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Abstract

The interplay of disorder and superconductivity has been a topic of intense interest for

decades. Several exemplary systems can be found in the literature that demonstrate how

disorder, manifested through doping, vacancies and strain in both two and three dimen-

sions, plays an important role in the pairing mechanism. In the cuprates for example,

it is well understood by now that disorder induced by doping leads to charge puddles

creating an inhomogeneous lattice, and superconductivity is the result of percolation

through filamentary regions surrounded by the puddles.

The newly discovered Bismuth Sulfide superconductors provide a testbed for investi-

gating the effects of disorder on superconductivity in the absence of magnetism. The

superconducting BiS2 planes consist of the same building blocks as in the cuprate and Fe-

based superconductors. Charge carriers are introduced either via doping in the blocking

layers or by introducing vacancies. The pairing mechanism is electron-phonon medi-

ated, possibly of the conventional type but with strong electronic correlations indicated

by electron phonon coupling constant of λ∼0.8. Moreover, they have been theoretically

predicted to have unstable phonon modes, a charge density wave (CDW) instability, and

strong spin orbit coupling.

In this dissertation, the characteristic nature of the lattice distortions, the effects of

atomic inhomogeneities and how they couple to the mechanism of superconductivity

are investigated in the BiS2 class. By combining neutron and high resolution X-ray

diffraction, the structural investigation is carried out on polycrystalline and single crystal

samples of LnO1−xFxBiS2 (Ln = La, Nd and Pr).



While on average, the crystal symmetry is presumed to be tetragonal, our results provide

evidence for charge disproportionation of the Bi ions linked to a locally distorted lattice.

In-plane ferro lattice distortions are evident from the local displacements of sulfur and

bismuth in the basic building blocks giving rise to superlattice reflections. The in-

plane short-range distortions break the 2-fold and 4-fold symmetry operations and create

distinct environments around Bi. The ferro-distortive sulfur displacements occur in

both non-superconducting and superconducting phases with diminished magnitude of

displacements in the latter. In the superconducting phase, the out-of-plane motion of

apical sulfur becomes significant that can act as charge transfer between the donor layers

and superconducting layers. The lattice distortions that arise from these local modes

may trap charge carriers decreasing the number of pairing electrons. Thus, the work

presented in this thesis provides insight into the structural distortions coupled to the

charge fluctuations and carrier transfer in BiS2 superconductors.
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Chapter 1

Introduction

1.1 Introduction

Over a century since the discovery of superconductivity by Kamerlingh Onnes at Leiden

Laboratory in 1911 [1], scientists have been designing new superconducting structures

with the ultimate goal of achieving room temperature superconductivity. Elements,

alloys, intermetalic compounds, organics, perovskites, stacked fullerenes and layered

compositions [2–7] are among the various structures of superconductors. The BiS2 su-

perconductor class that was discovered in 2012 [8] can be included in the layered super-

conductor category. Similarly to the high Tc cuprates containing CuO planes and iron

based superconductors containing Fe-chalcogen/pnictogen planes, this recently found

superconductor class has BiS2 planes as the common building block as its name implies.

The superconducting properties of the BiS2 class can be changed by the type of doping

on the donor layer that stack alternatively with the superconducting layer.

There are two fundamental characteristics of any type of superconductor. 1. Supercon-

ductors can carry a resistance-free electric charge flow below a critical temperature Tc.[1]

1
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2. Screening currents that run across the surface of a superconductor generate an exte-

rior magnetic field opposite to the applied magnetic field and repel it which is called the

Meissner effect[9]. The inherent question is how does the superconductivity occur. The

first definite microscopic explanation to the underlying mechanism of superconductivity

was published by Bardeen, Cooper and Schrieffer in 1957, [10–12] which is known as

the BCS theory. The BCS theory explains superconductivity in terms of bound electron

pairs known as Cooper pairs, forming as a result of the electron-phonon interaction: the

first electron moves through the lattice, attracts the positive ions, and the accumulated

positive charge attracts the second electron making a Cooper pair as depicted in Fig.

1.1. These electron-electron interactions via lattice deformations may extend to 100 to

1000 nm apart, therefore weak and tend to break easily due to thermal fluctuations at

room temperature. Constituting of two spin 1/2 Fermi particles with opposite momen-

tum and opposite spin, the Cooper pair is a spin zero bosonic state. The ground state

energy of this bosonic state is gapped from the energy levels of the unpaired electrons

by the energy needed to break up a Cooper pair. In the energy gap, no eigenenergy

is allowed. Thus the Cooper pairs condensate moves collectively without friction given

no dissipative scattering occurs. The ratio of 2∆/kBT (∆ - superconducting gap at 0

K, kB - Boltzmann constant) or the reduced energy gap resulted by the BCS theory

in the weak coupling regime (coupling constant λ≪1) where the pairing is confined to

a thin shell of energies near the Fermi surface is 3.5.[13] The energy gap ∆T of a su-

perconductor depends on the temperature T, and in the vicinity of critical temperature

the BCS theory yields ∆T=1.74∆[1-T/Tc][6], and the gap, ∆T , exists for temperatures

below Tc and becomes zero at the finite temperature T=Tc. The maximum Tc that can

be achieved in the weak coupling limit is ∼20 K.[6, 14]
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Figure 1.1: The Cooper pair (green oval) formation of electrons (blue circles). The
electron is attracted to the positive charge density (pink glow) created by the first
electron around itself by distorting the lattice.

The BiS2 systems are phononic superconductors [15, 16] with an electron-phonon cou-

pling constant ∼0.8 indicating strong coupling. [17, 18] The experimental results from

magnetic penetration depth, muon spin rotation spectroscopy and angle-resolved pho-

toemission spectroscopy (ARPES) also support conventional BCS superconductivity me-

diated by electron phonon coupling [19–21]. However, scanning tunneling spectroscopy

(STS) measurements show two superconducting gaps exist in NdO1−xFxBiS2. The re-

duced gap value, 2∆/kBT, for the smaller gap is 16.8 in the vicinity of bulk super-

conductivity and deviates significantly from the BCS value. [22, 23]. In addition, the

normal state (i.e the state after the superconductivity is suppressed) being non-metalic

also contributes to this indefiniteness whether BiS2 superconductors can be categorized

as conventional BCS type or not. Furthurmore, theoretical studies using possible spin

and orbital fluctuations in combination with electron correlations show different sig-

natures that may lead to identify the pairing symmetry.[24] However, no experimental

verifications have been reported up to date. Therefore, it is still not conclusive whether
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the superconducting mechanism of BiS2 class is conventional electron-phonon mediated

(BCS) or exotic type as in high Tc superconductors.

There are several families of BiS2 class; Bi6O4S4(SO4)1−x [8], ReO1−xFxBiS2 (Re = La,

Nd, Pr, Ce, and Yb)[25, 26], La1−xMxOBiS2 (M = Ti, Zr, Hf and Th)[27], Sr1−xRExFBiS2

(RE = La, Ce, Nd, Pr and Sm)[28, 29] and Eu based BiS2 compounds[30–32]. Super-

conductivity in Bi6O4S4(SO4)1−x and EuFBiS2 is induced by self-doping into the BiS2

layers via the introduction of defects in the SO4 layer and the mixed valence of Eu2.2+

[30], respectively, which produce electron carriers into the BiS2 superconducting layers.

In La1−xMxOBiS2 and Sr1−xRExFBiS2, superconductivity emerges with electron doping

via rare earth element doping, while in ReO1−xFxBiS2, the focus of this study, super-

conductivity is induced by electron doping via fluorine substitution at the oxygen sites.

LaO1−xFxBiS2 shows a peculiar relation of its crystal structure to superconductivity.

The parent compound shows high crystallinity, and upon doping, superconductivity is

maximized when crystal disorder is induced by high pressure annealing.

The BiS2 class shows that disorder and defects play a key role in superconductivity.

The disorder can be manifested by atomic modes that break site symmetries. It was

theoretically shown that BiS2 superconductors involve rich physics with atomic modes

that foster a charge density wave (CDW) instability upon electron doping and spin-orbit

(SO) interactions with spin polarization. [15, 33] A brief background of (a) disorder (b)

CDW and SO coupling, and (c) structure-property relationship in superconductivity will

be presented in the following paragraphs.

The central role of disorder in BiS2 superconductivity is reminiscent of amorphous super-

conductors. The destruction of long range order in transforming metals to their amor-

phous phase by a process such as quenched condensation (Evaporating the metal in high
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vacuum and condensing the vapor onto a substrate at He-temperature), ion implantation

or liquid quenching, causes clear differences in the superconducting properties.[34, 35] In

most of the cases, the amorphous disorder is found to enhance superconductivity in the

simple metals. For example, the quench condensed amorphous Bi and Ga show a Tc∼6.1

K and 8.4 K, respectively, while their crystalline phases are very poor superconductors

[34, 36]. Amorphous disorder leads to weakening of atomic bond lengths and promotes

softening of the average phonon spectrum. This corresponds to a reduction in phonon

frequency and thereby increases the electron-phonon interaction.[37]

The CDW instability recollects the important role it plays in the high Tc cuprate super-

conductivity. CDWs had been observed directly as periodic incommensurate structures

in superconducting Bi2Sr2CaCu2O8+δ (BSCCO)[38] and as charge-ordered checkerboard

state in Ca2−xNaxCuO2Cl2 [39]. Scanning tunnel microscopy (STM) measurements

show CDWs in Bi2Sr1.4La0.6CuO6+δ [40] with an incommensurate period and CDWwave

vectors Q depend on oxygen doping level. Similarly, nondispersive (energy-independent)

checkerboard CDWs have been observed in Bi2−yPbySr2−zLazCuO6+x [41] with Q sub-

stantially depending on doping. Also, the CDW diffraction patterns are found in both

directions of CuO bonds in the CuO2 plane, and the CDW correlation lengths paral-

lel and perpendicular to the planes in YBa2Cu3Ox (YBCO)[42] where the properties

of these quasi-2D CDW are found to be strongly affected by disorder. Furthermore,

the STM spectra of (Bi1−yPby)2Sr2CuO6+x are identified to be contributed by two

gaps, where the homogeneous one is the superconducting gap and the larger, inhomo-

geneous gap is equivalent to a CDW gap.[43] Also the specific heat measurements on
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Bi2Sr2−xLaxCuO6+δ demonstrated the discontinuity of specific heat at the supercon-

ducting transition may also serve as indirect evidence for a CDW gap, as the disconti-

nuity is much below the corresponding BCS values.[44, 45] Spin orbit (SO) coupling on

the other hand, plays a significant role in superconductivity of the oxide interfaces such

as SrTiO3/LaAlO3. [46] It was shown that the spin orbit coupling arising as a result of

inversion symmetry breaking can be tuned to establish superconductivity between these

oxide interfaces.

In explaining superconducting mechanism, crystal structure plays a crucial role since

superconductivity is a collective phenomenon emerging as a result of different possible

coupling between lattice, electrons, orbitals and spins. [6, 47–49] Therefore, supercon-

ductivity can be changed either by internal or external parameters such as charge doping,

isovalent substitutions and pressure. For example, consider LnFeAsO (Ln=lanthanide),

of which the superconductivity is induced by fluorine doping at oxygen site. Replacing

the Ln site from La to Sm increases Tc from 26 K to 55 K [50] whereas replacing the Ln

site with As to P in LaFeAsO decreases the Tc to 4 K. [51] With an external pressure

of 4 GPa, it was shown that the Tc onset of fluorine doped LnFeAsO increases to 43 K.

[52]

The anion height of LnFeAsO can be changed by different doping and deficiency levels

at Ln site and oxygen site, respectively. With oxygen deficiency level of LnFeAsO1−y

superconductor, the anion height increases more rapidly in the Ln=Nd compounds than

in the Ln=La compounds. [53] This change of anion height is shown to be a good

candidate in tuning the Tc of iron based superconductors. As shown in Fig. 1.2, the

Tc can be optimized by tuning the anion height and it is applicable to most of the Fe-

based superconductors. [54] Coupled to this are the As-Fe-As bond angles which with
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increasing oxygen deficiency, approach a regular FeAs4 tetrahedron in which α and β

are 109.47◦ (α and β are marked in Fig. 1.3). Also upon cooling, it was shown that

the FeAs4-tetrahedra become more regular. The relationship between Tc and FeAs4-

tetrahedral distortion is shown in Fig. 1.3. The tetrahedral distortion is represented by

the As-Fe-As bond angle. The Tc increases as the tetrahedral distortion decreases and

maximizes when the tetrahedron becomes regular. [53]

What is the role of structure in the superconducting mechanism of BiS2 class? In an at-

tempt to address this fundamentally important question, the structure of LnO1−xFxBiS2

(Ln = La, Nd and Pr) was investigated employing neutron and synchrotron x-ray scatter-

ing on polycrystalline and single crystal samples. Dopants cause the lattice to rearrange,

be it in a large scale as in crystal structure or in a small scale as in local structure. The

structural investigations were carried out at different fluorine doping levels as a function

of temperature to investigate the lattice rearrangements and their implications on BiS2

superconductivity.

Figure 1.2: The anion height dependence of Tc in Fe-based superconductors. The
curve peaks at ∼1.38 Å[54]
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Figure 1.3: The Tc vs AsFeAs bond angle for various pnictide superconductors. The
AsFeAs bond angle determines the distortion of the Fe tetrahedron. Formulas of
parent compositions of superconductors are shown in the inset. Crystal structure
parameters of the samples are selected at the maximum Tc of each system. The
vertical dashed line indicates the bond angle of a regular tetrahedron.[53]

1.2 Layout of the Dissertation

The next chapters of the dissertation are organized as follows. In chapter 2, the back-

ground work that have been carried out on BiS2 superconductor class is provided. The

summarized results serve as the foundation to discuss the outcomes in the following

chapters. In chapter 3, an overview to the theoretical background based for the neutron

and synchrotron x-ray diffraction experiments is presented and the experimental meth-

ods used for data collection, data analysis and sample preparation are described. In

chapter 4, the crystal structure of LaO1−xFxBiS2 (x = 0, 0.2, 0.3 and 0.5) is presented

using neutron diffraction experiments on polycrystalline samples. The possible atomic

distortions that explain the difference between the average crystal structure and local

structure as a function of doping and temperature are described. The Debye tempera-

ture of the parent sample and the superconducting x=0.5 sample are also presented. In
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chapter 5, the differences of crystal structure and nature of local lattice distortions upon

replacing La with isovalent Nd are presented using neutron diffraction experiments on

polycrystalline samples. The structural differences are described for two doping levels

of fluorine, non-superconducting x=0.2 and superconducting x=0.4, as a function of

temperature. In Chapter 6, the crystal structure of LnO1−xFxBiS2 (Ln = La, Nd and

Pr) is presented using neutron and synchrotron x-ray experiments on single crystals.

Ferro-distortive type atomic distortions are proved to exist in all the samples that can

account for supperlattice Bragg peak patterns. In chapter 7, the results are summarized

and the final conclusions are presented.



Chapter 2

Background

2.1 Introduction to BiS2 Superconductors

BiS2 superconductors opened a new research field in designing novel superconductors

and innovative functional materials.[26, 55, 56] The first superconductor of the BiS2

class is Bi4O4S3 which was later identified as the derivation of the nominal composition

of Bi6O4S4(SO4)1−x with 50% deficiency of SO4 ions. The phase without defects, x=0

(see Fig. 2.1(a)), is a band insulator. [8, 57]. The SO4 defficiency introduces charge

carriers into the BiS2 superconducting layers. However, the precise control of doping

via defects has been reported to be extremely difficult in this system.[55] The magnetic

susceptibility, resistivity and specific heat measurements of Bi4O4S3 are shown in Fig.

2.2. The large diamagnetic signal in Fig. 2.2(a) indicates the bulk superconducting

states below Tc. Fig. 2.2(b) shows the temperature dependence of electrical resistivity

with the onset of Tc at ∼5 K and the zero-resistivity state below 4.5 K. As shown in

Fig. 2.2(c), the specific heat jump associated with superconducting transition also shows

consistent results for bulk superconductivity occurring at ∼4.5 K.

10
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Figure 2.1: Schematic diagrams of layered crystal structures of BiS2 based
superconductors, (a) LaOBiS2 (b)SrFBiS2 (c) Eu3F4Bi2S4 and (d) Bi6O4S4(SO4).[55]

Figure 2.2: (a) magnetic susceptibility, (b) electrical resistivity and (c) specific heat
measurements for the superconductor Bi4O4S3 as a function of temperature.[58][59]

BiS2 superconductors have the characteristic structure of an alternating stacking of

superconducting BiS2 bi-layers and blocking layers. As shown in Fig. 2.1 (b), (c)

and (d), in LaOBiS2, La2O2 blocking layer can be replaced with Sr2F2 and Eu2F2 to
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make SrFBiS2 and Eu3F4Bi2S4. LaOBiS2 and SrFBiS2 have close lattice constants that

make their physical properties quite similar thus giving the option of carrier doping

and pressure techniques applied in a similar way.[55] The ReO1−xFxBiS2 (La, Nd, Pr

and Ce) is composed of Re2O2 blocking layers and superconductivity is induced by

introducing charge carriers in BiS2 layer by doping oxygen (O2−) site with fluorine

(F−). [25, 26, 60, 61] The parent compositions, ReOBiS2, are either band insulators or

bad metals.[62, 63] Eu3F4Bi2S4 does not need extrinsic doping for superconductivity as

the mixed valence of Eu ions dopes the system with charge carriers.[30–32]

2.2 High pressure-induced superconductivity in BiS2 su-

perconductors

Most of the BiS2 based superconductors including LnO0.5F0.5BiS2 (Ln=La, Nd, Pr and

Ce) and EuFBiS2 show enhanced superconductivity with high pressure annealing during

the synthesis.[55][31] An exception is Bi4O4S3 which shows a suppressed superconduc-

tivity upon high pressure effect.[57] The Fig. 2.3 shows the temperature dependence of

magnetic susceptibility of LaO0.5F0.5BiS2 annealed under ambient conditions and high

pressure conditions using the cubic-anvil synthesis instrument at 2 GPa. Without high

pressure annealing, Tc is 2.7 K as shown in Fig. 2.3(a) which increases to 10.6 K with

high pressure annealing as shown in Fig. 2.3(b) where the larger diamagnetic signal also

shows the increase of shielding volume fraction. Furthermore, it was shown that when

the high pressure annealed samples were subsequently annealed under ambient pressure,

they returned to the initial state with the lower Tc.[64]
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Figure 2.3: The magnetic susceptibility of LaO0.5F0.5BiS2 as a function of
temperature prepared under (a) ambient conditions (AP2) and (b) high pressure, HP.
The high pressured samples are prepared using AP2 process and annealed secondarily
with 2 GPa at 600◦C. [25]

The pressure effect on Tc that was observed in high pressure annealed samples has also

been observed similarly when the samples were measured under applied pressure. The

electrical resistivity measurements of BiS2 superconductors under pressure show that

the superconducting critical temperatures initially increase, reach a maximum value and

then gradually decrease with increasing pressure. [65–68] In comparison, in high pres-

sure annealed samples, Tc rises very slightly with pressure.[55] As shown in Fig. 2.4, the

PrO0.5F0.5BiS2 and NdO0.5F0.5BiS2 show a rapid increase in Tc within a narrow range

of pressure (dTc/dP∼10 K GPa−1) whereas in NdO0.5F0.5BiS2 and CeO0.5F0.5BiS2 the

increase is gradual. All compounds exhibit a semiconducting behavior at low pressure,

that has been indicated by a negative temperature coefficient of resistivity (dρ/dT<0).

It was found that the ρ(T) can be related to the energy gap, ∆, assuming that the

semiconducting behavior originates in the small gap in the band structure. The rela-

tionship is described over distinct temperature regions by ρ(T)∝exp(∆/KBT).[65, 69] In

the normal state (the portion above the Tc(P) curves), the semiconducting behavior in



Chapter 2. Background 14

all compounds is continuously suppressed with increasing pressure that has been man-

ifested by the decrease of the energy gap, ∆, with pressure. The values of the energy

gap are indicated in the false colour legend of Fig. 2.4. The NdO0.5F0.5BiS2 sample

exhibits a fully metallic state indicated by a positive temperature coefficient of resis-

tivity (dρ/dT>0) at ∼2 GPa (where ∆ vanishes), represented by the green region to

the right of the crosshatching in Fig. 2.4(b). The magnitude of the transition pressure

corresponding to the value of Tc at the mid point of low and high Tc phases is linearly

proportional to the atomic number of the rare earth element, Re, as listed in Table 1.

Also the pressure-induced increase of Tc decreases with the increasing atomic number.

Thus, La has the lowest transition pressure value with the highest increase of Tc out of

the Re elements considered.

Figure 2.4: Phase diagrams of (a) PrO0.5F0.5BiS2 (b) NdO0.5F0.5BiS2 (c)
LaO0.5F0.5BiS2 (d) CeO0.5F0.5BiS2 under pressure. The length of the vertical bars
represent the transition width ∆Tc and the bar caps represent the Tc

onset (upper)
and T0 (lower). The color shows the energy gap ∆ in the semiconducting region
where in (b) the green region to the right of the crosshatch corresponds to the
metalization of NdO0.5F0.5BiS2 (∆=0) [65, 66]
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Table 2.1: Tc values for ReO0.5F0.5BiS2 (Re=La, Ce, Pr, Nd). The Tc and pressure
values were obtained from reference [65].

Re
Atomic
number

Low Tc (K) Max Tc (K) Increase in Tc (K)
Transition

pressure (GPa)

La 57 2.9 10.1 7.2 0.56
Ce 58 1.9 6.7 4.8 1.25
Pr 59 3.5 7.6 4.1 1.59
Nd 60 3.9 6.4 2.5 1.91

2.3 Charge density wave instability in BiS2 superconduc-

tors

The electronic states near the Fermi level of BiS2 superconductors are mainly contributed

by Bi 6p and S 3p states. [15, 17] It was found that the density of states at Fermi level

becomes maximum at the half filling x=0.5 in LaO1−xFxBiS2 when the Tc reaches a

maximum. A strong Fermi surface nesting was shown to occur at k=(π, π,0) which

results in a large phonon softening. The nature of the soft phonons depend highly on

the doping, with the most negative energy or the most unstable phonon mode at x=0

occurring at Γ point while at x=0.5 the instability occurring along the entire line (q,q,0)

with the most negative energy phonon at M point as shown in Fig. 2.5.

The most unstable soft phonon at Γ point was shown to lower the symmetry of LaOBiS2

from P4/nmm to P21mn yielding only a slight lower energy in the system. The distortion

involved ferro-electric type movements of sulfur toward the Bi. However, in x=0.5, the

most unstable phonon lowers the energy of the system significantly and a sinusoidal

rearrangement of S and Bi atoms gives rise to a charge density wave (CDW) phase

as shown in Fig. 2.6. Thus the superconductivity of LaO1−xFxBiS2 superconductors

is theoretically shown to occur in the vicinity of lattice instabilities and CDW phases

associated with in-plane displacements of sulfur atoms.
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Figure 2.5: Phonon dispersion curves of LaO1−xFxBiS2 at x=0 and x=0.5. [15]

Figure 2.6: The sinusoidal atomic arrangement (top) and the one dimensional
channels (bottom) of S and Bi atoms in the CDW phase. The pink and yellow spheres
correspond to Bi and S atoms, respectively. [15]

2.4 Hidden spin polarization in BiS2 superconductors

If the crystalline symmetry of a system is sufficiently low, an effective magnetic field

emerges when spin orbit coupling occurs, which consequently leads to spin splitting
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or spin polarization. This phenomenon is known as the Dresselhaus effect in three-

dimensional (3D) solids arising from bulk inversion asymmetry and Rashba effect in 2D

heterostructures arising from 2D structural inversion asymmetry.

LaOBiS2 is a non-magnetic material. Density functional theory calculations showed that

Rashba effect is present in LaOBiS2 leading to spin polarization, even though the system

is non-magnetic and the crystal lattice is nominally centrosymmetric. It was shown that

Rashba effect can occur in even non magnetic materials as LaOBiS2, driven by the lack

of inversion symmetry in the site group of an atom rather than the lack of inversion

symmetry in the crystal symmetry. However, it was shown that the spin polarization in

LaOBiS2 is hidden due to the compensation of their inverted partners in the consecutive

BiS2 layers. [33]

2.5 Theoretically predicted possible symmetry lowering in

BiS2 superconductors

It was theoretically predicted that the symmetry of the BiS2 superconductor class could

be lower than expected due to a phonon instability observed at Γ point and along the

entire line (q,q,0), in LaOBiS2 and LaO0.5F0.5BiS2, respectively, as described in section

2.3. [15, 17] The lattice instability drove the symmetry of the parent sample from

P4/nmm to P21mn. This involved S atomic motion toward Bi atoms along the a axis

(or equivalently along b axis) and the distorted phase broke the inversion symmetry. In

the 50% doped compound, the distortion lowered the symmetry to P2212. The Bi and S

atoms are rearranged giving rise to a sinusoidal distortion. [15] These unstable phonons

are shown in Fig. 2.7.
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Figure 2.7: The unstable phonons of (a) LaOBiS2 and (b) LaO0.5F0.5BiS2. [15]

Another first principles band structure calculation of LaO0.5F0.5BiS2 had been carried

out for tetragonal P4/nmm and monoclinic P21/m symmetries. The monoclinic band

structure is reported to exhibit a significant splitting at the conduction band bottom of

X point which induces a substantial change of the Fermi surface topology. The origin of

the splitting had been shown to arise from strong bilayer coupling induced by symmetry

breaking of the crystal structure. [70]

A theoretical study using structural optimization showed that the parent compound

has P4/nmm symmetry and lowers to P4̄m2 upon F doping. The atomic bond lengths

between Bi and apical sulfur was shown to expand while the bond between Bi and

in-plane sulfur remained unchanged in this transition between the two symmetries. [18]

Total energy and stability calculations carried out on LaOBiS2 showed the possible co-

existence of energetically close polytypes belonging to different symmetries. [71] The

proposed symmetries were noncentrosymmetric P21mn and C2, and centrosymmetric

P21/m of which the coexistence effectively drives the system into P1 symmetry. As

shown in Fig. 2.8, the P4/nmm exists as an intermediate state in the transition be-

tween P21mn and P21/m, with no significant energy difference between the latter two

symmetries, thus making it possible for either phases or a mixture of these phases to

exist. However, it was shown that when La is substituted with lighter elements or S is
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substituted with heavier elements, these polytypes do not exist. In this case, the sym-

metry was shown to be undistorted from its nominal symmetry P4/nmm. Furthermore,

these calculations showed that the distortions of polytypes can be suppressed by pres-

sure to regain the P4/nmm symmetry at a pressure higher than 2.5 GPa. [71] However

several experimental studies showed that, with increasing pressure, a phase transition

occurs from P4/nmm tetragonal structure to P21/m monoclinic structure, implying a

contrary effect. [72–76]

Figure 2.8: Total energy during transformations to final all parameters relaxed
polytypes T∗

1 and T∗
2. The red arrows show the direction of atomic displacement.[71]
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2.6 Suggested superconducting mechanisms for BiS2 su-

perconductors

A consensus on superconducting mechanisms of BiS2 superconductor class is not reached

yet. The diversity in the phenomenology of these materials drove theoretical studies to

probe the possibility of conventional as well as unconventional pairing. Among the sug-

gested mechanisms are soft to strong phononic, electronic, spin-orbit coupling mediated

and spin-fluctuation mediated pairing.

2.6.1 Possible conventional pairing

Electron-phonon coupling calculations had been carried out on LaO1−xFxBiS2 supercon-

ductor using frozen phonon method. The large total electron phonon coupling constant,

λ∼0.8 [15, 17, 18] is strong enough to support the experimentally observed Tc. This

indicated phonon mediated superconductivity in these systems. The estimation of con-

tributions to the large electron phonon coupling indicated 90% comes from in-plane Bi

and S phonons while the remaining 10% comes from phonons along c-axis. The higher

energy bands corresponded to pure S oscillations while lower energy bands corresponded

to coupled Bi and S motion. Either O/F or La had not shown any significant contribution

to electron-phonon coupling.[15] Both theoretical and experimental band structure com-

parisons confirm the strong electron-phonon coupling in LaO1−xFxBiS2 with or without

spin orbit coupling.[17] However, a very recent study on electron-phonon mechanism

of this system declared that the electron-phonon coupling strength calculated with an

improved density of states method, is much lower than previously calculated value, and
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therefore, conventional phonon-mediated pairing cannot explain the high superconduct-

ing transition temperatures observed.[77]

Magnetic penetration depth measurement carried out using the tunnel diode oscillator

technique showed that Bi4O4S3 is a conventional s-wave type superconductor with a fully

developed gap, hence with strong coupling. They show that the superfluid density which

is directly related to magnetic penetration depth, when plotted as a function of T/Tc,

follows the single s-wave equation with a gap ratio of 7.18 which is approximately double

the value of weak coupling BCS value of 3.5.[19] Muon-spin spectroscopy measurements

that can track the evolution of superfluid density with temperature also confirms a fully

gapped BCS superconductivity in LaO0.5F0.5BiS2 with a gap ratio of 3.4.[20] High reso-

lution angle-resolved photoemission spectroscopy carried out on NdO0.5F0.5BiS2 shows

that two electronlike bands exist around the X point, forming two small rectangle-

shaped pockets at the Fermi energy which were found to be much smaller compared

to the pockets yielded by band calculations based on the nominal composition. This

was attributed to a possible bismuth deficiency. The small Fermi pocket size along with

the weak electron-phonon coupling indicated by the energy band renormalization factor,

suggested that the superconductivity in this system is conventional BCS type.[21]

2.6.2 Possible unconventional pairing

With a majority of studies on BiS2 superconductivity supporting conventional electron-

phonon mediated mechanism, still there exist indications that the pairing probably be

unconventional. In NdO1−xFxBiS2, as shown in Fig. 2.9, the superconductivity is

easily destroyed (above 0.6 T) when magnetic field H is applied parallel to c axis while

superconductivity is quite strong (retaining even beyond 9 T) when H is applied parallel
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to ab plane which gives rise to a large superconducting anisotropy γ∼30-40 [23, 78].

γ=Hab
c2/H

c
c2 where Hc2 is the upper critical field defined as the value of magnetic

field when superconductivity is completely destroyed. An anisotropy of this magnitude

is only comparable to that of high Tc Bi-based cuprates such as Bi2Sr2CaCu2O8+δ

and Bi2Sr2Ca2Cu3O10.[37, 79] The conventional superconductor, MgB2 only shows a

magnetic anisotropy of 1.7-3.[80]

Figure 2.9: The resistivity of NdO1−xFxBiS2 as a function of temperature under
different magnetic fields. (a) H∥c and (b) H∥ab [23]

In the case of conventional electron phonon mediated pairing, when the transition tem-

perature of the metalic state to the superconducting state is approached, the number of

electron pairs formed are fluctuated in a very narrow temperature range by an amount of

∼0.1Tc. [81, 82] However, in NdO1−xFxBiS2, the superconductivity fluctuation extends

up to 20 K with the bulk superconductivity emerging ∼5 K as shown in Fig. 2.10. This

indicates a large deviation from the formation of conventional superconductivity.[23] A

muon-spin spectroscopy study showed a double superconducting gap feature in Bi4O4S3

with reduced superconducting gap values of 5.92 and 0.86.[83] Similarly, scanning tun-

neling spectroscopy showed two gap values in NdO1−xFxBiS2 of which the smaller gap
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corresponds to the bulk superconductivity and its reduced gap ratio is evaluated as 16.8

with the Tc=4.83. [23] However, if the reduced gap ratio corresponding to the smaller

gap was evaluated at 20 K up to which the superconductivity fluctuates, it yields a value

of 4.06 which does not deviate much from the BCS value. It was suggested that, if this

latter pairing at high temperature is correct, it resembles the pseudogap feature shown

by some of the cuprate superconductors which may be induced by CDW order[41], or the

local paring governed by the valence fluctuation effect of Bi ionic state.[84, 85] However,

no evidence has been found for this type of pairing in BiS2 class.

Figure 2.10: The resistivity of NdO0.5F0.5BiS2 as a function of temperature at zero
field. The inset shows the superconducting fluctuation up to 20 K and bulk
superconductivity at 5 K. [23]

When the bulk superconductivity is suppressed in BiS2 superconductors, a semiconduct-

ing state emerges above Tc.[23] However, according to BCS theory, the normal state after

the superconductivity is suppressed by an external magnetic field is metalic. For exam-

ple, the conventional superconductor, MgB2 is a metal in its normal state as shown
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by electron transport measurements.[86] Therefore, considering these results of previous

work, the BiS2 class remains more as a new type of conventional superconductors that

need further investigation.

2.7 Suggested possible pairing symmetries

Several possible pairing states had been suggested while their existence still need to be

justified experimentally. Focusing only on the bands that intersect the Fermi level, a

two-orbital tight binding model consisting Px and Py orbitals of Bi had been obtained for

LaOBiS2. The existence of good Fermi-surface nesting and quasi-one-dimensional nature

of bands were shown which gives rise to several possibilities for the superconducting state.

The most relevant bands to superconductivity being of 6p character in this model, gives

a wide spread of orbitals indicating that the electron-electron interactions may not be

strong and the electron-phonon interactions may play the main role. The electron-

phonon interactions along with the good Fermi surface nesting are proposed to give

an enhanced attractive pairing interaction around the nesting vectors giving rise to s-

wave pairing as shown in Fig. 2.11 (a). However, in the case of short-ranged repulsive

interaction, the spin-fluctuation-mediated pairing shows to a sign reversing s-wave gap

at larger doping and a d-wave gap at lower doping as shown in Fig. 2.11 (b) and

(c), respectively. Another random phase approximation (RPA) study based on the two

orbital model proposed above, links the dominant superconducting gap functions to spin

fluctuations, which originate in Fermi surface nesting and are enhanced by electronic

interactions. Two symmetries of pairing functions were shown to compete, essentially

with same pairing strength. [24] A similar study showed that the superconducting
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pairing are resulted from strong spin-orbital coupling and the ferromagneticlike spin

fluctuations. [87]

Figure 2.11: The Fermi surface of the two orbital model. (a) Sign conserving s wave
for attractive pairing interactions such as mediated by phonons or charge fluctuations,
(b) sign reversing s wave, and (c) d wave superconducting gaps obtained for repulsive
pairing interactions mediated by spin fluctuations. [88]

Different spin signatures are found theoretically by another RPA study for d -wave,

extended s-wave and p-wave as shown in Fig. 2.12, which can be used for probing the

mechanism of BiS2 superconductors experimentally. [89] For d wave symmetry, as seen

from Fig. 2.12(a), the spin fluctuation around (π,π) is significantly stronger than that

of around (0, 0) point. For the s-wave pairing symmetry, the spin excitation around (0,

0) enhances while the spin excitation around (π,π) is still considerably strong as shown

in Fig. 2.12(b). For the triplet pairing symmetry, the transverse spin excitation (χ+−)

is reported to be stronger than the longitude one (χzz) which make the features of χ+−

experimentally detectable. [89]

Based on the assumptions that electron-electron correlation is important so that the

pairing is rather short range and the short range pairing stems from short antiferromag-

netic exchange couplings, the extended s-wave pairing symmetry had been shown to favor

over d-wave.[90] The extended s-wave pairing is suggested to be tested by measuring the

gap distributions at different Fermi surfaces. It was also found that the pairing strength
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Figure 2.12: The intensity plots for imaginary parts of the spin susceptibility, Im
χ(q,ω)=0.075 for (a) d -wave, (b) extended s-wave, (c) p-wave χ+− and (d) p-wave
χzz. [89]

is peaked around the doping level x = 0.5, which is also consistent with experimental

observations. [25]
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Neutron and Synchrotron X-ray

Scattering

3.1 Introduction to Neutron Scattering

Neutron scattering was employed as a tool to investigate structure of matter soon after

its discovery in 1932 by James Chadwick [91], and at present, several neutron sources

with specialized instruments around the world serve as giant microscopes to look into

materials of a wide range such as bulk materials, thin films, multilayers and surfaces.

At reactor sources, neutrons are produced by fission of large unstable isotopes such as

Uranium-235. The ejected high speed neutrons are then moderated/thermalized using

moderators such as water, liquid hydrogen or methane to adopt a Maxwellian distri-

bution of velocities. At spallation sources, neutrons are produced by bombardment of

highly accelerated, intensed proton beam pulses onto a target as liquid Hg, Pb or W.

A cartoon illustrating the two processes is shown in Fig. 3.1. At spallation sources,

the resultant neutron beam is also pulsed unlike the continuous beam at reactors, which

make them well suited for time of flight instruments. Excessive collisions during the

27
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moderation process might broaden the pulse of neutrons directed to instruments. Lim-

itations are imposed on the size of moderators to avoid this which result in a residual

of epithermal (>100 meV) neutrons. Therefore, the fission and spallation sources con-

tain an overlap in temperature of neutrons produced, however, have differences in flux

spectrum.

Figure 3.1: A cartoon illustrating how neutrons are produced by fission at reactor
sources and by spallation at spallation sources.

With the fundamental properties of neutrons (shown in Table 3.1), the usefulness of

neutrons in thermal range (∼0.025 eV) is immense in investigating properties of matter.

To look into the arrangement of atoms in a solid or a liquid, a scattering medium is

needed in the range of inter atomic distances. Thermal neutrons having a de Broglie

wavelength in the order of ∼10−10 m, can serve this purpose. Also, the energy of thermal

neutrons are in the order of excitations related to dynamical processes in matter, thus

interaction of neutron with matter results in a significant change of energy in neutron,

providing accurate measurements. Having zero net charge, neutrons have the ability to
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deeply penetrate into matter irrespective of the form of electron cloud and interfere with

nuclei directly. The interaction between the neutron and the nucleus of an atom is known

to be very short range (∼ 10−13) which is much less than the neutron wavelength. Thus

the interaction is considered as point like. Therefore, it is an excellent tool to look into

the bulk properties of the materials and convenient for experiments that need penetration

of different sample environments such as cryostats and magnets. Furthermore, neutrons

are able to detect the light atoms such as hydrogen or oxygen which are transparent

to x-rays and also recognize different isotopes. The neutron has a non-zero magnetic

moment, therefore can interact with unpaired electrons of the samples via dipole-dipole

interactions. Thus it provides information of the spin arrangement and the unpaired

electron density distribution.

Table 3.1: Fundamental properties of neutron [92]

Mass (m) 1.675x10−27 kg
Charge 0
Spin 1

2
Magnetic Dipole Moment (µn) -1.913 µN

3.2 Neutron Scattering Theory

3.2.1 Scattering geometry

The conservation laws of momentum and energy applied to collisions are applicable for

neutron scattering by matter as well.

Q⃗ = k⃗i − k⃗f (3.1)

~ω = Ei − Ef (3.2)
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Q⃗ and ~ω refer to the momentum transfer and energy transfer of the neutron respectively.

k⃗ is the wave vector of which the magnitude is determined by k=2π/λ where λ is the

neutron wavelength typiacally between 1 Å and 10 Å. The scattering triangle is shown in

Fig. 3.2. It depicts the magnitude and direction of Q determined by the wave vectors of

incident neutrons and scattered neutrons indicated with subscripts i and f , respectively.

Figure 3.2: The scattering triangle with the incident wave vector k⃗i, scattered wave
vector k⃗f and transfered wave vector Q⃗=k⃗i -⃗kf .

The energy and momentum are related by the following equation where m is the mass

of the neutron and ~ is the reduced Planck constant.

E = ~2k2/2m (3.3)

In elastic neutron scattering, magnitudes of the initial and final wave vectors are equal.

Therefore, no energy is transfered to the crystal from the neutron. The momentum

transfer can be written as a function of scattering angle, θ, and neutron wavelength, λ
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as follows.

Q = 4πsin(θ)/λ (3.4)

When the neutrons are scattered by nuclei, the collisions will not necessarily be elastic.

The neutron can lose or gain energy during the scattering process making the magnitudes

of initial and final wave vectors different. If the magnitude of the wave vector of the

scattered neutron decreases, neutron loses energy, or, if it increases, neutron gains energy.

3.2.2 Nuclear scattering cross-section

In a neutron scattering experiment, the sample is hit with a beam of neutrons and the

intensity of neutrons scattered by the sample is measured. This measured intensity is

often referred to as the partial differential cross-section, d2σ
dΩdE , and it is defined as the

rate of scattered neutrons into a solid angle of dΩ in the direction of scattered wave

vector k⃗f with energy range between E and dE, normalized by the flux of beam ϕ, as

given by Eq. 3.5.

d2σ

dΩdE
=

number of neutrons scattered per second into dΩ & dE

ϕdΩdE
(3.5)

This measured quantity is formulated into an expression for an ensemble of nuclei by

Van Hove in 1954 [92, 93] and showed that this quantity can be expressed with time-

dependent correlations between the positions of pairs of atoms in the sample as shown

in Eq. 3.6.
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d2σ

dΩdE
=

1

h

kf
ki

∑
ll′

blbl′

∞∫
−∞

dt
⟨
e−iQ⃗.r⃗l(0)eiQ⃗.r⃗l′ (t)

⟩
e−i(E/~)t (3.6)

where the nucleus labeled as l is at position rl at time zero, while the nucleus labeled

l′ is at position r′l at time t. bl refers to the scattering length of the nucleus labeled l.

The angular brackets indicate the thermodynamic average over the initial states of the

sample.

Scattering length is different for isotopes of the same element. Even for the same isotope,

scattering length depends on the relative orientation of the neutron and nuclear spin.

The sum in Eq. 3.6 can be averaged over the initial spin states and the partial differential

cross section can be written in terms of the the average value of scattering length b̄, and

the average value of square of the scattering length b̄2 as in Eq. 3.7.

d2σ

dΩdE
= N

kf
ki

b̄2S(Q⃗, ω) +N
kf
ki

(b̄2 − b̄2)S(Q⃗, ω) (3.7)

where

S(Q⃗, ω) =
1

2π~N
∑
ll′

∞∫
−∞

dt
⟨
e−iQ⃗.r⃗l(0)eiQ⃗.r⃗l′ (t)

⟩
e−iωt (3.8)

where N is the total number of nuclei in the sample. S(Q⃗, ω) is the scattering function

which depends on the momentum transfer Q and energy transfer ~ω which contains

information about the microscopic properties of the sample.
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The first term in Eq. 3.7 corresponds to coherent scattering while second term corre-

sponds to the incoherent scattering. σcoh = 4πb̄2 is called the coherent scattering cross

section which provides information on atom l and l′ at time t=0 and t, therefore, elas-

tic coherent scattering gives information about equilibrium structure (Bragg scattering)

and inelastic coherent scattering gives information about collective motions of atoms

and their spins such as phonons and magnons.

In comparison, incoherent scattering provides information on atom l at time t=0 and t, in

which neutrons are independently scattered from each nuclei and there is no interference

between the scattering from different nuclei. σinc = 4π(b̄2 − b̄2) is called the incoherent

scattering cross section. Incoherent elastic scattering only contributes to the background

which is same in all the directions in Q space.

3.2.3 Bragg diffraction

Diffraction involves elastic coherent scattering. When neutrons hit an ordered periodic

arrangement of nuclei, the neutrons scatter from each nucleus with a definite phase

relationship. Constructive interference occurs when the scattering waves from adjacent

lattice planes have the same phase which happens when the path difference between the

waves is equal to an integer multiple of the wavelength. This is known as the Bragg’s

Law, 2dsin(θ) = nλ, where d is the distance between two scattering planes.

Ideally, in elastic coherent scattering, the energy and momentum of the incident and

scattered neutrons are conserved. Therefore, |⃗ki| =|⃗kf | and the coherent scattering term
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of equation 3.7 can be written as following.

d2σ

dΩdE
=

1

2π~
b̄2

∑
ll′

∞∫
−∞

dt
⟨
e−iQ⃗.r⃗l(0)eiQ⃗.r⃗l′ (t)

⟩
e−i(ω)t (3.9)

For a rigid Bravais lattice with a single element where the atoms are stationary, by

taking the time average, the Eq. 3.9 can be written as,

d2σ

dΩdE
= b̄2δ(~ω)N

(2π)3

v0

∑
τ⃗

δ(Q⃗− τ⃗) (3.10)

where v0 is the unit cell volume, τ⃗ is the reciprocal lattice vector and N is the number

of nuclei in the sample.

The elastic coherent scattering cross section is obtained by integrating with respect to

energy.

dσ

dΩ
= b̄2N

(2π)3

v0

∑
τ⃗

δ(Q⃗− τ⃗) (3.11)

However, the atoms will not be stationary and oscillate around the equilibrium position,

therefore, when taking the thermal averages, there will be some reduction in the intensity.

This factor is known as Debye-Waller factor. It acts as a multiplying factor for each term

in the expression of scattering cross section. Consider a lattice with more than one kind

of atom per unit cell, where each has a different scattering cross section. Considering

the Debye-Waller factor, coherent scattering cross section can be written as,
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(
dσ

dΩ

)
= N

(2π)3

v0

∑
τ⃗

δ(Q⃗− τ⃗)|FN (τ⃗)|2 (3.12)

FN (τ⃗) =
∑
j

b̄je
iτ⃗ .r⃗je−Wj (3.13)

where FN (τ⃗) is the nuclear structure factor. r⃗j refers to the equilibrium position and

e−Wj is the Debye-Waller factor containing thermal displacement information of jth

atom. The scattering occurs when Q⃗ = k⃗i − k⃗f = τ⃗ , and follows Eq. 3.4, which is the

equivalent form of Bragg’s law. In a diffraction experiment, the observed intensities of

each Bragg peak position is proportional to the square of the structure factor convoluted

by instrumental resolution function which are then analyzed to obtain the structural

information of the system.

3.3 Pair Distribution Function

The pair distribution function (PDF) describes the probability distribution of finding

inter-atomic correlations separated by a distance r in real space. Unlike in the Bragg

diffraction which assumes periodicity of unit cell and gives the information of the atoms

in one unit cell, the PDF takes both Bragg and diffuse scattering into account and yields

the structure beyond the unit cell size.

The expression for the scattering function given by Eq. 3.8 can be written in terms of

time dependent microscopic particle density operator ρ(r⃗, t) [94],
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S(Q⃗, ω) =
1

2π~N

∞∫
−∞

dt e−iωt

∫
dr⃗ dr⃗′ e−iQ⃗.r⃗

⟨
ρ(r⃗′ − r⃗)ρ(r⃗′, t)

⟩
(3.14)

and,

ρ(r⃗, t) =
∑
l

δ{r⃗ − r⃗l(t)} (3.15)

where r⃗l(t) is the time dependent position of the lth scattering nucleus.

The pair distribution function, G(r⃗, t) can be written with particle density operator,

G(r⃗, t) =
1

N

∫
dr⃗′

⟨
ρ(r⃗′ − r⃗, 0)ρ(r⃗′, t)

⟩
(3.16)

with

∫
dr⃗′G(r⃗, t) = N (3.17)

where N is the total number of scattering nuclei.

Therefore,

S(Q⃗, ω) =
1

2π~

∞∫
−∞

dt e−iωt

∫
dr⃗ e−iQ⃗.r⃗G(r⃗, t) (3.18)
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The pair distribution function, G(r⃗, t), is the spatial and temporal Fourier transforma-

tion of the total structure function S(Q⃗, ω) [93, 94].

The sample scattering amplitude ψ(Q⃗) relating to the real-space atomic density function

ρ(r⃗) is defined as,

ψ(Q⃗) =

∫
drρ(r⃗)e−iQ⃗r⃗ (3.19)

Total scattering structure function S(Q⃗) is proportional to the sample scattering ampli-

tude squared and can be written as[95],

S(Q⃗) =
1

N
|ψ(Q⃗)|2 = 1

N

∫ ∫
dr⃗ dr⃗′ ρ(r⃗)ρ(r⃗′)eiQ⃗(r⃗−r⃗′) (3.20)

Eq. 3.20 can be also obtained by carrying out the energy integration of Eq. 3.14.

Taking the Fourier transformation of S(Q⃗)[95],

ρ(R⃗) = 1
(2π)3

∫
S(Q⃗)eiQ⃗.R⃗dQ⃗ (3.21)

ρ(R⃗) = ρ0g(R⃗) (3.22)

where ρ0 is atomic density and g(R⃗) is the probability of finding a bond length at R⃗.
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For isotropic amorphous materials, or powders, S(Q) is isotropic, and angular variables

can be integrated out as below.

ρ(R⃗) =
1

(2π)3

∫
S(Q)eiQRcosθQ2dcosθ dϕ dQ

=
1

4π2

∞∫
0

1∫
−1

S(Q)eiQRcosθQ2dcosθ dQ

ρ0g(R⃗) =
1

2π2

∞∫
0

S(Q)
sin(QR)

QR
Q2dQ (3.23)

Due to the practical limitations, an infinite Q is not reached and the integral is termi-

nated at a finite Qmax. S(Q) approaches unity when Q is very large. Thus, with finite

Qmax as the upper integration limit of Eq. 3.23, ρ(R⃗) oscillates largely as a function

of Qmax[95]. To avoid this problem one can subtract the contribution from the average

continuum which is customarily done by subtracting unity from S(Q) and g(R) which

makes [S(Q) − 1] −→ 0 at a large enough value of Qmax.[95] A Qmax >30 Å [96] is of-

ten considered sufficient to minimize these termination errors. Therefore, the standard

expression is obtained as,

ρ0(g(R)− 1) = (
1

2π2R
)

∫
[S(Q)− 1]sin(QR)Q dQ (3.24)

and the pair distribution function, G(R), can be written in terms of pair density function

ρ(R) as,

G(R) = 4πR[ρ(R)− ρ0] (3.25)
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Thus, G(R), can be defined as [97, 98],

G(R) = (
2

π
)

Qmax∫
Q=0

[S(Q)− 1]sin(QR)Q dQ (3.26)

The integrated area under the PDF peaks between two distances, r1 and r2, corresponds

to the coordination number of atoms in the specified range of real space. If a particular

peak corresponds to more than one type of atom, this quantity has to be weighted

according to below equation.

Nij =

4π ⟨b⟩2
r2∫
r1

r2ρ(r)dr

2Cibibj
(3.27)

where ⟨b⟩ is the average scattering length of the sample, Ci is the chemical concentration

of the central atom i; bi and bj are the scattering lengths of atom i and j respectively.

Nij is the number of pairs of atoms ij defined by r1 and r2.

The correlated Debye model [99, 100] can be used to find the Debye temperature, θD,

from the extracted full width half maximum (FWHM), σij , of the first PDF peak.

σ2ij =
6~

MωD
[
1

4
+ (

T

θD
)2Φ1]−

6~
MωD

[
1− cos(kDrij)

2(kDrij)2

+(
T

θD
)2
∫ θD

T

0

sin(
kDrijTx

θD
)/

kDrijT
θD

ex − 1
dx] (3.28)

σij in equation 3.28 is the FWHM of the PDF peak corresponding to the bond length

between ith and jth atoms. The Debye wave vector is defined as kD = (6π2N/V )
1
3

where N/V is the number density, the Debye cutoff frequency ωD = kBθD/~ where kB
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is the Boltzmann constant and Φn =
∫ θD

T
0 xn(ex − 1)−1dx, where x is a dimensionless

integration variable. The Debye temperature corresponds to the highest normal mode

of vibration. A lower Debye temperature indicates a softer lattice.

3.4 Synchrotron X-ray scattering

A charged particle emits radiation when accelerating or decelerating. The synchrotron

sources are based on this principle; radiation energy is emitted when the electrons are

forced to change direction, and when the electrons are accelerated to high enough ener-

gies, the radiation of x-ray range is emitted. Synchrotron rings accelerate the electrons

into energies as high as ∼7 GeV [101] and the accelerated particles are bended and

guided by magnets through an orbital path so that the direction is changed periodically.

The emitted x-rays are guided to beamlines (instruments) which are designed to carry

out different types of research.

Having a wavelength in the order of inter-atomic separations, x-rays serve as a useful

probe in investigating structure of matter. Unlike the neutrons, x-rays interact primarily

with the electron cloud surrounding atoms, therefore, the form factors are dependent

on the atomic number. Hence, the light elements such as hydrogen and oxygen become

transparent to x-rays. In addition, the x-ray wavelength is same as the spacial extent

of the electron cloud, therefore, unlike the neutron the structure factor, the x-ray form

factor is dependent on the momentum transfer, Q⃗ and falls off with increasing Q. There-

fore, the neutron scattering length in Eq. 3.12 is replaced by the x-ray form factor of
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jth atom, fj , as shown in Eq. 3.29.

FN (τ⃗) =
∑
j

fje
iτ⃗ .r⃗je−Wj (3.29)

where fj =
∫
ρj(r⃗j)e

−2πiQ⃗.r⃗jdv. ρj(r⃗j) is the density of the electron cloud at a point

determined by r⃗j whose origin is at the center of the jth atom. v is the volume of the

atom. [102]

Due to the primary difference of scattering method, an x-ray diffraction pattern and a

neutron diffraction pattern of the same composition look different. Therefore, if data is

available, simultaneous refinement of a structural model using both x-rays and neutrons,

will give a unique structure.

3.5 Neutron scattering instruments

A wide range of neutron scattering instruments are available to study materials with

varying interests. In this section, three mainly used techniques will be briefly discussed;

neutron powder diffractometer, time of flight Laue diffractometer and four circle diffrac-

tometer.

3.5.1 Neutron powder diffractometer (NPD)

Neutron powder diffractometers have been widely used in both reactor sources and

pulsed neutron sources to investigate crystal and magnetic structures under different

sample environments as temperature, pressure, and magnetic field, and used in a variety

of fields such as crystallography, mineralogy, geochemistry, solid-state physics, chemistry
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and material science. In neutron powder diffractometers at a reactor source, a single

neutron wavelength is selected by a monochromater and the beam is directed to irradiate

the powder samples. The scattered neutrons are counted by the detectors and recorded

as a function of scattering angle, 2θ. The neutron powder diffraction data consist of

Bragg peak pattern which are scattering from lattice planes with different d-spacing.

Fig. 3.3 shows the layout of a neutron powder diffractometer, D1B, which covers an

angular range of 0.8◦ to 128.8◦ with position sensitive detectors.

Figure 3.3: The layout of the neutron powder diffractometer, D1B.[103]

Powder diffractometers at neutron pulse sources use time of flight (ToF) technique. In

Time of Flight technique, as the name implies, the energy or wavelength is measured

as a function of time of flight. A white neutron beam hits the sample, scattered and

detected by banks of detectors fixed at specific angles as shown in Fig. 3.4. The neutron

flight path distance is known and the start time, and the arrival time at the detector of

the each neutron is also recorded, therefore, the velocity of neutrons can be calculated.
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The sample position is kept fixed. This is one of the most efficient ways to use neutrons

as there is no neutron loss due to the use of wide range of wavelengths, λ, and having

access to large volume of reciprocal space between 1/λmin and 1/λmax simultaneously

in a single measurement. In a powder diffractometer using time of flight technique,

diffraction pattern is similar to what is obtained from a diffractometer at a reactor

source. The difference is that the number of scattered neutrons are recorded as a function

of time of flight instead of scattering angle 2θ. Fig. 3.5 shows the schematic diagram

of the Nanoscale Ordered Materials Diffractometer (NOMAD) located at Oak Ridge

National Laboratory which is a high-flux, medium-resolution diffractometer that uses

time of flight technique. In this diffractometer, a large bandwidth of neutron energies

and a wide detector coverage is used to obtain diffraction pattern up to a very large

momentum transfer range which enables to perform structural determination of local

order in crystalline and amorphous materials.

Figure 3.4: The principle of time of flight technique.[104]
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Figure 3.5: Schematic diagram of Nanoscale-Ordered Materials Diffractometer

3.5.2 Time of flight Laue diffractometer

When the time of flight method using a white neutron beam is implemented with an area

detector, it is called ToFLD (time of flight Laue diffraction). It enables measurement of

large volumes of reciprocal space in a single measurement with a single crystal sample.

A group of reflections is measured at a single time using one 2D detector. Combining the

different sets of data obtained from each detector, a large volume of reciprocal space can

be investigated. Topaz, as shown in Fig. 3.6 is a high resolution Laue neutron single-

crystal diffractometer located at Oak Ridge National Laboratory that can be used to

study sub-millimeter size crystals (0.1-4 mm) and capable of measuring a 3D volume of

reciprocal space during each pulse. It has 20-160◦ 2θ coverage in scattering plane and

+/- 32◦ out-of-plane.
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Figure 3.6: Topaz - high resolution Laue neutron single-crystal diffractometer
located at Oak Ridge National Laboratory

3.5.3 Four circle diffractometer

Four circle diffractometers are widely used in single crystal analysis. Three crystal

rotation axes, (Eulerian axes: χ,ϕ and ω) and the detector shaft (2θ) as shown in Fig.

3.7 can be independently rotated. After the crystal is placed on the goniometer head in

an arbitrary orientation, given the dimensions of the unit cell of the crystal, the crystal

orientation will be determined in terms of four angles of the diffractometer. After the

initial orientation, diffractometer can access (hkl) reflections in 3-dimentional Q space.

The diffracted rays at the correct orientation satisfying the Bragg conditions are then

collected by the detector. Most of the four circle diffractometers consist of 2D area

detectors.

3.6 Data analysis

3.6.1 Powder diffraction data analysis

In a polycrystalline or powder sample there are many tiny single crystal grains ran-

domly oriented. Thus, in any orientation there will be always some grains satisfying

the Bragg’s law. A powder diffraction data set consists of normalized neutron counts
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Figure 3.7: The layout of a four circle diffractometer.[105]

observed as a function of 2θ or time of flight (ToF) depending on whether it is measured

with a powder diffractometer at a reactor source or at a pulse neutron source respec-

tively. 2θ or ToF can be converted to momentum transfer Q or d-spacing. Bragg peaks

appear when the momentum transfer is equal to the reciprocal lattice vector, and the

strength of the Bragg peaks are dependent on the atomic positions. In Rietveld analysis

that uses a least-squares refinement procedure, a structural model is refined so that it

will match with the measured powder diffraction pattern. In the work presented, pow-

der diffraction refinement was carried out using the General Structure Analysis System

(GSAS) software.[106, 107] The starting values of lattice parameters, atomic positions,

thermal parameters, occupancy, the peak profile (parameters that determine the Bragg

peak shape) and background coefficients are first entered in to the software. The profile

parameters and diffractometer constants are provided with the parameter file of each in-

strument used. First, lattice parameters and background coefficients are refined keeping

other parameters constant. Secondly, the atomic positions, peak profile parameters and
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thermal parameters are refined step by step. Finally, the occupancy of the atoms can

be refined. The optimized parameters for each of the above mentioned parameters were

obtained by performing the refinement in an iterative manner to achieve the best fit to

the data. The model assessment is done graphically looking at the observed and calcu-

lated intensities and statistically calculating weighted profile R factor (Rwp) or goodness

of fit, χ2 which are defined as in Eq. 3.30-3.32.[108]

R2
wp =

∑
w(Ical − Iobs)

2/
∑

w(Iobs)
2 (3.30)

where Iobs and Iobs are the observed and calculated intensities, respectively. The weight

labelled as w is 1/σ2[Iobs] where σ
2[Iobs] is the uncertainty estimate of Iobs.

χ2 = (1/N)
∑

(Ical − Iobs)
2/σ2[Iobs] (3.31)

χ2 = (Rwp/Rexp)
2 (3.32)

where the expected R factor, Rexp=
√
N/

∑
w(I2obs) and N is the total number of points

assessed in reciprocal space.

3.6.2 Pair density function analysis and modelling

In diffraction data analysis, only the positions and relative intensities of the Bragg

peaks are considered to refine a structure, which determine the long range structure
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of the sample. However, there is information in-between the Bragg peaks in the form

of the diffuse scattering that are not used in diffraction data analysis. To look at the

deviations from average crystal structure and local arrangement of atoms, we use Pair

density function (PDF). PDF is obtained via Fourier transforming the normalized total

scattering function, S(Q) therefore, the information about local structure is preserved.

PDFgetN is the data analysis package that is used to process the ToF neutron diffrac-

tion data to obtain pair distributions functions (PDF’s). Before fourier transforming

the measured data to obtain the PDF, the data need to be corrected for background

scattering, container scattering and incident spectrum. An empty instrument scan, an

empty vanadium can measurement and a vanadium rod measurement were run respec-

tively, in addition to the sample measurement. Using vanadium as the sample container,

makes subtraction of its contribution easy as vanadium is an almost perfect incoherent

scatterer. The data are corrected using Eq. 3.33.

I =
(S −B)− α(C −B)

V −B
(3.33)

where S is the sample scattering, C is the scattering from an empty sample container

and V is the scattering from a vanadium sample that characterizes the spectrum. B

is the background spectra. The α factor corresponds to the absorption of the sample

container.

As the next step, the absorption and multiple scattering corrections are carried out using

the chemical composition of the sample, beam geometry and container dimensions. An

option is available to apply Plazcek correction[109] to eliminate the inelastic scattering
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afterwards, however, perhaps it is not recommended because it might over-correct the

low energy portion as this method assumes a high energy of neutron and its ballistic

scattering by an atom. The normalized and corrected data of each detector bank will

be combined to a single S(Q) to yield PDF. Before blending the banks, it is important

to check whether all spectra overlap with each other to confirm the normalization is

acceptable for all banks. Using limits for each bank (Qmin and Qmax) the data are

blended. These limits have to be adjusted until we get a good PDF with minimized

oscillations and reliable peaks.

The next process is to model the experimental PDF. The first step is to calculate the

PDF based upon the Rietveld analysis result and compare the differences, which indi-

cate whether the local structure is deviated from the average structure. If differences

exist, then the correlations in real space are changed such that it minimizes the discrep-

ancies. The agreement factor, A, between the refined model and the experimental data

is calculated at n points equally apart in real space using Eq. 3.34.[96]

A2 = (nρ20)
−1

n∑
i=1

[ρexp(ri)− ρmod(ri)]
2 (3.34)

where ρ0 is the atomic density of the unit cell.

3.6.3 Single crystal data analysis

The diffraction signature of a single crystal is a Bragg spots pattern while for polycrys-

talline samples they appear as rings on an area detector. In a single crystal diffraction

experiment, the Bragg reflections are indexed using lattice parameters which are refined
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according to the recognized Bragg peak positions. The orientation matrix usually re-

ferred as UB matrix maps the crystal-based coordinates onto reciprocal space. Hence

the integrated intensities are obtained as a function of reciprocal vector. The obtained

intensity spectrum is refined using Shelx software[110] and the atom positions, thermal

parameters and occupancies are refined to minimize the R factor given in Eq. 3.35.

R =
∑

(F 2
obs − F 2

cal)/F
2
obs (3.35)

where Fobs is the observed structure factor and Fcal is the calculated structure factor.

3.7 Sample preparation and characterization

Polycrystalline samples of LaO1−xFxBiS2 (x =0 and 0.5) were prepared using standard

solid state reaction method under ambient and high pressure. The samples of x = 0 and

high pressured x = 0.5 were prepared at the National Institute for Materials Science

(NIMS), Tsukuba, Japan. [25]. The polycrystalline samples of x = 0.2 and x = 0.3 were

prepared at the University of Virginia, using a stoichiometric mixture of La (99.9 %), Bi

(99.999%), S (99.999%), LaF3 (99.9%) and La2O3 (99.99%) powders. They were ground,

palletized and sintered at 800◦C in an Ar filled quartz tube for 24 hrs. This procedure

was repeated several times. Polycrystalline samples of NdO1−xFxBiS2 (x = 0.2 and 0.4)

were also prepared at the National Institute for Materials Science, Japan. The samples

were prepared using solid-state reaction using Bi grains, Bi2S3, Nd2O3, BiF3 and Nd2S3

powders. The stoichiometric amounts of each composition were ground, palletized and

heated in an evacuated quartz tube at 700◦C for 15 hours.
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The single crystals of LaOBiS2 and LaO0.7F0.3BiS2 were grown using the CsCl/KCl

flux method and SEM/EDX was used to determine their stoichiometry and the bulk

magnetization measurements were carried out using a Superconducting Quantum In-

terference Device (SQUID) magnetometer at University of Kentucky. NdO0.7F0.3BiS2

and PrO0.7F0.3BiS2 single crystals were also grown using the CsCl/KCl flux method,

in Japan, and the resistivity measurements were carried out using a physical property

measuring system (PPMS) at University of Virginia. The crystals are flat, thin plate-like

with the c-axis perpendicular to the growth direction.

3.7.1 The transition temperature of NdO1−xFxBiS2

In NdO1−xFxBiS2 , the x=0.2 sample is non superconducting while the x=0.4 is su-

perconducting with a Tc=5 K as indicated by bulk susceptibility data shown in Fig.

3.8.

Figure 3.8: The susceptibility data of NdO1−xFxBiS2 for non-superconducting
x=0.2 and superconducting x=0.4.
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3.7.2 The transition temperature of ReO0.7F0.3BiS2 (Re=La and Nd)

single crystals

The bulk magnetic susceptibility data of LaO0.7F0.3BiS2 and resistivity data of NdO0.7F0.3BiS2

are shown in Fig. 3.9 and Fig. 3.10, with a Tc of ∼ 2.5 K and 5 K, respectively. Both

samples are not high pressure annealed, therefore, it is clear that without high pressure

annealing, Re=Nd shows a higher transition temperature.

Figure 3.9: The bulk magnetic susceptibility data of the LaO0.7F0.3BiS2 crystal
showing a Tc ∼ 2.5 K.
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Figure 3.10: Resistivity data of NdO0.7F0.3BiS2 crystal showing a Tc ∼ 5 K.



Chapter 4

The crystal structure and nature

of local lattice distortions in

superconducting LaO1−xFxBiS2

4.1 Introduction

The low dimensional structures have been a fertile ground for exploring exotic super-

conductivity. Much of the recent interest in exotic superconductivity has been on high

Tc cuprates or Fe based systems whose parent ground state is magnetic. The recently

discovered class of non-magnetic superconductors with a similar layered structure con-

taining BiS2 building blocks opened a novel path to investigate the superconducting

mechanism of low dimensional superconductivity. In BiS2 superconductors, the dom-

inant carriers are from the Bi 6p orbitals that strongly hybridize with the S 3p near

the Fermi surface. [88] The BiS2 superconductors are possibly of the conventional type

evidenced by a large electron phonon coupling constant, λ∼0.8 [17, 18] but with strong

electronic correlations evidenced by the large superconducting gap, indicating that the

54
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pairing is much stronger than the limit of a conventional phonon mediated superconduc-

tor. Included in the BiS2 class are the compounds of ReO1−xFxBiS2 (Re=La, Nd, Pr,

Ce and Yb) [25, 26] and Bi4O4S3 [8] that consist superconducting BiS2 planes. In these

two families of BiS2 superconductors, crystal defects and atomic vacancies are common.

LaO1−xFxBiS2 superconductor was discovered soon after the discovery of Bi4O4S3 that

led to recognizing of the common building block of BiS2. The parent compound of

LaO1−xFxBiS2, i.e x=0 is a band insulator with a gap of ≈0.8 eV [15, 88] as shown in

Fig. 4.1. It has a tetragonal crystal structure with the nominal space group of P4/nmm.

Figure 4.1: The band structure of LaOBiS2.[88]

The superconductivity in LaOBiS2 is induced by fluorine doping at oxygen sites which in-

troduces electron carriers. Upon fluorine doping, superconductivity appears in LaO1−xFxBiS2

by x = 0.2 and vanishes by x = 0.7 [111] as shown in Fig. 4.2.
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Figure 4.2: Phase diagram of LaO1−xFxBiS2 prepared under high pressure
annealing.[111]

The superconducting transition is enhanced under high pressure annealing and the high-

est Tc of ∼10 K is observed in the x = 0.5. [25, 111] The specific role of high pressure

annealing in the superconducting mechanism is not fully understood yet, however, it has

been associated with the appearance of disorder in the crystal structure. Crystallinity

usually becomes better with high pressure annealing in superconducting structures and

gives rise to higher superconducting temperatures. However, BiS2 class shows a peculiar

response to high pressure annealing. Its Tc is maximized with high pressure, but with in-

duced crystal disorder. The Tc reaches 10 K with compromised crystallinity. Therefore,

the nature of crystal disorder plays an important role in the superconducting mecha-

nism of BiS2 superconductors and central towards enhancing transition temperature.

Evidence for the disorder is observed in the Bragg peak broadening and the uniaxial

strain that develops along the c axis with high pressure annealing.[64] However, the

connection of superconductivity to the high pressure annealing is not clarified yet. Also

coupled to the disorder is the buckling of the BiS2 planes. Previous studies suggested
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that the BiS2 plane is buckled for low doping levels of x, while the buckling becomes

almost flat by x ∼0.5 [15, 112] when LaO1−xFxBiS2 reaches its maximum Tc as shown

in Fig. 4.3.

Figure 4.3: BiS2 plane of LaO0.5F0.5BiS2 at x=0 and 0.5.[15]

First principles calculations showed that the topology of Fermi surface changes upon

electron doping with fluorine. In LaOBiS2, the most unstable phonon arises at Γ point,

however upon fluorine doping, the phonon instability arises along the entire line (q, q, 0)

with the most unstable phonon at M point and (π/2, π/2).[15] The phonon softening

around M point is associated with rather unusual structural and dynamical properties

such as the development of a charge density wave instability and strong electron-phonon

coupling that correspond to large-amplitude in-plane displacements of the sulfur atoms.

Spin orbit (SO) coupling has a considerable effect on the electronic band structure

around the X point of the Brillouin zone as shown in Fig. 4.4. Without SO coupling,

four bands cross below EF in the optimally doped composition, x ∼ 0.5. SO coupling

’pushes’ two bands above so that only two bands cross below EF with SO coupling.

SO coupling originates from the inversion asymmetry and creates an effective magnetic

field that lifts the spin degeneracy[33]. The inversion asymmetry could be driven by
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atomic site asymmetry even without breaking the crystal symmetry. This phenomenon

is known as Dresselhaus effect in bulk 3D materials and Rashba effect in 2D materials.

Figure 4.4: Band structure of LaO0.5F0.5BiS2 with and without spin orbit
coupling.[17]

The question whether LaO1−xFxBiS2 is a conventional phonon superconductor or a

new class of phonon superconductors, still remains. Given the intrinsic nature of

the structural disorder and its strong relation to the superconductivity, precise anal-

ysis of the crystal structure is vital to understand the superconducting mechanism of

LaO1−xFxBiS2. To this end, we carried out neutron powder diffraction experiments to

determine the crystal structure, pair density function analysis to investigate the sub-

tle nano-scale atomic movements, and calculated Debye temperatures to determine the

rigidity of the lattice.
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4.2 Crystal structure of LaO0.5F0.5BiS2

The neutron diffraction data collected for LaO1−xFxBiS2 (x=0, 0.2, 0.3 and 0.5) were

analyzed in reciprocal space using Rietveld refinement. The width of the Bragg peaks

are instrumental resolution limited. The Bragg diffraction pattern and the correspond-

ing refined models of parent sample at 6 K and the doped samples at 2 K are depicted

in Fig. 4.5 with black crosses representing the data points. The red line represents the

calculated model, with Bragg peak positions represented with magenta short vertical

lines. The difference between the refined model and the data is represented with a blue

solid line. The diffraction patterns of all four compositions are well reproduced by the

centrosymmetric space group of P4/nmm. The crystal structure remains tetragonal

with peak broadening at higher doping levels. Peak broadening is distinctly pronounced

in high pressure (HP) annealed x = 0.5 which is the only superconducting sample in this

case. It is perplexing how the low crystallinity and distortions are conducive to super-

conductivity of this system. Previous studies showed that the broadening affects Bragg

peaks with non zero l indices while the Bragg peaks with l=0 are much sharper.[113]

Fig. 4.6 is a comparison of two nuclear Bragg peaks of the parent and superconducting

x=0.5. In the (114) where l index is non zero, the Bragg peak is quite broad in HP

annealed x=0.5 compared to the parent sample. In (110) Bragg peak, no broadening

was observed upon doping.
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Figure 4.5: The neutron powder diffraction data of (a) LaOBiS2 at 6 K, (b)
LaO0.8F0.2BiS2 at 2 K, (c) LaO0.7F0.3BiS2 at 2 K, and (d) LaO0.5F0.5BiS2 (HP
annealed) at 2 K. Black crosses represent data points. Red and blue solid lines
represent the calculated intensity and the difference between observed and calculated
intensities, respectively. The magenta short vertical lines show the Bragg positions.
[114]
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Figure 4.6: The comparison of (a) (110) (b) (114) Bragg peaks between the x = 0
and x = 0.5 compositions showing a significant difference of the nonzero l peaks with
with x.

The structural parameters and goodness of fit obtained from Rietveld refinement are

summarized in Table 4.1. a lattice constant gradually increases and the c lattice constant

gradually decreases upon F doping as shown in Fig. 4.7. The increase of a is negligibly

small (∼5×10−3 Å) compared to the significant decrease of c (∼0.5 Å) at x=0.5. The

decrease of c lattice constant also had been observed previously with high pressure

annealing as well with the simultaneous occurrence of a higher Tc [64]. Therefore, in

both doping and high pressure aspects, the shrink along c-axis is positively linked with

achieving a higher Tc.
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Table 4.1: A list of the crystal structure parameters of LaO1−xFxBiS2 obtained
from the Rietveld refinement of the diffraction data. Rwp and χ2 correspond to the
weighted R factor and chi-square. The O/F site is at (0,0,0).

Rwp a(Å) c(Å) La Bi S1 S2
χ2 2c

(0.5,0,z)
2c
(0,0.5,z)

2c
(0.5,0,z)

2c
(0.5,0,z)

x=0 0.0686 4.0544(1) 13.8246(8) 0.0904(1) 0.3688(1) 0.3832(4) 0.8096(3)
T = 6 K 18.84

x=0.2 0.0373 4.05618(7) 13.5205(4) 0.09683(9) 0.37514(9) 0.3792(3) 0.8104(2)
T = 2 K 16.91

x=0.3 0.0417 4.05683(7) 13.5083(4) 0.0973(1) 0.37652(9) 0.3805(3) 0.8101(3)
T = 2 K 16.82

x=0.5 0.0773 4.0596(5) 13.293(4) 0.1035(3) 0.3812(4) 0.3721(8) 0.8181(9)
T = 2 K 26.21

Figure 4.7: The gradual change of lattice constants with F doping.

The tetragonal unit cell consists of an alternating stacking of La(O/F) and BiS2 bilayers

as seen in Fig. 4.8. The O/F atoms occupy the top and bottom atomic layers of the

unit cell with four atoms at the corners and one atom at the center of the face of the

square and reside at special positions. There are two distinct S atoms, S1 and S2, in the
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unit cell. The Bi ions form a square pyramidal edge shared lattice, coordinated by the

four in-plane (S1) and the one out-of-plane (S2) sulfur ions.

Figure 4.8: The unit cell of LaO1−xFxBiS2 with the BiS tetrahedra.

The change in buckling angle of Bi-S1-Bi as a function of composition is shown in Fig.

4.9(a). The buckling angle of 0◦ refers to a flat plane of BiS2 where both Bi and S1 have

the same position along c direction. It is clear that as a function of composition, the

buckling angle of Bi-S1-Bi gradually decreases and becomes negative at x = 0.5. Hence

the plane gradually unbuckles when x goes from 0 to 0.3 and reverses its orientation

at x = 0.5 such that the S1 atoms lie closer to the La(O/F) spacer layer than the

Bi. The buckling of the BiS2 plane was previously reported to be decreasing with the

increasing doping level of F [112] and expected to be flat at x = 0.5 [15]. However, at
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x = 0.5, the buckling surpasses the zero line and reverses its orientation contradicting

the theoretical models. The change of orientation is depicted in Fig. 4.9(b) for x=0 and

0.5 for comparison. In the tetragonal symmetry, the base of the pyramid is a perfect

square, and the Bi-S1 bonds are of the same length. The Bi-S1 planes of the parent

composition and superconducting x=0.5 contain Bi-S1 bonds of ∼2.87 Å, joined with

buckling angles of 172.1◦ and 184.8◦, respectively. The out-of-plane Bi-S2 bond length

is significantly shorter compared to the Bi-S1 bond length in all compositions. Shown

in Fig. 4.9(a) is the composition dependence of the Bi-S2 bond length. It is clear that

as the system enters the superconducting state, S2 lies further apart from Bi compared

to the parent composition increasing the Bi-S2 bond length by 0.18 Å.
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Figure 4.9: The change of buckling angle (in degrees) with respect to a flat (0◦)
BiS2 plane (blue) and the bond length of Bi-S2 change (red) as a function of doping
level. The BiS2 tetrahedron at (b) x=0 and (c) x=0.5 with a buckling angle of
∼172.1o and a reversed buckling angle of ∼175.2o, respectively.

4.3 The Debye temperature of LaO1−xFxBiS2

The pair density functions (PDFs) were obtained and analyzed in real space. Shown

in the Fig. 4.10 is the temperature dependence of the PDF corresponding to the local

structure of LaOBiS2 where the atom-atom labels correspond to the atomic correlations

of the specific region of the PDF. The peak broadening due to thermal vibrations is
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uniform except around 2.6 - 3 Å where the Bi-S1 and O-O atomic pairs mostly contribute.

The irregularity of the peak broadening in the specific region suggests a certain peculiar

temperature dependent motion of corresponding atoms that will be explored later in

this dissertation.[95, 115].
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Figure 4.10: The temperature dependence of the pair density function of LaOBiS2.
[114]

The integrated area under the PDF peaks represent the coordination number of atoms

in the specified range of the real space where the specific peak lies. The first PDF

peak of LaOBiS2 corresponds to both La-O and Bi-S2 atomic correlations as labeled in

Fig. 4.10. The FWHM values were extracted from the first PDF peak of LaOBiS2 and

LaO0.5F0.5BiS2 and the temperature dependence of the squared FWHM values is shown

in Fig. 4.11. The effects of the lattice vibrations on the PDF peak widths were modelled

using a correlated Debye model and compared with the experimentally determined values
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as shown in the figure. The solid line corresponds to the calculated values from the

correlated Debye model. The Debye temperature was determined to be 319(29) K and

224(10) K for LaOBiS2 and LaO0.5F0.5BiS2, respectively. The Debye temperature of

LaO0.5F0.5BiS2 found by this method is very close to the previously found value of 221

K [26, 116] from specific heat measurements. The lower θD in LaO0.5F0.5BiS2 compared

to the parent compound indicates a softer lattice that correlates to the intrinsic disorder

evidenced in the diffraction pattern. [114]
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Figure 4.11: The temperature dependence of squared FWHM values of the first
peak of the local structural data of LaOBiS2, extracted from a Gaussian fitting. The
fit of correlated Debye model is represented by the solid line. The error bars were
calculated using one standard deviation of FWHM values of the Gaussian fitting. [114]
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4.4 Local structure of LaO1−xFxBiS2

4.4.1 Composition dependence of local structure

In the diffraction patterns of LaO1−xFxBiS2, broadening of Bragg peaks that go beyond

the resolution limit of the instrument was observed at the higher doping levels. Also

the diffuse scattering was not taken into account in the Rietveld refinement. The peak

broadening and diffuse scattering can happen due to several factors. The major factor is

the crystal defects such as stacking faults. Beside the stacking faults, the size mismatch

between doped and dopant atoms can contribute to Huang scattering,[117] for instance,

while thermal diffuse scattering (TDS) due to phonons and static displacements of ions

can additionally contribute to the diffuse scattering, thus decreasing the intensities of

the crystalline peaks. However, the atomic sizes of O and F are very close so that the

peak broadening upon fluorine doping cannot be due to the mismatch of atomic sizes of

O and F. We previously estimated the Debye temperature to be around 200 K for the x

= 0.5 which indicates that TDS may not be insignificant in the temperatures of interest

here which are less than 10 K. To investigate the origin of the Bragg peak broadening,

we used PDF analysis to extract the atom specific characteristics of the distortions

and their real-space configuration. This PDF analysis is very sensitive to short-range

distortions. The PDF, ρ (r) is plotted in Fig. 4.12 for the four compositions, x=0, 0.2,

0.3 and 0.4. While in reciprocal space Bragg peak broadening is very pronounced as seen

in Fig. 4.5, in real space, the PDF correlation peaks change shape with x, an unusual

effect that indicates a local rearrangement is taking place that may be driven sterically

and/or energetically. The crystal symmetry is invariant under doping and the differences

observed in the PDFs of LaO1−xFxBiS2 cannot be explained by the substitution of F−
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for O2− as the two have very similar neutron scattering lengths and nominal ionic sizes.

Figure 4.12: Composition dependence of the data corresponding to the local
structures of x=0, 0.2, 0.3 and 0.5. The data of x=0 were collected at 6 K and x=0.2,
0.3 and 0.5 were collected at 2 K.
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4.4.2 Lattice distortions of LaOBiS2

As a starting point, the PDF data is compared to a model ρ(r)mod, calculated using

the unit cell dimensions and atomic coordinates of the average structure obtained by

the Rietveld refinement. In Fig. 4.13, ρ(r)exp (symbols) is compared to the model

ρ(r)mod(average) represented in a dashed blue line. The overall agreement between the

two curves is good, however, very clear differences are observed especially around 2.5 -3.5

Å that are not due to systematic or statistical errors. Some termination ripples can be

seen around the first PDF peak resulting from the truncation of the Fourier transform

at a finite momentum transfer. However, the differences between the data and the

average model are well above the error. The objective is to investigate the nature of

local lattice distortions that gives rise to these differences that cannot be explained by

the crystal/average structure that represents the long range order.
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Figure 4.13: The PDF of LaOBiS2 at 6 K (black symbols) is compared to the PDF
of average model (dashed blue line).

4.4.2.1 Nature of lattice distortions in LaOBiS2

In-plane S1 displacements can reproduce the local structure of LaOBiS2 with two types

of displacement configurations as shown in Fig. 4.14. In Fig. 4.14(a), the displacement

mode is of the antiferrodistortive type and symmetric around Bi atom. It creates short

and long Bi-S1 bonds that affect the charge distribution around Bi and thus creates a

double-well displacement potential of the Bi-S1 bonds. The data can also be reproduced

equally well using the ferrodistortive type displacement mode shown in Fig. 4.14(b). In

this model, the S1 atoms are displaced in a ferrodistortive type mode, and create short

and long Bi-S1 bonds in an asymmetric way.
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Figure 4.14: (a) A schematic of the BiS2 plane showing the antiferrodistortive type
mode. (b) A schematic of the BiS2 plane showing the ferrodistortive type mode. The
displacements of S1 are either in the x or y direction.

Each of the mode, antiferrodistortive or ferro-distortive, can further be categorized into

several types depending on the different displacement directions of S1 in the two BiS1

planes (at z∼1

3
and z∼2

3
) indicated in Fig. 4.15. Given the tetragonal symmetry, all

the direction dependent variations of the displacements are equivalent to three main

types. In (x,-y) type, the S1 in plane 1 is displaced along x direction and in plane

2, it is displaced along -y direction. All (x,y), (-x,y), (y,x), (-x,-y), (-y,x), (y,-x) and
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(-y,-x) modes are equivalent to (x,-y) type by symmetry. The other two types of modes

are (x,x) and (x,-x). All these modes yield the same local bond order but might be

different energetically. Note that within one unit cell, the two BiS2 planes are rotated

by 90 degrees. The (x, -x) breaks the 4-fold rotational symmetry to a 2-fold while

the inversion symmetry remains. The (x, -y) distortions break the 4-fold and 2-fold

rotational as well as the inversion symmetries.

Figure 4.15: The two Bi-S1 planes in one unit cell of LaO1−xFxBiS2 at z∼1/3 and
z∼2/3.

The long and short Bi-S1 in-plane bonds of antiferrodistortive mode indicate a variance

in the Bi valence due to charge disproportionation. The proposed charge fluctuations

are shown in the schematic of Fig. 4.16 for the BiS planes for the three types of anti-

ferrodistortive modes. In fact, Bi is already well known for fluctuations of valence and

charge disproportion[118, 119].

Shown in the Fig. 4.17 is the new local model of ρ(r)mod calculated using the antifer-

rodistortive mode model (solid red line) compared to the ρ(r)exp. Only S1 is displaced
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Figure 4.16: Stripes of charge fluctuations in the two BiS1 planes of the crystal
structure. The (x,-y), (x,x) and (x,-x) refer to the S1 displacement directional
coordinates in the z∼1/3 and z∼2/3 planes.

following either the antiferrodistortive type or ferrodistortive type, while all other atom

coordinates are kept the same as in the average structure. In spite of its simplicity,
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this model fits the data quite well, especially in the 2.5 to 3.5 Å range. Both antifer-

rodistortive and ferro-distortive modes reproduce the experimental data equally likely

as they give rise to identical magnitudes of bonds irrespective of their configuration in

real space. It is possible that both the ferrodistortive and antiferrodistortive type modes

are locally present.

Figure 4.17: The PDF of LaOBiS2 at 6 K (black symbols) is compared to the PDF
of average model (dashed blue line) and the local model (solid red line).

4.4.3 Lattice distortions in F doped LaOBiS2

In all the F doped samples of LaOBiS2, similar in-plane sulfur distortions are present.

The ρ(r)exp of LaO1−xFx BiS2 at x=0.5 is shown in Fig. 4.18 and is compared to the
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ρ(r)mod for the average model of x = 0.5 represented by the dash blue line. Differences

are observed between the two in the same region of real space as in the parent compound

even though the shape of the PDF peaks are different. Just as in the parent compound,

the antiferrodistortive and ferrodistortive modes can fit the data quite well (ρ(r)mod is

shown in a solid red line) however, the magnitude of distortion is different.

Figure 4.18: The PDF of LaOBiS2 at 6 K (black symbols) is compared to the PDF
of average model (dashed blue line) and the local model (solid red line).

The PDF is a superposition of partial PDFs corresponding to all correlations in the

sample. A partial PDF of one correlation represents the probability distribution of

finding different magnitudes of bond lengths between the corresponding pair of atoms

in the real space. Shown in Fig. 4.19 are the Bi-S1 and Bi-S2 partial PDFs obtained

from the local and average models for x = 0 and x = 0.5. It can clearly be seen that the
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Bi-S1 bond of average models at 2.8 Å is split to two in the local models in both the x

= 0 and 0.5, while the split is larger in the x = 0 than in x = 0.5 sample. A third small

peak is also observed in close proximity to this bond that is from Bi-S1 bond lengths

across planes. The bond lengths of the local structure for all the samples x=0, 0.2, 0.3

and 0.5 are summarized in Table 2.

Figure 4.19: The partial PDFs of Bi-S1 and Bi-S2 for x=0 (top) and x=0.5
(bottom).

The charge fluctuation inferred from the long and short Bi-S1 bond lengths is present in

all compositions leading to the x = 0.50 which is the only superconducting composition

in our series. With doping, the Bi - S1 bonds differ in length as shown in the schematic of
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Table 4.2: A list of Bi-S1 bond lengths in the local structure.

Bi-S2 bond length (Å)
Short Long Bi-S2 bond length (Å)

x=0, T = 6 K 2.68 3.11 2.5
x=0.2, T = 2 K 2.72 3.03 2.51
x=0.3, T = 2 K 2.74 3.01 2.52
x=0.5, T = 2 K 2.73 3.03 2.58

the Bi tetrahedra of Fig. 4.20. We can also see that upon entering the superconducting

phase, the apical S2 atom gets further away from the planes and closer to the La(O/F)

charge layers. The S2 atom can mediate the transfer of charge from the doping layers

to the conduction BiS2 layers just like the chain oxygen does in YBa2Cu3O7−δ.[120]

Figure 4.20: A schematic of the Bi-S tetrahedron with the bond lengths detremined
from the refinement of the local structures of x=0, 0.2, 0.3 and 0.5.

4.4.4 Temperature dependence of bond length splitting

In both the non superconducting x=0 and superconducting x=0.5, the in-plane Bi-S1

bond length split as a result of S1 displacement. However, the local S2 displacement

along the c-axis is present only in the superconducting x=0.5. With temperature, the

split of the Bi-S1 bonds in the x=0 remains almost same in the entire temperature range

from 2 K to 300 K as shown in Fig. 4.21. In the x = 0.5, the split of the Bi-S1 bonds

changes only little with decreasing temperature, however, on approaching Tc, the split

becomes larger as shown in Fig. 4.22. On the other hand, in x=0.5, it is clear that

with cooling, the height of the S2 atom gets closer to the donor planes as shown in Fig.
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4.22(b). This trend is also consistent with the temperature dependence of S2 in the

average structure although the bond length values are different.

Figure 4.21: The temperature dependence the short (square) and long (circle) local
Bi-S1 bond lengths is contrasted to the Bi-S1 average bond length (triangle) in
LaOBiS2.
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Figure 4.22: The temperature dependence of bond lengths in LaO1−xFx BiS2. (a)
The short (square) and long (circle) local Bi-S1 bond lengths is contrasted to the
Bi-S1 average bond length (triangle). (b) The height of the S2 atom from the oxygen
plane obtained from fitting the data of the local structure and from the Rietveld
refinement of the average structure. [127]

4.5 Summary

A long-range order exists in all the samples as evidenced from the Bragg structure. The

BiS2 planes are buckled in the non-superconducting and superconducting samples, how-

ever, the buckling decreases with F doping and again increases in the opposite orientation

in the superconducting phase at x=0.5. On the other hand, in the superconducting sam-

ple, the disorder is strong not only due to the distortions of the BiS2 planes but also

due to the c-axis strain. As inferred by the extracted Debye temperature, the super-

conducting x=0.5 has a softer lattice than its parent sample, thus implying enhanced

phonons.
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Superconductivity in LaO1−xFx BiS2 is strongly related with structural disorder and the

average structure is not sufficient to explain the crystal state. The pair density function

analysis is sensitive to subtle atomic deviations and reveals that S1 and S2 distortions

are important in explaining the lattice instability of the system. The leading mode of

local distortions involves sulfur movements in the superconducting plane giving rise to

two different Bi-S1 plaquettes. Several possible sulfur displacement modes are present.

The stripes of distortions proposed are all short-range and the presence of stacking faults

breaks the periodicity thus preventing any long-range order. It is not possible to dis-

tinguish whether this is the result of a antiferrodistortive or a ferrodistortive type mode

because they yield the same bond magnitude. In the superconducting system, the lead-

ing instability mode consists of displacements of S1 in the superconducting plane and

out-of-plane S2 distortions. However, the distortions get smaller in the high pressure an-

nealed x = 0.5 superconducting samples while the out-of plane z-motion of S2 increases.

Both ferrodistortive and antiferrodistortive modes create unequal charge distributions.

However, such charge fluctuations are local and cannot produce a charge density wave.

The split of bond lengths remains almost at a constant value in both superconduct-

ing and non-superconducting samples with temperature, however, it becomes larger in

superconducting x=0.5 when the Tc is approached.
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Crystal structure and local lattice

distortions in NdO1−xFxBiS2

superconductor

5.1 Introduction

A chemical pressure is applied by doping or substituting a site with an isovalent element.

In REO1−xFxBiS2 superconductors, the chemical pressure effect on superconductivity

has been investigated by either substituting RE site with isovalent ions as La3+, Ce3+,

Nd3+, Pr3+, Yb3+ and Sm3+ and their combinations, e.g. Nd0.8Sm0.2, or substitution

of S2− by Se2−. The smaller ionic sizes are expected to impose a negative chemical pres-

sure on the sample in a way the pressure is applied inward the unit cell. NdO1−xFxBiS2

exhibits a maximum Tc of ∼5 K at x∼0.4.[121] which is the highest transition temper-

ature of a BiS2 superconductor with single element at RE site under ambient pressure

synthesis conditions. [55, 122]

Shown in Fig. 5.1 is the effect of in-plane chemical pressure for ReO1−xFxBiS2 and

LaO1−xFxBi(S1−ySey)2.[123] The in-plane pressure here is defined as, RBi+RCh
Bi−Ch where

82
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RBi and RCh are ionic radius of Bi and Chalcogen (S or Se), respectively. The Bi-Ch

represents the in-plane bond length between Bi and the Chalcogen. The maximum Tc

is obtained with RE=Nd0.6Sm0.4. The RE=Nd0.6Sm0.4 exceeding the Tc of RE=Nd can

be explained by the doping with a smaller ion. However, surprisingly, SmO1−xFxBiS2 is

not superconducting and YbO1−xFxBiS2 does not show bulk superconductivity although

they have smaller ionic radii. [59, 124] Furthermore, it had been observed that the

superconductivity of RE=La is suppressed by partial Ce doping, and the reason behind

it not explicitly reported and attributed to a structural fluctuation.[55]

Figure 5.1: In-plane chemical pressure dependence of Tc for ReO1−xFxBiS2 and
LaO1−xFxBi(S1−ySey)2.[123]
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NdO1−xFxBiS2, also shows a two superconducting gap feature. The smaller gap corre-

spond to a reduced gap, 2∆/kBTc, of 16.8 which exceeds the BCS theoretical value in

the weak coupling limit significantly while the other correspond to a value of 4.06 which

does not deviate much from BCS value. Superconductivity in NdO1−xFxBiS2 is easily

destroyed when a magnetic field, H, is applied parallel to the c-axis while superconduc-

tivity survives when H is applied parallel to the ab-plane which gives rise to a large

magnetic anisotropy γ=Hab
c2/H

c
c2∼30-40, comparable to that of high Tc superconduc-

tors, the Bi-based cuprates. [23, 59, 78] Hc2 is the upper critical field. Furthermore,

in NdO1−xFxBiS2, the normal state after the suppression of superconductivity is semi-

conducting, where in the BCS picture it is metalic. Therefore, NdO1−xFxBiS2 is an

interesting system to investigate the new kind of phonon based superconductivity in the

BiS2 superconductors.

Equivalently to other BiS2 based superconductors, in NdO1−xFxBiS2, the superconduct-

ing sheets consist of BiS2 square pyramids with corner (S1) and apical (S2) sulfur atoms

as shown in Fig 5.2. Doped NdO planes play the role of carrier storages while BiS2 planes

are the active planes in superconductivity. Solubility limit is reached at x=0.5 and many

groups report that the structure does not form for x ≤0.1.[125] The superconductivity

is very sensitive to the sample preparation temperatures, e.g NdO0.8F0.2BiS2 prepared

under 700◦C using solid state reaction method is not superconducting while supercon-

ductivity emerges when it is prepared under 800◦C. [125] Similarly to the other super-

conductors of the class, Nd system also shows enhanced superconductivity upon high

pressure annealing. Therefore, the superconductivity of this system requires optimiza-

tion that is strongly related with the structure. Furthermore, the Debye temperature of

this system is ∼190 K [116] indicating a softer lattice compared to LaO1−xFxBiS2.[114]
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To this end, the crystal structure and the local structure were investigated in an attempt

to relate the structural properties and superconducting mechanism of the class.

Figure 5.2: The unit cell of NdO1−xFxBiS2 with layers containing BiS2 polyhedra.
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5.2 Crystal structure of NdO1−xFxBiS2

The crystal structure refinement of NdO1−xFxBiS2 was carried out in reciprocal space

using Rietveld method for x=0.2 and 0.4 for temperatures ranging from 2-300 K and

2-150 K respectively. For both superconducting and non-superconducting compositions,

the average structure over the entire temperature range can be well described using

P4/nmm symmetry. Bi lies at the center of the pyramid base and make equal correlations

with S1 sulfur on plane. At 2 K, S1 makes bond lengths of 2.8168 and 2.8204 with Bi

in x=0.2 and 0.4 compositions respectively.The results of the Rietveld refinement as a

function of temperature are summarized in Table 1 and 2 for x=0.2 and 0.4, respectively.

Rwp and χ2 correspond to the weighted profile R factor and chi-square, respectively. All

sites have a multiplicity of 2. Therefore, a single unit cell contains 10 atoms which will be

divided by the unit cell volume to get the number density of 0.0466 Å−3. The z-value of

each atom can be refined except for O/F which is at a special site. The isotropic thermal

factors are indicated by Uiso. Uiso=⟨u2⟩ where ⟨u2⟩ is the mean squared displacement

from the equillibrium position of the atom due to thermal effects. The numbers in

the parentheses correspond to one standard deviation in the mean value of the specific

parameter.

The fitting of the diffraction pattern with the calculated model using P4/nmm symmetry

is shown in Figs. 5.3(a) and (b), for x=0.2 and 0.4 at 2 K, respectively. The data

points are represented by black squares and the calculated intensity is represented with

a solid red line. The difference between the data and calculated intensities is represented

by a solid blue line. The NOMAD is an instrument with medium-range resolution

(∆d
d ∼0.8%) [126] and within this resolution, no Bragg peak broadening is observed in

either x=0.2 or 0.4 composition, unlike the case of high pressure annealed LaO1−xFxBiS2
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in which (00l) peaks were severely compromised. [113, 127] If NdO1−xFxBiS2 has less

or no structural distortions in local scale compared to LaO1−xFxBiS2, a considerable

contribution to the Bragg peak broadening must be coming from the alreday identified

structural distortions [127] of LaO1−xFxBiS2. If not, the identified structural distortions

must have only accounted for peak broadening partially.
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Figure 5.3: The neutron powder diffraction pattern of NdO1−xFxBiS2 for (a)x=0.2
and (b)x=0.4.
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The a and c lattice constants as a function of temperature for NdO1−xFxBiS2 at x=0.2

and 0.4 are shown in the Fig. 5.4 (a) and (b). The a lattice constant expands slightly

and the c lattice constant contracts considerably. As a result c/a ratio decreases from

c/a=3.4083 for x=0.2 and c/a=3.3818 for x=0.4 at 2 K. The difference accounts for

the slight Bragg peak splitting between the diffraction patterns of the two composi-

tions shown in Fig. 5.3. The data are also compared to the LaO1−xFxBiS2 for x=0

and 0.5 in Fig. 5.4 (a) and (b). The a lattice constant of both superconducting and

non-superconducting La compositions are larger than that of Nd compositions. The two

superconducting samples of La x=0.5 and Nd x=0.4 have smaller values for c lattice

constant out of the F doped compositions and the smallest value is from the supercon-

ductor with the highest Tc. Also shown in Fig. 5.4(c) is a plot of the unit cell volume

for the Nd and La compositions. A much larger change is observed in the La doped

samples than in the Nd samples with increased F doping. The significant change of c

lattice constant accounts for this larger change in volume of La compositions. It is clear

that the lattice contracts with the replacement of smaller ionic radius of Nd3+ for La3+,

giving rise to a negative chemical pressure indicated by the unit cell volume compression.

Shown in Figs. 5.5(a) and (b) are plots of the isotropic thermal factors, Uiso, as a function

of temperature, for x=0.2 and 0.4, respectively. Similar trends are observed in both

compositions except for the Bi-Uiso which is larger in the superconducting sample and

the S1-Uiso which is larger in the non-superconducting sample. As the Uiso correspond to

the static displacements of atoms, the difference of largest value coming from different

atoms in the two compositions imply that the dominant atomic displacements might

differ with the doping level.
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Figure 5.4: The lattice parameters (a) a and (b) b, and (c) unit cell volume of
ReO1−xFxBiS2 for Re=Nd and La.
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Figure 5.5: The isotropic thermal factors of NdO1−xFxBiS2 is shown for (a) x=0.2
and (b) x=0.4.
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5.3 The local structure of NdO1−xFxBiS2

5.3.1 Composition dependence of local structure

The PDFs corresponding to the local structures of x=0.2 and x=0.4 are plotted in

Fig. 5.6. While their local structures are quite similar overall, differences can be seen

between the two, especially in the 2.5-3.5 Å range that cannot be accounted for by the

substitution of F for O given their close ionic sizes and neutron scattering lengths. The

PDF in the specific region is a constituent of Bi-S1, Nd-S2, O/O and O-S2 correlations

as labeled in the figure.

Figure 5.6: A comparison of the local structural data at x=0.2 and x=0.4 at 2 K.



Chapter 5. NdO1−xFxBiS2 95

5.3.2 Nature of lattice distortions in NdO0.8F0.2BiS2

As the initial step, the x=0.2 data is compared to a model PDF calculated using the

atomic coordinates and unit cell dimensions obtained from the Rietveld refinement cor-

responding to the average structure. As shown in Fig. 5.7, overall, the average model

ρmod(r) for the x=0.2 in the blue dashed line is in good agreement with the experimental

PDF, ρexp, except in the 2.5-3.5 Å region where the model peak intensity is higher. The

agreement factor, A, between the data and the average model is 0.181. On the other

hand, a local model, ρmod, involving in-plane displacements at both sulfur, S1 and S2

atoms, reproduces the data well as seen in the figure. The A-factor in this case is re-

duced to 16.2% and the ρmod is the red solid line in Fig. 5.7. Significant improvement is

observed in the 2.5-3.5 Å range upon applying the in-plane displacements of sulfur. To

reproduce the data, the S1 and S2 are displaced by ∼0.15 Å and ∼0.11 Å respectively,

in either the x or y directions away from their equilibrium positions. The partial PDFs

corresponding to Bi-S1 pair correlation shown in Fig. 5.8 demonstrates how the biggest

changes observed in the 2.5-3.5 Å range arise. The single peak at 2.8168 Å in the average

structure is locally split to two thus lowering the single peak height.

There are four planes containing sulfur: S2 at ∼0.2c and 0.8c and S1 at ∼0.4c and 0.6c as

shown in Fig. 5.9. The in-plane S1 motion gives rise to two different Bi-S1 bond lengths

on each layer at ∼0.4c and 0.6c. The magnitude of the two bond lengths are 2.92 Å

and 2.71 Å of which the average 2.815 Åis close to the bond length given by the average

model. the Considering the displacement direction of the S1, the displacements can take

several modes which will be equivalent to one of (x, x), (x, -x) or (-x, -y) modes given

the tetragonal symmetry. The two coordinates in each parenthesis refer to the direction

of motion of S1 in the two layers. One possible local model of (-x, -y) mode is shown in
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Figure 5.7: The comparison of average model (in blue dashed line) and local model
(in red solid line) with data represented by black dots in NdO0.8F0.2BiS2

Figure 5.8: The partial pair density function of Bi-S1 is shown for x=0.2 in
NdO1−xFxBiS2.
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Fig. 5.10 where the S1 atoms at z∼0.6c are displaced in -x direction and at z∼0.4c, they

are displaced in the -y direction. The in-plane (-x, -y) mode is not uniquely determined

from the powder data because the model only takes into account the magnitude of the

bond but not the direction. Thus, in this case, equivalent models with (+x, -y), (+x, +y)

and (-x, +y) can all produce similar results. These displacements break the four-fold,

two fold and inversion symmetries of the P4/nmm symmetry. In addition, in-plane type

displacements of S2 is also present on ∼0.2c and 0.8c planes. Similarly to the S1 modes,

S2 also can have different directions of motions in the planes, hence in combination to

the S1 displacements, increases the number of possible modes.

Figure 5.9: The Bi-S planes at z∼0.2c, 0.4c, 0.6c and 0.8c.
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Figure 5.10: The schematics of BiS2 planes at 2 K depicting the S1 and Bi motion
in NdO1−xFxBiS2, two magnitudes of bond length at x=0.2. (b) Depicts the in-plane
and out of plane displacements of S and Bi at x=0.2.
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5.3.3 Nature of lattice distortions in NdO0.6F0.4BiS2

To investigate the impact of fluorine doping level on the structural distortions and su-

perconductivity of superconducting NdO0.6F0.4BiS2, the PDF was analyzed. The x=0.4

data is compared to a model PDF corresponding to the average structure for the x=0.4

composition at 2 K and shown in the blue dashed line in Fig. 5.11. Just as in x=0.2,

the average model cannot adequately describe the intensity of the peaks in the 2.5-3.5

Å range. To fit the data, a local model ρmod that takes into account in-plane atomic

displacements of S1, S2 and Bi and c-axis displacement of S2 is used to fit the data and

can reproduce the local atomic structure well, as shown by the red solid line in Fig. 5.11.

Similarly to the x=0.2, the S1 displacement in x=0.4 gives rise to two different Bi-S1

bond lengths, which further split with the addition of the Bi displacement as shown in

Fig. 5.12(a). The average value of the four Bi-S1 local bond lengths is close to the bond

length obtained by average structure refinement. The magnitude of in-plane displace-

ments of Bi, S1 and S2 at 2 K are ∼ 0.12, 0.21 and 0.13 Å respectively. The S2 atom

is also displaced along c by 0.07 Å as shown in the schematic of the Bi-S tetrahedron

in Fig. 5.12(b). The magnitude of the displacements of all atoms is the same at both

planes. However, the direction of in-plane type motion of S1 and S2 can still be different

giving rise to many possible configurations of bonds just as in the case of x=0.2. Bi

motion is perpendicular to the S1 motion so that it gives rise to four different bond

lengths, which if parallel will give rise to two different bond lengths only and will not

make the right intensities. The Bi-S1 partials are calculated from the local model and

shown in Fig. 5.13, which show the single peak at 2.8204 Å in the average structure is

split in the local ρmod represented in the red solid line.
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Figure 5.11: The comparison of average model (in blue dashed line) and local model
(in red solid line) with data represented by black dots in NdO0.6F0.4BiS2.
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Figure 5.12: The schematics of BiS2 planes at 2 K depicting the S1 and Bi motion
in NdO1−xFxBiS2, four magnitudes of bond length at x=0.4. (b) Depicts the in-plane
and out of plane displacements of S and Bi at x=0.4.

Figure 5.13: The partial pair density function of Bi-S1 is shown for x=0.4 in
NdO1−xFxBiS2.
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Figure 5.14: The temperature dependence of bond length splitting of
NdO1−xFxBiS2 at (a) x=0.2 and (b) x=0.4.



Chapter 5. NdO1−xFxBiS2 103

5.3.4 Temperature dependence of bond length splitting

In NdO1−xFxBiS2, at x=0.2, the Bi-S1 bond is split to two different bond lengths due

to sulfur movement and at x=0.4, it is split to four different bond lengths due to the co-

ordinated displacements of sulfur and Bi. In the non-superconducting x=0.2, the bond

length splitting does not change with temperature whereas in superconducting x=0.4,

the splitting increases as as it reaches the Tc as shown in Fig. 5.14(a) and (b), respec-

tively. However, the increase of splitting does not have a smooth transition. It fluctuates

considerably below 50 K within a 0.15 Å range and stabilizes within 0.05 Å range around

the Tc. The fluctuation of bond length splitting in the vicinity of superconductivity was

similarly observed in the La composition as well, thus indicating the charge fluctuations

implied by the splitting play an important role in the superconductivity.

5.4 Summary

The crystal structure of NdO1−xFxBiS2 at x=0.2 and 0.4 can be well reproduced by

P4/nmm symmetry. The unit cell of the two Nd doped samples are lower in volume

compared to La doped samples thus confirms the chemical pressure is indeed generated

by the smaller ionic radius. The samples are not high pressure annealed and the Bragg

peaks do not show any broadening in the two samples. With increasing doping level,

the a axis increases little compared to the decrease of c axis of the unit cell. The largest

atomic thermal factors of x=0.2 and 0.4 come from S1 and Bi, respectively.

The crystal structure of NdO1−xFxBiS2 is locally distorted. In x=0.2, the in-plane sulfur

displacement gives rise to an asymmetric bond length environment around Bi making

two different bond lengths. In x=0.4, in addition to sulfur movement, Bi displacements
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also contribute, hence giving rise to four different bond lengths.[128] Several bond length

arrangements are present depending on the direction of atomic movements in the two

superconducting planes. The bond length splitting remains same for x=0.2 with tem-

perature in 2-300 K range, however in x=0.4 the splitting fluctuates below 50 K as it

approaches the Tc. Just like in the case of superconducting sample of La series, c-axis

motion of apical sulfur is present in the superconducting x=0.4.



Chapter 6

Ferro-lattice-distortions and

charge fluctuations in

superconducting ReO1−xFxBiS2

(Re=La, Nd and Pr)

6.1 Introduction

When superconductivity is mediated by lattice vibrations, the structural features essen-

tial to the electron-phonon coupling can be the key to revealing the mechanism [129, 130].

This is a central issue in the new class of ReOBiS2 (Re=La, Nd, Pr and Yb) based su-

perconductors [15, 17, 88] as their layered crystal structures are subject to significant

disorder [8]. The superconductivity of these samples are induced via fluorine substitution

at oxygen sites. The crystal symmetry of ReOBiS2 systems has long been presumed to be

tetragonal, P4/nmm (space group #129) [25, 26, 64, 112, 113, 131, 132].The structure

is quasi two dimensional in nature with the superconducting BiS2 bi-layers sandwiched

between the insulating ReO layers.

105
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However, many theoretical works suggested alternative symmetries with and without

doping. From first-principles calculations, it was suggested that the symmetry must be

lower, P21mn (#31) for undoped and P2212 (#17) for doped samples. The symmetry

lowering was caused by a lattice instability that moves sulfur atoms toward Bi and charge

density waves driven by a sinusoidal distortion, in the two cases, respectively. [15, 18]

Density functional perturbation theory with structural optimization showed that the

space group reduces from P4/nmm to P 4̄m2 (#115) upon fluorine doping. Meanwhile,

band structure and spin polarization calculations proposed two yet different symme-

tries, the non-centrosymmetric C2 (#5) and centrosymmetric P21/m (#11) based on

the likely nature of the atomic distortions induced by the interaction between supercon-

ducting layers and ReO layers and electron hybridization in ReO layers. It was shown

that these symmetries can lower the total energy with respect to the nominal P4/nmm

structure. In addition, as the energy difference between these symmetries are small, it

was suggested that the co-existence of these politypes is also probable. [71, 133]

The Fermi surface of BiS2 superconductors is dominated by the hybridized orbitals of

Bi 6p and S 3p. Theoretical works suggested that a large phonon softnening occurs due

to the dynamic sulfur displacements, leading to an instability around the Γ point in

x=0, and along the entire line Q = (π, π, 0) with doping, that has been associated with

strong Fermi suface nesting.[15, 17]. Symmetry lowering will have significant implica-

tions on the band structure thus experimental verification is necessary. Earlier neutron

powder measurements with emphasis on the local atomic structure alluded to sulfur

displacements that can possibly lead to Bi charge disproportionation [127] are consis-

tent with theoretical predictions. Single crystal diffraction is clearly needed to resolve
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the symmetry of the BiS2 lattice precisely. To this end, neutron diffraction measure-

ments on non superconducting LaOBiS2 and high energy synchrotron x-ray diffraction

measurements on superconducting (La/Nd/Pr)O1−xFxBiS2 single crystal samples were

carried to observe the subtle lattice deformations in an attempt to determine the correct

symmetry.

6.2 Symmetry lowering in LaOBiS2

The observed neutron diffraction pattern of LaOBiS2 on hk0 plane is shown in Fig.

6.1(a) and the labelled Bragg spots correspond to P4/nmm symmetry. It can readily

be seen that several Bragg spots (circled) are not reproduced by this long presumed

symmetry. Shown in Fig. 6.1(b) is the calculated Bragg pattern in color dots from

the P4/nmm and the peaks with a higher intensity are indicated in red. Based on

its reflection condition in the hk0 plane (h + k = 2n), odd combinations of h + k are

forbidden. This is consistently observed in the superconducting crystals as well, as

will be shown below, thus the P4/nmm symmetry cannot explain the extra reflections

observed. The integrated intensity of the neutron data across the h3̄0 line is plotted

in Fig. 6.2. The forbidden reflections are much weaker by comparison to the main

Bragg peaks. This is also true for Bragg peaks integrated along other crystallographic

directions.
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Figure 6.1: (a) The single crystal neutron diffraction pattern in the hk0 reciprocal
plane for the parent compound, LaOBiS2. In (b) the hk0 plane is constructed using
the P4/nmm symmetry.
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Figure 6.2: The integrated intensity of the observed peaks is plotted along the h3̄0
line.

6.2.1 Testing the theoretically predicted symmetries

To determine the symmetry that can reproduce the underlying superlattice structure,

we first test the previously proposed symmetries. The diffraction patterns from four dif-

ferent symmetries are considered initially; P4mm, P 4̄m2, P21mn and P2 1/m as shown

in Fig. 6.3. The corresponding unit cells are shown in Table 1, 2 and 3, respectively.

The P4mm and P 4̄m2 are subgroups of P4/nmm. Given that the same reflection con-

ditions apply as in the P4/nmm, neither symmetry can reproduce the new reflection

conditions. The P21mn symmetry suggested in Ref. [15], having the same reflection
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condition, cannot reproduce the new reflections either. The comparison with the sym-

metry, P2 1/m, yields a Bragg structure with extra reflections as seen in Fig. 6.3(d). The

P2 1/m symmetry has a reflection condition: along the 0k0 line, k= 2n. This condition

prohibits the symmetry from having several critical reflections at spots circled in the

figure. This leads us to conclude that the symmetry of LaO1−xFxBiS2 is considerably

lower than expected.

Figure 6.3: The calculated reciprocal patterns based on (a) P4mm, (b) P 4̄m2, (c)
P21mn and (d) P21/m symmetries.
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Table 6.1: The tested model of P4/nmm symmetry.

LaOBiS2 P4/nmm (#129)

a(Å) 4.0544
b(Å) 13.8246

x y z
La 0.5 0 0.0904
Bi 0 0.5 0.3688
S1 0.5 0 0.3832
S2 0.5 0 0.8096
O 0 0 0

Table 6.2: The tested model of P4mm symmetry.

LaOBiS2 P4mm (#99)

a(Å) 4.0544
b(Å) 13.8246

x y z
La 0 0 0.0904
La 0.5 0.5 0.9096
Bi 0 0 0.6312
Bi 0.5 0.5 0.3688
S1 0 0 0.3832
S1 0.5 0.5 0.6168
S2 0 0 0.8096
S2 0.5 0.5 0.1904
O 0.5 0 0

Table 6.3: The tested model of P21mn [15] symmetry.

LaOBiS2 P21mn (#31)

a(Å) 4.037
b(Å) 4.029
c(Å) 14.217

x y z
La 0.4997 0 0.0858
Bi 0.4973 0 0.6324
S1 0.525 0 0.3946
S2 0.4988 0 0.8102
O 0.4996 0.5 0
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Table 6.4: The tested model of P 4̄m2 [18] symmetry.

LaOBiS2 P 4̄m2 (#115)

a(Å) 4.1091
b(Å) 13.4196

x y z
La 0.5 0 0.1073
Bi 0 0.5 0.3855
S1 0.5 0 0.3844
S2 0.5 0 0.8128
O 0 0 0
O 0.5 0.5 0

Table 6.5: The tested model of P21/m [134] symmetry.

LaOBiS2 P21/m (#11)

a(Å) 4.0769
b(Å) 4.0618
c(Å) 13.885
β(◦) 90.12

x y z
La 0.2496 0.25 0.0899
Bi 0.2346 0.25 0.6309
S1 0.219 0.25 0.3844
S2 0.2483 0.25 0.8094
O 0.753 0.25 0.002

6.2.2 Sulfur distortions as a possible candidate

It was theoretically suggested that the in-plane sulfur atom, S1, displacements lead

to ferroelectric like modes [15] but with no structural transition because of quantum

zero-point motions that render the system dynamically disordered. Our earlier neutron

powder diffraction measurements yielded a similar outcome but with more sizeable S1

distortions, ∼0.3 Å [127]. Moreover, ferro-distortive and antiferro-distortive crystal dis-

tortions, in which the two S1 atoms in the BiS2 bi-layers are displaced simultaneously

in the x- or y-directions, either in parallel or anti-parallel, were proposed but were in-

distinguishable from the analysis of the powder data as each model resulted in the same

magnitude of bonds regardless of orientation in real-space.
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As the second step to find the cause for the underlying superlattice Bragg peak pat-

tern, we consider the proposed sulfur displacements. Within one unit cell, three unique

directions of the S1 displacements are possible as listed here: (+x, +x), (+x, +y) and

(+x, -x) where the two coordinates refer to the direction of motion of S1 ion in the Bi-S

bi-layers at z∼ 1
3c and z∼ 2

3c. Given that the lattice is nominally tetragonal, the a- and

b-axes are equivalent. However, the magnitude of the displacement is not necessarily

the same in both directions, and the direction, either -x- or -y-, of the displaced ion can

be altered. The displacement direction at one layer is important relative to the second

layer. [128]

Structure factor calculations were carried out for the hk0 plane for the three main modes;

(+x, -x), (+x, +x) and (+x, +y) to which all the other sulfur modes are equivalent given

the tetragonal symmetry. It is determined that when the displacement pattern is (+x,

-x), no intensity is produced at Miller index h=0 when k is odd. When the displacement

pattern is (+x, +x), the intensity is zero again when either h or k become odd. Thus the

(+x, -x) and (+x, +x) patterns are unlikely. Furthermore, the displacement patterns

suggested in Ref. [23, 133] and [134] that use the P2 1/m allows a (+x, -x) S1 displace-

ment pattern, where a Bragg structure with extra reflections as seen in Fig. 6.3(d) is

produced. It is clear that (+x, -x) fails to reproduce critical reflections at spots marked

in the the hk0 plane. Therefore, the only possibility for displacement is the (+x, +y)

mode.

The (+x, +y) mode could be either ferro-distortive type or antiferro-distortive type. If

the displacements are antiferro-distortive, the antiferro-distortive unit cell need to be

doubled along the a- and b-axes as the mode itself requires the twice a size of unit cell.

On the other hand, if the displacements are ferro-distortive, the ferro-distortive cell is
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not doubled. The ferro-distortive and antiferro-distortive sulfur modes are depicted in

the schematic of Fig. 6.4.

Figure 6.4: Displacement modes of sulfur. In (a) the ferro-distortive and (b) the
antiferro-distortive displacement modes are shown.

The Bragg reflections in the hk0 plane are calculated for the remaining displacement pat-

tern (+x, +y) (or equivalently (-x, -y)) using the ferro- and antiferro-distortive modes in

the P1 symmetry. This displacement pattern breaks the fourfold, twofold and inversion

symmetry operations of the nominal P4/nmm. In Fig. 6.5 (a) and (b), the calculated

reciprocal lattice patterns corresponding to the ferro- and antiferro-distortive modes are

shown, respectively. Far more reflections are observed in the antiferro-distortive mode

of Fig. 6.5(b), and can readily be eliminated when compared to the data from LaOBiS2

(Fig. 6.1(a)) since it generates half integer peaks that are not actually present. On the
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other hand, the ferro-distortive mode can reproduce all Bragg spots observed. Thus the

ferro-distortive mode of (+x,+y) remains as the only likely possibility.

Figure 6.5: In (a) The calculated diffraction pattern from the ferro-distortive mode
is shown while in (b) the diffraction pattern resulting from the antiferro-distortive
mode is shown.

6.2.3 Crystal structure refinement using (+x, +y) displacement mode

To reproduce the Bragg peak intensity, a refinement of the three dimensional neutron

diffraction intensity is performed using P1 symmetry. This involves a total of about

4600 Bragg peaks. The results from the refinement are listed in Table 6.6. The (x, y)

distortion pattern shown in the top inset of Fig. 6.6 is considered with periodic boundary

conditions. There are two BiS2 layers in the unit cell and the displacement vectors in

the x or y direction are indicated with the arrows. The lattice or structural parameters

do not deviate much from that of the nominal P4/nmm symmetry except the in-plane

sulfur position indicated with bold font in the Table 6.6, which simply breaks fourfold,

twofold and inversion symmetry conditions of the nominal symmetry. The magnitude of
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Table 6.6: A list of crystal structure parameters for LaOBiS2 obtained from the
neutron diffraction data refinement using ShelX. The P1 symmetry was used in the
refinement.

LaOBiS2
a (Å) = 4.0480(34) α = 90.0147(323)
b (Å) = 4.0514(13) β = 90.0356(547)
c (Å) = 13.8242(64) γ = 90.0193(513)

x y z Uiso

(
Å

2
)

La 0.4953(71) -0.0036(5) 0.0901(1) 0.0091(3)
La -0.0021(5) 0.4937(4) 0.9099(1) 0.0091(3)
Bi 0.4911(9) 0.0100(6) 0.6305(1) 0.0136(3)
Bi -0.0006(8) 0.5061(6) 0.3695(1) 0.0136(3)
S1 0.4737(36) -0.0169(22) 0.3841(4) 0.0247(17)
S1 0.0028(36) 0.4567(22) 0.6159(4) 0.0247(17)
S2 0.4938(20) 0.0198(14) 0.8105(3) 0.0061(6)
S2 0.0002(19) 0.5122(14) 0.1895(3) 0.0061(6)
O 0.0149(11) 0.0034(10) 0.0002(4) 0.0092(4)
O 0.5148(11) 0.5027(10) 0.0004(4) 0.0092(4)

displacement in the two planes are different. Clearly, the thermal parameter, Uiso, of in-

plane sulfur S1 is also comparatively large. The calculated structure factor is compared

to the observed structure function and the goodness of fit R is 0.1148. The fitting results

are shown in Fig. 6.6. The plot between the observed and calculated squared intensities

is on the expected line (blue line with a slope of 1), where the superlattice structure

is well reproduced. Some differences are observed involving the highest intensity Bragg

peaks. The in-plane sulfur distortions are 0.11 and 0.18 Å in the two BiS2 planes and

they are in the order of sulfur movements predicted by the state-of-the-art first principles

calculations which is 0.101 Å[15]. It is clear that the sulfur ferro-displacement is a key

component to the broken crystal symmetry.
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Figure 6.6: The single crystal refinement result. The square of the structure
function, |F (Q)|2, for the observed intensity is compared to the calculated intensity
obtained from the refinement based on (x,y) mode. The fitting is done using the
neutron single crystal data. The goodness of fit is determined to be 0.1148. The blue
line represents the ideal match between the calculated and the observed value at each
Bragg peak with a slope of 1. Deviations are observed for the highest intensity peaks.
In the inset, the two BiS2 layers corresponding to displacements of S1 are shown.
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6.2.4 Stacking of sulfur displacement modes as a candidate

It is possible that if the crystal is twinned, the unit cell is rotated through 90 degrees

about the c-axis, where the (+x, +y) displacement pattern becomes (+y,-x) and (+x,

-x) pattern becomes (+y,-y). The combinations of (+x, +y) and (+y,-x) or (+x, -x) and

(+y,-y) can generate all the h+ k =odd reflections just as in the case of single (+x, +y)

mode. This leaves us to question which pattern is more likely to occur, the (x, y), or a

stacking of its equivalent modes, or a twinned (+x, -x)? The answer is in the pattern

along the 00l-direction. The Bragg peaks along the 00l-direction are much broader than

the hk0 -plane due to stacking faults as previously discussed [113]. However, a stacking

pattern of an untwined (x, y) compared to its twined equivalents or a twinned (+x, -x)

mode will produce different diffraction patterns. If the (x, y) mode alternates along the

c-axis with a (-x, -y) mode, extra reflections are created along 00l as shown in Fig. 6.7.

Similarly, if a twinned (+x, -x) pattern is considered as proposed above with the P2 1/m

symmetry, we find that even if the rotation occurs every 50 unit cells along the c-axis,

additional reflections are observed in 00l just like in the example of Fig. 6.7 that are

not present (circled) in the data. Therefore, stacking of different modes is not a suitable

candidate to account for the observed supperlattice Bragg peak pattern. Furthermore,

the single (+x, +y) mode or its equivalent modes individually considered remain as the

only possibility to reproduce the observed diffraction pattern.
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Figure 6.7: The calculated diffraction pattern is shown based on an alternating (x,
y) mode with (-x, -y) mode along c-axis. The circled are the extra reflections not
present in data. In the side panel, the four Bi-S planes in the doubled unit cell along c
depicting the alternating (x, y) mode and (-x, -y) mode is shown.

6.3 Diffraction patterns of ReO0.7F0.3BiS2

The (x, y) model with the ferro-distortive cell could be used to reproduce the data

collected from the 30 % fluorine doped superconducting samples of ReOBiS2 (Re=La,

Nd and Pr). The single crystals are not exposed to high pressure annealing as in the

case of powders hence their Tc’s are lower [25, 113] with ∼2.5 K and ∼5 K for Re

= La and Nd, respectively. The F doped samples are approximately ten times thinner
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Figure 6.8: The synchrotron x-ray data in the hk0 plane are shown for (a)
LaOBiS2, (b) LaO0.7F0.3BiS2, (c) NdO0.7F0.3BiS2 and (d) PrO0.7F0.3BiS2. The
circled are the Bragg peaks when h+ k is odd (In PrO0.7F0.3BiS2, h+ k-odd peaks
are not circled due to the poor crystallinity with powder streaks.).

compared to the parent sample, therefore, synchrotron x-ray is a more suitable tool than

neutrons to probe the structure in this regard, due to the shorter penetration depth of

x-rays before scattering and ability to focus finely. In Fig. 6.8 (a), (b), (c) and (d),

the synchrotron x-ray diffraction patterns of LaOBiS2, LaO0.7F0.3BiS2, NdO0.7F0.3BiS2

and PrO0.7F0.3BiS2 on the hk0 plane are shown, respectively. The h+ k-odd reflections

(circled) can readily be seen just like in the parent compound, LaOBiS2.
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6.4 Strain effect on Tc of NdO0.7F0.3BiS2 single crystals

The superconducting mechanism of BiS2 class is strongly correlated with lattice dis-

tortions and structural instabilities. As outlined in the previous sections of this thesis,

sulfur displacements give rise to charge fluctuations around Bi that is most probably

involved in the charge carrier mechanism. It is possible that changing macro level phys-

ical properties might have an impact on the nanoscale distortions of the system [135],

thus a parameter such as strain might have an effect on the lattice distortions. These

distortions may be coupled with the superconducting transition temperature Tc of the

system. To investigate this possibility, we developed a in-situ tunable strain for BiS2

single crystal samples, and resistivity measurements were carried out using a standard

4-point configuration as a function of temperature.

Single crystal samples of NdO0.7F0.3BiS2 have a plate-like formation with c-axis perpen-

dicular to the plane of the plate. A single crystal sample and strain gauge were glued

onto the side walls of the piezo stack using a two part epoxy resin. This step involved

careful coating of epoxy on a single side of the crystal and gauge, gluing and baking at

80◦C for 1 hour to gain a strong bond. The piezo stacks were cryogenic-coated by the

manufacturer to withstand the low temperatures as 2 K. Strain was transferred to the

single crystals by applying a positive voltage bias through the red and black voltage leads

of the piezo stack which in response expands along the long dimension and contracts

along the transverse direction. [135, 136] Fig. 6.9 shows a photograph of the set up

that was used for the characterization of piezo stack before the experiment. The relative

orientation of the crystal axes with respect to the piezo stack determines the direction

in which the strain is applied. In this case the strain is applied along a (or equivalently

b) direction. The electrical contacts between the four probes of the resistivity option of
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the puck and the sample were made via platinum wires. The wires were connected to

the four probes with Sn/Ag solder and to the sample using two part silver paint which

was baked at 80◦C for 180 minutes to solidify.

Figure 6.9: The photograph of the set up arranged for characterizing the piezo stack
before measuring resistivity.

6.4.1 Characterization of strain of piezo stack

Strain is the amount of deformation of a body due to an applied force. More specifically,

strain (ε) is defined as the fractional change in length ∆L/L, as shown in Fig. 6.10.

In practice, the magnitude of measured strain involves quantities larger than a few

millistrain. A strain gauge is a device whose electrical resistance varies in proportion to

the amount of strain in the device. Measuring the strain requires accurate measurement

of very small changes in resistance. Therefore a Wheatstone bridge (shown in Fig. 6.11)
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with four resistive arms was used to measure the small change in resistance of strain

gauge.

Figure 6.10: The definition of strain.

Figure 6.11: Wheatstone bridge with the strain gauge as one resistive arm.

A fundamental parameter of the strain gauge is its sensitivity to strain, expressed quan-

titatively as the gauge factor (GF). Gauge factor is defined as the ratio of fractional

change in electrical resistance to the fractional change in length (strain), ∆L/L:

GF =
(∆R/R)

(∆L/L)
=

(∆R/R)

ε
(6.1)
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Gauge factor for the used strain gauge, GF= 2.02.

The bridge was balanced (make V0 = 0 by adjusting the variable resister, R1) when the

applied voltage to piezo (Vp) is zero. When a strain (ε) occurs due to non-zero Vp, the

bridge will result in a nonzero output voltage V0.

V0 = VS(R3/(R3 + (Rx +∆R))−R2/(R1 +R2)) (6.2)

When the bridge was initially balanced,

R1/R2 = Rx/R3 (6.3)

and

∆R = RxGF.ε (6.4)

Simplifying we can find an expression for strain,

ε = (−V0(Rx +R3)
2)/(GF.Rx(R3VS + V0(Rx +R3))) (6.5)

The applied voltage to piezo was varied from 0 V to 60 V at room temperature and

output voltage V0 was measured. The resolution of voltmeter is 0.1 mV. The output

voltage linearly increased (negatively) when applied piezo voltage was increased as shown

in Fig. 6.12. Here the negative increase corresponds to an expansion.

The strain corresponding to the output voltage was calculated and graphed as in Fig.

6.13 as a function of applied voltage on piezo. The strain changes linearly with applied
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Figure 6.12: Output voltage of the bridge vs applied piezo voltage is shown where
the output voltage, V0 linearly increased negatively indicating an expansion.

voltage on piezo. Fitting the data gives ε = 11(1)×10−4 at Vp = 150 V. The strain

is in the range the manufacturer had specified, which was ε=10×10−4 at Vp = 150 V.

Therefore, we can conclude that the specific piezo stack in use was working and the strain

was transferred to the gauge effectively via the glue in between the piezo and gauge.

From the information obtained by the manufacturer, the strain at low temperatures as

2 K might be ten times less than that of at room temperature, therefore the effective

strain applied on the sample around its Tc is much lower.
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Figure 6.13: Strain vs.applied piezo voltage at room temperature.

6.4.2 Resistance of NdO0.7F0.3BiS2 single crystals under strain

The resistance of NdO0.7F0.3BiS2 was measured along the strain direction as a function

of temperature using the physical property measuring system (PPMS). The strain was

applied with a bias voltage on piezo of 49 V as it was the highest safest voltage rec-

ommended, inside the PPMS. Resistance was measured using the standard four probe

technique while temperature was varied between 2 and 300 K for two cooling and warm-

ing cycles; with 0 V (no strain) and 49 V (with strain). The resistance plot as a function

of temperature is shown in Fig. 6.14. There was no difference in either superconduc-

tivity onset temperature (Tc1) or bulk superconducting temperature (Tc2) between the

two cases of 0 V and 49 V bias voltages. Therefore, we conclude that a strain with 49

V bias voltage at low temperatures is not sufficient to change the Tc of NdO0.7F0.3BiS2
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single crystals.

Figure 6.14: Resistance of NdO0.7F0.3BiS2 single crystals as a function of
temperature, without strain (0 V) and with strain (49 V).
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6.5 Summary

The structure of ReO1−xFxBiS2 (Re=La,Nd and Pr) is exposed using neutron and syn-

chrotron x-ray diffraction experiments. The sulfur mode that is responsible for the

structural properties of LaOBiS2 is ferro-distortive in nature, where the in-plane dis-

placement pattern can explain the single crystal results and must be responsible for

the large electron-phonon coupling.[137] The Bi-S1 bond lengths are split in the par-

ent compound, attesting to possible charge fluctuations and disproportionation. The

sulfur displacements observed can explain the Bragg peak patterns of the superconduct-

ing crystals as well. Fluctuations of the bond lengths in the superconducting crystals

indicate that charge fluctuations persist and may be significant in the mechanism of

superconductivity. At low temperatures, no effect from applied strain was observed in

Tc up to a piezo bias voltage of 49 V which is equal to a strain of ∼4×10−5.
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Conclusions

In phonon mediated superconductors, resolving the essential features of lattice modes

that become active in connection with the superconducting transition might be key to

understanding the mechanism. The crystal lattice of the BiS2 based superconductors

plays an important role in superconductivity because of its potential to exhibiting a

strong structure-property relationship due to its intrinsic disorder. The ReO1−xFxBiS2

(Re=La, Nd and Pr) system was investigated using neutron and synchrotron x-ray

diffraction to reveal the nature of electron-phonon coupling that leads to unconventional

states with intricate microstructures and physical properties.

In LaO1−xFxBiS2, the central issue to the coupling mechanism is an electron phonon lat-

tice instability that potentially fosters competing ferroelectric and charge density wave

states as suggested by first principles calculations. In this regard, the current study on

polycrystalline samples confirmed that a long range structural order exists as evidenced

from the Bragg structure, however, disorder is strong in the high pressure annealed su-

perconducting sample with large distortions of BiS2 planes. The distortion of BiS2 plane

remains at all doping levels, however, differences are observed in magnitude. Theoret-

ically, it was expected that the distortion will vanish at the superconductivity phase,

129
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however, experimental results prove that distortions are also involved in the supercon-

ducting phase. Furthermore, the lower Debye temperature of the superconducting x=0.5

sample compared to its parent composition indicated a softer superconducting lattice

which may allow enhanced lattice vibrations.

Local lattice distortions in both superconducting and non-superconducting LaO1−xFxBiS2

compositions are manifested with in-plane sulfur distortions which give rise to split of

Bi-S bonds. The splitting gives rise to two different bond lengths around Bi atoms

and the bond length formations propose two types of displacement modes for sulfur;

ferro-distortive type or antiferro-distortive type. The bond lengths in the two types of

modes are equal in magnitude. The two proposed modes create unequal charge dis-

tributions around Bi atom and thus give rise to local charge fluctuations. Compared

to the parent compound, the magnitude of sulfur displacement is reduced in the high

pressure annealed x = 0.5 superconducting samples while the out-of plane z-motion of

apical sulfur increases. This is reminiscent of another phonon superconductor, BaBiO3,

of which the Bi-O bonds are split at 2.11 and 2.29 Å [138] due to a breathing [139] or a

Peierls-like[140] instability where the strong coupling of the conduction electrons to the

O phonons could explain the enhanced Tc. However, with K doping as in Ba0.6K0.4BiO3,

the split disappears and the bond lengths become one, 2.14 Å [138, 141], which is not the

case observed in the LaO1−xFxBiS2 superconductor in which the distortions are present

in the superconducting phase, albeit reduced in magnitude. Furthermore, even though

LaO1−xFxBiS2 is not magnetic, theoretical calculations showed that spin orbit coupling

leads to a hidden spin polarization that has a considerable effect on the electronic band

structure around the X-point of the Brillouin zone [33]. How the proposed lattice modes

in LaO1−xFxBiS2 affect this spin polarization will be interesting to investigate.
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At the optimum doping level, NdO1−xFxBiS2 shows a comparatively higher transition

temperature than LaO1−xFxBiS2 without high pressure annealing. The polycrystalline

samples have a higher chemical pressure in the NdO1−xFxBiS2 unit cell compared

to LaO1−xFxBiS2 asserted by the significantly reduced unit cell volume. Both non-

superconducting x=0.2 and superconducting x=0.4 lattices are locally distorted driven

by atomic displacements. At the lower doping, the in-plane atomic distortions involve

sulfur while at the higher doping both sulfur and bismuth contribute to the distortion.

These atomic distortions are followed by asymmetric bond length formations around Bi

which lead to charge fluctuations. The asymmetric coordination around Bi is reminiscent

of the environment of Bi in Cu4Bi5S10 due to the presence of a lone pair. [142] Similarly

to the superconducting LaO1−xFxBiS2, the superconducting phase of NdO1−xFxBiS2

manifests z-motion of apical sulfur which could act as a charge transfer conduit between

the electron doping layers and superconducting layers.

Several investigations were carried out regarding the precise structure of ReO1−xFxBiS2

(Re = La, Nd and Pr) and different symmetries were theoretically suggested based on

lattice instability that gave rise to unstable phonon modes and charge density waves,

and hidden spin polarization driven by atomic site asymmetry. In the current project,

evidence is presented from single crystal synchrotron X-ray and neutron diffraction that

challenges all theoretically suggested symmetries and true lattice symmetry is revealed.

The observed Bragg structure from the BiS2 planes arises from x-y displacements of

sulfur that morph into coordinated ferro-distortive patterns in the ab-plane. This mode

must bring significant changes in the electronic structure around the Fermi level. The

pattern remains with electron doping and the fluctuations of the bond lengths in the

superconducting crystal as shown here indicate that charge fluctuations persist and



Chapter 7. Conclusions 132

are most likely significant in the mechanism of superconductivity. Thus the electronic

pairing in superconductivity present in this system is sensitive to the precise nature of

the crystal structure.

Superconductivity in the presence of strong structural disorder might be a play field

for discovering novel superconducting states, and BiS2 superconductors is a potential

candidate. Charge fluctuations are present in the superconducting plane of all the

ReO1−xFxBiS2 (Re = La, Nd and Pr) compositions, as observed indirectly by their

effects on the lattice. The distortions around Bi atoms are similar in nature in all the

compositions, with coordinated ferrodistortive type modes. The charge fluctuations on

the superconducting plane play an important role in the vicinity of superconductivity

and can be coupled to the donor planes via z-motion of apical sulfur which could act as

the charge transfer conduit in the pairing mediation of BiS2 superconductors.
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