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Abstrakt

Anomalni Nernstiiv jev (ANE) je vznik pfi¢ného napéti v magnetickych materialech pti
aplikovaném podélném teplotnim gradientu. Tento jev nachazi potencialni aplikaci v
oblasti spinové kaloritroniky a konverze tepelné energie. V této préci je zkouman vliv
substratu vzorku a experimentalni geometrie na anomalni Nernstiv jev ve vzorcich
tenkych filmi permaloye napraSenych na riznych substratech. Studium anomalniho
Nernstova jevu bylo provedeno na vzorcich na ¢tyfech riznych substratech s podstatné
odli$nou tepelnou vodivosti. Kromé toho byly testovany ¢tyii riizné techniky generovani
teplotniho gradientu ve vzorcich: tii metody pro generovani gradientu v roviné vzorku a
jedna metoda pro generovani gradientu mimo rovinu vzorku. Bylo pozorovano, ze tepelna
vodivost substratu vyznamné ovlivituje velikost teplotniho gradientu. V dvou
konfiguracich v roviné byl naméten konzistentni koeficient anomalniho Nernstova jevu,
gradient teploty mimo rovinu vzorku byl odhadnut na zakladé ziskanych dat.

Pro porovnani vysledkti méfeni ANE byl pouzit permalloy — feromagneticka slitina
slozeni Niz7Fe14CusMo4. Permalloy byl aplikovan na 4 rizné substraty (Al.O3z (0001), Si
(100), SrTiOs (100), MgO(100)) metodou magnetronového naprasovani. Metodou UV
litografie byly vyrobené vzorky pro méfeni ANE, pro méfeni teplotniho gradientu na
vzorcich také byly napraSené platinové teploméry, konfigurace vzorki pouzitych pro
porovnani vlivu substratu je ukazéna ve Figure 14 a Figure 15. Tloustka vrstvy
permalloye ¢inila 55-65 nm, coZ bylo ur€eno pomoci profilometru Dektak XT. Vrstva
méla vysoce polykrystalickou az amorfni strukturu, coz bylo zjiSténo pomoci metody
difrakce rentgenového zafeni. Magnetizace vzorku byla zméfena metodou SQUID
magnetometrie, smér v roviné vzorku je magneticky mekky, smér mimo rovinu vzorku je
magneticky tvrdy, hodnota satura¢niho pole ¢ini 0.1 T a 0.35 T resp. Platinové teploméry
na vzorku byly kalibrované pomoci teploméru typu PT100 se znamou funkci zavislosti
odporu na teploté.

M¢teni probihalo ve kryostatu Oxford Instruments INTEGRA (Figure 23) s
supravodivym magnetem a vlozkou s variabilni teplotou. Pfed métenim kazdy vzorek byl
stabilizovan na teploté 100 K. Platinovy teplomér typu PT1000 byl vyuzit jako ohfivac,
proud pies teplomér byl ur¢en pomoci skriptu tak, aby vykon teploméru ¢inil piiblizné
600 mW. Béhem méfeni hodnota magnetického pole se ménila krokem 0.02 T od 0.6 T
do -0.6 T a zpét pro mé&feni ptipadné hysterezni smycky, napé&ti na pi¢ném kontaktu bylo
méteno pii kazdé hodnoté magnetického pole.

Hodnoty pti¢ného napéti byly antisymetrizovany (viz 3.3.2) a porovnany mezi sebou.
Nejmensi hodnota ANE signalu (0.18 uV/K) byla naméfena na vzorku na Si (100)
substratu, nejvétsi hodnota ¢inila 0.29 pV/K a byla namétena na SrTiOs substratu.
Tepelnd vodivost substratu ma vyznamny vliv na hodnotu generovaného teplotniho
gradientu. Linearni charakter teplotniho gradientu ve vzorku byl potvrzen pomoci
COMSOL simulace.

Meéteni Nernstova jevu pii riznych hodnotach teplotniho gradientu bylo provedeno na
vzorku permalloye na SrTiOs substratu. Namefené hodnoty koeficientu ANE Cinily
0.29 uV/K pti velikosti teplotniho gradientu 13.200 K/mm a 0.22 uV/K pti velikosti



teplotniho gradientu 10.227 K/mm, rozdil v teplotnim gradientu byl ur¢en zménou
vykonu ohiivace. Rozdil v naméfené velikosti koeficientu ANE miiZze byt povazovan za
chybu méfeni.

Tti rGzné konfigurace pro méfeni ANE koeficientu ve sméru roviny vzorku byly
testovany. Konfigurace s externim ohtivacem (Figure 14) a integrovanym ohfivacem
(Figure 17) vykazuji konzistentni vysledky (0.16 a 0.25 pV/K resp.). Rozdil mezi
vysledky je zptisoben riznou teplotou méteni (142 K a 177 K resp.).

Abstract

The anomalous Nernst effect refers to the transverse voltage generated in magnetic
materials to applied longitudinal temperature gradient. The effect holds promise for
applications in spin caloritronics and enhanced thermoelectric energy conversion. Here,
we investigate the influence of the sample substrate and experimental geometry on the
anomalous Nernst effect in sputtered permalloy thin film samples. We investigated the
anomalous Nernst effect on samples with four different substrates of substantially
different thermal conductivities. Moreover, four distinct techniques of generating thermal
gradient in our samples were tested: three methods for generating in-plane gradients and
one method for the out-of-plane gradient generation. We observe that the substrate
thermal conductivity significantly affects the magnitude of the temperature gradient.
Consistent anomalous Nernst effect coefficient is measured in two in-plane
configurations, out-of-plane temperature gradient was estimated based on the acquired
data.
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1 Introduction

Spintronics introduces the spin degree of freedom into conventional electronics, aiming
to enhance future devices and reduce energy consumption. In the related field of
spincaloritronics, researchers examine the interactions between spin and heat. This field
is driven not only by fundamental research interests but also by the potential to harvest
and utilize waste heat from electronic devices, motivating the search for more efficient
spincaloritronic materials.

One of the key phenomena in spincaloritronics is the Nernst effect, which stands for the
generation of a transverse thermoelectric voltage, allowing the direct conversion of a
temperature gradient into electrical voltage. In magnetically ordered materials, this effect
becomes pronounced in a magnetic field and is known as the anomalous Nernst effect
(ANE). Remarkably, in the last two decades, it has been shown that ANE does not
necessarily scale with net magnetization; significant anomalous Nernst coefficients have
also been identified in materials with negligible magnetization, arising from their intrinsic
electronic properties. The pursuit of more efficient anomalous Nernst coefficients
underscores the importance of establishing reliable procedures to quantify the coefficient.

The largest source of error typically arises from the experimental challenge of quantifying
the thermal gradient, particularly in thin films. Unlike standard magneto-transport, where
the current is confined to the conductive film, in magneto-thermal transport, the thermal
gradient also impacts the substrate. This can complicate measurements, especially in thin
films, where the substrate might influence the thermoelectric signal by anisotropic heat
conductivity, by altering grain size, inducing strain and stress, or changing the interface
of the thin film. The measurement technique and device geometry can also significantly
affect the results, as the thin film geometry allows the use of various configurations to
measure ANE. Moreover, the thermal gradient can be also generated locally by laser.

At the same time, measurements of the anomalous Nernst effect in thin films are crucial
due to their prevalence in integrated circuit technology, the predominant method for
fabricating electronic devices. Therefore, it is essential to develop reliable techniques to
measure and accurately quantify the anomalous Nernst coefficient.

In this work, we first introduce the theoretical background related to the interactions of
spin, electrons, and heat in solid materials and summarize the measured magnitudes of
the anomalous Nernst coefficient in various compounds. We then describe the methods
for generating and measuring the thermal gradient. In the experimental section, we
prepare several identical devices on various substrates to compare the resulting thermal
gradients and anomalous Nernst effect coefficients. We also evaluate different techniques
for generating the thermal gradient and discuss the results in the context of thermal
gradient homogeneity.

In the final section, we present an example of the anomalous Nernst effect measured in
an emerging magnetic material — the altermagnetic thin film MnsSis. Precise
quantification of the thermal gradient is crucial to contextualize the measured values with
those existing in literature.



2 Theoretical part

2.1 Electronic and magnetic properties of solids
This chapter describes the fundamental physical concepts of electronic structure in solids,
which is at the origin of the phenomenon of magnetism in its different forms.

2.1.1 Band structure of solids

The basic concept for describing electronic states in the condensed-matter system is the
problem of the periodic Coulomb potential in a crystal lattice. This problem was
simplified and solved for the one-dimensional crystal lattice by Felix Bloch (1)

Bloch solved the Schrodinger equation for an electron in a crystal lattice. Solutions of the
equation can be described as plane waves modulated by periodic functions.
Mathematically, the electron wave functions 1 are written as:

Y(r) =e*7 - u(r) (2.1)

where r is the position, u is a periodic function that has the same period as a crystal lattice,
k is the wave vector which can be restricted to the first Brillouin zone..

For every value of k, there are multiple solutions for each n, and so the states of the
electrons are split into several bands, each with n index. n here is called the band state
index.

Functions of this form define the wave functions and the states of the electrons in
crystalline solid materials. Bloch functions are the basis for the concept of the electronic
band structure.

There are values of energy for which no Bloch function solutions of the Schrédinger
equation exist. These energies form continuous regions, so-called forbidden bands, where
k has complex values. The width of the forbidden bands also called the band gap, defines
the electronic properties of the material. There are three general types of materials defined
by their band gap: metals, semiconductors, and insulators.

In the insulators, the band gap width is usually more than 5 eV and there are almost no
electrons in the next allowed region after the band gap. The width of the band gap in the
semiconductors is about 1 eV. Here, highest ocuppied band at zero temperature is called
the valence band and the band with the higher energy is called the conduction band.
Electrons can be excited from the valence band to the conduction band by increasing the
temperature or applying the external voltage. In metals, the valence and the conduction
bands overlap and the band gap between them does not exist. Furthermore, the electric
properties are influenced by the position of the Fermi level with respect to the material’s
bands which corresponds to an energy level which has 50% probability of being occupied
in thermodynamic equlibrium.



Energy

Insulator Metal Semiconductor Semiconductor

Figure 1: The schematic structure of allowed energy bands for insulators, metals, and
semiconductors. The vertical extent of the boxes indicates the allowed energy regions,
and the grey areas indicate the regions filled with electrons. The left panel of a
semiconductor corresponds to finite temperature with thermally excited carriers. The
right panel semiconductor is electron-deficient because of impurities in the crystal.
Adopted from (72)

2.1.2 Magnetic order in solids

The fundamental object in magnetism is a dipole magnetic moment. According to
classical electromagnetism, we can equate this with an infinitely small current loop, then
the relationship between the magnetic moment and the current density j can be formulated
as follows:

m= %f r X j(r)d3r, (2.2)

where 7 is the radius vector.

In solid materials, magnetization M can be introduced as a local average of the magnetic
moments in a mesoscopic volume 8V

dm = M(r)sV (2.3)

Magnetic moment and magnetization are axial vectors, which means that they change
sign under the time-reversal t - —t change, but remain unchanged under the spatial
inversion r —» —r, in contrast to the standard polar vectors, such as position in space or
current density, that change sign for both inversions (2).

In a solid material, the magnetic field B is related to the field intensity H and
magnetization M through the formula:

B =py(H+M) =p(1+ p)H = pH, (2.4)

where # is a dimensionless quantity called the magnetic susceptibility and 2 is magnetic
permeability. Both of these variables are material-dependent tensors, and # plays an
important role when describing magnetically ordered materials. (69)

Magnetic moments in a crystal lattice can be organized in a variety of ways. In this
chapter, we will describe four textbook types of magnetic order: diamagnetism,
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paramagnetism, ferromagnetism, and antiferromagnetism, as well as the recently
proposed concept of altermagnetism.

The magnetic moment of an electron in an atom is composed of two components. Firstly,
there is the contribution due to the electron orbital angular momentum, which is
equivalent to a classical picture of a magnetic moment generated by the orbital motion of
an electron around a nucleus via Ampeére's circuital law. The second contribution has no
classical counterpart and corresponds to the electron spin, its inherent degree of freedom.

The electrons in a material are arranged in orbitals, which can be classically considered
to be current loops with zero resistance. Any externally applied magnetic field will induce
the opposite magnetic field in that loop. This effect is called diamagnetism and results in
a negative contribution to magnetic susceptibility. Diamagnetic materials are therefore
weakly repelled by the external magnetic field. Diamagnetism can occur in any material,
but it can be overcome by other effects.

If the number of electrons in an atom shell is odd, the external magnetic field can cause
the unpaired electrons to align their spins parallel to the external magnetic field, causing
a net attraction. This type of magnetic order is called paramagnetism and results in a
positive contribution to susceptibility. The number of aligned spins increases linearly
depending on the strength of the magnetic field. In the absence of the external magnetic
field, spins will be randomized due to thermal motion. Paramagnetic materials are weakly
attracted by the external magnetic field.

11
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Figure 2: Hlustration of the differences between diamagnetic and paramagnetic
materials. Adopted from (3)

When two closely localized atoms have unpaired electrons, their spin orientation (parallel
or antiparallel) can affect whether those electrons can occupy the same orbital due to the
exchange interaction. The exchange interaction is the consequence of the Coulomb
interaction presence and the Pauli exclusion principle and causes that electrons may prefer
to align their spins parallel or antiparallel depending on their particular wavefunctions.
The energy difference between the parallel and antiparallel configuration of the spins is

called exchange energy and is described by the exchange integral ]i, It
H = —Zi,jji,jgi -8 (2.5)
where $; ; are operators describing the electrons’ spin.

Values of the exchange energy can be (up to 102 for Fe) bigger than the energy of the
dipole-dipole interactions in the paramagnetics. Exchange interaction causes
ferromagnetic, antiferromagnetic, and ferrimagnetic orderings.

Ferromagnets demonstrate spontaneous magnetization even in the absence of an external
magnetic field. The exchange integral of ferromagnets is positive, and so all the magnetic
moments lie along a single direction due to the exchange interaction. The parallel ordering
collapses at the Curie temperature, where the thermal fluctuations overcome the exchange
energy, and the material becomes paramagnetic. The orientation of the magnetization in
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a ferromagnet is determined by the effect of magnetocrystalline anisotropy, which makes
certain crystallographic directions more favorable for magnetization to align along.

The ferromagnetic materials usually do not exist in a state with the same magnetization
throughout the material, but in a state consisting of spontaneously oriented ferromagnetic
domains. The reason for that is minimizing the internal (magnetostatic) energy of the
material. Any large region of ferromagnetic material with constant magnetization
throughout will create a large magnetic field extending into the space outside itself. This
requires a lot of magnetostatic energy stored in the field. To reduce this energy material
splits into loop-oriented domains, so that the magnetic field lines are looped inside of the
material.

a) b) — ¢)
! T
! !
! !
| i
| j!
0 J’ ‘\\

Figure 3: Hlustration of ferromagnetic material splitting into magnetic domains. (4)

Antiferromagnets have a negative integral of the exchange interaction. Therefore, the
magnetic moments aim to be aligned antiparallel, resulting in zero net magnetization. In
the collinear antiferromagnets, there are two ferromagnetic spin-sublattices with the
opposite orientation of magnetization. The magnetic ordering persists until the Neél
temperature when the material usually becomes paramagnetic due to thermal fluctuations.
However, the magnetic order in antiferromagnets can be more complicated when the
magnetic moments are not parallel. This effect is called non-collinear
antiferromagnetism. An example of such behavior is demonstrated on a triangular crystal
lattice in Figure 4.
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Figure 4: Illustration of frustrated magnetic moments within a triangular lattice. y
moment is frustrated due to competing exchange interactions with a and . lllustrations
b and ¢ show possible lowest energy configurations resulting in non-collinear ordering.

(69)

That frustration in non-collinear antiferromagnets is usually removed by antisymmetric
exchange interaction or magnetocrystalline anisotropy, which results in a stable
noncollinear magnetic order (5) (6) (7). The frustration of magnetic moments can also
lead to more complex configurations, where spins are not ordered in one plane, such
magnetic structures are called noncoplanar. (69)

While the band structure of paramagnetic and antiferromagnetic material shows the same
energy value for spin-up and spin-down states, energy values in ferromagnetic materials
for those states are different (Figure 5)

4s Electrons

3d Electrons

1

Density of states D(E)

Figure 5: A simplified band structure of a ferromagnetic metal showing the splitting of
the 3d band and net density of states at the Fermi level between spin-up and spin-down
states. Arrows indicate the spin direction of the carriers. (8)

We have described some types of magnetic order in solid materials based on the mutual
arrangement of local magnetic moments in real space. However, the modern and more
precise strategy is characterization of magnetic order using reciprocal space and
electronic band structure (9). That change of approach was motivated by theoretical
predictions of time-symmetry breaking macroscopic phenomena and spin-split band
structures (which are typical for ferromagnetic ordering) appearing in crystals with

14



compensated antiparallel magnetic ordering, which is characteristic of antiferromagnets.
Recent symmetry classification and description (10) uses a generalized symmetry
formalism to describe the spin arrangement on crystals, allowing to describe a broad
landscape of magnetic phases by considering symmetry transformations that combine
generally different operations in real and spin space. The new classification based on this
symmetry formalism establishes a third distinct and comparably abundant phase. That
phase is characterized by compensated magnetic order in direct space with opposite-spin
sublattices connected by crystal-rotation symmetries, and by a corresponding
unconventional spin-polarization order in the reciprocal space that reflects the same
rotation symmetries. That correspondence of direct and reciprocal space symmetries
results in an electronic band structure with broken time-reversal symmetry and alternating
momentum-dependent sign of spin splitting. Smejkal et al. introduced a new name
altermagnets (10) to distinguish that phase from convenient ferromagnets and
antiferromagnets. The difference between the band structure of altermagnets,
ferromagnets, and antiferromagnets is illustrated in Figure 6.

() Altermagnetism

>
2
[
(=4
w
x ky
R
M=0
(a) Ferromagnetism \ (b) Antiferromagnetism
S 2
v x k-vector translation inversior roiar
R! R!
M#0 M=0

Figure 6: Hlustration of ferromagnetic, antiferromagnetic, and altermagnetic phases in
real space and nonrelativistic electronic-structure momentum space. Adopted from (11)

The altermagnetic spin-splitting originates from a local anisotropic electric field (12),
such mechanism contrasts with the conventional ferromagnetic splitting due to the
exchange interaction or the spin-orbit splitting. The spin-splitting can induce various
magnetism-related phenomena, such as anomalous Hall and anomalous Nernst effects.
The list of rules for identifying altermagnets and a detailed list of candidate altermagnetic
materials, including MnO,, RuO2, La,CuOQa, and MnsSis was provided by Smejkal et al.

(10).
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2.2 Theory of charge and heat transport in solids

2.2.1 Drude model

Drude (13) proposed his theory of conductivity to explain the transport properties of
electron in materials (especially metals). The Drude model attempts to explain the
conductivity in terms of kinetic theory, i.e. scattering of the electrons on the immobile
positively charged ions, which obstruct the flow of the free electron gas.

Basic assumptions of Drude’s theory:

1. The number density of the electron gas is assumed to be:
n = taZm, (2.6)
A
where Z is the effective number of de-localized electrons per ion, for which Drude used
the valence number, A is the atomic mass per mole, p,, is the mass density (mass per unit
volume) of the ions, and N, is the Avogadro constant.

2. Interactions of ions and electrons between collisions are neglected.

3. Collisions are instantaneous events that abruptly alter the velocity of the electron.

4. There is a probability of collision per unit of time 1/z. The time 7 is known as a
relaxation time and plays a fundamental role in the theory of metallic conduction.

5. Electrons can achieve thermal equilibrium with their surroundings only through
collisions.

The Drude model provides an estimate size of the size of the electrical conductivity,
which can be considered a quantitative value of the material.

According to Ohm‘s law, the current flow I is directly proportional to the potential drop
7 along the conductor and inversely proportional to the resistivity R. R here depends on
the size of the conductor and intrinsic properties of the material. That intrinsic resistivity
p is defined to be proportionally constant between the electric field E and the current
density j that it induces.

E=pj (2.7)

Here, j is a vector, parallel to the flow of charge, which magnitude is the amount of charge
crossing a unit area perpendicular to the flow.

If n electrons with the elementary charge e are moving with average velocity v, the
current density can be written as:

J = —nev (2.8)

In the presence of the external field E, the average speed can be computed in terms of the
relaxation time.

Vavg = %ET (2.9)

And so the expression for j is:
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ne?t

- E =oE (2.10)

j =

The relaxation time can now be computed using the observed resistivity of the materials,
typical relaxation time at room temperature is of order 104s,

2.2.2 Transport equations

The relaxation-time approximation overlooks the fact that electron scattering also
depends on the nonequilibrium electronic distribution function, which will differ in
different experimental situations. One can use a more accurate description of the
collisions considering the impurities and defects of the crystal and the deviations from
periodicity in a crystal due to thermal vibrations of the ions.

A more realistic description of the collisions assumes the probability per time unit that an
electron in the n band with wave vector k will be scattered into the n* band with another
wave vector k. The scattering probability can be written in terms of quantity w,, /. The
probability in a time interval dt that an electron with wave vector k is scattered into any
of the group of levels inside the k-space element dk‘ about k‘ considering those levels
fully occupied and thus non-forbidden by the exclusion principle can be written as:

Wik dt dk’

e (2.11)

The probability function depends on the particular scattering mechanism being described,
but it will generally have quite complex structure, which also depends on the electronic
distribution function f.

The total probability of collision per time unit is given by summing over all final wave
vectors k'

1 dkr

o WWk,kl[l_f(k,)] (2.12)

(k) here, in contrast to the relaxation time approximation is not a specified function of
k, but depends on the particular form of the nonequilibrium distribution function f.

Three types of effects affect the dynamic behavior of the distribution function f:

1. Carriers can move in and out of the region r. If vy is the velocity of a carrier in the
k state, then there is an interval t, during which the carriers in this state will travel
a distance tvk. So, the number of carriers in region r at time t is equal to the number
of them in the region r — tv, at time O:

fr,6) = f(r —ty, 0) (2.13)
So the rate of change in the distribution f due to the diffusion effect is:
%] diff.= vy '% ==V Vfy (2.14)

2. External fields will change the k-vector of each carrier:
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e 1
kzg(E+;vaB) (2.15)
And so, the distribution will change at the rate

f . _ 6fk_—e 1 %
Yk field = —k - 2L == (E+2v,AB)- 2L (2.16)

3. Although the scattering effect is complicated, we can consider it elastic. The
change of the distribution will be written as:

Uil scatt. = [{fr(1 — ) — f (1 — £} Q(k, k") dk' (2.17)

at

Scattering from k to k‘ decreases f;, the probability of this process depends on fk, the
number of carriers in the k state, and on (1 — f;), the number of vacancies available in
the final state. The inverse process from k* to kis weighted with f;, (1 — f).

The Boltzmann equation says that at any point and for any k, the net rate of change of
fir is zero and so:

a ] . ] .
%] scatt. + %] field + %] diff.=0 (2.18)

This is the steady state, not the actual equilibrium state f;2 (which holds when fields and
temperature gradients are absent), but we can assume that the steady-state distribution
does not depart very far from the equilibrium:

9k = fi — fi (2.19)
Where fis:

£ = —mmm— = 10 (2.20)

exp{f+

¢ here is chemical potential which is equal to Fermi level ez at T = 0

If we suppose that we have an electric field as well as a temperature gradient in the
specimen the Boltzmann equation is:

—(6350 v - {s(kT)—€ (—VT) + e (E _ ivg)} = %] scatt. (2.21)

The k vector function describes the influence of temperature gradient VT and electric

field E. The solution for this equation in the relaxation time approximation is:

_afO

fi= £ = (G55) i e (B L ve) + “5= (v (2.22)

Using that form of the Boltzmann equation we can now finally construct the general
transport equations for the electric current J, and the flux of heat J,:

J,=5-E—avT (2.23)
Jq = TE — %VT (2.24)
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o here is the electric conductivity tensor, k is the thermal conductivity tensor and « is
the thermoelectric tensor. Each diagonal and off-diagonal component of these tensors is
set by one of the six independent Onsager coefficients.

Nernst coefficient S,,, can now be defined as off-diagonal component of the S tensor:

E=p-],—SVT (2.25)

2.2.3 Hall effect, Nernst effect, Mott relation

The described charge transport mechanism is a theoretical basis for studying various
properties of solid-state materials. Fundamental magnetic properties of the material can
be determined by studying charge transport in the presence of the external magnetic field
and thermal gradient.

The relationship between the symmetries of the physical system plays a crucial role in
explaining modern transport phenomena. Onsager (14) formulated an important relation
between the response of a physical quantity o to a stimulus connected with the quantity

B.
Kaﬁ(B) = EaEﬁ(—B), (226)

where ¢, 5 = t1specifies the symmetry property of a.and g concerning the operation of
time-reversal. B is any time-reversal (7) breaking field, so in the case of a ferromagnet, B
can be associated with magnetization. After applying this theorem to a conductivity tensor
o;; and the current response function, i.e. « — J; and g — J;, where J; ; are components
of current density vector. Under the 7 symmetry, the charge current is odd,
thus &, s = —1. According to eq. (2.25) it holds that:

0;;(B) = 0j;(—B) (2.27)

The conductivity tensor is symmetric when no 7 symmetry breaking field is present, i.e.
0;;(B = 0) —0;;(=B = 0) = 0. The antisymmetric part o;;(B) — 0;;(B) can be finite
only if the 7 symmetry is broken (5). The T symmetry of solids can be confirmed that
way since the measurement of g;; is straightforward.

A good example of a T symmetry breaking field can be an external magnetic field in a
conductive  solid  material.  According to the drift-diffusion  model
Oxy(B) — 0, (B) = 2 - 0,,,(B) # 0 when the magnetic field is applied along the z-axis.
This can be observed as an ordinary Hall effect. (69)

Ordinary Hall effect is a magnetotransport effect that can be described the following way:
a magnetic field applied normally to the current direction in a conducting material
produces a transverse force on the conduction electrons, and this force gives rise to a
transverse-oriented Hall voltage. Ordinary Hall voltage is proportional to the applied
magnetic field B because the Lorentz force acting on the conduction electrons is F =
e(E + v x B). Electron accumulation will continue in the transverse direction until the
field it generates is sufficient to stop the further flow of charge.
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Figure 7: Hall effect, E, is Hall voltage, F, is Lorentz force, B, is applied magnetic
field, J, is charge current. (15)
Ordinary Hall voltage is proportional to the applied magnetic field B. Hall effect in the

material, when assuming the single band approximation, can be described by the Hall
coefficient (taking into account j, = ne?tE,):

_ By _ o1 [m?
Ry = jxB  mne’ [ C ] (2.28)
Where j, is the current density of the charge carriers, B is the magnetic field and E,, is

the induced electric field. Since the Hall coefficient is inversely proportional to the carrier
concentration n, its value for metals is much less than for semiconductors.

Expression for a specific transverse Hall resistivity can be written as:
E.
Pxy = ﬁ = RyB (2.29)
The effect of the Lorentz force acting on charge carriers also leads to a decrease of
longitudinal resistivity p,.,,, due to a deflection of the charge carriers. This effect is called
ordinary magnetoresistance (OMR) and can be described by the ratio:

xx(B)_ xx(B=0)
MR =2 pxx(’; s (2.30)

OMR follows a quadratic dependence on B (16).

The Nernst effect is a thermoelectric analog to the Hall effect. The phenomenon can be
observed when an electrical conductor is subjected to an external magnetic field and a
thermal gradient normal to it. An electric field is induced normally to both.
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Figure 8: Hlustration of the ordinary Nernst effect, E is Nernst voltage, I'T is
temperature gradient, B is external magnetic field (17).

The temperature gradient induces a charge carriers flux opposite to the thermal gradient.
This is called the Seebeck effect and can be described as diffusion of high-energy carriers
from the hot side producing entropy by drifting towards the cold end of the conductor.
Drifting charge carriers are deflected by the Lorentz force induced by the external
magnetic field.

The ordinary Nernst effect is characterized by the Nernst coefficient N:
E, = NB,OT / ox, (2.31)

where E,, is the transverse electric field, dT / dx is a longitudinal temperature gradient,
and B, is the out-of-plane magnetic field (see Figure 8). Nernst effect is not the only
thermoelectrical effect in solid materials, for example, Ettingshausen effect manifests a
conversion of the longitudinal electric current to the transverse temperature gradient or
the Righi-Leduc effect that describes conversion of the longitudinal heat flow to the
transverse temperature gradient.

Even though the electric and thermoelectric transport phenomena are driven by
fundamentally different forces, there is a connection between the electric conductivity
tensor o and the thermoelectric tensor a.

Electric field and thermal gradient in equations (2.23) and (2.24) can be considered as
perturbations to a Fermi-Dirac distribution of charge carriers, so the relations between @,
a and k tensors can be found. An important relation is the Mott relation, which links the
electric conductivity tensor @ and thermoelectric tensor a.

where ¢ is the energy of the carriers (e is the Fermi energy) and T is temperature.
Nernst coefficient N, mentioned in the equation (2.30) relates to a,,, as (18):
N=B,2 (2.33)

Oxx
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The Mott relation then connects the off-diagonal elements of the @ and o tensors, which
in the presence of the magnetic field connects ordinary Nernst and Hall effects.

2.2.4 Anomalous Hall and anomalous Nernst effect

In magnetic materials the Hall resistivity Ry (transverse electric field per unit longitudinal
current density) is different: after initially increasing with the field the Hall resistivity
saturates at large fields to some value, which is nearly independent of the field:

Pan = RoB + poRM, (2.34)

where R, is the ordinary Hall coefficient, R, is referred to as an anomalous Hall
coefficient, which is also dependent on temperature, as well as a variety of materials-
specific parameters. This additional contribution to the magnetization M is called the
anomalous Hall effect (AHE) and is observed in magnetically ordered materials with
broken time reversal symmetry.
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Figure 9: Typical behaviors of the Hall and anomalous Hall effects. The Hall resistivity
p Xy is plotted versus external magnetic field H. (a) The ordinary Hall effect; (b) The
anomalous Hall effect; and (c) The hysteresis loop measured from the anomalous Hall
effect (19).

Despite this phenomenological relationship, a microscopic theory of AHE turned out to
be particularly difficult to formulate. Conventionally, the AHE has been ascribed to spin-
orbit interaction and the spin polarization of conduction electrons, which result in
asymmetry in terms of orbital angular momentum (20), or to the asymmetric skew
scattering of conduction electrons by the fluctuation of localized moments (21).

The AHE theory of Karplus and Luttinger (20) has been recently reformulated (5) using
the concept of Berry’s phase and Berry’s curvature (22). Berry’s phase is an additional
phase of the electron’s wave function arising in the system with multiple time-dependent
parameters in the Hamiltonian. Berry curvature is then a vector field in the space of the
time-dependent parameters, with Berry’s phase being its integral over a closed trajectory
(23). A usual example of the topological Berry’s phase is the rotation of a spinor.
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Consider the s = 1/2 angular momentum aligned to a magnetic field, which rotates
adiabatically so that the spinor remains aligned to it. At the end of the loop, the spinor
acquires a complex phase factor exp(i¢). Likewise, ordinary vectors are basically
s =1 spinors, the parallel transport of ordinary vectors on a sphere should also give
interesting geometric phases. Indeed the Berry phase for a transport along a sphere
diameter yields a Berry phase of 2, i.e. a full rotation, equivalent to no rotation at all
[exp(i4m/2) = exp(i2m) = 1]. Instead, a smaller path enclosing one eight of the sphere
yields the geometric phase of 4 t/8 = /2 = 90° illustrated below.

Figure 10: Illustration of a topological Berry’s phase (24)

Berry’s curvature in the momentum space has two properties important for this work:
firstly, it is directly proportional to the anomalous Hall conductivity, and secondly,
Berry’s curvature can only have a non-zero value when the combined time-reversal and
mirror reflection symmetry is broken (7).

In the case of Bloch waves in crystals, the Berry curvature modifies the group velocity
by introducing an anomalous term (25).

. laen(k) e
F= ot 4 2R x 0, (k) (2.35)

In the absence of the second term on the right side of this equation, the group velocity 7
is defined by the energy dispersion €, (k) of a band indexed n. The presence of a finite
0, (k) affects various transport properties of electrons in the crystal.

It was pointed out (7) that AHE can appear in noncollinear antiferromagnets with zero
net magnetization when certain common symmetries are absent. The magnitude of the
resulting AHE is comparable to AHE in elemental transition metal ferromagnets (Fe, Co,
Ni). The AHE has been experimentally identified in several noncollinear
antiferromagnets MnsX (X being Ir (7), Sn (26), Ge (27), Ga (28) with a kagome lattice
of magnetic Mn atoms, and in antiperovskite materials such as MnzNiN (29).
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A recent work by Smejkal et al. (30) suggested a mechanism of time-reversal symmetry
breaking even in antiferromagnets with collinear spin structure, so-called altermagnets
(see chapter 2.3). The resulting anomalous Hall effect (called crystal Hall effect is some
publications (31)) can be as large as in ferromagnets and spontaneous (i.e. present in zero
magnetic field).

Another mechanism of the T symmetry breaking is proposed for ferromagnets and
antiferromagnets with nontrivial spin structures (32). In the materials with non-parallel
spin in the individual sublattices, it is convenient to introduce the spin chirality x« = ).S; -
(Sx X S;), with S; ;. ; being three magnetic moments in the magnetic lattice. k is zero for
collinear ordering. Finite spin chirality can induce Berry’s curvature in real space,
resulting in the so-called topological Hall effect (THE). THE can be observed even in
materials without strong spin-orbit interactions (33). THE has been observed in
noncollinear antiferromagnet MnzSn (19), the noncollinear phase of antiferromagnetic
MnsSis (33), and various double-exchange ferromagnets (34).

Nernst effect also has its anomalous counterpart. Applying a thermal gradient to a
ferromagnet generates a voltage that is perpendicular to both the heat flow and the
magnetization. That phenomenological description of ANE holds for ferromagnets with
a finite net magnetization. In a theoretical study of ANE, Xiao and colleagues (25) argued
that even though the force produced by a thermal gradient is statistical and therefore
intrinsically macroscopic (in contrast to the one induced by an electric field), a finite
Berry’s curvature generates an anomalous transverse thermoelectric response a;ély, which

magnitude is linked to the anomalous Hall conductivity o),

d U,‘C“y

ah, =T BT (2.36)

3 e de e=ep

This is the same relation as (2.31), which links the ordinary version of the two effects in
case with no spin-orbital interaction. In ferromagnetic solids, the measured values of ANE
and AHE were reported to agree with the Mott formula (35) (36) (37).

However, there is an ongoing discussion about the general validity of the Mott relations
in the material with a nontrivial topology of the electronic bands. It was proposed that the
ANE could be sensitive to the electronic states which do not affect AHE, that assumption
is not yet confirmed experimentally. ANE is considered to be determined by Berry’s
curvature at Eg, in contrast to AHE, which is obtained by the integration of Berry’s
curvature for all of the occupied bands. Thus, the observation of a large AHE does not
guarantee the observation of a large ANE.

2.3 Anomalous Nernst effect in magnetic materials

The anomalous Nernst effect was observed and measured in a huge variety of magnetic
materials. This chapter will introduce some of the existing measurements of ANE in
ferromagnetic and antiferromagnetic and compare them.
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Mizuguchi’s group published several papers on ANE measurements in ferromagnetic
alloys including FePt (38), FePd, MnGa, MnGa and Co/Ni multilayer films (39). High
values of ANE were also reported for FesGa (40), FesPt (41), FesGeTe, (42), MnAl (43)
and MnBi (44). Some Kagome ferromagnets incl. CozSn»S2 (45) and UCoo.gRuo.2Al (46)
also demonstrate huge coefficients of ANE.

Conventionally, the ANE was considered proportional to magnetization and, thus,
observed only in ferromagnets. Recent studies show that ANE can also be realized in
noncollinear antiferromagnets. With zero or vanishingly small magnetization due to the
topologically nontrivial Berry curvature near the Fermi energy (47) (48) (49) (50) (51).
ANE was observed in chiral antiferromagnets MnsSn (48) and MnsGe (49),
antiperovskite structure antiferromagnet MnsSnN, canted antiferromagnet YbMnBi> (52)
and other antiferromagnets, including NdMn2Ge; (53), MnsNiN (29).

Comparison of the ANE coefficients of some of the described ferromagnetic and
antiferromagnetic materials is shown in Figure 11.
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Figure 11: Comparison of ANE coefficients vs. magnetization for some ferromagnetic
and antiferromagnetic materials. Ferromagnetic materials are marked by circles,
antiferromagnets are marked by triangles.

2.4 Methods of Nernst effect measurements

In that part, we will describe some of the methods used to measure ANE coefficient in
different materials. A necessary part of the measurement is creating a temperature
gradient in the sample, which can be achieved by various methods.

2.4.1 In-plane methods
The main method of creating of thermal gradient in the in-plane direction is Joule heating
of the sample. The external resistor connected to the sample using thermal conductive
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compound can be used for that as described in paper (54), configuration is shown in
Figure 12.

Brass block MgO (100)  plastic block

Figure 12: Configuration for ANE measurement involving separate macroscopic heater
(54)

Another option is defining a microscopic heater right on the sample using the lithography
technique as described in (29).

(a)

Figure 13: Configuration for ANE measurement involving patterned on-chip heater
(29)

That configuration lets us reduce the mistake induced by different geometry factors that
are hard to define precisely (for example: glue layer thickness, positioning of the heater
under the sample, etc.). However, the magnitude of the temperature gradient here is
limited, on-chip thermometers are less powerful than the macroscopic ones.
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2.4.2 Out-of-plane methods

Measuring the ANE in the out-of-plane direction is more complicated than in the in-plane
direction. The value of the temperature gradient is difficult to measure using traditional
on-chip Pt thermometers, out-of-plane measurements would require multiple
thermometers in different layers isolated from each other. Paper (55) describes the
multilayer structure used to measure ANE in the sample, the spin detection layer was used
as a thermometer.

Another option for out-of-plane measurements is using localized heating to create a
temperature gradient. Paper (56) describes the method of inducing a local temperature
gradient by a heated AFM tip. That method also enables us to map the thermoelectric
effect and provide information about the domain structure of the sample. Using laser
pulses to induce the temperature gradient also gives consistent results (57).
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3 Experimental part

To determine how the substrate and geometry affect the anomalous Nernst effect
measurements, we have fabricated 7 different devices on 4 different single-crystal
substrates: Al,Os (0001), Si (100), SrTiO3 (100), MgO(100). Those substrates were
chosen due to differences in their thermal conductivity, which lets us observe its effect
on the anomalous Nernst signal. Devices were fabricated by a two-step lithography
process.

3.1 Device fabrication
In this part, we will describe the methods used to fabricate devices for anomalous Nernst
effect measurement.

Photolithographic process consisted of three phases: coating the substrate by a suitable
photoresist, patterning the resist using the photolithography equipment and developing
the resist by a suitable developer.

We have used the ma-P 1210 series positive photoresist by Micro Resist Technology
GmbH company, which was coated onto the substrate by spincoating technique using the
parameters recommended by the manufacturer, i.e. with the velocity of 4000 rot/s and the
acceleration 1500 rot/s?. After the spincoating, the resist was tempered on the 100 °C hot
plate for 100 s.

The photoresist was then patterned using the Durham Magnetooptics ML-3 Microwriter
using the 365 nm wavelength and 80 mJ/cm? irradiation dose. After that, the resist was
developed using the recommended developer (ma-D 331) for 40 seconds, then rinsed in
distilled water to stop the developing. Obtained structures were then cleaned in oxygen
plasma using the Diener Femto low-pressure plasma chamber to descum the substrate of
the remaining developed photoresist and organic contaminations.

After that, the Niz7Fe14CusMo4 ferromagnetic alloy was sputtered onto the substrates by
magnetron sputtering. Permalloy was sputtered onto every sample in argon atmosphere
of 2,5 mtorr with 15 W source power for 7 minutes. The resulting layer of alloy was
55-65 nm thick, which was measured by the Dektak profilometer.

During the second step, the on-chip platinum thermometers were also fabricated by a lift-
off technique using the same process parameters. Platinum was sputtered onto the
samples from a platinum sputtering target with the argon pressure of 2.5 mtorr and the
sputtering source power of 15 W. The resulting platinum layer was 60-65 nm thick.

3.2 Experimental configurations for the anomalous Nernst effect
measurements.

3.2.1 Macroscopic heater configuration

We used the following configuration to investigate the influence of the sample substrate
on the anomalous Nernst signal. We therefore fabricated four samples in this
configuration, each with one of the above listed substrates. The schematic illustration of
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the device configuration is shown at Figure 14, chip layout is shown in Figure 15, real
photo of the device is shown in Figure 16.

PT1000 resistor

VT Brass block

PLA block

Figure 14: Schematic image of the macroscopic heater device configuration
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Figure 15: Layout of the macroscopic heater configuration chip (Red colour — Pt,
magenta — permalloy)

Figure 16: Photo of the macroscopic heater configuration sample
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The sample is heated from the bottom side by a calibrated 1000Q2 platinum resistor. The
resistor is mounted onto the 3D-printed PLA block using the cyanoacrylate glue, so the
heater is thermally insulated from the chip carrier. The other side of the sample is
connected to a brass block by a thermoconductive epoxy glue, therefore creating a heat
sink.

This configuration allowed us to generate an in-plane temperature gradient. We
determined the magnitude of the gradient by measuring the resistance of the platinum
stripes located on the heater and heatsink sides of the sample. The resistance temperature
dependence of the platinum stripes was calibrated by slow temperature sweeps.
Simultaneously, the sample temperature was precisely determined by a temperature
sensor PT100 (type PT-385). The temperature gradient magnitude was then calculated as:

Theater - Theatsink

d

IVT| =

During the measurement, we detected thermovoltage in the permalloy layer transverse
and longitudinal to the applied temperature gradient. The voltages were measured on the
marked (V,, and V,) device in Figure 15. The bars were electrically connected to the

chip carrier by aluminum bonds.

3.2.2 On-chip heater

Another configuration for the measurement of the ANE we evaluated is the on-chip-
heater configuration. This configuration consists only of a chip (layout is shown at Figure
17, real photo at Figure 18) glued to the PCB plate by non-conductive epoxy glue at the
heater side and conductive one at the other side, which also helps to achieve a higher
thermal gradient. The sample is heated on one side by a deposited platinum heater. The
temperature on both ends of the sample was measured the same way as in the macroscopic
heater configuration. Even though the resistance of the on-chip heater is significantly
lower than the resistance of the macroscopic heater, we achieve a temperature gradient of
0.6 K in this configuration. The Nernst and Seebeck voltage is measured on the transverse
and longitudinal strips. That configuration is more stable during the measurement because
the overall thermal capacity is lower, so it takes less time to stabilize the heater power
and the temperature gradient.
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Figure 17: Layout of the on-chip heater configuration (Red colour — Pt, magenta —
permalloy)

Figure 18: Photo of the on-chip heater configuration sample

3.2.3 Out-of-plane measurements

To measure out-of-plane thermal gradient we used a chip layout shown in Figure 19 (real
photo at Figure 20), with the PT1000 platinum resistor glued on top of it. Applying current
to the resistor therefore creates an out-of-plane temperature gradient, and the Nernst effect
is measured on the ends of the alloy stripes. That configuration does not allow us to
measure the temperature gradient directly, but it can be calculated using the data we
obtained by measuring the samples of the different configuration (see the details in the
results section).
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Figure 19: Layout of the out-of-plane measurement configuration (Red colour — Pt,
magenta — permalloy)

Figure 20: Photo of the out-of-plane measurement configuration sample

3.2.4 Alternating thermal gradient configuration

Alternating thermal gradient configuration, in contrast to other configurations, uses two
on-chip platinum heaters which are switched on and off alternately, therefore reducing
the error created by geometry factor. The chip layout is shown in Figure 21 and the real
photo of the sample is in Figure 22 The configuration consist of a chip glued to the PCB
plate by non-conductive epoxy glue at the heater side and conductive one at the other
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side. For each measurement point, current is applied to heater for 5 seconds to ensure the
stabilization of the temperature gradient. When the gradient is stable, we measure
transverse voltage on our permalloy device and then reverse the direction of the
temperature gradient by switching off the heater H1 and turning on the heater H2. The
platinum thermometers are calibrated in the same way as in the macroscopic and on-chip
heater configuration.

(Vo
A
(1)
N \

=

Figure 21: Layout of the alternating thermal gradient configuration chip (Red colour —
Pt, magenta — permalloy)

Figure 22 Photo of the alternating gradient configuration sample
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3.3 Nernst effect measurements.

The anomalous Nernst effect was measured in our samples in an Oxford Instruments
INTEGRA cryostat with the integrated superconductive electromagnet and variable
temperature insert (VTI) (Figure 23). The VTI can reach temperatures between 1.2 and
310 K. We measured the Nernst, Hall, and Seebeck signals as a function of magnetic field
applied along the y-axis. To do so, we were gradually changing the magnetic field
between 0.6 and -0.6 T with the step of 0.01 T. The maximum field value was chosen to
reach the magnetic saturation of our permalloy samples (the corresponding magnetic field
was determined by the SQUID magnetometry).

Figure 23: Oxford Instruments INTEGRA cryostat with the integrated superconductive
electromagnet and variable temperature insert

The voltage at the ends of the permalloy strips was measured using two Keithley 2182A
nanovoltmeters (one for the longitudinal and one for the transverse direction). The
temperature dependence of the resistance of the PT100 and on-chip thermometers was
measured using the Keithley DMM6500 multimeters in a 4-wire configuration.

We also measured the Hall effect on the same samples, by applying current in the
longitudinal direction and collecting the Hall signal in the transverse direction.
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3.3.1 Thermometer calibration

The measured temperature dependences of the platinum stripe resistances were plotted
as functions of the sample temperature, which was measured by a PT100 thermometer.
Temperature can be calculated from the PT100 resistance using the Callendar-Van

Dusen equation:
—-A+ /A2—4B(1—ﬁ)
T = Ro (3.1)

2B !

where A = 3.9827-1073,B = —5,875- 1077, R, = 100 for this particular type of the
thermometer.

An example of the calibration curves for both on-chip thermometers is shown in Figure
24.
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Figure 24: Calibration curves of two on-chip thermometers (STO macroscopic heater
sample)

3.3.2 Signal symmetrization and calculation of the Nernst and Hall
coefficients

To get rid of the unwanted factors that can affect the magnitude of the measured

transverse signal, we have isolated the odd and even components of the measured data.

Those factors include geometrical misalignment of the transverse contacts with respect to

the current direction, or misalignment of the sample plane in the magnetic field, which

yields an out-of-plane contribution. (58)

36



In a described field-sweep experiment, odd and even parts of data can be obtained as:

p<—(H)+p—>(_H) p<—(H)_,0—>(_H)

peven () = PP pead i) = P
(3.2)
peven(H) — p—)(H) + ,0<_(—H) pOdd(H) — ,0—>(H) - ,0<—(_H)

2 2

where p_(H) and p_(H) are the subsets of the data obtained for a decreasing or
increasing magnetic field magnitude. (58)

After the antisymmetrization procedure, the odd part of the data can be considered the
clear Nernst signal. Nernst coefficient can then be calculated as:

Yy

Xy vr|

where I, is the length of the transverse contact, |VT| is the magnitude of the temperature

gradient, V;52¢ is the odd part of the data obtained from the nanovoltmeter (59).

Hall coefficient is calculated using the following equation:

Vodd xh
Pry = Xy

)
Ixx

where ;57% is the odd part of the data obtained from the nanovoltmeter, h is permalloy
layer thickness, I, is the longitudinal current.
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4 Results and discussion

4.1 Sample characterization

4.1.1 Structural characterization

To study the structural properties of our peramalloy samples, we employed the techniques
of x-ray diffraction (XRD) and x-ray reflectometry (XRR). Data was obtained using the
Malvern Panalytical X-ray diffractometer (Figure 25).

Figure 25 Malvern Panalytical Empyrean X-ray diffractometer

38



Figure 26 shows the angular distribution of the x-ray diffracted intensity as obtained via
XRD.
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Figure 26 XRD pattern of permalloy sample on Al,O3 substrate

Single peak at 26 = 42° responds to the Al>O3 substrate in the (0006) direction. As any
other peaks are absent, we can state that permalloy film is highly polycrystalline or
amorphous.

The thickness of our deposited layers can be precisely determined by XRR. To do so, we
measured the XRR dependence of reflected intensity on the incidence angle as shown in
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Figure 27. By fitting the dependence via the xrayutilities Python package, we obtain the
permalloy film thickness of 68.4 nm with a 3 nm oxide surface layer.
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Figure 27 XRR dependence of permalloy sample on Al,O3 substrate

4.1.2 Magnetic characterization

Characterization of the samples’ magnetic properties was made using the SQUID
magnetometry technique in the MPMS7 XL SQUID magnetometer (Figure 28).
Magnetometer is designed for sensitive magnetization and AC susceptibility
measurements, and custom extensions allow the application of AC or DC fields for
investigation of the magnetoelectric response. (60)

Figure 28: MPMS7 XL SQUID magnetometer
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We measured the magnetic field dependence of the magnetic moment of a permalloy
sample on Al>Os substrate in two configurations: with the magnetic field applied in-plane
and out-of-plane. The magnetization of our thin layers was calculated by dividing the
measured magnetic moment by the layer volume and subtracting the linear-in-field
diamagnetic contribution of the AlLO3z substrate. The resulting magnetization
dependencies are shown in Figure 29.
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Figure 29: Magnetization curve of permalloy sample on Al>Os substrate. Left side:
magnetic field applied in the sample plane, right side: magnetic field applied out of the
sample plane.

Out-of-plane direction is considered magnetically hard direction with a saturation field of
0.35T. In-plane direction is magnetically soft with the saturation field of 0.1 T.
Magnitude of the magnetic moment is 420 and 540 kA/m, which corresponds to the
results obtained by other researchers for permalloy (61).

4.1.3 Hall measurements

As a part of the samples’ characterization, we conducted an experiment to characterize
the magnetic field dependence of transverse resistivity for permalloy grown on different
substrates. We used the same macroscopic heater configuration samples which will be
used for the ANE experiments, connecting the longitudinal contact of permalloy stripe to
the current source and measuring the transverse voltage. Graphs of transverse resistivity
in dependence on the applied magnetic field are shown in Figure 30.
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Figure 30: Dependence of transverse resistivity in permalloy sample with different
substrate materials on applied out-of-plane magnetic field.

The measured field dependence of p,.,, is saturating around 0.3 T of the applied out-of-
plane field. The saturation field agrees with the saturation field determined from the
SQUID measurements in Figure 29. The saturating p,, signal in a ferromagnet is a

characteristic sign of the anomalous Hall effect. The magnitude of the effect (i.e. the
saturation value) is between 1.3 and 2.1 uf - cm.

There are multiple factors that may cause the variation of the AHE magnitude in our
samples with different substrates. The substrate may influence the dynamics of permalloy
crystal growth, and the grain size then can affect some of the magnetic properties of the
material (62). Otherwise, an observed 30% difference in AHE magnitude may be due to
the thickness difference of the sample. Profilometry results show the permalloy film
thickness between 55 and 70 nm, which can depend on the location of the sample on the

sample holder during the sputtering process. We use the averaged value of 60 nm to
calculate the Hall effect magnitude.
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4.2 Sample substrate influence on the ANE

We measured the influence of the substrate on the ANE measurements by conducting a
series of experiments on the samples with the same geometry, at the same base
temperature, and using the same heater power to exclude the influence of those factors on
the measurement results.

As described before, we have used four different substrates: Al.Oz (0001), Si (100),
SrTiOs (100), and MgO(100) single crystals. To generate temperature gradient in these
samples, we used the configuration with macroscopic heaters illustrated in Figure 14.

The dependencies of the transverse thermoelectric signal on the magnitude of the applied
magnetic field for the sample temperature of 150 K are shown in Figure 31. The signal
shows saturation at about 0.3 T which complies with the saturation field observed in
magnetization and AHE. The observed signal therefore corresponds to the anomalous
Nernst effect. The magnitude of the signal varies between 0.18 uV/K on Si(111) substrate
and 0.29 pV/K on the STO substrate.
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Figure 31: Dependencies of the transverse thermoelectric signal on the magnitude of

the applied magnetic field at 150 K



Parameters of measurement, including achieved thermal gradient measured by the on-
chip thermometers, calibrated sample temperature and heater power are shown in Table
1.

Substrate\parameter Thermal Temperature Sample Heater
conductivity at gradient, temperature, power,

150 K, W/m-K K/mm K mW

Al,O3 449.8 2.976 177 623

Si 409 1.251 153 618

STO 20 13.200 149 627

MgO 114 4,759 149 632

Table 1: Parameters of the ANE measurement on different substrates. (63) (64) (65)
(66)

As we can see from the measurement parameters, the achieved thermal gradient strongly
correlates with the thermal conductivity of the substrate in Table 1. Differences in the
sample temperature can be explained by slightly different helium pressure in the chamber,
which depends on the liquid helium level in the cryostat. The temperature may have also
been influenced by differently prepared interface between the sample and the heater or
the heat sink, e.g. by a different amount of applied glue.

We also conducted finite-element simulations using COMSOL Multiphysics software.
The comparison of the simulated and measured temperature gradients is shown in Table
2.

Substrate  Measured gradient, K/mm Simulated linearized gradient, K/mm

Si 1.26 0.98
Al,03 2.98 0.87
MgO 4.76 3.30
STO 13.20 13.71

Table 2: Comparison of the simulated and measured temperature gradients on the
macroscopic heater configuration

As we can see, the gradient values obtained from the simulations tend to underestimate
temperature gradients on Si, Al2O3 and MgO substrates, while the simulated gradient
value on STO is overestimated.
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The difference in the magnitude of ANE signal on different substrates is higher than the
difference in AHE magnitude. This proofs the crucial role of thermometer calibration for
the ANE measurements.

4.3 Temperature gradient influence on the ANE

The sample on the STO substrate was tested using two settings of the heater power to
determine the possible influence of the applied thermal gradient on the ANE signal. Using
the script that controlled the current applied to the PT1000 resistor, the power of the heater
was set to 627 mW in the first experiment and 446 mW in the second one. The base
temperature of the cryostat was chosen such to reach the same sample temperatures in
both configurations. The results of the experiment are shown in Figure 32.
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Figure 32: Comparison of ANE signal for different temperature gradients

Using two different power configurations, we achieved two different temperature
gradient magnitudes, which were 13.200 K/mm and 10.227 K/mm respectively. Slight
difference in the ANE magnitude, which is 0.29 uV /K for 627 mW power and 0.22 uV /K
for 446 mW power can be considered a measurement error. However, the chosen method
of temperature measurement and the calibration of the temperature gradient is robust with
respect to the thermal gradient magnitude.

4.4 Temperature dependence of ANE at different temperatures

To determine the temperature effect on the ANE measurement we conducted a series of
experiments on the same sample (STO substrate) at different sample temperatures of
100 K, 150 K, and 200 K. Results of those experiments are shown in Figure 33.
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Figure 33: Comparison of the ANE signal magnitude at different temperatures

As we can see from the graphs of the transverse voltage dependence on the external
magnetic field, the magnitude of ANE grows with increasing temperature from 0.19
uV /K at 100 K to 0.33 uV /K at 200 K, which was also observed for permalloy by other
studies (67).

4.5 Measurement geometry influence of the ANE

Aside from the described macroscopic heater measurement configuration, we tested three
other configurations of temperature gradient generation, which were previously used in
different ANE research studies (see the introduction).

4.5.1 On-chip heater configuration

The widely used way to create a thermal gradient in the sample is using sputtered platinum
stripes not only as thermometers, but as a Joule heating element too. In this configuration,
current is applied to the platinum stripe located further from the center of the sample (see
Figure 17), and the thermal gradient is measured using the stripes located closer to the
center of the sample. The power of this type of heaters is limited due to possible meltdown
at higher currents. However, we achieved the power of 300 mW creating a thermal
gradient of 0.591 K/mm at 142 K on an Al.O3 substrate. The results of the experiment are
shown in Figure 34.
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Figure 34: ANE signal graph for on-chip heater configuration

The magnitude of the ANE signal is 0.16 pV /K, which is comparable to experiments with
the macroscopic heater geometry with the ANE magnitude of 0.25 uV/K, difference is
caused by the different measurement base temperature, which was 177 K for
measurement on the macroscopic heater configuration and 142 K for the on-chip heater
configuration.

4.5.2 Out-of-plane configuration

The temperature gradient does not have to be applied in the sample plane, but can be also
applied perpendicular to the sample surface. However, the measurement of the out-of-
plane temperature gradient requires complex multilayer lithographic structures. Since our
permalloy film is polycrystalline, we consider it to be isotropic, and, as a consequence,
the saturation value of the ANE is isotropic as well. This enables us to estimate the
thermal gradient using the magnitude of ANE signal obtained by experiments in other
configurations. Raw ANE signal plot is shown in Figure 35.
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Figure 35: Raw ANE signal for out-of-plane measurement configuration

47



Using the magnitude of raw ANE signal at saturated field values (|u,Hy| > 0.2 T) we can
estimate the temperature gradient using the equation:

VT = 2 4.1

Sxy:L’

Where V,,, is the raw ANE signal magnitude obtained from out-of-plane configuration,
S,y Is the ANE signal magnitude of the macroscopic heater sample on the same substrate
(Al203), which is 0.24 uV/K, and L is the stripe length, which is 3 mm.

In this way, the thermal gradient was estimated to be 0.0893 K/mm. The generated
temperature gradient is much smaller than in the other experimental configurations.
However, this configuration enables us to probe the transport properties in the out-of-
plane direction which may be often inaccessible by conventional electric transport,
especially in single-crystal films.

4.5.3 Alternating gradient configuration

The main purpose of using a configuration with alternating temperature gradient is to
minimize the influence of any unwanted factors on the magnitude of S,,,. To do so, we
obtain 4 datapoints for each value of the field magnitude: two for the first heater with
opposite current polarities, and two for the second heater with opposite current polarities.
Using the delta-method, the acquired data was averaged, thus minimalizing errors arising
due to any unwanted thermoelectrical factors. The acquired ANE signal plot is shown in
Figure 36.
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Figure 36: ANE signal obtained from the alternating gradient configuration sample

Unfortunately, the signal obtained from this sample is significantly lower than from the
other samples on this substrate. This can be caused by failed thermometer calibration
(PT100 thermometer was not functioning properly at the time of the measurement), or
due to low heater power (geometry does not allow applying high current on the heater
due to possible meltdown). However, we can see clear ANE pattern on the plot with
coercive force close to zero, same as we have seen on the other samples.
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4.6 Measurements on MnsSiz

As it was mentioned in 2.3, the anomalous Nernst effect can also be present in materials
with zero net magnetization, i.e. noncolinear antiferromagnets or altermagnets. Here, we
applied the above-described techniques of the Nernst effect measurement on an
altermagnetic material candidate MnsSis.

We use epitaxial layers of MnsSis grown on intrinsic Si(111) with a MnSi buffer layer
(68). The Nernst effect was measured in the configuration with macroscopic heaters with
the heating power of 600 mW and the resulting temperature gradient of 1.6 K/mm. Figure
37 shows the field dependence of the Sy signal at the sample temperature of 81 K. The
signal shows saturation at about 1.5 T and saturation magnitude of 0.1 pV/K.
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Figure 37: Field dependence of the Sy signal on MnsSiz sample (T = 81 K)

The observation of the anomalous Nernst effect in MnsSi; demonstrates that the finite
Berry curvature arising from the anisotropically spin-split band structure of altermagnetic
MnsSiz is reflected not only in the presence of the anomalous Hall effect (as shown by
Reichlova et al. (31), but also by the finite anomalous Nernst effect.
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5 Conclusion

This diploma thesis is dedicated to the systematic analysis of the role of substrate and
experimental geometry in quantifying the anomalous Nernst effect in thin films. We
investigated the influence of four different geometries and substrates. Permalloy, known
for its pronounced anomalous Nernst effect, served as the reference material. We
deposited Permalloy thin films on these substrates via magnetron sputtering under
uniform conditions. The films' structures were characterized using X-ray diffraction and
reflection techniques, while their magnetic properties were analyzed through SQUID
magnetometry. Devices designed to study the anomalous Nernst effect were subsequently
patterned using UV lithography. The samples displayed a clear anomalous Hall effect,
with magnitudes ranging from 1.4 to 2 uQ-cm, depending on the substrate.

The magnitude of the anomalous Nernst effect (ANE) was measured for each sample,
ranging from 0.18 pV/K (on Si) to 0.29 pV/K (on STO), correlating with their thermal
conductivity values. A critical factor in quantifying the ANE was the precise calibration
of the thermal gradient, facilitated by lithographically defined on-chip thermometers and
described details of this procedure.

We also compared various experimental geometries employing macroscopic and on-chip
heaters. Results from both macroscopic and microscopic on-chip heater configurations
were comparable, showing ANE coefficients of 0.16 and 0.29 puV/K, respectively.
Differences in ANE coefficients can be attributed to varying base temperatures,
confirmed by experiments conducted at different temperatures. Furthermore, the ANE
magnitude increased with rising temperatures, as demonstrated by measuring the ANE
on the STO substrate at three different base temperatures. Measuring the ANE at two
different thermal gradient magnitudes confirms that our calibration of the temperature
gradient is robust.

Careful quantification of the in-plane ANE magnitude was critical in estimating the
temperature gradient in another geometry where the thermal gradient is applied in the out-
of-plane direction. Although this geometry does not allow for direct measurements of the
thermal gradient, the ANE magnitude enabled us to identify the out-of-plane thermal
gradient as 0.0893 K/mm.

This thesis highlights the crucial role of precise thermal gradient calibration in
determining the anomalous Nernst coefficient and outlines the optimal procedure for
assessing the thermal gradient. In the final section, we apply this procedure to quantify
the anomalous Nernst effect in an emerging compensated magnetic thin film, the
altermagnetic candidate MnsSis, demonstrating a significant ANE value of 0.1 pV/K.
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List of Abbreviations

AFM — atomic force microscopy
AHE — the anomalous Hall effect
ANE — the anomalous Nernst effect
OMR - ordinary magnetoresistance
PCB — printed circuit block

PLA — polylactic acid

SQUID - superconducting quantum interference device
STO — SrTiQOg, strontium titanate
VTI — variable temperature insert
XRD - x-ray diffraction (technique)
XRR — x-ray reflection (technique)

56



	Table of contents
	1 Introduction
	2 Theoretical part
	2.1 Electronic and magnetic properties of solids
	2.1.1 Band structure of solids
	2.1.2 Magnetic order in solids

	2.2 Theory of charge and heat transport in solids
	2.2.1 Drude model
	2.2.2 Transport equations
	2.2.3 Hall effect, Nernst effect, Mott relation
	2.2.4 Anomalous Hall and anomalous Nernst effect

	2.3 Anomalous Nernst effect in magnetic materials
	2.4 Methods of Nernst effect measurements
	2.4.1 In-plane methods
	2.4.2 Out-of-plane methods


	3 Experimental part
	3.1 Device fabrication
	3.2 Experimental configurations for the anomalous Nernst effect measurements.
	3.2.1 Macroscopic heater configuration
	3.2.2 On-chip heater
	3.2.3 Out-of-plane measurements
	3.2.4 Alternating thermal gradient configuration

	3.3 Nernst effect measurements.
	3.3.1 Thermometer calibration
	3.3.2 Signal symmetrization and calculation of the Nernst and Hall coefficients


	4 Results and discussion
	4.1 Sample characterization
	4.1.1 Structural characterization
	4.1.2 Magnetic characterization
	4.1.3 Hall measurements

	4.2 Sample substrate influence on the ANE
	4.3 Temperature gradient influence on the ANE
	4.4 Temperature dependence of ANE at different temperatures
	4.5 Measurement geometry influence of the ANE
	4.5.1 On-chip heater configuration
	4.5.2 Out-of-plane configuration
	4.5.3 Alternating gradient configuration

	4.6 Measurements on Mn5Si3

	5 Conclusion
	References
	List of Abbreviations

