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Figure 4.8 Thermometer voltages plotted voltage versus time and «/T from Figure
4.7 versus averaged step number. The data for /T are taken from the time
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indicates high sample quality and is a key feature in insulating crystals. The inset
shows the prepared SmBg crystal used in this measurement.

Figure 4.10 Thermal conductivity of SmBs as a function /T versus T? below 5K.
Data shows a non-monotonic field dependence, suggesting a field-induced phonon
scattering suppression. The figure shows the magnetic field and temperature
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Figure 4.11. Thermal conductivity as a function of «/T versus T? of SmBs for
conventional and symmetric setup (a) under no field and (b) under 5T. The dashed
lines show linear fits below ~0.6K. A SmBs crystal was prepared with the
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linear term for x/T was extrapolated via a linear fit of T2, which yields values in the
order of 10! mW K ¢m™! for both unstrained and strained SmBe.
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ABSTRACT OF THE DISSERTATION

Thermal Conductivity of SmBs Under Uniaxial Strain
by
Agnes Laura Yu
Doctor of Philosophy in Physics
University of California, Irvine, 2022

Professor Jing Xia, Chair

SmBg is a mixed valent Kondo insulator with a conducting surface state and an insulating
bulk at low temperatures, with this feature possibly being topological. Even though there is some
idea of the nature of the surface state, the bulk of SmBs has been generally ambiguous. This is
due to several quantum oscillation and thermal conductivity studies having contradicting
observations from each other. Two quantum oscillation studies of SmBs have been noted to
reach incompatible conclusions regarding the dimensionality of the Fermi surface. One of the
studies have observed a 2D Fermi surface associated with the metallic surface while the other a
3D Fermi surface attributed with the insulating bulk. However, insulators do not have a Fermi
surface, so if there was a 3D Fermi surface due to the insulating bulk, this would mean that the
Fermi surface exists due to some charge neutral fermions. Thermal conductivity kK measurements
allow probing of bulk states due to the measurement of the carried entropy by carriers regardless
of their charge and spin. Three studies that measured the thermal conductivity of SmBg have also
not reached a unanimous conclusion, as one of the studies measured a non-negligible residual
linear . The possible origin as to why these measurements do not agree with each other may be
due to intrinsic differences of the sample. For example, the floating-zone grown SmBg samples

are known to have samarium deficiencies that may act as J = 5/2 magnetic impurities. Electrical
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transport measurement of SmBg have demonstrated that the bulk and the surface changes
dramatically with changes in pressure. Extending to this, our group have adopted a strain
apparatus that uses tri-piezo technique in order to have controllable application of the mechanical
strain for electrical measurements of SmBs, which it was discovered that surface conduction
exists up to 200K with 0.7% tensile strain. We have developed a symmetrized design that utilizes
the same uniaxial strain apparatus for our thermal conductivity measurements in order to
simulate lattice distortion effects from samarium deficiencies present in floating-zone grown

crystals, applying 0.27% uniaxial tensile strain to a flux-grown SmBs.
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Chapter 1

Introduction

1.1 Overview of SmBg

Samarium hexaboride (SmBg¢) is a simple cubic compound with its unit cell containing six
boron atoms arranged in an octahedral structure and one samarium atom, as shown in Figure
1.1 (a). The lattice constant, or the size of the unit cell, is a = 4.133 A for SmBs [1]. Even
though SmBg has been studied for over 50 years, the nature of its ground state is not fully
resolved. In 1969, SmBs was discovered to transition from a paramagnetic metal at room
temperature to a narrow-gapped paramagnetic insulator under low temperatures [2]. Before
this discovery in 1969, magnetic materials with f-electrons were believed to be electronically
inert [2]. There was no evidence for magnetic ordering down to 0.35 K, so the samarium ion
was concluded to be divalent with a 4f° (Sm?") configuration at low temperatures. At higher

temperatures, a Curie-Weiss-like susceptibility behavior was observed, which was attributed



to a transitioned trivalent 4f (Sm*") state [3]. However, in 1970, a new analysis for the
electronic configuration of SmB¢ was presented, showing that the susceptibility
measurements fitted well with a presence of 40% divalent and 60% trivalent samarium

ions [4]. Around the same time, pressurized SmS was discovered to exhibit similar behavior
as SmBg [5], leading to the discovery of the non-integer valence of the samarium ion caused

by the fluctuations between the 4f° and the 4f> state, which averages out to Sm>¢*,

What was understood so far was that the 4f ionization energy levels were separated by a
large Coulomb interaction, where at least one of the bands crosses the band of conduction
electrons. The width of the 4f band broadens, with the Fermi energy located at the broadened
peak [6,7]. However, by this explanation alone, SmBs would be considered only a metal. A
gap between the energy bands has to exist at the Fermi energy in order for SmBs to be an
insulator. Further studies have led to the explanation that the gap exists by the localized f-
electrons hybridizing with the delocalized d-electrons, opening up a hybridization energy
gap [8—11]. This can be modeled by a Kondo lattice, or a lattice of localized moments
immersed in the sea of conduction electrons. The model is related to the Kondo effect, which
describes the scattering of the conduction electrons by the magnetic moment, and this
scattering is enhanced under low temperatures [12]. For certain exchange interaction strength
between the f and the d electrons relative to the bandwidth of the conduction band, a
hybridization gap, also known as the Kondo gap, forms between the d- and the f-bands at A ~
40K [10,11]. The utilization of the Kondo lattice model to explain the insulating behavior is

the reason why SmBs is referred to as a Kondo insulator.



The low-temperature insulating state of SmB¢ was verified in 1979 when the Hall coefficient
Ry = 1/ne (n being the carrier density) was measured, where it was discovered that the
resistivity at T—0 K was 10* larger than the resistivity at room temperature. This increase
was too significant to be caused by the scattering of metallic carriers, and so was attributed to
carrier decrease, which is consistent with the carrier density of an insulator being

temperature-dependent [13].

Even though the resistivity plateau at 4K [Figure 1.1(b)] was observed much earlier, the
possible mechanism for its emergence was unclear (as previously proposed explanations
were found to be unphysical [13,14]) until 2010 when SmB¢ was theoretically proposed to
be a topological insulator [2]. The main feature of the topological insulator is the non-trivial
topologically protected metallic surface with an insulating bulk. This topological surface state
could become insulating by breaking time-reversal symmetry, which is done by doping with
magnetic impurities like gadolinium, or could be weakened with an application of a small
magnetic field [2, 19]. Various other studies have supported SmBg being a topological
insulator, such as ARPES experiments [15—17], thickness independent transport [18,19],
spin-polarized transport [20], and STM [21-23], though there have been other studies that
have challenged this notion.

Although there may be a general acceptance of the surface state being topological in nature,
the insulating bulk state is quite ambiguous. Two studies have focused on quantum
oscillation measurements using torque magnetometry via the de Haas-van Alphen (dHvA)
effect, which allows the probing of the Fermi surface topology and the changes to it caused

by Landau level quantization. Both studies have reached contradictory conclusions regarding



the Fermi surface of SmBs [24,25]. The study conducted by Li et al. used the flux-grown
SmB¢ sample provided by our group and observed a 2D Fermi surface, which was attributed
to the metallic surface state [24]. However, this would contradict the well-known behavior of
SmB¢ as a small gap bulk insulator [15,26,27]. Another study was conducted by Tan et al.
that observed quantum oscillations that were characteristic of a 3D Fermi surface and were
associated with an “unusual” insulating bulk state and having the characteristics of some
“unconventional” Fermi liquid, as insulators would not have a Fermi surface [25]. This
“unconventional” characteristic also included their quantum oscillations not having a
Lifshitz-Kosevich temperature dependence that is typically observed in many of the strongly

correlated electron systems.
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Figure 1.1. (a) Crystal structure of SmB¢. (b) Resistance versus temperature of a single flux
grown SmBs. A Kondo gap opens ~40K as shown by the thermally activated behavior, with
the resistance saturation occuring at ~4K.



Another method of detecting possible charge-neutral fermionic excitations would be by
measuring the thermal conductivity k of the sample. Thermal transport measurements allow
the bulk excitations to be probed since the entropy of the system is being measured and has
the added advantage of differentiating the contribution made by each energy carrier (bosons
and fermions). The differentiation is done by using the known temperature dependence of
each carrier to extrapolate their contribution. Since the surface state is metallic for SmBs
under low temperatures, it was found that electrons contributed to some negligible «. So far,
three studies have focused on the thermal conductivity of SmBgs [28-30], with one study [30]
finding a non-negligible residual linear term of k that indicates some charge-neutral
fermionic contribution. Thermodynamic evidence was presented for this case, where for
fermionic excitations at sufficiently high enough temperatures, the electronic contribution

can be eliminated as the cause. However, this has not been experimentally confirmed [30].

In order to explain the observation of quantum oscillations and the residual thermal
conductivity in the low-temperature limit, a theoretical explanation was provided in 2017
that topological insulators may be susceptible to form excitons or magnetoexcitons with an
applied field [45]. The model utilizes the “Mexican hatlike” band structure with the lower
band being completely filled up, and the formation of the exciton with a “ringlike” dispersion
occurs when including a strong f-level interaction on top of the bands. To account for the
observed residual term, the exciton binding energy is made large enough so that the exciton
gap energy is smaller than the band gap. With this, the exciton can be modeled as a
noninteracting boson gas, and the ringlike minimum would yield a constant x/T. To account

for the quantum oscillations, the charge-neutral magnetoexcitons form discrete Landau levels



with an applied field which would allow quantum oscillations to be observed even in band
insulators.

In 2018, Chowdhury et al. developed a “composite exciton Fermi liquid” model to explain
the possible mechanism behind having a charge-neutral fermion with a 3D Fermi surface
[46]. The basis of this two-band model is that a charge-neutral fermionic quasiparticle forms
in a mixed-valence insulator under the limit of a strong Coulomb interaction. The model
utilizes the particle-hole transformation of the f-electron where the f-electron valence
fluctuates between 1 and 2, in which 1 is considered an “empty state” and 2 is a state with
one hole. With the condition of an infinite Coulomb repulsion of the f-hole and a huge, but
infinite, attractive interaction between the f-hole and the d-electron, the f-hole can be
fractionalized into a spinless boson (or a “holon”) with a negative charge and a neutral
fermion (“spinon”). Due to having this huge attractive interaction between the f-hole and the
d-electron, an attractive interaction exists between the holons and the conduction electrons,
which, if strong enough, could form bound states with each other to manifest a charge-
neutral fermionic composite exciton. For a finite hybridization between the d- and the f-
electrons and the hopping of the spinon, the composite exciton hybridizes with the spinon,
which yields energy bands with a Fermi surface that has the characteristics of both the
fermionic composite exciton and the spinon. Due to the screening and surface reconstruction,
the attraction between the holon and the conduction electron weakens, allowing metallic

quasiparticles to form on the surface.

The ambiguous nature of the experimental results from these studies regarding the Fermi

surface could be due to the intrinsic differences within the samples. Such differences may be



caused by the two different growth methods that are used to synthesize single crystal SmBg

[1].

1.2 Floating-zone versus Flux Grown SmBg

A 1981 study focused on SmM.xBs, where M is the ion of the divalent and trivalent metal,
and metal deficient SmxBe [27]. The compositions of the whole crystal were found by using
chemical and x-ray structural analysis and the individual grains by x-ray spectral analysis. It
was discovered that when divalent rare-earth atoms with an atomic radius greater than
samarium were introduced, the lattice constant of the boride increases, causing the effective
valence to 3. Meanwhile, the introduction of the trivalent atom decreases the effective
valence. There was no difference between magnetic elements and nonmagnetic elements. As
such, the samarium vacancies enhance the samarium valence from nonmagnetic Sm>* to J =
5/2 magnetic Sm*" [27]. Not only that, the samarium vacancies of 1% concentration were

found to break down the Kondo insulating behavior of SmBe. [31]

There are two main growth methods for synthesizing single crystal SmBs: floating-zone and
flux method [1]. The floating-zone method starts with a polycrystalline SmBs feed crystal
rod that is placed in an argon environment to prevent oxidation and goes through the “molten
zone” that can reach up to ~2000°C, prompting crystal growth. The resulting single crystal
rod has a varying lattice parameter along its length. Due to the high temperatures during the
growth process, some of the samarium ions are vaporized, leaving samarium vacancies and
introduction of some implicit strain. This method would allow the formation of crystals that

are a few centimeters long.



The flux-grown method relies on the low melting point of aluminum and the solubility of the
constituent elements. The samarium and boron powders, along with aluminum (with its
function as the flux), are placed in a crucible, which is heated to ~1450 °C and then slowly
cooled. Crystal growth occurs by nucleation from the molten aluminum during the cooling.
Because flux-growth method is done under the melting point of the crystal, there are no
samarium deficiencies when utilizing with this method, which may enhance the
stoichiometry of the sample. However, flux-grown SmBs are known to contain epitaxially
oriented aluminum inclusions with a similar lattice parameter, making the detection of these
aluminum pockets with methods such as XRD much more difficult. Crystals yielded from

this growth method are a few millimeters long [1].

In order to investigate the effects of the samarium vacancies, a 2019 study measured the
magnetic susceptibility, electrical resistivity, Hall effect, and heat capacity of flux-grown
SmBg¢ with varying samarium-deficiencies [47]. This study was motivated by the
contradictory results of doped SmBs between floating-zone and flux-grown samples, where
the resistivity decreased with doping for floating-zone grown samples. Interestingly, there
was no limiting value of the Sm>" ions with more vacancies, which was unexpected as such a
limiting value was expected due to the requirements that a samarium vacancy needs the 5d
electrons from two Sm** ions. This observation would agree with the transport experiments
that the carrier concentration decreases as the vacancies increase. The resistivity
measurements were quite similar between all the samples, as all started to plateau around <5
K and have identical activation energies. Even though the vacancies would act as holes that

would increase the conductivity, resistivity at low temperatures increased with higher



vacancy due to the vacancies causing scattering that would impede hybridization. This
impeded hybridization partially smears the hybridization gap in the bulk, weakening the
spin-momentum locking. The energy gap seen in the Hall effect was not affected by the
vacancies, though the Hall mobility under low temperatures was considered too high with
just the conduction activated through hopping. One of the possibilities is that there may be
conduction within the bulk, which was also noted due to the significant low-temperature
fermionic heat capacity that only slightly decreased with doping. The study concluded that
the overall properties had a minimal change but noted that because of these observations,
SmB¢ might not be a perfect topological insulator.

Transport measurements between the two growth methods have yielded resistivity saturation
with different features, as flux-grown SmBs have temperature-independent resistivity
plateaus[43, 48, 49], while floating-zone SmBs has been shown to present a more
inconsistent behavior [1, 50, 51]. Currently, ARPES measurements have shown evidence of a
trivial surface state in floating-zone grown SmBe [52], while flux-grown SmBs have
exhibited compelling characteristics in alignment with a topological surface [17].
Additionally, only floating-zone grown SmBs have exhibited a large residual density of
states suggesting the possibility of charge-neutral fermions within the bulk [30], while so far,
there has been no evidence of flux-grown SmBs hosting charge-neutral fermionic

quasiparticles in the bulk [28, 29].

A 2021 study sought to investigate these differences by conducting electrical transport
measurements on floating-zone grown SmBe using the inverted resistance method with a

Corbino disk geometry [53]. The method allows the observation of the residual bulk



conduction that would be dominated by the surface conduction at low temperatures under a
typical electrical transport setup. The residual bulk conduction observed between the
floating-zone grown samples were significant and varied by sample, while the flux-grown
samples with samarium deficiencies demonstrated a truly insulating bulk. Contribution from
the samarium deficiencies were considered, but because the bulk conduction was too large
with just the samarium deficiencies, dislocations were also attributed to be the possible
cause, with these dislocations being one-dimensional defects possibly originating from the
internal stresses or impurities introduced during the growth processes. Chemical etching was
used to observe the terminations of the dislocation on the surface via scanning tunnel
microscopy, as the material is removed at a different rate near a defect during the etching
process. It was observed that the flux-grown SmBs had a higher dislocation density

compared to the flux-grown samples.

1.3 Application of Pressure and Strain

This section will focus on the more extrinsic view on SmBg, with the aim being to lead the
discussion to tunable parameters of the application of pressure and strain. In 2020, an
explanation was proposed for the mixed-valence nature of the samarium ion [32]. The
fluctuation of the samarium valence is due to the octahedral boron structure having a slight
distortion. This is caused by the boron dimers having a temperature and pressure-dependent

stretch and displacement, thus being pulled from the near center of the unit cell face towards
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one of the samarium ions. Due to the proximity of the boron dimer, the samarium ion is then

able to transfer a single electron [32].

It was already known by 1970 that the application of pressure had been shown to cause the
insulator-metal transition in SmS [5]. In 1994, Cooley et al. studied pressurized SmBs, where
it was discovered that the Kondo gap could be reduced and eventually discontinuously
vanish with pressure, transitioning SmB6 into a metal [43]. They discovered that the
activation energy was insensitive to magnetic fields up to 18T and did not observe a
discontinuous valence change with the disappearance of the gap.

A 2018 study measured x-ray absorption spectroscopy (XAS) and x-ray magnetic circular
dichroism (XMCD) spectra on floating-zone grown SmBs under temperatures down to 8K
and pressures up to 26 GPa [54]. It was observed that samarium ions have a higher valence
and a stronger magnetization at the 4f state at the surface compared to that in the bulk due to
the reduction of screening by local moments and the hybridization between d- and the f-
bands. Increasing the temperature increased the samarium valence of both the surface and the
bulk. There was a rapid increase of the valence for both the surface and the bulk under
pressure from 0.6 GPa to 8 GPa and a slower increase from 8 GPa to 26 GPa. This decrease
in the rate correlated with the transition from a nonmagnetic insulator to a magnetic metal
and is attributed to the loss of the 5d electron magnetization and an emergence of a more
localized 4f state with higher valence in the samarium ions within the bulk. Another study
conducted in the same year also measured XAS and XMCD spectra on floating-zone grown
SmBs [55]. The study concluded that the net magnetic moment of Sm** ions was antialigned

with the applied field, which is in contrast with the previous study stating that the Sm** ions
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aligned with the field due to the observation of a highly decreased 4f magnetization. This is
due to the observation of a positive bulk magnetization at 2 K, which requires that the
negative moment of the Sm®" ions is not significant at the bulk. The provided explanation
was that the antialignment emerges from the Sm** ions coupling antiferromagnetically with
the moment of paramagnetic impurities, which would relieve the discrepancy with the
previous study as this would make the XAS and XMCD studies dependent on magnetic

impurities affecting the magnetic behavior of the Sm*" ions.

High-pressure electrical transport measurements were conducted on SmBg up to 37 GPa the
next year [61]. As the pressure was increased up to 10 GPa, the resistance decreased
significantly with a vanishing plateau, indicating a transition from an insulator to a metal,
and the observed negative peak in the Hall coefficient gradually flattened out to near zero,
implying that the charge carriers decreased with pressure and that the bulk state has a
conductance that is near that of the surface state. Their low-pressure data fitted well with the
two-channel model composed of the temperature-independent surface state in parallel with
the thermally activated bulk, while there were deviations in the higher pressure range after
where the Hall coefficient originally had a peak under low pressure. The study notes that
since the Hall coefficient was observed to be almost constant up to 37 GPa there is a robust
long-ranged magnetically ordered state due to the pressure-induced valence increase of the
samarium ions and the stable cubic lattice structure.

The question is if the application of compressive strain, equivalent to positive pressure, and
tensile strain, analogous to negative pressure, would yield similarly expected behavior. This

was tested in our group in 2017, where electrical measurements were performed on a strain
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apparatus that utilized a tri-piezo technique [33]. The application of the tensile strain has
been shown to enhance the metallic state up to 240K with 0.7% strain along the <100> axis
and persisted even after the strain was removed [33]. Although there is no comprehensive
theoretical explanation for this phenomenon, it was thought that the strain affected the

temporal and spatial fluctuations of f-electron configuration.

This dissertation will focus on the thermal transport experiments of SmBs and the concepts
that will lead to the experiment involving the application of uniaxial tensile strain up to

0.27%.
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Chapter 2

Equipment

In order to observe quantum behavior, it is necessary to reduce thermal fluctuations and
atomic movements within the sample as much as possible. This is due to quantum
mechanical effects involving interactions and energies on a scale that’s much lower than
those present under a typical atmospheric environment. Therefore, experiments are
commonly performed under cryogenic temperatures and a high vacuum environment through
the use of cryostats. There are various refrigeration technology options that allow cryogenic
temperatures to be achieved, but this chapter will focus on the cryostats Quantum Design’s
Physical Property Measurement System, also known as the PPMS, and Oxford Instruments
Kelvinox-MX 250 dilution refrigerator and superconducting magnet system. These two
systems both utilize evaporation of liquid Helium-4, which by itself can achieve generally
around 4.2K to 1.3K, but this range can be lowered further by incorporating an isotopic

mixture of *He and *He [36]. The PPMS mainly uses only “He, though a *He insert can be
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utilized to reach down to a base temperature of 350 mK, while the Kelvin-MX 250 dilution
refrigerator utilizes the isotopic helium mixture to achieve a base temperature of 70 mK. For
the field, the superconducting magnet in the PPMS can apply 9T, and for the dilution fridge
can supply up to 12T, though 14T is also possible with additional cooling to the magnet. A

general description of the cooling method of both equipments will be outlined below.

2.1 Quantum Design PPMS

The PPMS has several built-in measurement options, such as electrical transport,
magnetometry, and heat capacity. Due to a standardized puck design provided by Quantum
Design, mounting the sample on the gold-plated copper puck is relatively easy and quick,
allowing a high measurement turnover. The standard resistivity puck contains 12 electrical
leads, thus having the capability of conducting a maximum of three four-probe conductivity
measurements simultaneously. Experiments on the PPMS were conducted by utilizing the

resistivity puck and a breakout box.

The puck is located within the sample chamber of the probe. The probe is immersed in the
liquid helium bath inside the dewar and is made up of concentric stainless steel tubes. Within
these concentric tubes is the sample chamber, with the first neighboring tube being the
cooling annulus, next being the inner vacuum tube, a vacuum layer containing reflective
superinsulation, an aluminum heat shield, an outer vacuum tube, and then the nitrogen jacket.
The design is meant to insulate the helium bath as much as feasibly possible, resulting in

significantly less helium consumption compared to having just a helium dewar. Additionally,
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the sample chamber also has a top-plate baffle assembly meant to aid in isolating the bottom
of the sample chamber to the top, where there is heat being radiated by components that are

at room temperature.

As the sample chamber itself is actually dry, cooling is done through the fingers of the puck,
making direct thermal and mechanical contact with the walls of the sample chamber. At
above 4.2K, the sample space is cooled by the cold helium vapor pulled through the
impedance tube into the cooling annulus. Further cooling below 4.2K is done by pumping on
the annulus, lowering the vapor pressure and cooling the bottom of the sample chamber to
~1.8K. Initial pumping is done through a vacuum pump located along the PPMS Model 6000
pumping line, but further pumping can be achieved by cryopumping via a charcoal sorption
pump. To cool down to 350 mK, a *He insert assembly must be utilized as an addition to the
PPMS. The concept regarding evaporative cooling via *He-*He mixture will be explained in
the next section, as the method is identical for both types of equipment, though accomplished

through slightly different means in terms of hardware design.
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Figure 2.1. Quantum Design PPMS fitted with a Cryomech HeRL15 helium reliquefier.

2.2 Oxford Instruments Dilution Refrigerator

The dilution fridge uses the heat of mixing of *He and “He isotopes to obtain temperatures
that are much lower compared to other available refrigeration methods. However, even
though the Kelvinox MX-250 dilution fridge (Figure 2.2) can achieve a base temperature of
70mK compared to 350mK on the PPMS, successive sample change takes nearly a month
due to the time needed to reach the base temperature and to condense the helium vapor lost
during the cooldown process. Therefore, the PPMS is ideal for use during the prototyping
phase or to conduct preliminary measurements if the base temperature does not need to be

lower than that of the dilution fridge.
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2.2.1 Cooldown Procedure

The basic principle of the dilution fridge will be explained in this chapter, as the full
description for the design of commercial dilution refrigerators is much more complex
because it requires multiple shielding and heat exchangers. The general external
configuration of the dilution fridge is very similar to the PPMS, with an outer vacuum
chamber (OVC), the nitrogen jacket, a vacuum layer, the helium dewar (also known as the
main bath), an inner vacuum chamber (IVC), and the sample space within the radiation
shield. However, design-wise, this is where the similarities between the two systems end.
The cooldown procedure happens in three stages, where it is first cooled to 77K via liquid
nitrogen, then to 4.2K via liquid “He (these two steps are also the same as the PPMS), and
lastly through condensing the *He/*He mixture to reach all the way down to 70mK. The
dilution unit is the space within the IVC, where the evaporative cooling will occur to it down
to base temperature. It is part of a more extensive system that’s connected to the *He/*He

circulation system, as shown through the Triton System Control program.
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Figure 2.2 Kelvinox MX-250 dilution refrigerator fitted with a Cryomech HeRL15 helium
reliquefier. The cryostat is set on a vibrationally isolated frame over a huge pit. This setup
allows the helium dewar to be lowered, which would expose the IVC. The gas valve system
on the left is part of the helium recovery system.
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When the sample is loaded, the IVC is secured by stainless steel screws and sealed by indium
wire, which is malleable and nonferrous and has been used for sealing in cryogenic
temperatures. The IVC and helium dewar must then be pumped out and leak checked
(accessible port shown on Figure 2.3 and 2.4), along with the charcoal traps being cleaned,
pumped out, and cooled with liquid nitrogen (which will be explained later). Before
cooldown, it is necessary to insert a small amount of helium gas into the dilution unit in order
to establish thermal contact between the dilution unit and the helium dewar while being
careful not to insert any air. For the cooldown to 77K, the nitrogen and helium dewar is
pumped and flushed with nitrogen gas. The helium dewar is filled with helium gas, and the
1K pot (a separate chamber within the dilution unit) is filled with helium gas and pumped on
for approximately a minute. Then the nitrogen dewar can be filled with liquid nitrogen,

which will cool down the system to 77K.

To cool down the system to 4.2K, liquid nitrogen in the helium dewar is blown out to the
nitrogen dewar by overpressurizing the helium dewar with nitrogen gas. Then the helium
dewar is pumped and flushed by first nitrogen gas, then helium gas, and finished off with the
helium dewar being filled with helium gas (as shown in Figure 2.3) and the 1K pot pumped
for ~1 minute. Finally, liquid helium can be transferred to the dewar by a double-walled
vacuum transfer tube, which should be pumped out for a few hours before the transfer. When
the system has reached 4.2K, an isotopic mixture made of *He and “He can be condensed to
cool down the system to base temperature. Most of this process can be done remotely by the
Triton System Control program, as shown in Figure 2.5, which allows control of the gas

valves and gives pressure readings along the *He/*He circulation system. The actual pumps
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involved in the condensing process are shown in Figure 2.6. There are a few steps that have

to be done manually, specifically opening up a few valves during the condensing process.

aust Arm of the Dilu -

ge during pumping

_Line for nitrog
or helium ga
|

Figure 2.3. The exhaust arm of the dilution fridge during the pumping and flushing of the
helium dewar. The exhaust arm is one of the access points to the helium dewar, though it is
not used for liquid helium transfers but for gas transfers.
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Figure 2.4. Top of the dilution fridge. The various ports and valves are available in this area
and are for gas transfer, such as pumping out the helium trap and condensing the mixture.The
electrical connectors measuring the thermometers along the dilution may have to be
unplugged when inserting the helium trap.
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Figure 2.5. Display showing the screen of remote operation during the mixure condensing
proccess. The display on the left shows the various temperatures measured along different
points of the dilution unit. The right shows the Triton System Control program that allows
remote control of the forepump, gas valves V, and turbo pump as well as displaying the
pressure measurements labeled P. The mixture is released from the tank by opening V9 and
is being circulated as shown by the pink outline.
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Figure 2.6. The “pump” room. The forepump and turbo pump can be controlled remotely
while the 1K pot pump can only be accessed manually. The forepump pumps on the
circulation system before the condensing process begins, while the turbo pump is used to
further cool down to base. Also shown in this picture is the gap trap system for the
circulation system and the compressor which is used for the reliquefier.
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2.2.2 Condensing the *He/*He Mixture

First, gas valve V5 is opened, and then the *He/*He circulation system is pumped on by a
forepump shown as “O” in Figure 2.5. Then a mixture for the *He and *He is pulled from a
storage (or dump) vessel (also known as the “tank™) via opening up valve V9 and goes
through a liquid nitrogen cooled charcoal gas trap. The mixture then goes through a smaller
trap located in the helium dewar. These gas traps are used to absorb any impurities such as
nitrogen, oxygen, and moisture from the atmosphere that were introduced through small
leaks in the dilution unit. The mixture is precooled by the helium dewar and goes through the
1K pot (or plate) located within the dilution unit (“DU” on Figure 2.5), where it gets
condensed. The 1K pot is where liquid “He gets pulled from the main bath and pumped on by
a rotary pump known as the 1K pot pump. The flow rate of liquid “He is adjustable through
the needle valve, allowing the cooling power to be controlled in the 1K pot, which typically
reaches below 2K. After some further cooling through several heat exchangers, the mixture
collects in the mixing chamber. In the mixing chamber, “He gas undergoes Bose
condensation, becoming a superfluid, while *He atoms are Fermi particles and thus does not
form a condensate (though there is a weakly attractive interaction between two *He atoms,
which may cause pairing of the two atoms to collectively behave like bosons—however, this
only occurs under 3mK) [36]. The mixing chamber is then cooled below 0.867K by reducing
the vapor pressure of the liquid via the turbo pump. Phase separation of the mixture occurs
below this temperature, which is known as the tri-critical temperature, as shown in Figure
2.7. The phase separation results in two distinct phases that co-exist: the “dilute” phase
where a concentration of 6.6% *He exists as a Fermi liquid submerged in a superfluid “He
(concentration 93.3%) and the “concentrated phase” made up of nearly 100% normal *He

25



liquid. Due to its lower density, the *He-rich liquid floats on top of the “He-rich liquid in the
mixing chamber, and the cooling occurs when the *He evaporates from the concentrated
phase to the dilute phase. In order to ensure optimal cooling, the concentration of 3He and
the volume of the mixture is carefully chosen so that the phase boundary is inside the mixing
chamber. For a continuous operation under base temperature, *He has to be extracted from
the dilute phase in order to be returned to the concentrated phase, hence why *He is

circulated through the circulation system.
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Figure 2.7. Phase diagram of *He/*He mixture under saturated vapor pressure. The diagram
shows two different phases of *He/*He mixture, along with the parameters for where the
mixture separates into two separate co-existing phases. The point in the parameter line
bordering of all three regions is called the tri-critical temperature, which is ~0.86K. Figure
based on reference [37] by Mets501 licensed under Creative Commons Attribution-Share

Alike 3.0 Unported.
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2.2.3 Sample Stage

There is no standardized sample stage for the dilution fridge; instead, the sample stage mount
was custom-built with a plastic frame and silver foil for the thermal grounding, as shown in
Figure 2.5. The initial design used copper but was found to produce eddy current heating
during field sweeps and contributed a non-negligible amount of additional thermal
conductivity. The pins of the dilution fridge stage are used to make electrical contact with the
sample and any other components (such as thermometers) to the stage through the black
square pin connectors. Thermal grounding to the stage can be accomplished by attaching
silver foil via brass screws through the holes on the stage. The stage is mechanically secured
by plastic screws on the plastic frame, while the thermal ground is provided via a silver foil
from the stage screwed to a silver wire (the square brass piece provides more contact with the
screw to the wire). The black square pin connectors of the stage are connected to those

located along the sample stage mount, which is electrically connected to the breakout box.
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Figure 2.8 (a) Dilution fridge sample stage (b) that is mounted onto the diution fridge. The
pins surrounding the flat portion of the stage (where the setup is placed) are used to
electrically contact the components of the experimental setup.

2.3 Helium Recovery System

Helium is the only completely nonrenewable resource and is found in natural gas deposits.
Due to the limited supply and the increasing demand for research and commercial purposes,
the cost and the availability of helium can be quite unreliable. Because of this, the PPMS and
the dilution fridge have been integrated into a helium recovery system, where the helium
exhausted from both equipment will be stored in balloons, purified through an activated

charcoal trap, then reliquefied back into the helium dewars.
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2.3.1 Storage

The exhaust is stored in huge plastic balloons, which were chosen due to ease of use
compared to utilizing pressurized tanks and regulators, though the helium does leak very
slowly over time. Due to any possible leaks in the system, non-helium gases may be present
within the recovery system. These impurities must be removed before being liquefied, or else
the reliquefier will not function optimally. Instead, the cold head will be clogged, which can
cause helium gas to vent out from the dewar, and thus the dewar will suffer a gradual loss
(which would lead back to the balloon but may not liquefy the helium at a higher rate
compared to the venting rate). To prevent this, an activated charcoal trap cooled by nitrogen

gas is implemented on the line leading before the reliquefier.

2.3.2 Purification

Both charcoal traps (for the dilution unit and the recovery system) must be maintained
properly. For the trap located along the dilution unit, different traps are alternated between
each sample change (which is pumped out before being installed back to the dilution unit).
For the trap in the recovery system, the impurities absorbed by the charcoal must be relieved
every day if helium is being flowed into the reliquefier, or else there is a risk of the charcoal
not absorbing any more impurities. This can be done by closing off the trap system from the
dewar, opening up a path where the impurities can be removed (usually a bag is attached to
where the gas can be released in order to quantify how “dirty” the trap was), heating up the
charcoal trap, pumping out the trap system, and filling it back up with helium gas before
being reintroduced back into the system. Extra precaution is made even before the trap in the

recovery system by implementing a drierite trap to capture the moisture. Daily cleaning of
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the charcoal trap for the recovery system and maintaining fresh drierite are a part of the
general maintenance for upkeeping the dilution refrigeration system. In addition, the nitrogen
dewar from the dilution fridge, the PPMS, and all the charcoal traps should be refilled with

liquid nitrogen every few days.

2.3.3. Clogs

The cold head may become clogged if the system has a leak, in which the helium reliquefier
may be contaminated with either air or moisture. A clog may be present when high pressure
is detected in the helium dewar even with the cold head heater being off , the compressor on,
and there is nothing else that could be causing an increased heat load (such as condensing the
mixture, field sweeps, or loading the helium trap). The procedure for unclogging the cold
head is dependent on the type of clog. For an air clog, the cold head will be warmed up to
100K, causing the clog to be pushed out of the cold head by increasing the pressure of the
helium gas. In the case of a water clog, the cold head will have to be warmed up to 300K,

warranting a sample change procedure.

2.3 Superconducting Magnet

Magnetic fields are applied through the use of a superconducting magnet, which is operated
in liquid helium at 4.2K. Up to 9 Tesla can be applied on the PPMS and 12 Tesla for the
dilution fridge, though this can improve up to 14 Tesla with further cooling. The main

advantage of using a superconducting magnet is its ability to operate under “persistent
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mode.” During this operation, the superconducting circuit is closed to a continuous loop.

This mode does not need continuous power; hence there is no need for a continuous power
supply.

The Mercury IPS is the power supply for the dilution fridge magnet. When the magnet just
has been cooled, it must be first be “trained” by operating under the “Slow” rate. The magnet
will function properly only if all the conductors remain at a superconducting state. If any of
the windings become resistive, the current will cause ohmic heating. If the ohmic heating is
large enough, then all the stored energy in the magnet will dissipate, causing the liquid
helium to rapidly evaporate and warm the magnet above 4.2K. This situation is called a

quench.

In order to prevent a quench from occurring, the Mercury IPS monitors the helium level by
reading the resistance of the helium probe that is inserted in the helium dewar. When
attempting to operate the magnet with a low helium level, the Mercury IPS will detect the
insufficient amount of helium and halt the operation of the magnet. The halting process looks
like this: the user sets the desired field, and the magnet goes under Persistent mode; however,
the field will not increase at all, instead prompting the magnet out of Persistent mode. If the
dewar is full of helium and the Mercury IPS still halts the operation of the magnet, this could
mean that there is something wrong with the helium level monitoring system. There may be
an issue with the probe, the wire connections, the Mercury IPS, and/or the helium level card

that is inside the Mercury IPS.
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Chapter 3

Thermal conductivity of SmBg

Before measuring the thermal conductivity of any sample, it is first ideal to have some
quantitative relation to actual measurable quantities. In this chapter, the thermal conductivity
will be derived for the experimental applications of SmBe, then the experimental setup for
typical thermal conductivity measurements will be introduced. Lastly, I will explain the
features of SmBys that may be the possible causes of the experimental discrepancy observed

with thermal conductivity and quantum oscillation measurements.

3.1 General Description

Heat transfer via conduction occurs through the movement and collision of energy carriers
within a material. In solids, the principal energy carriers are the free electrons and phonons,

or the quanta of lattice vibrations. The thermal conductivity of both energy carriers will be
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derived, with the focus being placed on utilizing these expressions for experimental

applications of thermal conductivity measurements under low temperatures.

Let’s consider a solid with a cross-sectional area of A and a thickness of X placed in between
two large parallel plates. The temperature of the solid is at a constant Ty throughout the
whole material. Then the temperature of one of the plates is slightly increased to T and stays
at that temperature. Eventually there will be a linear steady state temperature distribution, in
which there will a constant rate of heat flow J through the material maintaining the

temperature difference AT = T; — T,. For small AT
A= ()

K is the thermal conductivity, a proportionality constant that measures the material’s ability

to transfer heat. Equation (1) can be written in differential form:
yiai @)

where the negative sign represents the heat flow from the hotter end of the material, or the
negative of the temperature gradient, along the positive x-direction. This form suggests that
the thermal energy transfer is a random process where the energy diffuses through the
material and goes through frequent scattering. If the energy was going through the material
without any deflection, then the expression would not depend on the temperature gradient but

rather the difference in temperature AT [37,38].

The thermal current density can be found by considering a particle current of N particles with

average velocity v. Integrating over all angles of the flux through some artibrary surface
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: 1 .3 :
normal to the flux yields A N v and the average thermal energy is 5 kgT per particle of a
monatomic gas, thus the net thermal energy flux per unit area is

] 1 3
ZZENU EkB AT (3)

Heat transfer occurs after an inelastic collision, where the particle traversed at a distance of

. . 0T _ T-Tp . :
the mean free path €. The gradient is i 12—1?0, with the factor 2 accounting for the

collisions in the opposite direction. Inserting the classical expression for the specific heat of a

: : 3 .
monatomic gas per unit volume ¢, = > Nkpg, the thermal conductivity is
1
K=3 cyvt (4)

Next, a more explicit expression for the phonon and the electron contributions to the thermal
conductivity will be shown using Equation (4), with the main consideration being that

phonons are bosons and electrons are fermions. These contributions are additive

K = Kelectron T Kphonon )

The focus will be to express these thermal conductivities for low temperatures, as this is the
experimental temperature range of interest. Distinguishing the temperature limits allows a

few approximation to be made.

The Debye model estimates the phonon contribution to the specific heat in a solid by treating
each acoustic phonon mode as a quantized harmonic oscillator, with sound waves following

the linear dispersion relation

w = vk (6)



where w is the phonon frequency, vs is the sound velocity, and k the magnitude of the
wavevector. The vibrational frequencies are set to equal to the number of classical degrees of
freedom. The maximum frequency that limits the number sound wave modes in the system to

3N, where N is the number of total modes, is the Debye frequency wp
3N = [["" w D(w) (7)

D(w) 1s the phonon density of states per branch, which is defined as

2oi3 2
D(a))=dN(w)=i (L) gk _ Vo (8)

dw dk (2%)3 do  2m2vs3

where N(w) can be found by dividing a sphere of k-space by a volume of the smallest
magnitude of the wavevector ZTH, % can be found by utilizing the linear dispersion relation,

and the volume occupied by each mode is V = L3.
Solving Equation (7) would yield the expression for the Debye frequency

wp = (6n2 %)1/3 Vg 9)

which can be used to express Equation (8) in terms of wp. The Debye temperature is defined

as
kBG)D = h(l)D (10)

Kphonon Will be expressed in terms of © since the ©) has been measured for SmBs to be

373 K [39].
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The expectation energy as a function of temperature is

1

(E) = 3 [\"° dw D(w) hw(np(w) +1/2) =3 [’° dw (ZZ;":SS) ho (somen= +1/2) (1)

where the factor of 3 accounts for the three polarizations for the acoustic phonons, ng(w) the
Bose occupation number, and the 2 account for the zero point energy, which has no
contribution to the heat capacity. Considering only the temperature dependent component
(thus disregarding the % term as it will yield a temperature independent term), assuming the

phonon velocity is independent of the polarization, and setting xp, = 0, /T yields

3
(E) = ONkyT () [y dx =

eX—1

(12)

In the low temperature limit, the upper bound of the integral can be set to infinity since for
large T, ng(w) quickly goes to 0 well below wp. The integral then can be reduced to a
Riemann zeta function, yielding #/15. Thus, the phonon contribution of heat capacity per

unit volume at low temperatures is

_ 1 _1zmtn, (7N
EVer T s v B(@)D) (13)
The sound velocity can be expressed in terms of 0,
vy = 0 — ()

b o)
The termn = % is the number density of SmBe, which is n = a~3 (where a = 4.133 A for

SmBs) . This allows the sound velocity of SmBs to be calculated to be 5179 m s™'.

Using Equations (4), (13), and (14) gives the expression for the phonon thermal conductivity
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2 kgT\3  _
Kphonon = Ensz (%) Vs ¢ (15)

As T — 0, the phonon mean path is only limited by the sample dimensions, thus the mean

free path is £ = 2,/A/m , where A is the cross-sectional area of the sample. It is important to
note that this expression is only valid for scattering off on rough sample surfaces, since
smooth surfaces will cause specular reflections, which will cause the mean free path to have
some power dependence of temperature. Therefore, with specular reflections, the mean free
path will exceed the dimensions of the sample. Equation (15) will be used to estimate the

experimental values of the phonon thermal conductivity [40].

The electron contribution will be calculated for the thermal conductivity using the free
electron model. One has to be mindful of electrons being fermions, thus following the Pauli
exclusion principle and the Fermi-Dirac distribution function. Every fermion occupies a

unique quantum state, and the energy of the highest occupied quantum state at absolute zero

hZ

temperature is known as the Fermi energy € = P kpz, where m is the mass of the electron

and kg 1s the wavevector at the Fermi surface, or the surface where € is located in k-space.
The Fermi energy can also be defined as the chemical potential at absolute zero, as the
Fermi-Dirac distribution function changes discontinuously from 1 to 0, or the filled state

suddenly changing to an empty state.

There can only be one unique set of wavevector components k., k.., k, for every volume

element (2 /L)3 in k-space. The number of orbitals in a sphere with volume 4k F3 /3 is

3
. 4mkp /3—Lk 3 (16)

N = Cr/L)3 ~ 3m2 F

37



The factor of 2 accounts for the two quantum states associated with the two distinct spins of

an electron. The expression for kr can be obtained using Equation (16) which then can be

: . N
used to relate e with the electron concentration v

2/3

hZ (3m2N
EF =
2m 14

The density of states, or the number of orbitals per unit energy, is

3/2
D(e) =& = L(Z_m) /2 = 3N

de 2m2 \ h2 2m?

The density of states is normalized so that

N(T =0) = [,"de D(e) = [,” de D(e)f(e) = N(T # 0)

(17)

(18)

(19)

With this, the expression for the electronic heat capacity per unit volume at low temperatures

kT < €f can be derived. The total energy of a system of N electrons is

U= fooodeeD(e) f(e,T)

(20)

where f(¢€,T) is the Fermi-Dirac distribution function. The heat capacity per unit volume is

then

T vor v

df(e,T)
0 T

Cy d

which can be rewritten as

1 (oo d T
CV=;fO de(e—eF)D(e)%

38

21)

(22)



This can be done since Equation (22) fulfills the condition of Equation (19) and f (¢, T) is the

only temperature-dependent term.

Because the focus is on low temperatures for which kzT <« €, the temperature dependence
of the chemical potential can be disregarded, and instead can be set to equal to the Fermi

% is large at energies that lie close to the Fermi energy, D (€)

energy. Furthermore, since

. . . 1
may be approximated at the Fermi surface to become a constant D (€r). Setting B = — and
F kgT

x = B(e — €g), the heat capacity per unit volume is

1 e x
Cy = ;kBZ T D(er) f—epB dx x? _(exe+1)2 (23)
For kgT < €, the lower limit can be set to negative infinity. Solving the integral yields
w2 T
CV = 7nk3 T_F (24)

where n is the electron number density and Fermi temperature T follows the relation € =
. 1 . . hk
kpTr. With € = EvaZ ,where Fermi velocity vy = WF, and the mean free path £ = vgt,

where 7 is the time between collisions, the expression for the electron contribution of the

thermal conductivity can be evaluated to be

1 n2nkg? T
Kelectron = 3 cyVpt = 3m T (25)

For metals, there is a connection between thermal conductivity and the electrical

2
ninr, as the free electrons are involved in both heat and electrical transport.

conductivity o =
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The Wiedemann-Franz Law states that the ratio between the thermal conductivity and

electrical conductivity

Kelectron _ m? (k_B)Z T (26)

o 3 \e
where the constant of proportionality is independent of the type of metal. This is known as

2 2
the Lorenz number L, = % (%B) = 2.45 X 1078 W Q/deg?. The Wiedemann-Franz law is

used for SmBs thermal conductivity measurements to approximate the thermal conductivity

contribution from the metallic surface state [28—30].

The derivations for the phonon and electron thermal conductivities show that kp,pon0n & T3

and Kejectron & T. For thermal conductivity measurements, the thermal conductivity «(T)

may be expressed as /T so that the electron contribution is a constant

K/T = Ketectron/T + Kphonon/T =a+ BTZ (27)

Using the free electron model for a yields a value close in magnitude with the experimental
values, but it may deviate due to interactions of the conduction electrons with the periodic

potential, phonons, or other conduction electrons.

There has been recent interest with measuring the thermal conductivity of SmBe due to
recent studies suggesting a possibility of charge neutral fermionic excitations [25,30].
Because of the charge neutral nature of these excitations, electrical measurements would not
work, thus quantum oscillation and thermal conductivity measurements have been the main
methods for probing possible charge neutral fermions. The Wiedemann-Franz Law shows

that for SmB¢, electrons have a negligible contribution, so if there are charge neutral
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fermions, they would emerge as a residual term of k/T. However, with the currently
available thermal conductivity studies on SmBs, the existence of charge neutral fermionic

excitations are inconclusive.

3.2 Experimental Setup

3.2.1 Introduction

An ideal experimental setup for measuring the thermal conductivity is the one that minimizes
the heat loss of the experiment to the surrounding environment. This means that the
experimental setup should be isolated from the surrounding environment while having a
strong thermal contact between the individual components making up the experiment. In
order to fulfill these conditions, measurements are performed under high vacuum, and all the

contacts on the stage to be thermally insulated with the exception to the thermal grounding
wire. The thermal conductivity « relies on the factor% from equation (1), where X is the
distance between the two points of where the temperature is measured and A is the cross-
sectional area of the sample. In order to reduce the measurement error when getting «, ;7(
should be as large as possible; hence for thermal conductivity measurements, it is ideal to use

samples that are needle-shaped.

A diagram depicting a typical setup for measuring the thermal conductivity along with the
actual setup is shown in Figure 3.1. Generally, thermal conductivity measurements have a
setup that is analogous to the four-probe method for measuring the electrical impedance. The

sample has four contacts made on the surface. The outer two ends are meant to inject a heat
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current from one end of the sample by using an ohmic heater and drain the heat current to the
other end leading to a thermal ground, which is usually thermally linked to the sample stage
or the mixing chamber. The two inner contacts are for the thermometers that will measure the
temperature gradient. This setup would generate a steady-state temperature gradient

lengthwise along the crystal that is measurable with the appropriate thermometer.

3.2.2 Contacts

Contacts are typically made with platinum or silver wires due to their high thermal
conductivity under the temperature range of interest. Additionally, for high sensitivity
measurements, it is crucial for contacts to have low electrical resistance. The Wiedemann-
Franz law can be used to estimate the thermal conductivity of a contact by the contact’s
electrical resistance. Silver (H20E) epoxy or indium solder is used to make electrical and
thermal contacts between the sample and the components involved with the thermal
transport. Indium solder is critical for measurements under 8K due to the superconducting
transition of the Pb/Sn solder and its relatively high quenching field required to re-establish
strong thermal contact. Indium solder is suitable for low-temperature measurements due to
the lower critical temperature and thus lower critical field. The thermal components that
make electrical contact with the stage use manganin wires indium soldered to the pins of the
stage. Manganin wires are poor thermal conductors, which makes it ideal to thermally isolate

the experimental setup.
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Figure 3.1. Typical setup for measuring the thermal conductivity. (a) Diagram of the setup
illustrating the general components and the heat flow. Heat current is generated by applying
current to the ohmic film resistor. It travels through the length of the sample and drains to the
thermal ground. (b) The image of the stage with the experimental setup. The stage is used for
the Janis dry (cryogen-free) cryostat, but the same concept applies for both the PPMS and the
dilution fridge.



3.2.3 Thermometers

The thermometers are made of ruthenium oxide (RuO, or ROX) films mounted on a thick
alumina substrate. These Vishay 732Q thick film resistor thermometers are utilized due to
their high sensitivity in cryogenic temperatures (viable from <1K down to a few

millikelvin [36]), being able to detect down to a resolution of a few millikelvins. However,
they do need to be thermally cycled before being implemented into the experimental setup,
as there is a hysteresis of the electrical resistance in respect to the temperature. This
hysteretic behavior is caused by some internal stresses within the alumina substrate, which
can be relieved by thermally cycling the thermometers. Thermal cycling can be done by
submerging the thermometers in liquid nitrogen and letting them warm up to room
temperature, with this step being repeated ~40 times to assure a high degree of resistance
reproducibility. Due to the thermometers being sensitive to temperature, exposure to hot
temperatures, such as from the application of solder, can damage the thermometers, making
them unusable. Therefore, the contacts that are placed directly on the thermometers are made
with silver epoxy. However, using silver epoxy for all contacts will make the reusability of
the components difficult. Utilizing indium solder allows easy reapplication of the contacts,
but the hot solder should not be directly applied to the thermometer. Instead, a thin silver foil
with a spot of indium is mounted on top of the thermometer via silver epoxy. The indium
spot can be used to make contact with either silver or platinum wires connected to the
sample. This process should be done quickly as possible in order to prevent warming up the

thermometers too much.
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3.2.4 Calibration

Since the thermometers are film resistors, they measure the voltages along the lock-in
amplifiers that are electrically connected across the thermometers. In order to properly
convert these voltages to temperature on the sample, the voltage readings are calibrated to
the temperature reading of the stage thermometer, which has already been previously
calibrated to the dilution fridge. Due to the slight hysteretic behaviors of the thermometers,
the calibration must be performed in-situ. During the calibration phase, there will be no
application of heat current through the heater. Instead, the temperature of the whole sample
space will be changed by the still heater, as shown in Figure 3.2 (located within the IVC).
Once the sample space is thermally equilibrated, the temperature of the stage thermometer
would be very close to that of the two thermometers. However, having a high setpoint may
cause a pressure high enough that the turbo pump, labeled as O in Figure 3.2, could be
overexerted as indicated by the power. In this situation, the Triton system would
automatically deactivate the turbo pump, which would require the mixture to be recondensed
if not reactivated fast enough. In order to prevent this, the mixture is put back into the tank
by activating valve V4 until the appropriate power (generally <95 on the Triton system since
there is a risk of deactivation above this value). The still heater excitation is incremented at
time intervals that are long enough for both thermal equilibration and a period of stable
measurement to occur, which is approximately one to two hours per step. Each step is time-
averaged, giving a single voltage value of each thermometer correlating to the temperature of

the stage thermometer.
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Figure 3.2 Display of the calibration procedure. During the calibration procedure, the still

urbo pump

refrigenator  thermometry  devices  logging  view  tools  »

heater is used to set the temperature of the stage while the voltages of the thermometers

attached to the sample are measured. The still heater can be activated by choosing the “set

point” temperature and switching on the closed PID loop. Possible high pressure on the

dilution system due to the setpoint being too high may cause overexertion to the turbo pump,
labeled O, which can be mitigated by flowing some of the mixture back into the tank via

opening valve V4.

Figure 3.3 shows the data collected during the calibration procedure showing the voltages of
the sample thermometers and the temperature of the stage, in which only the region where all
three are equilibrated are averaged. Once the measurement for the calibration is done, the
actual thermal conductivity experiment can be conducted by applying heat provided by the
high precision current source to the sample heater. Figure 3.4 shows the data collected during

the thermal transport measurement, which shows the voltages of the thermometers and the

sample heater that will be used to calculate the thermal conductivity.
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These thermometer voltages are then interpolated to the corresponding calibration
measurement by using the cublic spline interpolation with a setting of a not-a-knot boundary
condition so that the third derivative of the connecting splines are continuous. This process
would allow the thermometer voltage of the thermal transport measurements to be converted
into temperature by using the calibration data, which will be used to get the temperature

gradient along the sample.
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Figure 3.3. Display of the calibration process. The black points represent the temperature
readings of the stage thermometer, with its axis on the left side. The blue and the red points
present the voltage measured by the “cold” and the “hot” thermometer respectively, with the
axis on the right, where the “cold” thermometer measures the colder side of the sample
temperature gradient (further away from the sample heater). During the calibration process,
only the stage temperature is altered through the stage heater, which by proximity, is very
close to the temperature of the two thermometers. The temperature change causes the
thermometer voltages to also change. The stage temperature is incremented up, and all the
measurements at each step is averaged out. For each step, the stage temperature is mapped
with the corresponding thermometer voltage, which is then used to interpolate the voltages of
the two thermometers taken during the thermal transport measurement to acquire a
temperature reading.
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The power applied to the sample from the heater is calculated by using the relation P =
V2 /R, where V is the voltage of the heater and R is the resistance of the heater. With the
thermal gradient and the power of the heater, the thermal conductivity k can be acquired,

which is then plotted as « versus T, where T is the average temperature between the two

thermometers.
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Figure 3.4 Data for the thermal conductivity measurement. Veold and Viot are the voltages of
the thermometers measuring the colder or the hotter side of the sample (which is correlated
with the side of the sample that is closer or further away from the sample heater). Vicater 1S the
applied voltage of the sample heater. During the thermal transport measurement, the sample
heater applies heat to the sample via using a high precision current source, and the
thermometers measure the temperature gradient of the sample as voltages. These voltages are
converted into temperature readings by interpolating the calibration measurement.
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Chapter 4

Thermal conductivity of SmBs under
uniaxial strain

4.1 Introduction

Electrical transport measurements on SmBg have shown gradual insulating behavior
initiating at 40 K in the bulk associated with the opening of the Kondo gap [18]. A resistivity
plateau appears below 5K due to the conducting surface, suggesting a topological nature of
SmB¢ [19,34]. Various other studies have also supported the existence of topologically
protected surface states; however, there are ambiguities regarding the nature of the bulk [15—
17,20-23]. Recent studies of the de Haas-van Alphen (dHvVA) oscillations in SmBs yielded
contrasting conclusions about the Fermi surface, supporting both a 2D Fermi surface

associated with the metallic surface states and an “unconventional” 3D Fermi surface with
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the insulating bulk [24,25]. Even though it has been shown that the emergence of dHVA
oscillations is possible in certain band insulators like SmBe, especially as a manifestation of
the impurity moment-screening [56], the implication of a 3D Fermi surface could
demonstrate the existence of charge neutral fermions in the bulk [25,30, 44]. A typical
insulator behavior is explained as having a band gap, but if this is not the case, then this
would open up the possibility of exotic insulators that goes beyond the Fermi liquid theory.
This would mean that there could be interesting possibilities of these charge-neutral fermions
coming as a formation of an exciton [45], a spinon from a fractionalized f-hole [46], or a

Majorana fermion [30].

Thermal conductivity measurements allow the probing of bulk excitations that cannot be
done with electrical transport measurements and can distinguish between fermionic or
bosonic excitations. Compared to specific heat, thermal conductivity is immune from
erroneous contributions from isolated embedded metallic impurities inside SmBs crystals
unless the embedded impurity states percolate through the entire sample. Deviations from the
thermal conductivity of a pure phonon gas would indicate charge neutral excitations. While
the pure phonon gas contribution follows a cubic temperature dependence at low
temperatures, the contributions from charge neutral fermionic excitations would emerge as a
residual linear term in the T = 0 limit. Several thermal conductivity studies have been done
on SmBe [28-30]. For flux-grown samples, there has been no observations of a residual
linear term; however, there have been discrepancies between these studies regarding floating-
zone grown SmBs. The magnitude of the residual linear term between the studies either was

in range with or violated the Wiedemann-Franz law, with the study that did observe a
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significant residual linear term concluding that it must be due to a charge-neutral fermion.
Interestingly, similar phenomena of a residual linear term have been observed in floating-
zone grown YbBi2, which is known to be another mixed-valent topological Kondo insulator

[57]. The study also concluded that this must originate from a charge-neutral fermion.

Since the residual term has been observed in only floating-zone grown SmBe, variations of
sample growth may be a more crucial factor that must be considered. Flux-grown samples
have been shown to contain pockets of aluminum that grow epitaxially to SmB¢ with similar
structure and lattice constant, making it nearly impossible to identify from XRD [1,35].
However, floating-zone grown samples appear to suffer from non-stoichiometric crystal
growth, which results in samarium vacancies of around 1% concentration due to the
vaporization of samarium during the growth process [1,29]. These samarium vacancies are
known to cause an enhancement of the Sm valence from the nonmagnetic Sm?* to the J=5/2
magnetic Sm>'[27,29] and thus may be responsible for the variance of thermal conductivity
and dHVA studies between flux and floating-zone grown samples. Inverse-Corbino
measurements have shown that Sm deficient samples appear to have a much higher bulk
electrical conductivity, undercutting the expected nature of a highly insulating bulk [36].
High Hall mobility and low-temperature fermionic heat capacity were also observed for both
stoichiometric and nonstoichiometric SmB6, suggesting a possibility of bulk conduction,
though the samarium vacancies did not play a significant role for these measurements [47].
This residual bulk conduction was observed for floating-zone grown samples and had more
dislocations that may originate from additional dislocations in the seed crystal used during

sample growth [58].
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As SmBg is a mixed-valence insulator, recent studies have attributed the valence fluctuations
to the B, dimer having a temperature and pressure-dependent stretch and displacement that
causes a change in the electron configuration and charge transfer, affecting the valence of the
Smion [32,42]. This lattice distortion driven charge transfer mechanism suggests that the
valence may be carefully tuned through applications of mechanical force. Previous work has
demonstrated that uniaxial strain experiments are capable of tuning bulk energy scales,

observable through the evolving bulk bandgap with tensile and compressive strain [33].

An application of controlled strain may be used as a tuning parameter to change the valence
of the samarium ions, which, if the bulk is affected, may explain the mystery as to why there
are contradictory conclusions to the current thermal conductivity studies on SmBe. This
method would be a “cleaner” way to study how deficiencies would possibly affect the bulk
rather than doping studies, as possible introductions to dopants may compromise the
changing vacancies as a dominant effect. We utilized a symmetrized design on the same
uniaxial strain apparatus for our thermal conductivity measurements to simulate lattice
distortion effects from Sm deficiencies present in floating-zone grown crystals, applying
0.27% uniaxial tensile strain to a flux-grown SmBs. This will be used to investigate if there
is a residual linear /T term without strain and observe if application of strain would affect

the residual term by either causing an emergence or a significantly shift of the term.

It should be noted that the measurements shown on Figures 4.1, 4.9-4.11 were taken by Brian

Casas, Figures 4.3, to 4.8 were taken by Laura Yu, and Figure 4.12 by both members.
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4.2 Methods

SmBs crystals were grown in-house using the flux growth technique by Brian Casas. As
shown in Figure 4.1(a), crystals with a needle-shaped morphology, with a cross-sectional
area smaller than the overall length (L/A~10mm), were chosen as potential candidates.
Selected crystals were etched with 20% HCI solution for roughly 10 minutes to remove
excess oxides and absorbed gases to ensure that contacts have low electrical contact

resistance, which implies a good thermal contact between the crystal and the platinum

thermal leads.
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Figure 4.1. (a) A flux-grown SmBg crystal attached with silver and platinum wires using
H20E silver epoxy for a thermal and electric transport measurements. The metal wires have
been annealed on a hot plate to achieve better thermal conduction and mechanical flexibility.
(b) Temperature dependence of the resistance for an unstrained SmBg crystal under zero
magnetic field. The Kondo gap opens at ~34.7 K, while the resistance plateaus to 4Q at ~3K.
The emergence of a very low resistance saturation indicates high sample quality.
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Platinum wires of 25 micron diameter are used to establish thermal contact between the
crystal and the micro-sized RuO; film thermometers or the heater. These wires provide high
electrical and thermal conductivity and the capability to decrease the contact size due to their
size and flexibility, which are crucial as the strained portion of the crystal is only 1 mm.
Thermal grounding is provided by 500 micron silver wires. All contacts are attached along
the naturally grown <100> face via H20E silver epoxy and were cured at 80°C for three
hours to ensure high mechanical stability. Both types of contacts do not seem to provide
additional contact resistance. Typically in electric transport measurements, the electric
contact resistances were ~1 kQ, though for this thermal experiment minimizing the time
between the etch and contact placement has resulted in contact resistances < 100 €, an
improvement over contact resistances reported on SmBe [25,29]. Figure 4.1(a) shows a SmBg
crystal with such contacts. A four-probe resistance measurement was performed by Brian
Casas on a single SmBe crystal under zero magnetic field. As shown in Figure 4.1(b),
thermally activated behaviors were observed at higher temperatures with a fitted bulk
activation gap of 34.7 K that is consistent with previous reports. A resistance plateau of a

very low saturation resistance of 4 Ohm occurs below 5 K, indicating high batch quality.

Conventional steady-state thermal transport technique is analogous to a four-probe electrical
resistance measurement, where current is injected and drained to electrical ground by two

outer contacts while the two inner contacts are used to measure the voltage drop. For thermal
conductivity measurements, the two outer contacts would inject and drain the heat current to

the thermal ground, and the two inner contacts would measure the thermal gradient across
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the sample. These conventional thermal transport experiments would typically require the

sample to be suspended in vacuum to minimize the heat loss to the surrounding environment.

However, applying a substantial amount of strain measurements to a SmBg crystal requires

strong mechanical coupling of each end of the sample to the uniaxial strain cell [33]

. The strong mechanical clamping unfortunately leads to a high degree of thermal contact to
between both ends of the sample and the strain cell. Therefore, a new thermal conductivity
measurement design is needed to work with the strain apparatus. To resolve this issue, we
have invented a symmetric thermal conductivity design by symmetrically mirroring the
geometry of the conventional thermal conductivity setup was modified to reflect it across the
suspended end such that the heater is relocated to the center of the sample while both
mechanically clamped ends serve as thermal grounds, as shown in Figure 4.2(a). Heat current
is injected by the sample heater at the center of the sample, with the heat current splitting off
at the right and the left side of the heater. The two thermometers are mounted between the
heater and a single thermally grounded end. This setup allows both ends of the crystal to be
thermally grounded by the same silver wires, which would be thermally coupled to the
sample stage. If the heater is placed at the center of the crystal, the temperature gradient
across the crystal should be maximized at the center of the crystal and symmetrically
decrease closer to the thermal ground. To account for the deviation of the heater’s position

from the crystal’s center, the expression for thermal conductivity «(T) is

P Il L
AT (I+1g) A

K =

(1)
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where P is the power dissipated across the heater, AT is the thermal gradient, 1 is the
distance from the heater to the left thermal ground in Figure 4.2(a), Ir is the distance from the
heater to the right thermal ground, L is the separation between the two thermometers, and A
is the cross-sectional area of the crystal. Apart from the heater placement, Equation (1)
implies perfect symmetry in other aspects of the experimental setup. A practical
complication with utilizing this symmetric thermal transport design arises from asymmetries
in the experimental design, contact resistances, and epoxy thickness. These factors make it so
that it is not possible to know the precise applied heat current passing through the probed
section of the sample, which can lead to errors in the absolute value of the measured thermal
conductivity. We note that the temperature dependence, which is the main subject of this
paper, should remain accurate even in the presence of significant asymmetry. Nevertheless,
for measurements aiming at high absolute precisions, a more precise model for the
experimental geometry can be made through an equivalent circuit as shown in Figure 4.2(b),
where the resistances of various sections of the crystal and the contacts are all assumed to
have a unique value while resistivity is considered to be consistent along the length of the
crystal. In this model, the thermometers are located on the right side of the heater. The
resistances Ric and Rrc are of the contacts and the H20E silver epoxy on the left and the
right side of the heater, Ry is the sample resistance on the left side of the heater, Rs is the
section of the crystal measured between the two thermometers, and Rs is the unmeasured

section of the crystal. With these considerations, the thermal conductivity is

2P ﬁlle

K= 2)
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where x = RLCPl—S - ATM.
A A

In our experiments, the data suggests that utilizing Equation (1) alone would yield
sufficiently accurate results, as compared to the values measured with the traditional thermal
setup. This indicates that when the sample and the experimental setups were made
sufficiently symmetric, as it is in our case, the difference between Equation (1) and Equation

(2) 1s not significant. For this reason, we use Equation (1) throughout this chapter.

The strain part of the experiment setup is based on the recent development in a strain
apparatus adopting a tri-piezo technique ensures a controllable application of tensile strain
between -0.5% to 1%, with more than 70% of the strain transferring from the piezo to the
sample [33]. The very same device is used in this paper to apply up to 0.27% uniaxial strain
of a flux grown SmBg with dimensions 2.85 x 0.635 x 0.558 mm?®. The strain apparatus and
the associated thermal transport components were installed onto a home-built dilution fridge
sample stage made of Teflon and gold-plated annealed silver wires, plates and posts to
minimize eddy current heating at mK temperatures. The SmBs sample is prepared with the
contacts in configuration for the symmetric setup [Figure 4.2(a)]. The ends of the crystal are
clamped and thermally anchored to strain apparatus and the dilution refrigerator stage as
shown in Figure 4.2(c), mounted using Stycast 2850FT epoxy and catalyst 24 LV, which is
then cured at room temperature for at least 24 hours. The symmetrized thermal transport
geometry is partially obscured by the black Stycast 2850 epoxy mounting the crystal to the
steel washers. The three contacts on the sample shown in the zoomed-in portion of Figure

4.2(c) are located in the center of a gap approximately 1mm in size.
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Thermal grounding to the crystal is established through silver wires indium soldered to a
silver foil that has been screwed onto the sample stage, which allows a high degree of
thermal contact to the mixing chamber. Electrical leads for the heater and thermometers are
made using coiled manganin wires, which are shown to be highly thermally insulating within
the temperature range of interest. The addition of the Stycast 2850 epoxy for sample
mounting likely accounts for some small additional thermal grounding, though it is weakly
coupled to the stage through the stainless steel washers and the titanium strain cell frame.
The amount of applied strain was determined by utilizing the calibration from the previous
strain gauge measurements since the same strain apparatus was used with an unchanged
strain gauge and gap size. Thermal conductivity measurements were taken under the
Quantum Design He3 PPMS for temperatures above 400 mK and a Kelvinox-MX 250

dilution refrigerator in the sub-Kelvin temperature range.
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Figure 4.2. (a) Symmetrized thermal conductivity design. The sample is mechanically clamped
and thermally anchored to the strain apparatus. This is done by the silver wires epoxied to the
ends of the crystal that lead to the thermal ground and Stycast 2850FT epoxy that secures the
crystal to the titanium washers. The thermometers measure the thermal gradient from the heater
to one end of the sample. (b) Equivalent circuit model for the symmetrized design. The heat
current splits to the heater’s left and right side and drains at the thermal ground. Ric and Rrc are
the contact resistances, Ry is the sample resistance on the left side of the heater, Rs is the
resistance of the probed section of the crystal, and Rs- is the resistance of the unmeasured
section of the crystal. (¢) Symmetrized thermal conductivity design on the strain apparatus.
Thermal grounding is provided by the silver wires from the ends of the crystal that are indium
soldered to a silver foil screwed onto the stage. The zoomed-in image shows the mounted SmB¢
and the contacts within the 1mm gap that will be strained.
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4.3 Unsuccessful Attempts

Some unsuccessful attempts for the measurements have been due to primarily having
improper contacts of the stage components (for example, the silver foil used for soldering
silver wire to the sample not making proper contact to the thermometer), large thermometer
noise, and the electrical grounding issues originating from both the wiring of the
measurement equipment and the unstable grounding provided by the building. Improper
contacts can generally be found quickly, as they can be found either before the experiment or
during the room temperature measurement. Before the experiment, there may be shorting
when attempting to measure the resistance through the stage components since the
resistances of the thermometers and the sample heater are known. A more common
occurrence is the platinum wire coming off the sample while setting the stage to the dilution
fridge since the platinum wire is 25 microns in diameter and the stage is implemented upside
down, which could pull down the wire off the sample. The wires that come off the sample
cannot be verified electrically since the sample and the platinum wires are too small. Any
attempts at trying to measure through additional stage components (such as through the silver
foil or the thermometer) to verify the platinum wire connections to the sample will be
dominated by the resistances of these components. Therefore, the platinum wires connected
to the sample and the silver foil must be verified visually. Additionally, during the room
temperature measurement, there may be no voltage readings through the thermometers due to
disconnections in either the thermometer to the stage or the stage to the breakout box. The
thermometer is electrically connected to the stage through the manganin wire, so the

disconnections on the thermometer to the stage can be found by making sure the manganin
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wire connections are properly made. However, any issues regarding the connection to the
stage to the breakout box may not be as straightforward, since this could include issues in the
dilution fridge connection which may not be fully accessible. The typical disconnections
mostly occurred on the accessible points of the dilution fridge where there are exposed
copper wires connecting the stage to the dilution fridge. If the setup process of the stage to
the dilution fridge was handled too roughly, these copper wires can be split off, which would

require the ends to be soldered back together.

The noise from the voltage measurements of the thermometer may be large enough so that
the voltage steps may be obscured while incrementing the heater. This is due to the
inadequate amount of thermal cycling via liquid nitrogen on the thermometers, as the internal
stresses within the alumina substrate of the thermometers must be sufficiently relieved. This
can be seen in Figure 4.3, where the thermometer measuring the colder end of the sample has
a larger noise than the thermometer measuring the hotter end. Experimentally, we have found
that a sufficient number of cycles is ~40 cycles. The thermometers would be additionally
cycled a few times on the PPMS to verify if the cycled amount was sufficient and to provide
further cycling. Figure 4.4 shows a thermometer undergoing the cycling process on the
PPMS, with the overlapped sweeps implying that there was ample liquid nitrogen cycling on

the thermometer.
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Figure 4.3 Voltage measurements of the sample thermometers, with “cold” and “hot referring
to the thermometer measuring the colder or hotter end of the sample. The “cold”
thermometer underwent smaller amount of cycles than the “hot” thermometer, which
consequently has a larger noise than the “hot” thermometer.
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Figure 4.4 Thermal cycling of a thermometer on the PPMS. This is done to verify if the
thermal cycling via liquid nitrogen was sufficient enough as well as provide further cycling
on the thermometer. The overlapped resistance of the thermometers indicates that the
thermometer has undergone enough liquid nitrogen thermal cycling.

Grounding issues are harder to identify, as they are generally detected during the
measurement and may not have a direct resolution. So far we have detected two types of
grounding issues that have compromised some of the measurements. The first type of
grounding issue was due to the inconsistent grounding between the measurement equipment,
as the outlets located on the top and bottom of our rack that is used to connect all the
measurement equipment had a slightly different ground. Accounting for the ground of the
rack connections along with providing proper electrical shielding and wrapping the pairs of
coaxial cables together into a twisted pair which helped reduce the electrical fluctuations and

noise of the experiments. The consequence for this improper grounding can be seen by the
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thermal conductivity measurement of SmBe under 0.27% uniaxial tensile strain in Figure 4.5,

where there is a linear trend in /T only within a small region before undergoing fluctuation.

0.00 R R R SR SRR SR S R S
0.00 0.02 004 006 008 010 012 0.14 016 0.18

T2 (K?)

Figure 4.5. Thermal conductivity measurement with improper grounding on a SmBg crystal
under 0.27% uniaxial strain (sample 3). Due to the grounding not being properly considered,
the expected linear behavior of k/T is only observed up to some partial range until
fluctuations occur.

The second type of grounding issue was discovered as a periodic behavior of the voltage
measurements on the order of half a day, as shown by the voltage measured through both
thermometers as shown in Figure 4.6, and cannot be resolved through the laboratory due to

this issue originating from the building ground. This means that the calibration and the
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thermal transport measurements must be completed within half a day while there is minimal
periodic voltage background. In Figure 4.7, the number of steps for both the calibration and
thermal transport measurements was doubled, well-surpassing the time span that has the
acceptable electronic fluctuations. This is evident by the gaps in the measurement, where the
fluctuations originating from the building caused non-uniform steps coupled with even more
fluctuations from the longer measurements affecting both the calibration and the thermal
transport. Figure 4.8 shows the overlapped data for the thermometer voltages and «/T,
showing the approximate occurance of the gaps with the instable voltages. Thus it is critical
to take account of electrical grounding issues for a highly sensitive electrical measurement,
as each thermal transport step size can be as low as ImV, so the electrical noise must be

much lower than this value.

Generally, electrical issues from the setup can be found before the cooldown occurs, as most
issues are primarily due to shorting or accidental removal of contacts. However, thermal
contraction may also cause these issues even when the room temperature measurements were
done successfully. Therefore it is crucial to take test measurements under each stage of the
cooldown before moving forward to the actual experiment, as trying to repair electrical
connections to the stage would require the initiation of a time-consuming sample change

procedure.
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Figure 4.6. The voltage measurement of both thermometers connecting to the sample. There
was no application of heat from either the still heater or the stage heater. The periodic
behavior spanning a couple of hours originates from the unstable grounding provided by the
building. In order to get around this, measurements are taken at a certain time of the day and
completed within a few hours.
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Figure 4.7. Thermal conductivity of an unstrained SmBs crystal measured under unstable
building ground. The number of steps for both the calibration and the thermal transport was
doubled, surpassing the time slot for when the grounding from the building was stable. This
caused the steps from both the calibration and the thermal transport to become non-uniform,
causing gaps in the k/T measurement.
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Figure 4.8 Thermometer voltages plotted voltage versus time and /T from Figure 4.7 versus
averaged step number. The data for «/T are taken from the time averaged steps of the
thermometer voltage. Since the voltage steps are not uniform, the «/T data points do not
perfectly align with the steps; however, the approximate occurance of the gaps in /T can be
closely correlated with the voltage instabilities.

4.4 Results

4.4.1 Sample Quality

First, to confirm the quality of the samples from this batch of in-house grown crystals and to
verify the accuracy of our new symmetric thermal setups against the traditional method,
Brian Casas performed thermal conductivity measurements with the traditional four-probe
steady-state method on the PPMS. In the higher temperature range, there is a visible peak in
the thermal conductivity at ~9K as shown in Figure 4.9, indicative of a transition between
electron-phonon scattering and multi-phonon scattering channels. The peak height signifies

high sample quality, as it is nearly 20% higher than data presented in the literature [42].
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Figure 4.9 Thermal conductivity of SmBg from 0.4K to 12K. The peak at ~9K indicates high
sample quality and is a key feature in insulating crystals. The inset shows the prepared SmBg
crystal used in this measurement.

Thermal conductivity was measured from 0 T to 9 T by Brian Casas on the PPMS, as shown
in Figure 4.10. The field dependence appears smaller than in previous work, though
estimates suggested this is due to J = 5/2 moment likely caused by the Sm*" ions. The close
agreement of the data below 700 mK with known phonon conductivity indicates that there is
only evidence for a bosonic heat carrier at these temperatures. Previous reports [30] show
that even above 400mK, signatures of a fermionic excitation could be observed under an
applied field, though measurements starting at 100mK would be stronger evidence for

possible fermionic excitations.
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Figure 4.10 Thermal conductivity of SmBs as a function «/T versus T? below 5K. Data
shows a non-monotonic field dependence, suggesting a field-induced phonon scattering
suppression. The figure shows the magnetic field and temperature dependence of the thermal
conductivity. There is a non-monotonic behavior induced by the magnetic field, with
previous reports attributing this to a Schottky type anomaly for phonon scattering from
magnetic moments.

4.4.2 Conventional Versus Symmetric Design

Typical thermal transport measurement is done on a “conventional” 4-probe setup, where the
ends of the crystal are connected to the heater and the thermal ground and the thermometers
along the length of the sample. However, trying to implement this setup on the strain
apparatus would cause a heat leak on both ends of the crystal, so our group developed a
symmetrized thermal transport design. To verify if the symmetrized design would not
significantly affect the thermal conductivity measurements compared to that of a typical, or

“conventional,” setup, Brain Casas measured both designs on the PPMS. By comparing
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measured thermal conductivity using both methods on a single crystal [Figure 4.11], it was
verified that the new symmetrized thermal conductivity design indeed yields accurate
quantitative values of k(T) compared to the conventional 4-probe thermal conductivity setup.
A single SmBg crystal was prepared with three platinum wires for the heater and
thermometer contacts and two silver wires for the thermal ground. This sample was first
measured in the “conventional” geometry, where heat is applied through one end while the
other end is thermally anchored. As such, the wire for the heater in the symmetric geometry
is left floating in the conventional measurement. In the symmetric thermal measurement, the
sample is mounted on the strain apparatus but with zero piezo voltage, yielding essentially no
strain in the sample. A small amount of strain could rise due to the differential thermal

expansion, but is minimized due to the tri-piezo geometry of the strain apparatus.

The measurements were done with no magnetic field and then at 5T, as shown in Figure
4.11. The data displays no appreciative difference in the thermal conductivity between the
symmetric and the conventional setup with no field [Figure 4.11(a)] and with 5T [Figure
4.11(b)]. The data for both conventional and symmetrized design is within range with the

other thermal conductivity measurements done on SmBg¢ [28-30].
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Figure 4.11. Thermal conductivity as a function of x/T versus T? of SmBs for conventional
and symmetric setup (a) under no field and (b) under 5T. The dashed lines show linear fits
below ~0.6K. A SmBg crystal was prepared with the symmetric setup, but for the
conventional measurement, heat current was applied on one end of the crystal. No significant
difference in «(T) was observed between the two different setups.
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4.4.3 SmB¢ under strain

Finally, we have performed measurements with strains applied to the sample. The thermal
conductivity of flux-grown SmBs under no strain and under 0.27% uniaxial tensile strain is
plotted as /T versus T? as shown in Figure 4.12, with the solid lines being the linear
extrapolation of the data. In the limit of T — 0K, the phonon conduction /T is proportional
to T2, so the residual linear term was extrapolated from «/T versus T? to determine if there
were fermionic heat carriers. The metallic surface state would yield a negligible contribution
of the thermal conductivity, as estimations using Wiedemann-Franz Law /T = Lo/p, with Lo
the Lorentz number would yield the highest contribution of «/T in order of 10°* mW K! cm’!.
The acquired linear terms for both unstrained and strained measurements were on the order

of 107" mW K?2cm™.

The slope, or the phonon contribution from T° term, did change with the strain as expected,
due to the changing lattice constant of the crystal. Another possible contribution to the
changed slope of /T may be due to the changes in the impurity scattering of the phonons. So
far, attempts to apply compressive strain have not been successful due to the thermometer
detaching from the crystal. A possible solution to this may be to change the H20E silver

epoxy connecting the platinum wire to the sample to spot-welding the platinum wires.
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Figure 4.12. Thermal conductivity of a single flux-grown SmBg as a function of «/T versus T
for no applied strain and under 0.27% uniaxial tensile strain. Residual linear term for /T was
extrapolated via a linear fit of T2, which yields values in the order of 10! mW K= cm™! for
both unstrained and strained SmBs.

4.5 Discussion

Previous pressure and strain studies for SmBs have demonstrated that the bulk and the
surface change dramatically with changes in pressure or the application of mechanical strain
[33, 43]. The surface and the bulk change are indicated by electric transport measurements
demonstrating compressive strain or positive pressure and tensile strain, analogous to
negative pressure, decreasing or increasing the Kondo gap. Initially, our hypothesis was that

because pressure and strain have been shown to affect SmBs through electrical
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measurements, these factors may be attributed to the inconsistent conclusions from the
previous thermal conductivity studies. However, as shown in Figures 4.11 and 4.12, even
without strain, the magnitude of our residual term on the order of 10! mW K2 cm™ is
comparable to the study conducted in Cambridge. Through the Wiedemann-Franz Law,
electron contribution is on the order of 10" mW K! cm™!, meaning that the significant
portion of k linear in T does not originate from electrons. This significant contribution from
an unknown source was the reason why the study performed in Cambridge concluded that
there might be neutral fermions present in SmBe, as they have additionally performed their
own quantum oscillation measurements suggesting that the oscillations may originate from
the bulk [30]. Furthermore, though there was some expected change in the magnitude of the
thermal conductivity due to the deformation of the sample, there was an actual considerable
change to both the increase in the residual k as well as the overall behavior in k in regards to
the shift in slope. This measurement implies that differentiating between the different growth
methods by themselves is not a dependable predictor. Rather, there seem to be more variable
intrinsic properties that are sample dependent, though the general mechanism is unclear.
Based on the trend in our strain measurement, uniaxial tensile strain did cause an increase in
K as seen by the change in the phonon contribution affecting the slope of the k/T. Additional
contribution other than from the changing lattice constant may also be due to changes in
impurity scattering. Because of this, the application of pressure or compressive strain may
show a reversed behavior, with even the possibility of removing the residual term with
enough compressive strain. If this was the case, then the intrinsic mechanical perturbations,
which seem to be variable even within the same growth methods, could allow this residual

term to be tunable.
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So far, the observation of quantum oscillations and the residual linear thermal conductivity
term is generally credited to charge-neutral fermions, such as from the theorized exciton
[45], fractionalized f-hole (the f-electron equivalent of a particle-hole transformation) [46],
and the Majorana fermion [30]. However, another possible source could be due to the
dislocations, or the one-dimensional defects, that were observed in the 2021 study measuring
the bulk resistivity [53]. The study included measuring the density of these dislocations for
both flux- and floating-zone grown SmBg and noted that floating-zone grown samples
contained a higher dislocation density. Their observed bulk resistivity measurements were
significant for floating-zone grown samples compared to the flux-grown samples, even with
added samarium deficiencies in the flux-grown samples. Because of this observation,
dislocations were suggested to be the cause of this sample-dependent low-temperature bulk
resistivity in floating-zone grown samples. The observation of the residual linear term in our
thermal conductivity measurement could be due to having a higher density of these
dislocations in our flux-grown SmBs, which could be verified by undergoing the same
chemical etching procedure. More sample size for acquiring the dislocation density would
allow a better reference to this dislocation density threshold that is distinguished between
floating-zone and flux-grown SmB6, especially since the floating-zone SmBs have a more
varying lattice parameter (and thus a more varying dislocation density). If our sample does
indeed contain a higher dislocation density, there is a possibility that our sample could also

have a low-temperature bulk channel, which would allow the bulk to carry heat.

Our result alone cannot absolutely conclude that there are charge-neutral fermions but only

offer a piece of the story for the possible existence of charge-neutral fermions, as our results
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have added another variation to the other thermal conductivity measurements of flux-grown
SmBs. However, additional experiments can be conducted to add a more compelling image
to this result. The first such experiment would be to apply a magnetic field and see if there’s
a relation between straining and an applied field to the residual term. We were not able to
perform this kind of measurement due to our broken helium level probe, where operating a
superconducting magnet without a level probe would be dangerous. So far, in regards to the
other thermal conductivity studies on flux-grown SmBe, the application of field does not
have a consistent conclusion, where the residual linear term was found to be either
insensitive to field [28] or be enhanced by field [29]. It would be interesting to investigate if
there’s a differing effect on the residual linear term when a field is applied with the same
tensile strain. Another experiment that could be conducted would be to use a floating-zone
grown SmBe, as this is where the main contradiction lies for the residual linear term between
the study conducted in Sherbrooke [29] and Cambridge [30]. The experimental setup could
be used to observe how strain could affect floating-zone grown samples differently compared
to the tilted behavioral change of the residual linear term seen on flux-grown SmBe.
Differing reactionary behavior of the thermal conductivity under strain would be another

indicator on the significance of different growth methods.

To observe if there is a more direct correlation of the applied strain simulating deficiencies
found in floating-zone samples would involve cross-referencing with measurements that use
other probing methods. This is due to the deviation from our original observation of the
previous studies that the residual linear term of the thermal conductivity was a characteristic

present only in floating-zone grown SmBs. Our measurement shows that the existence of a
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residual term cannot be reliably used as one of the indicators of simulating deficiencies in
floating-zone samples. Instead, multiple thermal conductivity measurements can be done on
flux- and floating-zone grown SmBe with samarium-deficient flux-grown SmBe to observe if
there are similarities in behavioral changes of the thermal conductivity with strain.
Additionally, electrical measurements such as applying strain to doped flux-grown SmBs can
be conducted to observe if there is a resistivity decrease as observed in those of doped

floating-zone grown SmBg but not in doped flux-grown samples [59, 60].

There may be limitations on the availability of conducting certain measurements due to the
design and size of the strain apparatus, such as the inverted resistance method using a
circular Corbino disk geometry. Being able to measure perform an inverse resistance
measurement on strained flux-grown SmBe could be done to see if there is a deviation from
the perfectly insulating bulk of the flux-grown SmBs to bulk conduction of floating-zone
grown SmBs. However, the circular design would make it unavailable to be implemented to

the our strain apparatus, as it can apply strain in one dimension.
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