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Abstract

Fysol Ibna Abbas

Layered compounds have attracted much attention because of the emergence of various
exotic physical properties and functionalities. Among them, BiChz-based layered compounds
have been studied as superconducting and thermoelectric materials. The mostly-studied parent
phase LaOBiS; is a semiconductor, and electron carriers are generated by F substitution for the
O site in La(O,F)BiS,. The electron-doped La(O,F)BiS, exhibits superconductivity at low
temperatures, but the system does not show bulk superconductivity, which is caused by huge
local disorder (random displacement from the average atomic position) at in-plane S1 site. To
induce bulk superconductivity, in-plane chemical pressure (CP) effect, which reduces in-plane
S1 disorder (amplitude of in-plane atomic displacement parameter, Ui1), is essential. The in-
plane CP can be applied by RE-site substitution with smaller RE3* or Se substitution for the S
site. The in-plane CP effect is also important for enhancing thermoelectric performance in
LaOBi(S,Se).. By Se substitution, in-plane S1 disorder is suppressed, and carrier mobility is
largely enhanced, which results in the enhancement of power factor PF = S%/p where S and p
are Seebeck coefficient and electrical resistivity, respectively. Furthermore, the in-plane CP by
Se substitution in LaOBi(S,Se); results in the suppression of thermal conductivity x, resulting
the improvement of dimensionless figure-of-merit ZT = S?T/px. From inelastic neutron
scattering and phonon calculations, the correlation between x and the optical phonon energy

corresponding to Bi large-amplitude vibration along the c-axis have been proposed.

In both superconducting and thermoelectric compositions of RE(O,F)Bi(S,Se),, the
effect of in-plane CP on the in-plane crystal structure including Chl-site (Chl: in-plane
chalcogen site) and Bi-Chldisorder has been well studied in various compositions, and the
suppression of the in-plane S1 disorder is essential for the emergence of bulk superconductivity
and high thermoelectric PF. However, the study on the Bi large-amplitude vibration along the
c-axis has not been studied in detail particularly for superconductor compositions. To deeper
the understanding of the physical properties of BiChz-based compounds, investigation on the

effect of in-plane CP on the Bi vibration are important. In this study, we investigate the effects



of in-plane CP on the phonons and anharmonicity in RE(O,F)Bi(S,Se), by analyzing specific

heat and estimating Griineisen parameter.

In materials with low-energy optical phonons, for example, the rattling mode in caged
compounds, the contribution of the optical phonons appears in low-temperature specific heat.
As mentioned above, Bi large-amplitude vibration along the c-axis is observed in LaOBi(S,Se)a,
and the optical phonon energy is about 7 meV. Therefore, the low-energy optical phonon can
be detected by specific heat. In this study, we analyzed phonons using specific heat data for
thermoelectric compositions of LaOBiS; and LaOBiSSe and superconducting compositions of
LaOy5Fo.5BiS; and LaOy sF.sBiSSe. For all the cases, the model with two Debye models and
three Einstein models resulted in reasonable fitting of the temperature dependence of lattice
specific heat Cio/T°. For LaOBiS, and LaOBiSSe, the oscillator number strength (n) for the
optical phonon with an Einstein temperature g ~ 70 K (7 meV) clearly increases by Se
substitution, which generates positive in-plane CP. Furthermore, a similar trend, an increase in
n for the Einstein mode with Gk ~ 70 K, is observed by Se substitution in LaOg sFosBiS, and
LaOy sFo.sBiSSe. Those results suggest that the in-plane CP stabilizes the optical phonon modes

corresponding to the Bi large-amplitude vibration along the c-axis.

Because low-energy optical phonon would contribute to the enhancement of
anharmonicity in materials, we estimated the effects of in-plane CP on lattice anharmonicity
by estimating Griineisen parameter. For LaOBi(S,Se), LaOy 5Fo.sBi(S,Se),, and RE(O,F)BiS,,
the Griineisen parameter increases with increasing in-plane CP. Therefore, in-plane CP in BiS,-
based RE(O,F)Bi(S,Se), results in the stabilization of Bi c-axis vibration and the enhancement
of lattice anharmonicity. The scenario proposed in this study will be useful for further

understanding of the physical properties and functionalities in layered BiCh;-based compounds.
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1. Introduction for BiCh;-based compounds

In this study, we investigated the effects of in-plane chemical pressure (CP) on Bi large-
amplitude vibration along the c-axis and lattice anharmonicity in BiCh;-based (Ch: S, Se)
layered compounds. In the BiChs-based system, superconductivity is induced, and high
thermoelectric performance is observed when in-plane CP on the in-plane Bi-Ch bonds is
increased. In this introduction part, we mainly explain the crystal structure, carrier doping, and
in-plane CP effects. The basis of superconductors and thermoelectric materials is written in

Appendix.

1.1 Crystal structure and superconductivity in BiS;-based compounds

The layer superconductors, Bi4O4S3 and La(O,F)BiS,, with BiS,-type conducting layers,
were discovered in 2012 [1-3]. The BisO4S; phase was an unknown phase in the material
database. Therefore, the crystal structure was determined by Rietveld refinement and molecular
dynamics calculation [1]. The crystal structure of Bi4O4S3 determined bystructural analysis
is depicted in Fig. 1(a). The crystal structure of the Bi4O4S3 superconductor is composed of
alternate stacks of a BiS, superconducting double layer and the BisO4(SO4)o.5 blocking layer
[1]. The space group of BisO4S3 is tetragonal /4/mmm (No. 139). Electronic band calculation
suggested that the conduction band is mainly composed of Bi 6px and 6py orbitals hybridized
with S 3p orbitals; hence, the BiS; layer acts as a conducting layer; more precisely, the BiS
planes are main contributor on electronic conduction [1]. The electron carriers are generated
by the SO4 defects. The temperature dependences of specific heat, resistivity, and magnetic
susceptibility are shown in Figs. 1(b—d). 7. for Bi4O4S3 observed oy bulk measurements is 4—
5 K [4], but the feature of an opening of superconducting gap was observed in scanning
tunneling spectroscopy (STS) in Bi4O4S3 up to 14 K by spectroscopy [5], which suggested the
possibility of a higher 7 in this system.
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Figure 1. (a) Crystal structure images of Bi4O4Ss. (b—d) Temperature dependences of (b) specific heat,
(c) electrical resistivity, and (d) magnetic susceptibility of BisO4S;. Partly reproduced from Refs. 1 and
4.

The REOBIiS;-based (RE: La, Ce, Pr, Nd, Sm, Yb, Y, Bi) phases of the BiS;-based
superconductors have received the most attention because of their flexible structure [Fig. 2(a)]
and carrier doping by various methods. The crystal structure of REOBIS; is the alternate stacks
of'a BiS; layer and a REO blocking layer, and the space group is tetragonal P4/nmm (No. 129).
LaO;.<xFxBiS; was the first compound in which superconductivity in the REOBiS:-based
compound was reported [2]. For x = 0, the obtained parent phase is a semiconductor with a
band gap [6,7]. Superconductivity is induced in the electron-doped phases with F substitution.
This demonstrates that superconducting states can be induced by partial substitution of F- for

O?% in the LaO.<FBiS, system.

However, it was found that the polycrystalline samples of electron-doped LaO..F.BiS»
do not exhibit conventional metallic behavior, which is generally understood as a decrease in

resistivity with decreasing temperature. It was found that doped carriers are weakly localized,
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and that resulted in the localized (semiconductor-like) behavior in the temperature dependence
of resistivity as shown in Fig. 2(b) [3,8]. In addition, the shielding volume fraction in the
magnetic susceptibility data is quite tiny in the temperature dependence of susceptibility data
as shown in Fig. 2(c). Therefore, LaOosFosBiS; is categorized into a filamentary
superconductor (in other words, trace superconductivity or weak superconductivity). Later, it
was found that the in-plane CP effects are essential for the emergence of bulk superconductivity

in the system [9], which will be introduced later.

By replacing La of LaO;F:BiS> by other RE, various BiS>-based superconductors
were developed: CeOi1F:BiS,, PrO;.F:BiS;, NdO,F.BiS,, BiO;.F.BiS;, and RE-site
solution phases [3,10—17]. Furthermore, carrier doping by partial substitution of M** (M: Ti,
Zr, Hf, Th) for the La’" site was reported [18]. Among them, the phases with RE = La and Ce
do not show bulk superconductivity, but the phases with RE = Pr, Nd, and Bi exhibit bulk
superconductivity with a large shielding fraction in the susceptibility data. At ambient pressure,
all the phases crystalize in the same tetragonal structure (P4/mmm). The difference is

understood by the difference in in-plane CP.
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Figure 2. (a) Crystal structure image of LaOo.sFo.sBiSz. (b,c) Temperature dependences of (b) electrical

resistivity and (c) magnetic susceptibility of LaOBiS2 and LaOosFo.5BiSz. Partly reproduced from Ref.
2.

For RE = La and Ce, however, application of external pressure effects including high-
pressure annealing induces bulk superconductivity [2,19-22], which is accompanied with
structural distortion into monoclinic structure (P21/m, No. 11) [23]. In addition, the phases with

RE = Pr and Nd also exhibit a slight increase in 7. under high pressure [24]. From these results,



it is clear that there is a correlation between the superconducting properties and the crystal

structure in BiS;-based superconductors.

1.2 In-plane chemical pressure

Chemical pressure effect is used to modify physical properties of materials, where the
unit-cell volume or specific chemical bonds are expanded or compressed by chemical
substitution. To generate effects similar to physical pressure effects, isovalent substitutions are

normally used to control the crystal structure without large change in electronic structure.

In BiS;-based superconductors, two methods of applying CP are developed in the case
of LaOg 5FosBiS; [9,14,24]. One of the methods is substitution of La’" (116 pm: Shannon’s
radius) by smaller RE** ions like Ce*" (114 pm), Pr** (113 pm), Nd** (112 pm), or Sm3* (108
pm) [Fig. 3(a)]. As shown in the superconductivity phase diagram [Fig. 3(c)], filamentary
superconductivity observed for RE = La is suppressed by partial substitution of Ce, and at RE
= Ceo.cNdo .4, bulk superconductivity appears in REOy sFo sBiS; [14]. Furthermore, the localized

behavior in resistivity is suppressed by the smaller-RE substitution [3].
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Figure 3. (a,b) Schematic images of crystal structure for (a) RE-substituted and (b) Se-substituted (at
Ch1) phases of REOosFosBiCh. (c,d) Superconductivity phase diagram for (¢) REOo.sF0.sBiS2 and (d)
LaOosFo.sBiS2xSex. (e,f) Temperature dependences of electrical resistivity for (e) REQOo.sFosBiS2
(normalized for comparison) and (f) LaOo.sFo.sBiS2xSex. Partly reproduced from Ref. 3.
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Similar trends were observed in Se-substituted LaOg sFo sBiS,.Se, [Fig. 3(b)]; smaller
S? (186 pm) is substituted by larger Se*” (198 pm) [24]. With increasing Se concentration, bulk
superconductivity is induced [Fig. 3(d)], and metallicity is enhanced by Se substitution [Fig.
3(f)]. The similar phase diagrams between REOy sFosBiS, [Fig. 3(c)] and LaOg.sFosBiS,..Sex
[Fig. 3(d)] cannot be understood by the unit-cell CP effects. The RE substitution with smaller
RE results in compression of the volume, but Se substitution for the S site results in expansion
of the volume because Se* is larger than S?-. Therefore, the changes in lattice constants @ and
¢ upon the substitution also exhibit different trends. Schematic images on the evolutions of
lattice constants, particularly in-plane (a-axis), are summarized in Fig. 4(a). To understand the
commonality in these two substitution effects, which exhibit similar superconductivity phase
diagrams, the estimation of in-plane chemical pressure on the in-plane Bi-Chl bond was

12.5+

proposed [9]. The in-plane CP is defined with ionic radius including Bi“~" radius estimated

from single-crystal structural analysis of LaOo.54F0.46B1S>.

In-plane CP = [Rgi*+ Rcni] / [Bi-Chl distance (in-plane)] (1-1)

Here, Rgiis the ionic radius of Bi*>*, and Rcni is average ionic radius at the Chl site. Bi-Chl
distance (in-plane) can be estimated from X-ray diffraction and Rietveld refinement (see

Appendix for Rietveld refinement).

As shown in Fig. 4(d), the x (RE or Se substitution) dependences of in-plane CP
estimated using equation (1-1) exhibit a positive increase on substitution for both systems.
Figure 4(b) shows the schematic image of the concept of in-plane CP in REOy sF¢.sBiS; and
LaOysFo.5BiS,..Se,. This situation can be understood by considering the differences in bonding
stiffness in the in-plane Bi-S bonds and others. X-ray absorption spectroscopy studies revealed
the difference in bond stiffness by analyzing the temperature dependence of Debye-Waller
factor; the similar trend was observed in various BiChy-based systems [25,26]. Basically, in-
plane Bi-Chl has flexible bonding nature and others, particularly blocking layer with ionic
bonds, possess stiff bonding nature. When smaller RE is substituted, the blocking layer is
compressed, which is smoothly linked to the compression of Bi-Chl plane. In the case of Se
substitution, the constituent elements of the LaO layer are not changed by the Se substitution,

and Se is selectively substituted at the in-plane site [27]. The substitution of Se for the in-plane
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S site results in the in-plane expansion, but the expansion is suppressed by the stiff blocking

layer structure. Finally, the direction of in-plane CP for these two systems becomes the same.
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Figure 4. (a,b) Schematic images of the change in (a) lattice constant and (b) in-plane CP. Blue and red

arrows indicate compression and expansion of lattice constant, respectively. (c,d) x (substitution)

dependences of (c) lattice constant a and (d) in-plane CP.

1.3 In-plane disorder in BiCh;-based layered system

As mentioned above, LaOosFosBiS; is a filamentary superconductor, and the

phenomenon was thought to be caused by the weak carrier localization. The in-plane CP was

effective to suppress the carrier localization and induce bulk superconductivity. This in-plane

CP effect on the carrier localization is explained by the suppression of in-plane static disorder

revealed in synchrotron X-ray diffraction, neutron diffraction, and X-ray absorption

spectroscopy [28—33]. From Rietveld refinement of synchrotron X-ray diffraction data for the

Se-substituted system with anisotropic analysis of atomic displacement parameter with U
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(in-plane) and Uss (out-of-plane) [Fig. 5(b)] [28], it was found that U;; for the Chl site is
quite large for the phase with low in-plane CP.
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Figure 5. (a) Se substitution dependence of in-plane displacement parameter Ui for LaOo.sFo.sBiS2-
»Sey. (b) Schematic images of Un (in-plane) and Uss (out-of-plane) displacement parameters depicted

with thermal ellipsoids on the BiChz layers. Reproduced from Ref. 3.
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Figure 6. RE ionic radius dependence of Ui for Bi and Sl sites for REOo.sFo.sBiS2. Reproduced from
Ref. 3.

With increasing in-plane CP, Ui decreases and becomes comparable as Uy for Bi as shown
in Fig. 5(a). In the regime, bulk superconductivity is induced. The results are consistent with

the extended X-ray absorption fine structure (EXAFS): amorphous-like Bi-Chl bond nature
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in a phase with low CP and evolution of crystal-like Bi-Chl bond nature by in-plane CP [32].
Similar trend was observed in RE-substituted system; Ui for in-plane S1 is suppressed by
smaller-RE substitution as show in Fig. 6 [29]. As shown in Fig. 7, both RE-substituted and
Se-substituted systems exhibit the suppression of Uj; for the Chl site and bulk
superconductivity. Therefore, to induce bulk superconductivity in REOBiS,-based
compounds, both electron carrier doping and the suppression of in-plane Ui are needed.
From the temperature dependence of displacement parameters, the large displacement at the

in-plane Ch1 site was found to be static local distortion.
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o e

Figure 7. Schematic images of crystal structure with thermal ellipsoids of Ui and Uss for (a)
NdOosFo.sBiS2 with high CP, (b) LaOo.sF0.sBiS2 with low CP, and (c) LaOosFosBiSSe with high CP.
Partly reproduced from Ref. 3.

Since these facts are related to our conclusion of this study, we describe our assumption
on the relationship between the local in-plane disorder and the appearance of Bi vibration along
the c-axis. In the following subsections, we show that the BiCh,-based compounds have low-
energy optical phonon modes that are mainly related to the Bi vibration along the c-axis. When
in-plane CP is weak (namely LaOBiS;), the local in-plane disorder is huge, and the system has

glassy in-plane structure; namely there are randomly distributed local distortions [30-33]. This

14



would cause the suppression of expected Bi vibration along the c-axis, and that was actually

observed in this study.

1.4 Phonon instability and charge density wave

Soon after the discovery of the BiS>-based superconductors, phonon calculation was
performed, and the presence of phonon instability was proposed [34,35]. The theoretical
analyses proposed the presence of anharmonic ferroelectric soft phonons and possible charge
density wave (CDW) transition in the BiS;-based materials. Yildirim proposed in-plane
distortion with a large displacement of S in LaOBiS,, which is consistent with experimentally
observed in-plane displacements of in-plane Ch. Furthermore, a CDW transition was
experimentally observed in LaO;..F,BiS; and EuFBiS; [36,37]. For both materials, possible
CDW formation was observed at temperatures just below room temperature. The in-plane Chl
disorder should be linked to the formation of CDW states. In addition, the anharmonic nature
of phonons would be linked to physical properties of BiChs-based compounds. This fact
motivated us to study the in-plane CP effects on lattice anharmonicity in the system.

After phonon calculation, inelastic neutron scattering (INS) was performed for LaO-
<FxBiS2 (x =0and 0.5) [38]. For bothx=0and 0.5, low-energy phonons are almost unchanged,
but high-energy phonons are modified by F substitution. The low-energy phonons are mainly
dominated by the contribution of the Bi, and the low-energy mode with a large density of states

(DOS) corresponds to Bi vibration along the c-axis.

1.5 Thermoelectric properties in LaOBiS;..Se,

The LaOBiS,.Se, phases exhibits a high thermoelectric performance. As described in
Appendix, the thermoelectric dimensionless figure-of-merit Z7'is defined as ZT' = S?T/xp where
S, T, k, and p are Seebeck coefficient, absolute temperature, thermal conductivity, and electrical
resistivity, respectively. In addition, power factor, which is a part of Z7, is defined as PF = §%/p.
In LaO;..F.BiS;, F substitution results in a decrease in PF due to excess carriers, which
decreases absolute S [39]. However, Se substitution in LaOBiS,.,Se, largely improves the PF
owing to the increase in carrier mobility [40], and high ZT of 0.36 was achieved [41,42]. The
improvement of mobility can be explained by the in-plane CP effects, which result in the

suppression of in-plane Bi-S bond disorder, which was revealed by EXAFS [33].
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However, the suppression of in-plane Bi-S bond disorder cannot explain the decrease
in lattice thermal conductivity by Se substitution [42]; in x = 1.0 (LaOBiSSe), the Bi-Ch in-
plane has a less disordered structure and less S/Se randomness because of selective occupation
of Se at the in-plane site [43]. To answer this issue, the importance of lattice anharmonicity to
low lattice thermal conductivity, which enhances Z7, in a thermoelectric phase of BiS,-layered
LaOBiS;..Se, has recently been proposed [44]. INS measurements revealed that the low-energy
optical phonon mode exhibits softening with increasing Se concentration in the LaOBiS,.,Se,,
and that is linked to the suppression of lattice thermal conductivity. The optical phonons with
E = 6-7 meV in the LaOBiCh»-type materials correspond to Bi vibrations, and the major
phonon density of states (DOS) are of c-axis vibration of Bi[44]. Figure 8 shows the calculated
phonon DOS for LaOBIiS;. It is clear that the low-energy phonon modes are dominated by the
Bi vibrations. The largest DOS peak at the low-energy regime is 41 mode that corresponds to
Bi vibration along the c-axis [38,44]. The presence of large-amplitude vibration of Bi along the
c-axis was also seen via Us3 of Biin LaOBiSSe [43]. The temperature dependence of Usz with
a large residual Usz at 7= 0 K is consistent with the possibility of anharmonic c-axis vibration
of Bi.

The trends on low-energy phonons are common between non-doped LaOBiS, and
doped (superconducting) LaQOgsFosBiS, [38]. Therefore, we consider that the detailed
investigation on the low-energy phonons will provide us with useful information to understand

superconductivity mechanisms in the BiCh,-based family as well as thermoelectric phases.
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Figure 8. Calculated phonon DOS for LaOBiSz. In the calculation, monoclinic structure was used to

stabilize the crystal structure. However, the trends should be applicable to the tetragonal structure [44].
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2. Purpose of this study

BiChy-based layered compounds exhibit superconductivity in the electron-doped
phases and high thermoelectric performance in the non-electron-doped phases. To induce bulk
superconductivity, both carrier doping and in-plane CP on in-plane Bi-Ch bond are needed.
For example, Se substituted LaOosFsBiS>.xSex exhibits bulk superconductivity with Se
substitution. The in-plane CP suppresses local in-plane distortion, which is the cause of the
weak carrier localization in samples with less in-plane CP. To enhance thermoelectric
performance, in-plane CP for a non-doped system is useful because the in-plane CP improves
power factor PF through the improvement of carrier mobility. For example, Se substitution in
LaOBiS,.«Sex improves the power factor. In addition, the in-plane CP affects Bi large-
amplitude vibration along the c-axis. From inelastic neutron scattering, the phonon energy
softening was observed for Se-substituted LaOBiS>.xSex. The softening is linked to the
suppression of lattice thermal conductivity, and hence, thermoelectric dimensionless figure-of-

merit ZT is improved by both the increase in PF and the decrease in «.

As described in the introduction part, in-plane CP (typically achieved by Se substitution
in the conduction Bi-Ch plane) is essential for both the emergence of bulk superconductivity
and high thermoelectric ZT. Although studies on the effect of in-plane CP on the in-plane local
distortion (Bi-Ch bond disorder) have been performed by several probes (synchrotron X-ray
diffraction, neutron scattering, EXAFS), the investigation on the in-plane CP on the c-axis Bi
vibration has been done by the inelastic neutron scattering only. Hence, the correlation between

the c-axis Bi vibration and physical properties in BiCh;-based systems were unclear.

The main purpose of this study is to clarify the effects of in-plane CP on the c-axis Bi
vibration in BiChs-based compounds including carrier-doped superconducting compositions,
LaOysFo.sBiS, and LaOgsFsBiSSe, and non-doped thermoelectric compositions, LaOBiS,
and LaOBiSSe. On the basis of previous studies on displacement parameter, inelastic neutron
scattering, and phonon calculations, we assumed that the c-axis Bi vibration enhances
anharmonicity. Therefore, our purpose of this study is to clarify how the c-axis vibration is

affected by the in-plane CP and how the anharmonicity is changed.
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3. Methods

3.1 Synthesis of samples

In this work, polycrystalline samples of RE(O,F)BiS..Se, were synthesized by a solid-
state-reaction method, and the obtained samples were densified by high-pressure (HP)
annealing. Here, we briefly describe the methods of synthesis. Information of the powders or
grains used for the syntheses will be described in the end of subsection. The starting materials
were mixed with a nominal composition of the target phase in a mortar, and pelletized into a
pellet. The pellet was sealed in an evacuated quartz tube, and heated at the optimal conditions.
In most cases, the sintering temperature was 700°C, and the heating duration was 15-20 h. The
obtained sample was ground, pelletized, and annealed in the same procedure as the first

sintering.

To obtain dense samples for sound velocity measurements, we performed HP annealing
in a cubic-anvil-type 180-ton press. A sample pellet with a diameter of 5 mm was placed in a
BN crucible, which is set in a carbon heater capsule. The carbon heater was set in a pyrophyllite
block, and the cube was placed in the high-pressure synthesis machine. With six anvils,
isotropic pressure was applied, and the sample temperature was increased by applying current
to the carbon capsule. Here, we applied 1.5 GPa and heated the sample at 400°C for 10-15
minutes. With this HP annealing conditions, crystal structural modification is less, but a high

relative density to ideal value greater than 90% can be achieved.

For example, polycrystalline samples of LaOBiS»..Se, (x =0, 0.5, 1.0) were synthesized
by a solid-state reaction method. We began with powders of La>S3 (99.9%), La>0O3 (99.9%), S
(99.99%), Se (99.99%), andB1,S3 (made from Bi and S), Bi>Se; (made from Bi and Se) and
grains of Bi (99.999%) as the starting materials. Powders of Bi,S3; and BiSe; were made
through a reaction that took place in an evacuated quartz tube. The heating treatment was
conducted forl5 hours at 700° C. For F-substituted samples, REF3 (99.9%) powders are
additionally used.

3.2 Crystal structure analysis and phase characterization

The crystal structure of a material determines its physical characteristics. Crystal

structure analysis is therefore a crucial component of this study. Particularly, in this study,
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volumetric thermal expansion of lattice constant is an essential parameter in the estimation of
Griineisen parameter. We used X-ray diffraction (laboratory X-ray source and synchrotron X-
ray) to analyze crystal structure of the synthesized samples. To characterize the actual

composition of the obtained samples, SEM-EDX was used.

3.2.1 X-ray diffraction (Iaboratory XRD)

To determine phase purity and crystal structure, powder X-ray diffraction (XRD) was
performed on a diffractometer Miniflex-600. We collected the XRD pattern at 26= 10" to 70°
using the traditional 8 - 20 method. This is outfitted with a high-speed silicon strip D/teX-Ultra
detector and CuKa radiation (A = 1.5418 A). The obtained data were analyzed by Rietveld
method [45] using RIETAN-FP program [46]. The detailed explanation of Rietveld refinement
is written in Appendix. To estimate temperature dependence of lattice constants, we performed
high-temperature XRD on Miniflex-600 using a high-temperature stage BTS-500 in vacuum.

To visualize the refined crystal structure images, we used VESTA software [47].

3.2.2 Synchrotron X-ray diffraction

We also used synchrotron X-ray diffraction (SXRD). Because of its variable
wavelength, high flux, and superior collimator for the incident beam of synchrotron radiation,
SXRD, in contrast to conventional laboratory XRD, exhibits improved resolution and
sensitivity of XRD peaks to determine the crystalline size, sensitivity, and atomic coordinates
with atomic displacements in crystal. In addition, the short measurement time enables us to
perform temperature-variable XRD experiments easily. Figure 9 depicts a condensed

schematic of the synchrotron X-ray generated in the storage ring at the synchrotron facility.
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Figure 9. Schematic diagram of a synchrotron storage ring.

We used beamline BL02B2 of SPring-8 for low- and high-temperature SXRD
experiments. The diffraction data was collected using multiple-MYTHEN detector [48]. The
samples were sealed in an evacuated quartz capillary, and the temperature of the sample was
controlled by N> gas. Typical X-ray energy was 25 keV, and the actual value of wave length
was determined from the lattice constant of CeO,. The obtained data were analyzed by Rietveld

method using the RIETAN-FP program.

3.2.3 Scanning electron microscopy (SEM)

We observed the surface of the obtained samples by scanning electron microscope TM -
3030 (Hitachi-hightech). Here, we briefly describe the mechanism of SEM observation. With
high resolution and magnification, SEM offers an image of the sample materials. From the
electron gun, a highly focused and intense electron was fired, which then struck the specimen
sample in a raster scan pattern. The electrons in the sample and the electrons in the beam
interact differently. The two basic types of dispersion are the elastic scattering and the inelastic
scattering. When the incident electron collides with the samples without losing any energy,
elastic scattering takes place. he electron gun's electron direction has been altered.

Backscattered electrons are what we name this electron (BSE). An inelastic electron, on the
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other hand, is a form of electron where the electron loses energy following an incident.
Secondary electrons are referred to as dispersed electrons, whereas incident electrons are
known as main electrons. These second-order electrons are found at the detector located outside
the object, and in the SEM, they are employed to create an image signal. These indications
include heat, secondary electrons, recognizable X-rays, and backscattered electrons (BSE). The
secondary and BSE electrons, as well as their combined version, are used to create the SEM

image. An example of the SEM image of our sample is shown in Fig. 10.

Miniscope1816 2021/04/26 1566 HM D8.2 30 pm

Figure 10. SEM image for LaOBiS2xSex taken using backscattered electrons.

3.2.4 Energy dispersive X-ray (EDX) analysis

The actual composition of the obtained samples was investigated by energy dispersive
X-ray spectroscopy (EDX) on the SEM (TM-3030, Hitachi-high tech) equipped with an EDX
analyzer SwiftED (Oxford). Here, we briefly explain the mechanism of the EDX experiment.
When an electron beam with appropriate energy strikes an electron in the inner cell of the
sample with lower energy, the electron is ejected from the shell and causes an X-ray emission.
The vacancy was then filled by a high-energy electron from the outer cell, which releases X-
ray radiation, characteristic X-ray as explained in Fig. 11, that is specific to each element. By
analyzing an energy spectrum, an energy-dispersive X-ray (EDX) is performed to identify
various components. The individual elements of the sample are easily identified because the
energy spectra of each element are distinct. The associated computer is used to control the EDX
system. SEM equipment is frequently included with EDX apparatus. Compositional analysis
data is produced for a wide range of elements and compounds using the combination of those
two. Spot size or an area of an SEM image in the order of micrometers is selected to study the

sample.
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Figure 11. Schematic image of the emergence of characteristic X-ray radiation.

3.3 Physical properties measurements
We measured magnetization, specific heat, and sound velocity of the obtained

samples. Here, we briefly explain the methods used for those experiments.

3.3.1 Magnetization
We used Magnetic Property Measurement Systems MPMS3 (Quantum Design), which
1s equipped with a superconducting quantum interference device (SQUID) magnetometer (dc-
SQUID). The magnetization measurements were performed after both zero-field cooling (ZFC)
and field cooling (FC) with a typical applied field of 10 Oe. SQUID-VSM mode was used for
collecting the temperature dependence data. Sample was packed in nonmagnetic capsule and

placed in a brass sample holder for VSM mode.

3.3.2 Specific heat

The specific heat measurements were performed to investigate the superconducting
properties, Debye temperature, and phonons. We used Physical Property Measurement System

PPMS (Quantum Design) to take specific heat data with relaxation method. The sample was
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placed on the sample stage using Apiezon N grease. We briefly explain the sample stage (Fig.
12) of the specific heat measurement. There is a heat controller that adds heat to a sample and
thermometer.. As a result, specific heat of the sample is determined by the temperature change
to the provided heat after subtracting addenda specific heat. Before sample measurements, we

measured addenda specific heat.

CTING -APIEZON GREASE
WIRE'S SAMPLE

THERLAL i 1 THERMAL
B ot -
BATH LATF ORM b

—— —
(PUCK FRAME) \ (PUCK FRAME)
THERMOMETER HEATER

Figure 12. A schematic diagram of specific heat sample stage.

3.3.3 Sound velocity

We measured longitudinal sound velocity (vi) of the densified samples at room
temperature using ultra-sonic thickness detector (Satotech-2000C). Since high packing density
results in reliable estimation of vi, we measured HP annealed samples with a relative packing
density greater than 95 %. The sample was attached with Kaplant gels to the detector during

the measurements.
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4. Investigation of phonon by specific heat

To clarify the in-plane CP effects on phonons, particularly the Bi large-amplitude
vibration long the c-axis, we analyzed lattice specific heat (Cia) in @ Cia/ 73 form. The analyses
are based on previous works on low-energy optical phonons. In this chapter, we start with the

introduction of the previous works and the analysis procedures.

4.1 Introduction

The specific heat of inorganic solids is mainly contributed by lattice (Ciar), electron (Cer),

and magnetism (spin), and Cia is well explained by the Debye model (Cp) [equation (4-1)].

3 x
Cp = 9Nkg (%) [ dx xte (4-1)

(e*-1)?

where N, kg, and 6p, are the number of atoms, Boltzmann constant, and Debye temperature,
respectively, and xp is equal to 8 /T. The target physical parameter of this study is Cia, and
the specific heat of the BiChz-based compounds can be regarded as Cia.c and Cei. For Cei, low-
temperature approximation gives C1 = yT where y is electronic specific heat coefficient.

The analysis of optical phonons has been performed on materials with a caged structure,
rattling motion of atoms, flexible network or anomalous thermal expansion [49-54]. The
simplest analysis is the inclusion of one Einstein model (Cg) with Cp. The Ck is described as
follows with Einstein temperature (6g). If there are large optical phonon contributions with a

low 6k, a hump structure is observed in the temperature dependence of Cia/ 7.

:_onl%)

Ce = 3Nkg () T (4-2)

T
For the analysis of the temperature dependence of Ciy, the summation of equation (4-3) is
usually assumed using oscillator number strength (n;). When assuming single atom in the
formula unit, the summation of »; should be 1, and it is multiplied by the number of atoms in
the unit cell according to the unit of specific heat.

Ciat = Xi,jnpiCpi + ngjCgj “4-3)

In the case of complicated structure or atomic vibration characteristics, summation of multiple
Debye and Einstein models were used to explain Ciy [S2—54]. The well-known example is the
specific heat analysis on negative thermal expansion material ZtW»Og [53]. The use of multiple
Debye models results in multiple fps, and the concept is well described in Refs. 55 and 56.

When the atomic numbers of the constituent elements are largely different, or atomic vibration
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characteristics are different on each atom or component molecules, multiple fps are assumed
in the analysis. For example, when assuming three @ps, the average 6p is described as equation

(4-4) using oscillator number strength np; and Debye temperature 6p; [55].

Npy+n;+n3 Mp1 , Mpz , Np3
= + + 4-4
[Op(average)]®> 63, 603, 63, -9

In this study, we investigated phonons by analyzing Cia for BiChy-based compounds
LaOBiS;.xSer and LaOg sFosBiS2xSex to investigate the effects of in-plane CP on the optical
phonons. As a result, we needed to use two Debye models to extract the contributions of optical
phonon modes. We assumed two cases (case 1 and 2) to fix np1 and np, for all the samples.
Case 1 assumes np; : np2 =2 : 3 where we consider that Bi and Ch1 in the flexible conducting
plane have a lower p, and other three atoms have a higher fp [57]. For the analysis of specific
heat, we used the unit of J/K mol(f.u.) where five atoms are included in a formula unit (fu.) of
LaOBiS,. This assumption is based on the observation of low stiffness in the Bi-Chl in-plane
bonds by EXAFS [26]. Case 2 assumes npi : np2 = 10/3 : 5/3 where we assume the difference
of transverse and longitudinal sound velocities. For both cases, Einstein components (oscillator

number strength) are compensated by reducing np; for a lower 6p.

4.2 LaOBiS2-+Sex

For specific heat measurement, we measured the 7 dependence of C for the
polycrystalline samples of LaOBiS,.,Se, (x =0, 1.0) at 7= 1.9-300 K [57]. For LaOBiS,.,Se,,

data taken at H= 0 T were used for the analyses because there is no superconducting transition.

In LaOBIS,, the total C is contributed by Ciac only because of no carrier doping. Figure
13(a) shows the C-T data for LaOBiS>, and Fig. 13 (b) shows the fitting to C/T = BT? where S
is the coefficient of lattice specific heat. From the obtained S, 0p is estimated as 222.6(4) K.
First, analysis with a single Debye model (model 1) was tested, and the result is shown in Fig.
13(c). Because of assumed atomic number of 5 per formula unit, the sum of »n should be 5 in
the analyses. clear that a single Deby model with fp =223 K does not explain the experimental
data. We tested a single Debye model with different Op, but no successful fitting was obtained.
Therefore, we analyzed the specific heat data with case 1 and 2. For case 1, we could use 6p =
222.6(4) K estimated from low-7 data for one of the fps. However, for case 2, both dps should
be higher than 222.6(4) K.
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Case 1

The analysis results for LaOBiS; in case 1 are summarized in Figs. 13(d—f) and Table

I. Model 2 uses two Debye models (model 2), and model 3 and 4 uses additional single and

triple Einstein models as shown in Figs.
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Figure 13. (a) Temperature dependence of specific heat (C) for LaOBiS.. (b) Low-T fitting result on

the 7° dependence of C/T, where data points between two cursors were used for fitting. (c-f) Analyses

of C/T° with different four models: model 1 with single Debye model, model 2 with double Debye

models, model 3 with double Debye and single Einstein models, and model 4 with double Debye and

triple Einstein models. The horizontal axis is in log scale. Reproduced from Ref. 57.

Table I. The parameters used for the C/T° analyses for LaOBiS: [57] in case 1.

Model parameter Model 1 Model 2 Model 3 Model 4
0y, (ny) 223 K(n=5) 223K(n=2) 223Km=148) 223K (n=1.46195)
0, (1) 450 K (n =3) 450 K (n=3) 450K (n=3)
0, (n.) 73 K (n=0.52) 78 K (n=10.51)
Og, (1) 35 K (n = 0.026)
O, (n.,) 13 K (n = 0.00205)
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We applied double Debye models, and the combination of dp1 = 223 K (np1 = 2) and
Op2 = 450 K (np2 = 3) gave a good fitting at a high-temperature data as shown in Fig. 13(d)
where np1 and np; are corresponding oscillator numbers. From the results, we fix p1 (lower
Op) to be the value obtained by low-T fitting to the C/T-T? plot. In addition, np; is fixed to 3,
which is reasonable when considering that La and O in blocking layers and S2 are contributing
a higher 6p2, and lower p; is contributed by Bi and S1 in the conducting plane with anomalous
bonding states with local disorder and Bi vibration along the c-axis. Basically, C with a lower
6p dominates low-T Cia, which is the reason why 0p; estimated from the fitting in Fig. 13(b)
could work as &p1. In Fig. 13(e), one Einstein mode with g is added to the model in Fig. 13(d).
To create ngi, npi was reduced accordingly, because the low-energy phonons are mainly
contributed by Bi as discussed later. Finally, as shown in Fig. 13(f), a model with double Debye
and triple Einstein modes was found to well explain the experimental result. Although residual
C/T? is present at lower temperatures, we did not include further Einstein modes because the
expected peak positions are lower than the lowest data point, and the oscillator number of that
mode is extremely low. The obtained model parameters for LaOBiS; are summarized in Table
I. Although we used three Einstein modes for fitting, the Einstein model with the highest 6k

has a large n, which implies the presence of major vibrations of Bi at the energy of g = 78 K.
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Figure 14. (a) Calculated temperature dependence of C/T° for LaOBiS: with a monoclinic P2i/m
structure. The horizontal axis is in log scale. (b) Energy dependence of phonon DOS for LaOBiS.. The
original data has been published in Ref. 44, and the simplified version is shown here. (c,d) Schematic
images of crystal structure of LaOBiS: and atomic vibrations at £ = 3.4 and 7.4 meV. The arrows

indicate displacements of the atoms.
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Figure 15. Phonon band structure for LaOBiS.. The original data has been published in Ref. 44, and
this figure is a modified output. Because of structural instability, we assumed monoclinic (P21/m)

structure, which was more stable than tetragonal in the calculation.

To confirm the validity of the analysis with the combination of multiple models, we show
calculation results of C/T? in Fig. 14(a). The original data of the calculation of phonons have
been published in Ref. 44. The calculation is based on the monoclinic (P21/m) structure;
LaOBiS;..Se, undergoes structural transition from tetragonal (P4/nmm) to monoclinic [3]. In
contrast, F-doped LaQOy.5Fo5BiS2.,Se, does not undergo the structural transition, and the
tetragonal structure remains at low temperatures [58]. However, the monoclinicity in this
system 1s quite small, and the affections of the structural symmetry lowering to phonon
characteristics are limited. Therefore, we use the result as a reference. The calculated C/T3-T
exhibits a trend quite similar to the experimental result. The difference is the presence/absence
of the low-T7 upturn in experimental and calculated results, which would be due to the presence
of local structural disorders that cannot be incorporated into the calculations. Another
difference is the absolute values of the peak amplitude. The calculated peak height is higher
than that obtained by the experiment; this difference would also be caused by the in-plane
disorder because the inconsistency is removed by Se substitution. Figure 14(b) shows the
phonon DOS with the contributions from Bi. The phonon band structure is displayed in Fig.
14. It is clear that the phonon DOS below 10 meV are dominated by Bi vibrations. Figures
14(c) and 14(d) show typical displacement modes at £ = 3.4 and 7.4 meV, respectively, with

arrows showing atomic displacements. Since Bi is quite heavier than S and O, the size of the
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arrows becomes smaller than that of the others, but there are clear Bi vibrations seen in those
figures. We consider that the two Einstein modes with 6g; = 78 K and g2 = 35 K (Table I) are

corresponding to those modes of Bi vibrations.

Now, we discuss the results for the phonons of LaOBiSSe (x = 1.0) where the in-plane
S1 site is selectively substituted by Se with full occupancy. The analysis with double Debye
and triple Einstein models similar to model 4 [Fig. 14(f)] is applied, and the result is shown in
Fig. 16. The used model parameters are listed in Table II. With Se substitution, fp; and Ip>
decrease, and 0, slightly decreases, which is consistent with the peak shift in C/T*-T between
LaOBiS, and LaOBiSSe. The noticeable trend is the increase in ng1 and ng» by the Se
substitution. Instead of that, np; is reduced, which implying the increase in the oscillator
number of the optical phonon modes and the stabilization of the modes by the in-plane chemical
pressure effects. Because LaOBiS; possesses huge local structural disorders in the conducting
plane [33], we consider that the suppression of the disorder is essential for the emergence of
intrinsic Bi vibrations expected from the phonon calculations. In the other words, in the Se-
free Bi-S1 planes with local disorders, the Bi vibrations along the c-axis are largely suppressed
by the local disorder, which results in the smaller ng;. As a fact, the experimental value of the
peak of C/T® is almost the same as the calculated value. This scenario is consistent with
previous works on X-ray absorption spectroscopy, which reported on a large change in the
bonding states of the Bi-Sl-plane from glassy to crystalline by Se substitution [33]. The
stabilization of the large-amplitude Bi vibrations along the c-axis should be linked to the
suppression of thermal conductivity, which is a key factor for the high ZT.
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Fig. 16. Temperature dependence of C/T° for LaOBiSSe. The horizontal axis is in log scale. Double

Debye and triple Einstein models are assumed [57].
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Table II. The parameters used for the C/T° analyses with model 4 for LaOBiS: and LaOBiSSe.

Model LaOBiS: LaOBiSSe
parameter
0y, (ny) 223 K 218K
(n=1.46195) (n=1.3258)
0, (ny,) 450 K (n=3) 380K (n=13)

0., (n.) 78K (n=0.51) 75 K (n = 0.64)
0.,(n,)  35K((n=0026 34K (n=0.032)

0., (ny) 13K (n=0.00205 13K (n=0.0022)

Case 2

Case 2 assumes np1 : np2 = 10/3 : 5/3 where we assume the difference of transverse

and longitudinal sound velocities. Because of the large np1 (lower 6,), the 6, estimated from
low-T fitting could not be used, and higher 6 s are needed. The analyses results are shown in

Fig. 17 and Table III. However, as shown in Table III, the trend of ng1 corresponding to the Bi
c-axis vibration is common to case 1; ng; increases by Se substitution. Therefore, we concluded
that the use of both case 1 and 2 can be useful for extracting the effect of in-plane CP on the Bi
vibration along the c-axis. Because this analysis is based on many variable parameters,

reducing variable parameters is ideal. Therefore, we use case 1 with fixed the lower 6

determined by low-T fitting in the investigation on superconducting LaOgsFosBiSz..Sex

samples with carrier doping.
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Fig. 17. Temperature dependence of C/T° for LaOBiS: and LaOBiSSe in case 2. The horizontal axis is

in log scale.
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Table III. The parameters used for the C/T° analyses in case 2 with model 4 for LaOBiS: and
LaOBiSSe.

Model LaOBiS: LaOBiSSe
parameter
05, (ny) 285K 285 K
(n=2.70) (n=2.57)

0,,(n,) 450K (n=1667) 400K (n=167)
0, (n,) 80 K (1 = 0.60) 76 K (n = 0.73)

0., (n 35K (n=0.030) 34K (n=0.036)

&)

0, (ny)  13K(n=00023) 13K (n=0.0026)

4.3 La0o.5F0.5BiS2-«Sex

On the basis of the discussion above, we analyzed specific heat data for F-substituted
LaOy 5Fo.5BiS,.,Se. (x = 0, 1.0) superconducting samples using model 4 of case 1. In Fig. 18,
the results of the analyses of Ci/T® are displayed. Ciat was obtained by Ciat = C — yT, where y
is an electronic specific heat coefficient and determined by low-T fitting of C/T-T? to C/T =y
+ BT?. We used data taken at H=3 T for 7< 5 K to avoid the contribution from superconducting
states. We confirmed that the low-7 (H =3 T) data are smoothly connected to the higher-7 data.
In La(O,F)BiS,, a previous study showed that the low-energy phonon DOS are not largely
affected by F substitution [38].

As shown in Fig. 18(a), the T-dependence of Ci/T? for LaOg sFosBiS; is well fitted with
model 4. Here, y = 0.96(2) mJ/mol K? is used for LaOg sF sBiS. The results are quite similar
to LaOBiS;, where the peak amplitude for the optical phonon contribution with 0, is relatively
smaller than that in the calculation. Since the oscillator number ng; is around 0.5 for LaOBiS»
and LaOo.sFo5BiS,, the difference between the experimental data and the calculation result is
basically caused by the small ng;. Figure 18(b) shows the analysis result for LaOg sFo sBiSSe
with model 4. The y is 2.71(4) mJ/mol K? for LaOg sFo sBiSSe. As compared to LaOg sFo sBiSa,
the experimental values are close to the calculation result, particularly at the optical-phonon
peak. The trend of the affection by the Se substitution at the in-plane S1 site is quite similar to
the case of LaOBiSSe. The ngi increases from 0.52 (for LaOosFosBiS>) to 0.60 (for

LaOo.5F.sBiSSe). Because of the almost same #g; for both analyses, the increase in ng1 should
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be an essential feature caused by the in-plane CP effects. On the superconductivity in
LaOy 5Fo.5BiS,.,Sey, bulk nature of superconductivity is enhanced by Se substitution [9,24,59].
Although the Debye and Einstein temperatures decreases with Se substitution, y increases with
Se substitution. Therefore, we cannot simply discuss the cause of the enhanced
superconducting properties by the Se substitution in LaOg sFosBiS,..Se, in the frame work of
the conventional phonon-mediated mechanism [60]. However, the fact that the enhancement
of bulk nature occurs when the Bi vibration along the c-axis with Og; is stabilized suggest
positive relationship between the Bi vibration and superconductivity. Therefore, investigation

on phonons at low temperatures is needed to further understand the relationship.
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Fig. 18. Temperature dependence of Ci/T® for LaOo.sFo.sBiS2 and LaOosFo.sBiSSe. The horizontal

axis is in log scale. Double Debye and triple Einstein models are assumed [57].

Table IV. The parameters used for the Ci/T” analyses for all the examined samples with model 4 in

case 1.
Model LaOBiS: LaOBiSSe LaQo.5Fo.5BiS2 LaQo.5Fo.sBiSSe
parameter
0y, (ny) 223 K 218 K 223 K 218 K
(n=1.46195) (n=1.3258) (n=1.4474) (n=1.3616)
0, (ny,) 450 K (n=3) 380 K (n=3) 430 K (n=3) 350K (n=3)
O, (n.) 78 K (n=0.51) 75 K (n=0.64) 75 K (n=10.52) 74.5 K (n = 0.60)
0, (n.,) 35K (n=10.026) 34 K (n=10.032) 35K (n=10.03) 34 K (n=10.0365)
O, (n.,) 13K (n=0.00205) 13K (»=0.0022) 14K »=0.0026) 12K (n=0.0019)
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5. Griineisen parameter

In chapter 4, we concluded that the in-plane CP effects stabilize Bi large amplitude
vibration along the c-axis. Because lattice anharmonicity was theoretically indicated for
LaOBiS; [35], we considered that lattice anharmonicity is also enhanced by the stabilization of
the Bi vibration along the c-axis. Here, we used Griineisen parameter (yg) to investigate the

change in lattice anharmonicity by in-plane CP effects.

5.1 Introduction

The Griineisen parameter [61] is a dimensionless thermodynamic parameter named after
a German physicist Eduard Griineisen. Its original definition was formulated in terms of
phonon nonlinearities. Because different properties and derivatives in thermodynamics are
equivalent, like in the Maxwell Relations, there are different ways to write the yg that are all
correct [62]. As a result, there are numerous interpretations of its meaning. Here are some

formulations for the Griineisen parameter:

yG=V(d_P)v=a_KT= s g Lﬁ:—(alﬂ)s (5-1)

Here, V, Cp, Cy, E, S, a, and p are volume, heat capacity constant pressure, heat capacity

constant volume, energy, entropy, volumetric thermal expansion coefficient, and density,

respectively.

In this chapter, we discuss how yG changes with in-plane CP for the thermoelectric LaOBiS,.
Sex [63] and the superconducting phases of LaOg sFo sBiS,..Se, [64], and RE(O,F)BiS; [65] .
In our study we use the equation (5-2) used in Ref. 66,67.

— ;BVBVmol

o (5-2)

YaG

where fv, B, Vmol, and Cy are volume thermal expansion coefficient, bulk modulus, molar

volume, and specific heat, respectively. The parameters needed for the estimation of yg are
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calculated as follows (formula 5-3—6). In the formulas, dV/dT, p, vi, vs, v, Op, h, kB, n, Na, and
M denote temperature gradient of lattice volume, density of the material, longitudinal sound
velocity, shear sound velocity, average sound velocity, Debye temperature, Plank’s constant,
Boltzmann’s constant, number of atoms in the molecule (formula unit), Avogadro’s constant,

and the molecular weight (per formula unit).

1 av

v = V(300 K) dT (5-3)
B=p (vf —gvsz) (5-4)
o0 = () ()] o =

_1
S

5 . 1 LaOBiS:z-«Sex

We estimated yc for the HP-annealed samples of LaOBiS; (x = 0) and LaOBiSSe (x =
1.0). From specific heat analyses, we revealed that Se substitution stabilizes Bi vibration along
the c-axis. We evaluated volumetric thermal expansion Ay using volume measured by
synchrotron XRD (example pattern is shown in Fig. 19) at 7= 100—400 K as shown in Figs.
20(a,d). The experimental value of C (7= 300 K)was estimated using experimental values. The
obtained parameters and yg is listed in Table V. Although the absolute values depend on the
used 6p, the trend that y increases by Se substitution is common. The increase in yg indicates

the enhancement of lattice anharmonicity in LaOBiS;..Se.
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Table V. Parameters estimated using lower &b estimated from low-T7 fitting [Fig. 13(a)] and average

Ob estimated using equation (4-4).

Measured value LaOBiS, LaOBiSSe
By (K1) at 300 K 15.8 15.8 24.5 24.5
C (J/Kmol)at 300 K 108 108 12 112
Relative density (HP-annealed) (%) 94.4 94.4 94.4 94.4
65 (K) (lower) 223 218
6 (K) (average) 286 272
V| (m/s)at 300 K 3060 3060 3170 3170
Calculationresults
B (GPa) 36.4 13.9 46.7 25.2
Yo 0.34 0.13 0.65 0.37
T A =0.496574 A
f’g’ LaOBiS, (93%)
é . L:aiozs (7%)
z Tr=300K
g 40000
&
E 20000 .
o i l l j | WP & T P S
e T S s — —
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

20 (deg.)

Fig. 19. SXRD pattern for LaOBiSz2 at 7= 300 K.
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Fig. 20. (a,d) T dependence of V for (a) x =0 and (d) 1.0. (bc,e,f) T dependence of C and zoomed figure
at high temperatures for (b,c) x =0 and (e,f) 1.0.

5.3 La0y5Fo5BiS;.«Sex

We first investigated superconducting properties to confirm reproducibility. The
magnetization and specific heat experiments were carried out in order to explore the
superconducting characteristics of the samples. The magnetic susceptibility (4my) was
calculated from the obtained magnetization data as depicted in Figure 21(a). For x = 0, almost
no shielding signals were observed as shown in Fig. 21(b). When x is equal to 0.2, the shielding
volume fraction (ZFC) data does not reach -1. Having considered the fact that the material
studied here is polycrystalline sample of layered compound, shielding fraction greater than
100% is expected from the demagnetization effect (crystal shape effect) [24]. Therefore, we
roughly judge that samples with x > 0.4 are non-bulk superconducting samples. The trend is
consistent with a previous study [24], and Se substitution leads to bulk superconductivity in

this system. The superconductivity phase diagram is shown in Fig. 24(a).
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Figure 21. Superconducting properties of the LaOg 5Fo sBiS2.,Sey. (a, b) Temperature dependences
of zero field cooling (ZFC) and field cooling (FC) magnetic susceptibility (4my). (c-h) Temperature

dependences of electronic specific heat (Ca) in a form of Ce/T.

Figures 21(c—h) illustrate the temperature dependences of C./7, where C is the
electronic specific heat and was determined by subtracting phonon contribution. These
temperature dependences are displayed in the context of the specific heat. We made the
assumption that the expression C = yT + BT° + 6T° gave an appropriate description of the low-
temperature C. The 7. in the specific heat measurements is estimated according to the studies
ofthe jump of Ce at Tt (Ce1) where the entropy balance was taken into consideration. The value
of ACa/yT. for x =0 is small, which is consistent with quite small shielding volume fraction in
magnetic susceptibility data. The ACa/yT. remains almost comparable when x is equal to 0, 2,
0,4, and 0,6; however, it begins to increase when x is equal to 0.8 and 1.0. The estimated value
for x = 1.0 is approaching the value expected from the BCS model. As well, shielding volume

fraction is also enhanced for Se-rich compositions.

Then, we estimate yg for those samples. Fig. 22 illustrates the SXRD pattern and the
refinement result for x = 0.8 at 7=301 K. Despite the small LaF3; impurity, the SXRD pattern
was well fitted by tetragonal P4/nmm model. The compositions determined by EDX are listed
in Table VI. We show a typical data set of x = 0.8, and the estimated physical parameters are
summarized in Table VI. As shown in Fig. 24(b), in-plane CP increases by Se substitution, but
bulk modulus saturate as shown in Fig. 23(c). As a result, the increase in yg is limited, but yg

slightly increases from x = 0 to x > 0.4. This trend may be related with the small increase in ng;
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from x = 0 to x = 1.0 in LaOy 5Fo.sBiS,..Se, as compared to the LaOBiS,..Se, case where the

clear increase in ng) is observed by Se substitution.
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Figure 22. SXRD pattern and Rietveld resnement result for x = 0.8.
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Figure 23. (a—) Temperature dependences of the two-lattice constant and the cell volume for x = 0.8
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Table VI. Parameters needed for the estimation of y: composition, ideal density (p), relative density,

volume thermal expansion coefficient (fv), bulk modulus (B), calculated lattice vibration heat capacity

value at 300 K (Cv), Debey temperature (6p), corrected longitudinal, shear, and average sound velocities

(vL, vs, and vm), and ye.

Nominal x 0.2 0.4 0.6 0.8 1.0
x (EDX) 0.131(8) 0.40(2) 0.600(11) 0.778(10) 0.969(14)
Refined x 0.16(2) 0.44(2) 0.61(2) 0.87(2) 1.00(2)
Space group Tetragonal P4/nmm (#129)
Relative density (%) 96 96 96 98 98
a (A) (T~ 300K) 4.07513(5) 4.08667(4) 4.10009(6) 4.11241(4) 4.12604(5)
c(A) (T~300K) 13.3792(2) 13.4101(2) 13.4367(3) 13.4622(2) 13.5116(2)
V(A% (T~ 300 K) 222.184(5) 223.960(5) 225.882(6) 227.672(4) 230.024(6)
In-plane CP 1.015 1.021 1.026 1.031 1.035
Bv (K1) 35.8(4) 35.9(6) 39.6(6) 35.8(6) 36.7(5)
4 (a) {magnetic suscepibility) 0F (e) .
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Figure 24. Se concentration (x) dependences of (a) 7. (magnetic susceptibility), (b) in-plane

CP (¢) bulk modulus (B), and (d) yG.
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5.4 REOo.5F0.5BiS:2

As introduced in the introduction parts, in-plane chemical pressure effects are essential
for the emergence of bulk superconductivity in the RE(O,F)BiS,..Se, systems, and the
substitution of La by smaller RE results in positive in-plane CP effects. In this section, we show

the relationship between in-plane CP and yg for RE(O,F)BiS..

Figure 25 shows the SXRD patterns for the RE(O,F)BiS, samples taken at 7= 600 K
as well as the Rietveld refinement results. Tiny impurity phases of REF3 (RE = La, Ce, Pr, Nd)
were assumed in the refinements. Figures 26(a—e) show the T dependence of V. The fv for
La0Oy.sFosBiS,, CeOo.5Fo.sBiS,, PrOg.sFo.5Bi1S2, NdOo.sFo sBiS2, and NdOg 7F3BiS,, are 39.6,
32.9,38.4,37.8, and 36.4 pK'!, respectively. In addition, 7 dependences of isotropic atomic
displacement parameters (Uiso) are shown in Figs. 26(g—j) to confirm the suppression of

disorder (atomic displacements) at the S1 site. For RE = Nd, Ui, (S1) is clearly suppressed.
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Figure 25. SXRD patterns and Rietveld refinement results for (a) LaOo.sFosBiSz, (b) CeOo.sFo.sBiS2,
(¢) PrOo:sFo.sBiS2, and (d) NdOo.7F0.3BiS: for 7=600 K.
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Figure 26. Temperature dependence of lattice volume (V) (a-e), schematic image (f) and Temperature

dependence of isotropic atomic displacement for REOosFo.sBiS2 (RE = La, Ce, Pr, Nd), respectively.
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Figure 27. T* dependence of C=T for (a-d) REOosFo.sBiS: (RE= La, CE, Pr, Nd).

The dependence of C/T on 77 is shown in Figs. 27(a-d), and 6p is estimated to be 195(1),
197(1), 222(3), and 198(1) K for LaOgsFosBiSs, CeOqsFosBiS2, PrOosFosBiS,
NdOo 5F0.5BiS,, respectively. However, we found that the analysis of ép for RE = La was better
when the 3 7° term was added in the analysis; in the calculation of yg, we used 228(1) K for RE
= La, which is consistent with the detailed measurements at low temperatures shown in Table
IV. A large 6p that was obtained when RE = Pr is in line with findings from previous studies

[68]. In the case of NdOy sFo.5S2, the value of Op was formerly estimated to be 189 K [69].

Figure 28 illustrates the plot of the bulk modulus (B). The value of B increases with
decreasing RE ionic radius from La to Nd. This tendency would be attributed to the fact that
when the lattice constant decreases, the in-plane CP increases. The following is the formula
that should be used to calculate the value of B: B = -Vo(dP/dV), where V) is the volume in the
starting state and dP/dV is the change in internal pressure owing to the change in volume. The

observation of the clear increase in B with increasing in-plane chemical pressure in the
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REO0.5F0.5B1S; system is different from the results in LaOg.sFo sBiS2.«Se, in which the increase

in B is saturated at the middle in-plane CP effects.
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Figure 28. Lattice constant (@) dependence of bulk modulus (B) for 7= 300 K.

We estimated yc for the REO;_«FxBiS, samples (here, x = 0.3 data are also shown) and
plotted in Fig. 29 with superconductivity phase diagram. The obtained parameters are
summarized in Table VII. In the system, bulk superconductivity emerges for RE = Pr and Nd.
At that, yG increases with decreasing RE3*-site ionic radius. Similar trend was observed in x =
0.3 samples. We conclude that bulk superconductivity is induced when lattice anharmonicity
was enhanced in the REO.4FxBiS; samples. Although the phonon estimation for REO.«FxBiS;
is difficult due to the appearance of RE-4f contribution on low-T7 specific heat [70], we expect
the stabilization of the Bi vibration along the c-axis in the REO.<FxBiS; system. To clarify the
relationship between superconductivity, Bi vibration, and lattice anharmonicity, further

investigation is needed.
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Table 2. Parameters needed for the estimation of y: composition, ideal density (p), relative
density, volume thermal expansion coefficient (fv), bulk modulus (B), calculated lattice

vibration heat capacity value at 300 K (Cv), Debey temperature (6p), corrected longitudinal,

shear, and average sound velocities (vi, vs, and vm), and yG.

RE La Ce Pr Nd Nd
F contents (x) 0.5 0.5 0.5 0.5 0.3
Relative density (%) 100 100 97.8 96.0 94.9
Bv (uK) 39.6(8) 32.9(11) | 38.4(11) 37.8(8) 36.4(5)
vL (exp) (m/s) 3330(10) | 3320(10) | 3450(10) | 3470(10) | 3450(10)
vL (1deal) (m/s) 3330 3320 3527 3616 3635
vs (ideal) (m/s) 1997 1687 1875 1567 1640
vm (ideal) (m/s) 2209 1890 2096 1770 1850
b (K) 228(1) 197(1) 222(3) 189 198(1)
B (GPa) 34.2(5) 44.3(6) 49.8(16) 65.6 64.5(8)
Cv (J/K mol) 124.6 124.6 124.6 124.6 124.6
VG 0.81(1) 0.82(2) 1.03(5) 1.29 1.22(2)
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6. Conclusions

We studied the effects of in-plane CP on the optical phonons corresponding to the Bi
large-amplitude vibration along the c-axis by analyzing lattice specific heat for BiCh;-based
compounds. For non-carrier-doped system LaOBiS».Sey, a clear stabilization of Bi vibration
along the c-axis with low optical phonon energy was observed by Se substitution. In addition,
for LaOBiS,, the C/T? values exhibit smaller values than that calculated from phonon band
structure, and it becomes values close to the calculated values by Se substitution in LaOBiSSe.
The stabilization of the Bi vibration is suggested from the increase in oscillator number strength
(ng1) for the corresponding Einstein mode. Those results indicate that the Bi vibration is
suppressed in LaOBIS; possibly due to the presence of in-plane local disorder, and the in-plane
CP effect, which suppresses the in-plane disorder, stabilizes the Bi vibration. Similar trend was
observed in electron-doped (superconducting) LaOg sFo.sBiS2..Sey. Although the change in ng;
by Se substitution was smaller than the LaOBiS>.Se, case, an increase in ng; was observed by

Se substitution.

Because low-energy optical phonon would contribute to the enhancement of lattice
anharmonicity in materials, we estimated the effects of in-plane CP on lattice anharmonicity
by estimating Griineisen parameter (yg). For LaOBiS,.,Se,, a clear increase in yc by Se
substitution was observed. In the case of LaQOgsFosBiS,..Sey, the increase in yg by Se
substitution was small, but it would be consistent with the result on the small increase in #g; in
the specific heat analysis. In addition, we investigated the in-plane CP effects on yg in
RE(O,F)BiS;, and observed a clear correlation between in-plane CP and yg. Therefore, the in-

plane CP on the in-plane Bi-Chl bond commonly linked to the lattice anharmonicity.

Thorough the investigation of optical phonon by specific heat analyses and lattice
anharmonicity by yg, we found the correlation between in-plane CP, Bi large-amplitude
vibration along the c-axis, and lattice anharmonicity. The obtained knowledge enrich the
understanding of the vibrational characteristics along the c-axis, which had not been studied in
detail. However, to deepen the discussion on the correlation between superconducting
mechanism and those vibrational factors, further investigation on phonons using low-7 probes

is needed.
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APPENDIX

A1l Superconductivity

History of superconductivity and material discovery

Kamerlingh Onnes, a Dutch physicist, made the discovery of superconductivity in 1911
[A1].In 1913, he was given the Nobel Prize in Physics for his study of low-temperature physics,
which led to his being recognized as a pioneer in the field. Kamerlingh Onnes found that the
electrical resistance of a mercury (Hg) wire vanishes almost immediately at temperatures below
4 K [A1]. Soon after, he realized that a superconducting material can return to its normal state
if either a sufficiently strong current is delivered through it or a sufficiently strong magnetic
field is provided. Both of these conditions were met. It was believed for a very long time that
superconductors have the same qualities as conventional materials, with the distinction that
they do not have any electrical resistance. The theory was demolished in 1933 when it was
discovered that a superconductor has a high diamagnetic permeability, meaning that it is
strongly repelled by a magnetic field and prefers to expel it. The Meissner effect [A2] is a
phenomenon that is seen in superconductors and has a significant impact on their properties.
1934 saw the development of a hypothesis concerning the electromagnetic properties of
superconductors as a direct result of the discovery of the phenomenon [A3]. This theory made
a prediction about the existence of an electromagnetic penetration depth, and in 1939 [A4], that
prediction was experimentally confirmed for the first time. In 1950, it was conclusively proven
for the first time that a theory of superconductivity must account for the fact that free electrons
in a crystal are influenced by the lattice vibrations and atom vibrations that shape the crystal
structure  [AS5, A6]. This was a significant step forward in proving that a theory of
superconductivity must account for all of the factors that determine the crystal structure. During
research on the thermal conductivity of superconductors that was carried out in 1953, it was
found that the distribution of free electron energies in a superconductor is not uniform and that

there is a separation between them that is referred to as the energy gap [A7].

Since 1911, researchers have identified several distinct types of superconductors [Al]. In

1986, Bednorz and Miiller discovered that layered superconductors based on copper oxide
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could be produced [AS8]. Researchers have discovered a variety of different Cu-oxide

superconductors.
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Fig. Al.: Schematic history of superconductors since 1911 (7t vs Year).

In Fig. A1, the critical temperatures (7¢) of typical materials are shown. The 7. of Cu-
oxide superconductors is greater than the boiling temperature of liquid nitrogen (77 K). In
addition to this, a Fe-based superconductor with a 7t higher than 50 K was discovered [ A9].
Recently, researchers have shown that superconductors based on hydrogen-rich compositions

(superhydrides) can achieve 7. values that are closer to those of ambient temperature [ A9-A14].
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Basic properties of superconductors

In comparison to other types of materials, superconducting materials exhibit several
unusual behaviors. Those behaviors are observed below T¢. Typical properties are explained
in the following paragraphs. The figures in this part were prepared after “Introduction text

book on superconductivity” by Tinkham [A15].

Zero resistivity

Electrical resistivity (p) of metals decreases with decreasing temperature. In the case of
a superconducting material, p suddenly drops to zero at 7. A schematic image is shown in Fig.

A2.

Fig. A2: Zero resistivity below Tc.

Meissner effect

The electrical conductivity of a substance can be defined as when it is in its normal state,

(1)

_J
o=1<
E
where j is the electrical current and £ is the electric field.

If o has an infinite value, then £ = 0.
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According to Maxwell’s equation [A16],

VXE:_

(2)

dt

or, B = constant (when £ = 0)

We suppose that B is equal to zero when talking about a superconducting state, which occurs
when the temperature is below 7.. After that, a magnetic field was applied to the sample, and
it was discovered that the magnetic field did not penetrate inside the sample. The name given

to this type of conduct is "Meissner effect.", where perfect diamagnetism is observed.

T=T, ( ) T=T,

a) b)

Fig. A3: a) penetration of B at normal state and b) below T, applied field is expelled.

W. Meissner and R. Ochsenfeld made the discovery that this quality existed in the year
1933 [A7]. They found that superconducting elements such as lead had this behavior. They
discovered that below the critical temperature, the superconductor gives forth a very feeble
magnetic field. On the other hand, a strong field can eliminate the superconducting property of

a material, leaving it to act similarly to a regular substance.
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Josephson effect

A graduate student named Brian Josephson published a theory in 1962 that explained
how supercurrent tunneling between superconductors could occur even when those
superconductors were physically separated from one another by an insulator. The cooper pairs

are responsible for the occurrence of this supercurrent.

Insulator

Fig. A4: Josephson Junction between two superconductors (SC1 and SC2).

The quantum tunneling effect of the Cooper pair electrons is responsible for the flow of current
across the thin, insulating Josephson junction (Fig. A4) when the voltage is zero. Simply put, t
thickness that is permitted is just a few microns. A layer that is too thick would make tunneling
more difficult. When there is no voltage across the junction, there is a maximum value for the
amount of current that can flow through it. For a Josephson junction, this current is referred to
as the critical current. Even though the critical current is always the same, it can change
depending on the temperature, the superconducting materials present, and the magnetic flux

that is being applied.

When there is no applied voltage, then the direct current (DC) is Isc = I sin(6; - 62). Hence,
. is the critical current, and (6;- 6) is the phase difference of supercurrent between two
superconductors. If a finite DC voltage, V is applied then alternating current (AC) oscillates
with frequency, w = 2eV/h, where, Plank constant, 7 = 1.054 x 1034 Js. This theory was very

accurate and later it was verified. He won Nobel prize in 1973 for his work.
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Superconducting transition

Critical temperature (transition temperature)

At T, the electrical resistivity becomes zero as explained with a schematic image in the
above part. Figure 5 shows the example of resistivity experiment. The temperature at which
the p begins to drop is denoted as 7.°™, and the temperature at which the p reaches zero is

T (Fig. AS).

o
k2
T

1

e e (onset) A

! Con zNimCumRhnalranrz

0 g T. [:ze:m}l A

| 1

| 1
0 50 100 150 200 250 300
Temperature (K)

Resistivity (m€2-cm)
(o ]

Fig. AS: Temperature dependent electrical resistivity.

In magnetization data, the value of T is defined as the temperature where diamagnetic
responses appear. Another critical temperature, irreversibility temperature (7.™), is defined as
the temperature at which field cooling (FC) and zero field cooling are equivalent. (ZFC) are
separated from each other (Fig.A6). In many cases, 7.°°" and 7¢'™ becomes similar value

because those are related to the emergence of supercurrent.
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Fig. A6: Temperature dependent magnetization.
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Type-I superconductor

Within a superconducting material, it was found that the Meissner effect prevented any
magnetic field from penetrating the interior of the substance. It occurs when the magnetic field
that is applied is not very strong, and the superconducting condition is lost when the applied
field is strong enough to penetrate inside the superconductor. At a specific magnetic field, there
is a transition point where the superconducting states disappear as shown in Fig. A7. Above
that value, the sample is in a normal state, while below that point, the sample is in a
superconducting state. This location is referred to as the critical field (Hc) point. The critical

field is characterized by the following: [A15]

Hc(D = Hc(()) [1- (T/Tc)z] (3)

The term "type-I superconductor"” refers to the properties exhibited by substances that behave
in such a way. Because of the sudden change in behavior in response to an increase in the
magnetic field, this material is also known as a soft superconductor. Superconductors in type-

I include Hg, Pb, Zn, and others.

H

=c

Superconducting

Fig. A7: Critical field of type-I superconductor.

Type-II superconductor

Most superconductors are a type-II superconductor. The important features are the
presence of lower and upper critical fields (Hc1 and Heo). When H < Hci, [A2] the Meissner
effect emerges, where the magnetic fields are expelled. On the other hand, when He1 < H < Hea,
a mixed state is observed (Fig. A8). In this region, magnetic fluxes are incorporated in the
superconductor. When the sample is subjected to an applied field that is strong enough to

overcome the limit of Hc,, the sample returns to its normal state. Alloys such as Pb-In [A19]
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and NbTi, [A19] and compounds such as Nb3Sn [A20] and layered superconductors, and dirty

samples exhibit type-II characteristics in most cases.

H

E

v
—I

Fig. A8: Critical field of type-II superconductor.

Critical current

Above the current (density) limit, superconductivity is suppressed. The value in
question is referred to as the critical current density (J:). Within the superconductor, magnetic
flux can be seen to enter in the form of vortices in the region shown by the notation He1 < H <
He. Each vortex is a quantum flux, denoted by the symbol, @ which equals 2.07x107'> Wb.
The energy level in that region is higher than the energy level in the H.; zone, and supercurrents
surround the vortices in that region. These vortices push against one another, creating a uniform
triangular lattice that minimizes energy loss and is held in place by a pinning force denoted by
the symbol fp. Each vortex is subjected to something known as the Lorentz force J x B as a
consequence of the current density J. Vortices will begin to move and produce resistance if this
force is larger than the force that is anchoring them in place. The term "flux-flow resistance"
can also be used to refer to this resistance. In spite of the fact that this resistance is extremely
low, the state of the material is no longer that of'a superconductor. The formula for determining
the critical current density in terms of the pinning force is as follows: J. = f,/B, where B refers
to the magnetic field that is being applied. The critical current density varies with the magnetic

field that is being applied as well as the temperature.
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High-7. superconductors
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Fig. A10: Schematic Crystal structure of layered superconducting materials.

After the discovery of the first Cu-oxide superconductor [ A8], high-7. superconductivity
has been observed in various layered compounds. Cu-oxide (cuprate) superconductors [A21-
A26] have Tcs exceeding 77 K, which is the boiling temperature of nitrogen. The essential
crystal structure is CuO; planes. Basically, parent phases of Cu-oxide superconductors are a
antiferromagnetic Mott insulator, and carrier doping suppresses the Mott insulating states and
antiferromagnetic ordering, and high- 7. superconductivity is induced. The pairing mechanism
is basically understood as spin-fluctuation scenario, where antiferromagnetic spin fluctuation
helps electrons to form pairs. Then, d-wave superconducting gap is realized.

In 2001, superconductivity in MgB> with a 7c of 39 K was discovered [A27]. MgB:> is a
layered compound, but it does not exhibit magnetic ordering, and the characteristics are
different from those of Cu-oxide superconductors [A25, A26]. The pairing mechanism is
explained by conventional phonon-mediated scenario, particularly with phonons of B in MgB».

In 2006, superconductivity in LaFePO was reported [ A28]. It surprised researchers in the
field of superconductivity because of the superconducting layers mainly composed of Fe,
which is a typical magnetic element. In 2008, high-7. superconductivity was observed in
LaFeAsO1.F. (T. =26 K) [A29], and T¢ of the family exceeded 50 K by replacing La by smaller
rare earth ions (namely, by chemical pressure effect) [ A30-A33]. The parent phases of the Fe-
based superconductors are an antiferromagnetic metal. For example, in LaFeAsO..Fy, partial

F substitution for the O site suppresses antiferromagnetism, and superconductivity is induced.

60



Although the above F substitution dopes electron carriers in the FeAs layers [ A32], similar
phenomena, suppression of magnetism and emergence of superconductivity, is observed by
chemical pressure effects and physical pressure effects [30]. On the pairing mechanisms, the
importance of both spin fluctuations and orbital fluctuations have been suggested. In addition,
gap symmetry depends on the crystal structure [A31].

In 2015, superconductivity of H3S with 7. = 203 K under extremely high pressures was
reported [A34]. Basically, the mechanism of superconductivity in hydrides are phonon-
mediated mechanism with high phonon energy of H. High- 7. superconductivity has been
predicted by conventional phonon mechanisms, but realization of the H-rich materials under
high pressures was challenging. Recent development of diamond-anvil cell solved the
difficulty. The important feature is the phonon-mediated conventional pairing that was

confirmed by the isotope effect.
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A2. Rietveld refinement

Rietveld refinement is a method for the analysis of X-ray (or neutron) diffraction patterns
as well as to the characterization of crystalline materials. It can be used for both single and
multiple phases. Hugo Rietveld is credited with being the one who first conceived of the idea
in the 1960s [A35]. According to the obtained XRD patterns, various variable parameters are
refined to reproduce the peak height, shape, broadness, peak position, etc. As a result of the
refinements, we can confirm the phase purity including the population of the main phase, and
the structural parameters including atomic coordinates, occupations, and atomic displacement

parameters, which are described as B or U.

B and U factors

The atomic vibration (thermal motion of the constituent atoms) leads to a decrease in X-
ray scattering. The atomic displacement can be considered as either temperature-dependent
(dynamic) atomic vibration within the crystal lattice or temperature-independent (static)
structural disorder. The atomic vibrations in isotropic displacement are evenly distributed in
all directions. On the other hand, when anisotropic displacement is present in the material with
an anisotropic crystal structure, the vibrations occur in the specific directionss. The Debye-
Waller factor is used as a measure of the decrease in the scattering factor. The following is the
expression for the factor.

T(h) = exp [-8m*<un®>(sin?6)/ A\?] (1)

where un is the projection of the atomic displacement u on the direction of diffraction vector

h, 0 is the X-ray scattering angle, and A is the corresponding wavelength of the X-ray.

Thermal factor constraints can be expressed in terms of the invariance of the thermal factor

tensor matrix, U, with respect to the point-group symmetry operations of the crystal site,
U=h"Uh (2)

The mean-square displacement (MSD) is defined in terms of an anisotropic displacement

parameter.
T(h) = exp[-2nhTUh] (3)

The following is the displacement parameter tensor.
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Ujn Uz Uss
U=|U;; Uz Uy 4)
Uiz Uzz Ussz

where Uy has the dimension of square of length (typically A?). In the case of the isotropic
factors, only diagonal values, Ui1, U, Uss, are considered. For the case of anisotropic factor,

all the Uj; are considered. In this study, we used U11 and Uss in the introduction part.

If the atomic displacement is isotropic, the Debye-Waller factor (1) could be described as the

following.
T(|h]) = exp[-8m?<u®>(sin%6)/A?] (5)

where |h| is the magnitude of h. The MSD parameter is directly linked to the B factor with

the following relation.

B =8n’<u?*>
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A3. Thermoelectric materials

Converting waste heat into electricity is critical for growing renewable energy sources
and lowering fossil fuel and greenhouse gas emissions [A36]. Engines fueled by combustion
produce residual thermal energy. Vehicle movement and accessories use just 21% of fuel
energy, but exhaust gas accounts for 38%. Efficiency is what drives the use of thermoelectric
materials (TE). Many years ago, metal thermocouples used the thermoelectric Seebeck effect
to measure temperature [A37]; Seebeck coefficient (S) is one of the key parameters for
thermoelectric performance. For energy conversion, to obtain a larger electric power, a larger
power factor, which is defined as PF = S%0, is needed (o is electrical conductivity). Because
those two parameters generally have trade-off relationship; if electrical conductivity is
enhanced, the absolute value of Seebeck coefficient decreases typically in semiconductors.
Furthermore, to enhance the thermoelectric conversion performance, low thermal conductivity
is needed because a larger temperature gradient is needed. To evaluate the behavior of TE

materials, we use the figure of merit (Z7) of the TE material.

Figure of merit

Altenkirch first proposed the figure of merit in 1912 [A38,A39], demonstrating that good
thermoelectric materials maintain a broad temperature gradient, have high electrical
conductivity, and have poor thermal conductivity at junctions. loffe established the Z = [PF]/
k = S%o/k figure of merit in 1957 to evaluate thermoelectric material efficiency [A40].
Dimensionless merit is usually (1).

S20T
K

ZT = [PF]~ = 1)

In addition to the correlation between S and o, the electronic conductivity and the thermal
conductivity (carrier thermal conductivity) are coupled. Therefore, one of the promising
strategies for producing a high-Z7T material is reduction of lattice thermal conductivity in

materials where PF is optimized.
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