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Preface

Reviewing the development of information technology in the
past underlines the importance of advances in fundamental solid
state research. In many cases such advances are directly linked
to the discovery of effects with a large transport response. This is
important for building devices, because a large transport response
generally results in large and robust electrical signals. One of the
most famous examples is the giant magnetoresistance (GMR),
discovered in 1988, where a very large change of resistance occurs
upon switching two neighbouring ferromagnetic layers between
an antiparallel and an parallel state.” It was this large transport
response, which enabled significant advances in the development
of read heads for hard disk drives. Consequently, this led to rapid
advances in the information technology in the following years.
Of course not every discovery impacts information technology in
such a successful and direct way, but this does not diminish the
importance of understanding fundamental properties in solid
state materials and how they impact the transport response.
The electrical properties of solids can be very successfully
connected to its band structure. Materials are often distinguished
based on the position of the Fermi level within the band structure,
for example into insulators, semiconductors and metals. How-
ever, there is another paradigm to distinguish different states of
matter which is based on topology. On of the earliest instances
this concept was used in solid state physics was in connection
with the quantum Hall effect.3 The field evolved rapidly after the
theoretical proposal and the experimental realization of a topo-
logical insulator.#5° This phase is characterized by a gap in the
bulk states and gapless edge- or surface states. The peculiarity of
those surface states is their topological origin and thereby special
properties, such as the high mobility due to suppressed backscat-
tering and the spin polarization trough spin momentum lock-
ing. A natural question at that time was whether the existence of
topological phases is only restricted to bulk insulating materials.
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Theoretical work soon predicted topological phases in conduc-
tors. As such, Dirac and Weyl semimetals were identified and
experimentally verified. Up to date it poses an intriguing ques-
tion to connect the existence of topological phases to interesting
transport responses.

Very recent topological phases were also identified in mag-
netically ordered materials. This allows to explore the interplay
of magnetism and topology. One especially interesting mate-
rial is the magnetic Weyl semimetal Co35n,S,. It hosts 8 pairs
of Weyl points close to the Fermi level and posses a very inter-
esting magnetic ground state related to its Kagome structure.”
The Weyl points can contribute significantly to the transport in
this system as they are located near the Fermi level. One con-
sequence is the enhanced Berry curvature, which in turn gives
rise to a large intrinsic anomalous Hall effect (AHE) in Co35n,S,
bulk single crystals. To explore the transport properties arising
from Weyl physics in more detail, it is important to realize mi-
crostructures of this unique compound, for example to facilitate
non-local transport experiments.

This Thesis

The first part of this thesis reports on details of the fabrication of
Co35n,5, micro ribbon devices for transport experiments via fo-
cused ion beam cutting in combination with conventional lithog-
raphy techniques. The magnetoresistive response and the AHE
are carefully compared to bulk transport properties and predic-
tions from band structure calculations. The well defined sample
geometry makes such devices suitable for more complex trans-
port experiments. This is used in the second part where the
magnetoresistive response (MR) for different orientations of the
external magnetic field is investigated. In this context the pres-
ence of an MR which appears to be sensitive to the crystalline
c-axis is discussed.

It was established theoretically that the Berry curvature does
not only impact the electrical transport properties but also in-
fluences the thermomagnetic response, namely the anomalous
Nernst effect (ANE), of a system. Interestingly, there are sub-
tle differences in the relation between Berry curvature and AHE
compared to Berry curvature and ANE. In principal, this differ-
ence allows to investigate not only states below but also above the
Fermi level.® The large AHE observed in Co;5n,S, immediately
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rises the question about the magnitude of the ANE. Therefore,
thermomagnetic transport experiments are discussed in the third
part.

Electrical and thermomagnetic transport coefficients are re-
lated through the Mott relation. A test of this relation was pro-
posed and successfully employed by Pu and coworkers.? This
model was applied to different material systems and achieved
good agreement between the experimental results and the model.
Testing this relation in Co35n,S, revealed an additional contri-
bution close to the magnetic ordering temperature which is not
captured by the current model. Possible origins of this contribu-
tion are discussed and it is proposed that magnetic fluctuations
are visible in the ANE.
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Introduction

Topological Materials

The classification of matter and phases according to spontaneous
symmetry breaking finds frequent application in all fields of
physics. One of the first exceptions not captured by this paradigm
is the quantum Hall effect first discovered by Klitzing, Dorda
and Pepper in 1980."° The quantum Hall effect occurs in two
dimensional electron gases under the influence of a finite exter-
nal magnetic field. The transverse electrical conductivity (Hall
conductivity) does not change linearly with the external mag-
netic field but only takes values which are integer multiples of
e2/h. This quantization occurs due to the formation of discrete
conduction channels at the edges. Every time the transverse con-
ductivity of the system changes by ¢? /% it undergoes a quantum
Hall transition by populating or depopulating a Landau level.
The exceeding precision of the occurring quantization is notewor-
thy, with deviations to less than one part in 10°.1* Interestingly,
the quantization does not depend on material parameters such
as the charge carrier concentration but has a more fundamental
origin."> Another peculiarity is that the different quantum Hall
phases can not be distinguished by any spontaneously broken
symmetry. It was in that context that topological order was first
proposed as additional classification scheme.*3

Topological order does not distinguish phases based on their
broken symmetries but rather on the discrete values of a topo-
logical invariant, the Chern number. For example in terms of the
quantum Hall effect, where each quantum Hall state is distin-
guished by a different Chern number. However, the concept of
topology in solid state physics was lacking attention until the
theoretical prediction of so called topological insulators (TI) by
Kane and Mele in 2005."4'> The experimental realization of such
a phase was achieved in 2D HgCdTe quantum wells by Kénig and
coworkers in 2007.® The conduction in a 2D TI is restricted to
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1D edge-states (cp. Figure 1a) similar to the quantum Hall effect
and is quantized to 2¢2/h. Furthermore, the two different spin
species can only propagate in opposite directions, which is why
2D TIs are also called quantum spin Hall insulators. The quan-
tized and dissipationless transport associated with the quantum
Hall and quantum spin Hall effect are key aspects responsible for
the numerous research activities. The layer stack used by Konig
and coworkers consisted of a HgTe layer between CdTe layers. In
CdTe, the conduction band states have s character whereas the
valance band states have p character. For thin HgTe layers the
2D states in the quantum well have the same band order and the
state equals a trivial insulator at low temperatures. However, it
comes to a band inversion in the HgTe layer for thicknesses larger
than 6.3 nm (cp.Figure 1b). This band inversion leads to a phase
transition from a trivial insulator to a TI. In a simple picture one
can imagine that the inverted parity of the s and p bands leads to
unavoidable band crossings and with such to conducting states
in the quantum well. The conducting states are often referred as
topologically protected states, since the TI state is separated from
the trivial insulator by a quantum phase transition and, therefore,
can not be transformed into the other in a smooth fashion.

normal inverted
. e, L)
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>

>

(a) (b) 630m  tan (g

Figure 1: (a) Scheme of a 2D TI with 1D edge states. The opposite propagation
direction for electrons with different spin is indicated with the blue and red arrows.
(b) Band inversion in HgTe as a function of the layer thickness. The critical
point is at approximately 6.3nm. (c) Representation of a Dirac cone for example
spanning the gap in a 3D TI. The red arrows indicate the spin momentum locking.

The concept of 2D TIs was soon after generalized to three di-
mensions (3D). In 3D TIs the conduction is restricted to surface
states while the bulk is insulating. The surface states resemble
the shape of two cones touching in one point. The low energy
excitations close to the touching point can be described with a
linear Dirac equation. Thus, the two cones together are referred
to as Dirac cone (cp. Figure 1c). The surface states themselves
are not necessarily topological protected. But in 3D TI the num-
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ber of band crossings is odd and thereby at least one Dirac cone
can not be gaped out without going through a quantum phase
transition. This protection can be formulated in form of robust-
ness against smooth changes of the Hamiltonian of the system
and can for example be interpreted as robustness against small
material variations. The first material for which topological sur-
face states were proven experimentally was Bi;_,Sb,.7 Soon af-
ter that a second generation of 3D TI materials was discovered
with Bi,Ses, Bi,Te; and Sb,Te;, which were mainly investigated
regarding their thermoelectric properties.®19-2° At that time, all
confirmations of materials as 3D TI were based on angle resolves
photoelectron spectroscopy (ARPES) measurements. Electrical
transport experiments followed, focussing mainly on the high
mobility and suppressed backscattering of the surface states. An-
other exciting property of 3D TIs is the spin momentum locking
of the surface states as illustrated in Figure 1c. In other words a
current carried by the surface states is fully spin polarized. Dif-
ferent experiments have been dedicated to utilize this property
in the field of spintronics e.g. as spin injector.**

Until this point, investigations of topological states were mainly
restricted to band insulators. But metals can also host topologi-
cally protected states. Those states are again bound to band cross-
ings. If two double degenerate bands cross, one speaks of a Dirac
cone as for the surface states of a 3D TI. The touching points in
the band structure are not necessarily topologically protected but
can be protected by certain symmetries. Only materials where
the Dirac points are symmetrically protected are referred to as
Dirac semimetals. The required symmetries are space-inversion
and time-reversal symmetry. If one breaks either one of the two it
is possible to split the Dirac cone into two non-degenerate cones,
which are separated in momentum space. Already in 1937, it was
discussed that accidental touching points of non-degenerate elec-
tronic bands will resemble a linear dispersion in vicinity of the
crossing point.>> The low energy exertations related to such cross-
ing points can be described by the Weyl equation, which is a spe-
cial formulation of the Dirac equation for massless fermions with
defined chirality proposed by Hermann Weyl in 1929.3 Weyl
nodes appear always in pairs of opposite chirality. Materials in
which such Weyl nodes appear somewhat close to the chemical
potential are named Weyl semimetals (WSM). The first materi-
als predicted as WSM were magnetic phases such as pyrochlore
iridates, HgCr,Sey, Hgy_, ,Cd,Mn, Te and ferromagnet/ TI het-
erostructures.>* The magnetic order fulfills one of the require-
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ments for topological semimetals by breaking time-reversal sym-
metry. However, the first WSM to be confirmed experimentally
was TaAs.?5:2627 This compound has a broken space-inversion
symmetry through its crystal structure rather than time-reversal
symmetry breaking by magnetic order. Also other members of
this material group, such as TaP, NbAs and NbP, where soon con-
firmed as WSM.28:29.30

The states related to the Weyl nodes are topological protected
in the sense, that it is impossible to open a gap in only one of the
nodes. To open a gap it is necessary to push two Weyl nodes of
opposite chirality through the Brillouin zone until they annihi-
late. Furthermore, a pair of Weyl nodes is always connected via
topologically protected surface states named Fermi arcs. Fermi
arcs were successfully resolved in ARPES experiments.’617-18 An-
other interesting consequence of the Weyl nodes is the mani-
festation of the Adler-Bell-Jachiw (ABJ) anomaly in the magne-
totransport.3"3%33 The parallel component of an electrical and
magnetic field lead to chiral symmetry breaking and, thus, to a
creation of Weyl fermions of one chirality and the annihilation
of Weyl fermions with the opposite chirality. In total, charge is
conserved but chirality is not. In a simple picture as illustrated
by Figure 2, one can imagine that a parallel electric and magnetic
field pump Weyl fermions from one node into the other. The

Figure 2: Energy spectrum of two Weyl nodes with opposite chirality. A parallel
electric and magnetic field create/ annihilate Weyl fermions and thus lead to a
chiral imbalance. The figure is adapted from Niemann et al.34

chiral magnetic effect creates a electrical current parallel to an
external magnetic field in the presence of an chiral imbalance.
The combination of ABJ anomaly and chiral magnetic effect leads
to a positive correction to the magnetoconductivity. This correc-
tion scales quadratically with the magnetic field since the chiral
magnetic effect scales with B and the chiral imbalance depends
on the ABJ anomaly (E- B). The AB]J anomaly (sometimes chi-
ral anomaly) is interpreted regularly as the transport signature
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of WSM.35:36:37:3% Recent experiments underline the necessity of
caution when analyzing magnetoresistance measurements for
parallel electric and magnetic field, since the artifact of current
jetting produces a very similar transport response.39-4°

Another manifestation of Weyl physics can be found in a
contribution to the AHE#* as invoked by Yang and coworkers in
2011.4* They discussed the impact of the Weyl points acting as
monopoles of Berry flux onto the anomalous Hall conductivity
(AHC). The AHC in a model system with only two Weyl points,
with the chemical potential directly at the Weyl node, depends
only on the distance between the two Weyl nodes.43 However, the
situation in real materials is more complicated since the chemical
potential usually does not reside exactly at the Weyl nodes.

Recently it is discussed that a large part of the AHE in body
centered cubic (bcc) iron stems from two Weyl nodes in the band
structure.#* This is only one example how common topological
features in the band structure are. Investigations based on quan-
tum chemistry revealed that approximately 30% of all materi-
als inherit topological non-trivial states.4>4® This underlines the
broad applicability of this new classification scheme for matter.
Most important, novel phenomena are related to this new type of
matter and therefore it is worth to further elucidate the impact of
such topological protected features in the band structure onto for
example electromagnetic transport responses. A reoccurring con-
cept for the transport response of topological materials are the
Berry phase and Berry curvature. Therefore, the next section is
dedicated to the Berry curvature and its impact on the transport
response, recognizing the central role of this concept.

Berry Curvature and Transport Response

Imagine a system described by a set of parameters is moved
through parameter space on a closed loop. The system is called
nonholonomic/ anholonomic if it differs from the initial state
after completing the loop. A very vivid example of nonholonomy
is the parallel-transport on a 3D manifold. For simplicity assume
a vector V being transported along a loop C on a sphere (cp.
Figure 3a). The vector is moved along C in incremental steps and
kept parallel to its previous position. After completing the loop
V will have acquired an additional angle « (or phase) to its initial
position. This becomes clear if one flattens out the 3D manifold
to 2D as shown in Figure 3b. Nonholonomicity enters in many
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(@) (b)
Figure 3: (a) Example for parallel transport of an vector V on a closed loop C on
a non-planar manifold. (b) Flattened out cone in 2D as seen from point P. The

vector V has a different angle after completing the loop. The figure is adapted
from Ong et al.>*

different fields of solid-state physics.47-48:49

The generalized concept for nonholonomicity in quantum sys-
tems was given by M. V. Berry in 1984.5° A system in an unchang-
ing environment will be in an eigenstate of the corresponding
Hamiltonian (H). H will vary as the system is moved through
parameter space. For slow (adiabatic) changes the system will
remain in an eigenstate of F.5" If the system is brought back to
its initial state it will be in the same eigenstate as in the begin-
ning but with an additional phase. This phase is often named
Berry phase and it can by calculated by performing a line integral
of the Berry potential A along the loop. Based on that, one can
define a vector field () = V x A named Berry curvature.5>* How-
ever, please note, that the Berry phase and the Berry curvature
are descriptions based on a semiclassical approach.

One of the earliest instances of Berry phase in solids was re-
ported by Karplus and Luttinger (KL) in 1954.47 They investi-
gated the AHE in ferromagnetic materials and derived a correc-
tion to the electron velocity (anomalous velocity). The concept
of Berry phase was not derived yet and the KL theory for the
AHE faced strong resistance. Other scattering based mechanisms
where thought to be responsible for the AHE in ferromagnetic
materials.>3 Later, the KL theory was combined with the Berry
phase concept resulting in a widely accepted explanation of the
intrinsic AHE.54/55 The semi classical equations of motion for
electrical transport now take the form of:5>

R NING )
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where E, is the Energy of the n-th band and E is the electric
field, B is the magnetic field and ), is the Berry curvature of the
n-th band. The second term in Eq. (1) is the velocity correction
due to the Berry phase effect. Comparing Eq. (1) and Eq. (2)
coined the term magnetic field in momentum space for the Berry
curvature. It is possible to calculate the intrinsic anomalous Hall
conductivity oy, arising from the velocity correction in Eq. (1)
by integrating the Berry curvature over the Brillouin zone and
sum over all occupied bands:5

Zf (27-[)3fnk (1, k) (3)

where f, ; is the equilibrium Fermi occupation. This formal-
ism is capable of explaining many experimental results for ferro-
magnetic metals and semiconductors.

The Berry phase concept is closely connected to topological
materials. Already Berry realized that the Berry potential is di-
vergent at non-degenerate band touching points and therefore
named such touching points diabolic points.>” In general, topo-
logical features in the electronic band structure lead to a large ac-
cumulation of Berry curvature and impact the transport response
for example by inducing an anomalous velocity.

The Berry phase mechanism for the AHE focusses on electrons
driven by an electrical field but the anomalous velocity vanishes
in the absence of mechanical forces. Xiao and coworkers derived
a formalism showing that the Berry phase effect also influences
statistically driven electrons for example thermally induced cur-
rents even in the absence of mechanical forces.>®

In a recent work, Noky and coworkers investigated the subtle
difference of how the Berry phase impacts the AHE and its ther-
momagnetic counterpart the anomalous Nernst effect (ANE).59
They considered a simple model system with one pair of Weyl
points and calculated how the AHE and ANE response depends
on the position of the chemical potential. The AHE is maxi-
mal when the chemical potential is directly at the Weyl point
and decreases strongly if the chemical potential is shifted up or
downwards. The ANE response behaves quite differently. It is
zero if the chemical potential is directly at the Weyl point and
reaches a maximal magnitude (different signs) when the chemi-
cal potential is tuned somewhat away from the Weyl nodes. This
illustrates how AHE and ANE can be used as complementary
tools to study the transport properties in topological materials.
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Microstructure Preparation and Mag-

netic Properties

Crystal Structure

Co35n,5, belongs to the the family of shandites with the general-
ized formula M3A,Ch, (M = Co, Ni, Rh, Pd; A = In, Sn, T1, Pb;
Ch =S, Se).%° The first high pressure synthesis of many shandites,
including Co;5n,S,, was reported 1979 by Zabel and coworkers.®!
Co35n,S, crystallizes in the R3m structure and its characteristic
features are metallic CoSn layers stacked along the c-direction
in ABC fashion (cp. Figure 4a).%>%3 A very interesting aspect
of this structure is the arrangement of the Co atoms within the
a-b-plane. A cut through the a-b-plane is depicted in Figure 4b
featuring a corner sharing Kagome network of Co atoms. Such
a Kagome network can exhibit interesting magnetic properties,
e.g., frustration between the three lattice sides.

(b)
Figure 4: (a) Crystal structure of Co3Sn,S, in isometric representation. (b) Cut
of the a-b-plane illustrating the Kagome network of Co atoms.

First investigations of the electronic and magnetic properties
of Co35n,S, found metallic behavior and Pauli paramagnetism
even though a phase transition below 200 K was deduced from
the resistivity data.% This phase transition is related to ferromag-
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79 The beam aperture size
for FIB preparation is de-
noted as current to obtain an
energy product when com-
bined with the acceleration
voltage.

netic ordering at low temperatures with an ordering tempera-
ture between 170K and 175 K. Density functional theory stud-
ies and photoemission spectroscopy revealed that ferromagnetic
Co35n,S, exhibits a gap in one spin channel and, thus, can be
seen as a half-metal.®5-%6:67 The half-metallicity paired with the
ferromagnetism in Coz5n,S, attracted research interest in this
compound for potential applications in spintronic devices.®®

The single crystals of Co3Sn,S, used in this work to fabricate
micro ribbon devices are grown by a self-flux method using Sn as
flux. High purity elements (99.99 %) of Co, Sn, S are mixed in the
ratio Co:5n:S of 8:6:86 and placed in an pre-dried alumina crucible.
The crucible is sealed in a quartz tube under Ar atmosphere and
the reaction mixture is heated to 673 K with a rate of 100 Kh™.
It is kept at 673 K for the reaction of Sn with S. Afterwards, it is
heated to 1323 K with a rate of 200 Kh™ and homogenized for
6 h. The mixture is cooled to 973 K with 3.5 Kh™ and the extra
flux is removed at 923 K by centrifugation. After cool down to
room temperature, the crucible is filled with differently shaped
single crystals of Coz5n,S,, including thin hexagonal shaped
flakes of several hundreds of micrometers in diameter and ap-
proximately 50 pm in thickness. Figure 5 depicts a transmission
electron microscopy (TEM) micrograph with atomic resolution
of the a-b-plane recorded on a lamella cut from such a hexago-
nal flake using a focussed ion beam (FIB). The white rhombus
indicates one unit cell within the lattice and the lattice parame-
ter in the plane is determined to 0.54 nm which is comparable to
0.537 nm determined from powder neutron diffraction.®

FIB cutting is well suited to prepare microscopic specimen
with a defined lateral structure. Thus, FIB cutting is used to cut
micro ribbons with a typical size of 0.3 x5 x 50 pm from Co35n,S,
single crystals. One needs to consider that the transverse direc-
tion of the micro ribbon device is oriented out-of-plane during
the FIB preparation. Therefore the hexagonal flake is mounted
on a 90° stub with silverpaste and one hexagon edge aligned par-
allel with the stub surface. This results in the c-direction being
out of plane in the micro ribbon. In the first step a layer of carbon
and Pt is deposited on the surface using a gas injection system
and the electron beam at 3kV and 11nA.7° This layer protects
the material against excessive damage induced by the Ga-ions.
In the next step the rough shape of the micro ribbon is defined
by cutting two staircase shaped trenches next to the ribbon into
the surface using 30kV and 21 nA. During this step the micro
ribbon is tilted by 2° to account for the beam shape and absorp-
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tion. Afterwards, each side of the ribbon is further thinned to

the desired thickness of 300 nm to 500 nm. The ribbon starts to

bend for thicknesses below 300 nm, effectively limiting thickness

to approximately 300 nm.7* During the thinning the acceleration 7t This depends on the
voltage is kept constant at 30 kV but the current is reduced step- i‘;‘tiﬁal and the ribbon
wise to 80 pA. The cutting parameters are summarized in table &

1.
il
In the next step, the protection layer on top of the micro ribbon ;f;ent t_l;
is cut off with 30kV, 0.23nA and an angle of 62°. The same 2.5nA  —2°
parameters are used to detach the bottom of the ribbon. Figure 0.79nA  —1.5°

0.23nA  —1.5°

6(a) depicts a scanning electron microscopy (SEM) micrograph 0.08NA  —17°

of the micro ribbon in the crystal after detaching the bottom.
Table 1: Overview of the FIB

cutting parameters for subse-
- I } M| I{ | o
(b)

(@) 20 pm 20 pm

Figure 6: (a) SEM micrograph of the micro ribbon in the host crystal after cutting
the bottom side and before cutting the sides. (b) Optical micrograph of a 60 pm
long Co35n252 micro ribbon in the center and the Ti/Pt contacts, thermometers
and heaters around it.

In a final step the sides are cut with 30kV, 0.23nA and an an-
gle of 62°. The sides are not cut completely, but a thin connection
to the host crystal remains to hold the micro ribbon in place. For
the lift-out of the micro ribbon the crystal is taken to ambient
conditions. The lift-out procedure is performed under a light mi-
croscope using a “Kleindiek” micro manipulator and a self-made
glass needle. If the micro ribbon adheres to the glass needle it
can be transferred onto a 7x8 mm? glass substrate.

Laser lithography combined with a lift-off procedure is used
to define the contact structure. The sample is baked on a hotplate
at 180 °C for 5 min to desorb water from the substrate and, thus,
increase the photoresist adhesion. Afterwards, the sample is spin
coated with a double layer of photoresist. The coating and baking
parameters are summarized in table 2.

A uPG 101 laser writer from Heidelberg Instrumentsis used to 7 This denotes the number
of passes the writing head

expose the layout. For the exposure 8 mW, 80% and 1x17* with an moves over the sample and
additional filter with ~ 13% transmission is used. The structure is the corresponding writing
developed in maD331 for 30 s and afterwards visually inspected speed.
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photoresist  spinspeed  spintime bake temp. bake time
layer1  LOR3B 6ooorpm  50s 180 °C 25058
layer 2  maP1205 4500rpm 408 100 °C 30s

Table 2: Overview of the photoresists and spin coat parameters used for the
bilayer lift-off process.

under a light microscope. The development time is adjusted
to ensure a clear undercut in the double layer photoresist. The
contact area is cleaned in situ for 2 min in Ar-plasma prior to the
sputter deposition of 1o0nm Ti and 150nm Pt as contacts. The
lift-off is performed in "Microposit Remover 1165” at 50 °C. The
increased lift-off temperature is required since ultrasonication
can detach the micro ribbon from the substrate and, thus, must be
avoided. This is also the reason for the need of a clear undercut
after development. A micrograph of the final device after lift-
off is depicted in Figure 6(b). In addition to the longitudinal
and transverse sample contacts, the device layout features on
chip four-point thermometers and heater lines on both sides of
the sample. The device is mounted onto a chip carrier and wire
bonded for the transport experiments.

Magnetic Properties

Co35n,5, exhibits an interesting magnetic ground state due the
layered structure and the Kagome network of Co atoms. The
magnetometry data of the single crystals used in this work are
recorded using a MPMS7-XL by QuantumDesign with the re-
ciprocrating sample option. The data is shown in Figure 7, to
compare the single crystals used to fabricate the micro ribbon
devices with previous investigations. A single crystal was glued
ona b5 x 5 pum Yttrium-Aluminum-Garnet (YAG) substrate using
silverpaste. The diamagnetic background of the YAG has been
determined for 220 K where Co35n,5, is paramagnetic and thus
a linear background is subtracted from the measurements. The
magnetization as a function of temperature measured in field
cool with different external magnetic fields along the crystal c-
direction is depicted in Figure 7a. Co35n,S, is paramagnetic for
temperatures above 175K and orders magnetically below, with
the net magnetization aligned along the c-direction. The sat-
uration magnetization is 69 kAm™" at 250 mT and 10 K. This is
smaller than the previous reports of 0.3 y5/Co-atom (correspond-
ing to 75 kAm™). However, the irregular shape of the single
crystal leads to a systematic error in the volume determination
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and, thus, can be responsible for the apparent deviation from
previous measurements.

o 250 mT
i o 20mT
60 o 10 mT
o 5mT
= o 0.5mT =
Ea0} 1 £
€ €
20 F 8
0 -I 1 1 1 L 1 1 1 | _60 i ) 1
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@) T(K) (b)

0 100 200
HoH (mT)

Figure 7: SQUID magnetometry measurements of the magnetization along the c-direction of a single crystal used to
fabricate the micro ribbon devices. (a) Magnetization as a function of temperature for different external fields. (b)
Magnetization as a function of the external magnetic field recorded at different base temperatures.

Figure 7b depicts the magnetization as a function of the ex-
ternal magnetic field along the c-direction for different base tem-
peratures below the critical temperature. A sharp rectangular
hysteresis loop develops towards lower temperatures. The easy
axis along the c-direction is consistent with previous investiga-
tions of crystals grown by different groups.”374 The anisotropy
in this compound is very large as the magnetization can not be
saturated in the a-b-plane in a typical SQUID magnetometer with
a maximum magnetic field of 7 T.7576

Kassem and coworkers found that the compound behaves
comparable to a quasi 2D magnetic system with an easy axis out of
plane.”7 They reported an anomalous phase, named A-phase (cp.
Figure 8), with very slow spin dynamics directly below the critical
temperature. This phase can be identified in measurements of
the AC-susceptibility and field / zero field cooled temperature
dependent magnetization measurements.”® The kink in the field
cool measurements (cp. Figure 7a) indicates the presence of the
A-phase in the single crystals used here. For more details on the
extraction of the A-phase region, please see reference 8o. It was
suggested by Kassem and coworkers that the domain structure
in Co35n,S, could be the origin of this A-phase. The domain
structure is therefore investigated using magnetooptical Kerr-
effect (MOKE) microscopy.

MOKE microscopy is a powerful tool to investigate the domain
structure of magnetically ordered systems. The MOKE describes
the change of polarization when polarized light interacts with a
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magnetic material. Another common techniques to study mag-
netic domains are magnetic force microscopy (MFM) and scan-
ning tunneling microscopy (STM). A big advantage of MOKE
microscopy over magnetic force microscopy is the short acqui-
sition time of ~1s for MOKE microscopy compared to typically
~10min for MFM. This is especially advantageous for studying
the temperature dependence of the domain structure since this
requires numerous microscopy images.

In the following the results of MOKE microscopy performed
on Co35n,S, will be discussed. The Co35n,S, single crystal is
attached to a copper plate using silverpaste and subsequently
mounted in a table top cryostat with optical access. This allows
to acquire MOKE micrographs below the ordering temperature
of 175 K. The micrographs depicted in Figure g are acquired in
polar mode which is sensitive to the out of plane magnetization
(crystalline c-direction). Panel a-d depict the domain structure
without external magnetic after cooling in zero magnetic field.

Figure 9: Kerr microscopy images taken in polar mode. (a)-(d) Stripe domains as ground state in zero external
magnetic field. (e)-(h) Bubble domains in zero magnetic field, formed after field cooling with 2mT.

79 F. V. Lisovskii et al., JETP
Letters 96, 596—600 (2013)

A maze structure is formed (cp. Figure ga-d), which is the
typical domain structure for materials with strong out of plane
anisotropy.7? All micrographs have the same scale and it is visible
that the domain width is decreasing with decreasing tempera-
ture. This behavior is counterintuitive as the domain width is
determined by two energy contributions, which are the exchange
energy in the domain wall and the stray field energy. The stray
field energy scales with the saturation magnetization, thus this
energy term should increase with with decreasing temperature
(cp. Figure 7a). Assuming the exchange energy is less temper-
ature dependent one would expect a decreasing domain width
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towards lower temperatures. However, the opposite behavior is ' '
observed in CosSn,S, as it becomes clear from Figure 10 depict- ¢ 12 % %% 3 ]
ing the domain width as function of temperature. The thickness 2 10l ] ﬁi |
of the flake with ~50 pm can be responsible for the observed be- = o
ha.v10.r as the demagnetization field is smaller in crystals than in 100 150
thin films. T (K)

It is possible to nucleate a bubble domain phase when field Figure 10: Domain width wy
cools with 2 mT are performed. This phase is depicted for various as a function of temperature.

temperatures in panel e-h of Figure 9. The bubble domains can

be moved in the material and also arranged in a hexagonal lattice

by applying an external AC magnetic field. The formation of this

phase in the experiments is only possible through field cooling.

After saturating the bubble state with an external magnetic field

along one direction (single domain state) it is not possible to

return to the bubble phase. After removing the external field the

sample will return to the maze domain structure as for the zero

tield cools. The bubble phase remains stable well below 100K

and, thus, expands to much lower temperatures than the A-phase.

This indicates that the A-phase is not related to the bubble domain

state. Furthermore, such a bubble phase is rather common for

magnetic materials with strong out of plane anisotropy.° 89 A. Hubert and R. Schifer
Additional experiments with Lorentz TEM where performed  (Springer, Berlin, Heidel-

for high resolution investigation of the magnetic domains. In a berg, 1998)

recent publication, Sugawara and coworkers report investigations

of the domain structure in Coz5n,S, with Lorentz microscopy.

However, they report experimental difficulties arising from the

relatively small saturation magnetization and, therefore, a small

Lorentz signal. Consequently, they were only able to observe any

signal for samples thicker than 150 nm while using an ultra-high-

voltage (1 MV) cold-field-emission cathode. The TEM used in

this work has an acceleration voltage of 300 keV and thus limiting

the sample thickness to below 150 nm. Due to the aforementioned

limitations of the TEM used in the scope of this work, the domain

structure could not be reconstructed from the defocus series.
The magnetic properties of the Co35n,S, single crystals used

in this work are in agreement with reports from other groups.

However, there are still unresolved details e.g. the origin of the

A-phase. Furthermore, there is a report of muon spin-rotation ex-

periments indicating a mixed magnetic state with competing anti-

ferromagnetic and ferromagnetic order.8* Lachman and cowork- 81 7. Guguchia et al., Nat.

ers report an intrinsic exchange bias driven by the frustration =~ Commun. 11, 559 (2020)

within the Kagome lattice.82 Overall there are still interesting 82 B, Lachman et al., Nat.

aspects of the rich magnetic state in CozSn,S, to uncover. Commun. 11, 560, (2020)
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Magnetoresistance and Anomalous

Hall Effect

The results of magnetotransport experiments on the micro ribbon
device will be discussed in this chapter, in particular focusing
on the longitudinal MR and the anomalous Hall effect (AHE).
In the first section, two regimes of the longitudinal MR with
external magnetic fields along the z-direction are identified and
the different contributions are discussed. The second section
focusses on the AHE. There, first a short introduction will be given
followed by a discussion of the AHE in Co35n,S, micro ribbons
with particular emphasis on the band structure contributions.

The following chapter is based on my own publication “"Mag-
netoresistance and Anomalous Hall effect in Co3;5n,S, micro rib-
bons”.83 Thus, passages and figures from the following chapter
are adopted or directly taken from this publication.

Longitudinal Magnetoresistance

The MR measurements are performed under isothermal condi-
tions in a cryostat equipped with a variable temperature inset
and a superconducting solenoid magnet. An external magnetic
tield uoH, of up to 9T is applied along the z-direction. Figure
43 illustrates the measurement geometry. For the measurements
a current I, of 100 pA is applied along the x-direction while the
voltage drop V, is recorded along the same direction.

The current density fin a material is connected to the electrical
field E with the resistivity tensor p:34

E, Pxx  Pxy Pxz Jx
Ey = | Pyx Pyy Pyz ||y (4)
EZ pZX

[OZy pZZ jZ

83 K. Geishendorf et al.,
Appl. Phys. Lett. 114,

092403 (2019)

Figure 11
scheme for measurements
of the longitudinal elec-
trical transport response.
The typical dimensions are
0.3 x 3 x 50 um3

Contacting
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The longitudinal electrical field is than given by:

Ex = 0xdx + Oxyly + Pxalz (5)

The defined measurement geometry of the micro ribbon dictates
Jy = Jjz = 0, such that one can calculate the longitudinal electric
tield for a current applied along the micro ribbon as shown in
Figure 43 as:

E, = pxxjx (6)

To express this in experimental quantities one can replace the
current density j, with I,/(w - t) and the electric field E, with
V., /L
Vie-w-t
Pxx = —Ix N (7)

Here w is the sample width,  is the sample thickness and [ is the
distance between the voltage probes.

Figure 12 depicts the longitudinal resistivity p. as a function
of temperature. Co35n,S, exhibits a positive temperature coeffi-
cient of the resistivity over the full temperature range from 10 K to
300 K. The resistivity increases from o.5 Q) m to 4.2 pQ) m. For

et c?

0 50 100 150 200 250 300
T (K)

Figure 12: (a) The longitudinal resistivity in zero external magnetic field as
function of temperature. The kink in the curve is coincides with the magnetic
ordering temperature T.. (b) The derivative of p,, with respect to the temperature.
It exhibits a discontinuity at the ordering temperature T..

T>T,, the resistivity increases linearly with the temperature, sug-
gesting that the resistivity is governed by electron-phonon inter-
actions in that temperature range.®> Below 200K a pronounced
change of dp/dT is observed. The discontinuity at 175K is consis-
tent with the magnetic ordering temperature of Co;5n,S,.56-87,88,89
The alignment of the magnetic moments below T, freezes out the
spin-disorder contribution to the resistivity and thus increases
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Figure 13: The longitudinal MR for an external magnetic field applied along
the z-direction (ILH) recorded at different temperatures below the ordering
temperature. The open symbols represent the data and the solid lines represent
fits to the minimal model given in Eq. 8.

dp/dT. The micro ribbon in this measurement displays a resid-
ual resistance ratio (RRR = R(300K)/R(10K)) of 6.5, which is
comparable to the RRR of 6.8 reported for bulk crystals.?°

The longitudinal magnetoresistance is obtained from record-
ing o« during sweeps of the external magnetic field along the
z-direction (I L H). Figure 13 depicts exemplary MR measure-
ments (open symbols) at different temperatures, where the MR
is derived as (pxx (H) — pxx(0))/pxx(0). A crossover from negative
to positive MR is already visible in the raw data.

The MR is extracted for different field strengths (H =1T to
9T) as a function of temperature to gain further insight into the
different contributions to the MR (cp. Figure 14). Coz5n,S, dis-
plays a constant negative MR of 2.2 % at 9 T between 110 K and
150 K. A negative MR is expected in ferromagnetic materials for
perpendicular magnetic and electric fields as a result of the sup-
pression of spin fluctuations.” However, below 110K a crossover
to positive MR is observed. For even lower temperatures the MR
increases up to 22.8% at 10K and 9 T. The Lorentz deflection
of charge carriers in an external magnetic field leads to a posi-
tive quadratic MR as it is the case for the Co,5n,S; micro ribbon
at low temperatures.9> This contribution is proportional to the
charge carrier mobility. Semimetals typically exhibit high charge
carrier mobilities at low temperatures.?394-95 Another possible
origin of this large positive MR for temperatures below 50K is
electron-hole resonance. Electron-hole resonance was discussed
as an origin for the large and non saturating MR in WTe,, NbP
and WP,.96:97.98 The prerequisite for electron-hole resonance is
the presence of both carrier types at the Fermi level in a simi-
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Figure 14: The longitudinal magnetoresistance as function of the temperature
extracted for different external magnetic field strength between 1T and 9 T. Each
line represent the magnetoresistance at one given field strength as a function of
the temperature (e.g. the black line traces the MR at 9 T between 10 K and 300 K).
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lar concentration. In Co35n,S, quantum oscillations of the MR
recorded in high magnetic field revealed that a small electron
and a small hole pocket are very close to the Fermi level and thus
could be responsible for the non saturating MR.92 From those two
contributions, the suppression of spin fluctuations and Lorentz
deflection, a minimal model to fit the MR data can be established
incorporating a linear negative and a quadratic positive term:

MR = —a|H| + BH? (8)

This model is used to fit the MR sweeps at different temperatures.
The solid lines in Figure 13 represent least square fits of Eq. 8
to the raw data. From comparing data and fit it becomes clear
that the MR in Co35n,S, can be explained invoking a simple
model with a negative term proportional to |H| and a positive
term scaling with H.

One additional feature is the maximum negative MR at the
ordering temperature (cp. Figure 14). A maximum of the nega-
tive MR at T_ is also observed in other ferromagnetic compounds
due to the significant suppression of critical fluctuations near
the ordering temperature.’® This feature is only apparent in
the microstructures presented here, whereas no sharp maximum
of the negative MR around T, is observed in measurements of
bulk crystals. This underlines the importance of systematic MR
experiments in microstructures as a function of field strength and
temperature to resolve all the details of the MR response in single
crystals.
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Anomalous Hall effect

Two important contributions to the transverse transport response
are the ordinary and anomalous Hall effect. The ordinary Hall
effect (OHE) describes the transverse voltage generated by the
deflection of charged carriers in a perpendicular magnetic field.***
The OHE results in a linear change of the transverse resistivity
Pxy With magnetic field:

Pxy = Ry - poH, (9)

where Ry is the (ordinary) Hall coefficient and ygH, is the ex-
ternal magnetic field along the z-direction. Soon afterwards, E.
H. Hall also discovered that there is an additional contribution
to the transverse resistance in ferromagnetic materials. This ef-
fect is called AHE. The transverse resistivity p,, in ferromagnetic
materials exhibits a second contribution which is independent
of the external magnetic field, named anomalous Hall resistivity
pXAy (cp. Figure 15) and another part which is linearly dependent
on the magnetic field. Therefore, for ferromagnets, Eq. 9 has to
be extended by a term that scales with the magnetization rather
than the magnetic field:

Pxy = Ry - poHz + Ra - poM, (10)

where R, is the anomalous Hall coefficient and oM, is the is
the projection of the magnetization on the z-direction. Note that
in the experiment, the Hall resistivity p,, is usually recorded,
while in theoretical calculations, the Hall conductivity o,y is the
quantity of choice.

Since the experimental discovery of the AHE, different mech-
anisms have been proposed to account for the magnetization
dependent Hall effect. Intense theoretical work supported by
a broad range of AHE experiments led to the development of
a model including three mechanisms. Nowadays, most of the
experiments can be explained in the framework of this model.
Figure 16 illustrates schematically the three mechanisms that can
be involved in the AHE.

The first mechanism is intrinsic and band structure driven.
The intrinsic AHE is based on the anomalous velocity introduced
by the Berry curvature O, (k)23 As this mechanism is indepen-
dent of scattering events one expects it to be independent of the
longitudinal conductivity ((T)ify‘t x 09.). The second contribution
originates from the side jump mechanism. A wave package will
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Figure 16: Scheme of the three mechanism involved in the AHE (reproduced
from Nagaosa et al.).**>

acquire a transverse displacement if it is scattered on a spheri-
cal impurity.'®4'°5 This mechanism is again independent of the
scattering rate, as is the intrinsic contribution, even though it is
a scattering mechanism ((Ti;de_mmp o 0Q). The last mechanism,
contributing to the AHE, is skew scattering. Here, asymmetric
scattering directions arise for electrons with opposite spin being
scattered at an impurity when including spin orbit coupling.*°®
Note that the skew scattering only leads to a transverse signal
in the presence of a spin polarization. Otherwise both scatter-
ing directions compensate. This mechanism depends directly on
the scattering rate and, thus, dominates in the ultra clean limit
(a)fl;ew x Oyy).'°7 The experimentally observed anomalous Hall
conductivity constitutes of all three contributions:*°®

o = oIt 4 oy NPy gskew (11)

The anomalous Hall effect appears to follow three different
scaling regimes. This becomes apparent when plotting the trans-
verse conductivity as a function of the longitudinal conductivity
for multiple materials (cp. Figure 17).

The anomalous conductivity decreases proportionally to o,5°
in the bad metal regime with low longitudinal conductivity (o
< 10* (S/cm)). This is depicted exemplarily in Figure 17 for
Cuy_,Zn,Cr,Se, and Nd,(MoNDb),0;. For the moderately dirty
regime (10* S/cm < 0, < 10° S/cm) it appears that the anoma-
lous Hall conductivity is mostly independent of the longitudinal
conductivity. This regime is also named intrinsic regime since
o35t is here the dominating contribution. In the ultra clean regime
(0 > 10° S/cm) 0yy differs from the constant plateau in the
intrinsic regime. One would expect the anomalous Hall conduc-
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Figure 17: Experimental overview of the AHE in various ferromagnetic materials.
Three distinct scaling regimes are marked. The data is taken from Miyasato
et al (Gd, Fe, Ni, Co, Cu;_,Zn,Cr,Sey, La;_,Sr,CoO3, SrRuO3), Iguchi et al.
(Nd» (MoNb),07) and Lee et al. (MnSi).**97"9 The bright grey lines represent
the model from Onoda et al.*°8

tivity to scale directly with the longitudinal conductivity as the
skew-scattering is the predominant mechanism. However, also
decreasing Hall conductivities are observed. Overall, experimen-
tal results for the AHE in the ultra clean region are rather limited.
Nevertheless, it is interesting that the AHE in a broad spectrum
of materials follows this universal scaling behavior depicted in
Figure 17.

Co35n,5, is reported to have Weyl nodes only 60 meV below
the Fermi level."* Thus the Berry curvature associated with
such band crossing points can strongly enhance the AHE. Mea-
surements of the anomalous Hall resistivity in Co3Sn,S, are per-
formed to investigate the magnitude of the AHE and its origin.
The schematic measurement setup is illustrated in Figure 18.
Here, the transverse voltage drop Vy is recorded while apply-
ing a constant current I, along the x-direction and sweeping the
magnetic field yoH, along the z-direction. Similar to Eq. 5 and
Eq. 6 one can express the transverse electrical field by:

Ey = pyxix (12)
Again, this can be expressed in experimental quantities :
V-t
Pyx = —Pxy = I (13)
X

Figure 19 depicts py, traces for magnetic field sweeps along the
z-direction. The anomalous Hall resistivity is extracted by linear
fitting of the high field part (yoH, > 5T) and determining the in-
tercept ( p}‘,*X) of the linear fit with the ordinate (as can be schemat-
ically seen in Figure 15). This corresponds to the anomalous Hall
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Figure 18: Contacting
scheme for measurements
of the transverse electrical
transport response.
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Figure 19: Exemplary Hall resistivity as a function of the magnetic field, recorded
for 60K, 110K and 170 K.

resistivity arising from the saturation magnetization without any
external magnetic field. Offsets caused by, e.g., non-symmetric
contact placement are corrected by antisymmetrization of p}‘?X as:

A A
© X(B) —p x(_B)
= (14)

Above 220K, py, only depends linearly on the magnetic field as
expected for the OHE, not shown here. For lower temperatures,
anonlinear Hall contribution emerges, resulting in s-shaped Hall
traces and, thus, a finite p}‘j“x. The extracted p}f,*X is depicted in
Figure 20a. The anomalous Hall resistivity is zero for tempera-
tures above 220 K and increases strongly for temperatures below,
reaching a maximum of 0.5 uQ) m at 140 K. For temperature be-
low 140K p)éx decreases again but does not vanish. Note, that the
anomalous Hall effect becomes finite already in the paramagnetic
regime as the magnetic susceptibility of the compound increases
in the vicinity of the ordering temperature.

In typical experiments py, is recorded while in theoretical cal-
culations oy, is the quantity of choice. Assuming that pxx = pyy
and using p,, = —pyx one can express the conductivity o (for the
2D case) as follows:

1 1 —
— 1 = . o= Pxx Oxy
7= p - detp ad]p p%x + p)2<y (pxy pXX ) <15)

To evaluate the microscopic mechanism involved in the AHE, it
is helpful to study the evolution of (7}‘;‘;( with o,,. Both quantities
are calculated according to Eq. 15 and the result is depicted in
Figure 20b. Co35n,S, exhibits a plateau of a}%( for conductivities
Oxx > 3700S/cm. Such a plateau is characteristic for the intrinsic
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Figure 20: (a) Anomalous Hall resistivity extracted from Hall traces recorded at temperatures between 10K and
300K. (b) Anomalous Hall conductivity as function of the longitudinal conductivity. The plateau of O'fy indicates
the intrinsic origin of the AHE in Co35n,5,. Note that the bar height corresponds to the error of the given quantity

calculated from standard deviations and Gaussian error propagation.

AHE contribution or the side-jump mechanism. It is possible
to calculate the anomalous Hall conductivity o,y from the band
structure by integrating the Berry curvature over the Brillouin

zone and sum all occupied bands:*'3

dk

2
e > N
ny = —? Z f anjéﬂz(n,k) (16)

where ﬁz (n, _k)) is the Berry curvature associated with each band
and f, 1 is the equilibrium Fermi occupation factor. The magni-
tude of the AHC depends on the position of the chemical poten-
tial within the material. Figure 21 depicts the AHC as a function
of the energy shift of the chemical potential away from the Fermi
level of the undoped material, calculated following Eq. 16."'4
According to the calculations the intrinsic contribution in the
undoped compound should be in the order of 1000S/cm. This
is in good agreement with the experimental value depicted in
Figure 20b.

It is difficult to distinguish between side-jump and intrinsic
contribution, since they follow the same scaling behavior. How-
ever, the magnitude of the intrinsic contribution is usually much
larger compared to the side-jump contribution.*> This and the
good agreement with the theoretical calculation of the AHC lead
to the conclusion that the large AHE in Co35n,S, is dominated
by the intrinsic contribution and arises from the complex band
structure of this compound.

The Kagome network of Co-atoms in Coz5n,S, paired with
the out of plane magnetization makes this compound a good plat-
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form for the realization of the quantum anomalous Hall effect
(QAHE). As demonstrated here for micro ribbon devices pat-
terned from high quality single crystals, Co35n,S, exhibits a very
large AHE arising from topological protected band crossings. As
such, one can argue that this presents an experimental step to-
wards the realization of the quantum anomalous Hall effect at
intermediate temperatures.

Another important aspect of the AHE experiments is the
demonstration of the predictive power of the Berry curvature.
The Berry curvature is straight forward to compute and can
thereby be calculated for many compounds. The robust con-
nection of Berry curvature and intrinsic AHE, thus, opens a way
towards the identification of more compounds with large AHE.
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Anisotropic Magnetoresistance

It is generally accepted that a magnetoresistive response can be

anisotropic, namely dependent on the direction of the applied ex-

ternal magnetic field or the direction of the magnetization. Any

such anisotropic magnetoresistive response will hereafter be re-

ferred to as AMR. For example ,the resistivity in polycrystalline

ferromagnetic thin films depends on the angle between magne-

tization and current. (o, — p,)/p, of the non-crystalline AMR

is usually in the order of 1-4 % and has achieved technological

relevance in magnetic field sensors.’*® However, AMR can also 10 T. McGuire and R. Potter,
be used to study fundamental properties of a system. Charge ~ [EEE T-Magn.11,1018-1038
currents are coupled to the magnetization of a material via the (1975)

spin orbit interaction. Consequently, AMR measurements can be

used to probe the spin structure in transport experiments. In the

following, the MR and its anisotropy in Co3Sn,S, microstructures

will be examined for rotations of the external magnetic field in

three orthogonal rotation planes.

AMR near the magnetic transition temperature

The three orthogonal rotation planes are depicted schematically
in the first row (a-c) of Figure 23. The experiments are performed
in a cryostat equipped with a variable temperature insert and
three superconducting magnets allowing to apply an external
magnetic field poH < 2T in any spatial direction. Figure 23d-f _ HoH || c
depict the longitudinal resistivity p,, recorded during the rotation ii 10F.

of H. A strong modulation of p, is observed in both out-of-plane =
rotations (panels e and f). The modulation has 180°-symmetry. T To0 255 300
For increasing external magnetic fields along the z-direction a T (K)
decrease in resistivity is observed. This is in agreement with , ,

. ] L Figure 22: MR as a function
the MR reported in the previous chapter for a magnetic field ¢ temperature for external
sweep along the z-direction at 170K (cp. Figure 22). However, = magnetic field between 1T
Pxx increases when the magnetic field is rotated into the x-y-plane and 9T.
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Figure 23: (a)-(c) Schematic representation of the three orthogonal rotation planes around three distinguished

directions, namely the surface normal # || z , the current direction j || x and transverse direction ¢ || y. (d)-(f)

Longitudinal resistivity p, recorded for rotations of an external magnetic field of p1;; = 0.25 T and 1.5T at 170 K.

(8)-(i) Corresponding transverse resistivity p,y. The solid lines are a guide to the eye.

and is maximum for H 1 z. Here no significant change of the
resistivity can be observed when increasing the external magnetic
field. The steps in the transverse resistivity p,, depicted in Figure

23h-i show the sharp switching of M around 9o° and 270°. The
magnetic switching occurs along the crystalline c-direction, since
it is the easy direction of Co35n,S,. The steps arise from the
anomalous Hall effect governed by M and their height is, thus,
independent of the magnitude of H. Between the switching an
additional contribution arises from the projection of H on the
z-direction. This transverse effect stems from the ordinary Hall
effect i.e. it is increasing with increasing external magnetic field
as can be seen by the more pronounced cos(f, y) contribution
in Figure 23h and i. The step from the anomalous Hall effect is
absent in the ip-rotations as M does not switch from z to -z or
vice versa. Also no modulation due to the ordinary Hall effect is
observed in the ip-rotation as H is never perpendicular to both x
and y at the same time.

Please note that the sinusoidal modulation in Figure 23d
can originate from a misalignment between the c-axis and the
z-direction. A tilt of the c-axis along the y-direction for exam-
ple would give rise to sinusoidal modulation with its extreme
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at 90° and 270°. Furthermore, the minimum expected at 180° in
Figure 23e is shifted by approximately 5°, which is in good agree-
ment with the proposed misalignment. This misalighment can
either origin from a misalignment during the FIB preparation or
a misalignment of the sample within the chip carrier.

The z-direction appears to be the relevant direction for the
AMR and, thus, suggests the crystalline c-axis to be the relevant
axis for the AMR. To test this hypothesis, the same measurements
are performed in a device, where the c-axis is not parallel to the
z-direction but parallel to the y-direction. Figure 24d-f depict
pxx recorded for rotations of yoH, =1.5T in the planes depicted
in panel a-c. A very similar modulation of p,, is observed in

c-axis c-axis

Hlc Hlc Hlc

Pxx (NQM)

| T s - T —F T T T T T
90 180 270 90 180 270 90 180 270
a(°) B (°) Y (°)
Figure 24: (a)-(c) Schematic representation of the three orthogonal rotation planes around three distinguished
directions, namely the surface normal # | z, the current direction j || x and transverse direction ¢ || y. (d)-(f)
Longitudinal resistivity py, recorded for rotations of an external magnetic field of pir; = 1.5 T at 170 K.

this sample. However, the distinct direction is no longer the z-
direction, but the y-direction along which the c-axis is oriented.
Therefore, it can be concluded that the c-axis is relevant for the
effect inducing the modulation of p,, in the rotations of the exter-
nal magnetic field.
The modulation of p,, in Figure 23e and f appears to scale
with the magnitude of Hfor H | c. If the effect responsible for this
modulation would only depend on e.g. the projection of H on z,
then one would expect a sin?-shaped modulation. However, this
is not the case. The magneto-crystalline anisotropy in Co35n,S,
favors the c-axis as its easy direction. Consequently, external
magnetic fields larger than the anisotropy field are needed to
rotate the magnetization coherently with the external magnetic
field away from the c-axis. Thus, magnetic fields much larger 17 M. A. Kassem et al., J.
than 7 T are required (approximately 25T at 10K)."'7 For small =~ Solid State Chem. 233, 8 -13
external magnetic fields (jigH <2 T), M can only be slightly tilted ~ (2016)
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away from the c-axis during the rotation until it switches to the
opposite direction. The observed modulations of p,, in Figure 23e
and f resemble the modulation expected of M, for such rotations
in the presence of a strong magneto-crystalline anisotropy. This
indicates that the effect responsible for the AMR depends on both,
the external magnetic field and the magnetization.

Magnon Magnetoresistance

In the following the magnon magnetoresistance (MMR) is dis-
cussed as possible origin of the observed AMR. The MMR de-
pends on the change of magnon-electron scattering through
changes in the magnon population.’® The theory is based on
the assumption that scattering between an s- and d-band elec-
trons requires magnons with wave vectors exceeding the distance
of the two Fermi surfaces.*¥ Thus, the probability for spin-flip
scattering between the two bands is closely related to the energy
spectrum of the magnon modes. The dispersion relation of long-
wavelength magnon modes has a quadratic form:**°

E(q) = Dg* + guigB; (17)

where D is the exchange stiffness constant, g is the g-factor, pp is
the Bohr magneton and B; is the total magnetic flux including the
contribution from the anisotropy.*** gupB; in Eq. 17 accounts for
a gap in the magnon dispersion. At a given temperature one can
reduce or increase the maximal wave vector of magnon modes
attainable by increasing or decreasing the external magnetic field.
Increasing the external magnetic field increases the gap in the
magnon dispersion and thus decreases the number of accessible
magnon modes. Decreasing the number of attainable magnon
modes in turn leads to a decreasing electron-magnon scattering
and consequently to a decrease in resistivity. This effect repro-
duces the development of py at H || ¢ for increasing magnitude
of H. However, if the reduction of Pxx is proportional to By, also a
decrease in resistivity is expected for H L c. This behavior was
not observed, the resistivity appears independent of H for H 1 c.
A possible explanation for this disagreement is that the external
field does not directly modify the magnon population. The mea-
surements depicted in Figure 23 suggest that only the projection
of Hon M gives rise to the MMR. Consequently, the MMR has
the form pf M - H. This can be understood considering that the
magnon modes are only suppressed if the external magnetic field
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is pointing along the magnetization. Therefore, a vanishing MMR
is expected for M L IjI, which is the case for H 1 ¢ assuming that
the anisotropy along the c-axis is strong enough that M remains
approximately parallel to c for small fields (yoH < 2T). This is
consistent with the observation that p,, for H L ¢ does not de-
pend on the magnitude of . Therefore, it can be concluded, that
the MMR in combination with a strong uniaxial anisotropy;, as it
is present in Co35n,S,, can lead to an AMR effect, where the easy
axis of the magnetization is the relevant direction.

The appearance of MMR is not restricted to the ferromagnetic
phase. It can also occur in the paramagnetic phase when the ex-
ternal magnetic field partially aligns the magnetic moments. The
net magnetization is only sizable for very large magnetic fields
or sufficiently large susceptibility, as it is the case for tempera-
tures a few degrees above the ordering temperature. This is the
case for Co35n,5, at 180 K, which is 5K above the ordering tem-
perature. Therefore, p,, is recorded for rotations of the external
magnetic field at 180 K to investigate whether the AMR prevails
in Co35n,S, in the paramagnetic regime. The results are depicted
in Figure 25.

b c-axis, c-axis c-axis

X y. (@] H (b) () J

1é0 2%0 1_8rO 2%0
a (%) B(°)

Figure 25: Longitudinal resistivity p recorded in the paramagnetic phase at 180 K for the ip (d), oopj rotation (e)

and oopt rortation (f). A decrease of the resistivity with increasing external field but no anisotropy is observed in

the ip rotations . The levels from (d) correspond to the values in (e) and (f) observed at 9o° and 270° where the

external magnetic field is parallel to the y/x-direction.

The in-plane rotations (cp. Figure 25a) of yoH = 0.5T, 1.5T
and 2 T exhibit three horizontal lines at different resistivity levels.
Pxx is isotropic for the in-plane rotations and a decrease of the
resistivity level can be observed with increasing external magnetic
tield. The dashed lines in Figure 25b indicate that the resistivity
levels from the in-plane rotations match the resistivity for g9o°
and 270° in the oopj rotation with the same magnetic field. p,y
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is not constant for the oopj rotation but a modulation is visible,
indicating the presence of AMR. The resistivity is again, as for
the measurements in the ferromagnetic phase, minimal for J&§ I
¢ and increases when H is rotated towards H L c. However,
contrary to the ferromagnetic phase, the resistivity for H L ¢
is not independent of the magnitude of A but decreases with
increasing magnetic field.

The magnetization in the paramagnetic phase is induced by
the external magnetic field, such that both are parallel at all times.
Consequently it is possible to rotate the magnetization into the
x-y-plane in this experimental setup (other than at 170K, which
is depicted in Figure 23). Therefore, M - H is always finite for
H > 0, leading to MMR for all magnetic field orientations. In the
paramagnetic phase the MMR is not expected to to be linear in
the magnetic field since the magnetization itself is a function of
the external magnetic field. The magnetization is given by:'*?

M(H) = x(H)H (18)

where x (H) is the magnetic field dependent susceptibility. There-
fore, one expects the MMR for M || H to be proportional to:

MMR o« M(H) - H = y(H)H? (19)

Figure 26 depicts the change of the longitudinal resistivity Apyy
for magnetic field sweeps along the y- and z-direction. For small
magnetic fields the susceptibility can be approximated to be con-
stant. Therefore M increase increases linearly ((i.e. x (H) =const.)
with H and the MMR is proportional to H?. The open symbols
in Figure 26a represent the data points, whereas the dashed blue
line represents a fit of Ap,, = a - H?. Good agreement between
the fit and the data points can be achieved, indicating that the
linear approximation of M (H) is justified. The negative MR for
the magnetic field sweep along y can be consistently explained
invoking the MMR. However, the quadratic fit does not match
the magnetic field sweep along the z-direction (cp. blue dashed
line and open symbols in 26b). This can be explained with an
anisotropic susceptibility. x (H) can no longer be approximated
to be constant in this particular field range and crystal direction.
The Langevin-function L(x) = coth(x) — 1/x can be used
to approximate the magnetization of a paramagnet in an ex-
ternal magnetic field by introducing the Langevin parameter
(g o upH).”*The magnetization M of the paramagnet is propor-
tional to L({):
M(H) = a-L() (0)
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Figure 26: Longitudinal resistivity change Ao,y at 180K for external magnetic
fields applied along (a) the y-direction and (b) the z-direction (open symbols).
The dashed blue lines represent fits to Apy, = a - H?. The solid red line in (b)
represents a fit using Eq. 21.

where a is a proportionality factor. Consequently, M (H) in Eq.
19 can by replaced by Eq. 20, resulting in:

Apy(H) =a - (coth(b-H) — %{) -H (21)
where a and b are the fit parameters. The fit of Eq. 21 for Apy,
recorded during magnetic field sweeps along the z-direction is
depicted by the solid red line. Eq. 21 achieves better agreement
with the data compared to the quadratic fit (dashed blue line).

It was discussed in the previous chapter that the transverse
resistivity is composed of one term proportional to H (ordinary
Hall effect) and one term proportional to M (anomalous Hall
effect):

Pyx = RupoH + RapoM (22)

Figure 27 depicts py for a sweep of the external magnetic field
along the z-direction. The s-shaped trace indicates the finite
magnetization induced by the magnetic field. Again, one can
replace M in Eq. 22 using Eq. 20:

1
pyx = RH]/loH + RA,”O (COth(b -H) — b—H) (23)

where Ry and Ry are the fit parameters. The parameter b is
extracted from the fit of Eq. 21 (cp. red solid line in Figure
26b). A fit of Eq. 23 is represented by the solid red line in Fig-
ure 27. Here, good agreement between Eq. 23 and py, can be
achieved. This indicates, that the approximation of M (H) with
the Langevin-function is appropriate. Therefore, the negative
MR in both magnetic field sweeps can be explained invoking the
MMR. Furthermore, the AMR for the oopj rotation originates
from the anisotropy of the susceptibility. The anisotropy of the
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susceptibility leads to a anisotropic field induces magnetization
and consequently an anisotropic MMR.

The magnitude of MMR is expected to decrease towards lower
temperatures as more and more magnon modes are frozen out.
This is accounted for by introducing the magnon mass renormal-
ization:'?3

D = Dy + D{T? + D,T°/? (24)

where the T?-term is the temperature dependence of the Fermi
distribution and the T°/?-term is due to magnon-magnon inter-
actions. In the previous chapter a constant negative MR was ob-
served in the magnetic field sweeps along the z-direction, show-
ing only a weak temperature dependence until it is overcome by
the strong positive MR introduced by the Lorentz deflection. The
temperature dependence is predominantly contained in the first
term of Eq. 17. Consequently, a weak temperature dependence
indicates that the second term in Eq. 17 is governing the MMR.

At intermediate temperatures, before the MMR is obscured
by the Lorentz MR, an additional experimental fingerprint of the
MMR can be observed in magnetic field sweeps along the easy
axis. In the low field region a pronounced "bow tie” structure can
be observed (cp. Figure 28). This pattern can be understood as
the following. Starting with M along —z (H = 0) and applying H
along —z increases the magnon gap (cp. Eq. 17) and consequently
decreases the resistivity (M || H). The system will return to
its initial state upon reducing the external magnetic field. A
magnetic field applied along z is now antiparallel to M, effectively
decreasing the magnon gap and increasing the resistivity above
the zero field level (M |1 H). The linear behavior continues until
the external magnetic field exceeds the coercive field and the
magnetization switches to z. At the point of the magnetization
reversal also the resistivity switches to a lower level. The lower
level is exactly the resistivity expected when starting with M
along z and increasing the magnetic field 5| along z (M 11 H).

Figure 29 depicts p4 at 100K recorded during a magnetic
field sweep along the z-direction in a device, where the c-axis is
parallel to z. The resistivity decreases linearly as expected from
the MMR for M I H. The "bow tie” structure is more pronounced
at low temperatures as the coercive field increases and thus a
larger H antiparallel to M can be achieved. The coercive field in
the microstructures is further increased by the shape anisotropy.
This “bow tie” structure was previously observed in FePt thin
films, FePt nanowires and NiFe nanowires and discussed in terms
of MMR 124,125,126
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Figure 29: Longitudinal resistivity p,y at 100 K for external magnetic fields applied
along the z-direction. The bow-tie structure arises from the increased coercivity at
100 K such that the external field can be applied antiparallel to the magnetization.
This leads to a further increase of the resistivity above the pgH, = 0 level until
the magnetization switches and thus H is again parallel to M.

Overall Co35n,S, exhibits a large AMR around the ordering
temperature, where the relevant direction is the c-axis. The
easy direction of Co35n,S, is aligned along this crystal direc-
tion. Therefore, the AMR is connected to the magneto- crystalline
anisotropy. Assuming that the projection of H on M is the rele-
vant quantity for the MMR, it allows to explain the AMR in the
ferro- and paramagnetic phase of Co35n,S, down to 100 K.

AMR at low temperatures

Towards low temperatures the AMR caused by the MMR van-
ishes. However, the MR in external magnetic fields is still highly
anisotropic, as it can be seen in Figure 30. Here, the same set of
magnetic field rotations are depicted for a sample temperature
of 20 K. The coercive field of the Co35n,S, microstructure is ap-
proximately 1.9 T at 20K, so that an external magnetic field of
1T is insufficient to switch the magnetization. This can be de-
duced from the absence of any anomalous Hall signal (i.e. the
sharp switching at 9o° and 270°) in the transverse resistivity pyy,
recorded during the out-of-plane rotations (cp. Figure 30h,i).
The evolution of p,, during rotations of H is rather compli-
cated and can not be reduced to one particular effect with one
relevant direction. However, the raw data suggest two contribu-
tions. For the in-plane rotation, p,, appears to be dominated by
a sinusoidal modulation with a barely visible modulation on top.
The sinusoidal modulation seems to be almost absent in the oopt
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Figure 30: (a)-(c) Schematic representation of the three orthogonal rotation planes around three distinguished
directions, namely the surface normal n | z , the current direction j || x and transverse direction ¢ || y. (d)-(f)
Longitudinal resistivity py recorded for rotations of an external magnetic field of yy; = 0.5Tand 1 T at 20 K. (g)-(i)
Corresponding transverse resistivity pyy.

270

rotation, where a sin-shaped modulation is dominant. For both
contributions, the amplitude increases for increasing the external
magnetic field from 0.5T to 1 T. To test whether a combination of
a sin and a sin® modulation can represent the data, the following
function is used to fit the measurements:

Pyx = A1 sin(¢) + A, sin® () (25)

here A; is the amplitude of the sin modulation, A, is the ampli-
tude of the sin? modulation and ¢ is &, B or v for the ip, oopj or
oopt rotation, respectively. The fits are depicted by the solid lines
in Figure 30d-f. In the following both contributions and their
possible origins are discussed.

Figure 31 depicts pi%’(m = pxx — A1 sin(¢) for the three field
rotations. This equals the sin> modulation and it is named the
symmetric contribution as the effect is symmetric with respect to
the magnetic field:

sym sym

pxx (H) = pxx (—H)
sym

sym (26)
oxx (¢) = ple( (¢ +180°)

In the ip rotation, pfg(m is minimal for H | x and maximal
for H || y. The resistivity is increasing with increasing magnetic
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Figure 31: Symmetric contribution pfgim in the ip (a), oopj (b) and oopt rotation (c) at 20K for ygH =o0.5Tand 1T

field for H || y. A possible origin for this is the MR caused by
the Lorentz deflection of charged carriers in a magnetic field.
This type of MR is here referred to as orbital MR. The charge
current in the presence of both an electric and magnetic field can
be expressed as:'27:128

:U-E:neyé+yfxl§ (27)

‘\A.¢

where 7 is the charge carrier concentration, e is the elementary
charge and y is the mobility tensor. In the experiment the charge
current is applied along the x-direction. Therefore, only B L x
leads to orbital MR as it is the case for « =90° and 270° and
almost no field dependence of pi};m is observed for H | x. The
small negative MR for H | x will be discussed later for in-plane
rotations measured at 5K.

Turning now to the discussion of pi};m in the oopj rotation.
Here no modulation is expected from the orbital MR as B L x
for all angles of B. The anticipated result for only considering
an isotropic orbital MR is horizontal lines shifted to higher resis-
tivity for larger magnetic fields. Indeed, the average resistivity
increases with increasing magnetic field. However a pronounced
modulation is observed which has a maximum for H | z. This
can be understood by having a closer look at the anisotropy of
the mobility tensor u (cp. Eq. 27). p is often approximated as
isotropic and therefore, written as scalar. However, the anisotropy
of the mobility can lead to an anisotropic orbital MR. This has
has been observed for many high mobility semimetals such as Bi
and WTe,."?97'33 The charge carrier deflection has a defined di-
rection as it is the result of a cross product of the current with the
magnetic field. For example a magnetic field parallel to z will de-
flect charge carriers moving along the x-direction parallel to the
y-direction. The fact that the orbital MR is maximum for H | z
indicates that the in-plane mobility is larger compared to the out
of plane mobility. The MR for H || z in the ip rotations has the
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same magnitude as the MR for the same field orientation in the
oopj direction. This is expected when considering the orbital MR
as a common origin.

In the oopt rotations a large modulation of o can be ob-
served similar to the oopj rotations. However, no change of pi};m
with the magnitude of H is observed for H || x. This can be un-
derstood as the Lorentz force vanishes for B || j (cp. Eq. 27).
Again, the orbital MR can be discussed as the origin of the AMR
in this rotation plane. The positive MR at y =0°, 180° and 360°
is increasing with magnetic field as the Lorentz force increases.
Furthermore, the resitivity level for H || x matches the same con-
figuration from the ip rotation and also the resistivity levels for
H || z matches the oopj maxima. In conclusion the observed AMR
in the symmetric contribution to the longitudinal resistivity at
20 K can be explained in terms of the orbital MR with the partic-
ular situation of anisotropic carrier mobilities.

The antisymmetric contribution can be written in a similar
way compared to Eq. 26:

asym asym

Pxx (H)=—Pxx (—H)

asym asym ( 28 )

pxx ((P) — _pxx ((P + 1800)

£
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S
£
£
7
© X
Q
9 180
a(®)

270 90 180 270 90 180 270
B (°) y (°)

Figure 32: Antisymmetric contribution px " in the ip (a), oopj (b) and oopt rotation (c) at 20K for ptgH =0.5T

and1T

34 The switching is con-
firmed by a large change
in the transverse resistivity
caused by the anomalous
Hall effect (which is not
shown here for clarity).

pxc " is almost zero for the oopt rotation and it is compara-

ble in the ip and oopj rotation. The resistivity increases when H
is rotated towards y and decreases when H is rotated towards
—y in both, the ip and oopj rotation. Furthermore, the ampli-
tude is increasing with the external magnetic field and the effect
switches sign when the magnetization switches from z to —z or
vice versa.'3* The y-direction is the relevant axis for the effect.
However, it is unclear at this point what mechanism is responsible
for the antisymmetric contribution. Experiments with magnetic
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fields sufficiently large (= 25T to fully rotate the magnetization
are needed to investigate the origin of this contribution.
It was reported that Coz5Sn,S, exhibits a negative quadratic
MR for H | j at 2K, originating from the chiral anomaly.’3> The 135 E. Liu et al., Nat. Phys.
negative MR is very sensitive to the angle between H and j because 14,1125-1131 (2018)
it can be easily covered by a large orbital MR. Measurements of
the longitudinal resistivity for in-plane rotations of an external
magnetic field of up to 5T are carried out at 5K to investigate
the negative MR for H | j in more detail. The measurements
are performed in a cryostat with a superconducting split coil
magnet and a single axis rotation stage. Figure 33 depicts pyy
(open symbols) for rotations of ygH =1T, 3T and 5T.

700

690

680

Pxx (NQmM)

670 | g

0 90 180 270 360
a(°)
Figure 33: Longitudinal resistivity p recorded for rotations of an external mag-

netic field of 1y = 0.5 T and 1 T in-plane at 20 K. The open symbols are the raw
data and the solid lines represent fits to Eq. 25.

Again multiple contributions are present and Eq. 25 is used
to fit the data (solid lines in Figure 33).13® The symmetric and 156 5 = Aysin(g) +
antisymmetric contributions of p,, are depicted in Figure 34. The A, sin? (¢)

685}

™ (NQm)
o))
~
(6]

p™™ (nQm)

0 90 180 270 360
(b) a(°)

Figure 34: The two contributions to p,, at 5K from Figure 33 corresponding to (a) the sin?-term and (b) the sin-
term of Eq. 25.

qualitative behavior for both contributions is comparable to the
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results at 20K (cp. Figure 31a and Figure 32a). The magnitude
of the symmetric contribution ( sin?) increases as H?, whereas
the magnitude of the antisymmetric contribution scales linearly
with H. The scaling with H? is expected for the MR arising from
Lorentz deflection in compensated metals.'3” If the symmetric
contribution stems only from the ordinary MR one would expect
to find a field independent resistivity p, for H | j. However, a
negative MR is observed for H || j. This can be explained by two
different effects: the chiral anomaly and current jetting. Current
jetting can occur in high mobility materials, where the current
is not injected homogeneously into the sample. The resistivity
along the magnetic field direction is smaller compared to the
perpendicular direction. Consequently, the current flows pre-
dominantly paralle to the magnetic field direction. In turn, this
can lead to a decoupling between the current and voltage probes
in a four-point measurement geometry.*3

Liang and coworkers investigated the signatures of the chi-
ral anomaly in a trivial semimetal (Bi) and compared it to two
topological semimetals (Na3Bi, GdPtBi)."39 The authors demon-
strate that the competition between the current jetting and the
chiral anomaly is strongly dependent on the mobility of the ma-
terial. Materials with high mobility show a strong orbital MR
and, thus, a strong anisotropy of the resistivity. This for example
is the case for TaAs and NbP with mobilities of 300 000 cm?/Vs
to 500 000 cm?/Vs.*4% 141 In such materials, the in-plane AMR is
characterized by a small negative MR for H | j and a steep in-
crease of the resistivity when rotating the field away from the
current direction, leading to a small ratio of negative MR to or-
bital MR. In GdPtBi the ratio of orbital to chiral anomaly induced
MR is approximately 1:1, which results from the low mobility
of 1500cm?/Vs.'4? The defined sample geometry and contact
placement of the Coz5n,S, micro ribbon device improves the ho-
mogeneity of the current injection and, thus, renders the device
less prone to current jetting. However, the mobility of Co3Sn,S,,
with 73 000 cm?/Vs, is much larger compared to GdPtBi.*43 Con-
sequently, the origin of the negative MR can not be determined
unambiguously. The contribution stemming from current jetting
can be further quantified by measuring at the sample spine and
the sample edge. This constitutes a possible test for future in-
vestigations. Overall, the AMR measurements at low tempera-
tures demonstrate the difficulties arising when probing the chiral
anomaly in transport experiments. However, they give additional
information about the anisotropy of the resistivity and ,there-
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fore, help to assess the negative MR regarding current jetting and
chiral anomaly.

Lastly, there is the point, that no clear evidence for AMR only
sensitive to the direction of the magnetization has been observed
in Co35n,S,. The antisymmetric contribution at low temperatures
switches sign for reversing the magnetization. This presumably
indicates the presence of an AMR only sensitive to M. However,
the magnetic fields accessible in the setup with the vector magnet
of 2 T is to small to create a sizable displacement of M from the
easy axis. Future experiments in high magnetic fields (~ 25T)
could be used to investigate the magnetization dependent AMR
in Co35n,S,.
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Thermomagnetic Transport

The following chapter is based on my own publication ”Sig-
natures of the Magnetic Entropy in the Thermopower Signals
in Nanoribbons of the Magnetic Weyl Semimetal Co35n,S,”."44
Thus, passages and figures from the following chapter are adopted
or directly taken from this publication.

The analysis in the previous chapters focuses on transport
experiments under isothermal conditions (VT = 0). In addition,
the presence of a thermal gradient leads to a diffusive motion of
charge carriers. Electrons for example will move from the hot
to the cold side. Thus, the current density f in linear transport
theory is related to both, an electric field E and a temperature
gradient VT:145

]_'): oE + a(=VT) (29)

where o is the conductivity tensor and « is the thermopower
tensor. This reduces to the previously discussed form of | = ¢E
under isothermal conditions (VT = 0).

The thermomagnetic measurements in this chapter are per-
formed under open circuit conditions by connecting the contact
leads to an input resistance of more than 10 GQ). Thus, the net
current density equals zero (f = 0). Equation 29 can then be
rewritten as:

E = o 1aVT) = SVT (30)

where S is the Seebeck tensor.

A vital part of thermomagnetic transport experiments is the
evaluation of the thermal gradient. Therefore, the first section is
dedicated to the description of the gradient evaluation procedure.
The section afterwards focuses on the temperature and magnetic
tield dependence of the longitudinal components of the Seebeck
tensor. In the third section, the transverse Seebeck, namely the
Nernst effect, is discussed in detail. A test of the Mott relation is
discussed in the last section, to link the magnetotransport experi-
ments of chapter 4 with the thermomagnetic experiments.

144 K. Geishendorf et al.,
Nano Lett. 20, 300-305
(2020)

45 J. M. Luttinger, Phys. Rev.
135, A1505-A1514 (1964)



Gradient Evaluation

The generation of a thermal gradient in the micro ribbon de-
vice is achieved by driving a DC current through the heater line.
The Joule heating through the ohmic losses heats up one side
of the device generating a temperature gradient across the sam-
ple. It is possible to apply different temperature gradients, by
controlling the DC current. To minimize the thermal gradient
along the y-direction, it is important to fabricate a long heater
line compared to the device length. If diy denotes the distance
of the two heater lines, the heater length is chosen as 3 - dyy. The
platinum four-point thermometers are used to evaluate the tem-
perature for different heater currents. The thermometer resis-
tance is calibrated with respect to the cryostat base temperature
under isothermal conditions. The temperature dependence of
the resistance of the two thermometers is depicted in Figure 35a.
Platinum exhibits a large temperature coefficient of the resistance
over a broad temperature range. This is beneficial for the use as
thermometers. In principe also other metals with a comparable
temperature coefficient can be used for the on-chip thermometry.
After calibrating the thermometers it is possible to determine the
temperature difference AT between the thermometers. Figure
35b depicts AT as a function of the average sample temperature
(T = (T1 + T)/2)) for heater currents of 2mA, 4 mA and 6 mA.
Very often, the thermal gradient is approximated to be linear over

20r g o 2.0mA |
7 o 4.0 mA
[m]
0 200 250 300 0 50 100 150 200 250 300
T (K) (b) T (K)

Figure 35: (a) Resistance of the two four-point thermometers on each side of the device. The solid line is the
interpolation to generate a function T(R) returning the temperature for a given resistance. (b) Temperature
difference between both thermometers for a heater current of 2mA, 4mA and 6 mA as a function of the base

temperature.

the sample. However, it is possible to evaluate the gradient more
carefully, when the transverse response is recorded at multiple
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Figure 36: (a) Transverse transport response recorded at three different contact
pairs for a heater current of 6 mA at a base temperature of 50 K. The solid line rep-
resents a fit to f (x) = —a/x. The relative temperature profile reconstructed from
the fit in (b) and using the boundary conditions given by the two thermometers.

positions of the gradient. The transverse response is proportional
to the thermal gradient at the position of the side-contact. Figure
36a depicts the transverse response recorded at three x-positions
(open squares). The response is not constant over the sample
length indicating that the gradient is not constant along the x-
direction. The model used for the gradient evaluation originates
from the temperature profile in a cylinder with a heat source in
the center. This approximation seems appropriate as the device
dimensions are much smaller compared to the substrate dimen-
sions. In the cylinder the temperature changes as T o In(x) from
the center to the cylinder edge. Therefore the temperature is
assumed to decay also as T' « In(x) from the heater line across
the sample. Consequently, the thermal gradient is assumed to
change as VT o (1/x). The solid line in Figure 36a represents a
fit of f (x) = —a/x to the transverse response. In the next step the
temperature profile is reconstructed by forming the indefinite
integral of the temperature gradient and using the thermometer
temperatures as boundary conditions:

[vTdx = | %adx = —a-In(x) + b (31)

where b is the integration constant. For the model, only relative
temperatures are important. Therefore, it is assumed that the
temperature at thermometer 1 (Xyerm ;) €quals AT, whereas the
temperature at thermometer 2 (Xyerm.») €quals zero. The latter
can be used to determine b = a - In(Xyperm ). Please note, if Eq.
31 is evaluated at Xyperm . ONe does not obtain AT. The reason for
that is that fitting the transport response which is proportional to
the temperature gradient is not equal to fitting the temperature
gradient itself. Therefore, the whole temperature profile must be
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Figure 37: Comparison of the reconstructed gradient (red and yellow line) with
a linear gradient (dashed lined) and the effective gradient when applying a
gradient reversal technique (blue line).

rescaled, such that the T (Xynerm..) = AT. The resulting tempera-
ture profile is depicted in Figure 36b.

The rescaling also allows to reconstruct the actual gradient.
Figure 37 depicts the reconstructed gradient in comparison to a
linear gradient. Figure 37 indicates that the actual gradient dif-
fers from the linear approximated one and a correction factor is
needed depending on the specific contact used for the measure-
ments. The gradient evaluation is performed for five different
temperatures (not shown here) and the correction factors for each
contact are temperature independent. This is expected, since the
gradient shape depends on the device geometry and not the base
temperature (as long as the thermal conductivity of the substrate
remains isotropic over the temperature range).

The symmetric device layout offers the possibility to reverse
the temperature gradient by driving the heater current through
the heater on the opposite side of the micro-ribbon. This is es-
pecially useful to separate artifacts such as thermovoltages from
the cryostat leads, which are even with respect to the on-chip
temperature gradient, from the Seebeck signals as they are odd
with respect to the temperature gradient. The effective gradient
in the current reversal technique is also depicted in Figure 37 by
the blue solid line. Alternating the gradient homogenizes the
gradient across the ribbon. However, the linear gradient approxi-
mation still overestimates the actual gradient between 25 um and
70 pm and needs to be corrected.
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Seebeck and Magnetoseebeck

When discussing thermoelectric effects, people often call the lon-
gitudinal Seebeck component, e.g. Sy, the Seebeck effect and the
transverse Seebeck component, e.g. Sy, the Nernst effect. The ex-
perimental setup to measure the longitudinal Seebeck is depicted
schematically in Figure 38. The temperature gradient is gener-
ated along the x-direction, the thermovoltage is measured also
along the x-direction using a Keithley 2182A nanovoltmeter. For
the magnetoseebeck measurements an external magnetic field
is applied along the z-direction. Figure 39 depicts the thermo-
voltage V, as a function of the magnitude of the applied thermal
gradient. Following Eq. 30, one expects the electric field gen-
erated by the temperature gradient to increase linearly with an
increasing temperature gradient. This is confirmed by the linear
scaling in Figure 39.

Figure 40 depicts S, as a function of the temperature. Note
that the temperature on the x-axis denotes the average sample
temperature. The negative sign of the longitudinal Seebeck coef-
ficient indicates n-type carriers to be dominant in Co3Sn,S,. This
agrees with the carrier densities obtained from a two band fit of

the OHE reported by Liu and coworkers for single crystals.4
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Figure 40: Longitudinal Seebeck coefficient Sy,. Sy is linearly proportional
to the temperature above the magnetic transition temperature and exhibits a
suppression below the magnetic ordering temperature.

At 300K, S,y is approximately —40 pV K™ which is smaller
than previous literature reports ranging from —50 VK™ to
—60 WV K1.147148,149 The magnitude of S,, decreases with de-
creasing temperature and exhibits a trend towards zero for T <
50 K. The Seebeck effect is expected to vanish for T — oK since
the entropy, to which the Seebeck effect is linked, also approaches
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Figure 38: Contacting
scheme for measure-
ments of the longitudinal
thermomagnetic response.
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Figure 39: The longitudinal
thermo voltage V, generated
as a function of the longitu-
dinal gradient (open rectan-
gles). The solid line repre-
sents a linear fit.
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Figure 41: Magnetic field dependence of S, for temperature above as well as
below the ordering temperature. The raw data indicate multiple sign changes.

zero in this limit. For temperatures above the magnetic ordering
temperature, S, exhibits a linear slope and is suppressed below
the ordering temperature. Again, this can be understood with
the reduction of the entropy of the system through the magnetic
ordering.

Measurements of the Seebeck effect are a powerful tool to
investigate the charge carrier transport and especially the interac-
tions between the charge carriers. Thus, Seebeck measurements
are not limited to research of thermoelectric materials but are
also used to study strongly correlated electron systems such as
superconductors.'>*'5"152 The external magnetic field used in
measurements of the magneto Seebeck (MS) offers an additional
handle to the temperature in standard Seebeck measurements.
The MS at one specific temperature is defined as:

MS(H) — SXX(H) _SXX(O) (32)
Sxx(0)
where S, (H) is the magnetic field dependent Seebeck and S, (0)
is the longitudinal Seebeck coefficient without external magnetic
field. Exemplary traces of the MS at 56 K, 102K, 181 K and 191 K
are depicted in Figure 41.

The traces in Figure 41 indicate a more complicated tempera-
ture dependence compared to the MR discussed in the previous
chapter, since the MS changes from negative to positive between
181K and 102K and again from positive to negative between
102 K and 56 K. Similar to the approach used in the discussion of
the MR, it is useful to extract the temperature dependence of the
MS for different magnetic field strength (cp. Figure 42).

No significant influence of the external magnetic field on the
longitudinal Seebeck is visible for temperature between 240 K
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Figure 42: The magnetoseebeck for different field strengths between 1T and 9 T as
a function of temperature. A negative MS of up to 7.5 % is visible at the magnetic
transition.

and 300 K. A negative peak in the MS is visible around the order-
ing temperature. The width and height of the peak is increasing
with increasing external magnetic field. A very similar behavior
was recently observed in Fe,V, oCr(1Alj ¢Si ;. There it was con-
cluded that the Seebeck effect is enhanced by spin fluctuations.
Thus, the suppression of spin fluctuations by the external mag-
netic field leads to a negative MS."53 This mechanism appears
to be generic for magnetically ordered systems since the mag-
netic transition coincides with a negative peak of the MS in many
materials.’>47'57 Note that this behavior is qualitatively similar
to the MR observed around the ordering temperature. However
the MS reaches approximately -7.5 %, which is three times larger
compared to the MR.

Another interesting feature is the positive MS between 8o K
and 130 K. Here, the external magnetic field increases the Seebeck
effect by 2 % at 9 T. The diffusive part of the Seebeck effect should
not be affected by the external magnetic field. However, there
are other contributions which are enhanced or suppressed by the
magnetic field. The two most often discussed contributions are
the phonon- and magnon-drag.

A thermal gradient also results in a movement of phonons.
The phonons can change the electron momentum through phonon
electron interactions and thus contribute to the Seebeck coeffi-
cient. This effect is only prominent around a specific temper-
ature T ~ Tg/5, where Tg is the Debey temperature.’>® At
higher temperatures the phonons equilibrate through phonon-
phonon scattering rather than phonon-electron scattering, while
at low temperatures the number of phonons decreases and, thus,
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Figure 43: Contacting
scheme for measurements of
the tranverse thermomag-
netic response.

the phonon-drag contribution also decreases. The phonon-drag
is only present in clean samples with few impurities and few
crystal defects, which is the case in the single crystalline micro
structures. The Debye temperature Tg of NizSn,S, was calcu-
lated to be 297 K.'5% Assuming a similar Tg for Co3Sn,S, would
indicate the phonon-drag to be strongest at 60 K. Figure 40 ex-
hibits a slight increase of S,, around 70 K possibly related to the
phonon-drag. Experiments on the magnetoseebeck effect in Cu,
Au and Ag wires showed that the phonon-drag contribution can
be enhanced by the magnetic field.?®® Therefore, the positive
MS between 80K and 130K could be explained as a magnetic
field enhanced phonon-drag. The different temperature window
could be explained if the Debye temperature is higher than ap-
proximated above.

The other contribution to the thermopower stems from the
charge carriers dragged along with the magnon heat flux. An ex-
ternal magnetic field modifies the magnon population and, thus,
influences the magnon-drag. Experiments indicate a decrease
of the magnon-drag contribution to the Seebeck with increas-
ing external magnetic field.’* This effect could explain the sign
change of the MS in Co35n,S, observed at temperatures below
8o K. However, a more comprehensive investigation of the MS is
needed to disentangle the involved mechanisms. This could for
example include MS measurements towards lower temperatures
combined with specific heat measurements.

Anomalous Nernst Effect

The anomalous Nernst effect (ANE) is the thermomagnetic coun-
terpart to the AHE (cp. chapter 4). Both effects are characterized
by the same experimental fingerprint i.e an additional contribu-
tion, which scales with the magnetization of the sample rather
than the external magnetic field. The measurement setup for the
ANE is comparable to the setup used for measuring the Seebeck
effect. A thermal gradient is applied along the x-direction and
the transverse voltage drop V is recorded (cp. Figure 43). The
transverse Seebeck coefficient is evaluated as:

Vy

> T VT-w
where V is the transverse voltage, w is the sample width and VT
is the temperature gradient. Figure 44 depicts the transverse See-
beck coefficient Sy, recorded for external magnetic field sweeps

S

(33)
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along the z-direction at different temperatures. The traces exhibit
a constant slope in the high field region (yoH, > 5T), which stems
from the ordinary Nernst effect. Note that the ordinary Nernst
signal can originate from both, the Co35n,S, micro ribbon as well
as the Pt contacts. A step like change of Sy, is visible around zero
tield which is related to the anomalous Nernst effect. The magni-
tude of the anomalous Nernst effect is extracted by a linear fitting
of the high field part and extracting the intercept with the ordi-
nate for each temperature. In particular, this allows to evaluate
the anomalous contribution also for temperatures in the vicin-
ity of the ordering temperature where the transverse transport
signals exhibit more s-shaped traces. The transverse Seebeck co-

15_ T T T ]

Syx (LV/K)

Figure 44: Exemplary transverse Seebeck coefficient (Syx) traces recorded for
external magnetic field sweeps along the z-direction. The listed temperatures
correspond to the average sample temperature. An anomalous contribution is
visible for all three temperatures.

efficient is, like the transverse resistivity, an off diagonal tensor
component and is thus odd with respect to the external magnetic
field. This antisymmetric behavior is used to correct for possible
offsets caused by non-ideal contact placement with the following

formula: N N
S X(B) - S x(_B)
S}éx =2 5 - (34)

Already the exemplary Nernst sweeps depicted in Figure 44 indi-
cate a sign change between 112 K and 171 K. Figure 45 depicts the
extracted anomalous Nernst coefficient as a function of the aver-
age sample temperature to study the temperature dependence of
the Nernst coefficient in more detail.

The data of three different contact pairs is shown, yielding
qualitatively and quantitatively similar results. For each contact
pair the individual temperature gradient from the gradient evalu-
ation has been used to calculate the transverse transport response
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Figure 45: The extracted anomalous Nernst coefficient 53} of three different pairs
of sample contacts as a function of the average sample temperature. A sign change
at approximately 140 K is visible for all contacts.

from the thermovoltage V. The anomalous Nernst effect is zero
in the paramagnetic phase for temperatures above 200 K. How-
ever, it becomes finite already 25 K above the ordering tempera-
ture of 175 K. This is again, as for the AHE, due to the increasing
magnetic susceptibility close to the ordering temperature. After
reaching a maximum value of 1 pVK™ at 170K, S}‘?X starts to de-
crease with decreasing temperature. The anomalous Nernst coef-
ficient switches sign around 140 K and reaches a negative max-
imum of —3.8 uVK™" at 75 K. The magnitude of S}‘f‘x decreases
again below 75K and tends towards zero. As for the longitudi-
nal Seebeck coefficient also the transverse Seebeck is expected
to vanish for T — 0. The maximum magnitude of —3.8 pVK™" is
consistent with two earlier reports of —4 pVK™ and —3 pVK™
for the anomalous Nernst effect in Co;5n,S,.19%¢3 However, both
groups did not observe a sign change of the anomalous Nernst
coefficient.

Interestingly, only the ANE, and not the AHE, changes sign
within the considered temperature range. We compute the anoma-
lous Nernst conductivity a,, (ANC), to obtain further insight
into the thermomagnetic transport properties:

Syxpxx - Sxxpyx

Ayx = (35)
” PFx + O5x

This equation is derived from Eq. 30. Comparing the terms in
Eq. 35 with Eq. 15 one finds an equivalent form:

“yx = Syx(fxx + Sxxayx (36)

Figure 46 depicts the ANC as a function of temperature calcu-
lated according to Eq. 35. The ANC is zero in the paramagnetic
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regime. However, also the ANC becomes finite slightly above
the magnetic ordering temperature as do the AHE and ANE. It
increases for temperatures below 200 K and reaches a maximum
of 4Am™ K™" at 150 K. &y, decreases below 150 K and the trend

Qyx (A/ m-K)
N
-

50 100 150 200 250 300
T (K)

Figure 46: The temperature dependent anomalous Nernst conductivity calculated
according to Eq. 35. Note that the bar height of each data point corresponds to
the error.

indicates a sign change below 40 K. The qualitative and quantita-
tive behavior is in very good agreement with the experimental
results published by Ding and coworkers.’* The extensive elec-
tric and thermomagnetic measurements performed by Ding and
coworkers on various Co35n,S, crystals with different purity in-
dicate that the main mechanism for the ANE is also of intrinsic
origin.

In conclusion Co35n,S, exhibits a large anomalous Nernst
conductivity, which is related to the complicated and interesting
band structure of this compound. Furthermore, the sign change
in the anomalous Nernst coefficient has not been reported be-
fore. To further investigate this feature a test of the Mott relation
proposed by Pu and coworkers is carried out for Co;5n,S,.1%4

Test of the Mott relation

The Mott relations link different transport quantities, in particu-
lar the thermopower and the conductivity. However, the validity
of the Mott relations is limited to the case of weakly interacting
charge carriers.'®5 In the special case of metals, where the trans-
port occurs mainly close to the fermi level, it is possible to further
simplify the Mott relation to:

k3 ([ do
— T| —
=2 (aE )ﬂ (37)
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where kg is the Boltzmann constant, e the elementary charge, T
the temperature and (do/dE),, is the energy derivative of the con-
ductivity at the chemical potential. This formula can be written
for the Seebeck tensor as:

2279
s=" BT( ”) (38)
H

3ec ﬁ

M. Cutler and N.F. Mott argue that (do/dE ), in Eq. 37 does
not change with temperature at low temperatures and thus yields
a linear dependence of « on the temperature. This is often ob-
served and interpreted as validation method of the Mott relation.
However, Pu and coworkers derived another test of the Mott re-
lation for the AHE and ANE in the ferromagnetic semiconductor
Ga_Mn,As starting from Eq. 37 evaluated for the transverse

component:*6®
7'(2](2 oo
gy = BT( yx) (39)
1

3e oE

They further assume a power law dependence between the
longitudinal and transverse transport response. For the resistivity
this takes the form of p,;, = Ap}, and for the conductivity oy, =
AoZ™. With this, one can write the energy derivative in Eq. 39
as:

oleg oA olog
yx — | 2-n _ 1-n | 27XX
H H H
Rewriting Eq. 38 for the longitudinal Seebeck coefficient S,
yields:
00 3e
(%) - S (41)
H

Now Eq. 41 is inserted in Eq. 40 and subsequently Eq. 40 in Eq. 39.
This gives another form of Eq. 39:

m2kg [ OA
Ay = U)%;H(VBT<£> —A(D—Z)SXX) (42)
I3

In the last step Ao A ™ is replaced by 0yx and oy, approximated

as % Thus, yielding the final expression for a
XX

yx-

X 7T2k2 oA 1
wa_ ‘0_}’( BT(_> X_(n_z)sxx) (43)
H

02\ 3e oE
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An expression for Sy, can be derived in a similar manner:

_ Py (T (B_A) 1
syx—pxx( e L\ 3F » (n =15 (44)

Figure 47 depicts the anomalous Nernst coefficient as a function
of temperature for different Mn contents in Ga;_,Mn,As (open
symbols) reported by Pu and coworkers. The solid lines repre-
sent fits of Eq. 44 using (dA/JE),1/A and n as fit parameters.
The agreement between fit and measurement is interpreted as

Syx (uV/K)

0 50 100 150 200
T (K)

Figure 47: Temperature dependence of the Nernst coefficient of Ga;_ Mn, As with
different Mn contents. The solid line represents best fits to Eq. 44. The data is
taken from Pu et al.®®

the Mott relation holding for this compound. One can expect to
describe Sy, and ay, with the same set of parameters, as success-
fully done for different materials.167-168.169 Eyrthermore, the fit
parameter n describes the exponent of the power law and, thus,
can be used to distinguish between the intrinsic and extrinsic
regime, where n = 1 characterizes the extrinsic and n = 2 the
intrinsic regime.

We now turn to the temperature dependent Nernst coefficent
and ANC in Co35n,S,. The shaded regions in Figure 48a,b rep-
resent the corresponding curves calculated from Eqgs 44 and 43,
respectively, with (dA/9E), /A = —4.8 x 10'° and n= 2.3. Figure
48c,d displays the difference between the measurements and the
calculated curves. Remarkably, both AS}‘,*X and Aay, look very sim-
ilar and point toward a systematic contribution not considered
in Egs 43 and 44.

The test proposed by Pu and coworkers is only valid up to
a certain (bandstructure dependent) temperature. Above this
temperature the, neglected higher order terms start to contribute.
Considering the small size of the Fermi surface pockets, it is not
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clear whether this temperature is within the temperature range
of the experiment or not. We considered, therefore, higher order
terms which can be obtained by expanding in temperature the
formula:

]. inf aayx
ey (T) = - f_mfde o s(e, T) (45)

where €is the elementary charge and s(¢, T') is the entropy density
associated with carriers of energy €.'7"'7> However, we could
not improve the fit quality with, for example, a cubic term.

It is interesting how large the deviation is around the critical
temperature. Figure 48e,f depicts the isothermal entropy change
in Co35n,S, caused by an external magnetic field obtained from
magnetocaloric measurements.'”3 The change in the configura-
tion entropy associated with the magnetic degrees of freedom
changes with the external magnetic field at temperatures close to
the critical temperature. The similarities between Figure 48c,d
and Figure 48e,f suggest that magnetic degrees of freedom influ-
ence the entropy-flow responsible for the Nernst effect. Magnetic
fluctuations are important for the ANE since they effectively re-
store time-reversal symmetry at higher temperatures, hence mak-
ing the ANE vanish. The present analysis indicates that magnetic
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fluctuations can help to enhance the ANC at the critical tempera-
ture.

The question remains whether this is a generic behavior for
ferromagnetic materials close to the ordering temperature and
if so, why it was not reported previously. One aspect is the sign
of the additional contribution. In the presented case of Co35n,S,
the sign of the anomalous Nernst coefficient around the magnetic
ordering temperature is opposite to the coefficient at lower tem-
peratures. Thus, the deviation between calculation and experi-
ment is obvious in Figure 48a. However, for the ANC the addi-
tional contribution has the same sign and thus creates a shoulder
rather than a sign change in the experimental data. Upon fitting,
the deviation caused by this shoulder appears less dramatic and
could almost be assigned to experimental uncertainties.

Figure 49 depicts the ANE coefficient for Gay 93Mn ;;As and
a calculation according to Eq. 44 for different parameters as in
Figure 47, chosen such that the calculation matches the experi-
mental data especially in the low temperature regime. This ex-
ample indicates that the contribution discussed above is present
also in other ferromagnetic materials. However, it can be harder
to detect if the contribution creates a shoulder instead of a sign
change. Also there are experiments reported where the fit is only
shown below the critical temperature and therefore no deviation
is observed.75:176

The analysis above indicates that the entropy associated with
magnetic degrees of freedom close to the critical temperature can
be important for the magnitude of the ANE. This provides a clear
motivation for a theoretical description of the anomalous Nernst
effect in the full temperature range. Such challenging theoretical
development would constitute a rich playground linking paradig-
matic problems such as transport phenomena originated in the
Berry phase and long-range spontaneous symmetry breaking.'77
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Summary and Outlook

Summary

The results of various magnetotransport experiments in Coz5n,S,
microstructures are reported in this thesis. As a magnetic Weyl
semimetal, Co35n,S, displays intriguing physics, originating
from its topological as well as magnetic properties. This leads to
many interesting transport responses, including the anomalous
Hall effect, the anisotropic magnetoresistance and the anomalous
Nernst effect.

An important aspect of this thesis, preceding the actual trans-
port experiments, is the successful fabrication of high quality
singly crystalline microstructures. The device platform described
within this thesis is based on the combination of FIB prepara-
tion and laser lithography. The high quality of materials grown
by single crystal growth techniques in conjunction with the pre-
cise contact definition with laser lithography result in a powerful
platform for general transport experiments.

A particularly large anomalous Hall effect is observed in mea-
surements of the transverse transport response performed in
Co035n,S,. The independence of the anomalous Hall conductivity
from the longitudinal conductivity suggests an intrinsic origin.
Comparing the experimental results with band structure calcu-
lations, using the Berry curvature, gives very good agreement.
Furthermore, the agreement between measurements of the mi-
crostructures with measurements on single crystals demonstrates
the high quality of the microstructure devices.

The magnetoresistance of Co35n,S, is found to be highly
anisotropic. The magnetoresistance at temperatures above 100 K
can be consistently explained invoking the magnon magnetore-
sistance. This effect is present in the ferromagnetic as well as
the paramagnetic phase and exceeds all other MR effects above
100 K. The remarkably strong magneto-crystalline anisotropy of
Co35n,5, along its crystalline c-axis leads to the interesting obser-



vation, that the magnon magnetoresistance appears to depend
on the projection of the external magnetic field on the magnetiza-
tion. Magnon modes are frozen out at low temperature and the
magnon magnetoresistance vanishes. However, the anisotropy
of the carrier mobilities gives rise to an anisotropic orbital mag-
netoresistance. Interestingly, no clear signs of crystalline/non-
crystalline AMR, depending on the magnetization direction, can
be observed.

The transverse transport response in thermomagnetic mea-
surements exhibits a large anomalous Nernst effect. The anoma-
lous Nernst conductivity reaches up to 4 Am™" K" in Co35n,S,.
This is an important aspect for the uprising discussion of alter-
native designs of thermoelectric devices based on the transverse
transport responses. Interestingly, both quantities, the anoma-
lous Nernst coefficient and the anomalous Nernst conductivity,
exhibit a sign change as a function of temperature. However, their
counterparts, the anomalous Hall coefficient and the anomalous
Hall conductivity, display no sign change. This indicates that
the anomalous Hall and Nernst effects indeed probe different
states. Therefore, the combined measurements gives an extended
toolbox for studying topological materials. The Mott relation
is regularly used to connect the different transport coefficients.
Testing one specific formulation of the Mott relation led to the
identification of an additional contribution at the magnetic phase
transition. This contribution appears to be generic for ferromag-
netic materials and it is so far not accounted for by this particular
formulation of the Mott relation. The change of magnetic entropy
at the phase transition is discussed as possible origin for this con-
tribution.

Outlook

The experiments reported in this thesis reveal interesting aspects
which are not fully resolved, yet, and can be studied in future
experiments. One example is the magnetic structure of Co35n,S,.
Even though many details are reported through out various pub-
lications, the origin and properties of the anomalous magnetic
phase directly below the ordering temperature are yet not un-
derstood. The Kerr microscopy investigations reported in this
thesis illustrate that the anomalous phase is not connected to the
bubble domains formed during field cool experiments.
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Two contributions to the highly anisotropic magnetoresis-
tance in Co35n,S, are successfully resolved. However, the com-
plex results of the AMR measurements at low temperatures in-
dicates further contributions. Experiments in large magnetic
tields, only attainable in high-field laboratories, could be used
to coherently rotate the magnetization in presence of the strong
magneto-crystalline anisotropy and, thus, resolve other AMR
contributions.

It is the first time that a deviation from the particular formu-
lation of the Mott relation is reported. Looking at other investi-
gations from this perspective indicate that this is a generic effect.
Further thermomagnetic transport experiments in proximity to
the magnetic ordering temperature of different materials could
be used to study the origin of this contribution in more depth
and test the connection between the additional contribution and
the change in magnetic entropy related to the phase transition.

In this thesis, it was demonstrated that the microstructure de-
vices fabricated by FIB cutting and lithography are suitable to
study the anomalous Hall and anomalous Nernst effect, since the
fabrication procedure can preserves the salient transport prop-
erties of high quality single crystals. Both transport responses
can give insight into different extrinsic and intrinsic transport
mechanism. Therefore, similar transport experiments should be
performed on single crystal microstructures of various topologi-
cal materials employing this magnetotransport platform.
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