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ABSTRACT OF THE DISSERTATION

Novel Electron Transport Behaviors of Materials at Extreme Conditions

by

Yuankan Fang
Doctor of Philosophy in Materials Science and Engineering
University of California San Diego, 2018

Professor M. Brian Maple, Chair

In condensed matter physics, the term “extreme condition” mostly refers to a
environment of extreme temperatures, high pressures, and/or high magnetic fields. With
the extension of these dimensions, we are facing a new world with many more exotic
states of matter than what has been explored at ambient conditions. The mechanical,
chemical, and physical properties of matter may dramatically changes in such conditions.

The primary subject of this thesis is the study of electron-electron and electron-
phonon interplay of d- and f-electron materials at extreme conditions. It is well known
that these materials are rich reservoirs for exotic and intriguing physical phenomena;
their competition and interplay between localized magnetic moments in partially filled

d- or f-electron shells, and conduction electron states lead to novel quantum criticality,

XVvil



magnetic ordered state, superconductivity, and other interesting states of matters. Part of
this thesis covers the research on synthesis of BiS,-based superconductors, which has a
layered structure that is very similar to high-7;, cuprate and Fe pnictide superconductors.
The lattice parameters, crystal structure, and superconductivity of these materials turn
out to be very sensitive to external environments. Evidence of pressure and magnetic
field induced changes in superconductivity and structure of BiS, compounds are also
presented. The latter part is focused on novel metallic ground state in FeSi. For over
50 years, this compound was believed to be a intrinsic narrow gap semiconductor. The
study shows strong evidence of surface electron conducting of FeSi at low temperatures.
Possibility of FeSi as a 3D topological insulator, surface magnetic ordered state, and

novel Hall effects are also emphasized.
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Chapter 1

Introduction

Human kind benefits from a multitude of resources that are supplied by the nature.
Collectively, these benefits are essential in regulating the environments in which we live
including mild temperatures ~25 K and an atmospheric pressure that ensure water in
liquid state and a series of biochemical reactions to happen. In addition, the Earth’s
magnetic field, generated by electric currents in the conductive material of its core,
extends from its interior out into space and protects us from the charged particles of the
solar wind and cosmic rays. As these conditions are not only vital for the existence of
life but also can be easily accessed, great efforts have been performed in the study of
condensed matter physics at such conditions.

However, the emergence and persistence of such life friendly conditions are
essentially a marvel both in terms of natural history and the universe: over 90% of the
detectable substance in the Universe are subject to pressures above 10 GPa, the average

temperature of the universe today is approximately 2.73 kelvins and this value is believed



to be extremely high at the early stage of the Universe [1]. Though formidable to life,
the combinations of extreme temperature, high pressure, and high magnetic field are
the environments that substances in the Universe most likely locate. The truth that has
been overlooked for a long time or we are unwilling to admit is we know little about
the states of substances in such conductions, due to the difficulty in reconstruction of
such conductions in a controllable lab environment and the limits of in-situ measurement
technologies.

It should be emphasized that the response of materials to the broad range of
extreme conditions signals the materials’ underlying structure and dynamics, provides
insight into new phenomena, exposes failure modes that limit technological possibility,
and presents novel routes for making new materials. Recently, it has been found that
exposing materials to those regimes induces new physical phenomena that do not occur
under ordinary conditions. Those extreme phenomena are central to many of the most
fascinating grand challenges of science. The following parts of this section introduce
background knowledge and presents a brief review of a few exciting breakthroughs in
the research of novel states of materials in different environments that are closely related

to the dissertation.

I.LA Correlated phenomena in d- and f- electron materials

In conventional simple metals, electrons barely interact with other electrons
and can be well described by Fermi liquid theory, i.e., electrons are treated as isolated

particles in a homogenous background. However, electron-electron interactions have



been found in many materials and play a central role in determining the electronic,
magnetic, optical, and even mechanical properties, which has proven to be of immense
technological relevance and deep physical import.

The complex interplay between electrons and electrons, lattice structure, kinetic
energy, and magnetic degrees of freedom is incredibly rich in d- and f-electron materials,
resulting in competition between distinct ground states which have different symmetries.
It is believed that new phases, which have surprising and useful properties, may appear
near quantum phase transitions by changing parameters such as electronic configurations
and magnetic filed. In the research of condensed matter physics and promising industrial
applications, strong correlations act as a sort of lever arm, through which small changes
in controllable parameters can have dramatic consequences on material properties.

On the other hand, the strong electron correlations which result in rich electronic
material properties as introduced above also make them difficult to study. Unlike the rela-
tively weak electron-electron repulsion, whose electronic behavior have been very well
understood based on well developed perturbative methods such as k-p expansion theory,
the local density and Hartree-Fock approximations, Thomas-Fermi screening in metals,
etc [2]. In the case when interactions become sizable in the d- and f-electron materials,
the electronic properties can not be well described by these controlled theoretical methods.
The concepts of Landau adiabaticity principle and renormalizability have been came
up and provided foundations for how we understande the complex interacting electron
systems with a combination of sophisticated computational techniques such as quantum

Monte Carlo, functional renormalization and various quantum cluster methods [3].



With the help of fast developing experimental and material growth techniques,
we are able to some extent understand, predict, engineer, and control materials with
desired electronic properties and tunable transitions between various phases in the d-
and f-electron systems. Recent progress includes discovery and understanding many
novel many-body phenomena: superconductors which exhibit zero resistivity up to 135
Kelvin, multi-ferroic materials which allow a magnetic field to write electric domains
and an electric field to write magnetic domains, colossal magnetoresistance materials
which change their electrical conductivity by orders of magnitude upon application of a
magnetic field, heavy fermion materials which host electrons which behave thousands
of times heavier than their actual mass, whereas the electrons in graphene behave as if
they were massless, topological insulators which may extend fractional charges seen in

existing materials into three dimensions.

I.LB BiS,-based superconductors

Many layered compounds have been found to be superconducting with a transition
temperature (7.) that is significantly higher than the 7. value of most other superconduct-
ing compounds. Examples include the famous high 7. Cu oxides, which have alternating
stack of CuO, superconducting layers and blocking (insulating) layers, MgBs, a binary
compound with 7, = 39 K, and Fe-based superconductors. It seems that synthesis of new
layered superconductors is a promising approach for the realization of a 7. that is close
to room temperature.

In 2012, superconductivity with a 7. value of 8.6 K was found in Bi;O4S3 which



Figure 1.1: Lattice structures of typical layered compounds (a) La,CuQy,, (b) LaFeAsO,
and (c) LaOBiS, which show superconductivity via electron doping [4-6].

has a layered crystal structure consisting of alternating superconducting BiS, layers
and blocking layers [7]. Soon after this discovery, many superconducting compounds
which contain BiS; have been found including LnOg 5F, 5BiS, (Ln = La, Ce, Nd, Pr,
and Yb), BizO05S5, La;_,M,OBiS, (M =Ti, Zr, Hf, and Th), Sr;_,La, FBiS,, EuBiS5F,
and Eu3Bi,S4F, [8-10]. The parent compounds in the BiS, family are band insulators.
Similarly to cuprate and Fe-pnictide superconductors, it is believed that electron doping
is essential for the emergence and enhancement of superconductivity [11-13]. For the
LnOy 5F, 5BiSy (Ln = La, Ce, Nd, Pr, and Yb) system, the highest T, values were found
in the compounds with F substitution of ~50%, which is close to the solubility limit of F
in these compounds [6]. However, efforts of inducing superconductivity in BiS;-based

compounds through hole doping have not succeeded.



Lattice parameters are also essential for the superconductivity of BiS,-based
compounds. With heavier Ln elements, the lattice parameter a of the tetragonal phase
LnOy5F, 5BiS, decreases; however, the c-axis, which is perpendicular to the a-axis,
increases with increasing atomic number of Ln elements, resulting in an overall effect
of unit cell volume decreasing [6]. The typical values of superconducting transition
temperature in the LnOg 5F, 5BiS, system increase from 3 K (Ln =La)to 4.5 K (Ln =
Nd), indicating a clear lattice a dependence of superconductivity. Due to the incompati-
bility of heavier Ln elements to the lattice, attempts in preparing LnQOy 5Fy 5BiSs with
Ln elements after Nd turned out to be unsuccessful. Instead, by partially replacing La
with Sm, an enhancement of superconductivity is observed in the La; ,Sm, O 5F; 5BiS,
compound in which 7. increases from 2.8 K at x = 0.1 to 5.4 K at the solubility limit of
x =0.8 [10].

In addition to chemical substitution, the application of external pressure is another
way to change the lattice parameters of the BiS;-based superconductors. In the study of
high pressure effects on a polycrystalline sample of LaOg 5F, 5BiS, a dramatic increase
in T, from 3 K to 10.7 K can be observed at the pressure of ~0.5 GPa [14]. Similar
sudden pressure-induced enhancement of 7. can also be found in LnQOg 5F,5BiS, (Ln =
Ce, Pr, Nd) and La;_,Sm_,Oq 5F, 5BiS, [15, 16]. In-situ X-ray diffraction experiments
on the high pressure state of these compounds suggest that the sudden enhancement of
superconductivity is associated with structural phase transitions from an ambient pressure
tetragonal phase to a high pressure monoclinic phase. Further increase of the pressure

after the phase transition, however, results in a gradual suppression of superconductivity.



I.C The B20 crystals

The cubic B20 compounds with space group P2,3 have been investigated for
over 50 years due to non-centrosymmetric crystallographic structure and fascinating
physical properties. It has been predicted that the absence of the inversion center of
the crystal structure produces the chiral spin-spin Dzyaloshinskii-Moriya (DM) interac-
tion [17], resulting the emergence of spin helix whose chirality is closely related to the
corresponding structural chirality. Examples of the B20 structure include many transition
metal silicides and germanides. CrSi and CoSi appear to be simple paramagnetic (PM)
metals [18]. FeSi was believed to be a narrow band gap semiconductor with unusual
temperature dependence of magnetic susceptibility. MnSi has helimagnetic order be-
low 30 K. Chemical substituted B20 materials, such as Mn and Co substituted FeSi,
also display helimagnetism over wide regions as well as interesting behavior near the
insulator-to-metal transitions [19, 20].

Due to the itinerant electron magnetism and complex spin order at low temper-
atures, great research interests have been focused on the B20 MnSi compound. MnSi
orders helimagnetically along the [111] direction below 29.5 K with the helical modula-
tion A\ = ~19 nm that is significantly larger than lattice constant. And hence, a strongly
exchange enhanced spectrum of ferromagnetic spin fluctuation across the entire Brillouin
zone in MnSi is expected [21]. On the other hand, the spin fluctuation theory was veri-
fied by experimental measurements of the spin fluctuations in MnSi [22]. Meanwhile,

polarized neutron scattering studies performed in the 1980s suggest the helimagnetism



Figure 1.2: The crystal structure of CoSi showing lack of inversion symmetry. The dashed
lines indicate the unit cell.

in MnSi, which provides the first experimental evidence of a homochiral spin [23].The
magnetism and the temperature of magnetic transition temperature for MnSi can be
suppressed by applying external pressures. The magnetic order disappears at a critical
pressure of about 1.5 GPa [24]. In addition, a crossover from the second-order to a
first-order phase transition was observed at a pressure of ~1.2 GPa [25].

Similar to MnSi, magnetic anomalies corresponding to skyrmion lattice ordering
were also observed in FeGe. The competition of ferromagnetic exchange, Dzyaloshin-
skii-Moriya interaction, and magnetic anisotropy leads to a variety of complex magnetic
behaviors in FeGe. At ambient condition, FeGe crystallize in B20 cubic structure. Above
893 K, the cubic B20 structure changes into the hexagonal B35 structure with CoSn type.
Further increasing of the temperature to 1010 K results a monoclinic high-temperature

phase, which has the same structure as CoGe [26]. Among the known cubic B20 chiral



magnets, FeGe has the highest critical magnetic transition temperature (278 K). Under
a magnetic field of ~300 Oe, the helical spin structure in FeGe turns into the conical
phase with the propagation vector along the direction of external magnetic field [27]. The
electron transport properties of FeGe exhibits anomalies under pressure: the magnetic
order is strongly suppressed and metallic conducting can be observed up to 30 GPa
which is contradict to the results of theoretical predictions based on the breakdown of
magnetism [28].

Iron silicide, FeSi, is considered to be a strongly correlated semiconductor with a
very narrow gap. At low temperatures, no evidence of intrinsic magnetic order was found
in FeSi; however, paramagnetic susceptibility behavior can be observed at high temper-
atures, resulting a broad maximum around 500 K [29]. This phenomenon is initially
reported to be related with the narrow semiconducting band gap in the material, which
allows a change from semiconducting to metallic behaviour at moderate temperature [30].
However, the following theoretical calculations of the band structure do not confirm
such a picture [31]. Recent photoemission experiments on FeSi also can not provide
any evidence of the Kondo resonance near the Fermi level [32]. Currently, there are two
completely different approaches for interpretation of the anomalies behavior observed
in FeSi: the coupling with the lattice excitations is assumed to be dominant in the first
approach, whereas the second one is focused on the renormalization of the electronic
spectrum related to the electron—electron correlations [33, 34]. On the other hand, silicon
has been considered as a important alloying element with iron in the Earth outer core,

and thus, the mechanical and physical properties of FeSi attracts great research interest



to geologists.

I.D Materials Under High Pressure

Under application of external pressure, many solids undergo significant changes
in their chemical, physical, and mechanical properties. As a fundamental thermodynamic
variable, pressure is not only broadly used to describe the extreme conditions of materials,
but it is also experimentally controlled to induce several important effects on interatomic
interactions. Pressure provides a new research dimension in physical sciences, resulting
emergence of intriguing high pressure physics and chemistry. Under high pressures,
many new theories in chemistry and physics have been established; novel materials are
synthesized and discovered, and various routes for recovery to ambient pressure are
established and explored. Besides, studies of materials under high pressure are crucial
for understanding the interior mineralogy, chemical composition, dynamics, and mineral
formation inside the Earth and celestial bodies. The impact and importance of high

pressure science has been widely emphasized especially during the last decade.

I.D.1 Pressure-induced structural phase transitions

Structural phase transitions originate from qualitative changes in the potential
energy landscape. By altering interatomic distances and bonding patterns, high pressure
can change the energetic stability of the various possible structures and thus generate
new materials through structural phase transitions. The classic B1-B2 transition in NaCl,

which requires the ratios of R(Na)/R(Cl) smaller than 0.73, is a very good example. This
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transition can only be induced under pressure due to the fact that R(Cl) must decrease
relative to (Na) [35]. Similar pressure-induced structure phase transition can also be
observed in all other alkali halides.

For silicate oxides, with increasing external pressure, the ionic radius of silicon
and oxygen increases due to the high compressiblity of the oxygen anion compared
to silicon, resulting a conversion of all silicon tetrahedra in the material into silicon
octahedra at high pressure and high temperature conditions [36]. In the cases of many
silicides and oxides, the application of pressure forces the atoms to occupy a smaller
volume, leading to high pressure structures composed of the closely packed atoms.
However, because of the complicated inner and outer electron structures, the phase
diagrams for even single element can be very complex with pressure. Both Li and
Na display unusual melt-down phenomena induced by quantum effects. When they
eventually solidify at lower temperatures, the simple metals adopt a range of highly
complex structures previously unobserved in any element. Na remains a liquid at room
temperature at 110 GPa, while Li has a melting point of 190 K at 45 GPa, by far the
lowest melting point among the elemental metals [37].

Through our knowledge of phase transitions and phase diagrams of materials
under pressure is growing very fast, a accurate determination of phase equilibrium
and phase diagram is still very difficult due to the complex phase transitions, limits
of experimental methods, and possible metastabilities of materials. The determined
phase boundaries of condensed matters may be effected by the experimental conditions

such as hydrostatic environment, compression rates, and temperatures. Besides, it is
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not unusual to have two or more phases coexist in a large pressure range. For example,
pressure-induced amorphization has been widely reported in many materials; however,
some of the amorphization effects which are believed to be related with the formation
of nanocrystals or structural intermediates can be bypassed if the materials are in more

hydrostatic pressure environment [38, 39].

I.D.2 Electronic phase transitions under pressure

In addition to structural phase transitions, pressure may dramatically alters elec-
tronic properties, such as electron delocalization, valence change, electron hybridization,
spin-paring, etc, which has been widely investigated. For most materials, the interatomic
distances are reduced while interatomic intercations can be significantly enhanced, result-
ing a broadening of the energy bands, band overlap, and insulator to metal transition. This
effect provide possibility of creating novel electronic states including novel long-range
spin or charge ordering states and superconductors.

At ambient pressure, 22 pure elements have been found superconductivity; how-
ever, there are 35 more elements turn into superconductors including rare gas elements
under pressure. For high T cuprate superconductors, pressure has been used to achieve
the record high 7; of 164 K [40]. In the case of Fe-based (K, Tl);_,Fe;Se,_,, 1. value
reaches a maximum of 33 K with pressure and then vanishes at a quantum critical point;
however, superconductivity reemerges as a second crest at 48 K [41]. This behavior pro-
vides evidence of comprehensive pressure induced changes in the magnetic superlattice,

electronic charge, spin fluctuation, orbital/spin degrees of freedom, and quantum critical
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Table I.1: Representative materials that is superconducting at high pressure condition.

Material Pressure (GPa) Year T. (K)

H (Metallic) ~300 1968 290 (predicted)
(Ba,Ca)-Hg—Cu-O 31 1994 164
S 190 1997 17
Li 48 2002 20
Ca 216 2006 29
Sm(O,F)FeAs 6 2008 55
Sc 107 2008 19.6
(TLLK,Rb)-Fe-Se 12 2012 48
H-S 155 2015 203

point.

High pressure can be used to effectively tune the electronic correlations and tightly
bond orbitals begin to mix with neighboring orbitals, resulting electron delocalization.
Light rare rarth metals, such as Ce, Pr, and Gd, exhibit pressure-induced sudden volume
changes. This behavior has been approached by various models including fully dynamical
treatment of correlations in the lattice using dynamical mean-field theory, suggesting a
strong connection between the 4f electronic structure and the volume-collapse [42]. The
famous v to « phase transition in Ce with a sudden volume collapse of ~30% is a good
example [43]. Kondo-like aspects in the 4 f electron delocalization was also observed
in Gd metal. Different with what been observed in Ce, a prolonged and continuous
delocalization was found in Gd throughout the entire pressure range, indicating that the
volume-collapse transition is only part of the electron delocalization. The following
optical indicate no apparent change in the 4f moment across the collapse, suggesting

that Kondo screening is responsible for the expected Pauli-like behavior in magnetic
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susceptibility [44].

Many transition metals and rare earth compounds belong to correlated electron
systems. The structure and magnetic properties of these materials are complicated due to
the interactions of the charge, spin, lattice, and orbital moments. At ambient pressure,
FeO and CoO are paramagnetic insulators with a rock salt crystal structure above the
Neel temperature (7). Below Ty, both compounds transform into anti-ferromagnetic
states accompanied with lattice distortions and structural phase transitions. The lattice
distortions are generally believed to be related with magnetoelastic coupling. Under
pressure, FeO and CoO undergo structural phase transition to a rhombohedral lattice at
~15 GPa and ~43 GPa, respectively [45], which was reported to be associated with a
transition of magnetic ordering before the structural phase transition [46]. LaCrOs is
another compound that shows coexistence of a structural and magnetic phase transition
under pressure, which provides evidence that magnetic order, spin orientation, magnetic

moment, and structural changes are correlated [47].
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Chapter 11

Experimental Details

IILA Sample Preparation

The synthesis of new materials has been recognized as the most essential element
in advancing technology and a key step in investigating novel physical, mechanical and
chemical properties of condensed matter system for the long term; however, it generally
remains more of an art than a science in that the physics behind it is too complicated to be
well described. As a compromise, much effect has been devoted in developing techniques
for material synthesis. Due to the limited space, this dissertation will mainly focus on
two techniques: the solid-state reaction in preparing bulk poly-crystalline materials and

the flux method for making single crystals.

II.A.1 Solid State Reaction

Solid state reaction in general refers to all solventless processes leading from

the mixture of solid reactants to a solid product. It has been studied for many years and
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numerous principles that provide an understanding of the chemistry associated with this
field have been proposed. The confined environment of the reactant crystal lattice can
control the kinetic features of a reaction and hence the nature of products. Generally,
solid state reactions have the advantages in: (1) limited formation of side products, (2) no
solvents are needed in the reaction and hence no waste disposal issues, (3) the constrained
environment may lead to novel chemical reactions, (4) cascade reactions can be carried
out quite easily, and (5) kinetic trapping of highly reactive intermediates [1-4].

The starting materials are weighed and mixed in the calculated stoichiometric
ratios, thoroughly grounded into fine powders, and pressed into pellets using a designed
die-kit and isostatic press. The resulting pellets are then placed and sealed in a quartz tube.
Pellet container may be used to prevent chemical reactions of the starting materials with
the quartz. The mixture is heated to high temperatures below the melting points of the
starting materials. With appropriate high temperature and atmosphere conditions, thermal
energy overcomes the free energy constraints and induces chemical reactions among
the starting materials resulting new crystal structures. The products of this process may
be re-grounded, sealed, and annealed at high temperature for several times to promote

homogeneity of the samples.

II.A.2  Flux Method

Growth of crystals via solidification from the melt has been a widely used tech-
nique: crystallization from high temperature solutions allows single crystal growth of

a wide range of materials. By utilizing this technique, the raw elemental materials are
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dissolved into a solvent called a flux, which allows an enhanced diffusion of reactants
in contrast to a solid state reaction. In many cases, these melts act not only as solvents,
but can also be reactants which provide species that can be incorporated into the final
product.

A significant advantage of the flux method is that the elemental reactants can dis-
solve into the flux at a temperature that can be much lower than their melting temperature
and thus crystals are grown at a relatively low temperature. This is critical if the starting
material melts incongruently, or exhibits undesired phase transitions at high temperatures.
On the other hand, thermal strain can also be minimized in flux growth due to the low
growth temperatures and very slow cooling rates.

In this dissertation, the raw elemental reagents and the flux metals were weighed
and placed in an alumina crucible, which was then sealed in a quartz tube after being
flushed with argon and evacuated. The quartz tube was placed into a furnace and then
gradually heated to the desired temperature. After dwelling, the tube was slowly cooled
back to a temperature that is slightly above the melting temperature of the flux and
centrifuged to separate the solid products and the liquid flux. Selected examples of

single-crystalline samples of transition metal silicides are shown in the Fig. IL.1.

II.LB High Pressure Technologies

Pressure has long been regarded as a powerful thermodynamic parameter that is
able to alter the structures and properties of materials. However, due to the difficulty in

obtaining megabar hydrostatic pressure and in performing measurements inside pressure
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Figure II.1: Morphologies of single single-crystaline samples of CoSi (a), MnSi (b), NiSi
(c), and OsSi (d), respectively
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vessels, investigations of materials under pressure lag behind other environmental vari-
ables such as temperature and magnetic field [5]. Recent developments in micro probing
technology and the emergence of various high pressure cells has made the research on
materials at extreme condition with a combination of high pressure, high magnetic filed,
and low temperature a new dimension of condensed matter physics. In this section,

popular high pressure technologies are briefly introduced.

II.B.1 Piston-Cylinder High Pressure Cell

Due to the relatively large sample chamber and the usage of liquid pressure
transmission media, the piston-cylinder cell (PCC) provides an excellent hydrostatic
environment up to ~3 GPa and is very suitable to investigate magnetic and transport
properties of stress-sensitive materials.

Figure II.2 shows the core components of the PCC used in the experiments of
this dissertation. The samples wired using the standard four-wire configuration is set
on the Cu-Be sample holder. This setup is then pressed into a Teflon capsule which is
filled with a mixture of n-pentane and isoamyl alcohol as a pressure medium. A MP35N
nonmagnetic steel cylinder is used to constrain and protect the sample chamber. By
squeezing the sample space, moderate hydrostatic high pressure environment can be
achieved. The pressures applied to the samples were inferred from the Tc of a high-purity
(above 99.99%) Sn disk inside the sample chamber of the cell using the well-established

behavior of 7.(P) in high-purity Sn [6].
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Figure I1.2: (Left) Components of the hydrostatic piston-cylinder cell for measurements
of electrical resistivity of samples. (Right) CuBe clamp for the piston-cylinder cell.
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II.B.2 Bridgman anvil clamped Cell

The Bridgman anvil cell (BAC) is a typical large volume press cell that uses
opposing tungsten carbide anvils to generate high pressure on the the samples in between
the anvil. Due to the solid pressure transmission medium (fine steatite powder) used
for the BAC, the samples inside the cell are usually in a non-hydrostatic environment;
However, the pressure on the samples inside the Bridgman anvil cell can as high as 16
GPa, which is significantly higher than the pressure inside a PCC. Besides, BAC has been
widely used for high pressure research mainly by offering the possibility to introduce a
large number of wires into the pressure chamber.

The design of the pressure cell is based on the classic Bridgman setup[7]. The
sample space is formed by a pyrophyllite gasket (machined to have a 3.5 mm outer
diameter, 2 mm inner diameter, and 0.200 mm thickness), which is fixed on the lower
tungsten carbide (WC) anvil and squeezed between the flat parts of the two opposed
anvils. Pyrophyllite, an aluminum silicate hydroxide, is used for its high friction coeffi-
cient with respect to metals and its intermediate internal friction coefficient. The high
frictional forces allow the pyrophyllite gasket to withstand the high pressure difference
existing across its radius. On the other hand, the prophyllite gasket are still sufficiently
compressible due to the intermediate internal friction. Since pyrophyllite is a porous
material, a solid pressure transmitting medium is required.

A steatite disk is placed on top of the anvil (see Fig. I1.3), inside the pyrophyllite
ring, serving as the pressure transmission medium. The samples and pressure manometer

are set on the disk and wired using pre-annealed fine Pt wires as shown in Fig. 11.3(a).
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Figure I1.3: (a) Top view of the Bridgman anvil with wired sample and a Pb manometer.
(b) Top view of the set up of the sample chamber. (c) Side view of the Bridgman anvil
cell clamp.

To fill the extra space of the sample space, another pressed steatite disk is placed over the
top of the samples. The pressure is determined from the superconducting transition of a
strip of lead foil placed adjacent to the sample and measured using a four-lead resistive

method.

II.B.3 Diamond Anvil High Pressure Cell

The multiple-anvil devices are a powerful tool in the hands of the high-pressure

researcher for the study of phase transitions and material synthesis, great efforts have
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been conducted in developing novel high pressure devices. The invention of diamond
anvil cell (DAC) was revolutionary to high pressure science, it led to studies of condensed
matter under static high pressure conditions extending into the multi-megabar range.
Besides, the combination of such high pressure techniques with optical absorption and
reflection measurements has made the structure determination of solids under pressure
possible [8, 9].

Similar to PCC and BAC, the basic principle of the DAC is very simple; a sample
placed between the flat parallel faces of two opposed diamond anvils (see Fig. 11.4) is
subjected to pressure when a force pushes the two opposed anvils together. The sample
space is formed by the opposed diamond anvils and the gasket (steel or Ru), which is
prepared by drilling a hole (0.2 mm in diameter) at the center of the indentation made
by the anvil face on a metal sheet.The gasket is seated on the lower diamond flat in the
same orientation as it had when making the indentation. Then the sample and a pressure
indicator are placed in the hole as shown in FIG. I1.4(b). The extra sample space is filled
by using either liquid or solid pressure transmission medium depending on the purpose
of the measurements, and then sealed by placing the upper anvil on the upper side of the
gasket.

For high-pressure electrical conductivity measurement, magnetic susceptibility
experiments, or electrical heating experiments, a designer diamond anvil may be used.
The diamond anvil has a unique pattern of microcircuits, usually made of tungsten, which
are fabricated on the diamond tip and then encapsulated within a diamond film. In most

cases, the pressure of the sample space is determined by using a small sphere ruby, which
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Figure I1.4: (a) A photograph of the designed diamond with external wires. (b) A
schematic view of the diamond anvil cell sample chamber in which a metalic gasket,
anvil diamonds, and a ruby (pressure indicator) are shown. (c) A photograph of the
diamond anvil Cell for low temperature resistance measurements.

is chemically inert, and has strong fluorescence activated by a green laser light.
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Chapter 111

Enhancement of Superconductivity in

La;_;Sm,O 5F( sBiSo

III.LA Introduction

Since the discovery of superconductivity in Bi;O,4S3,[1, 2] a tremendous amount
of effort has been made to synthesize new superconducting materials with BiS,-layers.
Through fluorine substitution for oxygen, the compounds LnO,_,F,BiS, (Ln =La, Ce, Pr,
Nd, Yb) were soon reported to have superconducting transition temperatures, 7., ranging
from 2 to 10 K.[3-10] Superconductivity can also be induced in LaOBiS; via substitution
of tetravalent elements, such as Th**, Hf**, Zr**, and Ti**, for trivalent Ln®*.[11] Very
recently, bulk superconductivity was observed in La substituted SrFBiS,.[12] These
compounds form in a tetragonal structure with space group P4/nmm, composed of
alternate stacking of double superconducting BiS, layers and blocking LnO or SrF

layers.[3-5, 7, 11, 12] Thus, there exists significant phase space to design and synthesize
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analogous superconductors by changing the chemical environment of the blocking layers
or modifying the superconducting layers.

The T, values for samples of the superconducting compounds LnO;_,F,BiS,,
prepared at ambient pressure, increase with increasing atomic number for Ln = La -
Nd.[7, 8] Non-superconducting samples of LnBiOS, (Ln = La, Ce, Pr, Nd, Sm, Gd,
Dy, Yb) were successfully synthesized decades ago;[13] however, attempts to prepare
fluorine-substituted samples of LnBiO;_,F,Ss for Ln = Sm - Tm, which could potentially
exhibit superconductivity, have been unsuccessful. Since the highest 7, in as-grown
samples of LaO,_,F,BiS, is ~2.8 K for x = 0.5, we felt that it would be instructive to
systematically substitute Sm for La in LaOg 5F; 5BiS; in order to determine the solubility
limit and to address the question of whether SmO, 5F; 5BiS, might be a superconductor.

In this paper, we report the evolution of superconductivity and the normal-state
properties of samples with nominal chemical composition La;_,Sm,Og 5F( 5BiS; from
2 = 0.1 to the Sm solubility limit near x = 0.8. Evidence for an enhancement with = of
both 7. and the volume fraction is presented. The increasing volume fraction suggests
that high-quality samples of SmQO 5F; 5BiSs might exhibit bulk superconductivity if the
phase could be stabilized. Performing a linear extrapolation of 7, vs. x to = = 1 allowed
us to estimate 7, ~ 6.2 K for SmOg 5F; 5BiS,. The results are consistent with the trend
of T, vs. Ln for the reported LnOy 5F,5BiS, compounds. Until the heavy lanthanide
variants can be synthesized, the results reported herein for Ln = Sm constitute a test
case for a promising approach to make a preliminary assessment of superconductivity in

LnOy 5F, 5BiS; compounds.
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III.LB Experimental Details

Polycrystalline samples of La; ,Sm,Oq 5F;5BiS, were synthesized by means
of solid state reaction as described elsewhere.[7] Powder X-ray diffraction experiments
were performed at room temperature using a Bruker D8 Discover x-ray diffractometer
with Cu-K,, radiation. All resulting patterns were analyzed by Rietveld refinement using
the GSAS+EXPGUI software package.[14, 15] Electrical resistivity measurements were
performed by means of a standard four-wire technique using a Linear Research LR700 ac
impedance bridge and a home-built probe in a liquid “He Dewar from 300 K to ~1.1 K.
Alternating current (ac) magnetic susceptibility measurements were made down to ~1.1
K in a liquid “He Dewar using home-built magnetic susceptibility coils and the Linear
Research LR700 impedance bridge. Direct current (dc) magnetic susceptibility mea-
surements were carried out using a Quantum Design Magnetic Properties Measurement
System (MPMS). Specific heat measurements were performed in a Quantum Design
Physical Property Measurement System (PPMS) Dynacool using a standard thermal

relaxation technique.

III.C Results and Discussion

A representative XRD pattern for La; _,Sm,Oq 5F, 5BiSs with x = 0.7 is shown
in Fig. ??, plotted with its refined pattern for comparison. For z < 0.8, the main
diffraction peaks can be fitted well by the Rietveld refinement method to a CeOBiS,-

type tetragonal crystal structure with space group P4/nmm. The refinement analysis
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Figure III.1: X-ray diffraction pattern of Lay3Smg 7O¢ 5Fy5BiS; as a representative
example. Black crosses denote the experimental data. Red and blue lines are the
calculated XRD pattern and the difference between the observed and calculated patterns,
respectively. Tick marks represent calculated peak positions of the main phase (purple)
and LaF; (orange). The reliability factors are wRp = 5.27% and Rp = 3.99%. (Inset)
XRD profiles of the {102} and {004} peaks of = = 0.1 to 0.8. The dashed lines are guides
to the eye.
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demonstrates the presence of negligible secondary phases like La(Sm)O and Bi,Ss,
but the main impurity in the samples was found to be La(Sm)Fs, typically around 3-5
wt.% for x = 0.1 - 0.7 and around 8 wt.% for x = 0.8 samples. This situation results
in a lower fluorine concentration in the main superconducting phase compared with
the nominal chemical composition. This is consistent with a very recent study which
shows that the actual electron doping level in LaO;_,F,BiS, could be much smaller than
expected.[16] However, an exact evaluation of the actual chemical composition of the
main phase is very difficult due to the multi-phase polycrystalline nature of the samples
and the insensitiveness of energy dispersive spectroscopy (EDS) to light elements. To be
consistent with previous studies on LnO;_,F,BiS,, the nominal chemical compositions
of the main phase, La; ,Sm,0O;_,F,BiS,, is used throughout this artical. For x >
0.9, samples contain a considerable amount of impurities and the parent compound
SmOy 5F( 5BiS, could not be synthesized, indicating a Sm solubility limit near 80%.[17]
The main diffraction peaks, {102} and {004}, shift with increasing « (see the inset of
Fig. III.1), indicating a systematic change in the lattice parameters. The Sm concentration
dependence of the lattice parameters a, ¢, and unit-cell volume V for x = 0.1 to 0.8 are
summarized in Fig. III.1. Although superconductivity is observed in the nominal x = 0.9
sample, its lattice parameters are not plotted here because of the appreciable amount of
impurities that make XRD analysis unreliable. As the Sm concentration increases from
x =0.1to 0.8, the a axis decreases continuously, while the c¢ axis increases, leading to
a decrease in unit-cell volume of ~3%. Extrapolation of the unit-cell volume linearly

to z = 1 provides an estimated unit-cell volume V = 211.7 A3 for SmO, 5F, 5BiS,
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(see Fig. II1.2(c)), which is slightly below an extrapolation of the measured unit-cell
volumes for the reported LnOy 5F, 5BiS, compounds in which the Lz ion is believed to
be trivalent.[7]

Electrical resistivity p vs. temperature 7' in zero magnetic field is depicted in
Fig. III.3. Upon cooling, p(T') increases until the onset of the superconducting transition
for all samples, indicating semiconducting-like behavior. Previous studies on electrical
transport behavior in single crystalline samples of LnO,_,F,BiS, (Ln = La, Ce, Nd)
do not provide a cohesive or consistent picture of the intrinsic behavior; both metallic
and semiconducting-like behavior were observed in these samples depending on the
synthesis mothod and the chemical composition.[18, 19] Since single crystalline samples

of La;_,Sm,Oq 5F,5BiS, were not used in this study, it is difficult to determine whether
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the observed semiconducting-like behavior might be related to poor intergain contact
or not. However, if this is a bulk effect in single grains, the samples with higher Sm
concentration would have smaller semiconducting energy gaps compared with those with
lower Sm concentration since the semiconducting-like behavior is suppressed with Sm
substitution.

With Sm substitution for La, the 7, of La; ,Sm,Og 5F, 5BiS, gradually increases
and reaches a maximum value of T, , = 5.4 K for = 0.8 as is shown in Fig. III.4. The
value of T, , is defined by the temperature where the electrical resistivity falls to 50%
of its normal-state value, and the width of the transition is characterized by identifying
the temperatures where the electrical resistivity decreases to 90% and 10% of that value.
For x = 0.9, due to the presence of an appreciable amount of impurities like LaF3, the
actual chemical composition of the sample is probably quite different from the nominal
composition (i.e., less fluorine). This would be expected to cause a decrease in 7.,[5]
which is consistent with our results. Extrapolating 7. ,(x) for x < 0.8 linearly to x =
1 yields an estimate for the expected 7. of SmO 5F 5BiS, of ~6.2 K (see Fig. 111.4),
which is significantly higher than the 7, reported for other LnOg 5F, ;BiS, compounds
synthesized at ambient pressure.[7, 8] We recently became aware of a report that the
parent compound SmO, 5F, 5BiS, could be synthesized by solid state reaction and it
does not exhibit superconductivity above 2 K.[20] However, both this work and a recent
study on the system Nd;_.Sm.O,_,F,BiS, show solubility limits of Sm by using the
same synthesis method.[17] The T, of La;_,Sm,Og 5F, 5BiS, seems closely related to

the lattice parameters shown in Fig. II1.2(a), which is consistent with the study of the
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chemical pressure effects on Ce;_,Nd,O,_,F,BiS; and Nd;_.Sm.O,_,F, BiS,.[17, 21]
Besides, the T. values of La; _,Sm,Oq 5F, 5BiS, are probably intermediate between those
of the parent compounds LaO 5F, 5BiS, and SmO, 5F, 5BiS,, otherwise it would be
difficult to explain why T increases as we substitute non-magnetic La ions by magnetic
Sm ions.

The effect of annealing temperature on the resistivity and 7, were also investi-
gated. An annealing temperature of 800°C is suitable to prepare La; ,Sm,Oq 5F; 5BiS-
samples for z < 0.3. However, for x > 0.5, annealing the samples at 800°C caused a
significant increase in the amount of impurities, resulting in a large normal-state electrical
resistivity and low 7. To reduce the concentration of these impurities, different heat-
treatment temperatures were used to synthesize the samples. By decreasing the annealing
temperature, it was possible to significantly enhance 7, and reduce the normal-state
electrical resistivity (see Fig. II1.3(b)) for the samples with high Sm concentrations. On
the other hand, when the x = 0.8 sample is annealed at 750°C, T, is very similar but
the electrical resistivity is slightly lower, compared with the T, and resistivity values for
samples annealed at 710°C. This suggests that the optimal annealing temperature for
synthesizing La;_,Sm,Oq 5F sBiS, samples with = > 0.5 is probably around 750°C.

Figure III.5(a) shows the temperature dependence of zero-field-cooled (ZFC) and
field-cooled (FC) dc magnetic susceptibility under an applied magnetic field of 10 Oe.
The samples exhibit reasonable diamagnetic signals associated with the induced super-
current during ZFC measurements, suggesting that the samples are bulk superconductors.

A paramagnetic contribution to the magnetic susceptibility around 7, which is larger at
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lower external magnetic fields and for higher Sm concentration samples, was observed
during both FC and ZFC measurements as shown in Fig. II1.5(b). Similar features have
been reported in certain copper oxide superconductors, Nb disks, MgB,, and Pb, and are
generally referred to as a paramagnetic Meissner effect (PME).[22-27] However, further
work needs to be done in order to determine whether the observed paramagnetic signal is
associated with the PME or is related to movement of the samples in an inhomogeneous
external magnetic field in the MPMS system.[28, 29] A jump from negative to positive
magnetic susceptibility during ZFC measurements in the data for x = 0.7, 0.8 is an instru-
mental artifact resulting from a brief loss of the temperature control near the boiling point
of “He, during which the temperature will suddenly increase above T, and then slowly
return to the set point. This induces extra irreversible magnetic flux penetration during
ZFC measurements in the samples with 7, > 4.4 K. AC magnetic susceptibility data for
selected samples with x = 0.1, 0.5, 0.7, and 0.9 are plotted in Figs. II1.5(c) and (d). The
smooth transitions in both ac and dc magnetic susceptibility data imply there is probably
only one phase that contributes to the observed bulk shielding signal. No evidence of a
structural phase transition induced by Sm substitution was observed.[30-32]

We defined T, in dc and ac magnetic susceptibility measurements as the tempera-
ture at which the ZFC and FC data separate and the point where the imaginary part drops
below zero, respectively. The T, 4. values determined from x4, measurements increase
monotonically from 2.65 K for z = 0.1 to 5.20 K for x = 0.8 as shown in Fig. I11.4. Fur-
thermore, dc and ac susceptibility measurements reveal enhanced volume and shielding

fractions at 2 K with increasing Sm substitution (Fig. II1.5(e)), respectively, indicating
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improvements in the quality of the samples. The optimal volume fraction is obtained at
=0.7. With further Sm substitution, however, the volume fraction rapidly decreases, coin-
ciding with the appearance of an appreciable amount of non-superconducting secondary
phases. The fact that the T, of the sample with = = 0.8 is higher than that of the sample
with = 0.7, which shows the highest volume fraction, implies that superconductivity in
La; ,Sm,Oq5F;5BiS, could be further enhanced if samples could be prepared with a
higher Sm concentration.

Magnetization M, divided by magnetic field H, M/H, for H = 5 kOe and x = 0.7 is
displayed as a function of temperature in Fig. II1.5(f) (left axis). In addition to distinct
non-Curie Weiss behavior (see Fig. IIL1.5(f), right axis), there is no evidence for magnetic
order down to 2 K. Inverse of dc magnetic susceptibility Y ! vs. T data doesn’t change
linearly with temperature. Unlike other heavy lanthanides, the energy between the J = 5/2
ground state and the J = 7/2 first excited state in Sm®* is only 0.12 eV and the Van Vleck
term should be considered when modeling the magnetic susceptibility of compounds
containing Sm.[33, 34] Hence, the temperature dependence of the magnetization was

fitted by a modified Curie-Weiss law:

M Ny 9 szf

— — 1.1
H k'B ajup + 3(T - QCW) ) ( )

in which V4 is Avogadro’s number, k£ is Boltzmann’s constant, 1z is the Bohr magneton,
Hes s 1s the effective magnetic moment in Bohr magnetons, and 0cyy is the Curie-Weiss

temperature. We define oy = 20/7A, where A is the energy separation between the
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Figure III.6: Specific heat C divided by temperature, C/T, vs. T for
La;_,Sm,;O¢5F, 5BiS; with z = 0.1, 0.8 and for LaOBiS,. (Inset) (C-C,p)/T vs. T,
where Cp, is the lattice contribution, and a fit of the Schottky anomaly contribution
for Lag »Smg gOg 5Fy5BiS, (dashed line). (b) and (c) Electronic contribution C,;/T of

La;_,Sm,Og5F;5BiS, with x = 0.1 and x = 0.8, respectively. An entropy conserving
construction is shown, which is used to define 7.

J = 5/2 ground state multiplet and the J = 7/2 first excited state multiplet for Sm.[35]
From the best fit of the M/H data using Eq. (1), values for A, 6¢cyy, and ji.s ¢ were found
to be 1640 K, -2.8 K, and 0.58 pp/Sm atom, respectively. The experimental A value
is close to the estimated value for free Sm3* (~1500 K).[33] The effective magnetic
moment of the samples are considerably smaller than the free Sm** ion value of 0.845
pp/Sm atom. Similar low values of 1. ¢ have been reported in other studies[36, 37] and
are not necessarily evidence for an intermediate valence for Sm; an accurate theoretical

description of experimental data in Sm systems is complicated by the combined effects

of the crystalline electric field (CEF) effects and J-mixing.[38]
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The results of specific heat C measurements for z = 0.1, 0.8, and a nonmagnetic
reference compound LaOBiS; are displayed in Fig. I11.6(a), plotted as C/T vs. T. Above
10 K, the specific heat of the compounds are almost the same, due to similar lattice
contributions. The upturns in C/T" vs. T below 3.7 K and 8.0 K for the samples with
2z = 0.1 and 0.8, respectively, which overlap with the superconducting transitions, are
due to a Schottky contribution (Cgs.j,) caused by CEF splitting of the J = 5/2 Hund’s
rule ground state multiplet. Hence, the specific heat of the samples consists of electronic
(Cer), phonon (C,), and Schottky (Cs.;) contributions. The best fit of the LaOBiS, data
below 7 K using C(T) = Co(T) + Cpp(T) = 4T + A3T? + A5T°, yields the normal-state
electronic specific heat coefficient v = 3.32 mJ/mol K? and the coefficients of the phonon
contribution A3 = 0.655 mJ/mol K* and A5 = 4.27 pJ/mol K°. Representative (C-Cp,)/T
vs. T data for z = 0.8 are shown in the inset of Fig. I[11.6(a). The phonon contribution
of the Sm-substituted samples was assumed to be the same as for LaOBiS, and was
subtracted from the specific heat. The remaining specific heat data could be fitted with

the following expression:

R (ki?)z 8<$;T>

C’(T)/T:7+nC’gch/T:7+nT ESER (1I1.2)
[1+6<W>}

The second term in Eq. (2), nCg.,/T, represents a Schottky anomaly in which n is the
number of Sm atoms per formula unit that contribute to the Schottky anomaly, A, is
the splitting between the ground state and the first excited state doublet of the J = 5/2

Hund’s rule ground state multiplet, k3 is Boltzmann’s constant, and R is the ideal gas
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constant. The best fits to the C(T)/T data for the La;_,Sm,Oq 5F, 5BiS, samples with x
= 0.1 and 0.8 provide very similar A, splitting values, but different -y values (listed in
Figs. II1.6(b) and (c)). Subtracting both C,,(T) and Cg.(T) from C(T') data yields the
electronic specific heat C,;(T') contribution, revealing a clear feature around 7., which
provides evidence for bulk superconductivity.

The electronic contribution to the specific heat data for the z = 0.1 sample shows
a jump at ~2.8 K, which is consistent with the 7. obtained from the resistivity and mag-
netization measurements. However, for the sample with = = 0.8, the T, values estimated
from the entropy conserving-constructions are considerably lower than the 7. , values
determined from p(7) measurements, which may suggest an inhomogeneous distribution
of Sm in the polycrystalline samples. Domains with high Sm concentration would result
in relatively high T, values in the electrical resistivity measurement. In contrast, a consid-
erable amount of domains, which are associated with the bulk superconductivty of the
sample, could contain a lower Sm concentration with lower T.. Values of AC/yT. of 0.21
£ 0.09 and 3.6 £ 2.3 were extracted from the C;(T') data for z = 0.1 and 0.8, respectively.
The uncertainties associated with values of -y, A, n, and AC/yT,, which are shown in
Fig. II1.6(b) and (c), are appreciable for the following reasons. First, making a precise
evaluation of the Schottky contribution to the specific heat is very difficult since the local
environments of the Sm ions may be quite different due to sample inhomogeneity and
the temperatures that have been measured are not low enough to observe the complete
profile of the Schottky anomaly. Second, the Schottky contribution to the specific heat

at low temperatures is much more significant than the electronic contribution; a slight
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error in evaluating the Schottky anomaly may result in a considerable uncertainty of the
~ value. Third, secondary impurity phases also contribute to the specific heat; however,
quantitative analysis of their contributions is very difficult since the amount and exact
chemical compositions of these phases are not known with high precision. Finally, there
are many variable parameters that are involved in the specific heat analysis, which in-
troduces additional uncertainty into each best-fit value. We estimated the uncertainties
associated with the best-fit values for v, A4, and n by considering both the errors inherent
to the specific heat measurements as well as the range of values for v, A,, and n that
lead to optimized fits of the C/T data using Eq. (2). The magnitude of the specific heat
jump AC at T, depends sensitively on the values of A, and 7 since they characterize the
large Schottky anomaly contribution to specific heat that is subtracted from the measured
C/T data to obtain the electronic contribution C,;/T. The uncertainties in the values of
AC/~T. that are presented in Figs. I11.6(b) and (c) take this into account and are quite
large as a consequence. Given the uncertainties involved in the procedure for extracting
the AC/~T, values, these estimates are consistent with bulk superconductivity; however,
the question of whether or not the AC/yT, values of the samples are consistent with
the BCS value of 1.43 remains open. To perform a more precise quantitative analysis,
homogenous single phase samples of La;_,Sm, Oy 5F( 5BiS, need to be prepared and the

specific heat below 1.8 K should be investigated.
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IILLD Summary

In summary, the 7. and superconducting volume fraction were found to increase
with z in the La;_,Sm, Oy 5F, 5B1S, samples investigated in the experiments reported
herein. The solubility limit of Sm has a large value of x ~ 0.8 in La;_,Sm,Oq 5F, 5BiS,,
and a continuous decrease in the a axis and increase in the c axis is observed with
increasing x. Bulk superconductivity was observed in the samples according to mag-
netic susceptibility and specific heat measurements. No evidence for a structural phase
transition was found in this study. The results demonstrate that the superconducting
critical temperature 7, of tetragonal BiS,-based compounds is correlated with the lattice
parameters and can be significantly enhanced by Sm substitution. This gives a promising
way to further increase the T, of BiSs-based superconductors by modifying the blocking
layers through the substitution of heavier Ln lanthanides (Ln = Eu - Tm) or synthesizing

the parent LnO;_,F,BiS,; compounds.
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The text and data presented in this chapter are reprints of material that appears in
“Enhancement of Superconductivity in La; ,Sm,Og 5F,5BiS,,” Y. Fang, D. Yazici, B. D.
White, and M. B. Maple, Phys. Rev. B 91, 064510 (2015). The dissertation author is the

primary investigator and author of this article.
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Chapter 1V

Pressure-Induced Phase Transition in

La;_,Sm;Og 5F( ;BiS,

IV.A Introduction

The application of external pressure to materials has led to the discovery of many
new superconductors and has apparently raised the record of the highest superconducting
transition temperature, 7., to 190 K in H5S.[1] Due to its substantial impact on the
crystalline and electronic structure of solids, applied pressure is recognized as a powerful
tool to tune the T, critical fields, and other physical properties of superconductors.[2, 3]
Recently, superconductivity with 7, values ranging from 2.7 to 10.6 K at ambient pressure
has been reported for BiS,-based compounds including Bi,O4S3, LnO,_,F,BiS; (Ln =
La, Ce, Pr, Nd, Yb), La;_,M,OBiS, (M =Ti, Zr, Hf, Th), Sr; _,La,FBiS,, EuBiS;F, and
Eu3Bi,S,F,4.[4-16] Similar to the cuprate and Fe-based superconductors, the structure

of these compounds is characterized by alternate stacking of superconducting BiS,
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layers and charge-reservoir blocking layers, both of which are tunable by using chemical
substitution or applying external pressure.[4, 5, 11, 14, 17, 18] Therefore, there is plenty
of phase space to search for the optimal conditions for superconductivity in this family
of compounds.

The compound LaOy 5F 5BiS,, synthesized under high pressure, was reported to
have the highest 7. of ~10.6 K in contrast to the 7, ~ 3 K of the same compound when
it is synthesized at ambient pressure.[12, 19] Although the crystal structure of both the
sample annealed at ambient pressure (AP) and the one synthesized under applied high
pressure (HP) have the same space group P4/nmm, the strongly reduced lattice parameters
a and c are considered to be related to the enhancement in 7. of HP samples.[12, 19, 20]
On the other hand, LaOg 5F; 5BiSs (AP), which has a low T, undergoes a structural phase
transition from tetragonal to monoclinic at a pressure of 0.7 GPa, and 7. is enhanced
to 10.7 K.[21] Similar abrupt increases in 7. were also observed in the compounds
LnOg5Fy 5BiS, (Ln = Ce, Pr, Nd), LaOg 5F; 5BiSes, EuBiSsF and EusBisS,4F, under
pressure.[22-26] A gradual increase in 7, up to 5.4 K was observed at ambient pressure
in La;_,Sm_, Oy 5F, 5BiSs with increasing Sm concentration until the solubility limit
near x = 0.8.[27] The lattice parameter a in Lag,SmggOg5Fy5BiSs is significantly
smaller compared with other BiS, based compounds; however, further optimization of
superconductivity in this system is prevented by the presence of a solubility limit.[27]
Hence, it would be interesting to explore the electrical transport properties of the system
La;_,Sm,Oy 5F; 5BiSs under pressure. Such an experiment will not only provide a broad

picture of how T, evolves at extreme conditions, but will also help to determine which
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Figure IV.1: (a), (b), (c), (d) Temperature dependence of the electrical resistivity at

various applied pressures near 7, for La; ,Sm,Oq 5F, 5Bi1Ss with z = 0.1, 0.3, 0.6, and
0.8, respectively. Lines are guides to the eye.

parameters are essential to promote superconductivity in the BiS;-based compounds.
Additionally, pressure may be particularly well suited to induce certain types of phase
transitions in Lag oSmg sOg 5Fy 5Bi1S, due to its extraordinarily small lattice parameters

in ambient conditions.

IV.B Experimental Details

The synthesis and crystal structure analysis of La;_,Sm,Og 5F, ;BiS, are de-
scribed elsewhere.[10, 27] The chemical composition of each sample presented in this
paper is nominal; impurity phases, including La(Sm)F3, La(Sm)O, and Bi.Ss, typically
~4 wt.% for x = 0.1, 0.3, 0.6 and ~8 wt.% for z = 0.8, were found in these samples,

which may cause slight differences between the nominal and actual chemical compo-
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sitions of the samples.[27] Geometric factors for each sample were measured before
applying pressure and used to calculate the electrical resistivity from measurements of
resistance. Electrical resistance measurements from ambient pressure to ~2.6 GPa were
performed on samples with nominal Sm concentrations x = 0.1, 0.3, 0.6, 0.8 between
2 and 280 K using a standard four-probe method in a pumped “He dewar. External
pressures were generated by a clamped piston-cylinder cell using a Teflon capsule filled
with a 1:1 by volume mixture of n-pentane and isoamyl alcohol, which is known to be a
good hydrostatic pressure medium.[28, 29] The pressures applied to the samples were
inferred from the 7. of a high purity (>99.99 %) Sn disk inside the sample chamber of the
cell using the well-established behavior of 7.(P) in high purity Sn.[30] The width of the
superconducting transition of Sn, indicated by an ac magnetic susceptibility measurement,
is ~0.1 K at ambient pressure and remains the same until ~2.6 GPa. This result strongly

suggests a good hydrostatic environment at low temperature and high pressure.

IV.C Results and Discussion

Measurements of the low-temperature resistivity p(71’) for La; _,Sm,Oq 5Fy 5BiS2
(z=0.1, 0.3, 0.6, 0.8) samples in zero magnetic field under applied pressures are depicted
in Fig. IV.1. Superconducting (SC) transitions in which p abruptly drops from a finite
value to zero were observed in each sample from ambient pressure to the highest pressure
(~2.6 GPa) applied in this study. We defined T as the temperature where the electrical
resistivity (p) falls to 50% of its normal-state value, and the width of the transition is

characterized by identifying the temperatures where the electrical resistivity decreases to

54



10 T T T T T T T T T T

8 I —
Zor .
= |

—eo—-x=0.1
4r Pe —e—x=03 ]
) —0—x=06 |

La, ,Sm0O,F,BIS, x=0.8

2 | 1 | 1 | 1 | 1 | 1 |
0 0.5 1.0 15 2.0 2.5
Pressure (GPa)
Figure [IV.2: Superconducting critical temperature 7. vs pressure for
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90% and 10% of its normal state value. Superconducting transitions are very sharp at low
pressures for all of the samples. However, as can be seen in Fig. IV.1, the width of the
SC transition is quite broad within a narrow range of pressures (~0.5 GPa), after which,
T. is remarkably enhanced and the transitions become sharp again for the samples with
nominal x = 0.1, 0.3, 0.6. In the case of the x = 0.8 sample, however, the width of the
SC transition remains broad at high pressures after the enhancement in 7; this might be
related to the = = 0.8 sample being so close to the solubility limit and possible chemical
inhomogeneity of the sample.[27] This behavior reveals pressure-induced transitions
from a low-7, superconducting phase (SC1) to a high-7. superconducting phase (SC2) in
each sample.

The abrupt change in 7. under pressure is particularly apparent in the temperature-

pressure phase diagram (see Fig. IV.2), in which P;° is the onset of the phase transition,
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P.¢ is the pressure where the phase transition is complete, and P; is the midpoint between
P:° and P:°. The broad superconducting transitions between P;° and P° indicate the
emergence of the SC2 phase; the sample in this pressure range is presumably in a mixture
of the SC1 and SC2 phases. The values of T, obtained in measurements with decreasing
pressure (open symbols) are consistent with those measured with increasing pressure
(filled symbols), revealing that the pressure-induced phase transitions are fully reversible.
Tomita et al. recently reported a similar enhancement of 7. at ~0.7 GPa in polycrystalline
samples of LaOg 5F, 5BiS,, which was attributed to a structural phase transition from
tetragonal to monoclinic due to sliding between two neighboring BiSs-layers along the
a-axis.[21] Since both LaOy 5F 5BiSs and La;_,Sm,Og 5F( 5BiS, are characterized by
the same crystal structure with space group group P4/nmm at ambient pressure and have
similar chemical compositions, it seems likely that the pressure-induced enhancement
of T, for La;_,Sm,Oq 5F, 5BiS, is also associated with a structural phase transition, i.e.,
the SC1 phase is tetragonal in structure as has been demonstrated by Ref. 27 and SC2
phase is probably monoclinic.

The T, values of La;_,Sm,Og 5F, 5BiS, superconductors at ambient pressure
gradually increase from ~2.7 K for x = 0.1 to ~5.4 K for x = 0.8 with increasing Sm
substitution up to the solubility limit near « = 0.8.[27] However, the pressure dependence
of T, for all of the samples at P <P° differ significantly from each other. For the z =
0.1, 0.3, 0.6 samples, T is initially enhanced with increasing pressure almost linearly
and dT./dP decreases with increasing Sm concentration as is shown in Fig. IV.3 (right

axis). Although the value of T. for z = 0.8 is the highest among the four compositions at
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Figure IV.5: T, plotted as a function of pressure and nominal Sm concentration x. The 7.
of SmOy 5F 5BiS; is estimated by linearly extrapolating the 7, of La; _,Sm,Oq 5F 5BiS2
(z =0.1, 0.3, 0.6, 0.8) below and above the phase transition near P;. Filled circles in the
x-y plane are projections of 7.

ambient pressure, d7./dP is negative with a value of roughly -0.45 K/GPa, which results
in a decreasing 7, with pressure down to P;°. These results suggest that reduction of
the lattice parameter a, which is regarded to be essential to the enhancement of 7. for
BiS,-based compounds at ambient pressure,[11, 27, 31, 32] does not always result in an
increase of T,.

The T, values at pressures just below and above the transition at P; from SC1
to SC2 are plotted in Fig. IV.3 (left axis) and are denoted 7.° and 7., respectively.
Although T.° increases with Sm substitution, 7..° is suppressed almost linearly from 9.4 K
for z =0.1 to 6.2 K for = = 0.8, resulting in a reduction of the size of the jump in 7. below

and above the phase transition (AT,) with increasing Sm concentration. This phenomenon
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Figure IV.6: (a), (b), (¢), (d) Electrical resistivity of La; ,Sm,Og 5F, 5BiS, with z = 0.1,
0.3, 0.6, and 0.8 under applied pressure from 270 K to ~1.2 K, respectively. The inset of
panel (d) is a representative p('I") curve in which a minimum (indicated by the arrow) is
observed in the normal state upon cooling.

is very similar to that which was observed for the compounds LnOg 5F; 5BiSs (Ln = La,
Ce, Pr, Nd), in which the T. values above the phase transition decrease with increasing Ln
atomic number.[22] By linearly extrapolating both 7,.° and 7,.° of La; _,Sm,Og 5F 5BiS-
to z = 1, the estimated AT, of SmQOy ;F; 5BiS; is only ~0.27 K, which is within the
uncertainty of our estimate. If we plot AT, for LnOg 5F, 5BiS-, La; _,Sm,Og 5F( 5BiS,,
and the estimated AT, for SmO, 5F( 5BiS, as a function of lattice parameter a, they are
located almost on the same line despite the differences in their chemical composition
(see Fig. IV.4(a)).

With Sm substitution for La, P; increases from 0.59 GPa for x = 0.1 to 1.80 GPa
for x = 0.8. The nearly linear evolution of P; with Sm concentration (see Fig. 1V.4(b))

enables one to estimate a P; of ~2.2 GPa for SmOg 5F; 5BiS,, which is consistent with
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the P values of other known LnOy 5F( 5sBiS, compounds as is shown in the inset of Fig.
4(b).[22, 23] Figure IV.5 shows the T, of La;_,Sm,Og 5F, 5BiS, at different pressures
and Sm concentrations together with the estimated 7. of SmOy 5F, 5BiS, under pressure.
The T. at pressures below and above 2.2 GPa of SmO 5F, ;BiS, is estimated from a
linear extrapolation of the 7. values of the four samples below and above the phase
transition, respectively. It can be seen that higher 7. values for the SC1 phase are found
at higher Sm concentrations and lower pressures; however, higher 7. values for the
SC2 phase are located in the region with lower Sm concentration just above the phase
transition. In fact, by further reducing the Sm concentration to x = 0, a higher 7. value
of ~10.7 K could be obtained under pressure in LaO 5F, 5sBiS,, which has the largest
a lattice parameter among the LnOy 5F, 5BiS, compounds at ambient pressure.[21] On
the other hand, reducing a enhances 7. at ambient pressure; however, it also reduces
AT, as discussed above. The pressure dependence of 7. below and above 2.2 GPa for
SmOy 5F 5BiS, has a similar trend and is almost indistinguishable as is shown in Fig. 5.
Thus, the possibility that SmOg 5F( 5BiS, has the same phase at low and high pressures
cannot be ruled out. Although it was reported that SmOy 5F; 5BiS- can be synthesized
by solid state reaction,[33] this result might be helpful in explaining why this parent
compound could not be synthesized in other studies using the same method.[27, 31]

As is shown in Fig. IV.6, p(T) of La;_,Sm,Oq 5F, 5BiS, increases with decreas-
ing temperature at low pressures in their normal state, indicating semiconducting-like
behavior, which is suppressed by applied pressure. However, as the representative p(7)

data in the inset of Fig. IV.6(d) show, a minimum near 262 K (7',;,) emerges at
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Figure IV.7: (a), (b), (c), (d) Electrical resistivity of La;_,Sm,Oq 5F,5BiS, with x =
0.1, 0.3, 0.6, and 0.8, respectively, at a temperature just above 7. in the normal state
and at 270 K. The filled circles represent data collected with increasing pressure and the
open circles are the data taken upon releasing the pressure. The dashed lines, which are
guides to the eye, reflect the slopes of the pressure dependence of the electrical resistivity.
Arrows indicate the pressure at which the slope changes.



pressures above 0.4 GPa. Semiconducting-like behavior is observed in p(T) for T' <
T'nin- Twmin decreases with increasing pressure and then saturates at ~1.8 GPa, reach-
ing a value of roughly 40 K. Except for the x = 0.1 sample, in which T,,;, does not
saturate until ~2.5 GPa, similar behavior is observed in the other samples under high
pressures. However, the relationship between T,,,;, and Sm concentration is still unclear.
The appearance of a metallic-like to semiconducting-like cross over was also found in
Eu3Bi,S4F,, Sr;_,La,FBiS, (x > 0.45), LaOBiS,, and ThOBiS, at ambient pressure.
In the first example, this behavior was attributed to a self-doping effect arising from
Eu intermediate valence, while in the second example, it was ascribed to Anderson
localization.[13, 16, 34] However, further work is required to identify the origin of the
minimum in La; ,Sm,Og 5F; ;BiS, since the valence of Sm ions might change and
sample defects might develop at high pressures.

Figure IV.7 shows p values at 270 K (p270kx) and at certain low temperatures
(p1ow), explicitly indicated in the figure, just higher than 7, for each sample. Both po7ok
and pyoy first decrease with increasing pressure almost linearly. However, the slope of the
p(P) curve changes at the pressure indicated by the arrows in Fig. IV.7, resulting in a
kink for each p(P) curve. For the x = 0.6 and 0.8 samples, a positive pressure coefficient
of resistivity is observed at the pressures above the kink. Although the kink is located
at pressures near Py, it should be noted that the kink does not necessarily coincide with
the appearance of the SC2 phase, since both the phase transition between SC1 to SC2
and the appearance of metallic-like behavior may contribute to the normal-state electrical

resistivity of the samples.
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Figure IV.8: (a), (b), (¢), (d) Evolution of the energy gaps A,/kp and As/kg plotted as a
function of pressure for z = 0.1, 0.3, 0.6, and 0.8, respectively. Filled and open symbols
represent values that were obtained with increasing and decreasing pressure, respectively.
Pressure ranges in which the low-T, to high-7, phase transition is observed and in which
the normal-state electrical resistivity shows metallic-like behavior above 40 K are also
indicated.
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Since the electrical transport behavior of single crystals of La; _,Sm,Og 5F( 5BiS-
has not yet been reported, it is still difficult to determine whether the observed semi-
conducting like behavior is related to poor intergain contact or whether it is an intrinsic
property. If we assume that the semiconducting-like behavior is intrinsic, the energy gap

can be estimated by using the simple activation-type relation:

p(T) = poe™/?s T, (IV.1)

where pg is a constant, kp is the Boltzmann constant, and A is the energy gap.[35, 36]
Because the relationship between 1/7" and Inp is not linear for the whole temperature range
in the normal state, the p(T') data were fitted using Eq. (1) in two different temperature
ranges, 270-160 K and 22-10 K, similar to the analysis in Refs. 22, 23, 35, 36. The
energy gaps A;/kp and Ay/k g, which are extracted from the high temperature and low
temperature ranges, respectively, are plotted in Fig. IV.8. The gap A,/kp is not shown
above the pressure at which metallic-like conduction is observed. It can be seen that both
Aq/kp and As/k g are suppressed rapidly with increasing pressure; however, the value
of A,/kp does not change significantly above P with increasing pressure for all of the
samples. Hence, the SC2 phase probably has a different band structure which is less
sensitive to pressure.

Although T. is reversible (i.e., there is no difference in values measured for in-
creasing and decreasing pressure), values of A/kp and Ay/kp are higher for decreasing

pressure than increasing pressure, indicating an enhancement of semiconducting-like be-
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havior for all of the samples. A similar phenomenon was also observed in LaOg 5F 5BiS2
and CeOy 5F, 5B1S,.[23] This behavior is associated with the pressure dependence of the
electrical resistivity in which values of p obtained at similar pressures in measurements in
which the pressure cell was being unloaded are significantly higher than those measured
upon loading as the representative data show in Fig. IV.7. However, irreversible defects
and disorder as well as a reduction of the geometric factors might develop in the samples
under high pressures, which could contribute to a reduction in the conductivity of the
samples. Since the energy gap A,/kp and Ay/kp are derived from the electronic structure,
there is no obvious reason why these fundamental quantities should show hysteretic

behavior as a function of pressure.

IV.D Summary

Electrical resistivity measurements on polycrystalline samples of the BiS,-based
superconductors La; ,Sm,Oq 5F,5BiS; (x = 0.1, 0.3, 0.6, 0.8) were performed from 2
K to room temperature under applied pressures. In the normal state, semiconducting-
like behavior is suppressed with increasing pressure. A reversible low-T, to high-T,
superconductor phase transition was observed in all of the samples at a pressure that
is proportional to the Sm concentration. With increasing Sm concentration, AT, is
suppressed and a larger pressure is necessary to induce the transition from the SC1 to the
SC2 phase. It is also found that an optimal 7, could be tuned by decreasing the a lattice
parameter in the SC1 phase at ambient pressure or by increasing a in the SC2 phase

under pressure. These results indicate that the high-pressure behavior of Sm-substituted
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LaOg 5F( 5BiS; is largely determined by Sm concentration or the lattice parameter a at
ambient pressure. Therefore, the evolution of 7, under pressure for the parent compound
SmOg 5F 5BiS, can be estimated, and we find that the SC1 and SC2 phases exhibit
almost indistinguishable 7. values; this result suggests that applied pressure may not

induce a phase transition in SmQg 5F; 5BiS,.
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The text and data presented in this chapter are reprints of material that appears in
“Pressure-Induced Phase Transition in La; _,Sm,Og 5F, 5B1S,,” Y. Fang, D. Yazici, B. D.
White, and M. B. Maple, Phys. Rev. B 92, 094507 (2015). The dissertation author is the

primary investigator and author of this article.
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Chapter V

Upper critical magnetic field of
LnOQ_5F0.5BiSQ (Ln = La, Nd)
superconductors at ambient and high

pressure

V.A INTRODUCTION

Measurements of the upper critical field, H ., can provide insight into the pair-
breaking mechanisms present in superconducting materials and also aid in estimating
other characteristics of superconductors such as coherence length and anisotropy. Since
the discovery of the cuprates, a large number of high-T,. superconductors have been

studied, thus fundamentally challenging the validity of the existing Bardeen-Cooper-
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Schreiffer (BCS) theory of conventional superconductivity. The recently discovered
BiSs-based superconducting materials, which exhibit a layered crystal structure similar
to the high-7;. cuprates and iron-based superconductors, provide another opportunity to
investigate and develop a better understanding of superconductivity in these materials.[1—
6] However, current studies on the BiS,-based compounds are only at an early stage and
some important questions remain regarding crystal structure, superconductivity, and their
interrelation.[7-10]

One of the more striking phenomena displayed by many BiS,-based supercon-
ductors, such as LnO;_,F,BiS, (Ln = La, Ce, Pr, Nd, Yb), La;_,Sm_ Oq5F; 5BiS,,
EusBisS4F,, EuBiS,F, SrFBiS,, LaOg sF, 5sBiSes, and SrgsLag sFBiS,, is the rather
abrupt enhancement of superconductivity from a low-7 phase to a high-7. phase with
the application of a moderate amount of pressure on the order of a few GPa.[11-18]
X-ray diffraction experiments reveal that LaOg 5F, ;BiS, and EuBiS,F undergo a struc-
tural phase transition from tetragonal (P4 /nmm) to monoclinic (P2; /m),[15, 19] which
is believed to be related to the sudden increase in 7,.. In addition to the remarkable
difference in 7, there are other essential differences in normal state properties between
the low-7,. (SC1) and high-7,. (SC2) phases. In particular, the normal state electrical
resistivity of LaOg 5F; 5BiS, in the SC2 phase is significantly smaller than that in the
SC1 phase and NdOg 5F; 5BiS, shows metallic-like behavior in the SC2 phase instead of
semiconducting-like behavior as in the SC1 phase.[12, 13]

In this paper, we report the evolution of superconductivity under external magnetic

fields up to 8.5 T for polycrystalline samples of LnOg 5F, 5BiS, (Ln = La, Nd) in both
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the SC1 and SC2 phases. For all samples, the temperature dependence of H ., shows a
concave upward curvature with decreasing temperature, which cannot be described by
the one-band Ginzburg-Landau theory. The effects of external pressure and chemical
composition on superconductivity with increasing external magnetic field for the four
samples studied are presented. The anomalous behavior of the temperature dependence of
H,,, which was observed in the high pressure superconducting phase of LaOg 5F; 5BiS-
and NdOg 5F 5Bi1S, at ~5 T and ~3 T, respectively, will be described, and a comparison
of the superconductivity observed in samples of LaOg 5F; 5BiS, in the high pressure
phase (SC2) and the superconductivity observed in the high-pressure synthesized samples
of LaOg 5F 5BiSs which are measured at ambient pressure, will be discussed. We believe
the results will be useful in understanding (1) whether the BiS,-based superconductors
are conventional or unconventional and (2) how the difference in crystal structure and
local atomic environment of the BiS;-based compounds affects superconductivity. This
study also provides a plausible explanation for why the pressure-induced enhancements
of T, for LnOg 5F,5BiS, (Ln = La-Nd) decrease with heavier Ln. For convenience in
the following discussion, as-grown samples measured at ambient pressure and under high
pressure will be abbreviated as AG and HPAG, respectively. In addition, samples that
were synthesized and studied by Mizuguchi et al. (Ref. 20), which were grown under

high-pressure and high-temperature conditions, shall be abbreviated as HPT.
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V.B EXPERIMENTAL DETAILS

As-grown polycrystalline samples of LnOy 5F 5BiS, (Ln = La, Nd) were synthe-
sized and annealed at ~800 °C in sealed quartz tubes as described elsewhere.[4, 6] The
AG and HPAG samples of the same chemical composition came from the same pellet to
ensure both samples have the same physical properties at ambient pressure. Hydrostatic
pressure was generated by using a clamped piston-cylinder cell (PCC) in which a 1:1 by
volume mixture of n-pentane and isoamyl alcohol was used as the pressure-transmitting
medium. The pressures applied to the samples were estimated by measuring the 7. of
a high purity (>99.99%) Sn disk inside the sample chamber of the cell and comparing
the measured values with the well-determined 7..(P) of high purity Sn.[21] The resistiv-
ity measurements of the AG LaO, ;F, ;BiS, sample at magnetic fields up to 1 T were
performed by using a Quantum Design Physical Property Measurement System (PPMS)
Dynacool using a standard four-wire technique from 5 to 1.8 K. Electrical resistivity
measurements at temperatures down to 60 mK on the HPAG LaOy 5F, 5BiS, sample and
the AG and HPAG NdO, 5F, 5BiS, samples were performed with an Oxford Instruments
Kelvinox *He-*He dilution refrigerator in magnetic fields ranging from 0 to 8.5 T. Pre-
vious studies have shown that the pressure-induced phase transition for LaOg 5F 5BiSs
and NdO, 5F, 5BiS, occurs at around 0.8 and 1.9 GPa, respectively, followed by a grad-
ual decrease in 7, in both compounds with additional pressure.[12, 13, 19] The HPAG
samples were measured under an applied pressure of ~2.3 GPa to ensure that the SC2

phase was fully realized in the HPAG samples.
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Figure V.1: (a), (b) Temperature 7' dependence of the electrical resistivity p for AG
and HPAG samples of LaOy 5F, 5BiSs, respectively. (c), (d) Electrical resistivity p vs.

temperature for AG and HPAG samples of NdOg 5F; 5BiS,, respectively. The external
magnetic field for each p(T’) curve is also denoted in the figure.

V.C RESULTS AND DISCUSSION

Electrical resistivity p vs. temperature 7' superconducting transition curves at
various magnetic fields up to 8.5 T in temperature ranges extending down to 60 mK for
LaOg 5F( 5BiS, (AG and HPAG) and NdO, 5F, 5Bi1Ss (AG and HPAG) are displayed in
Fig. V.1(a)-(d), respectively. The normal state p increases slightly with increasing mag-
netic field for all four samples, revealing a positive magnetoresistivity. Superconductivity
for all the samples is suppressed by the external magnetic field, as evinced by the shift
of the superconducting transition curves to lower temperature with increasing magnetic

field. If we define 7 as the temperature at which p falls to 50% of its normal state value,
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the T, values for LaOg 5F, 5BiSs and NdOg 5F 5BiS, at 2.3 GPa are 8.28 K and 6.31 K,
respectively, and the 7. values for the corresponding AG samples are 2.92 K and 4.54 K
in zero magnetic field. The large difference in 7. between the AG and HPAG samples
of the same compound and the sharp superconducting transition at zero magnetic field
reveals that the AG samples are in the SC1 phase and the HPAG samples are in the SC2
phase.

As shown in Fig. V.1, superconducting transitions for all the samples are quite
broad in high magnetic fields. It has been reported that anisotropy in single-crystalline
samples of BiS;-based superconductors is quite large.[22—24] For example, the upper
critical field parallel to the ab-plane (H ) for single-crystalline samples of ~30%
substituted Nd(O,F)BiS, is estimated to be ~42 T, whereas the upper critical field
parallel to the c-axis (H.¢) for the same compound is only about 1.3 T.[22] In other
words, the superconducting state of grains whose c-axis is parallel to the applied magnetic
field is more rapidly suppressed by applying high magnetic fields than the state of grains
whose ab-plane is parallel to the applied magnetic field.[20] In Fig. V.2, we plotted the T’
dependence of the upper critical field in terms of the characteristic fields H9, and Hog,,
evaluated at 10% and 90% of the normal state p at the onset of the superconducting
transition. It should be noted that modeling of the H,4y%,(1") curves is very difficult
duo to the contributions of superconductivity from different directions. However, the
significant difference between Hyggy,(1') and Hgy,(1') is expected to be related to the
large anisotropy of the upper critical field; Hggy, is expected to be close to the upper

critical field for grains whose ab-plane is parallel to H.[20]
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Figure V.2: (a) Hgo%, and Hgy, for the samples in the SC2 phase plotted as a func-
tion of 7. The open and filled symbols represent data obtained from LaOy 5F, 5BiSs
and NdOg 5F, 5BiS,, respectively. (b) 7' dependence of Hyyy, and Higy, for AG
NdOy 5F 5BiS,. The dashed and solid lines are fits to the Hggy,(1") of the one-band
WHH equation and the two band model, respectively. The inset shows Hggy, and Hgg),
values (circular and rhombic symbols, respectively) for the AG LaOg 5F, 5BiSs (open
symbols) and NdOy 5F, 5BiS; (filled symbols) from 0 to 0.20 T.
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Figure V.3: Enlargement of 7" dependence of p for (a) HPAG LaQOy 5F, 5BiSs and (b)
HPAG NdOy 5F, 5BiS, near the onset of the superconducting transition. Black arrows
indicate the anomalous behavior of H,,..;(1"). The vertical ticks represent the onset of
superconducting transition (7°"**) and the dashed lines are guides to the eye. The orange
curves indicate the directions of field increasing and the magnetic field applied for each
curve can be found in Fig. V.1 with the same symbol.
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Application of an external magnetic field may destroy the Cooper pairs via
the pair breaking interaction between the magnetic field and/or the momenta of the
electrons (electromagnetic interaction) and the spins of the electrons (Zeeman interaction).
With increasing H, superconductivity is suppressed more rapidly for the AG samples
compared to the corresponding HPAG samples with the same chemical composition.
Superconductivity in AG LaOg ;F; ;BiS,; cannot be observed above 1.9 K when H
reaches 1 T (shown in Fig. V.1(a)). As can be seen in Fig. V.2(a), despite the difference
in 7, in zero magnetic field, the Hygy, increases more rapidly for HPAG NdO, 5F; 5BiS,
with decreasing temperature compared to the Hggy,, for HPAG LaOy 5F( 5BiS,. However,
Hgoy,(T') curves are very similar for the two AG sample shown in the inset of Fig. V.2(b).

In the conventional one-band Ginzburg-Landau picture, the upper critical field
increases linearly with decreasing 7" near 7, and then saturates to a finite value in the 0 K
limit. A linear-like temperature dependence of H ., has been observed down to 2 K in the
AG NdOy 5F 5BiS,.[25] However, in this study, the 7" dependence of Hygyy, and Higy,
for AG NdOg 5F( 5Bi1S, shows an uncharacteristic upward curvature with decreasing
T below 2 K, which is remarkably different from the one band Werthamer-Helfand-
Hohenberg (WHH) model (shown in Fig. V.2(b)). Similar behavior was also reported for
AG samples of LaO;_,F,BiSs (z = 0.1-0.3) and Bi,04S5.[26, 27] In the present work,
we also adopted the dirty two band model introduced in Ref. 28 (Eq. 19), which treats
both interband scattering and paramagnetic effects as negligible. The corresponding
estimated value of Hyggy,(0) for AG NdOg 5F, 5BiS, is 9.1 T, which is significantly higher

than the H.(0) reported earlier (2.3 T) by using the WHH equation.[25] It should be
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mentioned that although the two band model provides a better overall fit compared with
the one-band WHH model, the difference between the experimental data and the fitting is
still significant at low temperatures as shown in Fig. V.2(b). On the other hand, previous
experimental and theoretical studies have not reached an agreement of whether the newly
discovered BiS,-based superconductors are conventional or unconventional. The poor
description of the H.o('T") data is possibly a result of unconventional superconductivity.
For the HPAG LaOy 5F, 5BiS, sample, the increase of Hggy, with decreasing T'
slows down somewhat when the external magnetic field reaches ~3 T (indicated by the
black arrow in Fig. V.2(a)). This anomalous behavior is more remarkable in the evolution
of T,°"¢*, which is defined as the 7" at which p attains its maximum value, in various
external magnetic fields. As shown in Fig. V.3(a), T,°"* is significantly suppressed with
a slight increase in H at around 5 T. The temperature dependence of H,,, .. for HPAG
LaOg 5F 5BiSs (shown in Fig. V.4) is remarkably similar to that observed in the HPT
sample of LaOy 5F 5sBiS, which was synthesized at a pressure of 2 GPa and temperature
of 700 °C .[20] Possible anisotropy of the superconducting state within the BiS, plane,
which may be induced by lattice distortion or residual strain along the superconducting
layers in the high pressure and high temperature condition, is considered to be the origin
of the anomalous behavior observed in H,,..;(1") for the HPT LaOg sF,5BiS5.[20] In
other words, the upper critical field for HPT LaOg 5F; 5sBiS, synthesized at 2 GPa is
different along the a- and b- axes. In this study, anisotropy of the upper critical field along
the a- and b-axes can be induced due to the pressure-induced phase transition from the

tetragonal phase (space group P4/nmm) to the monoclinic phase (space group P2;/m).
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Figure V.4: (a) The H,,s-1 phase diagrams for HPAG and HPT LaO, 5F, 5BiS; as well
as HPAG NdOg 5F; 5BiS,. The data for HPT LaOg 5F; 5BiS, are taken from Ref. 20. The
anomalous behavior for each curve is indicated by the corresponding arrow.
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Similar behavior can also be observed in the HPAG NdOy 5F, 5BiS,. As displayed
in Fig. V.3(b) and Fig. V.4, the T dependence of H ,,s.; for HPAG NdOg 5F; 5BiS, shows
a very subtle discontinuity in a narrow 7' range ~0.5 K at around 3 T. It should be
mentioned that a variety of theoretical and experimental studies have suggested that
the band structure and superconductivity of the BiS,-based compounds can be largely
affected by a change in the crystal structures.[5, 7, 29—33] Anisotropic superconducting
states within the ab-plane could be induced when the degeneracy of Bi-6p, and Bi-6p,
orbital is lifted.[20] Our results indicate that the anisotropy of the upper critical field in
the ab-plane of HPAG NdO, 5F, 5BiS; is not as large as that of HPAG LaOy 5F, 5;BiS.,
and hence, based on the discussion above, suggests that the pressure-induced lattice
deformation at 2.3 GPa in NdOg 5F; sBiS, is not as significant compared with that
in LaOy 5F, 5Bi1S,. This also explains why the pressure-induced enhancement of the
superconducting critical temperature AT, in NdOg 5F 5BiS, is only ~2.5 K, which is
much lower than the AT, value of LaOg 5F; 5BiS, (~7.2 K).

Previous studies have revealed that it is possible to significantly increase 7.
in the Ln(O,F)BiS, (Ln = La-Nd) superconductors by applying high pressure or by
annealing/synthesizing the samples under high pressure.[12, 13, 18, 19, 34] Although the
crystal structure of HPT samples is reported to be the same as the structure of AG samples
at low pressure and is different from the monoclinic structure of the same compounds
under high pressure,[34-36] T, values of HPT samples and the corresponding (same
chemical composition) HPAG samples in SC2 phase are very close. The enhancement of

T, for these compounds under pressure is considered to be related to the structural phase
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transition;[ 19] however, there is no conclusive agreement regarding the enhancement of
superconductivity in samples that are annealed or synthesized under pressure.[7, 35-38]
The T, value of HPAG LaOy 5F, 5BiS; plotted in Fig. V.3 is lower than the reported 7
value of the HPT LaO, sF, 5BiS;. This discrepancy can be attributed to the fact that
the measurement of electrical resistivity on the HPAG sample of LaOg 5F, ;BiS, was
performed at 2.3 GPa, well into the SC2 phase, where a gradual suppression of 7, occurs
with increasing pressure. Nevertheless, the values of dH,,s.:/d1" are nearly the same
at each of the three different stages in the evolution of H,, (1) as shown in Fig. V.4.
Our results raise the question of why superconductivity for the same compounds in this
system, enhanced by the two different methods, is so similar. A thorough investigation of
this problem may yield information that will help identify the essential parameters that
determine 7. in the BiS;-based superconductors.

One possible explanation for the enhanced superconductivity observed in the
HPT samples of LnOg 5F,5BiS, (Ln = La - Nd) is the presence of trace amounts of
the monoclinic structure at ambient pressure; however, it has been observed that the
pressure dependence of 7, for the HPAG samples is completely reversible, suggesting
that it is unlikely for the monoclinic phase to survive in returning from high pressure to
atmospheric pressure.[12, 13, 18] In addition, no additional curvatures in the 7" depen-
dence of the resistivity, magnetic susceptibility, or specific heat due to the appearance
of superconductivity from an additional superconducting phase have been reported yet.
It has also been suggested that the enhanced superconductivity in the HPT samples

may result from additional effects that high pressure annealing may have on the local

84



crystal structure including the shorter in plane Bi-S distances and higher symmetry in the
ab-plane reported for the Ce(O,F)BiS; compound as well as the uniaxial strain along the
c-axis that was observed in HPT samples of LaOy 5F, 5BiS, and PrOg 5F; 5BiS5.[35-38]

The pressure-induced phase transition observed in LaOg 5F, 5Bi1S, was reported
to involve sliding between the two neighboring BiS, layers along the a-axis, resulting in a
slight increase of the angle between the ab and bc planes (/3) from 90° at ambient pressure
to 94° at ~1 GPa.[19] The in-plane structure of the BiS, layers, which is considered to
be essential for the superconductivity, as well as the in-plane structure of the La(O,F)
blocking layers, are nearly the same after the phase transition. Considering the results
obtained in this study, it seems that local distortions or changes in the local atomic
environment, as caused by the application of pressure but also quenched via high pressure
annealing, are probably critical in affecting superconductivity, perhaps even more than the
structural phase transition itself. However, further investigations of the crystal structure of
the AG, HPAG, and HPT are still needed for direct evidence of changes in local structure.
Very recently, it was reported that “in-plane chemical pressure” is closely related to 7, in
the BiS,-based superconductors.[32] The in-plane chemical pressure is defined as the
ratio of the expected bond distance between a Bi ion and its in-plane neighboring ions
of S (or Se) to the experimental bond distance estimated by Rietveld refinements. The
expected bond distance can be determined by using the ionic radii of Bi and S (or Se).
Although the validity of such a relationship needs to be further confirmed, the results
also emphasize the importance of local structure to superconductivity in BiS,-based

compounds.
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V.D SUMMARY

To summarize, we performed electrical resistivity measurements on polycrys-
talline samples of LnOg 5Fy5Bi1S, (Ln = La, Nd) in both the SC1 and SC2 phases under
external magnetic fields up to 8.5 T and at temperatures down to 60 mK. Significant
concave upward curvatures in the H.(1") curves were observed and cannot be described
by conventional one-band WHH theory. In addition, the 7" dependence of H,,.; for
HPAG LaO, 5F, 5BiS; shows anomalous behavior at around 5 T, revealing remarkable
similarity to the superconductivity observed the HPT samples of LaOg 5F; 5Bi1S,. If no
high-pressure monoclinic phase exists in HPT LaOg 5F, 5BiS,, the importance of the
monoclinic phase would be diminished, suggesting the possibility of a greater impor-
tance in the role that local atomic environment plays in affecting superconductivity in
the BiS,-based compounds, though further investigations of atomic positions are still
needed. In the case of HPAG NdOg 5F; 5BiS,, the anomalous behavior in H,,,..;(1) is
very subtle, probably due to a mild pressure-induced deformation in crystal structure,
which is probably responsible for the relatively slight increase in 7. compared to the

remarkable enhancement of 7, in LaO, sF, 5BiS,.
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The text and data presented in this chapter are reprints of material that appears
in “Upper critical magnetic field of LnOg 5F, 5BiSs (Ln = La, Nd) superconductors at
ambient and high pressure,” Y. Fang, C. T. Wolowiec, A. J. Breindel D. Yazici, P.-C. Ho,
and M. B. Maple, Supercond. Sci. Technol. 30, 115004 (2017). The dissertation author

is the primary investigator and author of this article.
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Chapter VI

High pressure effects on
non-fluorinated BiSo-based
superconductors La;_ .M ,OBi1Sy (M =

Ti and Th)

VI.LA Introduction

Following the discovery of superconductivity in the layered bismuth oxysulfide
compound Bi,04S3, an intense effort to find new BiS,-based superconductors quickly
ensued as a result of the remarkable flexibility of the BiS»-layers in forming compounds
with new chemical compositions [1-4]. By doping the BiS,-layers with electrons via

appropriate chemical substitutions, superconductivity was found in Ln(O, F)BiSs (Ln =

91



La-Nd, Yb), (Sr, La)FBiS., (La, M)OBiS, (M =Ti, Zr, Hf, Th), Bi30,S3, La(O, F)BiSe,
EuBiSsF, and Eu3Bi,S4F, with values of the superconducting transition temperature 7,
ranging from 2.7 to 10.6 K [2, 5-12]. One of the fascinating features in the behavior of
several of the BiS,-based superconductors, including LnOg 5Fy 5Bi1Ss (Ln = La-Nd, Yb),
(La,Sm)Oq 5F, 5BiS,, Srg 5Ry sFBiS, (R = La-Pr, Sm), LaOg 5F, sBiSe,, and EuBiS,F, is
the pressure-induced enhancement of 7, that occurs at about 0.5-2.2 GPa, revealing the
existence of two distinct superconducting phases [13—19]. This phenomenon is believed
to be associated with a structural phase transition, which has been demonstrated in the
case of LaOg 5F 5BiS,, from a tetragonal structure to a monoclinic structure with a
sudden change in unit cell volume at an external pressure () of ~0.5 GPa [20].

In addition to the requisite superconducting BiS, layers, there are other simi-
larities in the compounds reported to have a second superconducting phase under high
pressure: 1) all of these compounds contain F, which resides in blocking layers and
donates conduction electrons to the BiS, layers, and 2) the high pressure phase has a
significantly larger value of 7 than the low pressure phase. These similarities raise
the issue of whether F is essential for the formation of the pressure-induced high-7
phase. Recently, superconductivity was also found in single crystalline CeOBiS; at 1.3
K, and the value of 7. could be gradually enhanced under an external pressure [21]. This
phenomenon was suggested to be related to Ce valence fluctuations, which can be tuned
via the application of pressure; however, it is still not clear if there are concomitant phase
transitions. On the other hand, the compounds La; M ,OBiSy (M = Ti, Zr, Hf, Th)

were reported to have the same crystal structure, very similar lattice parameters, and
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values of T, (~3 K) similar to that of LaOg 5F, 5BiS, [8]. The M ions in La; _, M ,OBiS,
are tetravalent and contribute conduction electrons to the BiS, layers in the absence of F;
hence, this system is ideal for investigating whether non-F substituted BiS; compounds
have a second pressure-induced high 7. phase. High pressure studies of La;_, M ,OBiS,
also have the potential of uncovering new superconducting phases in BiS,-based super-
conductors and will be very helpful in developing an understanding of the nature of the

pressure-induced low-7.. to high-7, phase transition in these materials.

VI.B Experimental Details

Polycrystalline samples of Lag gy Tig.20OBiS, and Lag g5 Thg.150BiS, were syn-
thesized by solid state reaction as described elsewhere [8]. Geometric factors used in
determining the electrical resistivity for each sample were measured before applying
pressure. Hydrostatic pressure was generated by using a clamped piston-cylinder cell
(PCC) in which a 1:1 mixture of n-pentane and isoamyl alcohol by volume was used as
the pressure-transmitting medium. The pressures applied to the samples were estimated
by measuring the 7. of a high purity (>99.99%) Sn disk inside the sample chamber of the
cell and comparing the measured values with the well-determined 7.(P) of high purity
Sn [22]. Electrical resistance measurements under high pressure up to ~2.4 GPa were
performed in a temperature range between 1.5 and 280 K using a standard four-probe

method in a pumped *He dewar.
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VI.C Results and Discussion

The resistive superconducting transition curves p('1"), normalized to the value of p
in the normal state at 4.2 K, for polycrystalline Lag gy Tip 20OBiS2 and Lag g5 Thg 150Bi1S2
samples are shown in the upper and lower panels of Fig. VI.1, respectively. The super-
conducting transitions are very sharp for pressures below 0.95 GPa for both samples;
however, the transitions become quite broad at higher pressures and the values of p remain
finite down to 1.5 K. The relationship between 7. and pressure for the two compounds
can be seen in Fig. VI.2. T.%9% T,%0% T,0% and T,'°% represent the temperatures
where p falls to 99%, 90%, 50%, and 10% of its normal-state value, respectively. The
value of 7,%9% is 3.5 K for Lag g0 Tio.20OBiS, at ambient pressure and increases slightly
with increasing pressure to 3.7 K at 0.95 GPa, above which 7, starts decreasing
gradually. A similar dome-shaped 7. vs. P superconducting phase boundary can also be
observed in the case of Lag g5 Thg 150BiS,, although the values of 7T, are slightly different
than those of Lag gy Tip200OBiSs. For both compounds, the difference between 7, 1 99%
and 7,°°% (indicated by the green vertical lines in Fig. VI.2), which is related to the
width of superconducting transition, becomes much larger at pressures at which 7. starts
decreasing (0.95 GPa), reflecting dramatic changes in the superconductivity. During
the pressure releasing cycle, the values of 7, are reversible and the superconducting
transitions become sharp again when the samples have returned to low pressures as can
be seen in Figs. VI.1 and VI.2 (data represented by crosses). These features in the 7

vs. P data indicate that there are significant differences in the superconducting behavior
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Figure VI.1: Temperature 7' dependence of electrical resistivity p, normalized to
its normal state value at 4.2 K, below 4 K for Lag ggTip.20OBiSs (upper panel) and
Lag g5Tho.150Bi1Sy (lower panel). The numbers and symbols with different colors in
both panels are used to indicate the pressures listed in the lower panel. Most of the p(1")
data (represented by circles) were obtained upon increasing pressure. Crosses and the |
behind the number 8 in this figure as well as the following figures throughout this paper
are used to represent data taken upon decreasing pressure.
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ture at which p drops to 99%, 90%, 50%, and 10% of its normal state value above
the superconducting transition is indicated by symbols T99%, T20% T30% and T10%,
respectively. The length of the vertical lines represents the difference between 7:9°%
and T?°% and is a measure of the broadening of the superconducting transition under
pressure. Crosses represent data taken upon decreasing pressure. The solid and dashed
lines are guides to the eye for the experimental data and the corresponding extrapolations,
respectively.
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below and above 0.95 GPa.

To obtain further information about the origin of the suppression of super-
conductivity at high pressure, we investigated the normal state resistivity of the two
compounds under pressure. Upon warming, p(1") of Lag g5Thg 150BiS; first decreases
significantly, passes through a minimum, and then increases nearly linearly at higher
temperatures, as shown in Fig. VI.3. Such minima in the normal state resistivity are
also observed for Lag g9 Tip 20OBi1Ss under pressure and other BiS,-based superconduc-
tors [8, 11, 13, 23, 24]. In addition, subtle anomalies in resistivity, indicated by black
arrows in Fig. VI.3, were observed in both compounds when pressure was applied to
the samples. Upon further increase in pressure, the temperature at which the anomaly
displays a kink (7}) increases with increasing pressure (see the lower inset of Fig. VI.3);
however, at pressures above 0.42 GPa, such anomalies in p(7") can no longer be observed.
Very recently, a similar kink in p(7") was reported in non-superconducting LaOBiSe,
at ambient pressure, which may related to a charge density wave transition and can be
suppressed by F substitution [25]. In this study, the appearance of these anomalies is
possibly due to a temperature-driven phase transition; however, the nature of the transition
will require further investigation.

In this work, we use the parameter a(7"), which represents the slope of p(7),
(dp/dT), at a certain temperature to characterize the tendency of the compound to exhibit
metallic- or semiconducting-like behavior. For simple metals at high temperatures, a
is closely related to the scattering of conduction electrons by phonons. Although the

value of a does not have a clear physical significance for semiconductors, a positive
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Figure VI1.3: Temperature 7' dependence of the electrical resistivity p, normalized to the
value of p at 280 K, (p/pasox), of Lag.goTig.20OBiS, (upper panel) and Lag g5Thg.150BiS,
(lower panel) at various pressures. The pressure corresponding to each (p/pagok) curve is
indicated in Fig. VI.1 with the same color. Upper inset: enlargement of the 7" dependence
of p/psgok Where the anomalies in p(7") can be observed. The orange curve represents the
data obtained at 0.24 GPa during the pressure releasing cycle. Lower inset: temperature
at which the anomaly in p(T") occurs, (1), vs. pressure (P). Black arrows in the figure
indicate the location of anomalies in the resistivity.
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value of a suggests that the sample is metallic-like and a negative value of a means it
is semiconducting-like. In this work, the quantity a(7") represents the tendency of the
compounds to exhibit metallic- or semiconducting-like behavior at different pressures. As
shown in Fig. V1.4(a), the values of a at ~10 K (a4 k) for the two compounds are negative
at ambient pressure, suggesting semiconducting-like behavior at low temperatures. Upon
application of an external pressures, ajok first increases rapidly at low pressures but
relatively moderately at high pressures, resulting in a kink in the pressure dependence
of ajpk at ~0.7 GPa. Although the values of a9k are all negative at pressures up
to 2.4 GPa, the increase of a;gx with pressure clearly indicates suppression of the
semiconducting-like behavior. The kinks in a9 x(£) found at ~0.7 GPa suggests there
are some fundamental differences between behavior of the two compounds at low and
high pressure, which are consistent with the decrease of 7. and broadening of the
superconducting transitions at high pressure discussed previously.

Although the pressure dependences of a at low temperature are quite similar for
the two compounds, the values of a at 250 K (a950 ) for Lag g5 Thg 150Bi1S, are positive
and almost the same at low pressures, in contrast to the remarkable enhancement of
ass0k from negative to positive values in the case of Lag gyTig.20OBiS, as shown in
Fig. VI.4(b). As indicated by the dashed lines in Fig. V1.4(b), the pressure dependence
of as50 k dramatically decreases at higher pressures for both compounds, which suggests
not only pressure-induced suppression of metallic-like behavior at high temperatures for
the two compounds but also indicates the appearance of high pressure phases that exhibit

different types of electronic conduction compared to the corresponding low pressure

99



phases. This behavior can be observed (Fig. VI.3) at high temperatures above ~ 60 K
for the Ti substituted sample and above ~140 K for the Th substituted sample. It should
be noted that the values of ao50 k for Lag gy Tip 20OBiS, are even negative above 1.3 GPa,
indicating the reappearance of semiconducting-like behavior at high temperatures.

Either the suppression of metallic conductivity or reappearance of semiconducting-
like behavior is unusual for solids under pressure, since applying external pressures
generally decreases the distance between neighboring atoms and results in an increase in
the carrier density as well as a suppression of the semiconducting energy gap. For a better
understanding of the normal state resistivity, we plotted representative p at 4.2 K (p4.2 k)
vs. pressure data for the two compounds in Fig. VL.5. It can be observed that p4 ok for
both compounds is significantly suppressed when pressure is first applied, which can be
easily understood due to the increase of the electron density under pressures. With further
increase in pressure, however, p42k of Lag goTig.20OBiS, increases slowly, while p, 2k
of Lag g5Tip.150Bi1S, decreases very slightly, resulting in kinks in p4 ok (P) at ~0.6 GPa
for both compounds, as indicated by the arrows in Fig. V1.5. Consistent with previous
discussions about the behavior of superconductivity and a under pressure, a different
phase whose normal state resistivity exhibits an unusual response to pressure appears at
pressures above ~0.6 GPa.

As mentioned in the introduction, all of the BiS,-based superconductors which
were reported to show pressure-induced low-7. to high-7. phase transitions contain F. The
previous study of Sm substituted LaOg 5F, 5B1S, suggested that the pressure dependences

of T, in BiS,-based superconductors are closely related to the lattice parameter a rather
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than the chemical composition of the blocking layers [13]. In this study, although
phase transitions were clearly observed in Lag g9 Ti.20OBi1Ss and Lag g5Thg 150Bi1S, via
investigations of the behavior of both the superconducting transitions and normal state
electrical resistivity under pressure, the high pressure phases of the two compounds are
apparently unfavorable for superconductivity. The results indicate that F in the blocking
layer of BiS,-based compounds plays a critical role of not only providing conduction
electrons but also the sudden pressure-induced enhancement of superconductivity. This is
presumably associated with a structural phase transition from tetragronal to orthorhombic
symmetry, as has been shown for LaOy 5F; 5BiS..

Although superconductivity is suppressed and p remains finite to 1.5 K, the
decrease of p signaling the appearance of superconducting currents can still be observed
up to the highest pressure obtained in this study. For homogeneous samples, in general,
pressure-induced phase transitions (either structural or electronic, first or second order)
usually occur in a rather narrow hydrostatic pressure range. The abrupt changes in
normal state resistivity presented in this study also suggest the phase transition should be
complete before 1 GPa; this raises the question of why the superconducting transitions of
the two compounds remain broad at pressures above 1 GPa. Considering the fact that
bulk superconductivity of the samples at ambient pressure has been verified by means of
specific heat and magnetization measurements[8], it is possible that the high pressure
phase is not superconducting and the superconducting currents observed above ~1 GPa
are associated with small regions of the low-pressure phase that remain at high pressure

due to slight inhomogeneities in the samples. However, the possibility that the high
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pressure state of the compounds is still superconducting at lower temperature cannot be
ruled out. Further studies need to be performed to determine whether the compounds are

superconducting at lower temperatures.

VL.D Concluding Remarks

In summary, the observed phenomena including suppression and broadening of
the superconducting transition, changes of the normal state electrical resistivity with
pressure, and the dramatic changes in the behavior of the normal state electronic conduc-
tion between 0.42-0.95 GPa strongly suggest a pressure-induced phase transition occurs
in the La;_, M ,OBiS; compounds. In contrast to the pressure-induced low-7.. to high
T, phase transitions reported in F-containing BiS, superconductors, the high-pressure
phase observed in this work does not favor superconductivity. The results suggest that
fluorine plays a critical role for the pressure-induced enhancement of 7. for BiS,-based
compounds. For the low-pressure phase, anomalies in the normal state resistivity, which
seem to be pressure dependent, were observed in the pressure range from 0.24 to 0.45
GPa. Another unusual phenomenon observed in this study is the tendency toward more
semiconducting behavior with increasing pressure in the high-pressure phase at tempera-
tures above ~140 K. Further studies of these unusual phenomena are expected to enrich

our understanding of the physics of solids at high-pressure.
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The text and data presented in this chapter are reprints of material that appears in
“High pressure effects on non-fluorinated BiSs-based superconductors La;_, M, OBiS,
(M =Tiand Th),” Y. Fang, D. Yazici, 1. Jeon, and M. B. Maple, Phys. Rev. B 96, 214505

(2017). The dissertation author is the primary investigator and author of this article.
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Chapter VII

Chemical Substitution and High
Pressure Effects on Superconductors in

the LnOBiS, (Ln = La-Nd) System

VII.LA Introduction

Following the discovery of superconductivity by Kammerlingh Onnes in 1911,
efforts in the search for new superconducting materials during the past century have shown
that most of the pure metals and an enormous number of alloys and compounds become
superconducting at low temperatures. The highest superconducting critical temperature
T. that has been reported is 133 K for the cuprates at ambient pressure and 203 K in sulfur
hydride at 155 GPa, although the latter claim has not yet been independently verified

[1, 2]. In order to experimentally realize new superconducting materials with properties
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suitable for practical applications, there is still much to accomplish in both theory and
experiment. The recently discovered family of BiS,-based superconductors exhibit a
layered crystal structure which is characterized by an alternating pattern of BiS, double
layers that are separated by blocking layers [3]. This layered structure provides new hope
and opportunity to enrich the class of layered superconductors with higher values of 7.

Chemical substitution may induce significant change in materials to their lattice
parameters, crystal structure and electronic structure. It has been broadly used as a
strategy to tune physical properties of materials including electronic transport, magnetic,
thermal, mechanical, and luminescent properties. Chemical substitution has been found
to induce superconductivity via electron or hole doping in LnFeAsO compounds by
replacing F for O [4-10], Co for Fe [11], Sr for La [12], Th for Gd [13], and also through
the introduction of oxygen vacancies [14, 15]. Similar to the LnFeAsO compounds, it has
been reported that electron carriers are essential for the emergence of superconductivity
in the BiS,-based materials [3, 16]. By modifying the blocking layers of the BiS,-based
compounds, electron carriers can be generated within the structures. As a result, a large
number of novel BiS;-based superconductors, such as Bi;O4S3, Bi3O5S3, LnO;_,F,BiS,
(Ln = La, Ce, Pr, Nd, Yb), La;_,M,OBiS, (M = Ti, Zr, Hf, Th), Sr;_,La,FBiS,,
EuBiS,F, and EusBi,S,F,, have been developed with 7.’s ranging from 2.7 to 10.6 K
[3, 10, 17-26].

The superconducting properties of BiSs-based compounds are also sensitive to
the environment in which they are synthesized or being measured. For example, poly-

crystalline samples of LaO;_,F,BiS, subjected to high pressure (HP) annealing have
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T, values significantly higher than as-grown (AG) samples. Also, with the application
of external hydrostatic pressure, a monotonic decrease in 7. is observed for both the
Bi,04S3 and SrFBiS,; compounds [27, 28]; in contrast, the compounds LnO;_,F,BiS,,
Eu3Bi,S4F4, EuFBiS,, LaOg 5F, 5BiSes and Srg5Lap sFBiS, were reported to have a
sharp jump in 7. under applied pressure, indicating a pressure-induced transition from a
low-T.. to high-7, superconductor phase [27, 29-34]. It is also observed that supercon-
ductivity in the BiS,-based compounds is very sensitive to chemical composition and to
the level of electron doping in particular. As a result, 7. values of the samples with the
same nominal chemical composition are not always the same since there might be slight
differences in the actual chemical composition.

At present, there have been more than one hundred research papers published
regarding superconductivity in the BiS,-based compounds, which have helped increase
our understanding of these novel materials and superconductivity in general. The peculiar
crystal structure of these BiS,-based compounds as a landscape for studying and optimiz-
ing superconductivity has fostered a healthy competition within the scientific community
to explore the important critical parameters that affect 7. as well as to understand the
nature of superconductivity itself in these layered structures. In this article, we will
review some of the recent progress in both the study of chemical substitution and external
pressure effects on the BiS,-based compounds. Discussions about some of the parameters

that are essential for superconductivity in these compounds will also be presented.
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VILB Bi,0,S;

As the first discovered superconductor in the BiS;-based compounds, Bi,O04S3
is a bulk superconductor with a 7. of about 4.5 K [3, 35]. The structure of Bi,04S3 is
derived from the structure of the parent BigOgS5; with a 50% deficiency in SOy units;
this results in the presence of electron carriers in the BiS; layers which induce the
superconductivity in Bi;O4S3 [3, 36]. Interestingly, the parent phase, BisOgS5, which
was initially regarded as a band insulator, was soon found to show superconductivity at
~4.2 K when the sample is annealed in vacuum [37].

Chemical substitutions have been found to suppress 7. in the superconducting
compound BisO4S3. Substitution of Se at the S site results in a slight increase in the
lattice parameter ¢ and a remarkable enhancement of the normal state resistivity [38].
The T, of the Bi;O4S;_,Se, compound decreases with increasing Se concentration
from 4.4 K at z = 0 to 3.5 K at z = 0.15, while the upper critical field at 0 K, H.(0),
determined by fitting the conventional one-band Werthamer—Helfand—Hohenberg (WHH)
equation to the H.(T') data, is also suppressed from 2.3 to 1.8 T [39]. Similarly, 7. of
the Biy_,Ag,04Ss compound gradually decreases with increasing Ag concentration and
a subtle shrinkage of both the a and c lattice parameters were observed up to x = 0.2 [40].
It should be noted that the chemical pressure generated by Ag substitution is negligible in
Bi1,04S3 and the suppression of 7. most likely arises from the substitution of the Ag ions
into the superconducting BiS, layers and the resultant change in the electronic structure

of the compound.

111



VILC LnO, ,F,BiS, (Ln = La, Ce, Pr, Nd, Yb)

The parent compounds in the LnOBiS, family are band insulators. The substitu-
tion of F for O induces superconductivity via electron doping into the BiS, layers. By
applying relatively small magnetic fields (~1 T) to polycrysatlline specimens of these
superconductors, the superconducting state can be destroyed [21]. Due to the chemical
similarity of the rare earth elements, there is considerable flexibility in modifications that
can be made to the blocking layers of these compounds which facilitates the investigation
of the superconducting and normal state properties of BiSs-based compounds. The
LnOBiS, compounds crystallize in a tetragonal structure with space group P4/nmm [20].
Between each LnO blocking layer, there is a double BiS; superconducting layer in which
there are two distinct positions for the S ions: in-plane position (S1) and out-of-plane
position (S2), as indicated in Fig. VIL.1.

Currently, superconductivity has been induced in five different parent compounds
Ln(O,F)BiS, (Ln = La, Ce, Pr, Nd, Yb), with the substitution of F for O [21]. Polycrys-
talline samples of these compounds can be synthesized by using solid state reactions in
sealed quartz tubes. However, along with the main superconducting phase, small amounts
of secondary phases including LnF3 and BiF3 may also be formed in the polycrystalline
samples [10, 19-21, 41, 42]. As a result, the actual chemical composition of these com-
pounds may be different from the nominal chemical composition, particularly regarding
the concentration of F, resulting in an overestimated level of electron doping into the

BiS; layers. This concern has also been raised in the study of single-crystalline samples
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Figure VIL.1: Representative crystal structure of (a) Bi;O4S3 and (b) LnOBiS,. O?~
ions in the LnO blocking layer can be partially replaced by F~. S1 and S2 indicate the
in-plane and out-of-plane positions of S, respectively, in the superconducting BiS, layers
of the two structures.
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of NdO,_,F,BiS,, in which case, the actual electron doping level was reported to be
much lower than anticipated [43]. Hence, 7, values of samples with the same nominal
chemical composition reported by different authors may differ from one another [21, 22].
Although conclusive evidence of inhomogeneity in polycrystalline samples of the BiSs-
based superconductors has not been reported, measurements of electrical resistivity (p),
magnetic susceptibility (), and specific heat (C'), etc. may still be partially affected by
possible inhomogeneity of the samples, and thus compromise reports of some of the
intrinsic properties of these compounds. In addition, the existence of defects and disorder
in these materials may also complicate the analysis of experiments and comparison with
theoretical models. As mentioned by Kuroki, establishing the intrinsic phase diagram of
the BiS,-based superconductors is still a significant challenge in research on BiS,-based

superconductors [44].

VILI.C.1 Electronic and crystal structures, and their correlation with 7,

The T vs F concentration plots for LnO;_,F,BiS,, displayed in Fig. VIL.2, show
a broad range of F concentration in which superconductivity can be induced; there is
also an apparent enhancement of 7. with increasing Ln atomic number. The optimal
F concentration for superconductivity in these compounds falls within the range of
0.4 < x < 0.7. As the concentration of F is increased, the superconductivity of these
compounds was also found to be more resistant to the destructive effects of an external
magnetic field up to the F solubility limit [47, 48]. As an example, the upper critical

field of NdO,__F,BiS, increases from 0.9 T at z = 0.3t0 3.3 T at x = 0.7 [48]. For
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Figure VIIL.2: Dependence of 7. on nominal F concentration for LnO;_,F,BiS, (Ln = La-
Nd). The T, values for Ln = La, Ce, Pr, Nd are obtained from Ref. [45-48], respectively.
For interpretation of the definition of 7. of each sample, the reader is referred to the
corresponding articles.

115



LaO,_,F,BiS,, first-principles calculations suggest that the density of states at the Fermi
level increases with increasing F substitution and attains its maximum value at x = 0.5
[16]. Hence, a large number of studies have been made on compounds with a nominal
composition given by LnQOg 5Fy 5BiS, [10, 19, 20].

Electronic structure calculations for LnO;_,F,BiS,, and, in particular, for the
compound LaOg ;F, ;BiS,, have been widely reported [49, 50]. It was suggested that
LaOBiS; is an insulator with an energy gap of ~0.8 eV [51], which is consistent with
experimental evidence revealing significantly high values of p and negative temperature
coefficients (dp/dT" < 0) in polycrystalline samples [52]. As F is substituted into the
O site (see Fig. VII.1), it is expected that electrons will be doped into the conduction
bands which consist mainly of Bi-6p orbitals, resulting in an increase in charge carrier
density in the BiS, layers [3, 50]. The possibility of conventional strong coupling
s-wave superconductivity for Bi;O4S3, LaOy 5F 5BiS2, and NdO,; _,F,BiS, has been
supported by measurements of magnetic penetration depth using muon-spin spectroscopy
or tunnel diode resonator techniques [53-56]. In addition, some theoretical studies
suggest that the superconductivity observed in the BiS,-based compounds occurs via
strong electron-phonon coupling [16, 51, 57]. However, other unconventional pairing
mechanisms including extended s- or d-wave pairing, g-wave pairing, and triplet spin
pairing were also proposed [58—62]. While evidence for both electron-phonon coupling
[16, 51, 53-57] and strong electron-electron interactions [58—64] has been reported, the
concentration of charge carriers in the BiS; layers is considered to be essential for the

superconductivity in the LnO,_,F,BiS,; compounds [18, 20, 21, 24, 27, 51, 52, 54, 65].
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Figure VIL.3: Nominal F concentration dependence of the lattice constants a (red) and ¢
(blue) of AG LaO;__,F_BiS,. The data are obtained from Ref. [24].

Figure VIL.4: (left) Crystal structure of LaOg 5F,5BiSs. (right) The side view of the

BiS, layers for z = 0 and « = 0.5 is displayed in the top and bottom panel, respectively.
Adapted with permission from Ref. [16]. Copyrighted by the American Physical Society.
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The substitution of F for O in LnOBiS; may also induce a change in lattice param-
eters due to the smaller size of the F~ ions compared with O?~ ions. For LnO,_,F,BiS,,
the length of the a-axis does not change significantly upon F substitution; however, the
c-axis decreases monotonically until the F concentration reaches the solubility limit (typ-
ically around 50%) as illustrated by the example of LaO,_,F,BiS, shown in Fig. VII.1
[10, 19, 20, 47, 48]. The highest value of 7. was reported when c attains its minimum
value, and the evolution of 7, seems consistent with the change in lattice parameter c
[20, 47, 48]. However, it should be noted that these results do not necessarily indicate an
exclusive role of the lattice parameter c in affecting 7., since it is observed that the level
of electron doping also reaches a maximum when the ¢ parameter is smallest.

Local distortion of the lattice may also be induced by F substitution. Asymmetric
broadening of the diffraction peaks with increasing F concentration in LaO;_,F,BiS,
was observed in neutron scattering measurements, suggesting that strain may be induced
along the c-axis due to a random substitution of the F ions at O sites [52]. It is also
possible for a distortion to occur in the BiS; plane as a result of F substitution. For the
LaO,_,F,BiS,; compounds, first-principles calculations show that the z coordinate of
the in-plane S and Bi atoms in the unit cell decreases with doping, yielding a nearly
perfect planar structure at x = 0.5 (see Fig. VII.4). In fact, by using single crystal
x-ray diffraction, nearly flat in-plane S-Bi-S angles were observed in LaO,_,F,BiS,
at x = 0.46, which is close to the optimal F concentration value (z = 0.5) that yields
the highest value of 7, [67, 68]. A flat Bi—S plane would result in an increase in

hybridization of the p,/p, orbitals of Bi and S and, in turn, enhanced superconductivity.

118



CeO] F BiS2

2.8: 2 ¢ -
¢

¢

§ Bi-S1

>
2.
;.

CeO

:
£
)

R (A)
>
-
*-

BiS_

2.65— —?—f— d ¢ Bi-s2 ]
§ 3 P
2 5 ¢ ¢ ;
¢ ° o 6 | |
3.0} ]
$
Ce-S2 ‘

2.8 V\o’;’\v

BiS

26l | T CeO . |

R (A)
i | |

oy b O ;
I L @ L L L 1 L L L 1 L L L | L L L L |
0 0.2 0.4 0.6 0.8 1

F-content

Figure VIL.5: Near-neighbor distances from Bi (upper) and Ce (lower) as a function of F
concentration. Blue circles and red diamonds represent the data taken from the as-grown
and high pressure annealed samples, respectively. The insets show structural cartoons
with near-neighbour atomic clusters (encircled) around Bi and Ce. Reprinted with per-
mission from Ref. [66]: Determination of local atomic displacements in CeO;_,F,BiS,
system, J. Phys.: Condens. Matter 26 (2014) 435701. Copyright (2014) by the IOP
Publishing.
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Investigation of extended x-ray absorption fine structure (EXAFS) of the CeO,_,F,BiS,
compounds reveals that the local structure of both the BiSs superconducting layer and
the Ce(O,F) blocking layer changes systematically with increasing F concentration [66].
The Bi-S2 distance increases with F concentration while the Ce-S2 distance decreases
with F concentration (see Fig. VIL.5), leading to the breaking of the Ce-S-Bi coupling
channel [69]. Consequently, the hybridization between the Ce 4 f orbital and the Bi 6p
conduction band decreases with F concentration and the Ce3*/Ce** valence fluctuations
are suppressed, resulting in a completely localized 4 f! (Ce3*) state at = > 0.4, where
the samples exhibit superconductivity and ferromagnetism [69]. Therefore, it has been
suggested that the valence of Ce, i.e., the coupling between the Ce 4 f and Bi 6p states, is
not beneficial to the superconductivity.

Considering the contraction in radius for the Ln ions, one may expect changes in
both lattice parameters a and c as well as changes in 7, with increasing atomic number
of Ln. Figure VII.6 displays typical values of 7, defined as the temperature at which p
falls to 50% of its normal-state value, for the compounds in the Ln(O,F)BiS, system as a
function of lattice constant a. Except for the Ln = Yb and Nd cases, the 7, values of the
samples after HP annealing are higher than the values of the AG samples. In addition, the
dependence of 7. on the lattice paramter a for the AG samples are completely different
from the HP annealed samples: for the AG samples, 7. increases with decreasing a
(heavier Ln); however, the value of 7, for LaOg 5F, 5BiS, after HP annealing (a larger
value of a) is significantly higher than the value of other HP annealed samples (smaller

values of a). While the values of 7. for both AG and HP annealed samples appear to be
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Figure VIIL.6: Correlation between 7, and a-axis of LnO;_,F,BiS; (x =0.5 for Ln = La,
Pr, Nd, Yb, x = 0.3 for Ln = Ce) superconductors. The open squares and filled circles
represent the data obtained from as-grown samples and high pressure annealed samples,
respectively. Dashed lines are guides to the eye. The 7. and a values for Ln = Nd, Yb
samples are obtained from Ref. [21] and the data for Ln = La, Ce, Pr samples are taken
from Refs. [65, 70, 71], respectively.
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correlated, although differently, with the length of the a-axis [36], no structural phase
transition was observed by HP annealing and the lattice parameters a and c for the AG
and HP annealed samples are similar; this suggests that there should be other factors
which have a significant effect on 7.. The markedly different values in 7, between
the AG and HP annealed samples currently has no satisfactory explanation. However,
evidence of a local distortion in the lattice has been reported, and this distortion is likely
to be a source of the difference in 7. For the HP annealed samples of CeO,_,F,BiS,,
the in-plane Bi-S1 distance is shorter; however, the out-of-plane Bi-S2 distance and the
sizing of the blocking layers appear to be marginally effected by the HP annealing (see
Fig. VILS) [66]. It was also suggested that the crystal structure within the ab plane of the
CeQy 3F 7BiS; compound evolved to a higher symmetry after HP annealing, resulting in
a better tetragonal phase [70]. Finally, the uniaxial strain along the c-axis, which was
found in annealed samples of the LaOy 5F, 5BiS; and PrOg 5F; 5BiS, compounds, was
reported to be positively correlated with the enhancement of superconductivity [65, 71].
These results indicate that the optimization of the local structure is important for realizing

higher 7, values in the BiS,-based superconductors.

VIL.C.2 Normal state electrical resistivity, magnetic susceptibility, and specific

heat

Given that F substitution enhances the charge carrier density of BiS,-based parent
compounds, one would expect that F-substitution may induce more metallic-like behavior

in these materials. The temperature dependence of p(7") in the normal state for single
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Figure VIL.7: Temperature dependence of the electrical resistivity for LaO,_,F,BiS; (z
=0.23 and 0.46) single crystals. The data are obtained from Ref. [67].

crystals of LaO,_,F,BiS, (z = 0.23, 0.46) is shown in Fig. VIL.7; while the crystal with
x = 0.23 exhibits semiconducting-like behavior (dp/dT" < 0), the crystal with z = 0.46
shows metallic behavior (dp/dT" > 0) with significantly reduced values of resistivity
[67]. These results are consistent with electronic band structure calculations which
indicate that the parent compounds in this system should behave as band insulators but
become metallic upon doping electron carriers into the BiS, layers [50]. However, the
theoretical calculations do not fit well with measurements of p(1") of polycrystalline
samples of LnOBiS, which tend to exhibit strong sample dependent results. Some of
the LnOBiS, parent compounds, which are in polycrystalline form, have been reported
to show semimetallic behavior in contrast to the semiconducting-like behavior of the
corresponding F-doped polycrystalline samples [10, 25, 46—48]. This behavior may be

related to the quality of these polycrystalline samples, since complete semiconducting-
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like behavior is also reported in the case of LaOBiS, and in the case of polycrystalline
CeOBiS,, the resistivity can be significantly increased together with the appearance of
semiconducting-like behavior after HP annealing [46, 52].

Substitution of F into the lattice does not always result in a suppression of
semiconducting-like behavior in polycrystalline samples. In fact, F substitution can
enhance semiconducting-like behavior which has been observed in AG samples of
CeO,_,F.BiS, and HP annealed samples of LaO;_,F,.BiSs [10, 24]; this is in con-
trast to observations of suppressed semiconducting-like behavior by F substitution in
single-crystalline samples of CeO,_,F,BiS, and LaO,_,F,BiS, [67, 72]. Although
the cause of such unusual behavior is still unclear, the existence of grain boundaries as
well as poor intergrain contacts in polycrystalline samples may contribute significantly
to the semiconducting-like behavior of the F-substituted compounds. In addition to
the semiconducting-metallic transition induced by F substitution in single crystals of
LaO,_,F,BiS,, research on single crystals of NdO,_,F,BiS, reveals metallic behavior in
the normal state along the ab-plane of the crystal; this is different from the semiconduct-
ing behavior observed in polycrystalline samples of NdO,_,F,BiS, [43, 48, 64, 72, 73].
However, reports of the electrical transport properties in the normal state of single crystals
of CeO,_,F,BiS, reveal semiconducting-like behavior in the ab-plane which is consis-
tent with measurements on polycrystalline samples of the same compound [68]. Hence,
the intrinsic electrical transport properties of the LnO,_,F,BiSs compounds seem to be
dependent on a combination of lanthanide element Ln, F concentration x, and quality of

the samples.
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Both zero-field-cooled (ZFC) and field-cooled (FC) measurements of y(7') were
performed for LnO,_,F,BiS, samples with different Ln and F concentrations. As shown
in Fig. VIL.8, ZFC measurements on LnOg 5F, 5BiS, (Ln = La, Pr, Nd) yield a significant
shielding volume fraction with 7. onset values that are consistent with the p(7") data, while
FC measurements reveal that y(7') remains nearly unchanged in the superconducting
state relative to the normal state, indicating strong vortex pinning [21]. For the case of
samples with Ln = Ce and Yb and nominal F concentrations of x > 0.7 and x = 0.5,
respectively, magnetic phase transitions were also observed, apart from diamagnetic
signals arising from the appearance of superconductivity [21, 70, 72]. In addition to the
induction of superconductivity and enhancement of 7, as a result of F substitution, the
shielding volume fraction may be significantly enhanced at those temperatures where it
has begun to saturate as a result of the increase in F concentration; a typical example of
this behavior was found for NdO,_,F,BiS; reported in Ref. [47].

Figure VIL.9 displays specific heat C'(T") data for the polycrystalline LaOy 5F 5BiSo
compound in the temperature range 1.8 K < 7' < 50 K [21]. The expression C(T)/T =
v + BT?, where v is the electronic specific heat coefficient and 3 is the coefficient
of the lattice contribution, was used in to fit the C'//T vs T 2 data in the normal state
which is displayed in the inset in the lower right hand side of Fig. VII.9. Shown in
the inset in the upper left hand side of Fig. VIL.9 are C./T" vs T' data, where C, is the
electronic contribution to the specific heat. Bulk superconductivity in polycyrstalline
LaOg 5F,5BiS, was confirmed with the appearance of a clear jump in the C./T vs T’

data at 7. The ratio of the observed jump to the electronic contribution to the specific
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Figure VIL.8: Temperature dependence of the magnetic susceptibility y for
LnOy 5F, 5BiS, (Ln = La, Pr, Nd) measured in the field-cooled (FC) (open symbols)
and zero-field-cooled (ZFC) (filled symbols) processes. The data are taken from Ref.
[21].
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heat at 7, is estimated to be AC/yT. = 0.94, which is lower than the weak coupling
BCS value of 1.43, but large enough to confirm bulk superconductivity in this compound.
For the other LnOy 5F; 5BiS, compounds with Ln = Ce, Pr, Nd, and Yb, the significant
upturns in the C/T" vs T' data observed at low temperature are likely due to the presence
of a Schottky-like anomaly for Ln = Pr and Nd or magnetic ordering for Ln = Ce and
Yb [21, 74]. No clear C'(T')/T jump related to the appearance of superconductivity was
observed in these samples [21]. The jumps in C'(T)/T" in these compounds may not be
readily observable because they may be reduced by the pairbreaking interaction due to the
magnetic ions; the jumps may also be obscured by the broadening of the superconducting
transitions by sample inhomogeneity or by the large upturns in C'(1')/T". More rigorous
experimental and theoretical studies on higher quality samples are needed to establish

the nature of superconductivity in these compounds.

VILD La, ,M,OBiS, (M = Th, Hf, Zr, and Ti)

As an alternative to F substitution, electron doping in the LaOBiS; system is
possible by partially replacing trivalent La with tetravalent M (M = Th, Hf, Zr, and T1)
[25]. It has been reported that the La; , M ,OBiS, system exhibits superconductivity
with values of 7T, up to 2.85 K. A comparison of 7, values observed in the various
compounds is displayed in the inset of Fig. VII.10 in which 20% (x = 0.2) of M =
Th, Hf, Zr, and Ti was substituted for La in La; _, M ,OBiS,; there appears to be no
clear correlation between 7, and the atomic radius of the tetravalent atom that replaces

the La ion. The lowest value of 7. is observed for the LaysZry2,OBiSs compound;
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Figure VIL.9: Specific heat C' vs temperature 7" for LaOg 5F; 5BiS,. A plot of C'/T vs
T? is shown in the inset in the lower right hand part of the figure. The red line is a fit
of the expression C(T)/T =~ + BT2. A plot of C./T vs T, where C. is the electronic
contribution to the specific heat, in the vicinity of the superconducting transition is shown
in the inset in the upper left hand side of the figure. The data are taken from Ref. [21].
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Figure VII.10: Resistive superconducting transitions and (inset) superconducting tran-
sition temperatures 7. for La;_,M,OBiS, compounds with M = Th, Hf, Zr, Ti and
x = 0.2. T, is defined as the temperature where p drops to 50% of its normal state value,
and the width of the transition is determined from the temperatures where the resistivity
drops to 90% and 10% of its normal state value. Reprinted with permission from Ref.
[25]. Copyright (2013) by the American Physical Society.
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while sharper superconducting transitions are observed for the LajygHf, 2OBiS,; and
Laj sTip.2OBiS, compounds, broader transitions are observed for the Lag sZry 2OBiS,
and Lag sThy ;OBiS,; compounds. X-ray diffraction experiments show that both the a and
c lattice parameters do not change significantly with different M** substitutions at the x
= 0.2 concentration. However, with increasing M concentration, both values of a and ¢
for La;, ., M ,OBiS,; were observed to decrease gradually. For La; _,Th,OBiS,, T first
decreases with x from 2.85 K at z = 0.15 to 2.05 K at x = 0.20 and then remains roughly
constant at higher concentration. A similar evolution of 7. with increasing M was also
observed for La;_, M ,OBiS, (M = Hf, Ti); however, after partially replacing La3* with
Sr?T, no superconductivity was observed in La;_,Sr,OBiS, down to ~1 K in the range
0.1 < z < 0.3, which is in agreement with the behavior reported for La; ,Mg,OBiS,
(x = 0-0.2) samples [25, 75]. These results suggest that hole doping is not sufficient to
induce superconductivity and reveals the importance of electron doping in achieving
superconductivity in BiS,;-based compounds.

Measurements of p(71") for the Lagg5Thg150Bi1S, and LaggsHfy 2OBiS; com-
pounds were performed in various magnetic fields down to 0.36 K [25]. As magnetic
field is increased, the superconducting transition width broadens and the onset of super-
conductivity gradually shifts to lower temperatures. The orbital critical fields H.,(0)
for the Laj g5 Thg150BiS, and Lag sHfy ;OBiS, compounds were inferred from their
initial slopes of H, with respect to 1" using the conventional one-band WHH theory [39],
yielding values of 1.09 and 1.12 T, respectively. These values of H.(0) are close to the

values of 1.9 T for H.2(0) observed in LaOy 5F, 5BiS, [18, 21], suggesting that there is a
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Figure VIIL.11:

30

Specific heat C' divided by temperature 7', C/T, vs T for
Lag g5 Th 150BiS,. C/T vs T? is shown in the inset in the upper left hand part of
the figure. The red line is a fit of the expression C(T)/T = v + BT? to the data. The
inset in the lower right part of the figure shows a plot of C.(7") vs T in the vicinity of the
superconducting transition. Reprinted with permission from Ref. [25]. Copyright (2013)
by the American Physical Society.
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common superconducting phase characteristic of BiS;-based superconductors.

Specific heat measurements were performed for the Lajg5Thg 150Bi1Ss and
Lay sHf 2OBiS,; compounds in the temperature range of 0.36 K < 7" < 30 K [25].
A clear feature is observed between 1 and 3 K for Lag g5 Thy 150BiS, as shown in the
inset at the lower right hand side of Fig. VII.11. A value of 7, = 2.5 K was estimated from
an idealized entropy conserving construction, which is close to the 7. obtained from p(7’)
measurement (7, = 2.85 K). The presence of the feature suggests that superconductivity
is a bulk phenomenon in this compound. The value of AC'/~yT, for Lag g5Thg 150BiS,
is estimated to be ~0.91, which is less than the value of 1.43 predicted by the BCS
theory, but similar to that seen in LaOg 5F, 5BiS, [21]. However, only a small feature
in C,/T data for Lay gHf ,OBiS; is observed around the 7, (2.36 K) obtained from
p(1') measurements. The absence of a well-defined superconducting jump at 7, for
Lay sHfy 2OBIiS, is likely to be a consequence of the superconducting transition being

spread out in temperature due to sample inhomogeneity [21].

VILLE Chemical substitution effects on Ln(O,F)BiS,

It has been demonstrated that the charge carrier (electron) density is important for
the superconductivity of BiSo-based compounds. In addition, values of T, for AG samples
of LnQg 5F, 5BiSs increase with increasing atomic number of the Ln component as shown
in Fig. VIL6 [21, 22]. (The ionic size of the Ln*" ion decreases with increasing atomic
number.) This size contraction has the effect of reducing the dimensions of the blocking

layers which contain the Ln®" ions, thereby squeezing the neighboring BiS, layers,
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i.e., effectively generating chemical pressure on the superconducting BiS, layers. As
discussed in section 3.1, it appears that there is a correlation between 7. and the decrease
in the size of the a-axis in the Ln(O,F)BiS, system. Hence, substitution of the element
La with heavier lanthanide elements such as Sm, Eu, and Gd holds promise as a strategy
for further enhancement of 7. in the BiS,-based superconducting compounds. Recently,
the compound with nominal chemical composition SmOy 5F 5BiS, was synthesized and
reported to be nonsuperconducting [76]; attempts have been unsuccessful in synthesizing
other LnOy 5F, 5BiSs compounds with Ln = Eu-Tm. However, there has been recent
success in synthesizing compounds in which there is a partial substitution at the Ln site
with relatively smaller atoms as a method for enhancing 7. and further determining which
parameters are relevant in affecting superconductivity [41, 42, 75-79].

As an example, partial substitution of La with the smaller Y ions in the compound
of La;_,Y.O5F,5BiS; allows one to study of the effects of chemical pressure on
superconductivity [42]. Similar to La, Y has a trivalent electronic configuration and no
magnetic moment, making Y>* a suitable replacement for the La®>" ions. As a result of
the substitution of Y for La in La; .Y, O 5F; 5BiSs, T, was found to gradually decrease
from 2.8 Kat z =0 to 1.8 K at x = 0.1 and then remain roughly constant at ~3.0 K for
x > 0.125 as shown in Fig. VII.12. The lattice parameter a and the unit cell volume of
La; ,Y,Oq5F(5BiS; monotonically decrease with increasing Y concentration until the
solubility limit z = 0.20. Interestingly, the evolution of the La-O-La bond angle with
increasing x closely follows the evolution of 7.(x) as shown in Fig. VII.12. It should

be mentioned that the lattice constant ¢ changes in the opposite manner (decreasing
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Dependence of T, on Y concentration for the La; .Y, Oq 5Fy5BiS, system. The orange
star is the 7. of LaOg 5F, 5BiS, reported in Ref. [21]. The inset shows the behavior of 7,
under hydrostatic pressure [30]. Reprinted with permission from Ref. [42]. Copyright
(2014) by the American Physical Society.
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in the lower panel represent results for samples annealed at 800°C, 750°C, and 710°C,
respectively. The inset shows representative values of 7. of Ln(O,F)BiS, reported in Ref.
[21]. The other data are obtained from Ref. [41].

with increasing Y concentration), which suggests that 7. may also be affected by the
value of c. Unfortunately, due to the solubility limit of Y in La; ,Y,Og5F;5BiS,,
further investigation of the relation between lattice parameters, bond angle, and 7. by
the method of substitution is not possible and the highest chemical pressure obtained
in LagsY.2005F5BiS, is still lower than 0.7 GPa, above which a structural phase
transition from tetragonal (P4/nmm) to monoclinic (P21/m) has been observed in

LaOy 5F, 5BiS; under applied external hydrostatic pressure [30, 80].
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Figure VII.13 shows the Sm concentration of 7, for La; _,Sm,Oq 5F,5BiS,. An
enhancement of superconductivity is observed in the La; ,Sm,Oy 5Fy 5BiS, compound
in which 7T increases from ~2.8 K at z = 0.1 to 5.4 K at the solubility limit of z = 0.8
[41]. A linear extrapolation of the 7.(z) data beyond the x = 0.8 solubility limit to x =
1.0 allows for an estimate of the value of 7. for the parent compound SmQ 5F 5BiS; to
be as high as ~6.2 K; this value of T is significantly higher than values of 7, reported
for other AG samples of the LnO, 5F 5sB1S, compound and is therefore consistent with
the trend that higher values of 7. are observed in LnOy 5F 5BiS, compounds containing
a Ln element having a larger atomic number (see the inset of Fig. VII.13). As the Sm
concentration increases from x = 0.1 to 0.8, the lattice constant ¢ increases while the
lattice constant a gradually decreases, resulting in an overall suppression of the unit cell
volume of ~3%, however, no structural phase transition is observed. In comparison, there
is only a ~2% decrease in the unit cell volume of LaO, 5F, 5BiS, before the pressure-
induced structure phase transition [80]. Hence, the effects of Sm substitution for La and
applied hydrostatic pressure on the compound LaOy 5F, 5B1S, seem somewhat different.

Effects of substitutions at the Ln site in the LnO,.5F.5BiS,; compounds were
also investigated at various F concentrations which allows for the study of the tuning
of the lattice constant c and its effects on superconductivity. Phase diagrams of 7. vs
Ln substitution for the Ce;_,Nd,O,_,F,BiS, and Nd,_,Sm.O,_,F BiS, systems were
determined from measurements of magnetization at nominal F concentrations of y = 0.7,
0.5, and 0.3 as shown in Fig. VII.14 [78]. Superconductivity is induced and noticeably

enhanced for those compounds containing higher concentrations of Ln elements with
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relatively smaller atomic size (or larger atomic number), i.e., higher concentrations of Nd
and Sm atoms. The shift in the phase boundary to the right for decreasing F concentration
suggests the importance of F concentration in the induction of superconductivity in these
BiS;-based compounds. For a given F concentration, it appears that superconductivity
is enhanced in compounds with Ln ions of smaller ionic size; however, there is no
appreciable increase in 7, for greater concentrations of F. It is interesting to note that
samples with different nominal values of F concentration that share similar values of
T, also exhibit similar values of the ratio of the length of the c axis to that of the a axis
(see Fig. VII.14(b)); this implies that the superconductivity observed in the BiS,-based
compounds is closely related with the lattice constant ratio ¢/a. The effect of charge
carrier density on the enhancement of superconductivity in these BiS; compounds seems
to be of less importance in comparison to the lattice parameter a and the c/a ratio.

The role of the charge carrier density in the enhancement of superconductivity
is emphasized in the study of the La;_,Mg,O;_5,F5,BiS, system in which Mg?* and
F~ are substituted for La®>" and O, respectively [75]. Superconductivity is observed
for nominal = > 0.2 where 7. continues to increase up to ~3 K at z = 0.3 which is
slightly beyond the solubility limit of x = 0.25. For a fixed F concentration at 2z =
0.4, the introduction of Mg?" ions into the LaOy gF, 4BiS, compound generates holes in
the BiS, superconducting layers which have the effect of suppressing superconductivity
and thereby reducing 7. despite the reduction in lattice parameters. The research also
indicates that a reduction in lattice parameters leads to an enhancement of /... For instance,

a reduction in the values of the lattice parameters appears to enhance superconductivity
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Figure VII.14: Superconducting critical temperature 7. of LnO,_,F,BiS, (y = 0.7,
0.5, and 0.3) as a function of Ln concentration. The cross symbols indicate that a
superconducting transition is not observed above 2 K. Reprinted with permission from
Ref. [78] J. Kajitani, T. Hiroi, A. Omachi, O. Miura, Y. Mizuguchi, J. Phys. Soc. Jpn. 84
(2015) 044712. Copyrighted by the Physical Society of Japan.
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when comparing the LaggCa 20 ¢Fo.4BiSs and LagsMgy 200 6Fy.4BiS2 compounds

which have T, values of 2.07 K and 2.54 K, respectively.

VILF Superconductivity of LnOg sF, ;BiS,; under applied pressure

In addition to chemical substitution, the application of external pressure is another
means to induce fundamental change to both the crystalline and electronic structure which
can have a significant impact on the superconducting properties of the layered BiS,-
based compounds. The first report of a dramatic and abrupt increase in 7. from ~3 to
10.7 K for the LaOg 5F; 5sBiS, compound under pressure is shown in the upper panel of
Fig. VII.15(a). In the 7T.(P) phase diagram, there is an obvious transition from a low-7
superconducting phase to a high-7. superconducting phase [30]. The phenomenon was
soon reported to be associated with a pressure-induced first order phase transition from a
tetragonal to a monoclinic crystal structure in which there is a relative shift or sliding of
the two neighboring BiS, layers along the a axis [80]. Similar behavior in the evolution
of T, with pressure has also been observed in other LnOg 5F, sBiS; (Ln = Ce, Pr, Nd)
compounds as shown in the 7..(P) phase diagrams of Fig. VII.16 [29].

Interestingly, the critical transition pressure, F;, that marks the low-7,. to high-7,
phase transition in the superconducting state is coincident with changes in the normal state
electrical transport properties in the LnOy 5F 5BiS, system; the pressure-induced phase
transition corresponds with a saturation in the rate of suppression of semiconducting-
like behavior in the normal state [30]. In the case of the NdOg 5F, 5BiS, compound,

a semiconductor-metal transition occurs at P; as shown in Fig. VIL.15(b) [29]. Such

139



Superconducting

—N

Pressure (GPa

AR RSN

1 2
Pressure (GPa)

Figure VII.15: T.(P) phase diagrams for (a) LaOg ;F; ;BiS; and (b) NdOy 5F; 5BiSs.
The red color gradient represents the suppression of the semiconducting behavior with
pressure as manifested in the decrease of the semiconducting energy gap A;/kg whose
values are indicated in the legend. The green region to the right of the crosshatching
in (b) corresponds to the metallization of NdOg sF,;BiS,. (a), (b) Reprinted with
permission from Ref. [30] (copyright (2013) American Physical Society) and Ref.
[29] (Enhancement of superconductivity near the pressure-induced semiconductor-metal
transition in the BiS,-based superconductors LnOg 5F, 5BiS, (Ln = La, Ce, Pr, Nd), J.
Phys.: Condens. Matter 25 (2013) 422201. Copyright (2013) by the IOP Publishing.),
respectively.
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changes in the behavior of the normal state p('7") indicate that there may be increases in
the density of charge carriers that correspond to the rapid increase in 7.

AG samples from the series of LnOy 5F, 5BiS, compounds with Ln elements of
smaller atomic radius (i.e., larger atomic number) exhibit higher 7. values when com-
pared with compounds containing Ln elements of larger atomic radius suggesting that 7,
correlates with the lattice parameters. Given the correlation between 7. and the lattice
parameters, one might expect that the pressure-induced phase transitions observed for the
various LnQOg 5F 5BiS; compounds would occur at a characteristic and consistent value of
the lattice parameter a across the LnOy 5F, 5BiS, series. Furthermore, considering the re-
sults from substitution studies discussed earlier in this article, one would expect a smaller
applied pressure to induce the phase transition for those LnOg 5Fy 5BiS, compounds with
Ln elements exhibiting smaller values of the lattice parameter a. To the contrary, the
a-axis lattice parameters at F; are not constant across the series LnOg sFy 5sBiSs. The
lattice parameter a for the LaOy 5Fy 5BiS; compound just before the transition pressure,
P, ~ 0.7 GPa, is estimated to be 4.08 A which is larger than the values of a for other
members of the LnOg 5F( ;BiS, series at ambient pressure [21, 80]. The 7.(P) phase
diagrams depicted in Fig. VII.16 indicate that the critical transition pressure ; increases
as the atomic size of the Ln ions decreases and that the jump in 7. during the phase
transition (AT}) is smaller for smaller Ln ions in LnQOg 5F 5BiS; [29, 30]. Heavier Ln
ions seem to help stabilize the structure of the LnOy 5F, 5BiS, against external pressure.

Figure VII.17 shows the evolution of 7. for the La; _,Sm,Og 5F( 5BiSs compound

as a function of both pressure and Sm concentration x [81]. Similar to the LnQOg 5F 5BiS-

141



10F (a) i
8k _
— 6} .
3
l\o
4 i
LaO, ,F, BiS,
= CeO,,F,BiS,
2 ¢ Pro,F,BiS,
< NdO,.F,BiS,
O ] L ] L ] L |
0 1 2 3

Pressure (GPa)

Figure VII.16: Pressure dependence of 7. for LnOy sF,5BiS; (Ln = La, Ce, Pr, Nd).
The black arrows indicate the critical transition pressures from the low-7,. to high-7.
superconducting phases. Reprinted with permission from Ref. [29]: Enhancement of
superconductivity near the pressure-induced semiconductor-metal transition in the BiS,-
based superconductors LnOg 5Fy 5BiS, (Ln = La, Ce, Pr, Nd), J. Phys.: Condens. Matter
25 (2013) 422201. Copyright (2013) by the IOP Publishing.
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Figure VII.17: Superconducting critical temperature 7, of La;_,Sm,Oq 5F,5BiSs (z
= 0.1-0.8) plotted as a function of pressure and nominal Sm concentration x. Filled
circles in the z-y plane are projections of 7. The data are taken from Ref. [81]. (For
interpretation of the estimated 7. values of SmOy 5F, 5BiS,, the reader is referred to Ref.

[81].)

compounds, the La; _,Sm,Og 5F; 5BiS, system exhibits a reversible pressure-induced
transition from a low-7, (SC1) to a high-7, (SC2) superconducting phase. It has been
shown that the lattice parameter a in the La; _,Sm,Og 5F; 5BiS, compound is significantly
reduced by increasing the Sm concentration x [41]. The results for the SC1 to SC2
phase transition in the La;_,Sm,O 5F, 5BiS; system indicate that optimization of 7,
could be achieved in La;_,Sm,Og 5F, 5BiSs by decreasing the a lattice parameter (high
Sm concentration) in the SC1 phase at ambient pressure or by increasing a (low Sm
concentration) in the SC2 phase under pressure.

Although the chemical composition of the blocking layers in the LnQOg 5F( 5BiS2
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and La; _,Sm,O 5F, 5BiS,; compounds are different, their evolution of 7, with pressure
is similar. As displayed in Fig. VII.18(a), F; increases with decreasing atomic size
of the Ln ion for LnOg 5F, sBiS, (Ln = La, Ce, Pr, Nd) compounds in the same way
that P, increases with increasing Sm concentration for La;_,Sm,O 5F, 5BiSs under
pressure [29, 81]. If we plot AT, for LnOg 5F, 5BiSs and La; _,Sm,Og 5F, 5BiS, as a
function of lattice parameter a, they follow the same linear trend, despite the differences
in the chemical composition of their blocking layer. This suggests the importance of
the in-plane separation between ions in the superconducting BiS; layers and its effect
on superconductivity in the BiSs-based compounds under pressure. However, there is
no clear relationship observed between the c lattice parameter and superconductivity in
these BiS,-based compounds under pressure.

Partial substitution of Ln ions with smaller ions typically results in a reduction of
the a lattice parameter and along with (but not always) a slight increase in the c lattice
parameter; however, it has been reported that both the a and c lattice parameters can
be simultaneously suppressed with the application of hydrostatic pressure [80]. This
has implications for the behavior of superconductivity under external pressure as being
fundamentally different when compared to the behavior of superconductivity in response
to chemical substitution in the BiS,-based compounds. As an example, it was reported
that a structural phase transition from the tetragonal phase to the monoclinic phase
occurs at ~0.7 GPa in LaOg 5F, 5Bi1Ss under pressure, whereas it is known that all BiS»-
based superconductors at ambient pressure exhibit the tetragonal phase, including those

compounds subject to heavy chemical substitution. As another example, the 7, of AG
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Figure VII.18: (a) Evolution of P; as a function of Ln in LnOg ;F; ;BiS,. The inset
in panel (a) shows Sm concentration dependence of P; for La; _,Sm,Og sF; 5BiS,. (b)
AT, vs lattice parameter a of La; _,Sm,Og 5F, 5BiS, and LnO 5F( 5BiS,. Dashed lines
are guides to the eye. AT, and P, values of LnOg 5F; ;BiS, and La; ,Sm,Og 5F; ;BiS,
are taken from Refs. [29] and [81], respectively. The values of the lattice parameter a
for LnOg 5F; 5BiS, and La;_,Sm,Og sF, 5BiS, are obtained from Refs. [74] and [41],
respectively. (For interpretation of the estimated data of SmO, 5F, 5BiS, the reader is
referred to Refs. [41, 81].)
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samples of LaOy 5F; 5BiS, increases with a reduction in the lattice parameter a through a
partial or full replacement of La with heavier (smaller) Ln, whereas further reduction of
the lattice parameter a by increasing external hydrostatic pressure up to 1.5 GPa results
in a gradual decrease in the 7, of Lag2SmgsOg 5Fy5Bi1S, [81]. Rather than adopting
a single lattice parameter determination in explaining the effects of applied pressure
on superconductivity in these BiS;-based compounds, these observations suggest that
there is a complex interplay of various parameters and their effects on superconductivity
under pressure. In addition to the importance of the size of the lattice constant a in
affecting superconductivity, reduction of the lattice constant c also appears to affect the
superconducting state of BiS,-based compounds. By applying uniaxial pressure along
the c-axis in single crystalline PrOg 5Fy 5BiSs, a low-T.. to high-T, phase transition is also
observed at 0.7 GPa, which is significantly lower than the P; of PrOg ;F, ;BiS, under
hydrostatic pressure [82]. Until now, although a large number of compounds in the BiS,
family have been investigated in terms of their transport behavior under pressure, reports
on the evolution of crystal structure with pressure are very limited. To clarify correlations
between the crystal structure of BiS,-based compounds and their superconductivity under
pressure, further experiments involving the use of in-situ x-ray diffraction/absorption
measurements under pressure need to be performed on different BiS,-based samples in

both polycrystal and single crystal form.
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VII.G Se-substituted LnQO, sF, ;BiS,

Most of the research regarding chemical substitution and superconductivity in
the Ln(O,F)BiS, compounds has been devoted to studying the effects of elemental
substitution in the blocking LnO layers. There has been much less effort and only a few
reports regarding the effects on superconductivity that result from modification of the
superconducting BiS, layers. Substitution of Sb for Bi appears to be an ineffective means
for enhancing superconductivity. While LaOg 5F 5BiSs has a T, ~ 3 K, LaOg 5F 5SbS,
does not exhibit superconductivity above 1.7 K [83]. Furthermore, it appears that a small
amount of Sb substitution (10%) in the NdOq 5F, 5sBiS, compound strongly suppresses
superconductivity [84]. Alternatively, it is possible to completely replace S with either
Se or Te in LaOg 5F( 5BiS,; however, only the LaO, 5Fy 5BiSe, compound was found to
exhibit superconductivity with a T, ~ 2.6 K [83]. The Se?~ and S~ ions are chemically
similar; however, the Se?™ ionic radius of 1.98 A is larger than the S?~ jonic radius of
1.84 A (assuming a coordination number of 6) [79]. This distinction may prove useful in
studies on the effects of Se substitution in the LnOy 5F; 5BiS; system from which new
insights and perspectives might be gained regarding the relationship between crystal
structure and superconductivity in the Ln(O,F)BiS, compounds.

The dependence of 7. on the Se concentration, substituted for S in LnOq 5F, 5BiS,,
exhibits complicated behavior when the Ln element changes. For polycrystalline sample
of NdOg 5F( 5Bi(S1_,Se, ) (z < 0.2), it has been reported that, as the Se concentration

is increased, there is a noticeable change in the lattice constant a, but no significant
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change in the lattice constant c; in addition, both 7. and the shielding volume fraction of
NdOg 5F( 5Bi(S1_,Se, ), decrease with increasing Se concentration [84]. These results
are consistent with the previous discussion regarding modification of the LnO blocking
layers in which superconductivity is enhanced as the lattice parameters are reduced.
In the case of LaOg 5F,s;Bi(S1_,Se,)s, T, increases from 2.4 K at z = 0.2 to 3.8 K
at z = 0.5 with a large shielding volume fraction followed by a slight decrease in 7
for z > 0.5 [79, 85]. Synchrotron x-ray diffraction experiments performed on the
LaOg 5Fy5Bi(S;_,Se;)> compound show that Se atoms are more likely to occupy in-
plane S1 sites rather than the out-of-plane S2 sites, resulting in an expansion in both the
a and c axes with increasing Se concentration [79]. This behavior complicates the picture
we have regarding the correlation between the crystal structure and superconductivity in

the BiS,-based compounds.

VILH Concluding remarks

There is already a significant amount of interesting behavior reported on the
effects of chemical substitution in the recently discovered family of BiS,-based com-
pounds; and many of these interesting properties are often not exhibited in the parent
form of these compounds. The LnBiOS, compounds were synthesized and reported as
early as 1995 [86]; however, no superconductivity was found in the LnBiOS, system until
electron doping studies were performed in 2012 [10, 19-21]. Hence, the introduction of
charge carriers (electrons) into the parent compound is regarded to be essential for the

emergence of superconductivity in BiS,-based superconductors [20, 74]. Measurements
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of p(T") under pressure provide supporting evidence that the dramatic enhancement of
superconductivity in various LnOy 5Fy 5BiSs compounds is coincident with an increase
in the charge carrier density [29, 30].

Substitution for ions in either the BiS, superconducting layers or the blocking
LnO layers with ions of different atomic size allows one to tune the lattice parameters
as well as the local lattice structure of the BiS;-based compounds and thereby gener-
ate chemical pressure. An increase in chemical pressure in the superconducting BiS,
layers would result in a shorter Bi-S1 bond distance thereby enhancing the overlap of
the Bi-6p and S-p orbitals; this would allow superconductivity to be tuned without a
dramatic change of charge carrier density. Experimental evidence suggests that both the
contraction along the a axis and the c/a ratio play an essential role in the emergence of
superconductivity in some LnBi(O,F)S; compounds [21, 41, 75, 77, 78]. However, the
clear correlation between lattice contraction and superconductivity does not apply to
all BiS,-based compounds and fails to hold when samples are subjected to hydrostatic
pressure. At present, finding a universal relationship between the crystal structure and
superconductivity in the BiS;-based compounds is still one of the main challenges in
this research area. Recently, Mizuguchi et.al. defined a value of in-plane chemical
pressure as (Rp; + Rg1)/Bi-S1(in-plane), where Rp; is the estimated ionic radius of
Bi%%*, Ry is the estimated average ionic radius of the chalcogen at the S1 site, and the
Bi-S1 bond distance is obtained from the Rietveld refinement of experimental XRD data
[79]. A clear correlation between 7, and the in-plane chemical pressure is observed in

the LnOg.5F0.5BiSQ (Ll’l = Celmedx, Ndl,xSmx) and LaOO.5F0.5Bi(81,xSCI)2 systems;
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however, such a relationship needs to be further confirmed with studies of the effects of
in-plane chemical pressure on other BiS,-based systems. Additional experimental and
theoretical effects are also needed to elucidate the relationship between in-plane chemical
pressure and the resultant enhancement of 7, [79].

At present, the highest reported 7. among the BiS,-based compounds is ~10.7 K
for LaOg 5F 5BiSs under pressure [30, 80]; however, the BSCCO cuprate superconduc-
tors, in which Bi ions are located in the blocking layers of the structures, can have 7,
values higher than 100 K [87-89]. The Ba;_,K,BiO3 family, another system containing
Bi ions, was reported to have T, values as high as ~30 K and the BiO, planes are
regarded to be essential for the superconductivity in the compounds [90, 91]. The speed
at which new members of BiS,-based superconductors are being synthesized and studied
holds promise for the discovery of new superconducting compounds with values of 7,
significantly higher than 11 K. Nevertheless, some challenging but essential problems
regarding the intrinsic behavior of the BiS,-based superconductors remain to be solved.
As the debate over the nature of the pairing mechanism for superconductivity in the
BiS,-based superconductors continues, it is difficult to develop an effective strategy
for enhancing 7. The intrinsic transport and thermal properties, which may shed light
on the nature of the pairing mechanism, need to be established through further studies
on high quality single-crystalline samples. Theoretical calculations, which investigate
electronic structure and related properties of BiS,-based superconductors, should be more
focused on the actual chemical compositions of the compounds. Another interesting but

unclarified issue is the remarkable difference in 7, between the AG and HP annealed
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samples of Ln(O,F)BiS, (Ln = La, Ce, Pr). The similarity in both chemical composition
and crystal structure of the HP annealed samples and their AG counterparts suggests that
the local environment of the crystals may play an essential role in the superconductivity
of these BiS;-based compounds. It is hopeful that 7, values for the family of BiS,-based
superconductors can be further enhanced if the factors responsible for an increase in
T. such as those affected by HP annealing and the application of external pressure are
clarified. Amidst the abundance of physical phenomena thus far observed, at this early
stage of discovery and research there remain unanswered questions and opportunities to

develop a fundamental understanding of superconductivity in the BiS,-based compounds.
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The text and data presented in this chapter are reprints of material that appears in
“Chemical Substitution and High Pressure Effects on Superconductors in the LnOBiS,
(Ln = La-Nd) System,” Y. Fang, C. T. Wolowiec, D. Yazici, and M. B. Maple, Nov.
Supercond. Mater. 1,79 (2015). The dissertation author is the primary investigator and

author of this article.
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Chapter VIII

Evidence for a conducting surface
ground state in high-quality single

crystalline FeSi

VIII.LA Introduction

The transition metal silicides FeSi, MnSi, CoSi, and CrSi, have the B20 crystal
structure, which is the only group in the cubic system without an inversion center. These
compounds exhibit a rich variety of physical phenomena that are of great interest for
fundamental understanding and potential applications. For example, the d-electron
compound FeSi shows a remarkable similarity to f-electron Kondo insulators, and the
electrical resistivity p(1") evolves continuously with decreasing temperature from metallic

behavior (dp/dT" > 0) to semiconducting behavior (dp/dT" < 0) [1-5]. A considerable
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amount of theoretical effort [6—10] has been expended to explain the strong temperature
dependence of the magnetic susceptibility x(7') of FeSi which reaches a maximum value
at around 500 K [1] that is not due to magnetic order [11, 12].

The ground state of FeSi is considered to be non-magnetic; however, experimental
investigations of FeSi at low temperature reveal features that are sample dependent and
are not well understood [5, 13, 14]. The published results are consistent in terms of the
small semiconducting energy gap of 50-60 meV inferred from p(7’) measurements in
the temperature range 70-170 K. However, upon further decrease of the temperature,
the following features in p(7") of FeSi have been reported: Saturation steps [5], a hump
(shoulder) at 70 K [14, 15] or ~ 35 K [16], a moderate increase with decreasing tem-
perature below 40 K [17] or 50 K [18], or a saturation below about 5 K [19]. Moreover,
the values of p below 70 K reported in these references are also very different, indi-
cating strong sample dependence of the electrical transport behavior. It has been well
established in experiments that the electrical properties of semiconductors can be very
sensitive to external dopants [20-24]. To investigate the intrinsic physical properties
of FeSi, we prepared high quality single-crystal samples of FeSi and performed vari-
ous types of measurements over a wide temperature range of 1.8-400 K. Anomalous
electrical transport behavior associated with a change in primary charge carriers and
negative magneto-resistivity at low temperatures were observed in all of the samples. We
also report metallic conducting behavior of FeSi single crystals below ~20 K, yielding
evidence for a conducting surface state, consistent with specific heat, magneto-resistivity,

and magnetization measurements.
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VIII.B Experimental Details

Single-crystalline samples of FeSi were grown in a high-temperature Sn flux
with Fe: Si molar ratio of 1: 1. The quality of the FeSi samples was assessed by
means of single crystal X-ray diffraction at room temperature. A Bruker Apex II X-
ray diffractometer with Mo K,; (A = 0.71073 A) radiation was used to measure the
scattering intensity. The crystal structure was refined with the SHELXTL package [25].
Electrical resistivity, magneto-resistivity, Hall effect, and specific heat measurements
were performed using a Quantum Design Physical Property Measurement System (PPMS)
DynaCool. The magnetization and magnetic susceptibility measurements were carried
out with a Quantum Design Magnetic Property Measurement System (MPMS) [26].

SEM and EDX were taken with a FEI Scios DualBeam FIB/SEM operated at 15 kV.

VIII.C Results and Discussion

The FeSi single crystals grow along the [111] direction in the Sn flux, resulting
in bar-shaped samples. The results of single-crystalline X-ray diffraction measurements
on FeSi are shown in Fig. VIII.1. Consistent with previous studies, stoichiometric FeSi
crystallizes in the cubic chiral structure with space group P2,3 (B20-type) and lattice
parameter a = 4.4860(5) A. No vacancies were observed according to the refinement.
The profile residual Rp is 1.79% with a weighted profile residual Rwp = 4.11%. No
electron density residual was detected, revealing the high quality of the FeSi crystals.

Scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDX)
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(d)

Figure VIII.1: (a) The crystal structure of FeSi (Red: Fe; Blue: Si). (b) Single crystal
X-ray diffraction precession image of the (10!) plane in the reciprocal lattice of FeSi at
300 K. All of the resolved spots correspond to the cubic chiral crystal structure P2,3. (c)
3D Fourier map showing the electron density in 820-FeSi. (d) 2D Fourier map showing
the electron density on Fe and Si along the z-axis.
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Figure VIII.2: (a) Electrical resistivity p vs. temperature 7' for FeSi with the current
flowing along the [111] direction below 200 K. (b) In(p) vs. 1/7". The insets of (a) and (b)
show the resistivity at high temperatures and a picture of the sample with the four-wire

electrical lead configuration, respectively.

164



investigations yielded no evidence of additional elements (see figures S1-S4 in the
supplemental information).

Because of their bar-shape and high quality, the FeSi single crystals are very
suitable for electron transport measurements along the [111] direction. Upon cooling
from 400 K, metallic-like behavior can be observed down to 336 K, below which the
resistivity increases with decreasing temperature, resulting in a minimum in p(7) at T},
= 336 K (see the inset of Fig. VIII.2(a)). Similar features can also be found in other
references with values of 7,,,;, mostly in the range 150-300 K) [5, 27-29]. Decreasing the
temperature further results in a gradual enhancement of semiconducting behavior down
to 152 K, which has been reported to be related to the opening of an energy gap [30-32].

Fig. VIIL.2(b) shows a linear relation of In(p) vs. (1/7") for FeSi in the temperature
range 152 K (71) to 67 K (13), consistent with standard activated behavior with an energy
gap A =57.1 meV; this value of A is comparable to previously reported gap values of
50-60 meV [1, 3, 15, 18]. From 54-30 K, where the relation In(p) vs. 1/7" is also linear,
the value of dIn(p)/d(1/1") corresponds to an energy gap of 35 meV. Below 30 K (73), the
p(T') curve cannot be described by a standard activation model. Further decrease of the
temperature below 19 K results in a crossover from semiconducting to metallic behavior
(1) as shown in Fig. VIII.2(a). As the behavior observed in p(71") below T} is quite
different from that reported for FeSi in other references, we repeated the measurements on
different FeSi single crystals which yielded consistent resistivity values at high temperates.
However, a strong size dependence of the metallic conductivity can be observed at low

temperates as shown in the Fig. VIIL.3; As the average width/thickness (/) of the sample
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Figure VIII.3: Temperature dependence of the resistance (R) for FeSi single crystals
with different size, normalized by the resistance at 120 K (R;50).The symbol W and L
refer to the average width/thickness and effective length of the samples, respectively. The
arrow indicates the increase of the semiconducting to metallic crossover temperature.

is reduced, the low temperature metallic conductivity increases dramatically and the
semiconducting to metallic crossover temperature (indicated by the dashed arrow in
Fig.3) gradually increases. In contrast, the electrical resistivity of the FeSi does not have
a noticeable dependence on L, the effective length of the sample (the distance between
the two voltage leads). As the surface area to volume ratio increases with the thinning of
the samples, the results strongly suggest that the metallic conductivity originates from
the FeSi surface.

In an effort to gain a better understanding of the temperature dependence of
p(T') of FeSi, especially the low temperature metallic behavior, we performed specific

heat C,(T") measurements on the samples down to 1.8 K, the results of which are
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shown in Fig. VIIL.4. It should be mentioned that some of the early reports show
additional features in C,(T") at ~10 K or below 1 K which were attributed to Schottky
like anomalies [5, 19]. However, in this study, no Schottky like features are found in
C,(T). Thus, it is reasonable to describe the specific heat of the samples as the sum
of electronic and lattice contributions at low temperatures; i.e., C), = vT' + BT3. No
anomalies around 75 = 67 K, 75 = 30 K, and 7y = 19 K can be observed, indicating
the absence of any bulk phase transitions in FeSi at these temperatures. The estimated
value of the Debye temperature 6, of 457 K lies within the range 377-515 K previously
reported [5, 33, 34]. On the other hand, the electronic specific heat coefficient v is
estimated to be 0.41 mJ-mol~'-K~2, which is only about 8-30% of previously reported
values [5], suggesting that the samples studied in this work have a lower concentration of
electron donor impurities, as the value of v is proportional to the density of electronic
states at the Fermi level. The metallic-like conduction below 7 exhibited by the FeSi
samples in this work is dramatically different from the semiconducting behavior observed
in other FeSi samples which have higher concentrations of charge carriers. The seemingly
contradictory phenomena suggest that the metallic conduction observed in this study is
unlikely to be a bulk phenomenon, which is also supported by the absence of features
indicative of phase transitions in the C),(T) data.

The temperature dependence of the magnetic susceptibility x(7") for FeSi is shown
in Fig. VIIL.5. Above 100 K, the value of the magnetic susceptibility increases with
increasing temperature, which is similar to the behavior of x(7) for an antiferromagnet

at temperatures below the Néel temperature. In the temperature range 20-100 K, x(7")
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Figure VIIL.4: Specific heat C,(T") of FeSi at low temperatures from 1.8 to 80 K. A plot
of C,/T vs T? below 20 K is shown in the inset. The dashed line in the inset is a fit of

the expression C,/T = v +3T? to the data with the values of 7, 3, and 6 given in the
inset of the figure.

is very small (~0.15 emu-mol~!-T~1), indicating that FeSi has a very weak response to
external magnetic field and a non-magnetic ground state. Below 15 K, x(7") of FeSi has
a Curie-Weiss like upturn with decreasing temperature, which is apparently associated
with magnetic impurities [1, 11]. In this study, however, the magnitude and the onset
temperature of the x(7') upturn is significantly smaller and lower, respectively, than
previously reported values [15, 16, 35], indicating lower magnetic impurity concentration
for the present samples. The knee observed in the M (H) curve at around 2 T indicated
by the arrow in the inset of Fig. VIIL.S is also consistent with a paramagnetic impurity
scenario. Above 2 T, it seems that the magnetic field does not dramatically affect the

magnetization of the samples, which also suggests the absence of magnetic order at low
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Figure VIIL.S: Magnetic susceptibility y vs. temperature 7' for FeSi single crystals. The

corresponding magnetization curve at 3.5 K is shown in the inset. The dashed curve is a
fit of the Langevin function to the M (/) data.

temperatures. The results of the magnetic measurements reveal that the samples are of
high quality and the features observed around 75 and 7 in the p(1") curve are not related
to any bulk magnetic transitions.

In this study, the magnetization of FeSi can be well described by the following
Langevin function:

M = Mglcoth(uH /kgT) — kgT/jH] (VIIL.1)

in which p is the magnetic moment of the impurity clusters and Mg is the saturation
magnetization. The corresponding fitting of M(H) at 3.5 K gives M, = 2.433x10%
pp/mol and p =7.95 pup. If we assume that the magnetic moment per impurity atom is

3up as in pure iron, the concentration of Fe impurity atoms is only about 130 ppm per
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Fe atom, which is comparable to or significantly lower than the impurity concentration
previously estimated for single crystal specimens of FeSi [11, 19, 35]. The fitting results
also show that, on average, only about 2-3 magnetic impurity atoms comprise each
cluster, indicating atomic size magnetic clusters. The estimated value of the Wilson-
Sommerfeld ratio of FeSi is ~2.5, using the base magnetic susceptibility below 100 K
and the electronic specific heat coefficient obtained in this study, which is slightly higher
than the expected value of ~2 for the Kondo model [36].

Figure VIII.6 shows p(I") data for FeSi under external magnetic field. At high
temperatures, the values of p are almost independent of the applied magnetic field;
however, a negative magneto-resistivity (M R), where M R = (pst - por)/por, can be
observed around 70 K, as indicated by the arrow in the inset of Fig. VIIL.5, that becomes
very significant below 30 K; these temperatures are very close to the temperatures 75
=67 K and 75 = 30 K, respectively. It should be mentioned that previous studies of
the M R are not consistent: A negative M R was reported by Paschen et al. below 30 K
and attributed to quantum interference effects [5]; however, a change of sign at around
70 K (close to T3 = 67 K in this study) was reported later below which the MR is
positive [14]. In this study, the negative M R reaches a minimum value at 7). The peak in
the absolute value of the M R in this study is about 20%, which is obviously higher than
the peak in the absolute value of the M R reported in Refs. [S] and [14], revealing the
sample dependence of the M R. While p(T') is very sensitive to the applied field at low
temperatures, the value of 7); seems to be independent of //, which provides additional

evidence that the emergence of metallic conductivity in p(7") around 7T, is very robust

170



1.2

N 42} 2K X
ik £
¢ % c
09 F 1 =< 4.0} -
.-': .-/\‘-.\'\ k5 « perpendicular
F 7 o parallel
- / W 3.8 =N
= /\ 8 4 0 4 8
5 o6 % o HT 3
g 3 | N\
——0T % S -0.052 i
—#—=3 T x
03 F ‘ 6T § -10 - _
===aT =20+ MR = (p31-Py1)/ Py 1
0 2]5 SIO 7I5 100 ]
e T (K)
0 " | 5 1 2000000000,
T (K)

Figure VIIL.6: Electrical resistivity p vs. temperature 7' in magnetic fields up to 9 T. The
applied field is perpendicular to the current. Shown in the upper insetis p vs. H at2 K
with the applied fields perpendicular (blue) and parallel (red) to the current, respectively.
Displayed in the lower inset is the temperature dependence of the magneto-resistance
(M R). The definition of the M R is given in the lower inset.

with respect to the external magnetic field.

The evolution of p as a function of H with H perpendicular and parallel to the
long axis of the FeSi crystal at 2 K is shown in the upper inset of Fig. 6. No noticeable
hysteresis in the H dependence of the resistivity is observed, indicating no detectable
free Fe impurities. The value of p is suppressed with increasing field, but the evolution
of p(H) deviates slightly from a linear relation. The angle between the directions of
the applied field and the current (long axis of the sample) « has a small effect on the
behavior of p(H). This can be qualitatively understood by considering both bulk and

surface electron conduction for FeSi. The negative M IR can be observed at temperature
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Figure VIII.7: Evolution of the Hall coefficient Ry with temperature 7. The Hall
resistivity pg vs. H at 65 and 75 K is shown in the inset.

T, which is far above 7}, suggesting that the negative M R is a bulk phenomenon. If we
assume that the response of the surface contribution to the resistivity to an external field is
positive due to the additional scattering of free electrons by the Lorentz force, increasing
a will increase the effective applied field on the sample surface and thus slightly enhance
the M R.

The main results of the Hall effect measurements at temperatures down to 30 K
are displayed in Fig. VIII.7. Unlike the results of previous reports [5], linear relations of
the Hall resistivity vs. applied external field can be seen up to 9 T over a wide temperature
range above 30 K (see the inset of Fig. VIII.7). At high temperatures, the Hall coefficient
Ry 1s positive and increases slightly with decreasing temperature, indicating that the

dominant charge carriers are holes. However, a change of sign in Ry is observed at ~68
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K, which is very close to 75 = 67 K and to the temperature of the sign change of the M R.
The phenomena observed in the Ry (1), M R(T'), and p(1") measurements are consistent
with one another, indicating the resistivity is dominated by electron conduction and is

sensitive to external field below 15 = 67 K.

VIII.D Concluding Remarks

In summary, the following conclusions can be drawn from this study:

(1) The electron transport behavior of FeSi is very sensitive to sample quality.
The high quality of the single crystal samples used in this study is supported by X-ray
diffraction, dispersive X-ray spectroscopy, specific heat, and magnetization measure-
ments.

(2) In the temperature range 150-67 K, the semiconducting energy gap is 57 meV.
Below 67 K, a much smaller energy gap and a sign change of the magneto-resistance and
Hall coefficient are observed, suggesting a change in dominant charge carriers.

(3) A further decrease of the temperature results in a sharp reversible crossover
from a negative slope to a positive slope of p(7') at ~19 K. Corresponding magnetization
and magneto-resistivity measurements suggest that there is no bulk magnetic order
associated with this slope change in p(7). No feature can be observed in specific
heat measurements. Investigation of the dependence of the electrical resistivity on the
geometrical factor reveals that the metallic conductivity increases dramatically in thinner
samples. These results suggest that the metallic conductivity below 7} is a surface

phenomenon. The possibility that FeSi is a 3D topological insulator should be considered
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for further research.

(4) The fact that T} shows no noticeable change with applied external field up to
9 T and the resistivity below 7} is not strongly dependent on « imply that the metallic
conducting state of FeSi is very robust with respect to external magnetic field.

(5) Since the surface conduction of FeSi is very robust under magnetic field and
is significant only below 19 K, the negative magneto-resistivity of the sample should
be associated with the bulk properties of the samples. The slight increase of M R with

increasing « should be attributed to the surface state of FeSi.
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The text and data presented in this chapter are reprints of material that appears in
“Evidence for a conducting surface ground state in high-quality single crystalline FeSi”
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