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Abstract

Hydrogen was predicted to show metallic behavior and even a possible high-
temperature superconductor under sufficient pressurization [1]. Further calculations
predicted that pure hydrogen showed atomic phase under > 500 GPa and became a
superconductor with the transition temperature (T¢) of 300-350 K [2]. While the high
pressure is beyond the present experimental conditions, it is predicted that some hydrogen-
rich compounds could be metallic and superconductive under comparable lower pressure
than that of pure hydrogen due to the chemically pre-compressed from relative heavier
elements [3]. In fact, sulfur hydride (H.S), one of the hydrogen-rich compounds was
recently reported to be a superconductor with a high T¢ of 203 K under 150 GPa [4], which
strongly motivates the superconductor research in hydrogen-rich compounds.

Transition metals could combine with hydrogen atoms to form the close-packed
structures with a signally rich variety of hydrogen coordination modes. One of the
hydrogen-rich metal hydride BaReHg with 9 hydrogen atoms in the unit cell showed
superconductivity at a pressure above 100 GPa with a maximum T near 7 K [5]. Here we
focused on LisMoH11 which is one of the hydrogen-rich metal hydrides with 11 hydrogen
atoms in the unit cell. According to the calculation of the density of states, the valence band
of LisMoH:1 is dominated by the hydrogen 1s orbital and the band gap is 4 eV at ambient
pressure [6]. Therefore, LisMoHz1 can be expected to show the metallization and possible
higher T¢ superconductivity, whose character comes from hydrogen. The electrical
resistance and the crystal structure of LisMoH11 were investigated extensively under high
pressure and low temperature.

The LisMoH1: sample was synthesized by high-pressure and high-temperature
treatments and provided by Prof. Orimo in Tohoku University. The sample was an insulator
at ambient pressure and exhibited insulating behavior up to 84 GPa. The insulating
behavior was suppressed by the increasing of pressure. The superconducting behavior with
a small resistance reduction at low temperature was found at pressure around 100 GPa,
which was confirmed by the applying of magnetic field. Intriguingly the appearance of the
superconductivity of LisMoH11 displayed an effect of annealing time dependence, which
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was also observed in the previous reports in BaReHg [5]. The onset T¢ of the LisMoH11
sample presented 5.4 K at 100 GPa and exhibited a negative pressure dependence showing
the decrease to 4.5 K at 155 GPa. By further increasing the pressure, T rapidly increased
to 6.4 K at 160 GPa and remained almost unchanged until 210 GPa the highest pressure of
this experiment. Synchrotron powder X-ray diffraction measurements results revealed that
LisMoH11 demonstrates no structural phase transition up to 130 GPa keeping with the
hexagonal structure, which claims that the observed superconducting signal is not from
high-pressure by-product but from LisMoH11.

These results highlight the important role of pressure in exploring the
superconductivity of hydrogen-rich hydrides, which promote future high-pressure
experiments for the nature of dense pure hydrogen with metallic state and the possible high-
temperature superconducting behavior. Furthermore, the study of hydrogen-rich hydride
provides the insight into the new superconducting phase at ambient pressure for the

extensive utilization in electronic materials and hydrogen storage materials.

Document structure

This document consists of four chapters. Each chapter is further divided into sections
and subsections. Chapter 1 gives a description of the introduction and background for this
work. Chapter 2 illustrates the experimental detail. The experimental results and
discussions are given in Chapter 3. Furthermore, the conclusions together with some

perspectives for future work are presented in Chapter 4.
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Chapter 1. Introduction

In this chapter, the development of high pressure science and its effect on matter, the
history of superconductivity and BCS theory, the theory of superconductivity under

pressure and the superconductivity of hydrides under high pressure will be presented.

1.1 High pressure science

Pressure, temperature and chemical composition are three essential thermodynamics
factors of the state of matter. Our daily lives experience the influence of pressure. The
ambient pressure at sea level on earth is equal to 101,325 Pa, which is approximately one
atmosphere. While the pressure of earth inner core is about 360 GPa [1]. The pressure in
nature can extend over a quite large range from 1022 Pa in the intergalactic space to 10%
Pa in the center of the neutron star.

The study of high pressure science mainly focused on gaseous and liquid state at the
beginning stage. The early development of pressure reported was the investigation of water
by John Canton in 1762 [2]. While the pressure range was restricted at that time owing to
the high-pressure apparatus. In 1880s, a hydraulic manometer which could bring the
pressure above 300 MPa was designed by a French scientist E. Amagat [3]. The high-
pressure science entered into a rapid development era by the contribution of P.W.
Bridgman. A set of opposing anvils was designed to generate high pressure exceeding 10
GPa, which called the Bridgman anvil later [4-6]. Due to his pioneering work in the field
of high pressure science field, P.W. Bridgman was honored the Nobel Prize of physics in
1946. In 1950s, the hardest material in nature diamond was used for the engendering of
high pressure. The diamond anvil cell (DAC) was constructed using a pair of nature single
diamond by A.V. Valkenburg at the National Bureau of Standards of the USA [7]. What’s
more, the subsequent development of beveled DAC by H.K. Mao and P.M. Bell made the

pressure reaching to 172 GPa [8]. Up to now in the experiment the highest static pressure



reported was 750 GPa by a German group, which was achieved by hemispherical second-
stage anvil method [9].

As one of the fundamental thermodynamic variable, the effect of pressure on matter
at atomic scale can influence atoms distance and bonding patterns, electron delocalization,
electron transfer among different atomic orbitals, exotic charge redistribution and
modifying the chemical identity of atoms [10-11].

The most straightforward effect of pressure on materials is the decrease of the
interatomic and intermolecular distances, which would result in the reduction of volume
and the increase of density. The changing of the atomic distances can lead to the phase
transition of the materials. In many cases, the high-pressure phase can be recovered when
the pressure is released, thus it opens a new way to the metastable phase at ambient pressure
[12].

The electron density will increase by applying the pressure, which will lead to the
change of delocalized electron. As a result, the pressure induced energy band broadens,
gap closure and metallization will happen. In principle, under sufficient high pressure all
insulators could become conductors. Furthermore, many of these conductors can show
superconducting behavior after metallization. The halogen elements of iodine and bromine,
the chalcogen elements of sulfur and oxygen are undergone metallization and the following
superconductivity with the applying of pressure [13].

The energetic ordering of the outer atomic orbitals such as s and p orbitals may be
changed by the applying of pressure. As a consequence, the occupied electrons can be
transferred to unoccupied orbitals by orbital hybridization. The appearance of metal to
semiconductor transition of lithium by the pressurization is a good example [14].
Furthermore, the insulating phase of Na is also originating from the hybridization [15].

Owing to the great effect of pressure on the determining the state of matter, pressure
is also recognized as another dimension [11]. The ambient pressure is just deemed to be a
special condition in this dimension. The exploration of new materials and new phenomenon
in this dimension exhibit great interests. Since hydrogen is the first element of the periodic
table, it should be the simplest one over all elements. However, the theoretical calculation
on hydrogen under pressure is not as expected owing to its anharmonicity and notable

quantum effects. The early prediction on the metallization of hydrogen under high pressure



of 25 GPa was reported by E. Wigner and H.B. Huntington in 1935 [16]. It was later turn
out to be unrealized even the pressure is higher than 25 GPa in experiment. With the
development of structure prediction science, the possible metallization pressure was
predicted to exceeding 500 GPa, which cannot realized in the present experiment
conditions. Furthermore, according to the BCS theory the calculated transition temperature
(Tc) can reach more than 300 K under 500 GPa [17, 18]. Thus, the high pressure science

may play a significant role in the realization of room temperature superconductor.

1.2 Superconductivity

1.2.1 The history of superconductivity

Superconductivity shows a phenomenon of matter with exactly zero electronic
resistance and the expulsion of the magnetic flux field. This behavior was first observed
when cooling mercury to low temperature of 4.2 K by H.K. Onnes in 1911 [19, 20].
Stimulated by the discovery of superconducting behavior, many scientists contributed their
work on the understanding of the mechanisms and tried to develop a microscopic theory.
In 1933, the behavior that superconductors expel the magnetic flux at the temperature lower
that the critical temperature was observed by H. Meissner and R. Ochsenfeld, which later
called the Meissner effect [21]. Later, the phenomenon of Meissner effect was explained
by the developed phenomenological theory by F. London and H. London [22]. However,
it was still a mystery for the microscopic mechanism of superconductivity. In 1950, the
theory that through vibrational fields the interaction between electrons and the crystal
lattice can mediate the superconductivity was built [23]. Things became clear until the year
in 1957, J. Barden, L. Cooper and J.R. Schrieffer published a microscopic theory to explain
the superconductivity, which later called the BCS theory and showed a deep insight into
the phenomenon of superconductors in experiment [24]. Owing to the first successful
quantum theory development to the superconductivity, they shared the 1972 Nobel Prize

in physics.



Another breakthrough of the superconductivity was the discovery of layered ceramic
materials La-Ba-Cu-O system with T of 35 K in 1986 by J.G. Bednorz and K.A. Muller,
who awarded the Nobel Prize in physics of 1987 [25]. Subsequent experiments showed
that the T. of La-Ba-Cu-O system increased rapidly under the effect of pressure [26]. The
exciting resulting was the later discovery of Y-Ba-Cu-O system superconductors, which
showed the T of 93 K higher than liquid nitrogen [27]. These kinds of layered ceramic
materials as cuprates later exhibited the T, of 134 K at ambient and 164 K under high
pressure, which kept the highest T. of all materials until the recent discovery of hydrogen
sulfide [28, 29]. The other kind of high T, materials are Fe-based superconductors, which
were first discovered in LaO1xFxFeAs by H. Hosono group in 2008 [30]. Soon after that
the T. of iron-based superconductors have been raised to above 40 K by substitute of other
elements at ambient pressure [31, 32]. The highest T. of this group superconductor in bulk
is 56 K in GdixThxFeAsO [33]. While the microscopic mechanism of the cuprate
superconductors and iron-based superconductors cannot be explained by the BCS theory.
So cuprates and iron superconductors belong to the unconventional superconductors.

In 2015, a high T. of 203 K under the pressure of 150 GPa was observed on
compressing H2S by M.1. Eremets group [34]. The high T of this new discovery promotes
scientists with great interests in the exploration of other hydrides under high pressure. Fig.

1-1 shows the highest T. of the superconductors since the discovery of superconductivity.
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Fig. 1-1 the highest critical temperature of superconductors since the discovery of
superconductivity as a function of time. The square, triangle and circle marks represent
conventional superconductors, cuprate superconductors and iron-based superconductors,
respectively. The open square and triangle marks exhibit the T observed with the effect of
pressure. The green dash lines show the temperature of boiling point of H2, N2 and the

lowest temperature in the earth as a reference.

1.2.2 BCS theory

The BCS theory demonstrates that it is more preferable that two electrons with
opposite momenta and spin will form one pair below the critical temperature. The pair of
electrons can be considered as a new particle, which is called Cooper pair. The paring of
electrons becomes the key idea of the theory. BCS theory quantitatively predicted a variety
of properties of superconductivity, which include critical temperature, critical field, energy
gap, isotope effect and special heat. In the limit of weak electron-phonon coupling, the
BCS theory can describe the superconducting phenomenon and the critical temperature T

as shown

hwo 1
Te=114 (S )exp[_ N(EF)Veff] 1)




Where h is the reduced Planck constant, b is the Debye frequency, ks is the
Boltzmann constant, N(Er) is the density of states at the Fermi level and Ve is the net
attractive potential between the electron and electron pairs with positive [24].

The Cooper pair formed by the electrons near the Fermi level can be broken by the
finite energy. Hence, there is an energy gap of 2A in the electronic excitation spectrum.
The size of the energy gap decreases with the increasing of temperature and finally vanishes
near Tc. The energy gap is given by BCS theory as

1
2A(0)=4hwoexp [— N(EAVer (EF)Ve“] 2

From the equation (1) and (2), the BCS theory regarding a fundamental constant at

absolute zero Kelvin, the size of the energy gap can be described as

24(0)
ksTc

=3.52 (3)

This prediction is well coincident with the experimental results for a large number of
superconductors, such as Al and In which shown 3.4 and 3.6 respectively in experimentally
[35].

The BCS theory also represents the temperature dependence of critical magnetic field,

Hc. The relationship of critical magnetic field and temperature can be drawn as
T2
He(T) :Ho[l - ) ] (4)

Where Ho is the critical field at zero Kelvin.
In the BCS theory, the density of states N(Er) and the attractive potential Vet do not
depend on the mass of the cation M. Thus T¢ in the equation is given as

Teocmyo=M™“ (5)
Where M is the mass of the cation. Here a can be described as

oInTc
lnM

(6)

1
Since the Debye frequency o is proportional to Mz,



1
Wp><M 2 (7)

Thus the isotope effect can be derived from the BCS theory.
1

Teoccoyo<M 2 (8)

Here a~0.5, which agrees well with the experimental value of a in mercury.

1.3 Superconductivity under pressure

The pressure dependence of T can be originated from the superconductivity theories
of weak-coupling BCS theory [24] or strong-coupling Eliashberg theory [36]. When a
particular superconductor is considered, the pressure dependence of the microscopic
parameters is needed to estimate T as a function of pressure.

According to the BCS theory, T¢ can be written as

h 1
Te=1.14 (;)m» exp[— A—u*] (9)

Where h is Planck’s constant, k is the lattice spring constant, «w» is the average phonon
frequency, A is the electron-phonon coupling constant and p* is the Coulomb
pseudopotential. Since p*~0.1<<A, thus, A-p*~\. When the relation mp=«w>=,/k/M is used,

Mw?»~Mw>>=k. Furthermore, A=n/M«w?»=n/k. Thus, T¢ can be expressed as

h |k k
Te=1.14 (1) \/%exp[— '—l] (10)

Where M is the mass of cation, 1 is the Hopfield parameter and n=N(Ef)I?, where
d?% is the average square electronic matrix element. Due to the lattice stiffening and
proportional behavior to (Vo/V)®, the values of k and n, would increase with the applying
of pressure, respectively, where Vo and V are the volume of the matter at ambient and high
pressure respectively and ¢ is the empirical parameter with positive. Since the k in the
exponent position, the effect of k dominates the pre-factor of vk. Hence, the effects of

pressure is determined by the relative values of k and 1 [37-39].



In the case of sample s-electron and p-electron metals such as Al, In, Zn, Sn and Pb,
k increase more rapidly than 1, which results in a remarkable decrease of Tc. On the other
hand, for the pressure dependence of transition metals, it is not clearly understood. The
changes of Tc depend on the relative change of 1. Pressure can induce structure, electronic
or magnetic transition in some elements. With the effect of pressure, it is explained some
elements shows superconducting behavior at high pressure while do not be a
superconductor at ambient pressure. Elements such as O, S, Br and | are insulator at
ambient pressure and become superconductors under the pressure following the insulator-
metal phase transition [40-44]. The superconductivity of Fe emerges after the magnetic
behavior has been suppressed by pressure [45].

Fig. 1-2 shows the overview of superconductor at ambient pressure and achieved at
high pressure throughout the periodic table. At ambient pressure, 29 elements show
superconducting behavior when cooling to sufficiently low temperature. There are also 24
elements which are not superconducting at ambient, showing superconducting behavior

under high pressure [46].
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Fig. 1-2 the periodic table of superconductors in bulk at ambient and sufficiently high

pressure for the highest T¢ observed [46].

1.4 Superconductivity of hydrogen and hydrides

The exploration to the metallization of hydrogen under high pressure is derived from
the theory work by E. Wigner and H.B. Huntington [16]. In their prediction, a body-
centered lattice of hydrogen was predicted to show the possibility of metallization under
high pressure that cannot obtain at that time. The development of hydrogen under high
pressure was slow until the establishment of BCS theory. According to the BCS theory,
hydrogen is the lightest elements in the periodic table and thus shows the high phonon
frequency and possible the highest critical temperature. When the metallic modification of
hydrogen is applied by the BCS theory, the energy of ionic hydrogen vibrations would be
so high. Thus, the hydrogen could be a high temperature superconductor, which is
predicted by N.W. Ashcroft in 1968 [47]. According to the quantum mechanics

calculations, the molecular hydrogen would form a metallic state and become a



superconductor with the T¢ of 242 K at 450 GPa [48]. While the molecular hydrogen
becomes atomic hydrogen under 500 GPa with a T, of 356 K [17, 18]. However, even the
metallization of pure hydrogen is different to achieve in the experiment. Fig. 1-3 shows the
pressure temperature phase diagram of hydrogen [49]. There are two ways to achieve the
metallic hydrogen: pathway I and pathway II [50]. In pathway I, the high pressure was
applied to hydrogen at relatively low temperature. As a consequence, four main phases
were observed up to now, which were hexagonal close packed (HCP), the broken symmetry
phase (BSP), the hydrogen-A phase and H2-PRE. In the pathway II, the metallization of
hydrogen could be obtained at high temperature and pressure in the liquid phase, which is

called plasma phase transition (PPT) predicted by M.A. Morales [51].

In the experiment, the conductive dense hydrogen was reported by M.1. Eremets [52].
While a serious criticism to their work has been presented [53]. Recently R.P. Dias and I.F.
Silvera reported the observation of metallic hydrogen under the pressure of 495 GPa [49].
However, the debates existed related to the pressure region, the possible coating materials

showing metallic luster and insufficient evidence [54, 55].
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Fig. 1-3 Pressure versus temperature phase diagram of hydrogen [49].
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Due to the inaccessible high pressure for the metallization of hydrogen at present
experimental condition, the idea on the metallic and superconducting hydrogen was
extended to mainly covalent hydrides, in which a chemical hydrogen has undergone by the
so called “pre-compression” from the relative heavier elements proposed by N.W. Ashcroft
[56]. After that a lot of theoretical work has been done to explore the superconductivity of
hydrides. Covalent hydrides of group 14 such as SiHa, GeHs, SnH4 have been extensively
investigated. The high-pressure phases of silane were predicted to be metallic and showed
superconducting behavior with the critical temperature (T¢) from 12 K to 50 K under high
pressure in several separate calculation results [57-60]. GeHs and SnH4 were also predicted
to be metallic under compression and even possible superconductor with T of 64 K at 220
GPaand 80 K at 120 GPa, respectively [61-63]. Later, the calculations of possible hydrides
under high pressure were extended to other groups [64]. Many hydrogen-rich hydrides
show high T above 200 K like, (H2S)2H2 with T¢ of 204 K at 200 GPa [65] , CaHe with T¢
of 235 K at 150 GPa [66], MgHse with T of 260 K at 300 GPa [67], YHs with T of 264 K
at 120 GPa [68], YHao with T of 280 K at 210 GPa, and LaH1owith T.of 305 K at 250 GPa
[69]. Some of the theoretical results are listed in the Table 1. From the table we can see,
with the increase of hydrogen coordination number, the hydrides show the T. increase
tendency. Especially, the metal hydrides with the hydrogen number higher than 6. In
CaHe, YHes and MgHs, 24 hydrogen atoms form sodalite-like cage sublattice centered Ca,
Y or Mg atoms with bcc structure. While in the YH1o and LaH10 systems, the centered Y
or La is surrounded by 32 hydrogen atoms to exhibit a sodalite-like cage fcc structure.Fig.
1-4 shows the possible crystal structure of LiHio (A, C) and CaHs (B, D).

11



[46611) [466!]

Fig. 1-4 the crystal structure of LaH1o (A, C) and CaHs (B, D) [69].

Table 1 the theoretical prediction of hydrides with T¢ and pressure region.

Hydrides Tc (K) Pressure region Reference
GaHs 76-86 160 GPa 70
PH3 83 200 GPa 71
Si2Hs 139 275 GPa 72
SiH4 50 125 GPa 57
GeHs 64 220 GPa 61
GeHa(H2)2 76-90 250 GPa 73
SiHa(H2)2 98-107 250 GPa 74
(H2S)2H2 191-204 200 GPa 65
CaHe 220-235 150 GPa 66
MgHs 260 300 GPa 67
YHs 251-264 120 GPa 69
LaH1o 274-286 210 GPa 69
YHuo 305-326 250 GPa 69

In the experimental work on the searching for superconductivity of hydrides, silane
was reported the transformation from insulating molecular to metal at 50 GPa and become

12



superconducting at the critical temperature of 17 K at 96 and 120 GPa firstly as shown in
Fig. 1-5 (a) [75]. Though controversies existed on the decompression of silane to silicon
and hydrogen above 50 GPa at room temperature and the metallization and
superconductivity may come from the metal hydrides, which was formed by the
decompression of hydrogen with the gasket material rhenium or the electrode material
platinum [76-78]. Another hydride showing the superconducting behavior was sulfur
hydride system with the T of surprising 203 K under the pressure of 150 GPa as shown in
Fig 1-5 (b) [31]. Later, the crystal structure of the superconducting phase of hydrogen
sulfide in its normal state and the superconducting state were observed by the synchrotron
radiation X-ray diffraction (XRD) with a body center cubic (bcc) structure of HzS [79].
The high T. of hydrogen sulfide, which higher than the coolest observed temperature in the
earth inspired scientists to explore more hydrogen-rich hydrides by means of measurements
[80]. The stable high-pressure phase of the H-S system was obtained from the chemical
reaction of sulfur and hydrogen under high pressure with laser heating, which enriches the

research of high superconductivity [81].
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Fig. 1-5 the pressure dependence of T¢ of SiH4 (a) and the onset T¢ of sulfur hydride at high
pressure (b) [75, 31].

Transition metal hydrides usually contain interstitial hydrogen atoms occupying
octahedral or tetrahedral sites of the close packed structures with a signally rich variety of

hydrogen coordination modes ranging from two-fold to nine-fold [82]. One of the hydride,
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BaReHs demonstrates the high hydrogen density at ambient pressure, which is
approximately twice than that of the liquid hydrogen [83, 84]. The hydrogen to metal ratio
with 4.5 of this hydride is the highest so far. Recently this hydride BaReHg was reported
to exhibit metallic behavior and furthermore superconducting behavior at around 100 GPa
with the T¢ of 7 K as shown in Fig. 1-6 [85]. The results provide new ideas for the

exploration of the nature of pure hydrogen with metallic state and the superconductivity.

(@) b T e oo
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Fig. 1-6 the crystal structure of BaReHg with hexagonal structure (a) and the temperature
dependence of resistance of BaReHs by applying the magnetic field to show the T. at 91
GPa (b) [85].

Considering the alternative way to the metallic dense hydrogen and the possible high
Tc in the hydrogen-rich hydrides, scientists also focused on the synthesis of polyhydrides
under high pressure, which contain dense hydrogen. Furthermore, some unconventional
stoichiometries novel polyhydrides shows stable under high pressure by using DAC. The
polyhydrides of lithium hydrides were predicted and investigated by several groups [86-
89]. The polyhydrides LiHx-II contains H in the crystal lattice were detected below 62
GPa by laser heating lithium in hydrogen [87]. Several other new phases also confirmed
by the high temperature and high-pressure method up to 180 GPa [88]. The lithium
polyhydride LiHs containing H> units was synthesized in DAC above 130 GPa at 300 K
from LiH and showed an insulating behavior up to 215 GPa [89]. The polyhydrides of
sodium NaHsz and NaH7 were also synthesized in the laser heated DAC above 30 GPa and

2000 K [90]. The iridium hydride synthesized from iridium and hydrogen with very high
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hydrogen content was reported up to 125 GPa. A phase transition in the metal lattice from
the fcc to a distorted simple cubic phase is observed at 55 GPa [91]. The iron hydrides
FeH> and FeHs were synthesized under high pressure by laser heating [92]. Furthermore,
the iron pentahydride (FeHs) was synthesized by a direct reaction between iron and H>
above 130 GPa in a laser-heated diamond anvil cell. The results show that the structure of
the superhydrides contain atomic hydrogen, whose structure resembles bulk atomic
hydrogen [93]. The superhydrides of lanthanum LaH10+x can be synthesized from La atoms
in an fcc lattice and hydrogen at 170 GPa upon laser heating to about 1000 K. In the
superhydrides, the La atom was surrounded by the cages of hydrogens occupied the fcc
lattice position with a clathrate-like structure [94].

The progression in the discovery of these polyhydrides indicates a hydride with high
H content, which possibly would be a real analog for atomic metal hydrogen. These
syntheses of polyhydrides may provide new means for the pre-compress hydrogen
molecules and facilitate the approaching to the metallic superconducting hydrogen at

reduced pressures.
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Chapter 2. Experimental methods

In this chapter, the high pressure generated apparatus diamond anvil cell (DAC) will
be introduced. The details of the preparation of the DAC, the preparation of sample and
the method of pressure determination are also shown. At last, the measurements of the
DAC by electrical resistance, low temperature cooling and the synchrotron powder XRD

will be presented.

2.1 Diamond anvil cell (DAC)

The diamond anvil cell (DAC) is an apparatus that consisted of two opposing
diamonds to generate hundreds of gigapascal (GPa) of static high pressure as shown in Fig.
2-1. The three basic components of the DAC are a pair of opposing diamonds, a confining
gasket between the diamonds and the sample hole. The pressure is generated by the
squeezing of a pair of diamonds with screws through mechanical rotation. The thickness
of the gasket and sample decreases with the pressurization process. Due to the transparent
property of diamond, the DAC can provide transparent windows for optical observation
and a broad range of techniques and measurement in situ as shown in Fig. 2-2. With these
techniques and measurements, the research of phase structure, electronic characterization,
vibrational and magnetic properties can be conducted with an extensive range of pressure
conditions. Since the DAC was designed in 1950s, a lot of developments have been done
for the optimization of pressure, temperature, sample chamber and characterization [1-3].

Thus, DAC becomes a powerful tool in the study of ultrahigh static pressure.
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Fig. 2-2 the experiment techniques and measurements realized by DAC.
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The diamond is the most important part of the DAC apparatus. Usually a pair of single
crystal diamonds is used in the DAC with the mass less than 0.5 carats. The single crystal
diamond shows outstanding properties of high hardness, fracture toughness, high melting
temperature, high thermal conductivity, high magnetic field compatibility and low friction.
Furthermore, owing to the superior chemical inertness the diamond makes the target
samples away from contaminating even though it is part of the sample chamber that
contacts a wide range of materials. In a typical diamond, one side is a small culet and the
other side is a large table facet. The flat diamond anvil is proficiently cut parallel to the
(110) plane. The culet size of the diamond ranges from 20 um to near several millimeters
as presented in Fig. 2-3 (a), which is depended on the target pressure and the experimental
conditions. In order to obtain a higher pressure, the beveled diamond anvil was designed
by H.K. Mao [4]. The beveled angle usually keeps between 7 and 8.5 degrees as shown in
Fig 2-3 (b). In this experiment, the culet size of the diamond is 100-300 um with the beveled

angle of 8 degrees as shown in Fig. 2-4.

W2\
N

Flat diamond anvil Beveled diamond anvil

()

Fig. 2-3 the shape of the diamond: (a) flat diamond anvil and (b) beveled diamond anvil

with the beveled angle of a.
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Fig. 2-4 the diamond used in this experiment: beveled 100-300 um culet size with angle of

8 degrees.

When the opposing beveled diamonds compressed to each other, the culet regions will
bend outward to show a cup shape due to the deformation under the high pressure [3, 5, 6].
Fig. 2-5 presents the research on the thickness of the gasket between two diamonds and the
deformation of the culet diamond area [3]. The gasket exhibits convex shape at the culet
area when the pressure is above 170 GPa. The deformation of the 20 pm culet is 1.5 um at
the center position of the culet (h2 in Fig. 2-5¢) when the pressure is 400 GPa. Furthermore,
the pressure distribution depends on the distance to the center of the culet. Fig. 2-6 points
out the 20-300 um beveled diamond culet pressure distribution. The pressure is more
concentrated on the culet region at all the checked pressure section. The research on the
changes of culet under high pressure and the pressure distribution is propitious to the

understanding of the sample inside the DAC.
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of the culet region at ambient and 400 GPa [3].
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Fig. 2-6 the pressure distribution of the diamond under various pressures [3].

The diamonds are mounted on the supporting seat to transmit the force from the body
of the DAC to the diamonds. Usually the seat needs to be hard enough in order to withstand
the high pressure and well ductile to prevent the occurrence of cracks. Thus, the chosen
materials of the seat are important for the experiment. For example, tungsten carbide due
to its perfect strength, Cu-Be due to its nonmagnetic property to reduce the background [7].
The surface of the seat should be polished by the diamond grinding paper to remove the

possible scratch. In the center position of the seat, a tapered opening is designed for the
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optical observation and measurements. Usually, the bottom diamond mounted on a flat seat
as shown in Fig. 2-7 (a), which is fixed on the DAC body. While the top diamond seat
shows hemisphere shape in order to adjust the parallelism of the two diamond culets as
shown in Fig. 2-7 (b).

(@)

Seat

Fig. 2-7 the sketch of the diamond and the seat: (a) bottom diamond and the flat seat, (b)
top diamond and the hemisphere seat.

There are various kinds of DACs designed by researchers for different purposes [8-
13]. In this experiment, the DAC body was designed for electrical resistance in the Shimizu
laboratory as described in Fig. 2-8 [5]. The main body of the DAC is made by Cu-Be alloy,
which shows good thermal conductivity and low magnetization even at 1 K. The
nonmagnetic DAC even in low temperature can avoid to the suppression of
superconductivity. In this DAC, there is a plastic ring between the nut and the piston to
retard the pressure change during the DAC cooling to low temperature. Thus, the DAC can
keep the pressure at room temperature and low temperature with an error bar of several
percentage even above 50 GPa.

In order to prevent the failure of the diamond and achieve high pressure, the alignment
of the diamonds must be perfect with the culets parallel to each other. What’s more, a stable
and reproducible alignment must be obtained during the preparation of gasket, opening the
DAC, loading the sample in the gasket and the compression to high pressure. The most

useful method of applying the force to the diamond is mechanically tightening the screws.
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The constant pressure can generate in the DAC body and the force can keep steadily for
more than decades.

Non-Magnetic DAC

Fig. 2-8 the DAC used for electrical resistance measurement.

For the synchrotron powder XRD, a large angle tapered opening in the supporting seat
is needed. Thus, the larger size DAC is used as shown in Fig. 2-9. Due to the large size of
the DAC body, the low temperature measurement is avoided in this type. In both types of
DACs, the pressure is generated by rotating the nut on the bottom with a gearbox as shown
in Fig. 2-10.

Fig. 2-9 The DAC used for synchrotron powder XRD.
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Fig. 2-10 the gearbox for rotating the nut of DAC.

2.2 Preparation for DAC

The diamonds must be cleaned completely under the microscope to remove the
possible dust by cotton swabs absorbed methanol or ethanol before mounting on the
supporting seat. After the table facet of diamonds and the seats were thoroughly cleaned,
the diamond was put on the seat. The adjustment of the relative position of the diamond
and the seat can be done in the holder as shown in Fig. 2-11. Since the tapered opening
hole locates right in the center of the seat, the culet position of the diamond should be set
in the center of the tapered opening. The diamonds were glued on the seats by epoxy
(STYCAST 2850 black and catalyst 23LV) with a heating temperature of 65 °C for 2 h or
room temperature for 12 h. After the diamonds were fixed on the DAC, they were aligned
in the lateral direction by the fixing nuts from four directions. The parallelism of the
diamond culets were aligned by adjusting the hemisphere nuts on the top part of the DAC.
A perfect parallelism of culets can be achieved by showing the same color of the
interference fringes when the two diamonds approach to each other. The proper alignment
of the diamonds is an important factor to the success of the experiment, especially in high
pressure experiment. Usually the displacement of the two diamonds should keep within 5

um in 100 pum culet size. Fig. 2-12 shows the position of the two diamond culets.
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Fig. 2-12 the diamond culets with proper position.

In the high-pressure experiment, the proper choice of the gasket materials is extremely
vital. The gasket is used to support the diamond and as the sample chamber for loading
sample, ruby and pressure medium. The gasket material should be modest hardness and
ductility. If the hardness of the gasket material is not enough, it cannot support the high
pressure during the experiment. If the material is not ductile enough, the gasket may

produce cracks or be brittle, which results in the failure of diamonds.
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Stainless is the most common material for pressure lower than 50 GPa. Rhenium is
available in high pressure experiment due to its low magnetism and high hardness.
Beryllium is widely used in the synchrotron XRD experiment owing to its low XRD signal.
The CuBe alloy gasket is chosen in the high pressure hydrogen experiment since the
chemical inertness of CuBe to hydrogen. Tungsten gasket is also common in high pressure
experiment.

In this experiment, Re was chosen owing to its low magnetism and high hardness. The
rhenium gasket with a thickness of 250 pm was cut to 0.5%0.5 mm size and then glued on
the holder as shown in Fig. 2-13, which is used to support the gasket. During the pre-
indented of the gasket, the reduction of the thickness should be controlled step by step in

order to prevent the cold-welding of the diamond to the gasket.

Fig. 2-13 the rhenium gasket fixed on the holder.

In this experiment, we not only need to obtain high pressure, but also measure the in
situ electrical resistance under high pressure. Thus, the configuration of the probe
electrodes is an important step. Two attempts are tried in this thesis. The sketches of the
setting method 1 and 2 on the gasket are shown in Fig. 2-14 (a) and (b), respectively. The
rhenium plate with thickness of 250 pm pre-indented to 25 um was chosen as a gasket. A
hole of 130 um diameter was drilled in the center of the pre-indented rhenium gasket.
Making the insulation between the metal gasket and the electrodes would be the essential

for performing the resistance measurement. Thus, a scotch tape was put on the gasket. In
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method 1, the mixtures of c-BN and epoxy were put on the drilled hole of the gasket
between two diamonds and pressed to about 30 GPa with the thickness of 25 um as an
insulating layer. Then a hole of 33 um in diameter right in the center of the c-BN layer was
drilled as the sample chamber. The platinum foil with the thickness of 5 um were pressed

on the surface of c-BN as presented in Fig. 2-15.

(a)

Pt electrode

(b) & \
Au foi Pt electrode
Y/

N
Al;O3/CaSO
Sample 2 4
iamond

Fig. 2-14 the sketch of the setting method on the gasket (a) and (b).

Au electrode
(deposition)

Scotch tape

epoxy
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Fig. 2-15 the sample chamber on the gasket.

A proper deposition of the gold film on the culet of diamond with the deposition
diameter of 250 pm (when the culet diameter is 100 um) was chosen as part of the electrode.
The deposition was done in a vacuum arc gun apparatus as shown in Fig. 2-16. The extra
deposition films were removed by the UV laser as shown in Fig. 2-17. During the removing
of the films, the powder of the laser should to be controlled with a suitable intensity in
order to prevent the damage of the diamond. The designed shapes of the electrodes can be
seen in Fig. 2-18 (a) and (b). The electrodes on the culet region must connect the platinum
electrodes so as to make a circuit. The relative position of the electrodes and the holes on
the gasket can be seen in Fig. 2-19 (a) and (b). The white region is the sample hole.
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Fig. 2-17 the UV laser for designing the Au electrode.
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Fig. 2-18 the electrode on the top diamond with different shape in (a) and (b).

Fig. 2-19 the relative position of the electrodes and the hole after the top diamond

approaching to the gasket (a) and (b).

In method 2, the deposition film was replaced by the gold foil with the thickness of 1
um as the electrode. Furthermore, the Al,O3 or CaSO4 were chosen as the insulating layer
due to the transparent property. Thus the color and the outline of the sample can be judged
easily. The sketch of this setting method is shown in Fig. 2-14 (b). The relative position of
the gold electrodes on the gasket can be seen in Fig. 2-20 (a). One side of the gold foils
were on the insulating layer so as to connect the sample and the other side were connected
with the Pt foils. After loading the sample in the DAC, the color and the position of the
sample is easier to observe through the transmission light (Fig. 2-20b). However, the prone
failures of the configuration of the electrodes happened on this method. A perfect position

of the electrodes need skill and practice.
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Fig. 2-20 the position of the gold foil on the gasket (a) and the electrode position after
loading the sample (b).

In both methods, the platinum foils were put on the surface of Re gasket and insulated
by the tape. The copper lead was chosen to connect the platinum foil and the channel as

one part of the electrode as shown in Fig. 2-21. The lead was glued on the holder.

Fig. 2-21 the gasket holder and the lead for electrical resistance measurement.

2.3 Sample preparation

The sample was synthesized with the high pressure and high temperature method by
Prof. Orimo’s group in Tohoku University. The high purity of raw Mo and LiH were mixed
with molar ratio of 1:6 for 4 h under 0.1 MPa argon atmosphere. The mixture was

compressed into pellets with thickness and diameter of 1.0 mm and encapsulated in the
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sample capsules. The capsules and the hydrogen source AlH3z were loaded in the NaCl
chamber in order to seal the gas source. The NaCl chamber was pressurized to 5 GPa at
room temperature and then increase temperature to 973 K for 24 h [14]. The color of the
sample is yellow at room temperature as shown in Fig. 2-22. The synthesized samples were
characterized after recovery by Raman spectra and XRD. The loading of the sample to the
sample chamber conducted in the glovebox due to the high chemical activity of the sample
to oxygen and water. In the glovebox, the oxygen and water keep lower than 1 ppm as
shown in the Fig. 2-23. The sample was pressed into pieces and loaded into the sample

chamber by needle or hair.

Fig. 2-23 the glovebox for loading sample in insert atmosphere.
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2.4 Pressure determination

Due to the target pressure of 200 GPa, in this experiment the pressures were
determined by the diamond anvil Raman method [15]. The first-order Raman spectrum of
diamond at ambient pressure is 1333.1 cm™. The high frequency edge of the Raman
spectrum observed at the center of the diamond tip face shows a linear relationship
correlated with the normal stress at the culet face up to 30 GPa [16]. Up to now, the high
frequency edge of the first-order Raman spectrum was calibrated against the EOS scale of
Pt up to 310 GPa [15]. The pressure of the diamond at the culet and sample interface is the
same as the pressure on the sample. Thus, the Raman spectrum is used to determine the
sample pressure. The pressure on the diamond shows the same as the sample pressure in
hydrostatic conditions. While the pressure on the diamond would be almost the sample as
the sample pressure in non-hydrostatic conditions. The correlation is unique and almost
independent of the loading conditions such as culet size and the sample material. The high
frequency edge of the diamond often shows different shapes due to the pressure conditions
and the sample situation. Thus the definition of the high frequency edge is very important.
In this experiment, the high frequency edge of the Raman spectra was defined as the

minimum of the differential spectrum dI/dv.
P(GPa)=K = [1 +o (K -1 (11)

Where P is pressure, K is a bulk modulus and K’ is its pressure derivative. v is the
edge of Raman spectrum at ambient pressure and Av is the edge at calibrated pressure. The
bulk modulus of K=547 (11) GPa and the pressure derivative of the bulk modulus K’=3.75
(20) were determined. Fig. 2-24 (a) and (b) shows the Raman spectrum of diamond at

ambient pressure and high pressure, respectively.
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Fig. 2-24 the diamond Raman spectra at ambient pressure (a) and high pressure (b).

2.5 High pressure measurements of DACs

The high range resistance measurements were carried out at Keithley Model 6517
High Resistance Meter, which can provide the basic procedure to perform the resistance
measurement and the configuration information. The pressure dependence of resistance
relationship of the sample was measured in AC four-terminal-measurement mode with
Model 370 AC resistance Bridge, LakeShore Cryotronics, Inc. The resistance measurement
ranges from 2 mQ to 2 MQ and the excitation levels varies from 3.16 pA to 31.6 mA. This
apparatus combines with a full range of design strategies which optimize resolution and
minimize measurement uncertainty in low powder resistance measurement. Four leads AC
measurement for the best possible accuracy with the lowest possible excitation current.

The cooling of the sample was measured by using liquid helium and 3He/*He dilution
refrigerator called Variable Temperature Insert (VTI) system, Oxford Instrument. The
temperature of the sample can be controlled by the VTI system continuously over a wide
range. Inside the outer vacuum chamber of the cryostat is the sample chamber. The sample
is fixed on a top loading probe and cooling by the following helium gas. The sample
temperature can typically be controlled from 1.5 K to 300 K by balancing the temperature
controller with a heater or the cooling speed of flowing liquid helium. The liquid helium is
pumped from the main reservoir and passes through a needle valve, which can be adjusted
manually to control the flowing speed. The heater and the control thermometer can be fixed
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on the DAC or on the heater exchanger. Thus, the temperature of the sample can be
represented by the thermometer on the DAC. By reducing the vapor pressure of the liquid
helium in the sample space, the temperature can be cooled below 4.2 K. The liquid helium
can fill the sample chamber continuously by set the needle valve. By controlling the flow
rate correctly, the flow helium can just replace the evaporating liquid helium and maintain
a constant liquid level. Thus, the temperature can be controlled at 1.5 K with this
continuously filling. The temperature lower than 1.5 K can be obtained for limited time.
When the temperature reaches 1.5 K, then the liquid helium fills the sample space and
closed the needle valve completely. By pumping the helium with the largest model to
reduce the vapor pressure of the liquid helium, the liquid and the sample usually can be

cool down to 1.2 K until all the liquid has evaporated. Fig.2-25 shows the VVTI system.

(€))
1 K pot

Still

Mixing
Chamber

Fig. 2-25 the Variable Temperature Insert (VTI) system.

The temperature below 1.2 K is achieved by the dilution of helium-3 with liquid
helium-4 method. This cooling process method was first proposed by H. London and
realized by the scientists in Leiden University in 1964 [17]. When the mixture of helium-
3 and helium-4 were cooled down to 0.87 K, the mixture experience spontaneous phase
separation to form helium-3 rich phase and helium-3 poor phase [18]. The helium-3 gas is
pre-cooled by the liquid helium-4 to 4.2 K and further cooled to 1.2-1.5 K by the 1 K pot,
which is a helium-4 reservoir with the temperature down to approximately 1 K by
decreasing the vapor pressure of helium-4 to depress the boiling point.
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The synchrotron powder XRD under high pressure was conducted in the SPring-8
beamline BL10XU as shown in Fig. 2-26. The beamline BL10XU at SPring-8 has been
engaged in the powder XRD under high pressure in DACs since 2003 [20]. The high
intensity, high energy and quasi-monochromatic synchrotron radiation beam is based on a
short period hybrid in-vacuum type undulator. In order to collect high quality XRD date,
the high-resolution monochromatic angle-dispersive XRD method is equipped in BL10XU.
The XRD experiment can performed at low temperature down to 10 K with the help of
cryostat and high temperature to 4000 K with a laser heating system. The monochromatic
and focused X-ray beam ranging from 16 keV to 61 keV can irradiate the sample inside of
the DAC up to 300 GPa. A flat imaging plate (IP, Rigaku. Co., R-AXIS IV++; 300 %300
mm2; pixel size 0.1mm) for high statistics measurement and a flat panel detector (FPD,
XRD0822 CP23; 1024x1024 pixels; 0.2 mm pixel pitch) for rapid recording of the
diffraction date were equipped on the diffractometer. The IP is laid on individual automatic
linear slide stage in order to vary the camera distance ranging from 150-450 mm. A
microscope was used to adjust the position of the DAC to the X-ray beam and observe the
sample images inside the DAC. The schematic layout of the experiment setup for the high
pressure experiment is shown in Fig. 2-27. In this experiment, the beams were
monochromatized to a wavelength of 0.41499 A and collimated to a diameter of 10 pm.

The XRD signals were collected by imaging plate X-ray area detector system.

Fig. 2-26 the synchrotron XRD apparatus in BL10XU of SPring-8.
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Fig. 2-27 the schematic layout of the experimental setup in BL10XU of SPring-8 [20].
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Chapter 3. Superconductivity of LisMoH11

under high pressure

In this chapter, the results of the superconducting behavior of LisMoH11 under the
effect of pressure will be presented. Two separate runs will show the pressure dependence
of resistance, the effect of magnetic field on the temperature dependence of resistance
curves, the phase diagram of pressure versus temperature. Then the synchrotron powder
XRD will exhibit the crystal structure of the sample under pressure. At last the discussion

part will exhibit the comparison of the results in depth.

3.1 Introduction of LisMoH11

Transition metal could combine hydrogen atoms to form the hydrogen-rich hydrides.
In these hydrides, the transition metals are surrounded by the hydrogen atoms from two-
fold to nine-fold such as MgFeHs, MgsCrHs, BaReHog and LisMoH11 [1-4]. Most of these
hydrides have already synthesized under high pressure and high temperature conditions,
which are different from metal hydrides CaHs or YH1o that only predicted in theory.

One of the hydrides BaReHg with ReHg unit shows superconductivity at around 100
GPa with T¢ of 7 K [5]. The high hydrogen coordination in ReHg unit shows hydrogen
density twice than that of liquid hydrogen at ambient pressure. Among these transition
metal hydrides, LisMoH3; contains the highest hydrogen coordination numbers of 11 in all
the ternary hydrides. Thus, in this study the transition metal hydride LisMoH1; is focused.
In LisMoHya3, the crystal structure is hexagonal and the Mo is surrounded by nine hydrogen
atoms with a tricapped trigonal prism which is confirmed by the neutron diffraction [4].
Fig. 3-1 (a) and (b) shows the crystal structure of LisMoH11 and LisMoD11, respectively.
The LisMoHz1 hydride presents the P6scm (No. 185) space group of hexagonal structure
while the LisMoD11 deuteride displays the hexagonal structure of space group P6cc (No.
184). According to the calculation of the density of states, the band gap of LisMoHi; at
ambient pressure is 4.0 eV as shown in Fig. 3-2. The hydrogen 1s states which reach the

Fermi level strongly hybridized with the Mo spd states to form the o-bonds. The possible
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strong electron-phonon coupling may be expected if the band gap is closed by the applying

of pressure.

Fig. 3-1 the crystal structure of LisMoHa: (a) and LisMoDa: (b).
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Fig. 3-2 the density of states of LisMoH11.

Furthermore, in the theoretical calculation two possible phase transitions may happen
under the effect of high pressure. The first phase transition happens at 5 GPa with the
structure from P6zcm to monoclinic Cc, which shows insulating behavior by the electronic
structure calculation. Then, with the increase of pressure, the second phase transition
occurs at 94 GPa from monoclinic Cc to monoclinic Pc structure as presented in Fig. 3-3.

Furthermore, the redistribution of the hydrogen sublattice induces the metallic behavior,
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which happens between 85 GPa and 94 GPa. A more hydrogen-rich unit of MoH11 may
form in this phase transition. Thus, it is quite interesting to explore the effect of pressure

on the electrical properties and structural phase transition of LisMoH3.
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Fig. 3-3 the thermodynamic stability of three competing phases of LisMoH11 as a function

of compression rate.

3.2 The result of long time annealing

Fig. 3-4 (a) shows the sample in the DAC after loading under the pressure of 6 GPa.
It is difficult to judge the outline of the sample since the insulating layer c-BN is not
transparent at this pressure. When the pressure increased to 40 GPa, the outline of the

sample with black color was clear to see as shown in Fig. 3-4 (b)
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Fig. 3-4 the photograph of the sample in the DAC under 6 GPa (a) and 40 GPa (b).

3.2.1 The temperature dependence of electrical resistance under

pressure

LisMoHa; is an insulator at ambient pressure. The electrical resistance measurements
are conducted as functions of pressure and temperature to explore the pressure effects on
the conducting behavior. During pressurization at room temperature, the resistance
undergoes a drop by two orders of magnitude until 100 GPa as shown in Fig. 1a. The
resistance is saturated above 100 GPa with the resistivity of around 0.001 Q-cm, where the
corresponding conductivity (1000 Q! em™) is close to the minimum conductivity of metal
[31, 32]. Thus, LisMoH11 transforms from an insulator to a poor metal at room temperature

under the pressure above 100 GPa.
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Fig. 3-5 the pressure dependence of electrical resistance at room temperature.

The conducting behavior of the sample can be obtained in the temperature dependence
of electrical resistance curves. The electrical resistance-temperature (R-T) curve at 77 GPa
is shown in Fig. 3-6. The pressure was measured at room temperature. It was seen from the
curve that the sample showed insulating behavior. Usually, the pressure would increase
with the cooling of the DAC due to the shrinkage of the piston and nut. On the other hand,
the pressure shows drop tendency during the heating process. The added value of pressure
changes after cooling is larger than the reduced value after heating. Thus, after one circle
of the cooling process, the pressure of the diamond usually increases. Fig. 3-7 shows the
temperature dependence of pressure from 300 K to 10 K. The starting pressure was 103
GPa at room temperature and increased to 112 GPa at 10 K, then decreased to 106 GPa
after heating to room temperature. In the cooling process, the changes of pressure can affect
the conducting behavior. The value of resistance is derived from the competing of pressure
effect and temperature effect. The sample shows insulating behavior at heating process.
This conducting behavior is the combination of decompression and heating temperature.
In this sample, the pressurization lead to the decrease of resistance. Thus, during
decompression process the resistance decrease, which is the same behavior of the increased
temperature on the effect of insulating materials. Finally, the sample shows insulating
behavior.
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Fig. 3-6 the temperature dependence of resistance at 77 GPa.
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Fig. 3-7 the pressure varieties as a function of temperature.

Intriguingly, the sample showed metallic behavior after 48 days room temperature
annealing at 77 GPa as can be seen in Fig. 3-8. The negative slopes of the dR/dT became
positive. The result indicated the time lag phenomenon on the sample. The transition metal
hydride BaReHy also showed the time dependence behavior, which induced the insulating

to metallic behavior transformation [1].
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Fig. 3-8 the temperature dependence of resistance at 77 GPa. The sample shows the

metallic behavior after room temperature annealing for 48 days at 77 GPa.

In further increasing the pressure, the sample again exhibited insulating behavior at
90 GPa before cooling and 100 GPa after heating to room temperature as shown in Fig. 3-
9. The sample shows time dependence behavior at 100 GPa room temperature. The
resistance decreased from 48 Q to 10 Q after 35 days room temperature annealing at 100
GPa. Furthermore, the temperature dependence of resistance (R-T) relationships were also
examined. The results illustrate that the sample presents insulating behavior and the slopes
of dR/dT in the R-T curves decrease with annealing time, which suggests the insulating

behavior is suppressed with the time of duration.
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Fig. 3-9 the temperature dependence of resistance at 90-100 GPa.

At 120 GPa, a peak was observed on the R-T curve, which reached the maximum
resistance at 21 K as shown in Fig.3-10 (a). The insulating behavior was suppressed by the
increase of pressure. Thus, the metallic behavior appeared. Since the time lag may have an
effect on the conducting behavior, the temperature dependence of resistance as a function
of annealing time at 120 GPa was conducted (Fig. 3-10b). The temperature where the
resistance reaches the maximum shifted to higher temperature with the annealing time.
Furthermore, when the low temperature regions were checked as shown in Fig. 3-10 (c),
the metallic behavior was obvious with the annealing time. All regions below 14 K showed
metallic behavior from 64 days annealing. An obvious drop of resistance was caught after

270 days annealing compared with 231 days annealing.
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Fig. 3-10 the temperature dependence of resistance at 120 GPa: (a) 20 days room
temperature annealing; with different annealing time at 0-300 K (b) and 0-14 K (c).
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With the pressurization, totally the resistance decreases with the increase of pressure.
Fig. 3-11 presents the temperature dependence of resistance from 130 GPa to 170 GPa, the
highest pressure of this run. Up to 170 GPa, zero resistance cannot be detected when the
sample was cooled below 0.1 K. The reason can be explained by the extra resistance of
lead and channel between the sample and the tester. A flat tendency of resistance changes
with constant value can be observed below 0.5 K at 140 GPa and 148 GPa. It suggests that
the superconducting transition have already finished with the cooling of temperature down
to 0.5 K. The drop of resistance in the R-T curve became obvious with the increase of
pressure, which exhibits the drop of resistance rate exceeding more than 20 % at 130 GPa
as shown in Fig. 3-12. What’s more, the percentage of the resistance drop became
promising, showing more than 90 % of resistance loss at 170 GPa. The loss resistance rate
increase with the growing of pressure, which illustrates that the pressure have a positive

effect on the transition of superconducting behavior.
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Fig. 3-11 the temperature dependence of resistance at different pressures.
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Fig. 3-12 the temperature dependence of resistance at 130-170 GPa normalized at 10 K.

Since the sample showed time dependence behavior, the experimental period is very
long. Fig. 3-13 list the consuming time with the changes of pressure and room temperature
resistance of the sample. Sufficient annealing time was used to stabilize the resistance and
R-T curves. The insulating behavior transformed to metallic behavior with the time

dependence behavior.
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Fig. 3-13 the pressure dependence of resistance at room temperature with long

experimental period of more than one and a half years.
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3.2.2 The effect of magnetic field on the temperature dependence

of resistance

In order to confirm the drop of resistance resulting from the superconducting
transition, the temperature dependence of resistance curves as a function of the magnetic
field were carried out. At 120 GPa annealing 270 days, with the applying of the magnetic
field the deviation of the resistance was observed at 3.0 K, which indicted the appearance
of superconductivity as shown in Fig. 3-14.
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Fig. 3-14 the temperature dependence of resistance at 120 GPa after annealing 270 days

with the effect of magnetic field of 5 T at low temperature region.

When the incremental magnetic fields applied to the sample at 140 GPa, the
suppression of the resistance drop became obvious. No drop of resistance was observed in
the magnetic field of 4 T when the sample cooling down to 1K as shown in Fig. 3-15. To
further understand this behavior, the relationship between upper critical field and onset
transition temperature was plotted in Fig. 3-16. The upper critical field Hc at zero can be
calculated by Werthamer-Helfand-Hohenberg formula Hc2(0)=-0.693T. (dHc2/dT)r=rc [3].
The dashed line represents the temperature dependence of calculated Hc.. The calculated
Hcoresult at zero Kelvin 4.2 T is coincident with the experimental result that 4 T can restrain
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the superconductivity. The high value of the Hc signifies this new superconductor belongs
to the type II superconductor. There is no obvious change of the R-T curve at 130 GPa in
various times up to 18 days. It means that the time dependence cannot affect the
superconducting phase after the sample shows superconductivity. The zero resistance
cannot be observed may result from the deformation resistance due to the extrusion under

high pressure.
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8 1 L 1 L 1 1 L
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Temperature (K)

Fig. 3-15 the temperature dependence of resistance at 140 GPa with the effect of magnetic

fields from O T to 4 T at low temperature region.
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Fig. 3-16 Upper critical field Hc for the pressure of 140 GPa. T, was determined from the
onset of resistance drop. The dashed line comes from the calculated Hc. based on the

Werthamer-Helfand-Hohenberg formula.
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3.2.3 The diagram of pressure versus temperature

The definition of T is the deviation of the resistance curves from the linear
temperature dependence as described in Fig. 3-17, which shows the T¢ of 2.75 K at 140
GPa. In order to understand the changes of the T. with the effect of pressure, the pressure
dependence of temperature diagram is shown in Fig. 3-18. The insulating behavior to
metallic behavior transition happens at around 100 GPa. The superconducting behavior
appeared at 120 GPa with T of 3.0 K and the T¢ grows to 4.3 K at 170 GPa, the highest

pressure of this experiment.
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Fig. 3-17 the definition of T as the deviation of the resistance curves from the linear
temperature dependence.
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Fig. 3-18 the pressure dependence of Te.

3.3 Results of short time annealing

In previous research, we found the resistance changes with the time dependence
behavior, which result in a long experimental period. In this time, a relative short room
temperature annealing time was chosen to investigate the metallization and
superconductivity of LisMoHji.

Fig. 3-19 represents the sample inside the DAC under 40 GPa. The sample can be
seen combining the transmission light and reflected light, which shows black color and

connects with the four electrodes.
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Fig. 3-19 the sample in the DAC under 40 GPa.

3.3.1 The temperature dependence of electrical resistance under

pressure

The pressure dependence of electrical resistance at room temperature is shown in Fig.
3-20. The resistance decreased with the increase of pressure continuously by two orders of
magnitude from 5 kQ at 13 GPa to 30 Q at 90 GPa. The changes tendency of the resistance

with the effect of pressure shows similar with last run. The discrepancy may come from

the connect area of the sample and the annealing time.
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Some typical R-T curves are shown in Fig. 3-21. The resistance shows insulating
behavior below 84 GPa, indicating a typical insulator. The negative slopes of the dR/dT
increase with the growing of pressure up to 84 GPa, which reveal that the insulating
behavior is suppressed by the increasing of pressure. When the pressure increased to 92
GPa, the insulating behavior was suppressed below 28 K with metallic behavior. This
phenomenon that dR/dT changed from negative to positive is quite similar to the sample in
last run at 120 GPa. Considering the appearance of superconductivity with the time lag of
270 days is a long experimental period. Furthermore, the pressure-induced effect also
contributes to the superconductivity. In this run, the pressurization of the sample replaces

the time annealing effect.
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Fig. 3-21 the temperature dependence of resistance from 57 GPa to 92 GPa (a) and the
detail at 92 GPa (b).
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When the pressure increased to 97 GPa, the sample exhibited insulating behavior at
the first cooling cycle. Intriguingly, a drop of resistance at 5 K was observed after 5 days
room-temperature annealing in the following cooling cycle as shown in Fig. 3-22.
Moreover, it became sharper with the increasing of annealing time at 18 days and 26 days.
The drop of the resistance indicated the emergence of the superconducting transition.
Compared with the superconducting transition in last run for 270 days, in this case, only 5
days annealing is needed.
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80| |
97 GPa 26dmye |

—\Mﬂays—

.

Resistance (Ohm)

4+

=]
T T
1

2 days

20 1 1 L 1 1 ! 1 L
0 50 100 150 200 250 300

Temperature (K)

Fig. 3-22 the temperature dependence of resistance at 97 GPa with different annealing days.

With further increasing the pressure, the drop of the resistance behavior retains until
210 GPa the highest pressure of this research. Furthermore, the loss rate of resistance gets
more pronounced reaching around 50% and 80% of onset resistance at 102 GPa and 109
GPa as shown in Fig. 3-23. There is no obvious change of temperature dependence of the
resistance curve after we check the R-T relationship at 102 GPa and 109 GPa in various
annealing time up to 18 days. It means that the time dependence cannot affect the
superconducting phase after the sample shows superconductivity. Meanwhile, from 115
GPa to 210 GPa, the resistance loss rate increases with the growing of the pressure. It
means that the pressurization has a position effect on the realization of superconductivity.

The increasing of resistance from 109 GPa to 115 GPa derives from the contribution of the

65



contact resistance between the sample and electrodes in the quasi-four-electrode technique.
One of the electrodes broken at 109 GPa, thus a quasi-four-electrode technique was used
to check the resistance from 115 GPa. Zero resistance cannot be observed mainly because
of the deformation resistance which include the un-superconducting part of the sample in

series with the measuring path.
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Fig. 3-23 the temperature dependence of resistance at different pressures (a) and the

temperature dependence of resistance normalized at 10 K at various pressures.

3.3.2 The effect of magnetic field on the temperature dependence

of resistance

The observed resistance drop at 97 GPa with 26 days annealing was further examined
by the effect of magnetic field on the temperature dependence of resistance as shown in
Fig. 3-24. The onset drop of resistance shifts to low temperature direction with the
increasing of magnetic field demonstrating the occurrence of natural superconductivity in
LisMoHz11. The occurrence of superconductivity as a function of time shows an effect of
the time dependence of resistance phenomenon like the BaReHg shown at 139 GPa, which

the superconductivity emerges with the period of time [1].
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Fig. 3-24 the temperature dependence of resistance at 97 GPa with the effect of various

magnetic fields at low temperature region.

It is intriguing that three points of inflection are observed at 160 GPa in the R-T curve
compared with the magnetic field effect at 150 GPa. Moreover, these points were
suppressed by the applying of magnetic fields up to 6 T as seen in Fig. 3-25. The results
may be explained by the coexistence of three high pressure phases. To further understand
this behavior, the relationship between upper critical field and onset transition temperature
was plotted in Fig. 3-26. The upper critical field He> at zero can be calculated by
Werthamer-Helfand-Hohenberg formula Hc2(0)=-0.693T. (dHc2/dT)7=1c [6]. The dashed
lines represent the temperature dependence of calculated Hce. The suppress of
superconducting transition at 160 GPa is 13.3 T, which is much higher than that of 5.5 T
in 150 GPa. J. Ying et al. uncovered a similar changing of the upper critical field with the
increasing of pressure due to the phase transition proved by the following Raman

measurement [7]. Thus, these results may indicate a possible phase transition at 160 GPa.
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3.3.3 The diagram of pressure versus temperature

In order to understand the relationship between pressure and T., the pressure

dependence of T¢ was plotted in Fig. 3-27. The superconductivity emerged at 97 GPa with
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Tc=5.4 K then T, gradually decreased to 4.5 K at 155 GPa. At 160 GPa, T, rapidly increased
to 6.5 K with multi-superconducting phase, at last T maintained 6.5 K to 210 GPa.
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Fig. 3-27 the pressure dependence of T¢ in short time annealing.

3.4 The synchrotron powder XRD under high pressure

In order to understand the structural phase transition under the effect of high pressure.
The synchrotron powder XRD of the LisMoH11 was measured under the pressure up to 130
GPa in the DAC with a separate run. Due to the strong peaks of gold in the X-ray pattern,
no electrode was chosen in this run. The pressure medium was not used in the XRD
measurement and the maximum pressure is 130 GPa due to the broken of diamond. The
results point out that LisMoH11 shows no structural phase transition up to 130 GPa with
the ambient pressure hexagonal phase structure as shown in Fig. 3-33. The Li.O came from
the oxidation of the raw material LiH. With the increase of pressure, the peaks position
shifted to high angle degree and became broaden. Considering the time dependence
phenomenon of the sample, the room temperature annealing was conducted at 30GPa for
55 days and 100 GPa for 37 days. The sample kept the hexagonal structure after the room

temperature annealing, which indicate no structural phase transition with the time
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dependence behavior. The normalized lattice parameters of a, ¢ and volume V as a function
of pressure are shown in Fig. 3-34. A continuous decrease of the lattice parameters with
the increase of pressure indicts the shrinkage of the hexagonal structure. The lattice
parameters decrease gradually with the increasing of pressure up to 130 GPa where the

volume is compressed by 54%.
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Fig. 3-33 the powder XRD pattern of LisMoHa1 at various pressures up to 130 GPa at room
temperature. Open circles indicate the reflection from the LisMoH1:1. The mark of closed
circle indicates Li>O, which is the oxidation product of LiH. Open triangle is assignable to

tungsten which is the material of needle used for loading sample into DAC.
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Fig. 3-34 the pressure dependence of the lattice parameters a, ¢ normalized at the ambient
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3.5 Discussion

3.5.1 The time dependence behavior

The conducting behavior of LisMoHz11 shows the time dependence behavior. In the
long time annealing, the temperature dependence of electrical resistance transformed from
insulting behavior to metallic behavior after 48 days room temperature annealing at 77 GPa.
The room temperature resistance decreases with the annealing time at 100 GPa, where the
slops of dR/AT decease with the annealing time in the R-T curves. Furthermore, the

appearance of the superconducting transition is accompanied with the annealing time.
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According to the powder XRD, the sample shows no phase transition up to 130 GPa with
the hexagonal P6scm structure even the room temperature annealing was conducted at 30
GPa and 100 GPa, which indicates the mainly structure determined by Li and Mo remains
unchanged with the effect of pressure and time. Due to the structure stability, we can
deduce that the time dependence behavior is not induced by the phase transition. The
possible reason may be the distortion and rotation of the hydrogen cage in the MoHg unit
as shown in Fig. 3-35. After the pressure of LisMoHa1 is increased, the MoHg cages are
distorted by the high pressure, where the MoHg unit may locate in a metastable state. With
the annealing at room temperature, the hydrogen atoms move to a position where the state
is relative stable. Thus, the restoring of the distorted MoHg cages lead to this time
dependence behavior. The pressure-time path plays an important role in the forming of
superconducting phase. Furthermore, based on the calculation of electronic structure of
LisMoH13, the physical properties of LisMoH11 are also dominated by the MoHg unit [5].
In the BaReHjy case, the restoring of the structural integrity of the highly distorted ReHg
prisms leads to the time kinetics effect. It indicates the structure, especially the ReHg cage
is in the metastable state. In the recently discovered high Tc¢ superconductor hydrogen
sulfide, the high T phase was observed by the room temperature annealing at 150 GPa.
Hence, the annealing process becomes an important role in the exploration of

superconductivity under high pressure.

Distortion

° H atom

Mo atom

Fig. 3-35 The possible distortion and rotation of hydrogen cages with annealing time.
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3.5.2 The superconductivity of LisMoH11

The hydrogen-rich metal hydride LisMoHz11 shows superconductivity with the effect
of pressure from 100 GPa and retains to 210 GPa. The observed drop of resistance cannot
explain by Re gasket because Re shows T¢ of 1.7 K at room temperature and then the T¢
reaches its peak of 3.5 K at 5 GPa, and shows lower than 2 K when the pressure higher
than 60 GPa as reported in [8, 9]. The possible decomposition products of Li can exclude
by showing semiconducting behavior above 80 GPa [10]. The T. of Li can be above 10 K
at 30-50 GPa and this is not accordant with the observed result in this experiment [11, 12].
As one of the starting materials of LisMoH11, Mo shows the high T. at around 1 K [13].
Thus, the superconducting phase can exclude the possibility of Mo. During the making of
the gold electrodes on the surface of diamond, the titanium was deposited before the
deposition of gold to enhance the bonding strength of gold and diamond due to the better
connection of diamond and titanium. Thus, the existence of metal titanium and gold should
be considered. The T. of Ti shows 2.3 K at 41 GPa and increases to 3.4 K at 56 GPa with
the positive effect on pressure [14]. However, in this experiment, no drop of resistance was
observed below 60 GPa. Thus we can conclude that the superconductivity does not come
from Ti. The pressure dependence of T. of the possible elements and LisMoH3; are plotted
in Fig. 3-36. The synchrotron powder XRD results prove that the sample shows no
structural phase transition up to 130 GPa. The structure of LisMoHi1 is hexagonal with
P6scm at ambient pressure. The mainly structure determined by Li and Mo remains
unchanged with the pressure effect. But the possibility of sublittice with the same position
of heavy metal cannot be excluded. In BaReHg hydride, the hexagonal structure also keeps
no change up to the pressure of 110 GPa. The hexagonal structural stability of the two
hydrides both keep to more than 100 GPa. All these above concluded, we can deduce that

the superconducting phase is the hexagonal structure LisMoH11.
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Fig. 3-36 the pressure dependence of T¢ in Re [8, 9], Li [10-12], Mo [13], Ti [14] and
LisMoHa1.

3.5.3 The phase diagram of LisMoH1:

Since the conducting behavior of LisMoHi1 under high pressure is influenced by the
annealing time. Two different annealing time periods were chosen in this experiment. The
long time annealing means sufficient time until no change of the resistance and conducting
behavior. While the short time annealing is less than half of the long time annealing at
similar pressure region. In both case, the metallization and superconductivity were
observed.

The phase diagram can be summarized as Fig. 3-37 and Fig. 3-38 with long time
annealing and short time annealing, respectively. In both diagram, the insulator to metal
transition is observed near 100 GPa. However, the T. value is not match well due to the
different annealing time periods. In long time annealing case, the superconductivity
emerges from 120 GPa with T of 3.0 K and T¢ increases to 4.4 K at 170 GPa. While in
short time annealing case, the T appears near 100 GPa with 5.4 K and decreases to 4.5 K
at 150 GPa. At 150 GPa, the two runs show similar T¢ value. But, The T rapidly increases
to 6.5 K at 160 GPa in short time annealing while keeping stable in long time annealing.

The reason may come from the long time annealing effect contributed stable structure. The
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time dependence effect may delay the superconducting transformation. Other reasons such
as the pressure distribution in the culet of diamond may also lead to the discrepancy of the
Tc value. In the short time annealing case, the multi-superconducting phase was observed
at 160-165 GPa and disappeared at 170 GPa. It may indicate the phase transition between
160 and 170 GPa. According to the PXRD, the P6scm phase can keep at least to 130 GPa.
Thus, a high-pressure phase may formed above 160 GPa. The coexistence of several

superconducting phases may also lead to the mismatch of the phase diagram.
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Fig. 3-37 the phase diagram of LisMoH1: with long time annealing at room temperature.
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Fig. 3-38 the phase diagram of LisMoH11 with short time annealing at room temperature.

3.5.4 The comparison of LisMoH11 and BaReHy

Since both LisMoHz11 and BaReHy belong to the transition metal hydrides, they exhibit
many similar properties. They are insulators at ambient pressure and show time dependence
behavior before the emergence of superconductivity as shown in Fig. 3-39. Furthermore,
the appearance of several possible superconducting phases in LisMoH1; and BaReHg are
observed as shown in Fig. 3-40. In BaReHg compound, two inflection points are recognized
at 91 GPa. In LisMoH11 hydride, similar behavior of three points of inflection are confirmed
by the applying of magnetic field, which may indicate the phase transition. Besides, these
two hydrides all remain their hexagonal structure to high pressure. The value of T and the
pressure region of superconducting phase of LisMoHz11 and BaReHg are also quite similar.
This similarities may come from the crystal structure belonging to hexagonal structure.
Furthermore, the hexagonal structure includes the MHq (M: Re, Mo) unit hybridized by the
transition metal and hydrogen atoms. When the discrepancy is considered, we find BaReHg

shows a dome shape superconducting phase between 80 GPa and 150 GPa as shown in Fig.
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3-41. While the T of LisMoH1; starts at 97 GPa and remains to 6.5 K from 160 GPato 210
GPa even a decrease appear to 4.5 K at 155 GPa. A more stable superconducting behavior
obtains to more than 200 GPa. Furthermore, considering the effect of laser irradiation on
the emergence of superconductivity in BaReHg, we find there is no obvious change of
resistance and accelerated superconducting behavior on LisMoH11 when the laser irradiated

to the sample.
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Fig. 3-39 the time dependence behavior of LisMoH11 (a) and BaReHy (b).
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R (Q)

Fig. 3-40 the temperature dependence of resistance with the effect of magnetic field in
BaReHg (a) and LisMoHa1 (b).
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Fig. 3-41 the pressure dependence of T¢in LisMoH11 and BaReHo.
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Chapter 4. Conclusions

In this thesis, the hydrogen-rich metal hydride LisMoHz1: was investigated through the
electrical resistance and synchrotron powder XRD measurements under high pressure and
low temperature to explore the possible high T¢ superconductor in the hydrides by the
applying of high pressure due to the prediction that chemical pre-compression on hydrides
can realize the metallic and superconducting behavior. The following conclusions can be
drawn:

The sample is an insulator at ambient pressure and exhibited time dependence
behavior. The metallization of the sample is observed at around 100 GPa. The sample
shows superconductivity from 100 GPa with the maximum T, of 6.5 K at 160 GPa. The
superconducting behavior is influenced by the annealing time. The phase diagrams of the
sample are summarized according to the annealing time as shown in Fig. 4-1. The
LisMoHz11 demonstrates no structural phase transition up to 130 GPa with the hexagonal
structure, which claims that the superconducting transition is not derived from the high-
pressure by-product but from LisMoHji;.

These results suggest that apart from the effect of pressure on the changing of
conduction and superconductivity, the annealing time treatment can also have an effect on
the conducting behavior and superconducting behavior. This work can feedback to the

synthesis of high- Tc metal hydrides.
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(a) Long time annealing (b) Short time annealing
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Fig. 4-1 the phase diagram of LisMoH11 after long time annealing (a) and short time
annealing (b).
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