and a large temperature range.

In this work, we report the measurement of the Nernst coefficient of BiyTez over a
wide range of magnetic fields and temperatures. We have observed a change in the sign
of the Nernst coefficient (N) as predicted by the Moreau’s relation[126] [Eq.(2.1)] around
the same temperature at which the Seebeck coefficient peaks.

oS
N=TRpo—= (2.1)

We have also observed a non-linear behavior of the Nernst coefficient versus H in the
high magnetic field regime (x1H > 1). The measurement of thermoelectric properties,
Hall coefficient, magneto-Seebeck, and magnetoresistance have been included in this re-
port to provide a more complete perspective. We used First-principles calculations and
analytical solutions of the Boltzmann transport equation (BTE) using the constant relax-
ation time approximation and in the presence of an externally applied magnetic field to
calculate magneto-transport responses. In the absence of the magnetic field, theoretical
Seebeck coefficients accurately reproduce the experimental ones. The presence of the

magnetic field introduces the magneto-Seebeck, the magnetoresistance, and the Nernst
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signal. Finally, the Nernst signal was calculated using phenomenological models. The
trends seen in the theoretical result agrees with that of the experiment, but these are not
in quantitative agreement primarily due to the use of constant relaxation time approxi-

mation (CRTA) during the theoretical calculations.

2.2 Transport property characterization

A 87 x39x 15 mm3 (L x W x H) sized sample was cut from the central part of the
ingot. Gold-plated flat copper wire of 0.5 mm width was used to make contact elec-
trodes. A two-component silver-filled epoxy was used to glue the contact wires to the
sample. The thermoelectric properties of the sample, at a temperature range 55 K to
380 K and magnetic field of —3 T to 3 T, were measured by the one-heater and two-
thermometer configuration using the thermal transport option (TTO) of the VersaLab
(Quantum design Inc.). The applied magnetic field was perpendicular to the direction
of the thermal gradient and the cleavage plane. To establish a thermal gradient along
the length of the sample, a resistive heater was attached to one end of the sample. An-
other contact attached at the opposite end of the sample was clamped to the cold foot
of the TTO puck which acted as a heatsink. Thus, the temperature difference is ap-
plied between two parallel heat sink and heat source placed 8.7 mm apart, implying that
the slow transverse voltage measurements are done under nearly isothermal conditions,
and the reported Nernst coefficients are the isothermal values rather than the smaller
adiabatic values. Two TTO shoes placed 3.4 mm apart were employed to measure the
temperature and the voltage difference simultaneously. For the Seebeck measurement
over the entire range of temperature, an adaptive measurement mode was used that
maintained the temperature difference within (1 to 3)% of the sample temperature. Tak-
ing into account the geometrical factor of the sample and Versalab system specification,
the estimated errors in the Seebeck, thermal conductivity, and resistivity measurement
were about 5%, 10%, and 3% respectively. Nernst measurement was also carried out
using the one-heater two-thermometer configuration in the temperature range of 55 K
to 300 K. Magnetic field with a step increase of 1 T was applied up to 3 T in both z and

—z directions. Transverse voltage was measured by two voltage probes attached to two
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gold-coated copper contacts placed perpendicular to the thermal gradient and the mag-
netic field directions. The estimated error in the Nernst measurement was ~ 10% (the
main error sources include fitting errors of Versalab software, error in measurement of
the sample size, non-uniformity of the temperature gradient, and instrumental errors).
To determine the carrier concentration, a four-probe Hall measurement was carried out
using the electrical transport option (ETO) of VersaLab (Quantum design Inc.) in the
temperature range of 50 K to 380 K. In this measurement, two voltage leads were placed
transversely to the direction in which the current and the magnetic field were applied.
The estimated error in the measurement was ~ 5%. The thermal gradient and magnetic
tield applied in all measurements described above were parallel and perpendicular to
the material’s cleavage plane, respectively.

The same techniques have been employed to analyze samples discussed in the subsequent

chapters. To prevent repetition, I will refrain from reiterating these specifics there.
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Figure 2.1: a) Band structure of Bi;Tez with (black) and without (green) SOC effect. The
presence of SOC lowers the bandgap and BiyTes turns to a narrow-gap semiconductor. b)
the projected Density of States (DOS) including SOC shows that valence and conduction
bands are mainly formed by Te and Bi p-orbitals, respectively. c¢) Brillouin zone for

Bi,Tes crystal structure
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Figure 2.2: Contribution of p-orbitals of Bi (a) and Te (b). Similar to projected DOS,
p-orbitals of Bi and Te form valence and conduction bands. The color bar is identical for
all projection. The valence band of BiyTez is mostly of type Te-p (right figure) and the
conduction band is mostly of type Bi-p (left figure)

2.3 Results and discussion

The Spin-orbit coupling (SOC) effect plays an important role in the electronic structure
calculations [127]. Fig. 2.1 (a) compares the band structure of Bi;Tez with and without
SOC. The inclusion of SOC results in a significant reduction in the bandgap from 0.29
eV to 0.11 eV and a significant change in the effective mass values. For example, at
the I' point, the conduction band effective mass increases from 0.15mq to 0.7mg after
introducing SOC effects. Finally, band inversion happens at I' point in the presence of
the SOC effect. Our results are in agreement with previous calculations [128] and the
obtained bandgap of 0.11 eV is close to the experimentally measured bandgap of 0.15 eV
[129].

The contribution of each atomic orbital to the total density of states is shown in the
Fig. 2.1b. The valence band is dominated by p-orbitals of tellurium and the conduction

band is mostly composed of p-orbitals of bismuth, which is in agreement with the pro-
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jected band structure (Fig. 2.2). The color bar in Fig. 2.2 indicates the contribution of a
specific orbital in each band from the lowest (green) to the highest (yellow) contribution
(e.g. in Fig. 2.2a valence band is more blue-red which shows a high contribution of p-
orbitals of Bi). In this figure, band inversion of the Bi-p orbitals can be seen: the valence

band acquires a Bi-p component near the I' point.
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Figure 2.3: Variation of electrical and thermal properties of single-crystal BiyTez with
temperature: a) Seebeck coefficient, b) Resistivity, ¢) Thermal conductivity, and d) Hall

coefficient Ry and Hall mobility up.

Temperature dependence of the transport coefficients including the Seebeck coef-
ficient, S, the electrical and thermal conductivity, the Hall coefficient, and the carrier
mobility is shown in Fig. 2.3. Our measured sample has mobility of 227 cm?V ~1s~1
at 300 K which is very close to the ones reported by other sources on similar samples

[105, 117, 130]. Carrier concentrations were computed from experimental Hall coeffi-
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cient values, for which the corresponding chemical potentials were estimated through
the first-principles calculations followed by Seebeck coefficient computation of each
chemical potential. Experimentally measured Seebeck values were reproduced by first-
principles calculations (explained in the computational detail sub-section). It is note-
worthy to say that small deviations between theory and experiments could come from

constant relaxation time approximation assumption.

The Seebeck coefficient trend over the entire temperature range can be divided into
two distinct regions as also noted by many previous reports on BiyTez [101, 115, 131].
The separation roughly lies around 273 K where the Seebeck coefficient reaches its peak
value of +287 uV/K. Below 273 K, the carrier concentration does not change signifi-
cantly as evidenced by a weak change of the Hall coefficient (Fig. 2.3d). In this range, as
temperature increases, the carrier mobility decreases due to the increase in the electron-
phonon scattering rates. Hence, we observe a metallic behavior where resistivity in-
creases with temperature. In this regime, since the free carrier density is almost fixed,
as we increase the temperature, the quasi-Fermi level moves closer to the middle of the
gap increasing the Seebeck coefficient. Beyond 273 K, intrinsic carriers excited across the
bandgap dominate conductivity. In this region, we see a decrease in the Seebeck coeffi-
cient with increasing temperature as both electrons and holes are generated (the bipolar
effect). The resistivity starts to decrease due to the increase in carrier concentration. The
sign of the Seebeck coefficient remains positive throughout the entire temperature range
which is a confirmation that the sample is nominally p-type doped. BiyTez is known
as a topological insulator [106]. However, BiyTes single crystal is naturally p-type and
its bulk energy bands are characterized by a small bandgap and are strongly influenced
by spin-orbit interactions. Hence, it is difficult to observe an electrically insulating bulk
[132]. In particular, in the temperature range of our study, the sample behaves as a metal
rather than an insulator. We also note that even though our calculations only included
the bulk states, they can describe the Seebeck coefficient in agreement with the experi-
ment (as shown in Fig. 2.3a). We expect the surface states are dominant at much lower
temperatures [133] and much lower thicknesses [134]. In semiconductors, total thermal
conductivity has contributions from phonons, electrons, and bipolar transport [135]. In

the temperature range of 55 K to 200 K, thermal transport is dominated by phonon
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Figure 2.4: Plot of the temperature dependence of a) Magneto-Seebeck and b) Magne-
toresistance. Here, Sy and pxy are the Seebeck coefficient and resistivity measured along
the length of the sample under zero magnetic field and ASyy and Apyy are the respective

change in these quantities once a magnetic field is applied

thermal conductivity. As we increase the temperature, we see a decreasing trend in the
thermal conductivity due to the increase in anharmonic phonon scattering as shown in
Fig. 2.3c. At higher temperatures (above 300 K), the bipolar contribution becomes signif-
icant and results in a rise in the total thermal conductivity. Fig. 2.3d shows the measured
Hall coefficient and the extracted carrier Hall mobility. We need to point out that at tem-
peratures above 273 K, where bipolar conduction starts, the extracted Hall mobility is
very different from the drift mobility and we cannot separately extract the drift mobility
of electrons and holes. The Hall coefficient is proportional to the inverse of the differ-
ence between the number of holes and electrons, while the electrical conductivity is the
sum of the electron conductivity and hole conductivity. The Hall mobility is extracted

by dividing the electrical conductivity by the Hall carrier concentration.

Fig. 2.4 shows the temperature dependence of the magneto-Seebeck and the magne-
toresistance of the sample in the magnetic field range of 1 T to 3 T applied perpendicular
to both the thermal gradient and the cleavage plane. Each data points were obtained by
applying the magnetic field both in positive and negative directions and then averag-
ing the corresponding ASy, and Apyy responses. The change in the Seebeck coefficient
and the resistivity are always positive below 375 K. These results are consistent with

the previously reported data [125]. The decrease in the value of the magneto-Seebeck
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and magnetoresistance versus temperature can be attributed to the reduced mobility at

higher temperatures.

Fig. 2.5a shows the sample mounted on a TTO puck for the Nernst measurement.
Temperature dependence of the Nernst coefficient is shown in Fig. 2.5b. Here also, for
each data points, the magnetic field was applied both in positive and negative directions
and the responses were averaged. The Nernst signal, similar to the magneto-Seebeck
and magnetoresistance, increases as we decrease the temperature. In the same graph,
we have also plotted the Nernst coefficient of this material calculated using the Moreau’s
relation [81]. According to this relation, the Nernst coefficient of a material can be writ-
ten as the negative of the product of its Thompson coefficient (defined as the product
of the temperature of the sample and the first derivative of its Seebeck coefficient with
respect to the temperature) [136], Hall coefficient, and electrical conductivity. Moreau'’s
relation predicts a change in the sign and a zero Nernst signal at the same temperature
at which the Seebeck coefficient peaks (= 273 K for this sample). Our experimental data
show that the Nernst signal changed its sign at about 255 K which is in close agreement
with Moreau’s prediction. The difference stems from the inaccuracy of the Moreau's
relation as well as error bar in the measurements of the involved transport coefficients
(the Seebeck coefficient, Hall coefficient, the electrical conductivity, and the Nernst coef-
ticient). We note that Moreau’s relation is only accurate for metals. However, as shown,
it can still closely replicate the results of Bi,Tes, a narrow-gap semiconductor. Above
255 K, the Nernst coefficient is positive and maintains a linear relationship with the
applied magnetic field. But below 255 K, the linearity ceases quickly and non-linear
behavior of the Nernst coefficient versus the magnetic field slowly emerges (Fig. 2.5d).
This non-linear behavior intensifies as we go down in temperature. Moreau’s relation
cannot account for this non-linearity. The basis of this behavior becomes apparent when
the Boltzmann Transport Equation under a magnetic field is solved. The following for-
malism is developed after Behnia [137] and following Smith’s [138] notation. Electrical

current density under an external magnetic field (H) can be written as:
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Assuming there is no temperature gradient along the y-direction (isothermal condi-
tion for the Nernst coefficient), for a rhombohedral single crystal of BiyTes, which is

an isotropic structure, Eq. (2.2) can be simplified as follows:

Byx(H

]x=0xxEx + nyEy - %axT (2.3)
By« (H)

Jy=0ysEx + Oy By — =5 0xT (2.4)

where ¢ and B(H) are the response function tensors defined as:

afs \ d%k
0ij=q /TVIV]< 8]:9> P (2.5)
off 1

[B(H)] =%/(E"_”> OF (1+ pH)?

1/,% Vxly — v,%yH Vy Uy L
Uyl + VﬁyH 1/5 VzVy 3 (2.6)
VyVy V2V v2(1+ pu?H?)

The Nernst coefficient is defined under open-circuit conditions when the electrical
current is zero in all directions and the magnetic field is applied only along the z-axis. In
these circumstances, eliminating E, using Eq. (2.3) and Eq. (2.4), and using the definition

of the isothermal Nernst coefficient, we find:

Ey 1 UxxByx — O'yxBxx

N. xyz= (2.7)

Oy T T2 OxxOyy — OyxOxy
To estimate the Nernst coefficient, we used the band structure and the differential
conductivity calculated using first-principles calculations as described in the computa-

tional details section. The experimental mobility was used in Eq. (2.5). The Nernst
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coefficient computed from Eq. (2.6) is plotted in Fig. 2.5c and compared with the ex-
perimental data. The current calculation is performed under constant relaxation time
approximation, assuming that the relaxation times do not change under an externally
applied magnetic field. However, Smith et al. [138] have shown that the changes in the
relaxation times versus the magnetic field add another term in the Nernst coefficient.
Hence, we believe that the main discrepancy between the theory and experiment is the
constant relaxation time approximation used in the theory. Finally, we note that Fig. 2.5¢c
confirms that the general trend an increase in the Nernst coefficient at lower carrier
concentrations, lower temperatures, and larger magnetic fields as reported in other ma-
terials [77] is also valid for this material. The non-linearity vs magnetic field, as can be
seen in Fig. 2.5d, is strongest at the lowest measured temperature, 55 K, pointing to the

suitability of the Nernst effect in cryogenic energy conversion application.

2.4 Conclusion

In summary, we have studied the Nernst coefficient, magneto-Seebeck, and magnetore-
sistance of single-crystal Bi;Tez under the effect of an external magnetic field (< 3 T)
and temperature (55 K to 380 K). The Nernst coefficient changes its sign at about 255 K
as predicted by the Moreau’s relation. It shows a non-linear trend versus the applied
magnetic field at low temperatures. The non-linearity gradually increases as the temper-
ature decreases. The magnitudes of the magneto-Seebeck and magnetoresistance were
also found to increase as the temperature was decreased. First-principles calculations
along with constant relaxation time approximation (CTRA) were used within the frame-
work of BoltzTrap to calculate the Seebeck coefficient and it is in close agreement with
the experimentally measured values. The formalism developed by Behnia and Smith
was used to calculate the Nernst coefficient of the sample. The theoretical calculations
can successfully explain the trends observed in the experiment but are not in quanti-
tative agreement. The discrepancy is attributed to the use of CRTA. Our experimental
data and theoretical calculation confirm that the material under study shows the gen-
eral trend of exhibiting higher values of the Nernst and magneto-Seebeck coefficients at

higher mobility values. Our theoretical results show that the magnitude of the Nernst
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coefficient is larger at lower temperatures, lower carrier concentrations, and larger mag-
netic fields. These observations could prove useful in evaluating the Nernst coefficient

in other materials having similar band structures as that of BiTes.
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Chapter 3

Nernst response in the CDW and the
normal phase of 1T-TiSe,

Collaborators and Personal Contributions: The single crystals employed in this study were pro-
cured from HQ Graphene, a crystal growth company located in the Netherlands. All electrical,
thermoelectric, and thermomagnetic characterizations were conducted independently by Md Sab-

bir Akhanda, under the supervision of Dr. Mona Zebarjadi.

3.1 Background and context

Semimetals represent a distinctive class of materials that exhibits slight overlap between
their valence and the conduction band, accompanied by a high degree of carrier com-
pensation. The presence of two types of carriers, electrons, and holes, results in a smaller
Seebeck coefficient compared to conventional semiconductors. Consequently, semimet-
als have often been overlooked in thermal-to-electrical energy conversion applications
utilizing thermoelectric principles. However, the presence of the high carrier compen-
sation renders them promising candidates for alternative thermal-to-electrical energy
conversion routes such as thermomagnetic devices based on the Nernst effect. Addi-
tionally, the occurrence of a phase transition can induce sharp changes in materials
properties corresponding to a large Thomson response. Consequently, semimetals un-
dergoing phase transitions emerge as compelling candidates for exploring the relevant

transport parameters governing these two effects.
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Here we study 1T-TiSe;, a layered semimetal with the space group P3m1. The hexag-
onal unit cell comprises one Ti and two Se atoms, with a near-identical Se-Se distance
within and between layers. Upon cooling, the material undergoes a CDW phase tran-
sition at around 200 K [139-141]. Accompanied by this transition, a doubling of lattice
parameters to those in the high-temperature phase occurs [139, 141]. Band-type Jahn-
Teller mechanism [142, 143], excitonic electron-hole interaction [144], and a combination
of both [145] have been argued to drive this transition. A degree of uncertainty seems
to be prevalent regarding the band gap in these two phases. Early works claim stoichio-
metric 1T-TiSe; is a semimetal due to the overlap of Se-4p valence band in I' and the
Ti-3d conduction band in L direction [146, 147]. Few studies classify 1T-TiSe, as semi-
conductors in both phases [148-150]. Despite historical discrepancies, modern research
tends to converge toward similar conclusions. At elevated temperatures, a positive or
negative (i.e., overlap) indirect gap between Se-4p and Ti-3d bands exists which, upon
cooling the system, increases or leads to a gap opening, due to the CDW state-induced
distortions at the low temperature [151-153].

This study aims to explore the thermoelectric potential of 1T-TiSe; by investigating
three key effects: the Seebeck effect, the Nernst effect, and the Thomson effect. Ther-
moelectric devices primarily rely on the Seebeck effect for energy conversion, whereas
thermomagnetic devices harness the Nernst effect. While traditional thermoelectric de-
vices rely solely on the Seebeck effect and require both n-type and p-type materials,
thermomagnetic devices exploit the Nernst effect and can operate with a single mate-
rial. By leveraging the unique properties of 1T-TiSe; and its phase transition dynamics,
this research seeks to elucidate its suitability for efficient thermal-to-electrical energy

conversion across multiple thermoelectric phenomena.

3.2 Results and discussion

Temperature-dependent thermoelectric property measurements can provide useful in-
sights into the underlying transport mechanism, serving as foundational knowledge in
analyzing the behavior of the Thomson coefficient and the Nernst coefficient within a

material. Fig. 3.1(a-d) shows the T-dependent variation in the resistivity (p), its derivative
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to the first order, the Seebeck coefficient (S), and the thermal conductivity (x) of TiSe;. In
Fig. 3.1(a), a distinct peak signifies the transition between the high-temperature normal
phase and the low-temperature charge density wave (CDW) phase. The normal phase
exhibits either a negligible bandgap on the order of 10 meV or a small overlapping band
[154]. Consequently, thermally activated carriers involving the generation of electrons
and holes dominate the charge transport in this region. With the number of electrons
and holes approximately the same but, holes exhibiting an order of magnitude higher
mobility [154], holes-dominated transport is seen in this bipolar region. In a system with
two types of charge carriers, the total electrical conductivity (¢) is the combined effect of

both electrons and holes:

0=0,+0p

Likewise, the Seebeck coefficient () is a weighted average of the individual Seebeck

coefficients associated with electrons and holes:

_ &p Oyt ap - Op
Oy + 0p

Since the Seebeck coefficients for electrons and holes have opposite signs, the result-
ing « can be relatively small.
The heat flow in this two-carrier system also has contribution from this bipolar effect

as shown below:

jn,p = ‘Bn’pE - K’/,l’va

Here: - j,, , represents the heat flow due to electrons or holes. - B, , accounts for the

/

electric field’s effect on the heat current. - x;, ,

is the thermal conductivity associated
with electrons or holes.

The total electronic thermal conductivity (A) in this system is:

Tn0p
On + 0p

This equation reveals an intriguing aspect: the total electronic thermal conductivity

is not simply the sum of the individual thermal conductivities of electrons and holes.
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There exists an additional term related to the bipolar flow, which can significantly exceed

the contributions from either A, or A, [155].

With the onset of the CDW transition, as we go lower in T, a reduction in the electron
and hole concentration is observed as reported by [154]. This reduction is attributed to
the condensation of electrons and holes into the CDW pair state [154] leading to a grad-
ual increase in resistivity until a peak is reached. The derivative of p as seen in Fig. 3.1(b)
has a sharp minimum which marks the CDW phase transition temperature (Tcpyw). Con-
currently, around the temperature where the reduction ceases, both electrons and holes
experience enhancement in mobility [154]. This causes a gradual decrease in resistivity
as we go toward lower temperatures. Simultaneously, the concentration of electrons rises
by an order of magnitude in this phase making the transport electron dominated [154].
A two-band model with a small overlap in the normal phase and a narrow bandgap
in the CDW phase [150, 151] has been reported to explain this resistivity trend [154].
Temperature-dependent Seebeck coefficient (S) further supports this conclusion. As we
see in Fig. 3.1(c), S of TiSe; at the high temperature is positive, aligning with the hy-
pothesis of a hole-dominated transport at this phase. The magnitude of S is relatively
small compared to conventional semiconductor thermoelectric materials. It changes its
sign at around 365 K. These observations point to a high degree of carrier compensation
and competition between the electron and hole in deciding the sign of S. A gradual
sign change and increase in the magnitude of S in the negative direction as temperature
decreases further supports the conclusion that the system is transitioning from hole-
dominated to electron-dominated transport. Ultimately, S reaches a maximum of 173
#V.K™1, a remarkably high value that supports the existence of a band gap in the CDW
phase. Temperature-dependent thermal conductivity (Fig. 3.1(d)) exhibits an exponen-
tial increase as we go lower in temperature from the start of the CDW phase which is
probably due to a decrease in the anharmonic phonon scattering [35]. Above Tcpw tem-
perature, a small and consistent linear increase in thermal conductivity can be observed.
This further affirms the hypothesis of the generation of thermally activated carriers and

consequently a bipolar transport in this region.

Thomson and Nernst effect, two relatively less explored thermal to-electrical con-

version phenomena recently attracted increased attention in phase change materials
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Figure 3.1: Temperature dependent variation in the a) electrical resistivity (p), b)
(1/p).(dp/dT), c) the Seebeck coefficient (S), and d) the thermal conductivity (k) of
single crystal 1T-TiSe,. The red-colored vertical dotted lines mark T = 200 K while
the blue-colored vertical dotted lines mark the maxima or minima of the T-dependent

curves.

and semimetals respectively [35, 41, 156, 157]. Temperature-dependent responses of
these two effects are plotted in Fig. 3.2(a-c). The Thomson coefficient (7) as plotted in
Fig. 3.2(a) is defined as the product of the average sample temperature and the first
derivative of the Seebeck coefficient. While the magnitude of S monotonically changes
from -26 uV.K™! to -8 uV.K~! between 300 K to 385 K, the T show a relatively flat re-
sponse with an average magnitude of 147 uV.K~!. With the commencement of the CDW
phase which induces an even sharper change in the Seebeck coefficient, the scenario
improves even more. The sharpest dS/dT is recorded at 184 K where we also see the T

to reach its maximum of 450 uV.K~1. Other than FeRh, this value exceeds the T peak in
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Figure 3.2: Temperature-dependent variation in a) the Thomson coefficient (7) and b) the
Nernst coefficient (N). c¢) Magnetic field-dependent variation in the Thomson coefficient

(T) and the Nernst coefficient (N).

other materials such as Ni (16 uV.K™1!), BiggSbys (45 pV.K™1), p-type BirTes (150 uV.K™1),
MoTe, (111 uV.K™1) [35, 157-159]. T of TiSe, surpasses that of Seebeck coefficient as
that observed in MoTe,. Using the Thomson figure of merit (t>T)/xp) defined by Ze-
barjadi et al. [160] we obtain a zT(Thomson) peak of 0.173 (see Fig. 3.3). Compared
with the thermoelectric zT (see Fig. 3.3), this is approximately a 10 times enhancement.
At even lower temperatures, with the change in the S trend, T changes direction too,
eventually flipping its sign at 154 K where S peaks and ultimately reaching a negative
peak of 160 uV.K~! at 125 K. Interestingly, temperature-dependent Nernst coefficient
(see Fig. 3.2(b)) changes sign approximately around 150 K which is also very close to
the temperature at which S peaks (154 K). This matches with the prediction made by
Moreau [126]. From the magnetic dependent behavior (see Fig. 3.2(c)), we see the N
to remain linear. Under Jones-Zener expansion, a non-linear behavior can arise if the
product of mobility and applied magnetic field far exceeds 1 [161]. Consequently, we
can conclude that the mobility of carriers is not high enough in both the normal and
CDW phase, an observation that matches with other’s Hall measurements [154, 162].
These Hall measurements predict higher mobility in the CDW phase compared to the
normal phase. To be precise, for electrons, the enhancement is by more than an order of
magnitude, and for holes, it is by a few times. Historically, mobility enhancement has

been reported to drive an increment in N [42, 163, 164]. But, strikingly, we see a larger
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N in the normal phase where the mobility is the lowest. Thus, a clear argument can
be made that this enhancement did not stem from mobility. Interestingly enough, this
150 K also marks the temperature where an abrupt reconstruction of the Fermi surface
commences driving a rapid increase in the electron-holes pockets in the normal phase
as reported by Knowles et al. [154]. This leads to an increased bipolar effect which
is advantageous for the Nernst configuration as opposed to the Seebeck configuration.
Thus, TiSe; sets a clear example of bipolar conduction-induced Nernst coefficient in
semimetal. Though it is generally assumed that the bipolar effect is advantageous for
the Nernst effect a clear experimental demonstration is not common in the field since N
is often complicated by other material parameters. The only other reports that we could
find that reports such a clear demonstration of the influence of the bipolar effect is in
the case of the quasi-One-dimensional metal Lip.9MogO;7 [40] by Cohn et al. and for
the case of Cd3As; semimetal [37]. Lig.9MogO;7 shows a diminishing N trend with in-
creasing temperature, a common observation the field [39, 163-167]. On the contrary, we
see an increasing trend going as high as 367 K, another interesting and very uncommon
observation. The only other study that reported such an increasingly high N response
is in CdzAs;. This unique behavior questions the conventional thinking that the Nernst
response is expected to be higher at lower temperatures and provides encouragement

for the design of high-temperature thermomagnetic devices built based on the Nernst

34



effect.

3.3 Conclusion

In conclusion, 1T-TiSe; presents an interesting case for thermal-to-electrical energy con-
version through multiple thermoelectric phenomena. The material transitions from hole-
dominated to electron-dominated transport upon cooling, reaching a peak of 173 yV.K 1
in the CDW phase. The Thomson zT exhibits a tenfold enhancement compared to the
thermoelectric zT. The Nernst coefficient (N) also presents a unique behavior, increas-
ing as temperature decreases, indicating the influence of bipolar transport. These find-
ings open avenues for designing high-performance thermomagnetic devices, particularly

leveraging the Nernst effect, in semimetals like 1T-TiSe;.
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Chapter 4

Nernst effect in the type II Weyl

semimetal Moq_,WyTe,

Collaborators and Personal Contributions: Single-crystals used in this study were grown by Dr.
Sergiy Krylyuk from Dr. Albert Davydov’s group at the National Institute of Standards and
Technology. The electrical, thermoelectric, and thermomagnetic characterizations were all done

by Md Sabbir Akhanda under the supervision of Dr. Mona Zebarjadi.

4.1 Background and context

Transition metal dichalcogenides (TMDCs) are a large family of layered materials with
the chemical formula MX; where M is a transition metal (e.g., Mo, W, Nb, Ta, Ti, Zr,
Hf, etc.) and X is a chalcogen atom (e.g., S, Se, Te) [168]. Each unit layer is composed of
three sheets of atoms arranged in the X — M — X configuration with the metal atoms in
the middle and the chalcogen atoms on the two sides. The layers are held together by
a weak van der Waals interaction [169]. Depending on coordination in X - M — X layers
and stacking orders along the c-axis, TMDCs can exist in different phases like 1T, 2H,
3R, and Tj;. Over 40 different TMDCs have been discovered so far [170]. These materials
together with their different polymorphs have been found to show diverse electronic and
photonic properties. In recent years, some of the TMDCs that are lacking either space or
time inversion symmetry have been experimentally proven to host the Weyl semimetallic

state, a non-trivial symmetry-protected topological phase of matter characterized by a
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pair of degenerate Weyl cones of opposite chirality with linear dispersion around the
Weyl nodes in the bulk and Fermi arcs on the surface [171-173]. These TMDCs are
particularly interesting because of the many topologically induced exotic properties such
as extremely large magnetoresistance [174-180], superconductivity [181-187], and planar
and spin-Hall effect [188-190] observed in the Weyl semimetals so far. The crystalline
to crystalline polymorphic structural transitions reported in some of these materials has
helped garner even more interest from emerging fields like neuromorphic computing
[191], and phononic and thermal logic devices [192]. In particular, MoTe, [193-196],
and Mo;_,W,Te; alloys [197, 198] are known to be type II Weyl semimetals (i.e., the
Weyl cones are tilted in the momentum space leading to the breaking of the Lorentz
symmetry) [199, 200] exhibiting a crystalline-to-crystalline phase transition and are the

focus of this paper.

MoTe; has three polytypes: 2H (space group P63/mmc), 1T (space group P2;/m)
and Ty (space group Pmn2;) [201-203]. The semiconducting 2H phase is the thermody-
namically preferred state at room temperature. The monoclinic 1T phase is naturally
stable above 900 °C but can also be stabilized at room temperature by employing tech-
niques such as rapid cooling, tellurization rate control, or appropriate precursor selec-
tion for the chemical vapor deposition [204]. Upon cooling, the 1T —MoTe, undergoes a
tirst-order phase transition around 250 K to the orthorhombic T; phase which is a type-
IT Weyl semimetal [182, 203, 205, 206]. The degree of substitution of molybdenum by
tungsten controls the phase in which the Mo;_,W,Te; alloys exist at room temperature

(pure 1T : x < 0.1, mixed 1T + T;: 0.1 < x < 0.6 and pure T;: x > 0.6) [207].

Here, we study pure MoTe; and Mo;_,W,Te; alloys with 0 < x < 0.08 and at first
demonstrate the potential of the Seebeck coefficient as an efficient tool for probing the
thermal hysteresis induced by a phase transition from the 1T  phase to the T; phase.
Three separate measurements: X-ray diffraction (XRD), electrical resistivity, and Seebeck
coefficient are presented to support this case. Then, we report a topologically induced
enhancement of the Nernst coefficient in the temperature range of 2 K — 50 K and phase-
transition induced enhancement of the Thomson coefficient. Finally, we report the effect

of W substitution on the thermoelectric transport behavior of the Mo;_,W,Te; alloys.
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4.2 Results and discussion

4.2.1 Seebeck coefficient as a phase transition probe

We employ three different measurements (XRD, electrical resistivity, and Seebeck coef-
ficient) to investigate the thermal hysteresis induced by the 1T —T, structural phase
transition in MoTe;, (see Fig. 4.1). The hysteresis observed in the monoclinic § - angle
during temperature-dependent XRD measurements is a direct probe of structural phase
transition. As shown in Fig. 4.1a, during the cooling half-cycle, the B-angle remains
constant up to 260 K and then gradually changes from 93.92° to 90° between 260 K and
210 K indicating the presence of both phases in this temperature range. It remains at
90°, a signature of the orthorhombic T; phase, up to 130 K. On the warming half-cycle,
the sample goes through the reverse T; — 1T transition with B-angle changing its value
gradually from 90° to 93.92° within the temperature range of 257 K to 300 K. This range
is different from what we observed in the cooling half-cycle. Thus, tracking the p-angle
over the full thermal cycle, we obtain a hysteresis extending over the temperature range
of 210 K to 300 K [208]. It is to be noted that, tracking the B-angle, Clarke et al. reported
a hysteresis over a shorter temperature range (233 K to 280 K) compared to this work
[203]. Using the van der Waals density functional method, it has been shown that the Tj
phase is energetically more stable than the 1T phase and the energy difference between
these two phases in MoTe; is 0.4 meV per unit cell. Calculation of free energy of the
two systems (to include the temperature effects) showed a lower energy of 1T phase at
temperatures above 150 K. While the 150 K is lower than the experimentally measured
phase transition temperature, the calculations confirm the structural phase transition.
The origin of the phase transition is related to the interlayer bonding states near the

Fermi energy and can be tuned by charge doping [208].

Dahal et al. studied the 1T’ — T, phase transition in MoTe, using resistivity data [209].
They defined the phase-transition temperature (T5) as the temperature where % max-
ima occurs and reported T; ~ 249 K in the cooling half-cycle [209]. They observed a
thermal hysteresis extending from 150 K to 300 K (their highest measured temperature).
However, at 300 K their hysteresis loop did not converge meaning that the hysteresis

probably would have ended at a higher temperature. The thermal hysteresis loop we
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Figure 4.1: Temperature dependence of the a) monoclinic angle , b) resistivity, c) See-
beck coefficient, and d) Thomson coefficient of MoTe, over the cooling (solid line) and
warming (dashed line) half-cycles. Inset in Fig. 4.1a shows the crystal structure of Ty
and 1T phases of MoTe, with their respective B angle indicated. Inset in Fig. 4.1c shows

a sample mounted on the sample holder (puck) for measurement.

observed in the temperature-dependent resistivity measurement (Fig. 4.1b) is slightly
different from the one reported by Dahal et al. and extends from ~ 230 K to ~ 330 K. The
magnitude of the change in resistivity across the thermal hysteresis is small as evident
from the graph because both 1T and T phases are semimetallic. When the change in
electrical resistivity is small, e.g., a semimetal-semimetal phase transition in MoTe,, the

probability of the measurement errors playing a deteriorating effect increases, making
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it challenging to study the phase transition. Thus, resistivity measurement does not
always best portray the underlying changes. On the contrary, as seen in Fig. 4.1c, the
effect of such phase change on the magnitude of the Seebeck coefficient obtained from a
temperature-dependent measurement is noticeably pronounced and resulted in a clear
hysteresis spanning from approximately 134 K to 345 K. This is a clear indication that
the Seebeck coefficient is a better probe than resistivity for studying temperature-driven
structural phase changes in materials. It is known that while the electrical conductivity
is influenced both by the band structure and the carrier lifetimes, the Seebeck coeffi-
cient to the first-order approximation, depends only on the band structure and is not
sensitive to the details of the lifetimes. Both the T; and 1T — MoTe, phases contain mul-
tiple electron and hole pockets [174] and the balance in the electron-hole contribution
is modified through the phase transition. This is not observable in resistivity measure-
ment as both electrons and holes contribute a positive resistance. It shows well in the
Seebeck measurement as the electrons and holes have different Seebeck signs and there-
fore the Seebeck measurement can determine the relative change in the electron-hole
concentration effectively. Thus, the Seebeck coefficient both theoretically and as shown
experimentally in Fig. 4.1c, is a better probe for studying the temperature-dependent
phase change in MoTe;,. It is important to acknowledge here that, though the effect of
the carrier lifetime is secondary, we cannot completely discard it playing a role in the

Seebeck coefficient measurement.

Phase-transition-induced enhanced variation in the Seebeck coefficient results in a
large Thomson coefficient in MoTe,. Similar enhancements have been recently reported
in the case of FeRh [156]. Thomson heating/cooling is a nonlinear response and is pro-
portional to the product of an applied electrical current and temperature gradient. The
Thomson coefficient T of a material at a given temperature T, is defined as the product of
the sample temperature and the first derivative of the Seebeck coefficient with respect to
T [210]. The Thomson effect enables cooling/heating in homogenous samples, allowing
for simpler device design. This effect is usually small compared to the normal Seebeck
effect and hence has not been studied widely. As seen in Fig. 4.1d, the steep variation in
the Seebeck coefficient due to phase change results in a T of 111 uVK~! at 254 K (warm-

ing half-cycle). The presence of hysteresis is reflected in peaks appearing at different
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temperatures of the cooling and warming half-cycles. Our observed magnitude is sig-
nificantly greater than what was reported for Ni(—16 uVK~1) and BiggSby, (45 uVK™1!)
and is comparable to the one observed in a p-type BirTe; (150 uVK~1) [157, 211]. We
note that the Seeback coefficient values of Ni, BiggSb1, and p-type BiyTes are larger than
their respective Thomson coefficients. This is not the case for MoTe, studied here that
demonstrates Thomson coefficient values that are an order of magnitude larger than the

Seebeck coefficient.
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Figure 4.2: a) Temperature and b) magnetic field dependence of the Nernst Coefficient

of MoTe,

4.2.2 Nernst coefficient at low-temperature

The Nernst effect is important thermomagnetic effect for directly converting thermal en-
ergy to electrical energy and cooling. In this effect, a voltage is generated in response to
the presence of a magnetic field applied perpendicular to a thermal gradient such that
the direction of the voltage, thermal gradient, and magnetic field are all orthogonal to
each other [46]. Since, the Lorentz force exerted by the magnetic field pushes mobile
carriers with opposite charges to the opposite sides, the contribution of the electrons
and holes are additive in setting the magnitude of the Nernst coefficient (N). Conse-

quently, two-carrier systems like Dirac and Weyl semimetals are promising candidates
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for thermomagnetic applications [37, 163, 164, 212]. Similar to the Thomson modules,
the Nernst modules can use a single homogenous material. This is in contrast to the

thermoelectric modules that are always using a p-n pair.

Here, we investigated the temperature and magnetic field dependence of the Nernst
coefficient (N) of MoTe, from 380 K to 2 K (see Fig. 4.2). At room temperature (300
K), the magnitude of N is ~ 0.084 uVK~!T~!. With decreasing temperature, the value
of N increases and ultimately peaks at ~ 25 K. At this temperature, the value of N is
found to be 0.82 yVK~1T~! which is about 10 times larger than that observed at 300 K.
Further decrease in the temperature leads to a rapid decrease in N. Since the Nernst
coefficient increases at lower temperatures due to higher mobility [35, 89], this rapid
decreasing trend is not generally expected [38] and serves as an indication that there are
additional factors to be considered. To understand the origin of the peak, a closer look
at the band structure of MoTe, is required. The semimetallic MoTe; has several electron
and hole pockets that can be described by quadratic dispersion [174, 175]. Being a Weyl
semimetal, the band structure also exhibits linear dispersion around the Weyl nodes.
The peak around 25 K marks the region where linear dispersion dominates over the
quadratic ones. In the temperature range of 380 K to approximately 100 K, the N is
dominated by quadratic bands while in the temperature range from 100 K to 2 K, the
effect of linearly dispersive bands gradually appears. In this region, with decreasing
temperature, the Fermi level shifts more towards the Dirac point causing the N to rise.
When the Fermi level is close to the Dirac point at ~ 25 K, the enhanced mobility of
the charge carriers [174] leads to the largest value of N observed. Further decrease in
temperature (25 K to 2 K) moves the Fermi level away from the Weyl point resulting in a
subsequent decrease in N. Similar theoretical argument in the case of single-crystal NbP,
a Weyl semimetal, has been able to well-replicate the experimental data [164]. Since the
phase transition effects and the low-temperature topological effects appearing in MoTe;
are separated by a sizable temperature gap, we do not anticipate one affecting the other.
The addition of W shifts the phase transition to a higher temperature as reported in the
literature [209], further ruling out any interplay between these two effects when W is
added. With W addition, we did not observe any noticeable change in the temperature

dependence of the Nernst coefficient (see Fig. 4.3). The magnetic field dependence of the
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Figure 4.3: Temperature dependence of the Nernst coefficient at varying W concentration

Nernst coefficient is plotted in Fig. 4.2b. Using the Jones-Zener expansion, one can show
that N enters into a non-linear response region when the product of carrier mobility ()
and magnetic field (B) is much larger than unity [161]. The Nernst coefficient of MoTe,,
as can be seen in Fig. 4.2b, maintains a linear response in the entire range of the applied
magnetic field (up to 9 T). This observation conveys that the mobility of electrons and
holes is not high in MoTe;, as in e.g., NbP [164]. It is not uncommon to see such a
quasi-linear unsaturated behavior of N in semimetals [164]. In fact, this behavior is also

observed in WTe;, a material at the other end of the Mo;_,W,Te; alloy spectrum [163].

4.2.3 Thermoelectric properties at different W content

In order to investigate the effect of W addition, Mo;_,W,Te; alloys with x = 0, 0.02, 0.03,
0.08 that are in the pure 17 phase at room temperature [207] and then transition to the
T; phase at lower temperatures were studied. The addition of W results in a consistent
drop in the resistivity of all the samples which is consistent with previous measurements
[209, 213, 214]. The temperature dependence of the resistivity of these samples is shown
in Fig. 4.1b and Fig. 4.4(a-c). As the sample temperature is increased from 50 K, an
increasing trend (%TT) > 0 ) is observed in the resistivity. At room temperature, the

resistivity of 1T — MoTe; is 32 uQ.m compared to (7.5 — 10) uQ.m [181, 209, 214] and
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95 uQ).m [215] which were reported previously for similar samples. Between 200 K to
300 K, all the samples show hysteresis as a consequence of the T to 1T phase transition.
The center of the hysteresis loop shifts to higher temperatures with an increased molar
fraction of W which is consistent with an earlier study [209]. Using dp(T)/dT maxima
for the cooling half-cycle, 1T/—Td transition temperatures Ts of 240 K, 241 K, 250 K,
and 258 K are estimated for MoTep, Mog.9gWo.02Tez, Mog.g7Wo 03 Tex and Mog.gpoWo psTes,
respectively (see Fig. 4.5). The shift in Ts occurs due to the interlayer contraction or
expansion having the ability to enhance or weaken the hybridization of the Te p, orbital
[214]. Since the atomic size of W is slightly larger than the size of Mo, the addition of

W increases the interlayer distance and weakens the hybridization. This results in an
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increase in the kinetic energy of the electrons and consequently total energy of the 1T
system [216]. As a result, the energy gap between the T; and 1T phase increases causing

a shift of the phase change to a higher temperature.

The temperature dependence of the Seebeck coefficient of all four samples from 55
K to 380 K is shown in Fig. 4.1c and Fig. 4.4(d-f). For all the samples, S is positive at
380 K and follows a resembling trend over the entire temperature range investigated.
The magnitude of S for all these samples is small due to the semimetallic nature of
the samples and the bipolar transport. For MoTe, and MoggogsWo p2Tep, S is positive
throughout the entire temperature range. For the remaining two samples, we observe
S to flip sign at an intermediate temperature (110 K — 305 K for Mog 97Wo 03Te; and 78
K - 320 K for Mog92WysTez). The density functional theory (DFT) study has revealed
that MoTe; has three interconnected hole pockets and four disconnected electron pock-
ets with the electronic band structure remaining temperature independent from 20 K to
130 K [174, 175]. The net size of the hole pockets has been reported to be larger than
the net size of the electron pockets [175]. Additionally, with increasing temperature, the
size of the electron pockets remains fairly constant while the hole pockets experience
the largest change. Taking all these into account, qualitatively we can comment that our
experimental results are in agreement with the DFT results as the S of the four samples
exhibited predominantly positive behavior over the measured temperature range. The
Fermi level changes with temperature, modifying the overall number of electrons and
holes contributing to the transport. The valley observed in the Seebeck coefficient at
the intermediate temperature is indicative of the competing nature of the electron hole-
pockets as the temperature is changing. Like temperature, W addition can also result
in moving the Fermi level. From Fig. 4.4(d-f), we can see that the addition of W has
gradually lowered the Seebeck coefficient minima recorded in the intermediate temper-
ature range for Moy 9gWy 02 Tez, Mog.g7Wo g3Te, and Mo 92Wy 0sTea. Hence, the addition
of W increases the contribution of the electron pockets possibly by lowering the size
of the hole pockets, consequently lowering the overall Seebeck coefficient. The change
in the relative electron-hole pockets can also be attributed to the Lifshitz transition as
argued in Ref. [174]. Accordingly, a topological reconstruction of the Fermi surface in-

duces an anomaly in the Seebeck coefficient resulting in a change in the slope of the
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Seebeck coefficient with respect to temperature, dS/dT. Thomson coefficient as shown
in Fig. 4.4(g-i) remained higher than the Seebeck coefficient even after the addition of
W. Moy g9sWy 2 Tey exhibited the highest Thomson coefficient among these three alloys.
The peak of the Thomson coefficient shifts to higher temperatures by increasing the W

fraction following the same trend as of the phase transition temperature.

4.3 Conclusion

We demonstrated that the Seebeck coefficient measurement is a better alternative than
the resistivity measurement in probing the temperature-dependent 1T T, phase tran-
sition in MoTe,. This is because the carrier lifetime plays a major role in resistivity com-
pared to the Seebeck coefficient. Centering around the temperature where the phase

transition occurs, a high Thomson coefficient is observed. The absolute value of the
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Thomson coefficient in MoTe; is significantly larger than that of the Seebeck coeffi-
cient. The Nernst coefficient in MoTe,, has a topologically induced peak value of 0.82
uVK~IT~! at approximately 25 K that occurs as a consequence of the position of the
Fermi level coinciding with the position of the Dirac points. Investigating the effect of
W substitution on the thermoelectric properties of Mo;_,WTe;, we observed that an in-
creased W content, from x = 0.02 to x = 0.08, made the samples more electron-dominant
as is evident in the Seebeck measurements, and consistently lowered the resistivity of
both 1T" and T} phases. Seebeck coefficient measurement revealed the competing nature

of the electron and hole pockets as we change the temperature or alloy MoTe, with W.
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Chapter 5

Nernst effect in the Dirac semimetal

PdTe2

Collaborators and Personal Contributions: The single crystals utilized in this study were grown
through collaborative efforts between Md Sabbir Akhanda and Dr. Sergiy Krylyuk at the Na-
tional Institute of Standards and Technology. While Md Sabbir Akhanda contributed to material
selection and conducted a literature survey on growth methods, offering preliminary information,
Dr. Krylyuk, with his expertise in crystal growth, managed all manual tasks and decision-
making processes to refine the parameters and oversee the crystal growth. Md Sabbir Akhanda
closely shadowed and whenever necessary assisted Dr. Krylyuk, benefiting from valuable training
throughout. Additionally, under the guidance of Dr. Mona Zebarjadi, Md Sabbir Akhanda inde-
pendently conducted all the Seebeck, and Nernst characterizations. The resistivity measurements
below 50 K were performed by Md Sabbir Akhanda and Dr. John Schneeloch in Dr. Despina
Louca’s lab at the Physics department (UVA).

5.1 Introduction

PdTe; is a layered material belonging to the transition metal dichalcogenide family. One
Pd atom and two Te atoms of the unit cell are arranged in a hexagonal crystal structure
with a lattice constant of a=4.0365 and ¢=5.1262 A [217]. In 2016, Huang et al. pre-
dicted the existence of type-II Dirac fermion in PtSe;, PtTep, PdTe; , and PtBi; using

first-principles calculations and effective Hamiltonian analysis [218]. In the following
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year, employing angle-resolved photoemission spectroscopy and De Haas—van Alphen
oscillations, the realization of type-II Dirac fermion in PdTe; was confirmed experimen-
tally. [217, 219]. Recently, the thermoelectric properties of hexagonal PdTe, structures
were theoretically explored [220] following the successful experimental fabrication [221]
of PdTe; films by Liu et al. The hexagonal monolayer exhibits an indirect band gap
of 0.17 eV and a thermoelectric figure of merit (zT) of 0.8 at room temperature. Liu
et al. utilized a bottom-up approach to grow high-quality PdTe; films on SrTiOs (001)
by molecular-beam epitaxy [221]. During their investigation into electronic and super-
conducting characteristics using scanning tunneling microscopy, transport experiments,
and first-principles calculations, they observed a shift from the narrow-gap semicon-
ducting state in monolayers to a metallic state in multilayer films, with all multilayer
films demonstrating robust superconductivity. DC magnetization and ac susceptibility
measurement by Leng et al. reached the same conclusion [222]. Guo et al. investigated
the electronic and thermoelectric characteristics of hexagonal PdTe, under uniaxial and
biaxial strains through first-principles calculations. They found that both types of strain
can decrease the bandgap and affect the Pd-d and Te-p orbitals near the Fermi level,
prompting a shift from semiconducting to a metallic behavior [223]. Using ab initio cal-
culations, Li et al. investigated the lattice and electronic thermal conductivity of PdTe,
revealing a room temperature total thermal conductivity of approximately 35 W.m~1.K~1
along the a-axis wherein the lattice thermal conductivity remains below 2 Wm 1K™},

contributing only around 5% [224].

While it is very encouraging to see an increase in the number of studies on PdTe;
focusing on the Seebeck effect device-based applications, its thermomagnetic side based
on the Nernst effect remains unexplored. Topological semimetals hold promise in ther-
momagnetic applications due to their unique electronic band structure characterized by
linear dispersion. By tuning the Fermi level to cross the Dirac-dispersion point, con-
siderable enhancement in mobility can be achieved. This mobility enhancement in turn
can induce an increment in the Nernst response in materials. With this goal in mind,
here we study the magnetic field and temperature-dependent variation in the transport

properties of PdTe;, a Dirac semimetal, in the bulk form.
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Figure 5.1: Schematic of a Bridgman-Stockbarger setup.

5.2 Single-crystal growth by Bridgman method

The single-crystal used in this study was grown by the Bridgman method. Named after
Harvard physicist Percy Williams Bridgman and MIT physicist Donald C. Stockbarger,
the Bridgman-Stockbarger method is a method of producing single-crystal ingots from
polycrystals [225-227]. The method involves heating the polycrystals above it melting
point followed by a slow cooling process from one end where a seed crystal is located.
The process can be accomplished in both horizontal and vertical orientation. A schematic
of the setup is shown in Fig. 5.1 below [source:wikipedia]:

Since the process of preparing the vacuum-sealed ampule used here is the same as

the one described for the CVT growth, it has not been included here to avoid repetition.

Technical details of the experiment

* A tube that can snugly fit in the furnace should be selected for making the ampules.

* The ampules like should be made of materials like quartz that can withstand high
temperatures. Glass is not preferred since they have a lower melting point (around

600°C) and a high coefficient of expansion. A high coefficient of expansion can
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cause unsuitable pressure inside the ampule (too much pressure will stress the
sample, too low pressure might not provide the sufficient condition to trigger the

reaction).

* One end of the ampule should have a sharp pointy end. This will provide a stable
ground for forming a single-crystal seed. In the sharp pointy end, misaligned
(concerning the direction of the length of the ampule) grains get obstructed by the
walls and die out. Ultimately the one that remains is a single-crystal seed in the

tube-parallel direction.

* The ampule is hung freely while the furnace is moved upward to engulf the am-

pule.

* Then the temperature of it was set to 590°C. It was kept at this temperature for 4-5
hours. This is for the PdTe, polycrystalline ingot to melt and mix well and reach

an equilibrium.

o After that, the furnace (not the hanging ampule) will be slowly moved upward at
a rate of 1 mm/hour. It needs to move a total of 17 cm (170 mm). So, the total time

this process would take is 170/24 = 7 days.

* The setup that we used is the AEROTECH UNIDEX 511 (motion controller) and
Omega CN7200 (temperature controller) (see Fig. 5.2).

* Something should be placed (like a bucket filled with cotton) exactly below the
ampule so that in the event of a broken ampule, the melted compound does not

spill on the floor.

e The ampule needs to be supported by a long straight quartz rod/tube so that
the area of interest can be inserted well enough inside the furnace. This rod is

supported by a thin wire (eg Ni-Cr) which at no point enters the furnace.

Outcome of the experiment

Single-crystal PdTe; of high quality were formed (see Fig. 5.3) as confirmed by XRD

measurement (see Fig. 5.4).
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growth.

Figure 5.3: As-grown single crystal of PdTe;
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If a sample can be prepared both by Bridgman and CVT, then Bridgman is preferable
since it does not need any transport agent. Transport agents can incorporate with the
sample and act as an impurity center. Also, Bridgman yields bigger crystals. CVT is
used when the material to be prepared needs a high initial temp (e.g. 1500°C) to grow

the material.

5.3 Results and discussion
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Figure 5.5: Temperature dependent variation of resistivity at (a) B = 0 T, and (b) varying

magnetic field in PdTe;

Temperature-dependent variation in the resistivity (p) of the sample under zero mag-
netic field is plotted in Fig. 5.5. With decreasing temperature, p decreases linearly, char-
acteristic of conventional phonon scattering mechanisms commonly observed in metallic
materials, and reaches a plateau at the lowest temperature as observed by others [228—
230]. From Fig. 5.5 (b) we can see that p remains negligible affected by the presence
of magnetic field at high temperature (from 100 K and beyond). Maximum magnetic
field-induced variation occurs at the lowest temperature (T = 2 K). This can be more
clearly observed from the field-dependent MR% (defined as [(op — po)/p0o]x100) response
illustrated in Fig. 5.6. Well-known topological semimetals show a strong correlation be-

tween mobility and magnetoresistance as investigated and confirmed by Singh et al.
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Figure 5.6: Magnetoresistance [(0p — po)/po]x100 of PdTe, at varying temperature and

magnetic field

[231]. When subjected to magnetic fields, increased mobile carriers undergo a more
pronounced Lorentz force, leading to elevated magnetoresistance (MR). Since, PdTe; ex-
hibits MR which is a few orders of magnitude smaller than other semimetals such as
WTe, [232], Cd3As; [233], TaP [166], etc., we can speculate that its carrier has much

smaller mobility than these semimetals.

Temperature-dependent Seebeck coefficient measurement is plotted in Fig. 5.7 both
in the presence and absence of a magnetic field. Throughout the measured temperature
range, the magnitude of the Seebeck coefficient (S) remained below 5 yV.K~!. This is
consistent with the high degree of carrier compensation due to the semimetallic nature
of the sample. Sign of S is positive from 75 K to higher temperatures. Considering this
behavior and the magnitude of S we can speculate a slightly hole-dominated transport.
At a temperature below 75 K, electrons start to dominate. Consequently, the sign of S
turns negative. Application of magnetic field up to 3 T appears to negligibly affect the
Seebeck coefficient from 50 K to 380 K. Owing to the reduced mobility as speculated from
the magnetoresistance plot, a weak Nernst signal is generated (Fig. 5.8). N exhibits a

nV /K signal that is linear concerning the magnetic field. This linear behavior is expected
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Figure 5.7: Seebeck coefficient (S) of PdTe;, at varying temperature and magnetic field
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Figure 5.8: Nernst coefficient (S) of PdTe; at varying temperature and magnetic field
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when pB«1. This again aligns with the speculation that the mobility of electrons and
holes in this sample is low. Over the temperature range that we measured N, we did
not see any sharp enhancement in the magnitude of N due to the variation in sample
temperature. This is probably due to the Fermi level being too far off than the extent
to which temperature variation within 50 K to 385 K induces. Employing gating of the
sample, a far greater shift of the Fermi level can be achieved, enabling the Dirac point

crossing that can enhance the mobility and Nernst coefficient simultaneously.

5.4 Conclusion

In conclusion, our study on PdTe, provides insights into its thermomagnetic proper-
ties, highlighting its highly compensated carrier system and low carrier mobility. The
Bridgman-grown single crystals offer a platform for further investigations, particularly
with controlled gating to manipulate the Fermi level and potentially enhance both mobil-
ity and the Nernst coefficient. This work contributes to the growing body of knowledge
on topological semimetals, laying the groundwork for future advancements in thermo-

magnetic device applications.
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Chapter 6

Nernst response during the

magneto-structural phase transition in

FeRh

Collaborators and Personal Contributions: Eqimolar FeRh thin-films and their structural char-
acterization were performed by Dr. Steven P Bennett at the US Naval Research Laboratory.
First-principle calculation was done by Sree Sourav Das under the supervision of Dr. Mona
Zebarjadi (ECE, UVA). Nernst theory for the AF and FM phase was done by Dr. Mona Zebar-
jadi. Magnetization measurement was performed by Prof Sang-Kwon Lee’s group at Chung-Ang
University, Korea. The electrical, thermoelectric, and thermomagnetic characterizations were all

done by Md Sabbir Akhanda under the supervision of Dr. Mona Zebarjadi (ECE, UVA).

6.1 Background and context

Phase change materials have a wide range of applications from sensors to information
and energy storage and conversion. They are known for being capable of absorbing and
releasing a large amount of thermal energy during their phase transition. Phase transi-
tions have already been utilized for thermal storage and heat management in buildings,
batteries, and energy conversion technologies such as solar thermal, geothermal, ocean
thermal, thermoelectric, and magnetocaloric. Often a solid-solid phase transition is ac-

companied by electronic band structure, lattice geometry changes, and an increase in
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entropy. In turn these result in changes in physical properties that can be utilized for
device design. Of particular importance is the magneto-structural transition which is
characterized by a simultaneous magnetic and structural phase change resulting from
a strong coupling between the magnetic spin of a system’s electrons and the atoms of
its crystal lattice. External perturbations, such as variations in temperature, magnetic
tield, and strain, act as driving forces and influencing factors for these transitions. First-
order magneto-structural phase transition has been observed in several systems and is
associated with multi-functionalities of these systems. Variety of unusually powerful
magneto-responsive properties such as colossal magnetoresistance [234], giant magne-
tocaloric effect [235-237], and giant magnetostriction [238] have been reported in this
class of materials, prompting the idea of using these transitions for heat-assisted mag-

netic recording (HAMR) devices [239], sensors, and magnetocaloric microsystems [240].

The binary alloy FeRh with a CsCl-type (B2) intermetallic structure is one of the ma-
terials wherein a magneto-structural phase transition has been observed. This material is
of particular relevance to semiconducting industry applications due to its near equimo-
lar compositional simplicity and the appearance of its phase transition in the vicinity of
room temperatures. The phase transition in FeRh was first observed back in 1938 [241].
Upon heating, the material transitions from the AF phase, also known as the a’-phase,
to the FM phase, also known as the a’-phase, with a subsequent 0.3% linear increase of
the lattice constants in all directions preserving its original CsCl structure [242]. Many
studies have been conducted to elucidate the fundamental aspects underlying this FeRh
transition. Electronic disparities in the density of states (DOS) at the Fermi level of
the two phases, backed by a significant increase of the Hall coefficient and a decline in
electron carrier concentration in the AF phase can play a pivotal role in driving this tran-
sition. Hard x-ray photoemission study also reveals distinct differences between the an-
tiferromagnetic (AF) and ferromagnetic (FM) states throughout the entire valence-band
spectrum, elucidated by density functional theory [243, 244]. Recent hypotheses pro-
pose that the phase transition in FeRh may be driven by the competing magnetic states
of the Rh atom which determine the magnetic state of the system [245, 246]. Gu and
Antropov assessing the free energy change of AF and FM states in FeRh utilizing first-

principles calculations (the non-collinear version of the linear muffin-tin orbital method)
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concluded that the AF-FM transition in FeRh primarily stems from magnon (spin wave)
excitation [247]. In a different approach, Barker and Chantrell leveraged atomistic spin
dynamics to demonstrate that the first-order FeRh phase transition may result from the
competition between bilinear and higher-order four-spin exchange terms in the effective
spin Hamiltonian [248]. Variational effect of many external factors such as composition,
magnetic field, thickness variation, doping, etc. on manipulating the transition has also
been studied extensively [242, 249-253]. For instance, it has been found that minimal
compositional variation (0.48 < x < 0.54 for Fe;_,Rhy) is possible without compromis-
ing the integrity of the phase transition altogether. Introducing various dopants such as
Ni, Au, Cu, Pt, and Pd, the phase transition temperature has successfully been shifted
both toward a higher or lower temperature [254-257]. Applying a tensile or compressive
strain has also been found to shift the phase transition to a lower or higher temperature

respectively [258].

Despite the prolonged investigation of this material thus far, only a handful of stud-
ies have been conducted to study its potential in thermal-to-electrical energy conversion
using the three thermoelectric phenomena: the Seebeck effect, the Thomson effect, and
the Nernst effect. The Seebeck effect involves the generation of a longitudinal voltage
(AV) along the direction of a temperature gradient (AT) and is the basis of conventional
thermoelectric devices. In the Thomson effect, heat is absorbed or produced when cur-
rent flows in a material with a temperature gradient. In the Nernst effect, a transverse
voltage (AV) is developed in response to a perpendicularly applied temperature gradient
and magnetic field. Studying the hall coefficient, heat capacity, and Seebeck coefficient in
bulk FeRh during the phase transition Kobayashi et al. reported a significant reconstruc-
tion of the Fermi-surface accompanying the phase transition [259]. Reporting a giant
Thomson coefficient in Ni-doped bulk FeRh, Modak et al. observed a giant Thomson ef-
fect in FeRh which can result in significant Thomson cooling that easily offsets the Joule
heating [158]. Yamauchi et al. studied the compositional dependence of the Nernst effect
in FeRh/SiO; films at room temperature and reported an enhancement when Rh is 48%
[260]. Using anomalous Nernst microscopy, Gray et al. [261] reported a positive Nernst
response in Pt/FeRh/MgO films while using a conventional probe setup. Saglam et al.

[262] observed a sign change of the Nernst coefficient in FeRh/MgO film around the
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phase transition. A theoretical explanation of this temperature-dependent sign change
in N of FeRh is still missing.

In this study, we experimentally and theoretically investigate the influence of sub-
strate and film quality on the magneto-thermoelectric properties, namely the Seebeck
coefficient (S) and the Thomson coefficient (), in near-equimolar FeRh thin films. In par-
ticular, we discuss the effect of substrate-induced stress in the film using first-principle
calculations to explain the substrate-dependent sign change of the Seebeck coefficient
in the AF phase and its heightened response in the FM phase. Additionally, using ex-
perimental data and an isotropic single band model that accounts for the anisotropic
mobility of spin-up and spin-down electrons in the AF phase, we offer an explanation

for the negative sign of N of FeRh/Al,O3 in the AF phase.

6.2 Materials and methods

6.2.1 Sample preparation

For all three FeRh films (FeRh/Al,O3, FeRh/SiO,, and FeRh/MgO) used in this study,
magnetron sputtering was chosen as the growth method. While choosing the substrates,
special consideration was given to the substrates featuring a lattice closely aligned with
the L1y phase (a crystallographic derivative structure of the FCC structure) of FeRh). The
rationale behind these choices lies in the crucial role they play in the manifestation of a
magneto-structural transition within FeRh. If not grown with high enough crystalline
quality FeRh will not display a magneto-structural transition due to its high depen-
dence on defect concentration in the lattice [263-268]. During sample growth, an AJA
International Orion II magnetron sputter system was employed with a 4-inch inconel,
backlight bulb heated substrate holder raised to 630°C substrate temperature. Before
sample growth, the substrates were cleaned of organic contaminants in 10 mTorr Ar by
a 10 W RF backsputter. Growths were conducted from a stoichiometric FeRh sintered 2-
inch target, mounted on a 2-inch magnetron configured for magnetic targets, gradually
raised to a DC power of 75 W in an Ar working gas pressure of 4 mTorr. Films were
grown to a thickness of 20, 35, and 80 nm respectively verified by X-ray Fluorescence

(XRF) [see Fig. 6.1] and X-ray reflectivity (XRR) [see Fig. 6.2] then analyzed using a fast
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Figure 6.1: X-ray fluorescence study of FeRh/Al,O3, FeRh/SiO; and FeRh/MgO reveal-
ing Fe:Rh Mass% of 38:62, 37:63 and 37.5:62.5 respectiviely.
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Fourier transform. After the growth, the films were annealed at an elevated temperature

of 730°C for 1 hour in a high vacuum ( 4x10~% Torr).

6.2.2 Transport property measurements

The temperature-dependent Seebeck coefficient measurement was conducted within the
thermal transport option of a Versalab setup from Quantum Design Inc., utilizing the
one-heater two-thermometer configuration. For making the electrical contacts, 0.5 mm
wide gold-coated flat copper wires were used. One end of the sample was connected to a
resistive heater, while the other end was clamped to the cold foot of the puck, serving as
the heat sink. Between the heater and heat sink, two thermal transport shoes, capable of
measuring both temperature and voltage, were placed to measure the temperature gradi-
ent and the corresponding voltage developed. To measure the resistivity of the samples,
a four-point probe configuration was employed, passing current from the heater side
towards the cold foot or the heat sink. In the Nernst measurement, an external magnetic
field was applied perpendicular to the thermal gradient to generate a transverse voltage.
The developed voltage was measured using a Keithley nanovoltmeter. To facilitate the
measurement, the voltage lead of the cold side shoe was separated and connected trans-
versely opposite to the hot side shoe along the width of the samples. Estimated errors in
the Seebeck, resistivity, and Nernst measurements are approximately 5%, 3%, and 10%,
respectively. Major sources of error include fitting errors in the MultiVu software (for
Seebeck measurement), errors in measuring the sample size, and inherent instrumental

errors.

6.2.3 Computational Methods

The spin-polarized first principle calculations of the density of states were performed
using density functional theory (DFT) as implemented in VASP code [269-271] with
Projected Augmented Wave (PAW) potentials [272]. We utilized the experimental lattice
constant without structural relaxation to elucidate the observed experimental behavior.
It is well-established that the choice of functionals in DFT can significantly influence the
electronic properties of the system. Therefore, before performing the transport analy-

sis, we investigated the stability of the phases using various functionals. This analysis
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Figure 6.2: X-ray reflectivity data for FeRh/Al,O3, FeRh/SiO; and FeRh/MgO with

FeRh film thickness of 35, 20 and 80 nm respectively.
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guided us to focus on a specific functional that yielded stable structures and enabled us
to accurately interpret the experimental results. The summary of the obtained local mo-
ment for Fe and Rh atoms along with external pressures for different functionals is listed
in Table 1. Among these functionals, Perdew Burke and Ernzerhof (PBE) [273] func-
tional demonstrates better results in terms of both local moment and stability compared
to findings reported in the other calculations[274-277] in both phases. Additionally, we
also applied Hubbard Correction methods[278, 279] by (U+] : Uge = 2.0, Jpe = 1.0,
Ugrn = 1.5, Jrn = 1.0) parameters to match the calculated local moments with the exper-
imental observations[280, 281]. However, it make the system unstable as indicated by

external pressure.

The spin-orbit coupling (SOC) was also considered to complete the study but the
density of states (DOS) revealed that the effect of SOC is negligible. Similar results were
also reported by other studies [274, 282]. Therefore, SOC effects were not considered
for further calculations. For electronic structure calculations, we used a 2 x 2 x 2 su-
percell comprised of 16 atoms to simulate the AF and FM phases of FeRh. According
to PAW pseudopotentials, Fe(3d, 4s) and Rh (4p, 5s, and 4d) orbitals were treated as
valance states in this analysis. The plane-wave energy cutoff of 720 eV, which is more
than 2.5 times the standard value, was chosen with a self-consistency threshold of 107
eV. A dense Monkhorst-Pack k-mesh grid of 17 x 17 x 17 was used for sampling the
Brillouin zone. As FeRh is metallic in nature, a smearing value of 0.05 eV according to
the Methfessel-Paxton scheme was used for self-consistent as well as DOS calculations.
The lattice parameters for AF and FM phases were fixed to experimental values a=2.99
A[280] and a= 3.01 A[281], respectively. With these parameters, the magnetic moments
obtained from DFT calculations are yr,=3.21 and pg;=1.05 in the FM phase, and pp,=3.12
and pg;,=0 in the AF phase. These values are in good agreement with other calculations
[274-277] and experimental [283, 284] results. The total energy per atom for the AF
phase is 0.02 eV lower than the FM phase at T=0 K.
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221 (Pm3m)] illustrating magnetic configuration and density of states of the FM (a-b) &
AF (c-d) phase, respectively. Iron and Rhodium atoms are shown in red and silver

respectively.
6.3 Results and discussion

6.3.1 Magneto-thermoelectric properties of the FeRh/Al,0O; thin film

The crystal structure of the AF and the FM phases along with their corresponding DOS
per formula unit (f.u.) are shown in Fig. 6.3(a-d). The spin-polarized DOS for the
FM phase was compared using different functionals (see Fig. 6.4) which shows a good
consistency with the PBE results, particularly near the Fermi level. Both spin-up and
spin-down electrons exhibit similar DOS contributions to transport in the AF phase as
shown in Fig. 6.3(d). The influence of different functionals on DOS is also shown in
Fig. 6.5 and total DOS varies significantly from 0.35 states/eV /f.u. to 0.8 states/eV/f.u.
at Fermi level depending on the functionals. Considering the DOS for both crystal
structures, the FM phase has a larger DOS at the Fermi level corresponding to larger
carrier density, and has the dominant contribution from spin-down electrons. From PBE
calculations, we found a significant rise in DOS from 0.8 states/eV /f.u. for the AF phase

to 2.05 states/eV/f.u. for the FM phase. The effect of this rise in DOS is reflected in the
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Figure 6.4: Density of States of FM phase of FeRh using PBE, SCAN, and DFT+U+]

functionals.

transport parameters we experimentally measured.

Temperature-dependent variation in the resistivity (p) and dp/dT of the FeRh/Al,O3
film is shown in Fig. 6.6(a-b). A hysteresis behavior accompanied by a steep drop in the
resistivity due to the AF-FM phase transition appears during a temperature sweep up
and down which can be attributed to the increased DOS in the FM phase as mentioned
beforehand. The hysteresis spans from 170 K to 325 K under a zero magnetic field with
the peaks in dp/dT confirming different phase transition temperatures, T, for the heat-
ing and cooling cases. To streamline our discussion, we adopt the notation Tj,,, and Tjjgp
for these two (lower and upper) anchor points henceforth. After systematic 1 T incre-
ments of the magnetic field along the [001] direction starting from 0 T up to 3 T, both the
Tyow and Tj;gp, shift toward lower temperature. In a temperature sweep around the phase
transition starting from low temperature and progressing slowly toward high temper-
ature, the AF phase, characterized by adjacent magnetic moments aligned in opposite
directions, can overcome the energy barrier to gradually align its magnetic moments par-
allel to each other to transition to the FM phase. The application of an external magnetic
tield accelerates this alignment process resulting in the whole hysteresis loop shifting
towards lower temperatures [285]. Tj;gp, shifts in a linear fashion by approximately 5 K

for every 1 T magnetic field increment. On the contrary, Tj,,, follows a non-linear pattern
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Figure 6.5: Density of States of AF phase of FeRh using LDA, GGA (PBE, PBEsol),
MetaGGA (TPSS, SCAN), and DFT+U+] functionals

with approximately 5 K, 15 K, and 30 K shifts in Tj,,, during the increments 0-1 T, 1-2
T, and 2-3 T, respectively. This unequal shift experienced by T}y, and Tj;gp, results in the

loops extending over a greater temperature range at higher fields.

Similar to electrical conductivity, the Seebeck coefficient is an electronic property that
depends on the details of the band structure and scattering rates. During the phase tran-
sition, the magnetic and crystal structure of FeRh changes driven by the magnetic field
and temperature changes. Associated with these, a change in the electronic band struc-
ture and phonon dispersion is also to be expected simultaneously. An increased DOS
and its slope with respect to energy has been observed in the FM phase and is shown in
Fig. 6.3(b). Consequently, the log of DOS is larger in the FM phase (see Fig. 6.7) resulting
in a larger S in the FM phase according to the Mott formula [286]. To be precise, we ob-
served S to be approximately six times larger in the FM phase compared to the AF phase
(see Fig. 6.3(c)) which matches with the theoretical calculation. An alternative explana-
tion for this enhancement stems from the increase in entropy during the transition. In
metals, S is a measure of entropy per charge carrier. Therefore, the increase in S serves
as evidence that the electronic entropy increases while transitioning to the FM phase.
The total entropy change during this phase transition is measured experimentally to be

in the range of 12 to 19 J.kg~1.K~1 [259, 287, 288]. The overall entropy change has elec-

67



—
Q
~
[\
o
—

b) 0.008

0.004 ) T

-0.004

p (uQ2.m)

p.(dp/dT) (K™1)

-0.008

-0.012

(d) 40
0
—_
T
X -40 t
=
=
—
v -80 |
Heat sink
-30 ‘ ‘ : : : : -120
50 150 250 350 50 150 250 350
T (K) T (K)
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the legend of (a). The black arrows indicate temperature sweep in the upward and
downward direction respectively around the phase transition. Inset of (c) is a schematic

representation of the Seebeck coefficient measurement setup

tronic, lattice (phononic), and magnetic contributions. The phononic entropy increase
is attributed to phonon softening in the FM phase [289]. Cook et al. were able to sep-
arate the contributions to the entropy using low-temperature specific heat, along with
sound velocity and photoemission measurements. They reported an electronic entropy
change of 841 J.kg 1. K~! [287]. An electronic entropy change of about 8.9 J.kg~1.K~!
was reported by Perez et al. for the case of Ni-doped FeRh bulk polycrystalline sample
corresponding to a AS of ~ 40 uV.K~! during the phase transition [288].

The Tjop and Tj;gp, of the hysteresis loop captured by S are 85 K and 360 K respec-

tively, a range which is comparatively broader than the one observed during the resis-
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Figure 6.7: Derivative of In(DOS) for two phases according to Mott formula.

tivity measurement. The greater magnitude change and broader loop in S compared to
p also highlights the Seebeck coefficient measurement’s superior sensitivity in probing
phase transitions wherein a minimal structural change is involved. A similar observation
was made by Akhanda et al. while studying 1T -MoTe, single crystal [159]. Resistivity
changes are not strong since both AF and FM phases of FeRh are metallic. Experimental
observation suggests a slight increase in resistivity that can be attributed to the shorter
electron mean free path (MFP) in the FM phase [158, 288]. The Seebeck coefficient is
not sensitive to the MFP but, it can effectively discern the relative changes in the en-
tropy associated with the phase transition, making it more responsive to the underlying
changes.

Though the magnitude of S we observed is much lower than that of conventional ther-
moelectric materials [35, 290, 291], a Thomson effect-based device designed around the
abruptness of the temperature-dependent behavior can provide an alternate thermal-to-
electrical energy conversion route. The Thomson effect manifests as a heating or cooling
phenomenon when a current is passed through a material in the presence of a tempera-
ture gradient [292, 293]. Devices built based on this effect require only a single material
type compared to the two types (n-leg and p-leg) needed in a Seebeck effect-based con-
ventional thermoelectric device [294]. The Thomson coefficient (T) can be expressed
as the product of the material’s average temperature (T) and the first derivative of S
concerning T (t = T.dS/dT). The Thomson figure of merit is a combination of the
thermoelectric figure of merit and the Thomson to Seebeck coefficient ratio [160]. Con-

sequently, the phase transition-induced sharp change in the S has fueled the exploration
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measurement setup.

of Thomson effect-based devices using FeRh in recent years. This was highlighted in
bulk FeRh recently, where a very large T is reported over an extremely narrow tem-
perature range [158]. The temperature-dependent T of FeRh/Al,Os is graphically de-
picted in (see Fig. 6.6(d)). The heating and cooling temperature sweep reveals distinct
peaks, a consequence of the hysteresis observed in the Seebeck behavior. Compared
to the temperature-dependent Seebeck coefficient behavior which exhibited a peak of
21 uV.K~! in the heating and 23 uV.K~! in the cooling sweep, the Thomson coefficient
demonstrates magnitudes of approximately 98 xV.K~! and 66 uV.K~! respectively. The
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values reported here for thin film are an order of magnitude smaller than those reported
for bulk FeRh[158]. However, the phase transition range is much larger compared to
bulk samples, and the Thomson coefficient is nonzero in the 150-350 K temperature

range, which is more appropriate for device applications [160].

Next, we study the Nernst thermopower (N) and Nernst coefficient (N/B), the T-
dependent response of which is plotted in Fig. 6.8(a-d). We observe a narrower but
similarly shaped thermal hysteresis like that in S. The absolute value of N/B is larger
in the FM phase (high-temperature phase), which is counter-intuitive since the Nernst
coefficient tends to be larger at lower temperatures and when the mobility is larger [35].
Furthermore, we observe that at a given temperature, N/B of the FM phase is constant
and is magnetic field independent up to about 1 T. It decreases at larger magnetic fields,
indicating higher-order terms are important and the Nernst voltage is no longer linear
with respect to magnetic field. The Nernst coefficient is an order of magnitude smaller
in these samples compared to the Seebeck coefficient. While this is a ferromagnetic
material and it is expected that the anomalous Nernst coefficient has a significant con-
tribution, we would highlight that the nonzero component of the Nernst coefficient at
zero magnetic field is extremely small and negligible in both FM and AF phases [262].
As the magnetic field is applied perpendicular to the thin-film plane, even in the FM
phase, the magnetization in the cross-plane direction is small at zero magnetic fields.
Hence we can explain the behavior of the Nernst using traditional models but with a
modified magnetic field. In the FM phase, spin-down is the dominant one as we demon-
strated in Fig. 6.3(b). If we assume isotropic bands, we can obtain a simple model for

the isothermal Nernst thermopower, Nt in a metal [89] -

r
NT =S (1’+ 1'5) “LLHBZ (6.1)

where, S is the Seebeck coefficient, yp is the Hall coefficient, and a power law represents
the energy (E) dependence of the relaxation times (7), i.e. T « E’. B, is the internal
magnetic field experienced by the electrons which is the sum of the external magnetic
tield and the internal magnetization. Magnetization for these samples is linear to the
external field (up to 3T) and at 350 K and it roughly increases the internal field by a

factor of 2.2 (see Fig. 6.9). Therefore, we can modify our equation to present the Nernst
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coefficient as
r

r+15

N = NT/Bz(ext) = 25( JHH (6.2)

Combining results from Perez et al. and Modak et al. and considering yy; = 40 cm?/V.s
[158, 288], S = 25 uV /K (measured value of Seebeck coefficient at 350 K from this work,
see Fig. 6.6), and r = —0.8, we obtain N =228 nV /KT which is close to the experimentally
measured value in Fig. 6.8. The r value is obtained by fitting the FM DOS close to the
Fermi level with power law and assuming relaxation times are inversely proportional to

DOS.
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Figure 6.9: Temperature-dependent magnetization of FeRh/Al,Os films in a magnetic
field up to £ 3 T at 350 K. The measurement was taken using a PPMS system with a
vibrating sample magnetometer (VSM) (Quantum Design, Inc. USA).

The AF phase is more complex as there are two parallel currents of spin-up and
spin-down contributing almost equally. The position of the Fermi level is not well es-
tablished (see Fig. 6.5) as it is close to the minimum of the DOS and can move within
the valley when there is a strain in the system, hence the DOS cannot be fitted at the
Fermi level with a simple power law. In the mixed phase region, the presence of the
ferromagnetic regions results in spin-dependent scattering rates and unequal mobilities
for the two types of spins which then results in terms in the Nernst coefficient that have
contributions from both bands (mixed terms) [89]. The sign of Nernst in this region then

depends on the details of the mobility of spin-up and spin-down carriers and can be
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obtained using:

TZNT + ¢2N¢ 1 Ugﬁoﬂﬁ — oy Bopis + ‘Téﬁoﬂﬁ 06 Bl
2 ™2 2
T T T
((70 +UO> ((TO +(TO>

B, 6.3)

Here Ng refers to the Nernst coefficient of spin-up carriers in the absence of spin-
down carriers. Similarly, US refers to the electrical conductivity of spin-up electrons in
the absence of spin-down electrons. The same notation is used for spin-down Nernst and
electrical conductivity. Hence, the first term is the weighted average of spin-up and spin-
down Nernst coefficients. The second term is the mixed term and has the contribution
of both spin up and down. jiz is the thermal mobility, By is the thermoelectric response

function. These parameters are defined in ref [89].
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Figure 6.10: Variations in resistivity (p), Seebeck coefficient (S), and Thomson coefficient
(T) of FeRh/SiO, (a-c) and FeRh/MgO with changing temperature. The legends in
Figures 3b and 3c align with those in Figure 3a whereas the the legends in Figures 3e
and 3f align with those in Figure 3d. The black arrows denote the temperature sweeping

up and down around the phase transition.
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6.3.2 Substrate dependence of the transport parameters

Temperature-dependent variation of the transport properties namely the resistivity, the
Seebeck coefficient, and the Thomson coefficient, of FeRh/SiO; and FeRh/MgO are
shown in Fig. 6.10(a-f). Comparing these two films, a major shift in the phase transi-
tion temperature (T;) can be observed across [266]. FeRh/Al,O3 and FeRh/SiO, exhibit
similar T;. On the contrary, the phase transition of FeRh/MgO is largely shifted towards
higher temperatures. Due to the limited high-temperature measurement capability of
our experimental setup, we could only capture the onset of this transition. Different
substrates induce different degrees of strain on the films which can have a significant
effect on T;. FeRh/Al,O3 films experience out-of-plane compressive strain and in-plane
tensile strain [295]. Despite the similar unit cell volume of FeRh on both substrates, the
different degrees of strain induced by the substrates lead to varying tetragonality ratios
(c/a). FeRh/MgO exhibits c/a > 1, while for the case of FeRh/Al,O3, it is less than
1. These differences result in large shifts in T, [296]. Kumar et al. observed a shift of
over 60 K when in-plane stress is changed from compressive to tensile types [297]. In
addition to a shift in the T, we also observe a change in the degree of abruptness in the
transition. Specifically, we observe a slower transition in the case of all three films when
compared to bulk FeRh [158]. Among the three films, FeRh/SiO, exhibits the broadest
while FeRh/MgO exhibits the sharpest transition. This broadening of the overall tran-
sition compared to bulk has been ascribed to be a defect-driven phenomenon as argued
by Keavney et al. [298]. While examining the average lattice expansion’s evolution using
spatially resolved diffraction across FeRh film during the phase transition, they found a
heterogeneous mix of AF and FM phases. AF and FM phases appear as nucleated islands
in the films with new ones forming and joining larger islands at higher or lower tem-
peratures depending on the heating/cooling nature of the temperature sweep. A region
of the film around a defect experiences a lower/higher effective transition temperature
due to the localized strain or electronic structure change, leading to a distribution of
nucleation temperatures across the sample and consequently resulting in a slower tran-
sition. So, a film with fewer defects should experience a steeper transition. Comparing
the abruptness in the three films, a lesser degree of defect sites in the case of FeRh/MgO

can thus be predicted compared to the other two films. If we compare the resistivity
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of the three films at around 50 K - 100 K where all three samples are in the AF phase,
FeRh/MgO exhibits the smallest resistivity supporting this hypothesis. In fact, FeRh
has a minimal lattice mismatch of 0.3% to the FCC cubic lattice of MgO (a = 4.212 A)
and a relative 45° in-plane rotation demonstrating excellent epitaxial matching whereas
for FeRh(111) films on Al,O3(0001), a substantial lattice mismatch of -11.3% is observed
[299]. Consequently, the transition in FeRh/MgO happens in a relatively shorter temper-
ature range accompanied by the sharpest change in S and the most heightened Thomson
peak among the three films. For the part of the phase transition that we could capture,
a T peak of 188 uV.K~! in the heating and 163 xV.K~! in the cooling temperature sweep

was observed.

In the FM phase, the Fermi level is deep in the band and the slope of DOS is posi-
tive at the Fermi level (see Fig. 6.3) resulting in an electron-like behavior and a negative
Seebeck coefficient for all three films. Consequently, bulk [158] as well as thin-films
(this work) always demonstrate a negative Seebeck coefficient in this phase. In the case
of AF, however, the Fermi level is very close to a minimum in the DOS as shown in
Fig. 6.3. The position of the Fermi level in this case can change toward positive or neg-
ative slopes through doping and strain. Bulk FeRh has shown an almost zero Seebeck
coefficient [158] whereas a Ni-doped FeRh demonstrates a positive Seebeck coefficient.
Our measurement reveals that the use of SiO; or MgO as the substrate can also result
in a positive sign of S in the AF phase. This change can be attributed to the magni-
tude and type of strain (tensile or compressive) at the film/substrate interface due to a
mismatch of the lattice parameters. An in-plane tensile strain of —0.27% is reported in
FeRh films on Al,O3 while an in-plane compressive strain of 4-0.33% was reported for
FeRh/MgO(100) [300]. To demonstrate this, first principle calculations were performed,
considering the impact of different levels of tensile and compressive stress in the lattice
parameters. As shown in Fig. 6.11, tensile vs compressive strain can move the Fermi
level toward more positive or more negative slopes or flat regions in the DOS. Apply-
ing a tensile strain of 4% in the in-plane direction leads to a positive slope of the DOS,
resulting in a negative Seebeck coefficient. Conversely, subjecting the material to a 4%
percent compressive stress in the in-plane direction a gradual movement of the DOS

slope towards zero and followed by a negative value can be induced. Therefore, while
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Figure 6.11: Effects of tensile and compressive strain on the DOS of AF phase of FeRh.
4% tensile and compressive strain was applied along in-plane and out-of-plane simul-
taneously and vice-versa. The degree of strain along with the lattice parameter is also

given.

the sign of the Seebeck coefficient remains always negative in the FM phase, it can be
zero, negative, or positive in the AF phase depending on the film /substrate combination

and its induced strain strength and type.

6.4 Conclusion

We have investigated the magneto-thermoelectric properties encompassing the Seebeck
coefficient (S), and the Thomson coefficient (7) in near equimolar FeRh thin films grown
on three different substrates namely, Al,O3 (sapphire), SiO;, and MgO. The phase tran-
sition temperature range and the transport responses are affected by the substrate. We
showed that the value of T depends on the quality of the films and the type of sub-
strate. Due to a difference in the epitaxial growth strains and lattice mismatch values
in the film/substrate interface, FeRh/MgO exhibits the most prominent peak Thomson
response. This response is not only closer to bulk values but is also approximately twice
as high as that observed in FeRh/Al,O3; and twenty times higher compared to that in
FeRh/SiO;. The Seebeck coefficient exhibited different signs in the AF phase, depend-
ing on the substrate. Our first principle calculation suggests it to be a consequence

of substrate-induced strain variation in the film. Consistent with previous reports, the
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phase transition temperature, T; is lower for FeRh/Al,O3 compared to FeRh/MgO and
turther shifts to a lower temperature with a magnetic field. Additionally, we reported
Nernst thermopower (N) in FeRh/Al,O3, which is two orders of magnitude smaller than
S and changes its sign during the transition. The differing signs in the two phases were
explained using an isotropic single-band model, considering an anisotropic mobility of
spin-up and spin-down electrons in the AF phase. Despite the AF phase displaying
higher mobility, the magnitude of N was higher in the FM phase owing to the contribu-
tion from its internal magnetization. A hysteresis loop was evident in the temperature-
dependent N response with a shape similar to that observed in S but with a narrower

width.
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Chapter 7

Nernst effect in the FATCNQ-doped
P3HT polymer

Collaborators and Personal Contributions: The doped P3HT bars, their FTIR and WAXS data
were provided by Dr. Christian Miiller’s group at the Chalmers University of Technology, Swe-
den. The electrical, thermoelectric and thermomagnetic characterizations were done by Md Sabbir

Akhanda under the supervision of Dr. Mona Zebarjadi

7.1 Background and context

Wearable electronic devices are becoming an integral part of our daily life. Today these
are widely used in applications ranging from sensing and monitoring health and physi-
cal activities to communications, security, and the Internet of Things. With the advances
in integrated circuits, today’s wearable electronic devices need very low power to oper-
ate. Hence, the idea of utilizing our body heat to power these wearable devices employ-
ing thermoelectric devices is actively being explored [301-304]. Thermoelectric devices
are capable of harvesting low-grade thermal energy and converting it to electricity. Ther-
moelectric power generation relies on the Seebeck coefficient which is the longitudinal
electric voltage response to a temperature gradient. The Nernst effect is less studied
compared to the well-known Seebeck effect [305-307]. Among the studies performed
so far, all are focused on inorganic materials with the exception of a few focusing on

organic superconductors including (TMTSF),PFs and x -(BEDT-TTF),Cu(NCS),; and x
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-(BEDT-TTF),Cu[N(CN)|Br [305, 308-310]. This trend is also prevalent to some extent
even in the case of the well-known Seebeck effect, where the studies reported on inor-
ganics far exceed the studies reported on the organic ones [311-316]. While inorganic
materials have demonstrated higher zT values, they have some shortcomings. For in-
stance, they are typically brittle and lack mechanical flexibility. They are expensive to
process and often have toxic, expensive, or rare elements like Pb, Bi, and Te in their
composition, raising health and economic concerns. Conjugated polymers on the other
hand are comparatively inexpensive to produce and have better mechanical flexibility.
Conjugated polymers also have a low lattice thermal conductivity because of their com-
plex nanostructure and their inherent disorder and are compatible with solution-based
printing technologies. All these characteristics make these materials attractive candi-
dates in the quest to develop inexpensive flexible thermoelectric and thermomagnetic
devices [317-325].

In general, improving the thermoelectric power factor of a material is difficult be-
cause of the coupled nature of the Seebeck coefficient and the electrical conductivity. In
most cases, improving one negatively affects the other. Hence, optimizing the transport
parameters to find high zT materials is challenging. Materials that show a decoupling
trend i.e. simultaneous increase in the Seebeck coefficient and electrical conductivity
are therefore interesting from an optimization point of view [326, 327]. In this work,
taking the conjugated polymer P3HT (see chemical structure in Fig. 7.6(a) as the host
material and FATCNQ (2,3,5,6-tetrafluoro-7,7,8,8 tetracyanoquinodimethane) (see chem-
ical structure in Fig. 7.6(b) as the dopant, we investigate the temperature dependence of
thermoelectric properties as well as the Nernst response. While the Nernst coefficient
values are small, they are comparable to many inorganic ones. We report a simultane-
ous increase of the Seebeck and the electrical conductivity over an extended range of

temperatures.

7.2 Results and discussion

The shape of the dye and the pressure applied along the y-axis force P3HT chains to

orient along the flow direction (x-axis) [328, 329]. We measured the electrical conduc-
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Figure 7.1: Chemical structures of a) P3HT and b) FATCNQ. ¢) schematic of the channel
die; P3HT is inserted into the channel equipped with 2 spacers and flows along x-axis
upon applying force along y-axis accompanied by heating to 100 °C d) WAXS images
of P3HT bar along e) z-axis and x-axis f) before and g) after doping with FATCNQ. h)
integrated WAXS diffractogram of the images along x-axis

tivity of sequentially doped P3HT bars (Fig. 7.1(a-d)). The bars S1 and S2 feature an
electrical conductivity () of 0.2 & 0.1 and 0.1 + 0.1 S.cm™! along the x and the z-axis,

respectively measured using a two-point method. To further study the anisotropy of the
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bars, we recorded WAXS diffractograms (Fig. 7.1(e-f)) along the z and x-axis prior to
doping. Images recorded in transmission show higher ordering along the flow direction
(x-axis) than transverse to it (z-axis) indicating that the P3HT bar features a high level of
anisotropy. The integrated diffractogram of the recorded image along the x-axis shows
distinct h00 scattering peaks in case of neat P3HT (h = 1 — 3; g199 = 0.37 A1 ) due to
lamellar stacking (Fig. 7.1(h)). A distinct 7T-stacking peak is observed at gg19 = 1.68 AL
Doping with FATCNQ results in a noticable change in the position of the diffraction
peaks (Fig. 7.1(g)). We observe two h00 scattering peaks, which we assign to the pres-
ence of both undoped and doped material. Intercalation of FATCNQ between the side
chains of P3HT increases the distance between adjacent polymer backbones along the
lamellar stacking direction, which results in a shift of the h00 scattering peaks to lower
g-values. Despite a clear anisotropy in ordering along (x-axis) and transverse (z-axis)
to the bar length (Fig. 7.1(e-f)), the conductivity values in these directions are not sig-
nificantly different. Whereas, it has previously been shown that oriented P3HT chains
result in higher conductivity values along the orientation due to higher charge mobility
[328]. We speculate that the lack of clear anisotropy in electrical conductivity is due to
length of the bar, which limits the dopant diffusion towards the middle. The limitation
in the diffusion of FATCNQ in bulk P3HT samples has been previously reported [328].
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Figure 7.2: Electrical conductivity and Seebeck Coefficient of S1 and S2 obtained from

measurements repeated over an extended period of time

To examine the stability of the samples, we repeated the electrical conductivity and

the Seebeck coefficient measurements over the span of a few weeks. (see Fig. 7.2) Within
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ficient of Sample 1 (S1) and Sample 2 (S2) measured over an extended period. Fig. 2b
follows the same legend as shown in Fig. 2a. Inset of Fig. 2b shows the schematic of the

Seebeck Coefficient measurement connections.

this time period, the samples were exposed to air. The freshest S1 sample (day 1) had an
electrical conductivity of 0.21 S.cm~! at 300 K. After 8 days, it’s conductivity was reduced
by 52 %. Data collected over the subsequent days up to day 20 shows that the electrical
conductivity reduction rate decreases everyday and eventually slows down from about
6-7% per day to 2-3 % by day 20. For the sample S2, prepared identically, we saw the
rate drops down to 1-2 % after 40 days. Samples thus appear to suffer their biggest
loss in terms of electrical conductivity within the first two weeks after which the loss
significantly slows down. Stability-wise, we saw an even smaller degree of fluctuations
in the Seebeck coefficient for both samples. For sample S1, the Seebeck coefficient at
room temperature at day 9 is 95 uV.K~1. After day 20, it was found to change by only
9.5 %. In the case of sample S2, at 300 K, we saw a change of 13 % from day 8 to day 18.
As time progressed, the values stabilized even more and we saw a change of only 5.5 %
between day 18 and day 36 while there was no change in value between day 36 and day
42. At day 42, the Seebeck coefficient was measured to be 78 uV.K~1.

Fig. 7.3 shows the plot of electrical conductivity (four-point method) and Seebeck
coefficient measured along the flow direction in the temperature range of 50 K - 305 K.
Room temperature electrical conductivities of the samples (S1: 0.1 S.cm~! and S2: 0.17

S.cm~1) are lower compared to those reported for thin-films (5 - 48 S.cm 1) of the same
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Figure 7.4: FTIR absorption of a) FATCNQ anion (blue) and neutral (pink), b) thin film
of P3HT doped with FATCNQ cooled down to 80 K from 300 K (solid lines from black
to light blue) and re-heated up to 300 K (dotted black)

host dopant combination by other groups [330-332]. Due to the size of the sample and
low diffusion rate, it takes a considerable amount of time for the dopants to diffuse into
the samples and in doing so, a doping gradient is created. From a previous study done
by Liyang et al. on bulk cube P3HT:FATCNQ samples (1 mm x 1 mm x 1 mm), we know
that the dopant ingresses only about 250 um over a 14 days of sequential doping. The
interior of the cube remained undoped [328]. As a result, only the surface of the bar is
heavily doped and conductive while the core of the bar is composed of weakly doped
P3HT resulting in a lower overall electrical conductivity compared to uniformly doped
thin-films.

Over the entire temperature range, the electrical conductivity increases as the tem-
perature increases. On the contrary, as the temperature increases, the Seebeck coefficient
(«) first decreases sharply and then slowly increases. At a temperature around 55 K, the
Seebeck coefficient of the two samples can range from several hundred to 1000 uV.K~!

while the electrical conductivity ranges from 1072 to 10™* S.cm~!. In this temperature
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regime, polarons are expected to be in the freeze-out condition. Consequently, the in-
sulating nature of the sample results in a high Seebeck coefficient (e.g. 1078 uV.K~! on
day 14). FTIR absorption was recorded at different temperatures from 300 K to 80 K
on a thin film of P3HT doped with FATCNQ (Fig. 7.4(a-b)) [reprinted from ref Kiefer et.
al. (2019)[333]]. The anion of FATCNQ gives rise to distinct absorption peaks at 2195
cm~! and 2175 cm~! that correspond to the cyano stretch vibration (Fig. 7.4(a)) [333].
The shape and size of the peak at 2190 cm~! hardly changes and only shifts to higher
energies with decreasing temperature (Fig. 7.4(b)). Therefore, in this range, the sum of
the bound and free charges does not change as the temperature changes. Hence, we
speculate that, the rise in the electrical conductivity accompanied by a drop in the See-
beck coefficient as temperature increases from 55 K, is mainly due to an increase in the
number of free charges while the total number of charges remains constant. Similar See-
beck coefficient and electrical conductivity trends observed in most inorganic samples
were explained by a shift of the Fermi level from within the bandgap toward the band
edge [35, 334]. This shift is a result of an increase in the amount of free carriers. As
the Fermi level shifts more toward the inside of the band gap, the Seebeck coefficient
decreases due to the higher symmetry between states above and below the Fermi level
[3, 335-337]. The decaying behavior of the Seebeck coefficient, «, with respect to tem-
peratures in PBHT:FATCNQ can be explained with the following relation obtained using
the hopping model for organic thermoelectric materials [338, 339].

. Ef - Etrans

e.T 1)

o

where, Etaps is the transport level, E £ is the Fermi level and e is the elementary charge.
An increased number of free charge carriers reduces the activation energy and moves the
Fermi level closer to the transport level. Consequently, the Seebeck coefficient decreases.
This decreasing trend transitions into a steadily increasing trend at roughly around 100-
125 K and 75-100 K for S1 and S2, respectively. For S1, from this transition temperature
to 300 K, we see a 70 % and 65 % increase in the Seebeck coefficient on Day 13 and
Day 20 respectively. While for S2, on day 18 and Day 36, we recorded an increase of
90 % and 77 % respectively for the same temperature range. In a typical thermoelectric

material, an increase in number of carriers typically results in an increase in electrical
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Figure 7.5: Temperature dependence of power factor of Sample S1 and Sample S2 mea-

sured over an extended period

conductivity but decrease in the Seebeck coefficient. For polymers, it has been proposed

that these two parameters satisfy the following relation: [340]

a==2(2)i (7.2)

where, 0, is a free parameter set to 1 S.cm~!. Interestingly, both the electrical conduc-
tivity and the Seebeck coefficient show an increasing trend starting from the transition
temperature (around 100 K for S1 and 70 K for S2) up to 300 K without obeying the
above equation. We speculate that, the rise in the electrical conductivity that we see in
this region may be originating from the enhancement in mobility with increased temper-
ature but, not from an increase in the free carrier concentration [341]. In this scenario,
as we increase the temperature, to keep the number of carriers constant, the Fermi level
has to move slightly towards the middle of the band gap. This movement of the Fermi
level will result in a rise of the Seebeck coefficient. The power factor defined as (S%¢)
also shows an increasing trend in this region (see Fig. 7.5).

The temperature dependence of the average of the Nernst coefficient (N) of the sam-
ple S1 measured on Day 11 under three different magnetic field (B=1T, 2 T and 3 T)
is shown in Fig. 7.6. The error bar in the figure represents the standard error of the
mean of these measurements. Nernst coefficient measured at 290 K is -0.07 uV.K~1.T~1.
Decreasing the temperature leads to an increase in the value of the Nernst coefficient. At

the lowest temperature measured (80 K) where the sample behaves more like an insula-
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Figure 7.6: Temperature dependence of the Nernst coefficient of Sample 1 (S1) compared

with few inorganic and organic materials

tor, we see the largest Nernst signal (11.2 ¢V.K~1.T~1) which is approximately 160 times
larger than the absolute value of the signal at 290 K. To the best of our knowledge, this is
the highest Nernst coefficient to date observed in a polymer. N followed a similar trend
to what we observed in the Seebeck measurement. Reports on inorganic materials sug-
gest that a higher mobility to Fermi-energy ratio results in a higher Nernst coefficient.
For polymers like P3HT with complex molecular structure, it is hard to draw a similar
conclusion without doing detailed theoretical calculation. The values of the Nernst coef-
ticient P3BHT:FATCNQ observed at low temperatures are comparable to many inorganic

materials as shown in Fig. 7.6. It is noteworthy to mention that, the value 80 K is greater
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than the one observed in the single-crystal BiTes, the most commercially available ther-
moelectric material, at the same temperature [35]. All these evidences highlights the
potential of polymers for thermomagnetic applications [35, 38, 49, 76, 89, 163, 342, 343].

The thermal conductivity (x) can be written as: «(T) = a(T).c,(T).o(T) where a is the
thermal diffusivity in units of [mm?/s], ¢, is the specific heat in units of [J/(¢.K)] and p
is the bulk density in units of [¢/cm?3]. Here, the thermal diffusivity is measured using
the laser flash method along the loading direction and was found to be 0.14 mm?/S.
The density was measured employing the Archimedes’ principle and was estimated to
be 1.09 ¢/cm3. The room temperature density of a thin-film P3HT has been reported to
be 1.11 g/cm?® [344]. Taking 1.32 J/(g.K) as the specific heat, [345] we have estimated
that the room temperature thermal conductivity of our sample is approximately 0.2
W.m~1.K~1 along the loading direction (y-axis). An anisotropic behavior compared to
the y-direction is expected for the thermal conductivity measured along the flow (x-axis)
direction. Low electrical conductivity of our samples indicate that electronic part of the
thermal conductivity will be negligible as Scheunemann and Kemerink showed in 2020
that a polymer with electrical conductivity of 100 S.cm~! will have electronic thermal
conductivity in the range of 0.05-0.1 W.m~1.K~! only [346]. Room temperature thermal
conductivity of P3HT thin-films reported previously was around 0.185 W.m~1.K~! [347,
348].

7.3 Conclusion

In summary, we have studied the transport properties of P3HT bars doped with FATCNQ.
We observed a simultaneous increase in the Seebeck coefficient and the electrical conduc-
tivity over an extended temperature range. This result joins a small number of papers
reporting a similar simultaneously increasing trend [349-351]. While electrical conduc-
tivity increases with temperature in hopping transport, we speculate that the enhance-
ment in the Seebeck coefficient seen in these samples is due to the movement of the
Fermi level towards the middle of the band gap due to an increased mobility of the free
carriers. At 80 K, we observed a Nernst coefficient (N) which exceeds the N observed in

a single-crystal BipTe;. Our samples exhibited a thermal conductivity of 0.2 W.m~1.K~!

87



at room temperature. The Seebeck coefficient remained relatively stable under ambient

conditions over a span of 40 days.
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Chapter 8

Outlook

Thermomagnetic materials provide an alternative solution to solid-state cooling and
power generation. Thermomagnetic modules and materials have been investigated in
parallel to thermoelectric materials for more than a century. However, the study of ther-
momagnetic materials has attracted much less attention as they generally have lower
efficiency at high temperatures. However, these materials and modules have unique ad-
vantages and should be regarded as complementary and not as competitors of thermo-
electric materials. They are advantageous, for instance, at extremely low temperatures
where thermoelectricity is weak. Experimental techniques to measure thermomagnetic
transport are more complex and require careful attention to the details of the setup as
these are magnetic field-dependent tensor properties. Several competing effects can be
responsible for transverse voltage measurements that can introduce errors to the Nernst
measurements and have to be carefully separated, such as the thermal Hall effect. Ther-
momagnetic figure of merit, due to its anisotropy and magnetic-field dependence, is
much more difficult to report. There are only a handful of materials for which the ther-
momagnetic figure of merit is reported. Aside from applications, thermomagnetic trans-
port provides rich physics to study anisotropy, topology, and magnetism features. It is
challenging to match the theoretical and experimental Nernst without any fitting param-
eters due to the small signals and extreme sensitivity of the Nernst thermopower to the
details of band structure, scattering rates, and Berry curvature. Nevertheless, through
material experimentation and theoretical advancements, guidelines can be developed to

identify potential materials with significant thermomagnetic figures of merit.
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