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ABSTRACT

This thesis outlines the development of two new techniques that exploit very small
structures, on the micro- and nano-scale, to enable innovative electrical transport
measurements on a variety of materials of current interest in condensed matter
physics.

The first technique aims to apply the versatility of electron-beam lithography
for micro-fabrication of patterned electronic circuitry to the problem of perform-
ing transport experiments on individual crystallites taken from a typical powder
sample. We show that these small samples, tens of microns in size, are actually
often very high quality single crystals and can be exploited for measurements of
electrical transport in materials of which no larger crystals are available. By way
of demonstration, we present the results of preliminary transport measurements
on a crystallite of the layered oxide chalcogenide Sr,MnO,Cu, ;Se,. We report a
phase transition in the resistivity at 213 K which may correspond to the onset of
previously reported short-range order in copper and vacancy sites in the Cu, ;Se,
planes.

The second technique is designed to investigate the topological protection of
surface transport in 3-D topological insulators. We decorate the surfaces of single-
crystal samples with two different species from a well-characterised family of
single-molecule magnets. The two coatings have an electrostatically identical in-
fluence on the sample surface, but differ in that one species carries a spin and the
other is spinless. The spinless molecule acts as a control, to allow us to cleanly
determine the influence of the magnetic component of a scattering potential on
transport in the surface. With this technique we investigate proposed topological
Kondo insulator SmBs. We find that the surface state dominates low-temperature
transport and demonstrate that the momentum relaxation is very sensitive to a
spin degree of freedom in the scatterer, in keeping with expectations of a topolo-
gical insulator.
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You're an idiot! —

Lucy Judson on thermodynamics
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OUTLINE OF THESIS

The work reported in this thesis falls into two quite distinct parts, but a unifying
theme is the innovative application of nano- and micro-scale structures to prob-
lems of much larger-scale electrical transport measurements. This has resulted
in the development of two new techniques that, it is hoped, may yet find much
broader application than the few experiments reported here.

Part I relates the development of a new method for printing conducting metal
contacts onto crystallites of inorganic materials with dimensions as small as about
10 pm. The intention of this work is that it should enable standard electrical trans-
port measurements, in low temperatures and high magnetic fields, on a very wide
range of materials. A great many materials of interest in studies of magnetism,
correlated electron dynamics and related phenomena are routinely synthesised as
powders, but are not as readily available in larger single crystals. We show here
that the individual grains in such powders are typically well-formed crystallites,
tens of microns in size—too small for measurement using conventional electrical
transport techniques but of very high quality. In developing our new method, we
hope eventually to be able to take advantage of the abundance of powder samples
of materials for which there exist, as yet, no larger single crystals and thereby

enable electrical transport measurements on previously inaccessible systems.



OUTLINE OF THESIS

This new method is an application of electron-beam lithography on an uncon-
ventional substrate assembly. Chapter 2 therefore provides a description of the
key features of scanning electron microscopy and electron-beam lithography, by
way of introduction. Chapter 3 then presents an investigation of the structure
and morphology of crystallites from various representative powder samples of in-
organic compounds with layered crystal structures. It also describes the design and
ongoing development of our technique for making lithographically patterned elec-
trical contacts on such crystallites. Finally, by way of demonstration, it presents
the results of preliminary transport measurements on a crystallite of the layered

oxide chalcogenide Sr,MnO,Cu, ;Se,.

Part II of this thesis describes a new technique for the investigation of sur-
face transport in 3-D topological insulators. These materials have recently been of
intense interest for unusual features of their surface bandstructure, which is pre-
dicted to guarantee very good surface conduction due to a locking of the spin and
crystal momentum of surface quasiparticles, even when the bulk of the material is
a band insulator. To date, transport measurements of this phenomenon have often
been hampered by the difficulty of teasing apart the interplay of bulk and surface
conduction. Furthermore, whilst previous investigations of the unique spin char-
acteristics of the surface state have often exploited magnetic dopants in an effort
to disrupt the surface spin currents, it is difficult to distinguish the magnetic influ-
ence of such dopants from their electrostatic effect. In this part of the thesis, we
demonstrate our development of a method in which we decorate the surface of a
putative topological insulator with two different species from a well-characterised

family of molecular magnets. The two coatings have an electrostatically identical
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influence on the topological insulator, but differ in that one species carries a spin
and the other is spinless. In this technique, the spinless molecule acts as a con-
trol, to allow us to cleanly determine the influence of the magnetic component of
a scattering potential on transport in the surface state.

Chapter 4 provides a preliminary reminder of a few magnetoresistance tech-
niques that were used in the work described in the following chapters. Hall effect
and magnetoresistance measurements will be used in the following chapters to in-
vestigate surface and bulk transport in a proposed topological insulator. Chapter 5
presents a review of the discovery of topological effects in condensed matter phys-
ics and of the prediction and discovery of topological insulator materials. Various 3-
D topological insulators are discussed for their suitability as subjects of a transport
study and SmBy is identified as the best candidate system. Chapter 6 presents de-
tails of the structure and magnetic properties of two molecular magnet compounds.
It then describes a series of transport experiments on samples of SmBg using these
molecular magnets, deposited on the samples by thermal sublimation, to demon-
strate that a surface conduction channel dominates low-temperature transport and
that the surface state momentum relaxation is very sensitive to a spin degree of

freedom in the scatterer.

In each part, we report the development of a new method for making transport
measurements on interesting systems in condensed matter physics. It is the inten-
tion of this work that, with refinement, the techniques outlined here might be of
more general applicability than the specific examples we have investigated. The
technique for measuring micron-scale crystallites, described in part I, is intended

to be of use in studies of a range of different inorganic materials, for which large
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single crystals do not yet exist. Similarly, the use of molecular magnets to provide
scattering potentials with independent electrostatic and magnetic components, de-
scribed in part II, may be useful in determining the transport properties of many
different topological insulator materials as well as other materials with unusual

surface states.
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PRINTED CONTACTS FOR MICRON-SCALE

SINGLE-CRYSTAL TRANSPORT MEASUREMENTS

In spite of modern developments, it is still necessary
for the lithographer to be a craftsman. .. There are so
many processes dependent on skill of hand and
judgement of eye.

D Cumming on the Training of Apprentices [1]






ELECTRON MICROSCOPY AND LITHOGRAPHY FOR

NANOFABRICATION

This chapter describes some of the well-established experimental techniques that
were used in the work recounted in chapter 3. It begins with an introduction to ima-
ging below the resolution limit of visible light with scanning electron microscopy
(sEm). It then describes how electron-beam lithography (EBL) uses a modification

of the same focussed-electron technology for micro- and nano-fabrication.



ELECTRON MICROSCOPY AND LITHOGRAPHY FOR NANOFABRICATION

Even before Richard Feynman issued his now famous challenge to take advant-
age of the ‘room at the bottom’ [2], the rudimentary practicalities of writing micron-
scale features with an electron beam had already been established [3]. Neverthe-
less, nanofabrication techniques are today predominantly the preserve of applic-
ations and research in device engineering and remain under-exploited in many
branches of solid state physics research. Much of the experimental work reported
in the first part of this thesis has involved unconventional applications of micro-
and nanofabrication techniques. These have necessitated the development of modi-
fications to more conventional fabrication procedures. To allow the reader to bet-
ter understand these modifications, there follows a short introduction to the estab-
lished techniques of scanning electron microscopy and electron-beam lithography,
as used in this work. More detail on development of the modified techniques can

be found in chapter 3.

2.1 SCANNING ELECTRON MICROSCOPY

Many techniques exist for imaging objects below the resolution limit of visible
light but perhaps the most versatile is scanning electron microscopy (SEm). Until
its development in the 1930s [4], there had been no very significant improvement
in general-purpose microscopic imaging since Hooke had first captivated scientist
and non-scientist readers alike with his Micrographia [5]. Successive technological
developments have refined the scanning electron microscope and today it is a key
imaging tool in micro- and nanofabrication, as well as in other areas of the physical

and the biological sciences [6]. Because of the complex depth profiles and charging
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Figure 2.1: Schematic cross-section of the electron optical system of a typical SEm or EBL
apparatus. Reproduced from [7].

characteristics of the fabricated structures described in chapter 3, it will be helpful
to the reader to have an understanding of the sem techniques used here.
SEM exploits the short wavelength of moderately high-energy electrons to achieve

a resolution limit of order 1 nm, an improvement of two to three orders of mag-
nitude over standard optical microscopy [8, 9]. For the highest resolutions, the
electron source is typically the atomically fine tip of a tungsten wire cathode, from
which electrons are stripped by field emission. They are then accelerated in an
electric field to 1-100 keV through the evacuated column of the electron optical
system (£0s), which consists of various apertures, shutters and magnetic lenses.
These shape and focus the beam and adjust its stigmation, much like the optics of
a light microscope. The shutter and the deflecting lenses can also be used to effect-
ively shut off the beam so that the electron current at the base of the column can

be switched on and off. A schematic of a typical such Eos is shown in figure 2.1.
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Volume of
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Figure 2.2: Incidence of an electron beam on a thick sample. Backscattered electrons
are energetic enough that they can escape from several microns deep within
the sample, whereas the less energetic secondary and Auger electrons have a
shorter mean free path and can only escape where they are generated within a
few nanometres of the surface. X-rays are also generated due to the creation of
vacancies in the inner electron shells of atoms in the solid. Adapted from [10].

At the base of the EOs column, the beam enters a sample chamber, which is
usually under vacuum, where the object of study is mounted on a translation and
rotation stage. When the electron beam strikes the solid object, the incident, or
primary electrons undergo various elastic and inelastic scattering processes that
produce various forms of radiation [8, 9], illustrated in figure 2.2. In addition to
generating bremsstrahlung and cathodoluminescence, some primary electrons are
scattered back out of the sample by elastic and near-elastic collisions as deep as
several microns within the solid. An appropriate detector can be used to detect
these backscattered electrons and either to image the sample or, in the case of a

crystalline solid sample, to explore its crystallography by resolving the electron
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Figure 2.3: Monte Carlo simulation of the scattering of fifty primary electrons and the gen-
eration of secondary electrons when a 20 keV electron beam strikes a solid. The
target material is a 300 nm-thick layer of Pmma on silicon. Reproduced from

[11].
backscatter diffraction (EBsD) pattern. Important inelastic processes include the
creation of so-called secondary electrons by the liberation of an inner-shell elec-
tron by the collision of a primary electron with an atom. Secondary electrons have
much lower mean energy and mean free path than the scattered primary electrons
and so they can only escape the sample where they are generated within a few
nanometres or tens of nanometres of the surface. Hence they provide an excel-
lent surface imaging tool with better resolution of topography than backscattered
electrons. Secondary electrons are detected using an Everhart-Thornley detector,
which gathers the electrons with a positive-charged collector and counts them
using a combined scintillator-photomultiplier. Figure 2.3 shows the scattering of
primary electrons and the generation of secondary electrons in a silicon sample

coated with poly(methyl methacrylate) (pMmA). Using the beam position deflector

(b) Generation of secondary electrons
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(see figure 2.1) to scan the electron beam over the sample surface, the detection
of backscattered electrons or, more usually, secondary electrons allows an image
of the entire surface to be constructed. Because the electron beam typically has a
very high depth of field, very sharp images can be obtained, even where samples
have out-of-plane feature heights of order 1 pm.

In addition to high resolution imaging and crystallography, sem can be used to
determine chemical composition with similar spatial precision by means of energy
dispersive x-ray spectroscopy (EDx) and Auger spectroscopy [10]. Both techniques
rely on the fact that the stimulation of secondary electrons leaves vacancies in the
inner electron shells of excited atoms throughout the region excited by primary
electrons. An electron filling the vacancy can either emit an x-ray as it relaxes or
transfer the same energy to an outer shell electron, which is emitted as an Auger
electron. Because, like secondary electrons, Auger electrons must overcome a bind-
ing energy to escape the atom, they are qualitatively similar, but with even lower
mean energy and shorter mean free path. Hence they can only escape the upper-
most few nanometres of the sample. The x-rays, by contrast, can be detected from
anywhere within the region of excitation. Both these x-rays and the Auger elec-
trons have energy spectra that are characteristic of a particular electronic structure.
Careful analysis of a spectrum can therefore yield a detailed elemental composition
of the target.

Because the electron beam continually deposits a negative charge in the sample,
this must be dissipated. If it is not, the beam can be deflected by the accumulated
potential, which distorts the image and limits the achievable resolution. For this
reason, the best results are achieved with conducting samples, which must be elec-

trically connected to ground through the sample stage. Samples which are not
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sufficiently conducting need either to be coated with a thin conducting layer, such
as sputtered gold, or imaged with a variable pressure scanning electron microscope
(vpsEM) [9]. In the latter, the sample space and the Eos column are separated by
two or more small, pressure limiting apertures, which allow differential pumping
of the chambers. In this way, an atmosphere of a certain gas, often water vapour,
can be maintained around the sample, while the Eos remains at high vacuum. Ion-
ised gas molecules in the sample space provide a discharge path for the deposited

electrons in the sample.

2.2 ELECTRON-BEAM LITHOGRAPHY

Some materials, when exposed to an electron beam, undergo chemical changes
which can be exploited to perform electron-beam lithography (EBL) on a substrate
[7]. Materials which harden on exposure to the electron beam and become more
difficult to remove from the substrate, while the unexposed parts are more easily
washed away with a developer solvent, are referred to as negative-tone resists.
Materials which become easier to remove after exposure are known as positive-
tone resists. Although in SEM the electron beam is scanned across the entire sample
surface, the same E0s can be used to direct the electron beam according to a specific
pattern. By patterned exposure of a resist and removal of the susceptible parts, one
can create a mask, through which other materials may be deposited. The mask,
and any material deposited on it, may subsequently be removed by a solvent more
aggressive than the developer in a process called ‘lift-off’. All that remains of the

deposited material is the unmasked portion, i.e. a negative of the mask pattern. If
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(a) 10 keV beam (b) 20 keV beam

Figure 2.4: Monte Carlo simulation of the scattering of 100 primary electrons when elec-
tron beams with different incident energies strike a solid. The target material
is a 400 nm-thick layer of PMMA on silicon. Reproduced from [12].

the deposition of the coating material results in reasonably uniform coverage of all

surfaces, as in sputtering, lift-off tends to be more difficult than if the deposition

is directional, as in thermal evaporation. This is because coating the side-walls of

the developed resist can prevent a clean break between the masked and unmasked

portions of the deposited material.

The resolution of EBL is limited by more than just the resolution of the Eos. Be-
cause of the spread of backscattered and secondary electrons within the resist,
written features show a pronounced bleed around the path of the electron beam.
Figure 2.4 shows how a lower electron beam energy may counter-intuitively result
in more energy dumped in the resist layer. Lower beam energies often have broader
written features as the spread of scattered electrons is more spherical and less like
the teardrop shape of higher beam energies. A commonly used positive-tone res-

ist is poly(methyl methacrylate) (PMmA) [13—-15], which affords a very high max-
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imum resolution of tens of nanometres when written with a beam of 30-100 keV.
PmMmma is available in several different polymerisations and dissolved in chloroben-
zene or anisole. A commonly used technique is to employ bi-layer PMMA—a sub-
strate is coated with a layer of pmMA with a lower molecular weight (i.e. shorter
polymers) followed by a layer with a higher molecular weight (longer polymers).
When developed, the lower layer is more readily dissolved than the upper layer
and so an under-cut develops at the edges of the pattern. When other material is
subsequently deposited onto the patterned pPmMma, this helps to maintain a separa-
tion between the masked and unmasked material, thus aiding lift-off, particularly
where sputtering is the deposition method.

The work described in chapter 3 has involved the development of a specialist
application of EBL to samples on non-standard substrates. This technique required
the imaging by sem of electrically insulating substrates. As such, various discharge
methods were explored, including a coating of conducting polymer, a sputtered
gold coating, and the use of vPsEM. The work also involved the use of pMmA res-
ist and careful optimisation of beam energy to achieve the best possible resolu-
tion. Both 495 kgmol~! and 950 kg mol~! polymerisations of PMMA were used,

dissolved 8 % by weight in anisole.
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ELECTRICAL TRANSPORT MEASUREMENTS ON

MICRON-SCALE SINGLE CRYSTALS

The synthesis of a great many materials of interest to condensed matter physicists
usually involves the creation of powder samples consisting of small crystallites,
tens of microns in size. Such samples are too small for conventional single-crystal
transport measurements and so larger crystals must be grown, which is often diffi-
cult and time-consuming. This chapter details the development of a novel proced-
ure that instead aims to permit transport measurements on the small crystallites
that can easily be obtained from a typical powder. The structural and morpholo-
gical characteristics of such crystallites is explored, and a technique proposed for
making electrical contacts on a single crystallite by means of an unconventional
application of electron-beam lithography (EBL). Details of the ongoing develop-
ment of the technique are reported, along with some early results of its use in
simple transport experiments.

Chapter 2 details some of the established fundamentals of nanofabrication and
EBL. A passing familiarity with these techniques is assumed here and, if unfamiliar

with them, the reader is referred to sections 2.1 & 2.2 for an introduction.
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ELECTRICAL TRANSPORT MEASUREMENTS ON MICRON-SCALE SINGLE CRYSTALS

3.1 MOTIVATION

In the mid-1980s, the celebrated discovery of superconductivity at unpreceden-
tedly high temperatures in certain cuprates [16—18] reinvigorated interest in the
study of superconductors. Since then, much work in the study of correlated elec-
tron systems has been preoccupied with highly anisotropic systems. In common
with the cuprate superconductors, many other unconventional superconductors
have a layered crystal structure, with the resultant dynamics of the charge carri-
ers being quasi-two-dimensional [19].

To understand such systems, it is key to be able to resolve the anisotropy of
their physical properties. Ideally, one measures single crystal samples. In the case
of an electronic transport measurement, electric and magnetic fields can then be
applied along different axes in order to investigate the ways in which the material’s
transport properties depend on orientation. In practice, however, the chemical
synthesis of such compounds often yields a powder sample—an amalgam of small
crystallites in random orientations. Synthesis is often done by sintering [20, 21]:
the reagents are ground to a powder to increase the exposed surface area, mixed,
and heated in a furnace to sufficient temperature that the ions become mobile and
the desired phase becomes thermodynamically accessible. Like the reagents, the
resulting product is a powder, composed of crystallites which may be of the order
of microns or tens of microns in size. In contrast to single-crystal measurements,
a great deal of information about the anisotropy of the physical properties is lost

in measuring a powder sample.



3.1 MOTIVATION

Conventional techniques for Dc transport measurements usually require wires
to be fixed to a material by hand using solder or a conducting adhesive. For this
to be possible, samples must typically be several hundreds of microns or even
millimetres in size. The limitation is the precision of human manipulation. Un-
fortunately, this rules out the measurement of many samples as synthesised. The
growth of larger crystals is an art in itself and may introduce additional challenges
in the form of defects and dislocations in the crystal structure [22, 23]. Some sys-
tems are not readily amenable to growth and this limitation can be a barrier to
better understanding new systems. Even when there is no structural obstacle to
crystal growth, new materials are very often first synthesised as a powder and
only grown into larger crystals after some months or years of research, delaying
their accessibility for transport measurements. For example, in the case of the
cuprate superconductors, a great many systems were synthesised rapidly follow-
ing the discovery of the first high-temperature superconductor [24] but, in each
case, the determination of methods to produce good-quality single crystals took
several years and encountered numerous obstacles [23, 25]. The tiny crystallites in
such a powder, however, are often very good-quality single crystals, as illustrated
in section 3.3. With this in mind, it would be desirable to develop a reliable method
for making contacts for electronic transport measurements on such small crystals

without the need to grow larger samples.
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3.2 EXISTING TECHNIQUES

Attempts have been made before to perform Dc transport measurements on very
small crystals. In 2001, Kim & al’ [26] found that, in trying to grow thin films
of magnesium diboride, they could instead grow very uniform hexagonal platelet-
like crystals with very clean and flat surfaces normal to the c-axis. These crystals
were 20-120 ym in diameter and 2-10 pm in thickness. By fixing the samples to
a substrate using a photoresist as an adhesive, metal contacts were fabricated on
the surface using photo-lithography (pr). This method reportedly yielded contact
resistances smaller than 2 Q. Though it seemed to work extremely well and allowed
for good measurements of the resistivity of MgB,, there seems to be no reported
application of this technique to other samples.

Another method, rather more involved and technically difficult, was demon-
strated by Moll & al’ [27] in measurements, including pulsed magnetic field meas-
urements, to determine the critical current densities and magnetic-field depend-
ence of resistivity in single crystals of the iron arsenide superconductor
SmFeAs(O,F). The authors used a combination of focussed-ion-beam (rF1B) milling,
to cut the samples to shape, and r1B-induced chemical vapour deposition of plat-
inum, to make conducting contacts. In this way, they were able to carve elaborate
sample geometries from a single crystal and simultaneously measure resistivity
in the a-b plane and in the c-direction. Though extremely elegant, the technical
sophistication of this technique makes it difficult to apply quickly and repeatedly

to several samples.



3.3 DERIVING SINGLE CRYSTALS FROM A POWDER

It would clearly be desirable to develop a generic method to address the inac-
cessibility of typical as-synthesised sub-50 um single-crystal samples for transport
measurements. A method that can be used reliably for a wide range of systems and
sample geometries would enable single-crystal measurements on a host of systems

currently beyond the immediate reach of the conventional methods.

3.3 DERIVING SINGLE CRYSTALS FROM A POWDER

The sample materials studied throughout this chapter were all sintered powders,
provided by Simon Clarke of the Inorganic Chemistry Laboratory at the University
of Oxford and his students Jack Wright and Genevieve Allcroft, except the samples
of La, ;51 ,5CuO, which were small shards broken from a single crystal provided
by Dharmalingam Prabhakaran of the Clarendon Laboratory.

In order to determine whether it would be possible to develop a method for meas-
uring the transport properties of micron-scale crystallites derived from a powder,
it is important to understand the typical characteristics of their morphology. We
used seM to inspect individual crystallites, and x-ray diffraction to determine their
structure and to check the quality of the crystallites and the typical incidence of
crystal twinning. Figure 3.1 shows examples of typical samples of a variety of ma-
terials. The key characteristics common to all these materials are that they show
well defined faces and have a tendency to form platelet-like crystals with diameters
of tens of microns and thicknesses of order 1 um. With an appropriate diffracto-
meter, x-ray crystallography can be performed, even on such small crystallites.

We used an Agilent SuperNova diffractometer to show that the crystals with the
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HV 0 um
0 k 5.6 mm SHL1 bstrate 6 stacks

(a) Powder of LiOHFeSe crystallites (b) Agglomeration of LiOHFeSe powder

LiFeSe interca

WD

10.2 mm

(c) FeSe crystallite

Figure 3.1: SEM images of typical crystallites of various materials, obtained from powder
synthesisis. In each case, the crystallites have been scattered on an amorphous
quartz substrate and fixed to it with a photoresist as an adhesive.

a: A powder of LiOHFeSe crystallites, viewed from above, showing their uni-
formly platelet-like morphology.

b: An agglomeration of LiOHFeSe powder, viewed obliquely, clearly showing
the thickness of the crystallites and their clean surfaces.

c: A crystallite of FeSe, viewed obliquely, with visible terraces, indicative of the
layered structure.

d: A crystallite of FeSe, _ , Te,, with x =~ 0.02, viewed obliquely, with clearly vis-
ible terraces and surface contaminants, most likely unincorporated tellurium.
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Figure 3.2: Determination of the structure of a single crystallite of Sr,e;Na, s Fe,As,.

3.3 DERIVING SINGLE CRYSTALS FROM A POWDER
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a-c:  X-ray diffraction pattern, displayed as three reconstructed
15.7 A1 x 15.7 A= slices through reciprocal space, centred on [000]. The
space group is [4/mmm [28], with lattice parameters a = (3.8890 + 0.0004) A
and ¢ = (12.587 +0.004) A. d-e: The platelet-like sample (circled), typical
of this material, taken from a powder and mounted, lying flat on a kapton
support, for x-ray diffractometry. Approximate sample dimensions in the a-b
plane are 25 pm X 25 pym. Crystal axes are shown.
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cleanest and most regular appearance under sem do indeed show excellent crys-
tallinity with minimal twinning. The diffraction patterns from one such crystallite
are shown in figure 3.2. The material, Sr, ¢sNa, ;sFe,As,, is representative of many
such layered compounds. The Bragg peaks are perfectly isotropic in the h-k plane
(figure 3.2¢), with broadening barely larger than than the instrumental minimum
and with no evidence of twinning. There is slightly more broadening along the I-
axis (figures 3.2a & 3.2b). This may represent a higher incidence of stacking faults
between the c-normal layers, as the inter-layer bonding is weaker than the intra-
layer bonding, but it is not sufficient to indicate significant twinning.

The high quality of these clean and well-formed crystals would make them ex-
cellent candidate samples for electrical transport measurements, were it not for
their small size. This motivates the design of a method to exploit these previously

inaccessible samples.

3.4 REQUIREMENTS OF A NEW METHOD

Drawing inspiration from the MgB, work of Kim & al’ [26], a lithographic process
for printing contacts on the top surface of a sample has the promise of almost
universal applicability to inorganic samples (the application of such a method to
samples of most organic materials is probably precluded by the use of organic
solvents in micro- and nano-lithography). The requirements and challenges of
such an unconventional method are detailed below, and in sections 3.6, 3.7 & 3.8
we demonstrate how these requirements have been addressed in the development

of our new technique. We have explored this promising method in some detail and



3.4 REQUIREMENTS OF A NEW METHOD

Metal contact

Sample

-

Substrate ——

Figure 3.3: A challenge in lithographic patterning of contacts on small crystals. Patterning
crystallites, such as those obtained from a powder, is hampered by the sample
thickness. It is difficult to pattern a layer thick enough to avoid broken contacts
at the sample edge.

it appears that very few obstacles now remain to its routine application. Section

3.10 details the few problems that are outstanding.

3.4.1 Space constraints

In order to permit measurements of samples in high magnetic fields at low tem-
peratures, it is desirable to keep the overall dimensions of the mounted sample
assembly small, so that it might fit a wide range of measurement probes in vari-
ous cryostats. In order to use the equipment available in the Clarendon Laborat-
ory, this effectively constrains the assembly to fit within a space of approximately

10mm X 10 mm X 5mm. This means that the substrates on which the sample is
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fixed must be quite small. In spin-coating resists onto the substrate for lithography,
the small size of the substrate reduces the centrifugal effect of the spin-coater.
One consequently risks large edge-beads and rippling of the surface of spin-coated

resists.

3.4.2 Lithography on a sample crystallite

Although, as seen in figure 3.1, the surfaces of powder crystallite samples can be
very clean and uniform, the overall shape and size of such crystals is very variable.
Using conventional micro- and nanofabrication techniques such as pL and EBL to
create printed metal patterns usually requires a very flat substrate surface. Sub-
strates that are not flat limit the resolution of the lithographic patterning—in EBL,
focussing is compromised due to the substrate surface departing from the focal
plane of the electron beam optics; in contact or proximity pL, imperfect contact or
variable separation between mask and substrate leads to diffractive blurring at the
edges of features. This may limit the smallest written feature size achievable with
lithographic patterning.

Furthermore, and crucially, vertical discontinuities on the substrate, such as an
affixed sample, would lead to breaks in a deposited metal layer (see figure 3.3). It
is consequently much more challenging to incorporate a crystallite, such as those
illustrated in figure 3.1, into printed device circuitry than to print a measurement
device onto an epitaxially grown film or epitaxially grown crystallites, such as the

MgB, samples of Kim & al'.



3.5 PROPOSED SOLUTION

3.5 PROPOSED SOLUTION

To resolve the challenges of lithographic patterning of non-planar samples, we
have explored an innovative method that involves the encapsulation of a sample
crystallite in a composite substrate, in such a way as to permit conventional planar
lithographic patterning. A sample is enclosed in a thick layer of negative-tone
photoresist (i.e. resist that cross-links and hardens on exposure) on a substrate
that is transparent to uv light. The photoresist is exposed to uv radiation through
the substrate from below. The small region of resist on top of the sample is shaded
by the sample itself and is therefore not exposed and is easily removed by the
developer solvent, leaving the upper surface of the sample uncoated. By adjusting
the resist thickness, and the exposure and development parameters appropriately
to the sample thickness, one can produce an assembly in which the top surface of
the photoresist and the bare upper surface of the sample are sufficiently coplanar
as to allow lithographic patterning of measurement circuitry on the sample. This
proposed solution is illustrated in figure 3.4.

To this end, we chose to use readily available fused quartz substrates, which
are easily diced to appropriate sizes (in this work, the substrate dimensions were
typically 2.5mm x 2.5mm x 0.35mm) and display ample trasmission in the uv
region of the electromagnetic spectrum [29] to permit exposure of the photoresist.
The resist we have chosen to use is EPON sU-8 [30, 31], primarily because, after ex-
posure and development, it is extremely hard, has very low electrical conductivity,
shows very good adhesion to a substrate and is largely impervious to the solvents

typically used in EBL. These properties make it an ideal resist to form part of the
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< I

(a) Sample on transparent substrate (b) Sample enveloped in resist
(c) Resist developed/etched to reveal sample (d) Sample patterned with metal contacts

Figure 3.4: Schematic of the proposed solution to the problem of lithographic patterning
of contacts on small single-crystal samples. The sample dimensions have been
exaggerated for clarity. a: A sample is fixed to a substrate that is transparent
to uv light. b: The sample is enveloped in a photoresist, which is hardened by
Uv exposure from beneath, through the transparent substrate. c¢: The sample
masks part of the resist, which is removed by the developer, leaving the top
sample surface uncoated. The base substrate and the resist together now form a
composite substrate enclosing the sample. Further etching ensures a reasonably
continuous upper surface where the sample and resist meet. d: The relative
continuity of the top surface of the assembly permits lithographic patterning
of metal contacts on top of the sample and resist.
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1621 x,10.6 mm 28A-4-A after measurement 3. ). v 62 x110.6 28A-4-A after measurement

(a) Lithographically printed tracks (b) Detail

Figure 3.5: Example of a height mismatch between upper surface of the composite sub-
strate and the top of a sample. The sample is Sr, ¢sNa, 5sFe,As,. The photores-
ist has been made too thick for the sample, such that there is a break in the
deposited metal tracks at the sample edge.

proposed composite substrate assembly. It also shows minimal out-gassing in a

vacuum, making it well suited to cryogenic measurements [32].

3.5.1 Practical details of the photoresist exposure

The specific resist formulation used throughout was Microchem su-8 2025, which
is a solution of su-8 in cyclopentanone that can be deposited by spin-coating in a
layer with thickness in the range 20-80 um, dependent on spin speed [33]. Diluted
with additional cyclopentanone, the resist can be deposited in a thinner layer. A
typical procedure was to mix su-8 2025 and cyclopentanone in the ratio 1 : 1 by
volume to achieve layers in the thickness range 1-20 um, with a spin speed of order
3000 rpm. The exact speed was adjusted for each different batch of sample powder,

according to the typical thickness of crystallites in the batch. Resist thickness
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measurements are detailed in section 3.8.1 below. The result of using a resist layer
with a depth poorly matched to the sample thickness is shown in figure 3.5.

Before coating with resist, a bare quartz substrate is first subjected to an oxygen
plasma etch to remove surface contaminants and ensure good adhesion of the res-
ist to the substrate. Once the substrate has been coated with su-8 to an appropriate
thickness, a dusting of sample crystallites is scattered onto the top surface of the
uncured resist. By introducing a single droplet of cyclopentanone (the approxim-
ate volume of the eye of a UK size 8/metric size 60 sewing needle is adequate),
which diffuses through the deposited resist layer, reducing the viscosity and sur-
face tension, the crystallites become immersed and subsumed in the resist puddle.
Alternatively, the powder sample can be mixed with the dilute resist, agitating in
an ultrasonic bath to ensure good dispersion of the crystallites, before spin-coating
the substrate. In either case, the curing parameters closely follow the recommen-
ded values prescribed in the manufacturer’s specifications [33], with appropriate
adjustments to account for the resist thickness.

Because uv exposure equipment designed for conventional pL is designed to
illuminate the masked substrate from above, it was necessary to use an altern-
ative light source for the desired exposure from below. We used a Mega Elec-
tronics Lv202-E UV exposure unit, which is designed for basic photo-etching of
printed circuit-board. It provides a broad uv spectrum with a nominal intensity
of 25Wm 2. The su-8 exposure dose D, as a function of resist thickness d, is
D = % % 107 Jm3, hence the exposure time t = % x 10°sm~!. A 6 um-thick
resist layer, which was found to be adequate for most powders, therefore only re-

quires a four-second exposure.



3.6 CHALLENGES IN PERFORMING ELECTRON-BEAM LITHOGRAPHY

Standard development of the su-8 is performed in 1-methoxy-2-propyl acetate
as per the manufacturer’s recommendations [33], halted with an isopropyl alcohol
(1pa) rinse, and followed by an oxygen plasma etch to remove development residue.
The etcher used was a Polaron PT7160 plasma barrel etcher with the following
parameters—etcher power: 100 W; etcher frequency: 13.56 MHz; oxygen pressure:

~(0.5 mbar; etch time: 90 s.

3.6 CHALLENGES IN PERFORMING ELECTRON-BEAM LITHOGRAPHY

At the outset, certain aspects of this sample preparation technique were anticipated
to present complications in the subsequent lithographic patterning of the sample.
Whereas conventional EBL is typically performed on very flat substrates that are
sufficiently electrically conducting to drain the charge deposited in the substrate

by the electron beam, the peculiarities of our method require special adaptation.

3.6.1 Countering charge accumulation

After embedding crystallites in the composite substrate, it is necessary to image
the assembly in order to determine accurately the position of a target crystallite
and to design a pattern of metal contacts to fit. Due to the high resolution re-
quired, SEm is the most appropriate imaging tool. Although the high resistivity
of the quartz and su-8 is desirable for preventing a short circuit in the transport
measurements, it means that exposure to the electron beam causes the substrate

to accumulate charge and the image to be distorted. It is not desirable to intro-
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duce a conducting surface layer because this may contaminate the sample/sub-
strate surface before EBL and so, instead, a vPSEM was used (see section 2.1). Using
a FEI Quanta Inspect S vPsEM with accelerating voltages between 1-30kV and a
beam current of 1nA, a 0.6 mbar atmosphere of water vapour was found to be
sufficient to permit adequate imaging, as shown in the many micrographs in this
chapter, such as in figures 3.1 and 3.7.

Once imaged, the sample and substrate are coated in an EBL resist. During the
EBL exposure, it is again necessary to drain the deposited electron charge. We com-
pared various conducting coatings, which are deposited on top of the EBL resist
before exposure and removed before development: a spun coat of Showa Denko
ESPACER (a conducting polymer, removed with water), a sputtered layer of alu-
minium (removed with an aqueous solution of sodium hydroxide) and a sputtered
layer of gold (removed with an aqueous solution of iodine and potassium iodide).
The best results were obtained using a 10 nm gold discharge layer, removed by a
30 s immersion in a solution of I : KI : H>O in the ratio 1g : 4 g : 40 ml, halted

by rinsing in de-ionised water.

3.6.2 Patterning the uneven surface

In spin-coating viscous resists onto a substrate, one usually observes an accu-
mulation of excess resist pooling near the edges of the substrate, known as the
edge-bead. In this case, due to the small substrate size, the edge-bead of the
su-8 photoresist will cover a significant fraction of the substrate surface. The con-

sequent defocussing effect on the EBL pattern limits the reliable minimum feature
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size. In practice we found that features much smaller than 0.5 pm were not consist-
ently realisable. Samples and contact patterns therefore had to be chosen carefully
to take this into account.

In addition, the presence of sample crystallites in the resist layer will create a
distorted and uneven surface. This motivated the choice of sputtering to deposit
the metal for the contact pattern, over evaporative deposition. Although we anti-
cipated this causing difficulties in the lift-off of surplus metal, it has benefits for
continuity on and adhesion to the substrate/sample surface and helps to iron out
any small discontinuity that might still exist between the top surfaces of the sample

and resist.

3.6.3 Practical details of the EBL

Various thicknesses and formulations of PMMA and compositions of deposited metal
were tested to determine the best resolution and lift-off characteristics. Because
the deposited metal was sputtered, bi-layer PMMA was expected to provide better
lift-off than a single layer of resist (see section 2.2). Counter-intuitively, bi-layer
pMMA (495 kg mol ~! and 950 kg mol ! molecular weight) actually gave very poor
lift off, even when each layer was 500 nm thick and the deposited metal layer was
only 20 nm thick. By contrast, a single 500 nm layer of 495 kg mol~! pMMmA gave
good lift-off even for much thicker layers of metal. Figure 3.6 shows the cleaner
cut in the metal coating at the pattern edge in the case of single-layer pMMA and
bi-layer pMMA. We do not understand the reason for this, though it may be due to

excessive generation of secondary electrons close to the top surface of the resist
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(a) Poor separation of sputtered metal (b) Good separation of sputtered metal

Figure 3.6: Good and bad examples of post-EBL deposition of metal. a: A large rod-like
crystallite of [3-FeSe (visible in outline), after EBL patterning with eight contacts
and deposition of sputtered metal, but before lift-off. Bi-layer pmma was used
and there is an incomplete break in the metal at the pattern edge. Subsequently,
lift-off resulted in the ripping and removal of the metal contacts. b: A crystallite
of La, 551, ,5CuO, (one edge visible in outline), similarly patterned with a comb
of eight contacts, identically coated with metal and again pictured before lift-
off. In this case, 495 kg mol ! pMma alone was used and there is visibly better
separation of metal at the pattern edge. Lift-off in this case was successful.



3.7 MEASUREMENT

as the electron beam interacts with the discharge layer, leading to overexposure of
the upper layer of PMMA in the bi-layer structure, relative to the lower layer.

A good compromise between resolution and exposure time was achieved with
an electron beam accelerating voltage of 30 kV. The optimum electron beam dose
for a single 500 nm layer of 495 kg mol~! PMma with a 10 nm gold discharge layer
was (1.8 £0.1) Cm 2.

The developer used throughout to remove exposed PMMA was a mixture of methyl
isobutyl ketone (M1BKk) and 1pPA in the volumetric ratio MiBK : 1PA of 1 : 3. Devel-
opment consisted of immersion in this mixture for 45s and then a rinse in IPA,
followed by an oxygen plasma etch, exactly as per the development of su-8 (sec-
tion 3.5.1 above). Metal was deposited through the patterned mask by sputtering
70nm of gold on a 15 nm titanium or chromium binding layer. Lift-off was per-
formed by prolonged immersion in acetone. Agitation in an ultrasonic bath was
found to be unhelpful since it tended to shatter the su-8 layer underneath, however
a gentle teasing of the edges of the sputtered metal with an acupuncture needle
seemed to promote a clean lift-off. Figure 3.7 shows a sample embedded in the

composite substrate, before and after patterning with titanium/gold contacts.

3.7 MEASUREMENT

To perform transport measurements on a sample prepared in this way, the sub-
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strate is mounted, using a small amount of dilute GE varnish, in a Kyocera PB-60962-A-01

16-pin ceramic Lcc. The lithographically patterned gold leads connect the sample

to larger bond pads on the substrate. These are connected to the Lcc by hand using
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Figure 3.7: Example of patterning an embedded crystallite with contact leads.
a: A cluster of typical platelet-like samples of LiFeSe fixed in su-8 with the top
surface exposed.
b: The same sample after patterning with titanium/gold. The largest crystal-
lite (its outline highlighted in blue) has been patterned for four-wire resistance
measurement, with extra contacts for redundancy.
c¢: An optical micrograph of the sample, as imaged in b, showing other embed-
ded samples.
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mag O WD | —— —— 712412
39 x 110.6 mm ter measurement 4:47 PN 221 x 6 X after measurement

(a) Finished assembly mounted in a Lcc

WD ———100 ym
10.6 mm L SCO10K-34-A after measurement

(c) Detail of tracks leading to sample (d) Detail of sample surface

Figure 3.8: La, 3;Sr,.,5CuO, held in a finished substrate assembly and mounted in a Lcc for

measurement. a: The rcc, with sixteen gold contact pads around the central
recess. Eight of the pads are connected to the substrate surface with lengths of
25 pm-diameter gold wire, fixed at each end with silver epoxy.
b-d: The wires, bonded to the printed gold pads on the surface of the composite
substrate. Patterned gold leads connect each pad to the sample in the centre.
The sample does not show clean facets because it has been crudely cleaved
from a larger sample, rather than selected from a powder.
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HV mag O

200
LiFeSe intercalate 11p2 110.00 kV| 1 058 x

(a) Two carbon paste wire bonds (b) A carbon paste wire bond

Figure 3.9: Carbon paste wire bonds on the patterned substrate assembly after thermal
cycling. Both substrate assemblies pictured here were subjected to slow cooling
to 77K and slow warming to room temperature. The contact in (b) and the
upper contact in (a) have both broken due to differing the thermal expansivities
of the gold wire and the quartz/su-8 substrate.

25 pm gold wire and Epotek H20E-Lv conducting silver epoxy. Ultrasonic ball- and
wedge-bonding of gold wire was found to be impossible. Neither ball nor wedge
bonds could be made to hold on the patterned contact pads on the substrate. This
may be either due to the su-8 not being hard enough or because there is insufficient
adhesion between sputtered titanium/gold and chromium/gold and su-8 prepared
in this way.

Figure 3.8 shows a complete assembly. Once wired in this way, the Lcc can then
be mounted on a cryostat insert fitted with a push-fit socket appropriate for low-
temperature measurements. Because the sample/substrate assembly consists of
many different materials with different expansion coefficients, the strength of the

conducting epoxy is essential. Connections made with softer conducting adhesives

such as silver paint or graphite paste were found to break on cooling to low temper-
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Figure 3.10: Two-contact current-voltage characteristics of typical fabricated contacts at
room temperature. The sample in this case is LaSr, 45S1,,;CuO,. Note that
there is a negative differential resistance for excitation magnitudes between
0.2 pA and 0.8 pA. The behaviour is suggestive of a tunnel junction between
the sample surface and the metal contacts, consisting of an insulator layer
with a bandgap of ~4 eV.

atures, as demonstrated in figure 3.9. Measurement of deliberately short-circuited

gold tracks show them to retain Ohmic behaviour when carrying currents in excess

of 1pA.

3.8 CHALLENGES ENCOUNTERED IN DEVELOPING THE TECHNIQUE

A number of samples were prepared for measurement in this way. At first, at-
tempts to make Dc transport measurements were consistently hampered by large
contact resistances, of order 1 MQ. By varying the excitation current, the imped-
ance of the fabricated assembly was found to have some characteristics of a tunnel
junction, as shown in figure 3.10. The junction appears to be caused by a layer

of an insulating material with a bandgap of ~4 eV between the contacts and the
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¢ : E =
(a) Pitted and broken gold leads (b) Pitted gold leads (detail)

(c) Oyster shell deposit under contact (d) Oyster shell deposit (detail)

Figure 3.11: Damage to patterned gold leads and contacts due to high current densities.
a-b: Damage to patterned metal features, showing a characteristic pitting, sug-
gestive of catastrophic Joule heating.

c—d: The devil’s toenail. A deposit of material, probably gold, resembling
an oyster shell, has accumulated under one of the patterned contacts on the
sample surface (indicated with arrows).
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sample surface. This is consistent with the 3.4 eV optical bandgap of su-8 [34].
Hence it seems some residual su-8, not removed in development, remained on the
sample surface before patterning with metal contacts. This is plausible, despite the
O, plasma etch procedure which was intended to remove residual resist, because
su-8 is relatively slow to etch in pure O, plasma [35]. It was not possible to push
the excitation current much beyond the negative differential resistance regime of
the tunnel junction due to destructive Ohmic heating of the contact leads (see fig-
ure 3.11a-b). Nevertheless, there is some hint, for excitation currents in excess of
0.8 yA, of a contact resistance of ~2-4 MQ.

The strongest evidence that the current path through the fabricated assembly is
exactly as designed, despite the high contact resistance and probable tunnel junc-
tion, is the appearance on some samples of unusual deposits, apparently metallic,
between the patterned contacts and the sample surface following the application
of a pc current through the sample. These deposits were absent after lift-off and
appeared during measurement. One such deposit is illustrated in figure 3.11c-d,
for which the contact in question was the current sink. The excitation currents
used were very high, in an effort to overcome an apparent tunnel junction. The
deposit appears to have accumulated in layers, corresponding to successive pulses
of current, growing until the contact broke away from the rest of the patterned
track. It seems likely that the deposit may have been caused by electro-migration
of gold from the patterned contact lead [36]. This reassures us that, despite the
high contact resistance, the applied exitation current is indeed travelling through

the sample.
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Figure 3.12: Susceptibility of su-8 to SF¢/O, plasma etch. a: Height profile of su-8 resist

above quartz substrate before and after a cumulative 20 min etch, as described
in the text. The irregular surface with pronounced edge-bead is clearly visible.
b: Rate of removal of su-8 on a different substrate during the same etch.
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3.8.1 Eliminating residual su-8

Although su-8 is very slow to etch in a pure O, plasma, the introduction of a small
volume fraction of fluorine plasma, by means of a mixed atmosphere of O, and
SFe, can result in relatively rapid etch rates [35]. We explored the efficacy of such
an etch in cleaning the surface of the embedded sample before EBL patterning and
reducing the contact resistance. In order to characterise the etch rate, we used a
Tencor p-17 surface profilometer to gauge the thickness of the su-8 layer on the
quartz substrate. We then explored various etching routines using a reactive ion
etch (RIE) system (a custom-built Benchtop System 9o). Use of both instruments,
which reside at the Science and Technology Facilities Council’s Innovations Tech-
nology Access Centre for Micro- and Nano-Technology (STFC I-TAC MNT), was
made possible by research visits to their cleanroom facilities at the Rutherford Ap-
pleton Laboratory.

By varying various parameters of the RIE, we were able to achieve extremely re-
liable and reasonably rapid etch-rates. Figure 3.12 shows the characterisation of an
etch with the following parameters—SF¢ flow rate: 10 sccm; O, flow rate: 50 sccm;
pressure: 100 mTorr; radio-frequency oscillator power: 120 W. This results in a

repeatable su-8 etch-rate of (99 + 6) nm min~!.

3.9 PROMISING TRANSPORT MEASUREMENTS

The SF¢/O, etch made quite a pronounced difference to transport measurements.

Typical two-wire resistances through the entire sample assembly dropped from
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Figure 3.13: Four-contact Dc resistance measurement of a sample of Sr,MnO,Cu, ;Se,,
cooling from room temperature. There is an apparent phase transition at 213 K.
Resistivity has been calculated by estimating the sample dimensions from elec-
tron micrographs.

~2 MQ, consistently for all sample materials, to between 10kQ and 200 k<, de-

pending on the sample material.

To date, we have only been able to measure a small number of samples following
this improvement to the technique. In order to test the methodology of measure-
ment of complex materials in small crystal form, the compound Sr,MnO,Cu, sSe,
was selected as a subject of study because it has a complex, non-trivial formula
comprised of a variety of cations and anions in a layered planar structure. It is
thus highly representative of typical correlated fermion systems under current in-
vestigation. Related semiconducting oxychalcogenides and fluoride chalcogenides
have been identified as having potential for exploitation as transparent conducting

materials [37]. The structure of Sr,MnO,Cu, ;Se, consists of alternating planes of

Cu, 5Se, and MnO, separated by layers of Sr. There have been several previous
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studies of the structure and magnetisation in this and related compounds [38-41].
The sulphide analogue Sr,MnO,Cu, ;S, shows long-range ordering of Cu™ and tet-
rahedral vacancies, whereas such ordering in Sr,MnO,Cu, sSe, is only short-range
[38]. This is thought to be associated with a greater mobility of Cu* ions in the
sulphide than in the selenide. There is also a significant difference between the two
structures in their magnetic ordering. In the selenide, the Mn ions are ferromag-
netically ordered within MnO, planes, while each plane is antiferromagnetically
coupled to the adjacent planes, with a Néel temperature of 53 K. There is similar
behaviour when Ag is substituted for Cu. Meanwhile the sulphide has a much
more complicated structure of zigzag antiferromangetism within the planes, with
a Néel temperature of 28 K. It is also possible that these compounds display charge
ordering of the mixed-valent Mn ions [38, 40, 41].

It has been suggested that the MnO, layer may behave as a Mott insulator
and that Sr,MnO,Cu, 5Se, and related compounds may display interesting elec-
tronic and magnetic behaviour analogous to the layered oxides [38]. A powder
transport study of a related compound with full occupancy of the coinage metal
site, Sr,MnQO,Cu,Se,, has revealed semiconducting behaviour with a resistivity of
0.418 mQ m at room temperature [39]. Transport in such compounds is expected
to be highly anisotropic and to be dominated by in-plane transport in the coin-
age metal chalcogenide planes. As such, the details of structural ordering in these
planes is likely to strongly influence the transport properties. Little is yet known
about the low-temperature transport properties of Sr,MnO,Cu, ;Se,. Measure-
ments are particularly hindered by the absence, to date, of available single-crystal
samples of a size suitable for conventional transport measurements. Hence this

material is well suited to measurements using the technique developed here. Some
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representative data from a sample of Sr,MnO,Cu,:Se, are shown in
figure 3.13.

The sample measured here is shown in figure 3.14a, embedded in su-8. It was
then patterned with contacts for simple four-wire resistance measurements (with
a comb of eight contacts for redundancy) and measured using a 10nA, 0.5Hz (ef-
fectively Dc) excitation from a Keithley 6221 current source and a Keithley 2182A
nanovoltmeter. This permitted subtraction of alternate forward and backward cur-
rents to eliminate voltage bias due to thermoelectric effects. The sample was al-
lowed to cool slowly in an evacuated cryostat insert immersed in liquid nitrogen.

The data show what appears to be a clear phase transition in the resistivity at
213 K. Below 175K, the resistance became unphysically large. Inspection of the
sample after warming again to room temperature (figure 3.14c—d) shows that it ap-
pears to have disintegrated into a finer powder of sub-micron crystallites, partly
destroying the patterned contacts, possibly due to excessive Joule heating (though
this seems unlikely, since the measured resistivity corresponds to a Joule heating
power density of approximately 300 kW m~3 at 175 K, equivalent to a total heating
power of order 100 pW in the sample). The observed resistivity transition at 213 K
corresponds closely to a suggested structural transition that has been observed in
electron diffraction of similar-sized crystallites [38], wherein copper vacancies in
the Cu, ;Se, layer adopt short-range order at low temperatures, which disappears
above 220 K. It is possible that strain caused by this structural transition contrib-
uted to the destructive stresses in our sample.

The initial resistivity data from Sr,MnO,Cu, ;Se, shows some promise in ex-
ploring the electronic properties of this material and related oxide chalcogenides,

many of which are currently inaccessible to measurements of electronic transport.
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(c) Sample after measurement (d) After measurement (detail)

Figure 3.14: A sample of Sr,MnO,Cu, 5Se,, before and after measurement.
a: The sample, embedded in su-8 and subjected to a 6 min (approximately
600 nm) SF4/0, etch.
b: The sample patterned with contacts for measurement.
c—d: The sample after measurement, showing curious disintegration, possibly
due to an instability of the sample to the effect of the excitation current.
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3.10 CLOSING COMMENTS

There are many ways in which this method could yet be improved and enhanced.
It would be relatively straightforward, with an appropriate electron microscope, to
perform EDX measurements of embedded samples in situ before and/or after trans-
port measurements are made. This would also help to determine whether reactive
species from the etching processes contaminate the sample surface significantly
or interfere with the chemistry of the sample, providing a better understanding
of whether the high resistances sometimes observed are a result of high contact
resistance or simply the result of the sample dimensions and resistivity. More
complicated contact geometries, including Hall and van der Pauw measurement
geometries, for which such planar samples are well suited, are eminently feasible.
With a thicker photoresist layer, it may even be possible to embed platelet-like
crystallites on end, in such a way as to permit c-axis transport measurements as
opposed to a-b plane measurements.

The work described in this chapter represents substantial progress in the devel-
opment of a new technique for transport measurements on as-synthesised single-
crystal inorganic samples, with dimensions of order 10 pm, derived from sintered
powders. Most of the fabrication processes involved have been refined to the
extent that relatively little further characterisation remains to be done. It is our
hope that this technique may soon be made sufficiently straightforward as to be
routinely useful as a short-cut to obtaining single-crystal transport data from ma-
terials in which crystal growth has not yet yielded large enough samples for meas-

urement by conventional methods.



Part II

MOLECULAR NANO-MAGNETS AS A PROBE OF
SPIN-CURRENT RELAXATION IN A

TOPOLOGICAL INSULATOR

Above everything else, the apprentice can be assured
that he is entering into a great and noble art, the
possibilities of which are far from being exhausted.

D Cumming on the Training of Apprentices [1]






TRANSPORT MEASUREMENT TECHNIQUES

This chapter describes some of the well established low-temperature and high-
magnetic-field electrical transport techniques that were used in the work recoun-
ted in subsequent chapters. It describes the classical Hall effect for systems of
multiple conducting quasiparticle species, and various features of the anisotropic

magnetoresistance of 2-D and 3-D metals, all of which will be of use in chapter 6.
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Figure 4.1: Schematic of a Hall effect experiment. Current, I, flows through the sample
along the x-axis and the applied magnetic field, B, has a positive z-component.
Hall voltage, Vyu = V. — V_, is measured along the y-axis. Deflected traject-
ories of electron-like (labelled ‘—’) and hole-like (labelled ‘+’) quasiparticles is
illustrated.

4.1 CLASSICAL HALL EFFECT

In chapter 6, we present results of some Hall effect measurements on SmB. It will
be particularly useful to recall some features of the semi-classical Hall effect for
a material with more than one quasiparticle species [42—45]. In the semi-classical
description of the Hall effect, illustrated in figure 4.1, quasi-particles with group ve-
locity v and charge g, forming an electric current through a material in a magnetic
field B experience a force transverse to their velocity by virtue of the B-dependent

component of the Lorentz force, F:

F=g(E+vxB), (4.1)



4.1 CLASSICAL HALL EFFECT

where E is the electric field on the quasi-particles. Under the Drude-Sommerfeld
model, in the steady state, the time-averaged drift velocity of quasiparticles, vg, is
related to the Lorentz force and the quasiparticle effective mass, m* and scattering

time, T, simply as

=q(E+vqgxB). (4.2)

This can be re-phrased in terms of current density;, j,

j =nqvq
T .
=oE+g9—jxB, (4.3)
m
2
where 0y = nif is the conductivity in the absence of a magnetic field. Equation

4.3 can be further rearranged to obtain the resistivity, p:
.1 T.
E=pl=—(1— %]XB)- (4.4)

Now, if we align the magnetic field with the z-axis and consider only the quasi-
particle currents in the x-y plane, we can state the resistivity as a tensor, relating

the x- and y-components of j and E. If the material is isotropic in the x-y plane,

E_ 1 1 —gwcr i,
o0 \ lw.t 1

1 1 —w.t
_ 1 e , 4.5
P 0o (gwcr 1 ) (45)
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where e is the elementary charge constant and w, = ;—E is the quasiparticle cyclo-
tron frequency and B = |B|. The off-axis component p, of the resistivity tensor

provides the Hall coefficient,
Ry =—-. (4.6)
For a single quasiparticle species, this gives

By inverting the resistivity tensor, one obtains the corresponding conductivity

tensor, 0:

j=0E,

o 1 lw.t
_ % , 8
o 1+ w22 (_ngT 1 > (4.8)

where we have exploited the fact that g = =e, so Z—j = 1. In the absence of a
magnetic field, we can easily see that we regain the expected scalar conductivity.
When the material has more than one quasiparticle type, one electron-like and
one hole-like for example, the current densities of each of the quasiparticle types
are simply summed to obtain the total current density. Hence the individual qua-
siparticle conductivities are also additive. Where the index i denotes the quasi-

particle species,

j:Zji: (ZO’,‘)EZO’E. (4-9)



4.2 MAGNETORESISTANCE AS A PROBE OF THE FERMI SURFACE

Hence the resistivity in the case of multiple quasiparticle species is

1 Oxx —0-
P="""3 A Y (4.10)
Uxx + ny ny Uxx

qi
00; 00ip WeiTi . .
where 0y, = E —— 5 and 0y = E ————— . Remembering equation
i 1+ wciZTiz i 1+ wci2Ti2

4.6, it follows that the Hall coefficient is

Ux y

1
Ry==-——->—.
i B Uxx2+0xy2

(4.11)

The Hall coefficient can be measured by applying a longitudinal current and
measuring the transverse voltage or Hall voltage, Vy, as portrayed in figure 4.1.
Bearing in mind that the x-component of the current density is related to the total
current by j;y = lyilz’ with the dimensions ly & I, defined in the figure, the Hall

voltage is related to the y-component of the electric field and to the Hall coefficient

by

Vi = Ey -1y

= Pyxjx Iy

= RuBl . (4.12)
I,

4.2 MAGNETORESISTANCE AS A PROBE OF THE FERMI SURFACE

Key to understanding the physical properties of any metallic correlated electron
system is a determination of the size and shape of its Fermi surface. Measure-

ments of electrical transport in a uniform magnetic field can reveal a great deal
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about the fermiology. When a charged quasiparticle undergoes orbits in the real-
space plane to which the field is normal, its momentum likewise performs orbits in
the corresponding reciprocal-space plane. Because the quasiparticle’s acceleration
by the field is always perpendicular to its momentum, its energy, €, is unchanged.
Hence the reciprocal-space orbit must traverse a surface of constant energy. Since
the only such surfaces with populated and available states in proximity are in
the immediate neighbourhood of the chemical potential, these orbits follow the
B-normal cross-section of the Fermi surface. The specific nature of these traject-
ories strongly influences the character of the magnetoresistance, measurements
of which are therefore a rich source of information about Fermi surface morpho-
logy. Presented here is a short description of some features of magnetoresistance
in two- and three-dimensional systems, which will inform the discussion of ex-
periments on SmBg in chapter 6. A more complete introduction can be found in

several sources [46—48].

4.2.1 Magnetoresistance in simple metals

Let us first consider the simple case of a 3-D metal with a Fermi surface that does
not protrude beyond the first Brillouin zone, and which therefore has the topology
of a sphere. Under the Lorentz force of equation 4.2, the real-space trajectories
of quasiparticles follow roughly helical closed orbits with a radius rg = v4/we.
In the relaxation time (T) approximation, a quasiparticle will travel along an arc
of length equal to the mean free path, A = v47, before having its momentum

randomised by a scattering event. When the magnetic field is small, such that
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A L 1, it is straightforward to show that the fractional change in resistance due

to the applied field is

2
Ap(B) oS (i) o« B?. (4.13)

B

In higher fields, the average quasiparticle trajectory before scattering will be a
more complete arc, or even multiple full orbits. The real-space trajectory is de-
termined by the velocity, v(k) = %g—ﬁ, which is naturally always normal to the
Fermi surface and which changes as the wavevector, k, describes the reciprocal-
space orbit. The conductivity will then depend on exactly how the quasiparticle
velocities are averaged over the relaxation time. This is expressed in the Chambers
formula [47, 49], which is, more formally, the solution to the Boltzmann transport

equation in the presence of electric and magnetic fields and under the relaxation

time approximation [50]. This provides the conductivity tensor,

473 de

o= o5 [ (-32) g0 k. (410

where the indices 7 and j can each be any of the Cartesian coordinates, fj is the

equilibrium Fermi-Dirac occupation function and

7;(k) =

Al

0
/ vj(k, t) et/ T dt (4.15)

is the time-averaged j-component of the velocity, weighted by the k-independent

relaxation time, T.
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Figure 4.2: The Fermi surface of copper, contained within the first Brillouin zone (wire poly-
gon). Contours of constant wavenumber give an impression of the curvature
of the surface. Note the necks at the (111) and equivalent directions.
Reproduced from [44].

4.2.2 Anisotropic magnetoresistance

The Chambers formula can be applied to arbitrary Fermi surface morphology, not
just the restrictive case described above. It provides the means to a numerical de-
termination of magnetotransport for any metal, provided one has sufficient inform-
ation about the fermiology. However, because 0j; only depends on a path-average
of the k-space orbit, it is not so straightforward to do the reverse and deduce the ex-
act form of the Fermi surface from magnetoresistance measurements. Instead, one
can deduce certain key features, particularly by varying the angle of the applied
field to probe the anisotropic magnetoresistance (AMR).

One feature that can often be determined quite easily is the presence of so-called

open orbits. These are k-space trajectories that follow extended parts of the Fermi
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Figure 4.3: Fermi surface orbits in copper; a: closed; b: open; c: ‘dog-bone’. Four reciprocal

space unit cells are shown.

Reproduced from [51].
surface, when it extends beyond the first Brillouin zone, that connect it to neigh-
bouring copies of itself, each translated by a reciprocal lattice vector. Open orbits
therefore do not form loops like the closed orbits alluded to in section 4.2.1 above.
Many materials contain both types, a notable example being the well-known Fermi
surface of copper, shown in figure 4.2, which consists of a body-centred cubic array
of rounded near-cubes, connected by narrow necks in the (111) and equivalent
directions [48, 52]. There exist closed orbits around the necks and the body of the
Fermi surface, as well as the famous ‘dog-bone’ orbit. With the correct magnetic
field orientation, open orbits traverse the necks and connect an infinite number of
reciprocal lattice unit cells in each direction. Examples are shown in figure 4.3.

The character of the magnetoresistance contributions from open and closed or-

bits is particularly easy to distinguish at high fields. At high enough fields, closed
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©

(a) Closed orbit (b) Open orbit

Figure 4.4: Fermi surface of a typical quasi-2-D metal, with the inter-plane axis (the cyl-
inder axis) aligned with 2. The velocity v(k) is shown (arrows normal to the
Fermi surface) for a closed orbit (a: with B at an angle to Z) and an open orbit
(b: with B || X). The closed orbit will clearly average v to zero if w.T > 1,
whereas the open orbit will retain a non-zero vy.
Reproduced from [53].
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orbits cause those components of the velocity perpendicular to B to be averaged
to zero, because k dwells as long in each region of the Fermi surface as in the dia-
metrically opposite region, the two contributing opposing velocity contributions.
This is illustrated in figure 4.4a. In the case where a material yields only closed
orbits when a strong magnetic field is aligned with Z, the conductivity is a simple

extension of the form in equation 4.8,

Vlxx Yaxy  Ylxz
Gij =00 | —yaxy Yayy vy | (4.16)
—Yxz —Ylyz Azz
where 7 = (w.T) ! < 1 and the a;j factors are material-dependent [54]. Taking
the inverse of the conductivity yields a resistivity tensor with diagonal compon-
ents p;; that have no field dependence in the high-field limit. The magnetores-
istance contribution from closed orbits therefore saturates. Intuitively, above a
certain magnetic field strength, the quasiparticles are making several complete or-
bits within the relaxation time and a further increase in magnetic field makes no
material difference to their overall trajectory.
By contrast, open orbits do not average to zero the component of the velocity
that is perpendicular to the Fermi surface, as can be seen from figure 4.4b. Adopting
the geometry defined in the figure, with an open orbit along Z due to a uniform

magnetic field parallel to X, the conductivity in the high-field limit becomes

Axx Axy Ylxz
7ij = 00 —lxy Ayy Yayz | - (4.17)
—Vaxz —Yyz Yaz;
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Once more, this yields diagonal elements of the resistivity tensor pyx and pyy that
have no field dependence in the high-field limit, that is to say they still saturate.

Contrastingly,

Pzz X (WCT)z « B? ) (4.18)

so the resistivity component parallel to the open orbit does not saturate and con-
tinues to increase with B. Again, one can understand this situation intuitively by
considering semi-classical real-space trajectories. Quasiparticles with a non-zero
z-component of v are deflected by the k-space orbit onto a meandering traject-
ory in the y-direction. p, is subject to two competing tendencies. It increases
with increasing w., which encourages a quicker adoption of the y-ward wandering
path. Meanwhile, it decreases with increasing scattering rate, 1/, which resets
the particle trajectories so that they may resume movement in the z-direction un-
der the influence of the z-component of the electric field. Because the y-component
of the velocity never averages to zero, the competing pull of the magnetic field and
the scattering rate on p, never saturates and, for a fixed relaxation time, the res-
istivity component in the direction corresponding to to the reciprocal space open
orbit retains a field dependence, even in high fields.

Where a pocket of the Fermi surface encloses unoccupied states, rather than
filled states, such that the velocity vector points inwards rather than outwards, it
has characteristics of hole-like quasiparticle dynamics, rather than electron-like
quasiparticle dynamics, and is described as a hole pocket. In real systems, it is not
uncommon to find electron and hole pockets nested inside one another. This can

lead to a superposition of magnetoresistance effects. Smaller pockets, with higher
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Fermi surface curvature, will necessarily have smaller effective masses and so the
different contributing magnetoresistance effects will have different cyclotron fre-
quencies for a given field strength, lending further complexity to the shape of the

AMR.

4.2.3 Dimensionality of the Fermi surface

Chapter 6 is concerned with SmBg, a proposed 3-D topological insulator mater-
ial with, it is suggested, 2-D metallic surface states coexisting with a simple-cubic
Kondo-insulating 3-D bulk. Some studies, however, have suggested instead that the
measured properties of this material are consistent with a non-topological Kondo
insulator. Measurements of the AMR will be important in determining which of
these two hypotheses is more likely and so it will be useful to have some prior
understanding of the general properties of AMR for Fermi surfaces of different di-
mensionalities.

As mentioned above with regard to copper, materials with 3-p Fermi surfaces
may display a complex AMR, according to the shape of the Fermi surface and
whether it is closed or extended. The AMR of a 3-D material will contain features
that saturate in high fields, due to closed orbits, and may include non-saturating
features due to open orbits. Where open orbits occur at a wide range of field ori-
entations, they will dominate the high-field AMr. Field orientations that do not
correspond to an open orbit will appear as dips in the magnetoresistance, as it
falls to a saturated value. In materials where open orbits are fewer and further

between, they will appear instead as spikes in an otherwise largely saturated high-
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Figure 4.5: AMR of copper showing sharp dips at significant symmetry directions, corres-
ponding to closed orbits of the Fermi surface and consequently saturated mag-
netoresistance. In the notation of figure 4.1, magnetic field is rotated from B || 2
(6 = 0°) to B || § (8 = 90°), while the current is applied along X and the meas-
ured resistivity component is pyy.

Reproduced from [55].
field AMR. These spikes and dips at special orientations contain a lot of information
about the precise shape of the Fermi surface. As an example, the AMR of copper is
shown in figure 4.5. Regardless of the presence or absence of these sharp features,
the AMR must have the same rotational symmetry as the Fermi surface, which fol-
lows the point group of the reciprocal lattice, which in turn is determined by the
space group of the crystal lattice. As such, in an experiment geometry like that
shown in figure 4.1, with current applied along the (100) direction, one would

expect bulk-origin AMR in SmBg to display four-fold rotational symmetry as the

field is rotated around the current axis.
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Quasi-2-D and quasi-1-D layered metallic materials typically show a rich variety
of correlated electron behaviour. Intense interest in layered organic metals and un-
conventional superconductors has lent great importance to the study of the Fermi
surfaces of such quasi-reduced-dimensionality systems [46, 56, 57]. The Fermi sur-
face of a quasi-2-D metal takes the form of a warped cylinder, such as that shown
in figure 4.4. The shape of the Z-normal cross-section is determined by the in-plane
transfer integrals. The warping is determined by the weaker inter-plane transfer
integral. Similarly, the Fermi surfaces of quasi-1-D metals take the form of warped
sheets. The slight warping of the Fermi surfaces of quasi-reduced-dimensionality
systems often supports rich and complex so-called angle-dependent magnetoresis-
tance oscillations (AMRO), as there are a multitude of intricate Fermi surface orbits
traversing them. Quasi-2-D and -1-D AMR will not be of particular relevance to our
investigation of SmBg but they are worth mentioning for the fact that the specific
details of Fermi surface shape can lead to field-dependence of the magnetoresis-
tance that differs markedly from the rather simplistic B relationship presented
above. Various functional forms are possible in addition to B?, including B and
B3/ [47].

A true 2-D material has no out-of-plane conductivity, momentum or velocity
components. In many respects its Fermi surface resembles a simpler version of the
quasi-2-D Fermi surfaces described above, in the limit of zero inter-plane transfer
integral (and hence no Fermi surface warping). Because the only possible orbits
are in the plane of the surface, only the component of B normal to the surface
contributes to the magnetoresistance. Therefore, where 0 is the angle between B
and the surface normal, any B-dependence in the magnetoresistance is replaced

by Bcosf. Ordinarily, a 2-p material will therefore not show any magnetoresis-
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tance when the field is in the plane of the material. In chapter 6, we see that this
is complicated in SmBg¢ by the existence of multiple facets in different relative ori-
entations, so that it is not possible to attribute the presence of magnetoresistance

at all field orientations to an absence of 2-D behaviour.

4.3 QUANTUM OSCILLATIONS

One of the most useful tools for exploring the Fermi surface morphology of metals
is the study of quantum oscillations. Oscillations in properties such as the magnet-
isation (the de Haas—van Alphen effect) and resistivity (the Shubnikov-de Haas
effect), periodic in 1/ B, arise from the Landau quantisation of allowed states in
reciprocal space. Quantum oscillations are observed when the applied magnetic
field is swept, such that the Landau levels successively pass through extremal cross-
sections of the Fermi surface [58]. They allow for a quantitative measure of the
areas of extremal cross-sections of the Fermi surface. By altering the orientation of
the applied field, one can therefore also obtain some information about the shape
and dimensionality of the Fermi surface. No new quantum oscillations data are
presented in this thesis, but the provenance of previously reported de Haas-van

Alphen oscillations in SmB¢ has been the subject of some protracted debate.



TOPOLOGICAL INSULATORS

Until relatively recently, our knowledge of the mechanisms and behaviour of sys-
tems of condensed matter was built exclusively on models of spontaneously broken
symmetry. While symmetry breaking remains essential to understanding most as-
pects of condensed matter physics, the last few decades have seen the realisation
that some phases of matter can be fully explained only with additional theoretical
tools. One such new tool is the application of topology to systems in the solid
state. This has led to the discovery, in such systems, of novel phenomena, includ-
ing properties with unusually robust quantisation, which are related to topological
invariants.

Since its inception, the study of topological condensed matter has caused much
excitement, not just for its theoretical interest but also for its suggested practical
applications. The technological use of so-called topological insulators (T1s) will re-
quire a better understanding of their transport properties. This chapter begins by
explaining the background to current T1 research in the discovery of the quantum
Hall effect and topologically protected edge and surface transport. It then intro-
duces the quantum spin Hall effect and the concept of two-dimensional and three-
dimensional TIs. A short review of experimental studies of 3-D T1s follows. Finally,
the likely topological Kondo insulator SmBg is reviewed in more detail and identi-

fied as a suitable subject for the transport study in chapter 6.
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5.1 TOPOLOGY IN CONDENSED MATTER PHYSICS
5.1.1 The quantum Hall effect

In 1980, the discovery of the integer quantum Hall effect in a two-dimensional
quasiparticle gas, constrained at a semiconductor heterojunction and subject to a
strong magnetic field [59], provided the first example of a phenomenon in con-
densed matter physics that could not adequately be described solely in the spon-
taneous symmetry breaking paradigm of Landau [60]. A full understanding of the
quantisation of Hall conductance required the development of theoretical tools
that were to form the basis of the current understanding of topological protection
of surface states in so-called topological insulators (T1s), topological superconduct-
ors, etc.. Before describing such materials, a short review of the integer quantum
Hall effect is included here by way of an introduction to topological concepts in
condensed matter. A slightly more detailed introductory overview is provided by
Avron & al' [61] and a more thorough review by Bellisard & al’ [62].

Shortly after the first report of quantised Hall conductance by von Klitzing &
al', an argument to explain it was proposed by Thouless & al' (TKNdN) [63], build-
ing on a non-topological argument of Laughlin [64, 65]. The TKNdN argument
was neatly generalised by Niu & al' [66], who recognised the very precise quant-
isation as a manifestation of topological order. It describes the two-dimensional

quasiparticle gas using a simple model Hamiltonian,

1,
H=) (2m* (~inV; — qA(r)” + quyj) : (5.1)
J
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where E = E, ¥ is the electric field, r = (x,y,0) is quasiparticle position, the mag-
netic vector potential A(r) = (—By + Ax)&X + A,¥, and the sum runs over all
quasiparticles, enumerated by index j. Of course, the values of Ay and Ay simply
reflect a choice of gauge. Naturally, at low temperature (to reduce thermal broad-
ening of energy levels) and high magnetic field (to increase the spacing of the
allowed energy levels) the energy spectrum resembles the familiar Landau levels,

with each level centred on an energy U,,, where n € IN and
Uy = heoe (n+1) . (5-2)

As quasiparticles move through the sample by a displacement d, they acquire
a phase difference, %d - A, by virtue of the magnetic vector potential. There are
additive terms in this additional phase that are due to the choice of gauge: if a
quasiparticle is transported from one end of the sample to the other, i.e. d = LyX,
there is a phase contribution 6 = %LxAx, and if a quasiparticle is transported
from one side of the sample to the other, i.e. d = Lyfl, there is a phase contri-

bution ¢ = %LyAy. Conveniently, the x- and y-components of the quasiparticle

group-velocity operator, v = %, can therefore be expressed as vy = —%%—g and
L .
vy = —Wy%—zf If the ground state is non-degenerate, the transverse conductance

can be worked out from the Kubo formula [66, 67] as

g = ST 5~ Wol0x L) (9 [0y [ Y0) = (Yo [0y | $n) (§n [0x] Yo)
Y LxLy n>0 (E() — En)Z

__qz_h <1P0|UX|¢n><¢n‘Uy|’~PO>

— ZLxLy Imrg) (Eo—En)z ,

(5.3)
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where the subscripts 0 & 7 denote the ground and n' excited states, respectively,
and Ey & E,; are their associated energy eigenvalues. With the aid of our new

expressions for the components of v, this can be expressed as

xy — I .
Oxy h mn§>0 Eo_E (5.4)
4 < 7 > < al/)0>
— 2% Im) o) (| S0
h n>0 lp 4’ a(P
. 62 81/)0 81/)0
= 2h1m<84) > , (5.5)

for given values of 6 and ¢. Because these values represent an arbitrary choice of
gauge and the system is free to explore all such choices freely, the actual value of
the transverse conductivity (i.e. the Hall conductivity) is the average of our calcu-

lated Uy OVer all values 0 < 0 < 2mand 0 < ¢ < 27:

nh/ / (5

This equation, as yet, contains no reference to topological order and it still gives

Ao
26 > dodg . (5.6)

no indication as to why the Hall conductance should be quantised. To understand
the final, topological component of the argument, it is helpful to recall the Gauss-
Bonnet theorem, which describes a property of the Gaussian curvature, K, of sur-
faces in three dimensions [68]. Though the Gaussian curvature is only a local
measure of the surface’s curvature, the Gauss-Bonnet theorem shows that, for any
closed surface, S, there is a universal relationship between the surface integral of
K and the number, g, of holes or ‘handles’ enclosed by the surface, regardless of

its shape:
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1
—ﬂyinS=2(1—g) . (5.7)

A sphere, for example, having no handles, has ¢ = 0, while a torus has g = 1.*
An innovation of Berry [69—71] was to realise that a wavefunction of a particle
undergoing an adiabatic evolution of its Hamiltonian, such that the Hamiltonian

traverses a closed loop, /, in the space of its parameters, acquires a phase with a

particular geometric component, now known as the Berry phase, here denoted *yg.

If we consider the Hamiltonian parameters B, 6 & ¢ to span a toroidal space, with
B as the minor radius, 0 as the poloidal angle and ¢ as the toroidal angle, then
for a given value of B, the full range of 6 & ¢ describes the surface of a torus in
this phase space. Adiabatically traversing a closed loop anywhere on this toroidal
surface incurs a Berry phase which can be expressed as a surface integral on the

torus:

< )é%@l ’¢n> <’~/Jn ma ‘l/)0>
T = —2Im . ,,; o En)* ¢  58)

where S; is the part of the toroidal surface that is enclosed by I and R is the major
radius of the torus (we choose R > B so that the torus is a ring, but R has no
physical meaning and, since dS = Bd6 - (R + Bcos ) d¢, all factors of R cancel
anyway). It was realised by Simon [72] that, in the limit of an infinitesimally small
loop, the Berry phase divided by the area enclosed by [ has the form of a curvature

in parameter space, analogous to the Gaussian curvature in real space. This is

= A teapot (here’s my handle, here’s my speut other handle) has g = 2.
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known as the Berry curvature, Kg = aa%. As a generalisation of the Gauss-Bonnet

formula, it is possible to deduce an integral identity similar to equation 5.7:

1
E}iKB dS=c, (5.9)

where S is the entire surface of the parameter-space torus and ¢, the Chern number,
is an integer. This is known as the Gauss-Bonnet-Chern formula. Since Kp is not
the Gaussian curvature, ¢ does not count handles. It turns out that the Chern
number counts the values of B, not lying within the region of parameter space
enclosed by S, where the energy of the ground state would cross that of another
state, so that there is a degeneracy of the ground state [69]. As B increases, S
expands. Each time B passes through a value By corresponding to a ground state
degeneracy, the torus with minor radius By becomes enclosed by S and the Chern
number decreases by 1.

The relevance of the quantisation of the Chern number to the observed quantisa-
tion of the Hall conductance is straightforward. By substituting 7y from equation

5.8 into equation 5.9 and comparing with equations 5.4 & 5.6, we obtain

1 1 27 27T 8111 al[J
_ 4 g¥o | 9¥0
EngBdS_n//Im<a¢ ae>d9d¢, (5.10)
00
and hence
2
0H = ¢ c. (5.11)

=
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This explains why, as the magnetic field is varied, the Hall conductance makes
a step change every time a Landau level crosses the Fermi surface. In between
Landau level crossings, the remarkably constant Hall conductivity is guaranteed

by the requirement that the Chern number is a topological invariant.

5.1.2 Living on the edge—topologically protected surface states

When the Fermi level lies between two Landau levels, we would expect the sample
to behave as an insulator because there are no available low-energy states at the
Fermi surface. The observation that there is actually a non-zero Hall conduct-
ance seems paradoxical—where does the transverse current flow? The answer is
provided by examining the edges of the sample. Between the interior of the sample
and the surrounding vacuum, the quasiparticle Hamiltonian must evolve from the
form in equation 5.1 to its vacuum form. This deformation necessarily results in
the Chern number changing to ¢ = 0 (there is no quantised Hall conductance in
the vacuum) and, since changes of the Chern number are related to crossings of
the ground state energy level, there must therefore be one or more energy level
crossings at the sample edge [73]. The implication is that the edge has a different
bandstructure to the bulk, with the Fermi level no longer lying in an energy gap.
Consequently, there are low-energy states that can carry a current.

The edge current can be pictured semi-classically by imagining the quasiparticles
performing their cyclotron orbits, with radius 7, = ’Z—*BU. Those particles within
~ 1. of the sample edge have their trajectory interrupted when they strike the

edge and they start again, hopping along the sample edge in a sequence of aborted
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(a) Edge of a quantum Hall state (b) Schematic edge bandstructure

Figure 5.1: Section of edge of a quantum Hall state. a: At the edge of the state, the Chern
number, ¢, undergoes a step change. The interrupted cyclotron orbits of elec-
trons at the edge are shown, forming a one-way current along the sample edge;
b: Schematic bandstructure at the sample edge, showing the bulk (insulator)
structure augmented with a single edge state (pink) crossing the Fermi level
with negative ky, corresponding to the situation in (a). The number of such
Fermi-level-traversing edge states is equal to the change Ac across the edge.

orbits (see figure 5.1). This edge current is chiral in the sense that it only travels
one way around the sample, as governed by the sign of the magnetic field. The
current, and hence the Hall conductance, is robust to disorder because there are
no states available for backscattering of the quasiparticles. Furthermore, because
the evolution of the Hamiltonian from the sample bulk to the vacuum causes a
change of Chern number, regardless of the nature of the intermediary Hamilto-
nian, the conducting surface state is ‘topologically protected’—i.e. in spite of any

possible distortion of the surface bandstructure by damage, impurities, etc., there

must exist a band crossing at the Fermi level.



5.1 TOPOLOGY IN CONDENSED MATTER PHYSICS

A
A
Conduction band
Insulator v=20
S8
& Er
= 5
> =]
- A =
vy 0 J
Quantum spin Hall state v =1 hllze buae
l | >
> —a 0 @
X Crystal momentum, ky
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Figure 5.2: Section of edge of a quantum spin Hall (2-D T1) state. Up- and down-spins are
indicated by purple and green arrows. a: At the edge of the state, the topolo-
gical invariant undergoes a step change from v = 1 to v = 0. Currents of up-
and down-spin flow around the sample edge in opposite directions;

b: The bandstructure at the sample edge, with the bulk (insulator) structure
augmented with spin-polarised edge states crossing the Fermi level in a 7 -
symmetric pair.

5.1.3 T -symmetric topological order

The existence of edge currents with this combination of topological protection and
insensitivity to scattering is exciting because it can also be found in systems with
no applied magnetic field [74]. In some such systems, a spin-orbit coupling term in
the Hamiltonian, rather than the Lorentz force due to a magnetic field, is respons-
ible for the topological edge state. For these systems, the topological invariant is
no longer the Chern number of equation 5.9, but it can be deduced, by the same
principle, from a surface integral of Berry curvature in the parameter space of
the Hamiltonian. These two-dimensional systems turn out to have a topological
invariant v € Z, (i.e. it can only take value 0 or 1) [75]. Unlike in the case of

the quantum Hall effect, the surface state in such systems is time-reversal invari-
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ant (7 -invariant) and the surface quasiparticles’ spin and crystal momentum are
coupled such that the spin is perpendicular to the crystal momentum with a partic-
ular handedness. Consequently, the currents associated with the two spin states
have opposite chirality—spin-up quasiparticles travel one way around the edge
and spin-down particles travel the other way. For each spin-up state at k, there
is a corresponding spin down state at —k (see figure 5.2). Because backscattering
now requires impurities that can couple to the spin, i.e. scattering sites with a mag-
netic moment, the spin currents are still very robust in the absence of magnetic
impurities, much like the edge currents in the quantum Hall effect. This is known
as the quantum spin Hall effect.

It turns out that many different systems with a bulk energy gap at the Fermi level,
including band insulators and superconductors, can display topologically protec-
ted conducting edge states. The quantum Hall effect and quantum spin Hall effect
are special cases and, collectively, these systems are called topological insulators
(T15) and topological superconductors [74, 76—78] (in fact, the quantum spin Hall
effect is often now commonly referred to as the 2-b T1). Apart from simply being
an exciting new plaything for condensed matter physicists, TIs are of particular in-
terest for the suggestion that they might have future technological uses. Amongst
other possibilities, they could be exploited for a very robustly reproducible mag-
netoelectric effect that could find application in information storage technologies
[77], and the boundary between a T1 and a non-topological superconductor may
provide a way of realising a Majorana fermion, potentially providing a highly fault-

tolerant qubit for quantum computation [79-81].
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Figure 5.3: Schematic bandstructure of a strong 3-D T1 with a single Dirac point. a: First
Brillouin zone, showing idealised circular Fermi surface and spins (black ar-
rows) locked to k; b: Bandstructure in the form of a Dirac cone, with Fermi
energy Er above the Dirac point at I';. Reproduced from [74].

5.2 THREE-DIMENSIONAL TOPOLOGICAL INSULATORS

The predictions [82-84] and early observations [85, 86] of 2-D Tis piqued the in-
terest of both theorists and experimentalists in the nascent field of T1 research.
Much interest focussed on the realisation of a 3-D TI1. These systems are governed
by four Z; topological invariants, often grouped as (vp;v1 V2 v3). The Brillouin
zone of the surface bandstructure is naturally two-dimensional and contains four
T -invariant points (labelled I'1-T'4 in figure 5.3), where the surface states must ne-
cessarily be Kramers degenerate. The surface bandstructure therefore resembles
a set of Dirac cones (the dispersion of massless Dirac fermions), with an apex (a
Dirac point) at each of these locations. The manner in which these Dirac points are
connected in the surface bandstructure has significant implications for the nature
of the surface state. If the surface state Fermi surface encloses an odd number

of Dirac points, the surface state must necessarily connect them in a topologically
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non-trivial way. This is represented by a value vg = 1 and implies that there can be
no gap in the surface bandstructure. If the Fermi surface encloses an even number
of Dirac points, the crossings of the surface state through the Fermi surface will
be topologically trivial. This is encoded as vp = 0 and indicates that the surface
bandstructure may be deformed in such a way as to result in an energy gap [74].
3-D TIs therefore fall into two classes according to the value of vg, so-called
‘weak’ (vg = 0) and ‘strong’ (vp = 1) T1s. Weak 3-D TIs are equivalent to a stack of
2-D TI layers, in which case vy, vy & v3 are very similar to the 2-p T1 invariant, v,
and are akin to Miller indices, indicating the plane in which 2-p-like T1 behaviour
occurs. Because transport in weak TIs is only topologically protected in directions
perpendicular to (v1 v, v3), they do not share the robustness to disorder of an isol-
ated 2-D state. Strong 3-D TIs more closely resemble a higher-dimensional exten-
sion of the 2-D case, with robust topologically protected conducting surface states
(74, 77, 87]. Of course, the direction of k can now lie anywhere in the plane of the
surface but the direction of the spin, which also lies in the surface plane, is still
locked to k such that they are perpendicular with a particular handedness. This
is because the topological protection is still governed by the spin-orbit interaction.
As such, the surface spin currents are insensitive to 7 -invariant back-scattering,
just as in the 2-D case, and T -invariant processes that result in scattering of less
than 180° are suppressed according to the projection of the spin before and after

scattering [78, 87].



5.2 THREE-DIMENSIONAL TOPOLOGICAL INSULATORS

5.2.1 Common TI measurement techniques—surface spectroscopy

Because the topologically protected conducting states in a T1 are at the surface of
the material, they are ideally suited to investigation using surface spectroscopy
techniques, such as angle-resolved photo-emission spectroscopy (ARPES) [88, 89]
and scanning tunnelling spectroscopy (STs) [90, 91].

ARrPEs makes use of the photoelectric effect, typically exciting photoelectrons
with x-rays. Their energy and momentum are measured with an analyser, in which
the photoelectrons are separated according to their energy and angle of emission
by means of the electric field between two charged plates. The preferred appar-
atus is usually a spherical deflection analyser, wherein the plates are concentric
hemispheres, between which the photoelectrons pass. Spin polarisation can be
measured by means of a polarimeter, such as a Mott polarimeter, which exploits
the spin-orbit interaction between the high-energy electrons and the ionic nuclei
in a high-atomic-number target.

Stsis an extension of scanning tunnelling microscopy (sT™m). By varying the bias
voltage between the sample and the sTM™ tip, the density of states can be measured
as a function of energy. By performing a Fourier transform of the spatial modula-
tion of the tunnelling amplitude, one can also deduce the k-dependent dispersion
relation in the plane of the surface [92]. Coating the sT™ tip in a magnetic ma-
terial creates an effective spin-valve, discriminating between different spin states
of the tunneling electrons and allowing resolution of the spin-dependence of the

quasiparticle bandstructure.
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Both of these techniques have been much used in the discovery and characterisa-
tion of strong T1s, including Bi, - ,Sby [93], Bi,Se; [94-102], Bi, Te; [97, 103-106]

and SmBg [107-112].

5.2.2 Experimental observation of 3-D Tis

Following a very detailed theoretical prediction [113], the first strong T1 to be dis-
covered was the alloy Bi,_Sb, [93, 114-116], which has topological invariants
(vo;v1 v2v3) = (1;111). However, the surface conduction of this alloy, like that
of pure bismuth, is complicated by the presence of other surface states, which have
their spin-degeneracy lifted by a strong Rashba effect [117, 118]. These too allow
conduction on the surface and, though they don’t cross between the valence and
conduction bands, they confuse both the transport and the spin-polarised surface
spectroscopy.

Predictions were also made that strong T1 behaviour might be observed in cer-
tain selenide and telluride compounds [103, 113] including Bi,Se; and Bi, Te,. These
are compounds with a tetradymite structure, consisting of stacked quintuple-layers
(e.g. Se-Bi-Se-Bi-Se). Consequently they cleave easily to expose the c-normal sur-
face, with the a-b plane having hexagonal symmetry. Observation of the predicted
effect followed very shortly for Bi,Se; [94] and Bi, Te; [104, 105]. These materials
have a much less complicated surface bandstructure than Bi, _ ,Sb, and have the
additional advantages of a larger bandgap, with higher bulk resistivity and thereby
the possibility of observation of T1 behaviour at room temperature, and a more eas-

ily synthesised stoichiometric composition. The cleaner surface states mean that
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the Dirac cones in the a*-b* plane are very clearly seen in the surface spectro-
scopy. In Bi,Te, the Dirac point is above a local trough in the valence band and
below the energy of the valence band maximum, making it harder to tease out the
Dirac-fermion-like behaviour expected of the low-energy surface states. Further-
more, the Dirac ‘cone’ is not very conical, with a strong hexagonal distortion of the
a*-b* cross-section. In contrast, in Bi,Se; the Dirac cone is very circular and the
Dirac point lies well within the bandgap, with an almost linear dispersion, such
that the low-energy states approximate quite well the behaviour described by the
massless Dirac Hamiltonian.

Unfortunately, as-grown Bi,Se; and Bi, Te; contain naturally-occurring struc-
tural defects that tend to pin the Fermi level in the bulk conduction band [78, 119].
As such, the surface transport properties tend to be swamped by the metallic be-
haviour of the bulk. Though careful doping has allowed some transport studies
[95, 120, 121], the bulk contribution must be carefully subtracted to accurately ex-
amine the surface transport. Furthermore, sensitivity to air makes accurate doping
control particularly difficult. For these reasons, the search for an ideal test-bed for

strong T1 behaviour continues.

5.3 SAMARIUM HEXABORIDE

The rare earth hexaborides are a family of compounds that have been of significant
interest for decades for their complex magnetic properties and bandstructure [122,

123]. It has been proposed that some materials in this family should have the
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Legend:
QO o
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Figure 5.4: The simple-cubic unit cell of SmBg. The lattice parameter is 2 = 4.13 A, with
little variation over a wide temperature range [124].

characteristics of strong Tis and that SmBg in particular may be a good candidate

system for exploring the non-trivial transport properties of such systems.

5.3.1  General properties of rare earth hexaborides

The binary rare earth hexaborides all share the same simple cubic crystal structure.
It consists of a boron octahedron at the body centre, surrounded by rare earth
ions, as illustrated in figure 5.4. The boron octahedron is nominally deficient of
two electrons, while the rare earths have various valencies in these compounds
[122]. Europium and ytterbium each supply a divalent ion and their hexaborides
are consequently semiconducting or semi-metallic [125]. Most other rare earths
are trivalent, yielding good metal hexaborides [126]. The exception is SmBg, in
which the samarium ions are of mixed divalent (4 f 6) and trivalent (4 f 5) electronic

configuration in the approximate ratio 3:7 [127, 128].
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5.3.2 Magnetism and the lattice Kondo effect

Most of the rare earth hexaborides exhibit antiferromagnetism, though EuBg¢ dis-
plays ferromagnetism. More subtle magnetic behaviour is seen in CeBg and SmBg,
however [122, 123]. In these materials, magnetism is quenched by the lattice Kondo
effect [53, 129], wherein the magnetic 4f ions of the lattice interact strongly with
the spins of the conduction electrons. At low enough temperatures, below a char-
acteristic Kondo temperature Tk, the lattice spins become screened by the con-
duction electrons. The spin of each magnetic ion becomes effectively dissolved in
the conduction sea as one or more magnetic excitations, bearing charge inherited
from the screening electrons. These excitations behave as quasiparticles, referred
to as heavy fermions for their very large effective mass [130]. CeBg and SmBg are
believed to be heavy fermion materials [122, 123]. The hybridisation of the ionic
4 f-orbitals with the conduction band also manifests itself as the opening of a nar-
row gap in the bandstructure, the Kondo gap. The position of the Kondo gap is such
that when each rare earth ion contributes a single heavy electron, the Fermi level
lies in the gap and the new valence band is completely filled. Materials displaying
the semiconductor-like behaviour associated with this gap are known as Kondo
insulators [130, 131]. When each rare earth ion contributes more than one heavy
electron, the conduction band is part filled and the resulting Kondo metal typically

shows resistivity with a characteristic logarithmic temperature dependence,

p o In (%) . (5.12)
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Since the first measurements of resistivity and Hall effect in SmBg, there has
been much debate about the causes of its puzzling transport behaviour, particu-
larly at low temperature [128, 132-134]. SmBg is now understood to be a Kondo
insulator [135]. Its transport properties between 10K < T < 30K simply re-
semble a semiconductor with a bandgap of ~ 5-7meV [133, 134, 136—138]. This
is supported by low-temperature optical reflectivity [139] and tunnelling spectro-

scopy measurements [140] .

5.3.3 Topological complications

In Kondo insulators, the Fermi level is expected to sit in the middle of the hybrid-
isation gap, so one would naively predict SmBg to have the characteristics of a
very cleanly intrinsic semiconductor. Deviation from semiconducting behaviour
at lower temperatures, with an apparent plateau in the conductivity below ~ 3K
[136, 142] (see figure 5.5), remained unexplained until the extension of topological
band theory from conventional band insulators to Kondo insulators [143, 144] led
to the prediction that SmB¢ should be a strong T1, with topological invariants
(vo;v1 o v3) = (1;111) [135, 145, 146]. The small Kondo gap means that thermal
population of the bulk conduction band dwarfs the surface state population at
higher temperatures. Hence the transport behaviour resembles a conventional
Kondo insulator, except at the lowest temperatures. More recent transport stud-

ies have exploited unusual sample geometries to tease apart the surface and bulk

It is worth noting that some surface spectroscopy measurements, notably several ARPEs studies,
suggest a larger bandgap of ~ 18-24 meV [107, 108, 111, 141], almost certainly because the resolu-
tion of these experiments is coarser than the 2-7 meV that would be required to resolve the smaller
bandgap [123].
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Figure 5.5: Temperature dependence of resistivity of SmBg¢. Reproduced from [134].

contributions to the conductivity. They show convincingly that surface transport
is responsible for the low temperature conductivity plateau and strongly support
the strong T1 hypothesis [137, 138, 147].

A number of surface spectroscopy studies have been conducted that also lend
weight to the evidence for SmB¢ being a strong TI [135]. They confirm that the
Kondo hybridisation gap is fully established in the bulk bandstructure below ~
30K and that there are coexistent conducting surface states with spin-momentum
chirality [108, 110-112]. ARPES studies have revealed three Fermi surface pockets,
one around the T point and one around each of the two X points in the first Bril-
louin zone of the surface [111], as shown in figure 5.6. This confirms the prediction

of strong T1 behaviour and is in good qualitative agreement with bandstructure cal-
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Figure 5.6: a: Fermi surface of the SmBg¢ surface state, deduced from ARPES measurements
on the (001) face. Reproduced from [111];
b: Calculated bulk (blue) and surface (red) bandstructure of SmBg and (inset)
calculated Fermi surface for the (00 1) face. Reproduced from [146].

culations [146]. However, with state-of-the-art ARPES, it is currently very difficult
to resolve the small Kondo gap in this material, which rather tests its utility as a
fail-safe probe of strong T1 behaviour [135, 148].

StM™ studies of SmBg surfaces have shown that this material rarely cleaves with
pristine termination, such as preserve at the surface the symmetry of the bulk. In-
stead, a number of different reconstructed surfaces have been observed [149, 150].
This mixture of terminations suggests that the ArRpEs data should be interpreted
with caution, as the spot size in an ARPES measurement is large enough that it
may illuminate several regions of differing termination [135]. Nevertheless, sTs
shows a well established hybridisation gap, at an energy level that depends on the
termination, with residual spectral weight that might be attributed to the in-gap
surface states. This appears to be the case on all surfaces, regardless of termination
type, which supports the concept of a protected state robust to surface imperfec-

tions [149]. Similar behaviour has been seen with point-contact spectroscopy [107].
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Figure 5.7: a: Fermi surface of bulk SmBg, calculated using density functional theory with
a downward shift of the Fermi energy from its calculated position within the
gap to expose the unhybridized bands. The Fermi surface consists of large mul-
tiply connected prolate spheroids centred at the X points of the Brillouin zone.
This Fermi surface appears to be consistent with high frequency quantum os-
cillations measured using high magnetic fields.

b: Cross section in the I'’XM plane, showing more clearly the connecting necks.
The Brillouin zone is shown as a black wire cage in (a) and a black square in (b).
Reproduced from [153].

Helical coupling of spin and crystal momentum has not yet been observed though,
so strong TI behaviour has not been demonstrated conlusively [135].

Topological insulators ought to show pronounced weak anti-localisation (WAL)
in the transverse magnetoresistance, due to the strong spin-orbit coupling that
underlies the geometric phase of the wavefunction [151]. Though early magneto-
resistance studies of SmBg above 4 K gave no indication of wAL [152], later studies
suggest that it is only significant at temperatures below 3 K and is very difficult to
resolve, even below ~1K where surface conduction dominates [138].

Torque magnetometry has yielded quantum oscillations, which have been inter-

preted in different ways by various authors. One school of thought holds that the
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oscillations arise from the surface state Fermi surface, consistent with the picture
of SmBg as a topological Kondo insulator [154]. However, measurements made at
high fields show additional frequencies of quantum oscillation that appear similar
to those observed in other, non-Kondo insulator hexaborides such as LaBg, CeBg
and PrBg. This has led to the suggestion that these oscillations are somehow arising
from the gapped bulk states (see figure 5.7) [153]. Furthermore, the temperature-
dependence of the amplitude of the quantum oscillations at dilution refrigerator
temperatures cannot be explained with current models and, while there have been
measurements of de Haas—van Alphen (magnetisation) oscillations in SmBg, no
Shubnikov-de Haas (conductivity) oscillations have yet been observed. A number
of different theories have been suggested to explain these phenomena, ranging
from simple models of heavy fermion systems in which the cyclotron energy ex-
ceeds the hybridisation gap [155], to more exotic scenarios such as the existence of
anovel charge-neutral quasiparticle in the bulk, with appreciable non-zero density
of states at the Fermi surface [153]. This latter theory appears to run counter to the
conclusions drawn from transport measurements and, if true, would likely be the
first mechanism of its kind reported. Evidence for neither the surface nor the bulk
model is conclusive and remains the subject of active experimental and theoretical
investigation and much debate [148, 156—-159].

In summary, transport studies seem strongly suggestive of a topological surface
state in SmBs, whereas more direct probes of the Fermi surface and density of
states, including surface spectroscopy and quantum oscillations, are still subject to
experimental limitations and differing interpretations. Nevertheless, the fact that
stoichiometric SmBy is relatively straightforward to produce and not appreciably

air-sensitive [136, 160] makes it an appealing subject of further study and a very
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promising test-bed for investigations into the properties of transport in strong
T1s. In the topological Kondo insulator model of SmBg, it seems that the Kondo
hybridisation origin of the insulating behaviour constrains the Fermi level to sit
within the bulk bandgap. Consequently, the transport properties do not suffer from
the pollution of the surface phenomena with bulk transport, as is so often the case
in Bi,Se; and Bi, Te;. Though the small bandgap in SmB¢ necessitates quite low
temperatures in order to view unadulterated surface transport, this is balanced by
the ease of working with such a chemically stable compound. For these reasons,
SmBg presented an ideal system for our own investigation, detailed in chapter 6,
which aimed to better understand the nature of transport in this material and the

extent to which topological protection plays a role.
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USING MOLECULAR MAGNETS TO PROBE SURFACE

TRANSPORT IN SAMARIUM HEXABORIDE

Since the advent of research into topological insulators (T1s), of which an over-
view was presented in chapter 5, many innovative transport techniques have been
devised to tease out the muddled properties of the bulk and the topologically pro-
tected surface state. This chapter presents the development of a new technique to
examine the sensitivity of the surface states of possible strong 3-D TIs to magnetic
versus non-magnetic impurities. By using single-molecule magnets (sMMs) as sur-
face scatterers, we are able to do this less ambiguously than in previous studies.
This chapter begins by explaining in more detail the motivation for the develop-
ment of this technique and describing the key elements of the method. There fol-
lows a review of the key magnetic properties of smMs and an introduction to the
two sMM materials used in this study. We then give more detail of the technique
and relate its application to transport measurments of SmBs. The results of our
measurements are strongly suggestive of a spin-polarised conducting surface state
dominating transport at temperatures below about 3 K, very much supporting the

model of SmBy as a topological Kondo insulator.
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6.1 MOTIVATION

As mentioned in section 5.2.2, spectroscopic techniques cannot always easily dis-
tinguish between topologically protected surface states and spin-polarised states
arising from other phenomena. Transport studies can be used to provide com-
plementary information about the electron dynamics of strong Tis to investigate
the topologically protected behaviour. As was described in section 5.1.3, the to-
pological protection of surface transport in strong Tis is a consequence of the
coupling of spin and crystal momentum for surface quasiparticles, so that scatter-
ing from 7 -invariant defects is suppressed. Naturally, several studies have been
performed to investigate this phenomenon by exploring the effect of magnetic
impurities, both by synthesising strong T1 materials with magnetic ion dopants
[97, 101, 102, 161, 162] and by surface deposition of magnetic ions [96, 98—100, 163].
Inevitably however, such methods cannot cleanly isolate the influence of the mag-
netic part of the impurity potential on the transport properties, because the im-
purities also dope and distort the bandstructure. Studies have also been performed
to explore the behaviour of T1/ferromagnet heterojunctions [164], but again the
bandstructure at the interface is a distortion of the TI surface bandstructure. It
would therefore be desirable to develop a technique wherein one can effectively
switch magnetic interactions on and off independently of any electrostatic modi-
fications to the electronic structure and dynamics of the T1. Here we describe
transport measurements that exploit some unique properties of single-molecule
magnets (sMMs) to achieve just such a distinction between the electrostatic and

magnetic scattering contributions of a deposited surface coating.
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6.2 METHOD

We have already described how SmBg, a possible strong T1, is a good candidate test-
bed for a low-temperature investigation of surface transport in such materials (see
section 5.3). For this study, we selected two derivatives of the well-studied smMm
CrgF3(0,C 'Bu),6, one of whch has a magnetic moment associated with its total
molecular spin S = % and the other has no magnetic moment in the ground state.
Besides their distinct magnetic characteristics, these smMs have very similar prop-
erties and are isoelectronic. One or another of these two substances were deposited
as a coating on the surface of each of several samples of SmB¢ so that we might
investigate independently their individual effect on surface transport. Because the
two sMmms are fully expected to provide an equivalent electrostatic scattering po-
tential, the comparison of the effect of the magnetic and non-magnetic molecules
permits us to obtain a measure of the effect of the magnetic scattering potential
alone.

The experiment was performed as follows. First, we obtained some high-quality
single-crystal samples of SmB¢ and wired them with electrical contacts in an ap-
propriate geometry for measurements of longitudinal resistance and Hall effect.
We characterised various transport properties of these pristine samples, including
the effect of breaking a sample in two to explore the relative contribution of bulk
and surface quasiparticles to the transport properties. We then obtained samples
of a diamagnetic and a paramagnetic sMMm (Ga,Zn and Cr,Zn rings, see section
6.3.2 below) and deposited each on a previously characterised pristine sample of

SmBg by thermal sublimation without removing the original electrical contacts.
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The transport measurements were then repeated, using the same contacts, to as-
certain independently what difference scattering from the diamagnetic material,

Ga,Zn, and the paramagnetic material, Cr,Zn, had on surface conduction.

6.3 SINGLE-MOLECULE MAGNETS

Ferromagnetism and antiferromagnetism are conventionally thought of as proper-
ties of purely inorganic crystalline solids, consisting of extended lattices. Recently
however, there has been a focus on compounds that are not inorganic. These in-
clude crystallised molecules of purely organic compounds, containing elements
with only s- and p-electrons and having at least one unpaired electron, and also
crystals of organometallic compounds in which metal coordination centres display
magnetic ordering mediated by superexchange through organic ligands [165-167].
The first organometallic molecular magnets to be explored were three-dimensional,
notably including the thoroughly-studied family of Prussian blues [168], but sub-
sequent investigations yielded lower-dimensional molecular magnets as well. At
the zero-dimensional extreme are single-molecule magnets (sMms) consisting of
multiple transition metal or rare earth coordination centres with non-zero spin,
bound together by various organic ligands [167, 169, 170]. In these compounds,
there is no need to consider interactions through an extended lattice, the physics
is determined by the intra-molecular interactions alone. These materials have at-
tracted much interest, initially as bits for classical information storage [169] and,
more recently, for the possibility of their application as qubits in quantum compu-

tation [171-174].
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6.3.1 The spin Hamiltonian

In order to understand the magnetic properties of an smw, it is necessary to ex-
amine the spin-dependent contribution, Hg, to the Hamiltonian. Hg can usually,
to good approximation, be modelled as a sum of contributions from the Zeeman
effect, Hp, from the crystal field splitting, H ¢, and from the exchange interactions

between the individual spin centres within the molecule, Hj:
Hs = Hp + Hee + Hj . (6.1)

For this model, the nuclear hyperfine interaction is assumed to be small enough
that it can be neglected. Also, the orbital angular momentum of the spin centres
is assumed to be quenched, at least to the extent that the orbital contribution to
the total angular momentum and the spin-orbit interaction can both be treated as
negligible perturbations in this approximation [167, 173-175].

Where the N individual spin centres are labelled with index i € Zy and have

spin s;, the Zeeman term can, to first order in s;, be written as

N
Hg =pusB-) gi-si, (6.2)
i=1

where B is the applied magnetic field and g; is the effective gyromagnetic tensor
at site i. g; is a symmetric second-rank tensor that takes account of the fact that
the existence of orbital angular momentum at site i can augment the effective mag-
netic field acting on s;. This enhancement may not be isotropic, so g; encodes the

anisotropy of the resultant Zeeman response.
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The crystal field term accounts for the fact that electrostatic interactions in the
neighbourhood of site i affect the energies of the different spin states. Electronic
orbitals of the coordination centre, particularly the protruding d- and f-orbitals,
overlap with the electron distribution of the surrounding ligands, introducing a
different energy penalty to each orbital, which may be anisotropic. This affects the
spin states of the coordination centre, since the shifted energies affect the applica-
tion of Hund’s first rule. In the absence of crystal field splitting, orbitals are popu-
lated so as to maximise multiplicity (2s; + 1) because this minimises the number
of doubly occupied orbitals and the attendant electrostatic energy cost. When the
crystal field is introduced, the energy cost of single occupancy of the highest-raised
energy levels may be greater than the cost of double occupancy of lower-energy
orbitals. The ground state of the coordination centre will then have a smaller value

of s;. To lowest order in s;, the corresponding Hamiltonian can be stated as

N
He=) si-Dj-s;, (6.3)
i=1

where D; is a symmetric, second-rank tensor. Naturally, D; can be diagonalised by
choosing to align the Cartesian basis of the each spin centre with the eigenvectors
of D;. One can then express D; as the sum of an isotropic contribution % Tr(D;) 1,
and a traceless contribution D} = D; — 3 Tr(D;) 1, where Tr(D;) is the trace of
D;. The isotropic component represents the mean energy shift, due to the crystal
field, of all levels with a given value of s;, and D/ represents the splitting of these
levels due to the anisotropy of the crystal field. Furthermore, since D’ is a traceless,
diagonal, second-rank tensor, it can only have two independent components and

can be written as
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D, 0 0 .
D:=|10 E 0 —gDﬂl, (6.4)
0 0 —E

where D; = Dy — % (Dxjx; + Dy,y,) and E; = % (Dxix; + Dy,y;), and Dxx,,
Dy,y; and Dy, are the on-diagonal components of D;. The basis {x;, y;,z;} can
always be chosen in such a way that —% < % < % The crystal field term in the

spin Hamiltonian is now

e Fon (o1 01

al 2 1 2 2 1 2
= Dj (siz" — +E; (51 x; — Siy; ) + 5 Tr(D;) s
= 3% 3
N
= Z [D Slzz +E; <sZ X si,yiz) + Eisiz} . (6.5)
i=1
% = 0 represents a spin anisotropy with axial symmetry, in which D; < 0 cor-

responds to an easy axis anisotropy and D; > 0 corresponds to an easy plane
anisotropy. s;> commutes with H¢ but, unless site 7 has axial anisotropy, Sj,; does
not commute with H, so the crystal field mixes the eigenstates of s;,. and lifts
their degeneracy.

The contribution to the Hamiltonian due to exchange interactions between dif-
ferent spin-centres within a smm is represented by Hj. This tends to be very well
represented as an expansion to first order in each of s; and s;, where the indices i

and j run independently over the spin centres:

N
H] = Z ZSZ' 'L',]' "Sj . (6.6)
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The second-rank tensor J; ; can be further expanded to illustrate the different ex-

change phenomena at work:
N
Hy = Z Z (_]i,j s;'sj + si-Djj-s; + d;;- (Si X S]')) . (6.7)
i=1j#i

Here, the first term is familiar as the Heisenberg exchange interaction, which rep-
resents isotropic exchange, hence J;; = —% Tr (Ji,j)- The second term represents
symmetric anisotropy in the exchange interaction, so D; j (not to be confused with
the crystal field anisotropy tensor, D;, above) is a traceless, symmetric, second-

rank tensor,
1 1
Dij =5 (ij+7Jij') = 3 Tr(Jig) 1. (6:8)

Like D;, D; ; can be diagonalised with an appropriate choice of basis. The third
term, the Dzyaloshinskii-Moriya interaction, represents antisymmetric anisotropic
exchange, driven by spin-orbit coupling, which encourages a canting of the spins
towards a mutually perpendicular orientation. This is represented by an antisym-

metric contribution to ]i,ja o)
1 T
dij- (sixsi) =si-5(Jij=Jij') -sj- (6.9)

Because each individual spin has 2s; 4 1 eigenstates, the eigenstates of the full
spin Hamiltonian span a Hilbert space of [](2s; + 1) dimensions. The fact that
the dimensionality of the Hilbert space risles exponentially with the number of
spin centres makes numerical diagonalisation of the Hamiltonian a very computa-

tionally intensive problem for all but the smallest smms. However, a useful simpli-
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fication can be made by noting that both the total spin S = } _s; and (if the z;-axes
of the single-ion crystal field anisotropies are aligned) the toltal z-projection of the
spin 5; = }_s;,; commute with the Heisenberg exchange term”. In most circum-
stances, He;senberg exchange is the dominant contribution and the anisotropic
terms can be treated as a perturbation. The Hamiltonian then need only be block
diagonalised, each block corresponding to a value of S and consisting of 25 + 1
elements, in which the detailed structure of each block can be elucidated using
raising and lowering operators. The molecule can then be treated as a single giant
spin centre, described by a simplified Hamiltonian, amalgamating the crystal field

and exchange anisotropy and the Zeeman effect, in what is known as the giant

spin approximation:
Hg = DS,2 + F <sz - syz) +usB-g-S, (6.10)

where D, E and g are analogous to D;, E; and g; for a single ion.

6.3.2 Cr/Ga antiferromagnetic rings

One class of sMms, known as antiferromagnetic rings, consists of near-planar ring-
shaped clusters of spin centres with antiferromagnetic Heisenberg exchange coup-
ling between nearest neighbours. CrgFg(O,C ‘Bu),4 (hereafter referred to as Crg) is
one such antiferromagnetic ring molecule. The molecule has four-fold rotational

symmetry around the axis of the ring and the eight Cr' ions form an almost-planar

This is only strictly true if ]z',j is independent of i & j, but even in a more realistic situation, where
exchange is dominated by nearest neighbour interactions, it typically remains a good approxima-
tion.
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(a) View along magnetic easy axis, z (b) View along molecular x-axis

Legend:

Ga/Cr Zn C O F

Figure 6.1: The molecular structure of the [M,ZnFs(O,C ‘Bu),s]” ion, with M=Ga, Cr.
For clarity, the hydrogen atoms in the tert-butyl groups have been omitted.
a: A view of the ion along its z-axis (the magnetic easy axis).
b: A view of the ion along its x-axis.
The nearest-neighbour separation of metal coordination centres is 3.4 A. The
ion is an almost planar octagon and, with a (Me,NH,)" cation at the centre of
the ring (not shown), it forms the molecule (Me,NH,)[M,ZnFs(O,C 'Bu),s], re-
ferred to in the text simply as Ga,Zn or Cr,Zn, according to the identity of the
metal ion M.
Structure data are adapted from the supplementary information to reference [176].
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octagon [177]. Each has spin s; = % and the single-ion anisotropy at each of the

two symmetry-independent sites has an easy axis aligned with the axis of the ring.

Consequently, the ground state, |0), is a superposition of Néel states, i.e. states

with mgs, = :i:%, alternating around the ring,

0) = 5 (MURUAUTY) + AU IRUA) 6.1)
The total spin in the ground state is therefore S = 0 but there is a rich struc-

ture of magnetic excitations [178], with the first excited state, having S = 1, at
0.80 meV = 9.3K above the ground state [179, 180].

Although Crg has S = 0 in the ground state, it is possible to synthesise modi-
fied structures, Cr,M, with one of several species substituted for one of the chro-
mium ions, often resulting in non-zero S [181]. In the case where a Zn' ion is
used in place of one of the Cr'! ions, the CrgFs(O,C ‘Bu),¢ molecule becomes a
[Cr,ZnFg(0,C 'Bu),¢] ~ ion, depicted in figure 6.1. This is bound ionically to a
cation such as (Me,NH,)", to form a new molecule (Me,NH,)[Cr,ZnFs(O,C 'Bu),]
(referred to in the following as Cr,Zn). The antiferromagnetic coupling between
the Cr' ions in Cr,Zn is not materially different to that in Crs, but the Zn!! ion
has spin s = 0 so that the spins are not perfectly compensated, with a result-
ant total spin of S = % in the ground state. Cr,Zn inherits the easy axis aniso-
tropy of Crs, aligned with the axis of the ring, but no-longer has rotational sym-
metry, the ground state having axial and rhombic zero-field splitting parameters
D = —51.90peV and E = —60.63 neV, respectively. Similarly to Crg, the first
excited state in Cr,Zn, with § = %, is 0.83 meV = 9.6 K above the ground state.

Furthermore, one can synthesise another related compound, isoelectronic with
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Cr,Zn but with Ga' in place of Cr'!!, yielding (Me,NH,)[Ga,ZnF5(0,C 'Bu),¢] (or,
shorthand, Ga,Zn). Because, like the Zn! jon, the Ga! ions have s = 0, Ga,Zn is
devoid of magnetic structure, so that it has S = 0 and is simply diamagnetic [176].

It has been demonstrated that Cr,M-based antiferromagnetic ring sMMs are stable
enough that they can be heated to temperatures in excess of 230 °C without caus-
ing any change in the molecular structure. This makes them suitable for deposition
on surfaces by thermal sublimation [182]. On some surfaces, and with carefully
chosen ligands, they can even be made to self-assemble into thin films. The mag-
netic properties of the rings remain fundamentally unchanged by the deposition,
regardless of the surface environment [182], which demonstrates that, because of
the size and stability of the molecule, no significant hybridisation with the conduc-
tion electrons in the surface is possible. Furthermore, as seen in figure 6.1, the mag-
netic ions are surrounded by a padding of quite large organic groups. This means
there can be no substantive exchange coupling between the giant spin centres to
promote inter-molecular magnetic ordering. For the same reason, it is unfeasible
for a Ruderman-Kittel-Kasuya-Yosida (RkKY) interaction, mediated by the surface
quasiparticles an SmB¢ substrate, to cause magnetic ordering in a Cr,Zn coating
[183]. In order to work out the strength of the dipole-dipole interaction of two
adjacent S = % molecules, we recall the form of the magnetic flux density B at a
displacement r from a magnetic dipole p,

B(r) = 12 <3(”—r)‘ - E) . (6.12)

A7 > r3
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Figure 6.2: Magnetisation of Cr,Zn and Ga,Zn, measured by sQuIiD magnetometry.
a: Temperature dependence. Ga,Zn is clearly diamagnetic. The behaviour of
Cr,Zn is very close to Curie law behaviour at low temperatures but does not
approach M = 0 at high temperatures;
b: Field dependence of Cr,Zn magnetisation, expressed as magnetic moment
per molecule, compared to the Brillouin function behaviour expected of a
simple S = % paramagnet.
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Given the magnetic dipole moment of a spin, p = S, we obtain

(6.13)

_aaotous (S 3(S-r)r
B(r) =0.49 s (r3 5 ;

where we have taken the gyromagnetic ratio ¢ = 1.96 [176]. In previous depos-
ition studies, these molecules tend to lie with their z-axis normal to the surface of
the substrate [182]. Since they have a crystallographic diameter of 1.9 nm in the
x-y plane, the strength of the dipole-dipole interaction of neighbouring molecules
will only be of order 1mK. All evidence therefore suggests that an assembly of
Cr,Zn molecules, either crystalline or an amorphous surface coating, is simply

paramagnetic, even at the temperatures of most cryo-magnetic measurements.
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5 10 15 20 25
B

Figure 6.3: Calculated fine structure and Zeeman splitting of Cr,Zn. Eigenvalues E of the
Hamiltonian Hg (equation 6.10) as a function of magnetic field B. At zero field,
the levels are grouped into multiplets corresponding to different values of the
giant spin S. At higher fields, the Zeeman energy dominates.

Reproduced from [184] by kind permission.

The expected magnetic behaviour of crystalline Cr,Zn and Ga,Zn was confirmed
by sQuID magnetometry measurements of powder samples, shown in figure 6.2.
At all temperatures from 2K to 300K and in fields from 0T to 7T, Ga,Zn only
showed very weak diamagnetic behaviour, as seen in figure 6.2a, whereas Cr,Zn
was paramagnetic throughout. Below 5K, the susceptibility of Cr,Zn strongly re-
sembles that of an ideal paramagnet, with each molecule contributing a magnetic
moment corresponding to S = % Without correcting for imperfect packing of
grains in the powder sample, the measured Curie constant was C = 15.7 mK, close
to the predicted value of 14.8 mK. The dependence of magnetisation of Cr,Zn on
field strength is depicted in figure 6.2b. The measured magnetisation is very close

to the expected Brillouin function for an ideal S = % paramagnet. Deviation at
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higher fields can be explained by the fact that Zeeman splitting reduces the energy
of field-aligned components of higer-S states to the extent that they have appre-
ciable thermal population, slightly increasing the magnetisation. This can clearly
be seen in the calculated energy level structure shown in figure 6.3, where levels
from the S = g and S = % excited states become mixed with the highest levels of
the S = % ground state at fields as low as 5 T.

Cr,Zn and Ga,Zn are sufficiently identical in their electrostatic properties that
they can easily be made to co-crystallise [176]. Because they are electronically so
very indistinguishable but are magnetically distinct, Cr,Zn and Ga,Zn together
form a perfect tool for exploring the sensitivity to magnetic scattering of topolo-

gically protected surface-state quasiparticles in a strong TI.

6.4 Ga;Zn AND Cr,Zn AS SURFACE SCATTERERS

6.4.1 Provenance of samples

The samples used in this experiment were grown by Shuhua Yao, Minhui Lu and
Yan-Feng Chen at the National Laboratory of Solid State Microstructures, Nanjing
University, in collaboration with Yulin Chen of the Clarendon Laboratory. High
quality single crystals of SmB¢ were grown by spontaneous nucleation from high
temperature solutions, using aluminium as the solvent. The starting materials were
elemental samarium, boron and aluminium, each with a purity of 99.99 %. The
molar ratio of solute to solvent was 1 : 10. The mixture was heated to 1500 °C and

held at this temperature for 24 hours in an argon atmosphere to homogenize the
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solution. Following this, the melt was cooled quickly to 1450 °C and then slowly to
700 °C. It was then allowed to cool to room temperature naturally. The aluminium
flux was removed by dissolving in hydrochloric acid and single crystals of SmB,

were obtained with sizes of up to 4 mm x 0.8 mm X 0.4 mm.

6.4.2 Details of experiment

In all, two iterations of this experiment were performed. For the first, we obtained
a needle-shaped crystal of SmBg, measuring 2.82 mm X 0.36 mm X 0.235 mm and
with clean, shiny facets. The sample was mounted on a piece of amorphous quartz
and seated on a socket for an eight-pin dual in-line package (p1p). 25 pm-diameter
gold wire was used to connect each of the eight pins of the pip socket to the
sample surface, where the wires were fixed using a graphite paste conducting ad-
hesive. The eight contacts were arranged on the top (00 1) surface of the sample,
as shown in figure 6.4. Measurements were then made of longitudinal and trans-
verse resistance, including the temperature dependence of longitudinal resistance
from 1.4K to room temperature, longitudinal and transverse magnetoresistance
in fields from OT to 15T, and anisotropic magnetoresistance (AMR, see section
4.2) in a field of 15T at various temperatures. The contacts were then removed
and the sample cleaned and broken along a (100) plane to form two needle-
shaped samples, one with dimensions 1.40 mm X 0.36 mm X 0.235mm and the
other 1.42 mm x 0.36 mm X 0.235 mm. Each new sample was mounted on its own

pIP socket and patterned with eight contacts in the same way as the parent sample,
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Figure 6.4: Top: Contact geometry on SmB4 samples for the first iteration of the experi-
ment. The initial sample is shown with eight contacts (ellipses numbered 1-8)
for transport measurements. Middle: The sample having been cleaned and
cleaved in two ((100) cleavage plane denoted by blue line), each half was simil-
arly prepared with eight contacts on the (00 1) face for further measurements.
Bottom: Contact geometry on each of the four SmB¢ samples for the second it-
eration of the experiment. Each sample was prepared with a simpler four-point
pattern of contacts.

In each case, contacts 3 & 4 (light blue) served to carry the excitation current,
while contacts 1, 2 & 5-8 were used to measure the induced potential in the
sample surface.

as illustrated in figures 6.4 & 6.5. Further measurements of AMR and Hall effect
were then made on each sample.

Once the samples had been characterised in their pristine state, sMM scatterers
were deposited by thermal sublimation. The mounting of the wired SmBg samples
on DIP sockets allowed them to be removed from the measurement apparatus,
without disturbing the contacts and wiring, and transferred into an ultra-high va-
cuum chamber for smm deposition. The samples of Ga,Zn and Cr,Zn were grown
by Grigore Timco of the Molecular Magnetism Group in the School of Chemistry
of the University of Manchester. Samples of both Ga;Zn and Cr;Zn from the same

batches were previously the subject of an electron paramagnetic resonance spec-
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Figure 6.5: Photograph of a sample of SmB¢ prepared for measurement. This sample is
one of the two obtained after cleaving the parent sample in the first iteration
of the experiment. The crystal itself is the black oblong in the centre of the
image, with the cleaved surface being at the right-hand end. The face on which
the contacts are arranged is a (001) plane. The crystal is fixed to a quartz
plate and mounted on a pIP socket. It is wired for transport measurements, as
illustrated in figure 6.4, and has been coated with Ga,Zn to a thickness of 5 nm.
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troscopy study [176], in which details of the synthesis have already been reported.
Thermal deposition was performed by Christopher Muryn at the School of Chem-
istry of the University of Manchester in a manner very similar to that previously re-
ported for Cr,Ni heterometallic ring sMMs [182]. The mounted SmBg crystals were
each held at ~2 x 10~8 mbar, at a distance of 10 cm from an ohmically heated
crucible containing a crystalline powder of either Ga,Zn or Cr,Zn. The smms were
sublimed in the temperature range 180-230 °C and the deposition rate was mon-
itored using a quartz crystal microbalance. A total mass of sMM equivalent to a
uniform surface coverage of 5nm was deposited on each sample. After smm de-
position, further measurements of AMR and Hall effect were made, to complete the
first iteration of the experiment. Unfortunately, some of the contacts were found
to have broken, perhaps because the carbon paste was too fragile an adhesive to
survive ultra-high vacuum and the thermal stresses of sMm deposition. This did
not prevent our obtaining enough data to illustrate reasonably well the effect of
Ga,Zn and Cr,Zn on transport in SmBs, but prompted a repeat of the experiment,
in order to check the validity of the results.

In this second iteration, four new single-crystal samples of SmBg¢, with very sim-
ilar appearance to the parent sample from the first iteration, were obtained from
the same source. They were mounted in pairs on two DIP sockets, wired this time
with a simpler four-contact geometry, as illustrated in figures 6.4 & 6.6. This pre-
cluded transverse transport measurements but permitted longitudinal transport
measurements of twice as many samples, to serve as ample confirmation of the
results of the first iteration. Additionally, instead of the fragile carbon paste adhes-

ive, a stronger silver-based conductive paint, DuPont 4929N, was used.
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Figure 6.6: Photograph of one of the two pairs of SmB¢ crystals mounted for measurement
in the second iteration of the experiment. The crystals are fixed to a quartz
plate, mounted on a prp socket. They are wired for transport measurements,
as illustrated in figure 6.4, and have been coated with Cr,Zn to a thickness of
5nm. As in figure 6.5, the long axis of each crystal is the (100) direction and
the face with painted contacts is the (001) direction.

As before, we first characterised the transport properties of the pristine samples.
One pair of samples was then coated in Ga,Zn and the other in Cr,Zn, follow-
ing exactly the same procedure as in the first iteration. Again, the change in the
samples’ transport behaviour was measured. One of the Ga,Zn-coated samples
was lost, again due to a poor-quality contact. The other Ga,Zn-coated sample and
both the Cr;Zn-coated samples yielded good data. The Ga,Zn-coated sample with
good contacts was a short rod, measuring 0.99 mm X 0.34 mm x 0.326 mm. The
Cr,Zn-coated samples were a needle, measuring 2.01 mm x 0.31 mm x 0.212 mm,

and a cuboid platelet, measuring 1.81 mm x 0.56 mm x 0.109 mm.
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6.4.3 Characterisation of uncoated SmBg

The temperature dependence of the resistance was measured from near room tem-
perature to 1.4 K (figure 6.7). The data show behaviour very much consistent with
previous reports [134, 136, 160, 185], with insulator-like behaviour between ~40 K
and ~5 K, which may be attributed to the opening of a Kondo hybridisation gap in
the bandstructure, and more complicated behaviour at lower temperatures, with
resistances lower than expected for a simple Kondo insulator. By modelling the
longitudinal conductance of a sample as a sum of independent parallel contribu-
tions from the surface and the bulk, a fit to these data can be attempted. The form
of the fitted model of the bulk resistance is based on the expected behaviour of an
intrinsic semiconductor, as derived from the law of mass action [186]. To reflect
the expected behaviour at the lowest temperatures, quasiparticle-phonon scatter-
ing is assumed to be effectively frozen out, such that quasiparticle scattering is
dominated by temperature-independent impurity scattering. It follows that the

resistivity of the bulk has the form

— T3 Eg

and the corresponding resistance is

3 E
Ry, = C, T2 exp(zkgT) , (6.15)
B

where the coefficient C;, and the band-gap energy E; are free parameters in the

fit. Knowing the dimensions of the current path through the bulk, the sample-
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independent resistivity parameter 7}, can be determined from C},. Meanwhile, the
behaviour of the surface resistance is appears to bear some resemblance to that of

a Kondo metal (see section 5.3.2). A good fit was obtained with a surface resistance

of the form

Ry = Csln (1TK) + Dy, (6.16)
where

D; = CsIn (1T—IK<> + (other contributions) . (6.17)

The parameters C, and Dj are fitting parameters and Tk is the Kondo temperature

(see section 5.3.2). The total fitted longitudinal resistance is therefore
1 1) !
Ry = (Rb— + R, ) . (6.18)

Because surface conduction is highly non-local, with significant contributions to
the conductance from current paths that go ‘the long way around’, across the entire
sample surface [137, 138, 147], Cs and Dy are expected to be strongly dependent on
the sample geometry and this means it is not easily possible to deduce a sample-
independent surface parameter, analogous to vy, for direct comparison of different
samples. Nevertheless, such a fit allows one to compare bulk parameters to check
for consistency between samples. Since the contact positions on a given sample
are unaltered before and after the introduction of smms, the surface transport para-
meters in the fit also allow one to quantify the resultant changes, if any, in the

conductance of the surface.
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Figure 6.7: Longitudinal resistance of pristine SmBg, with current applied along (100).
Measured data are overlaid with a two-component parallel resistance fit to the
subset of the B = 0T data having T < 7.25K, as described in the text. The
individual components, Ry, and R, are also plotted. The fitted parameters are
E;, = 5.50meV, G, = 1.52 QK3, C; = 132Q and D, = 615Q.

a: There is a noticeable deviation in the trend at T > 7.25K (region A) from
the lower temperature behaviour (region B). The fit has been extrapolated into
region A to highlight this deviation at 7.25K;

b: Conductance is clearly dominated by bulk carriers at temperatures above
~5.5K and by surface carriers at temperatures below ~3K, but shows mixed
characteristics in between. The effect of applying magnetic field, B, along
(001) is also shown.
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Fits were performed with a least-squares routine using the Levenberg-Marquardt
algorithm, which was seeded with the initial values C; = 500Q, Dy = 1Q,
E; =4meV and G, =1 QK3. When the fit is performed on the data from all
temperatures, it shows a clear deviation from the data for T > 7.25K (this is
particularly clear in a plot of log R versus %). We do not propose a detailed
mechanism for this, though it may be due to the onset of quasiparticle-phonon
scattering, undermining our assumption in the fit that the only significant bulk
scattering processes are temperature-independent. Another possibility is that the
thermal evolution of the Kondo hybridisation gap may result in fluctuations that
lead to increased scattering. In the absence of a satisfying explanation for this beha-
viour, the fits reported here were instead performed only on data from T' < 7.25K
(see figure 6.7a). Fits were performed on data from several different samples, all
yielding very consistent results for the bulk properties. By aggregating the de-
rived parameters from each sample, the bulk resistivity coefficient is found to be
T = (70.5 £ 17.4) pQm K> and the band-gap energy is found to be
E; = (5424 0.26) meV. This is in good agreement with a recently published
value of E; = 5.5 meV deduced from similar transport measurements [138] and sits
well inside the range of previously reported values, 5-7 meV [133, 134, 136, 137].
Plotting the fit alongside the individual fitted components R}, and R shows a clear
suggestion that transport is dominated by bulk carriers at temperatures above
~5.5K, while surface carrier transport appears to be dominant below ~2.5K. At
intermediate temperatures, 25K < T < 5.5K, the transport appears to be a
well-blended mix of surface and bulk contributions. Naturally, since Cs and Dy
are sample dependent and subject to the exact positioning of the contacts, these

temperatures are very likely to depend strongly on experiment geometry.
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(a) Hall effect in as-grown sample

Figure 6.8: Dependence of SmBg transverse magnetoresistance on magnetic field, temper-
ature and sample dimensions. Current was applied along (100), transverse
voltage measured across (010) and field applied along (001).
a: Temperature and field dependence of Hall coefficient (logarithmic T scale);
b: Transverse magnetoresistance of a long sample (blue) and of two shorter
samples (green and red) obtained by cleaving the first sample on a (100) plane.
Broken lines show the effect of adding Ga,Zn (red) and Cr,Zn (green) to the
daughter samples.

Further indication of the mixed surface and bulk nature of the transport is prov-
ided in the longitudinal and transverse magnetoresistance. The temperature de-
pendence of the Hall coefficient, Ry = Pyx / B (figure 6.8a), shows some features
that do not correspond to the behaviour expected of conventional quasiparticle

transport. In particular, for conventional electron- and hole-like quasiparticles, it

follows from equation 4.11 that in the low-B limit of small w;T;,

0
Y. 00ip Wei Ty

1
RHZ —_ y
B )i Ooi

(6.19)

which is independent of B. In contrast, below 3 K, Ry shows a pronounced suppres-

sion with increasing B. We suggest that this is due to the fact that the topologically

(b) Transverse resistance of cut samples at 1.4 K
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protected surface state dominates transverse conductance at these temperatures
but is disrupted by the magnetic field, whereby Ry is suppressed.

The hypothesis that unconventional surface carriers dominate the low-temp-
erature transverse conductance in SmBg is supported by the unusual dependence
of transverse resistance, Ryx, on the sample dimensions. Equation 4.12 shows that,
under normal circumstances, the transverse resistance, being simply the product
of the applied current and the Hall voltage, should depend on the thickness of the
sample, I, but ought not to depend on its length, I,. We tested this by comparing
Ryx measurements from samples with identical [, and [ but differing I,. This
was done by measuring the Hall voltage of a long sample, then cleaving it along a
(100) plane to form two shorter samples (see figure 6.4) and comparing the Hall
voltage measurements from all three. As shown in figure 6.8b, Ry is markedly
different for the long and short samples. This can only be due to a predominant
contribution to the conductance from a surface state, with convoluted non-local
current paths in all directions across the sample surface.

Longitudinal magnetoresistance also shows a clear change in character with
temperature, as seen in figures 6.7b and 6.9a. At T = 1.4K, magnetoresistance
shows a quadratic field dependence at low fields and appears to tend towards a
saturation value at higher fields. This is suggestive of closed Fermi surface orbits
and indicative of a metallic state (see section 4.2.2). Weak anti-localisation in the
low temperature magnetoresistance [187] has been suggested as a key signature
of topological insulator behaviour, arising from the spin-orbit interaction that un-
derpins the topological surface state. Although one would expect such behaviour
if SmB4 were a topological insulator, none is seen here. However, as described in

section 5.3, previously reported magnetoresistance measurements appear to show
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Figure 6.9: Magnetoresistance of the pristine sample, with applied field B rotated in the
b-c plane. 6 is the angle between B and c, as illustrated in figure 6.10.
a: Magnetoresistance at two different temperatures, T, showing a change in
character between the surface-carrier-dominated (T = 1.4 K) and mixed (T =
4.2 K) regimes;
b: AMR, expressed as a fractional change in the 6 = 0° value.
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Figure 6.10: AMR in SmBg as a function of temperature, T. Radial scales offset below.
Top left: Current, I, is applied and resistance Ry, measured along the (100)
direction. A magnetic field of B = 15T is rotated in the b-c plane, with § = 0°
corresponding to B parallel to (001).
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Figure 6.11: AMR in SmBg as a function of temperature, T, compare with figure 6.10.
a;: Sample geometry.
a,—3,: AMR measurements, showing qualitatively similar behaviour to our
samples, with some key differences. Again, a magnetic field is rotated in the b-
¢ plane, with 8 = 0° corresponding to B parallel to (001), but here B =9T.
Here, the butterfly pattern is more symmetrical than in our measurements,
which may likely be attributed to a better alignment of the axis of rotation
with the (100) direction.
Reproduced from [185].
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that weak anti-localisation becomes clearly discernible only at temperatures be-
low ~1K [138]. At 4.2 K, magnetoresistance is less pronounced but is clearly neg-
ative, suggesting a different origin for this behaviour, and possibly a mixing of
contributions from two different species, such as a Kondo insulating bulk and a
metallic surface. It has previously been suggested that the negative character of
the magnetoresistance in this temperature range may be due to a narrowing of the
bandgap, due to partial suppression of the Kondo hybridisation in a magnetic field
[152, 185, 188, 189]. It is notable that the form of the magnetoresistance at 4.2K
is close to that previously reported for other Kondo insulators at low temperature
[190].

By rotating the sample around (100) in the magnetic field (effectively rotating
B in the b-c plane), some indication of the symmetry of the underlying conducting
states may be discerned. Figure 6.9b shows that the AMRr at T = 1.4K has a four-
lobed pattern, with larger magnetoresistance at 6 = 0° than at 6 = 90°, providing
two-fold rotational symmetry suggestive of a two-dimensional state. There is no
hint in these data of open Fermi surface orbits (see section 4.2.2). Rather, the field
dependence of the magnetoresistance was seen to retain the same characteristics,
with quadratic dependence at low fields and a suggestion of saturation at high
fields, regardless of the orientation 6. Also not observed in these data is any ori-
entation with zero magnetoresistance. Naively, one would expect this to rule out
2-D metallic states, as they ought to display a cos? § dependence when the field is
nearly coplanar with the 2-p Fermi surface. We cannot rule out 2-D surface states
so readily however, as the presence of facets at different orientations guarantees
that there will always be a surface with a significant surface-normal component of

B. By comparing with previous AMR studies on thinner platelet samples of SmBg
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[185, 191], we can see that the smaller lobes at & = +90° are the AMR contribu-
tion from the smaller (010) and (010) side faces. In our samples, the side faces
are only slightly smaller than the (001) and (001) top and bottom faces, which
appear to contribute the larger lobes at 8 = 0° and 6 = 180°. In fact, the AMR
contribution from each face of the crystal appears to be a simple two-lobed pat-
tern with much less ambiguous two-fold rotational symmetry. The complicated
structure is an inevitable consequence of measuring transport in all faces at once.
This illustrates the impossibility of studying the transport properties of a single
surface in isolation, since the different facets effectively act as several 2-D samples
in different orientations with non-trivial electrical connections.

As the temperature is increased into the regime where bulk and surface trans-
port contributions appear to be mixed, the shape of the AMR changes, adopting a
butterfly-shaped four-lobed pattern. This is depicted, evolving with temperature,
in figure 6.10. We have not been able to account satisfactorily for this feature, but
other recently published studies [185, 191] show similar results (see figure 6.11).
It seems that a complicated interplay of surface and bulk quasiparticles may be
responsible, each species having its own mechanism of magnetoresistance and its
own temperature dependence. Hence examination of the temperature evolution of
the AMR (figures 6.10 & 6.12) provides a further qualitative measure of the temper-
ature dependence of the mixing of surface and bulk. This corroborates the conclu-
sions of the fits to Ry, that surface carrier transport dominates the behaviour of
SmB¢ at T = 1.4 K, while the transport properties of surface and bulk are mixed at
higher temperatures. Finally, at temperatures as high as 20K, the surface contribu-
tion to the transport becomes practically unmeasurable and there is no significant

anisotropy in the magnetoresistance.
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Figure 6.12: Temperature dependence of the first quadrant of AMR of a pristine sample,
with experiment geometry as per figure 6.10. Further detail can be seen of
the transition from surface-carrier-dominated transport at T = 1.4K to the
mixed regime at T = 4.2K.

6.4.4 Effect of surface scatterers

Having characterised the low-temperature transport properties of unadorned SmBg
in some detail, we proceeded to coat the (OO 1) surface of each of the measured
samples with either Ga,Zn or Cr,Zn. We were then able to make directly compar-
able measurements to determine the effect of the two scatterer molecules. In or-
der better to understand the effect of the coatings, we performed AFm on samples
before and after coating with smms. Scanned micrographs and indentation data
were obtained by Sonia Contera of the Clarendon Laboratory, using an Asylum
Research MFP-3D AFM. Scanned images were taken in amplitude modulation mode,
using Olympus Acz240 silicon cantilevers with a spring constant of 2N m ™. Indent-

ation measurements were performed using Olympus Ac16o0 silicon cantilevers with
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Figure 6.13: Atomic force micrographs of SmBe, with and without a layer of Cr,Zn.

a & c: Images of bare SmBg. The amplitude of the cantilever displacement (a)
shows that the base surface is quite rough, but the phase difference (c) between
actuation and reflected signal barely deviates from 90° anywhere, indicating
that the surface is uniformly hard.

b & d: Images of SmB¢ coated with Cr,Zn. The displacement amplitude (b)
shows more extreme features than on the bare sample, indicating that there are
regions with widely varying coating thickness. The coating does not appear
to be in any way ordered. The phase difference (d) between actuation and
reflected signal shows significant deviation from 90° across the whole area,
implying that the entire surface is coated with the softer, more absorbent smm.
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Indentation (nm)

Figure 6.14: AFm indentation on several uncoated and Cr,Zn-coated regions of SmBg. The
bare surface (grey lines) is clearly very hard, and also hydrophilic (attractive
force on the cantilever at zero indentation is due to adsorbed water). By con-
trast, the coated surface (green lines) clearly has a lower Young’s modulus and
is more hydrophobic. Step features (arrows) may represent the AFMm tip penet-
rating a layer of Cr,Zn.

a spring constant of 51.5Nm™!, approaching the surface at 2pms~!. The canti-
levers were calibrated using the Sader method [192].

As shown in figure 6.13, AFM images of the bare surface show SmBg to be very
hard, with a somewhat rough surface. By contrast, surfaces coated with Cr,Zn ap-
pear softer and uniformly absorptive of the cantilever actuation energy, indicating
that the entire surface is coated. Nevertheless, there is no evidence of long-range
structural ordering in the coating material. Indentation data at dozens of sites on
uncoated and coated surfaces, a few of which are shown in figure 6.14, reinforce
this picture and show additional features that may correspond to penetration of
individual layers of Cr,Zn by the Arm tip.

Since it appears that the smm molecules are deposited on the sample surface

without ordering, the scattering potential of Ga;Zn is expected to be a purely elec-
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Figure 6.15: Temperature dependence of resistance of SmB¢ before and after surface scat-
terers are deposited on the (001) surface. a: Adding Ga,Zn, with S = 0,
causes a drop in surface resistance; b: Cr,Zn, with S = %, causes an increase.

trostatic white-noise potential, whereas that of Cr,Zn will have a similar white-

noise distribution with an additional magnetic component. Because the transport
data reported here were all taken at temperatures below 8K, it is safe to assume
that the scatterer smms will each predominantly be in their magnetic ground state.

As such, we expect Ga,Zn, which has S = 0, not to significantly affect the scat-

tering rate of surface quasiparticles, though it may alter the transport properties

by the influence of its electrostatic potential on the surface bandstructure. Cr,Zn,
being isoelectronic with Ga,Zn, is expected to have an identical electrostatic influ-
ence on the surface bandstructure but also, due to its having S = % to cause an
increase in scattering rate in the surface transport.

Figure 6.15 shows the typical longitudinal resistance behaviour observed in a
sample before and after coating with Ga,Zn, and in another before and after coat-

ing with Cr,Zn. A two-component parallel conductance fit has been performed in

7725

(b) Before and after coating with Cr,Zn
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each case, just as for the resistance data of the pristine samples, as described in sec-
tion 6.4.3. For the Ga,Zn-coated sample (figure 6.15a), the addition of the surface
scatterer caused a drop in the surface resistance coefficient C, obtained from the fit,
yielding a ratio of coated to uncoated values co™y Cbare = (0,706 + 0.008. This
shows that the electrostatic potential of the smMM coating acts to increase surface
conductance. Meanwhile, for the Cr,Zn-coated sample (figure 6.15b), the addition
of the surface scatterer caused an increase in (s, yielding a ratio
CSC e Cbare — 1,369 + 0.018. If we assume that the electrostatic potential of
Cr,Zn decreases surface resistance by the same factor as does Ga,Zn, this sug-
gests that the observed net increase in surface resistance is due to the magnetic

component of the scattering potential alone. This appears to cause an increase

in the low-temperature (T' < 3K) surface carrier scattering rate by a factor of

cEren cSatn _ 1 94 +0.04.

Measurements of magnetoresistance are shown for two samples, one before and
after coating with Ga,Zn in figure 6.16, and one before and after coating with
Cr,Zn in figure 6.17. They show that the effect of the scatterer coating can be
treated as a multiplicative contribution to the behaviour of pristine SmBg, inde-
pendent of magnetic field strength and direction. The impact of the surface scat-
terers on Ry, is proportionally slightly larger at T = 1.4K than at T = 4.2K,
which probably reflects the fact that surface transport is more dominant at lower

temperatures.
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a: Magnetoresistance at two different temperatures, T = 14K & T = 4.2K;
b: AMR, expressed as a fractional change in the 8 = 0° value, as in figure 6.9b.

Radial scale offset below.
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Radial scale offset below.
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6.4.5 Discussion of results

In these transport measurements, we have seen many features in SmBg that cannot
be explained by a conventional bulk conductance model. Our best understanding
is that a complicated mixture of surface and bulk effects contribute to the transport
properties to differing extents, dependent on temperature and magnetic field. At
temperatures below ~7.25K and at low fields, this mixture appears to be well
described by a model of the surface resembling a Kondo metallic state and the bulk
as a narrow-bandgap semiconductor. Perhaps the strongest evidence for surface
conduction being dominant at low temperatures is that a coating of one face of a
sample with a species that is not able to diffuse into the bulk, or affect the bulk
bandstructure in any way, nevertheless results in a significant fractional change in
the resistance. If both Ga,Zn and Cr,Zn caused a decrease in the resistance, and
if the molecular system offered a conjugated charge conduction path, it would be
possible to ascribe this change to conduction in the deposited layer. The organic
ligands shield the metallic core of the molecule from its environment and deny
any such conduction path. In fact, what is seen is a marked difference between
the effect of a diamagnetic and a paramagnetic surface coating, the latter actually
causing an increase in longitudinal resistance. This effect is consistent between
samples and is reproducible. It points to the importance of time reversal symmetry
in the surface quasiparticle scattering mechanism. Indeed, our data suggest that
the magnetic component of the Cr,Zn scattering potential is responsible for a near

doubling of the scattering rate, by comparison with the Ga,Zn coating.
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These data alone cannot determine whether the putative SmB¢ surface state
arises from a non-trivial bandstructure topology, but they do lend further weight to
that model. At the very least, the importance of time reversal symmetry indicates
a surface bandstructure that contains non-Kramers-degenerate states. The debate
over whether surface or bulk physics dominates has been particularly difficult to
resolve in light of various quantum oscillations studies [148] (see section 5.3.3).
On the strength of our results, it seems difficult to rule out a surface state Fermi
surface. It seems likely therefore that the reconciliation of the differing schools of
thought on SmB¢ should involve a model in which the bulk Kondo gap is estab-
lished at lower temperatures and magnetic fields, but is suppressed or even closed
altogether at higher fields, as it is at higher temperatures. A model along these
lines has already been proposed [155] and would account for apparent the domin-
ance of the surface state in our study, while others report data, obtained at much
higher magnetic fields, more consistent with a bulk Fermi surface [153].

Another complication, which has been discussed widely in studies of flux-grown
samples of SmB¢ [154], is the suggestion that the observed transport effects and
quantum oscillations might be attributable to inclusions of aluminium flux in the
bulk of some or all such samples [193]. Our results do not rule out the possibility
that aluminium contributes to transport in SmBg. Indeed, the exact level of the low-
temperature resistance plateau (see figure 6.7) may be dependent on the amount
of co-crystallised flux or lacunae of elemental aluminium. We have not speculated
on the nature of the various possible non-Kondo-metal conduction processes im-
plicit in equation 6.17. Aluminium cannot account, however, for the logarithmic
temperature dependence of the resistance, suggestive of Kondo-metal-like beha-

viour. Finally, the most striking feature of our data, that a perturbative coating on
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the surface causes such significant changes in the resistance of a sample of SmB,
with key differences in character between magnetic and non-magnetic coatings,

likewise cannot be attributed to residual flux.

6.5 CLOSING COMMENTS AND OUTLOOK

In summary, we have developed a technique for introducing a random surface
potential, with and without a magnetic component, to probe the specific sensitiv-
ity of a surface state to magnetic scattering. This is, to our knowledge, the first
technique that allows one to separate the effects of the electrostatic and magnetic
components of a scattering potential. We anticipate this technique to be particu-
larly applicable to studies of topologically non-trivial surface states. Such specialist
transport measurements are likely to be essential if topological insulators are to
fulfil their promise as the basis of new electronic device technologies. In SmB,
there is a clear difference between the influence of magnetic and of non-magnetic
scatterers, which may be evidence to support the hypothesis that 7 -invariant scat-
tering processes are suppressed in the surface state because of topological protec-
tion. It seems it would be possible to apply this method to any T1 materials that are
amenable to transport measurements, that have a well-established bulk bandgap
and that are robust enough to withstand the moderately high temperatures en-
countered during deposition of the sMms. As such, we expect the technique to
have quite broad applicability in future studies of strong TIs.

It seems most likely that our measurements at these reasonably low temper-

atures and magnetic fields corroborate other transport studies in supporting the
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topological Kondo insulator model of SmBg, or some other model in which the sur-
face bandstructure is key. Future studies of this material must therefore reconcile
this with the observation at higher fields of high frequency quantum oscillations,
which have been attributed to a Fermi surface in the bulk bandstructure. One pos-
sible future approach might be to employ a similar sMM deposition technique to
explore the robustness of these high-field quantum oscillations to perturbation at
the surface. Bulk-origin oscillations ought not to be affected, whereas one might
expect surface-origin oscillations to exhibit a shift in frequency due to electrostatic
gating altering the extremal Fermi surface area, and a change in amplitude due to
magnetic scattering by the smmM. The result of such an experiment would further
inform the quest for a complete model of bandstructure and transport in SmBg,

which at present remains elusive.



Part III

CONCLUSION

Lithography is a difficult and ofttimes a very trying
occupation, and calls for young men of courage and
determination. For this reason therefore, in spite of
disappointment and failure, the apprentice must
constantly strive to improve on his previous best.

D Cumming on the Training of Apprentices [1]






SUMMARY AND OUTLOOK

This thesis has outlined the development of two new techniques that exploit very
small structures, on the micro- and nano-scale, to enable innovative electrical
transport measurements on a variety of materials.

In developing the first technique, we set out to find a way of applying the ver-
satility of electron-beam lithography for patterning sub-micron-scale electronic
circuitry to the problem of deriving single crystal samples from a powder. To over-
come difficulties associated with the variability of sample morphology and size,
we found it convenient to embed samples in a layer of su-8 photoresist such that
the top surfaces of the sample and of the photoresist form a composite substrate.
This was found to provide an adequate canvas for electron-beam lithography and
permitted us to make patterned contacts on samples as small as about 10 pm. It
thereby presents a possible means of making electrical transport measurements
on materials of which single crystals have not yet been grown large enough for
conventional techniques. The micro-fabricated apparatus was designed to be com-
patible with high magnetic field measurements at cryogenic temperatures, though
this has not yet been fully tested.

By way of exposition, this technique was used to perform a simple resistiv-
ity measurement on a crystallite of Sr,MnO,Cu, ;Se,, which was approximately

40 um X 30 um X 1 pm in size. Though the sample was destroyed during the meas-
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urement, an apparent phase transition was observed in the resistivity at 213K,
which may possibly be associated with a structural transition from disorder to
short-range order in the copper and copper vacancies within the Cu, ;Se, layers.
To realise our ambition that this technique might be made applicable to powder
samples of a wide range of materials, some further characterisation is still required.
It would be desirable to perform basic measurements, of the sort performed on
Sr,MnO,Cu, 5Se,, on a wider range of samples and at lower temperatures. Fur-
ther straightforward refinements might include the adoption of more adventurous
contact geometries and the investigation of scanning electron microscope energy
dispersive X-ray spectroscopy to provide in situ compositional analysis of moun-
ted samples. Also, the performance of these micro-fabricated assemblies has not

yet been thoroughly tested in a magnetic field.

The second technique provides a method by which one can determine the sensit-
ivity of surface transport in a topological insulator to a magnetic scattering poten-
tial. It exploits some useful properties of two species of molecular nano-magnets
derived from CrgFg(O,C ‘Bu),s rings, one with a non-zero spin and the other (not
strictly magnetic at all) with zero spin. By characterising the properties of native
samples of a topological insulator and then depositing one or other nano-magnet
onto the surface, one can determine the increase in scattering rate due to the mag-
netic scatterers, independently of the gating effect of the associated electrostatic
potential. We believe ours is the first technique to realise this distinction in a
straightforward measurement.

We applied this technique to the Kondo insulator SmBg, which has been pro-

posed as a 3-D topological insulator, and were able to demonstrate that a sur-
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face conduction channel dominates the low temperature transport. Using atomic
force microscopy we were able to determine that our single-molecule magnet layer
formed a coating over the whole of the upper sample surface and that the coating
was disordered, such that the resultant scattering potential ought to be random.
Although the electrostatic influence of the deposited molecules gated the surface
state such as to increase the surface conductance, the effect of the magnetic scat-
terers was to induce a marked decrease in conductance. In a topological insulator,
the locking of the quasiparticles’ spin to their crystal momentum, guaranteed by
the topology of the surface bandstructure, suppresses only time-reversal invariant
scattering processes. Scattering from a magnetic potential should therefore not be
so suppressed. Consequently, our measurements confirm that SmBg shows trans-
port behaviour consistent with its being a topological insulator.

While transport measurements and several spectroscopic studies tend to sup-
port the 3-D topological insulator model of SmBg, certain other investigations in-
stead support an unconventional non-topological picture. Particular division is
evident in the interpretation of seemingly contradictory measurements of quantum
oscillations. Our results appear to confirm that SmB4 has a topologically protec-
ted surface state at low temperature and relatively low magnetic field. It therefore
seems likely that the apparently inconsistent interpretations may arise due to a
difference in behaviour at higher magnetic fields, perhaps due to suppression or
complete closure of the Kondo gap.

Our method is now sufficiently fully developed that there is, in principle, no
obstacle to its employment in the measurement of other topological insulator sys-
tems. Investigations of surface transport properties in topological insulators are

generally hampered by the fact that relatively few of the 3-D topological insulators
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discovered so far actually display good bulk insulating properties. This can mean
that the conductivity of the surface state is swamped by that of the bulk. Neverthe-
less, our technique could be applied to samples of topological insulators such as
Bi, _xSby, Bi,Se; or Bi,Te,, provided they were appropriately doped and/or gated
such that the Fermi surface lies within the bulk bandgap, or to other topological

insulator materials that may yet be uncovered in future research.

In short, though the development of the two techniques reported here has not
been without challenges, both are now poised for application to a wide variety of
future electrical transport experiments. They may yet, it is hoped, yield interesting
data in fields as diverse as the search for new high-temperature superconductors
and the quest to better understand the strange properties of topologically protected

conduction.
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