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The superconductivity of palladium-hydride (Pd—H) system was discovered by Skoskiewicz in 1972. Thereafter,
many studies have been carried out on Pd—H and palladium deuteride (Pd—D) systems along with their alloyed (Pd—
metal-H) systems. In this paper, we present a brief overview of superconducting properties of these systems. First, we
describe methods for H loading into Pd, in which three principal techniques, i.e., gas loading, electrochemical loading,
and H implantation are introduced. Next, we briefly summarize the superconducting properties of Pd—H(D) systems,
e.g., the concentration dependence of the transition temperature 7,, inverse isotope effect, critical field, pressure
dependence of T, and the impurity effects. Subsequently, we describe our recent in-situ magnetization measurements of
superconducting Pd—H and Pd-D powders with 1-2 pym diameters prepared by low-temperature H absorption, in which
the absorption was performed below 200 K under hydrogen (H,) or deuterium (D,) gas atmosphere. Additionally, we
report resistance measurements of a Pd—H film with ~100 nm thickness prepared by the same H absorption procedure.
The superconducting transition temperature of the film is consistent with that of the powders. From these results, we
conclude that the low-temperature H absorption method is useful for preparing high quality Pd—H and Pd-D samples.

1. Introduction

Great attention has been focused on research into super-
conductivity in hydrogen (H) rich materials, owing to the
recent discovery of new superconductors, such as sulfur
hydride and lanthanum hydride with transition temperatures
T, higher than ~200 K.""? Theoretical predictions pointed out
the possibility of high transition temperatures, 7., in many
hydrogen-rich materials once these are pressurized up to a
few hundred GPa.” However, experimental investigations
exploring the microscopic nature of the origin of super-
conductivity are difficult under such extreme conditions. In
contrast, palladium hydride (PdH, where x = H/Pd) exhibits
superconductivity under ambient pressure, thereby enabling
the study of superconducting properties through a variety of
measurements. This suggests that the Pd—H system is a good
material to investigate the role of H in the occurrence of
superconductivity in hydride systems, which would give a
clue for discovering a new hydride superconductor with a
high transition temperature.

The first investigation of superconducting metal hydrides
was reported by Horn and Ziegler in 1947, where the
superconducting transition temperatures 7, in tantalum and
niobium hydrides were suppressed as compared to those
before hydrogenation. In contrast, an increase of 7, was
reported in the thorium (Th) hydride system in 1970.
Satterthwaite and Toepke found that ThyH;s exhibits a
superconducting transition at ~8 K,> which is much higher
than T, = 1.37K for pure Th. After that, the Pd—H system,
which is the best-known superconducting hydride, and the
Pd-metal-H alloy system were reported to exhibit super-
conductivity by Skoskiewicz in 1972,% where onset temper-
atures of above ~4 K were found at a composition PdH, g;
and Pd-nickel (Ni)(1.5%)-Hogs. These findings sparked
numerous investigations on hydrides.

In this paper, we briefly summarize previous experimental
investigations on superconducting PdH, and Pd deuteride
(PdD,) and report our recent studies. First, we describe the
representative ways for H and D charging into Pd, in which
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three methods, i.e., gas loading, electrochemical loading, and
H implantation are introduced. Next, we present a brief
overview of the superconducting properties of PdH, and
PdD,. Finally, we show our recent in-situ magnetization
measurements of superconducting PdH, and PdD, powders
and resistance measurements of a PdH, film prepared by low-
temperature H absorption.

2. Hydrogen Charging in Palladium

In metallic hydrides, H atoms occupy the interstitial sites in
the metal lattices. Therefore, a nonstoichiometric composi-
tion between the host metal and the H atom extends into the
x—P-T phase diagram, where x, P, and T are the ratio of the H
concentration to host metal M, i.e., x = H/M, pressure, and
temperature, respectively. Figure 1 illustrates the x—P-T
phase diagram of PdH,.” It is well known that Pd metal
can absorb high numbers of H atoms even at room
temperature. When a Pd metal with an fcc cubic structure
is exposed to a H, gas atmosphere, the H, molecule is
dissociated into two H atoms on the Pd surface, which are
then absorbed into the interstitial sites of the Pd lattice. As a
result of the absorption, two different phases, « and f§, emerge
in the phase diagram. At around room temperature (~300 K),
the a phase is stable up to x ~ 0.02, where the Pd lattice
expands slightly from 0.389 to 0.390 nm.» The /3 phase, with
a lattice constant with 0.402nm is stable above x ~ 0.61.
Both phases coexist between 0.02 < x < 0.61.

Under a H, gas pressure of 1 atm, the H concentration for
PdH, is increased to x ~ 0.7 at room temperature, as
displayed in Fig. 1. However, this concentration is lower
than the critical concentration for the superconductivity in
PdH,, meaning that a different procedure is necessary to
increase the H concentration further to be able to observe
superconductivity.

Here, three principal methods, i.e., loading from high
pressure gas, electrochemical loading, and ion implantation,
will be presented, which have been widely used to synthesize
highly concentrated samples with x > 0.75. In contrast to the
easy uptake of H atoms in Pd, it is difficult to keep the highly
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Fig. 1. (Color online) The H concentration—pressure—temperature (x—P-71")
phase diagram of Pd-H systems.” The H concentration in Pd (x = H/Pd)
is increased with decreasing temperature at the same H pressure. The
superconductivity appears at a H concentration of above x ~ 0.75.

concentrated H state after H charging, because Pd metals
easily desorb H atoms. Hence, we must pay special attention
to preventing H desorption during the sample mounting on a
cryostat after the H charging, which is crucial for exploring
superconducting properties in PdH, and PdD,.

2.1 Loading from gas phase

A highly concentrated H sample was obtained using a
high-pressure experimental setup in which Pd is exposed to
pressurized H, gas, as can be seen in the phase diagram of
PdH, in Fig. 1. The experiments were performed using the
following procedure. The Pd sample was mounted in a high-
pressure cell and pressurized with H, gas at room temper-
ature, by introducing H, gas through a capillary. After
waiting sufficiently long for H loading into Pd to happen, the
pressure cell was cooled to liquid N, temperature (77 K) to
keep the H concentration in Pd constant. Subsequently,
the superconducting properties were measured. Using this
method, Shirber and co-workers obtained ratios of H/Pd =
0.97 and D/Pd = 0.95 under a H, pressure of 4-5 kbar.%!9
Additionally, they succeeded in preparing palladium-tritide
(PdT,) system and measuring its 7., which is higher than that
of PdH, and PdD, with the same H concentration.'? In this
method, the H concentration is estimated from the change
in the gas pressure in a reference volume using Sieverts
technique'? and/or from the change in the sample weight.!®

Many experimental studies have been performed in Pd-H,
Pd-D, and Pd-metal-H systems using the high-pressure gas
absorption method.'3"'” Importantly, Hemmes et al. synthe-
sized stoichiometric PdH and PdD under very high pressures
of Hy or D, sealed in a diamond-anvil cell (DAC). After
filling the DAC with liquid H; or D,, the cell was heated to a
temperature sufficient for H (D) absorption and diffusion into
the sample metal, where the hydrogen pressure was reached
at ~4 GPa.202%

2.2 Electrochemical loading
Electrochemical loading can easily achieve a high H
concentration, which is above the critical concentration for
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superconductivity and without the use of a high-pressure
environment. This can be understood by looking at the
reaction as an equilibrium between H in the electrochemical
phase and H in the solid phase. Skoskiewicz loaded H into Pd
and Pd-Ni alloys with a H concentration of x ~ 0.95 by
electrolysis of 0.1n-H,SO,4 at current densities of 50 to
150 mA /cm?, with Pt leads spot-welded to the sample.®>® By
decreasing the loading temperature to ~190K, a H concen-
tration with x ~ 1 was achieved, enabling many experimental
studies on Pd-H systems in the highly concentrated
region.?*=3? An electrolytic solution of H(D)CIl in CH;0H(D)
was also used for H and D loading, allowing for the
comparison of the superconducting properties of Pd—H and
Pd-D systems.***? The H concentration in the sample was
determined by weighing the sample after H loading and/or
measuring the gas volume after H desorption from the sample.

After H loading, the sample was rapidly cooled to 77 K to
prevent H transport. Nevertheless, H atoms inevitably left the
sample while mounting the sample on the cryostat, which
leads to inhomogeneity of the H concentration in the sample
and, as a result, a broadening of the superconducting
transition.

2.3 lon implantation

The implantation of H into PdH,, was carried out at 4 K to
stabilize the implanted H. The average penetration depth of
the H ions was about 1 um at a H} beam energy of 130keV,
resulting in a high concentration layer of implanted H over a
thickness of some hundreds of nm thick of the Pd foil.*"
Before the implantation, the foil was pre-charged with H (or
D) under H, (D,) gas at high temperature to shorten the
implantation time, by which x ~ 0.7 was obtained. The foil
was then quickly cooled to 77K to minimize the loss of H
prior to implantation.

As described above, H atoms are charged with the same
density for only a narrow region in the specimen as far as the
constant energy implantation is utilized, implying that the
spatial inhomogeneity of H content is inevitable. In addition,
the ion implantation is accompanied by damage of the sample
as the kinetic energy of the ions dissipates in collisions. This
causes atomic displacements, which induce vacancies and
voids. Hence, a broad superconducting transition was
observed in the samples prepared using this method.*"

Nevertheless, it should be noted that H implantation is
quite a powerful method, because the H concentration in a
host metal can be increased up to a non-equilibrium region by
injecting H atoms at low temperatures, at which H atoms are
not released from the metal. Actually, this method has been
applied to many alloys with a low H solubility.**=4")

3. Superconducting Properties of Pd—H System

3.1 Magnetic susceptibility of Pd—H system

After the discovery of the superconductivity in PdH(D),,
many experimental studies have been carried out, revealing
the following features of the superconductivity of Pd—H(D)
systems. However, before summarizing the superconducting
properties, we briefly explain the magnetic properties of Pd in
the normal region. Pd metal is an enhanced Pauli paramagnet
with strong spin fluctuations, which suppress the formation of
Cooper pair according to the BCS theory. Therefore, its
vanishing paramagnetism is considered to be the necessary
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precondition for the occurrence of superconductivity in Pd—
H(D) systems.48)

The magnetic susceptibility of Pd—H system shows a large
variation with H concentration x.*” In the a phase, the
enhanced paramagnetic susceptibility is approximately inde-
pendent of x because the Fermi surface of the a phase is
almost the same as that of pure Pd. In contrast, the
susceptibility of the f phase is calculated to be a small
positive value, as the d-band is filled by s electrons. Hence, in
the a—f mixed phase, for 0.02 < x < 0.61 at room temper-
ature, the susceptibility decreases rapidly with increasing x.
Note that the susceptibility was observed to be slightly
negative, i.e., diamagnetic, and almost independent of x, in
the magnetic susceptibility measurements of the f phase.
This is caused by the addition of the diamagnetic contribution
of the core electrons to the susceptibility in the S phase.
These results indicate that the superconductivity occurs in the
region where the spin fluctuations in pure Pd are suppressed.
The above scenario is confirmed by our experiments through
in-site magnetization measurements in PdH(D),, as will be
described later.

3.2 T, dependence on H concentration

Figure 2 shows plots of the concentration dependence of
the superconducting transition temperature. The critical
concentration for superconductivity was estimated to be
x ~ 0.72 for PdH, and x ~ 0.67 for PdD,.>® The maximum
of T, was observed at around 9 K for Pd—-H and 11 K for Pd—
D systems, respectively, which were achieved at a stoichio-
metric concentration of x = 1.203439 According to Standley
et al., T.(0) is given empirically by the relation 7.(0) =
150.8(x — x9)>***, where xo = 0.715 and 0.668 for the H
and D systems, respectively.’” At the same x concentration
for H and D, T, in the H system is lower than that in the D
system, which is known as the inverse isotope effect.!33+5%

3.3 Pressure effect on T,

The pressure dependence of the superconducting transition
temperature 7. of PdH, and PdD, has been studied by several
groups. Their samples were prepared by the gas loading and
the electrochemical reaction.”!*?*?» The results show a
negative pressure effect, so that increasing the pressure on
PdH(D), suppresses 7.. Moreover, the magnitude of the
suppression is enhanced when the transition temperature is
lowered with decreasing the concentration x at ambient
pressure, as depicted in Fig. 2. The decrease of T, with
increasing pressure can be understood by a hardening of the
phonon spectrum, causing a decrease of the electron—phonon-
coupling constant A. The negative pressure effect contradicts
the theoretical assumption that a superconducting metallic
hydrogen sublattice emerges inside the Pd lattice,’" because
a smaller H-H distance should be more favorable for
superconductivity.

Hemmes et al. explained the pressure dependence of 7
not only in the stoichiometric PdH and PdD but also in the
substoichiometric samples based on their experimental results
for the stoichiometric hydrides using DAC and band-
structure calculations.”” According to them, the anharmo-
nicity and the Debye—Waller factor play an important role for
the inverse isotope effects and the pressure dependence of 7.
in the Pd-H(D) system.
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Fig. 2. T. as a function of H(D) concentration for hydrogenated and
deuterated Pd. This figure is taken from Ref. 39. © 1979 ELSEVIER.

3.4 Critical field

There has been a discrepancy of the superconducting
critical fields between experiments, as follows. Skoskiewicz
showed that the upper critical field H,, is 1800 Oe,>® while
Alekseevskii et al. reported H = 2500 0Oe.® In these
experiments, H., were independent of the H concentration.
In contrast, Krahn reported a concentration dependence of
H.,, which increased linearly with decreasing temperature
over a wide temperature range.*® According to magnetization
measurements, PdH, for x much smaller than 1 is a type II
superconductor,'¥ suggesting that the upper critical field
H:(0) at T = 0K depends strongly on the mean free path of
the electrons, i.e., on lattice distortions and impurities. This
might be the reason why different H., values have been
reported.

McLachlan et al. measured the temperature dependence of
the magnetization of PdH, at x ~ 1 and concluded that a
stoichiometric Pd-H is a type I superconductor.*" Moreover,
Skoskiewicz et al. reported that a homogeneous PdH, is a
type I superconductor.'® In a homogeneous sample, the
mean free path of the conduction electrons increases.
Consequently, the coherence length increases and the
penetration depth decreases, which might result in the
emergence of a type I superconductor.

3.5 Other experiments on the Pd—H system

The electronic specific heat coefficient y, which reflects the
electronic density of state, is 9.5 mJ /(mol-K?) for pure Pd and
decreases when small amounts of H are added.”® For the
superconducting region between x = 0.83 and 0.88, Mackliet
et al. reported that y in the normal region is about six times
smaller than that in pure Pd.202) Moreover, Zimmermann
et al. measured the specific heat at x = 0.96.>> However, a
broadening of the superconducting transition was observed,

©2020 The Author(s)
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which could be caused by a macroscopic compositional
inhomogeneity in the samples. Thus there might be a large
uncertainty in the determination of y at x = 0.96.

A detailed discussion on neutron-scattering experiments is
given in another paper in this issue, so that only the essential
results related to superconductivity are summarized here. The
lattice dynamics of a single crystal of PdD g3 were studied by
Rowe et al..> in which the acoustic mode frequencies were
found to be 20% lower than those of pure Pd. This decrease
was about four times larger than the expected value for the
expanded lattice,™® suggesting that H charging brings about
softening of the acoustic phonons. Based on the incoherent
neutron scattering results of polycrystalline samples of
PdH 43, the Pd—H force constants are considered to be about
20% stronger than the corresponding Pd-D force con-
stants.>> This anharmonicity is believed to be the main
reason for the occurrence of the inverse isotope effect in the
superconductivity in Pd-H(D) systems.>”

Tunneling experiments for the direct observation of the
tunnel gap on the Fermi surface have been carried out in the
Pd-H(D) and Pd-Ni-H systems by several groups.*’38-6D
The basic configuration of the experimental device consists
of an Al-oxide—(Pd-H) tunnel junction. After depositing an
Al film on a substrate, its surface was oxidized to form the
tunnel barrier and Pd was evaporated onto the film. To avoid
the destruction of the tunnel junction by the increase of the
lattice constant due to H(D) absorption, the charging
procedures were well designed.

The current—voltage (/-V) characteristics and their first and
second derivatives were measured as a function of the voltage
applied to the junctions. The superconducting energy gap A
was measured directly from the first derivative of the
differential conductance d//dV. The ratio 2A/kgT. for T,
between 4.6 and 7.5 K was observed at around 3.7, indicating
that Pd-H and Pd-D are medium coupling superconductors
in the concentration range investigated in these experiments.
From the second derivative d*//dV?, the quantity of the
electron—phonon coupling a*(w)F(w) can be derived with
the help of the Eliashberg equations. The structures in
d?1/dV? spectra suggest that the optical phonon mode plays
an important role in the superconductivity.

3.6 Superconducting properties of Pd alloy system

The inverse isotope effect observed in PdH(D), raises the
question of whether 7, continues to increase with increasing
mass of the interstitial element. To answer this question,
boron (B), carbon (C), and nitrogen (N) were implanted in Pd
by Stritzker and Becker,%% all of which lowered the T..
This can be understood by considering the change in the
electronic structure resulting from adding these elements. H
and D enhance the electron—phonon coupling due to the
screening of protons and deuterons by the conduction
electrons. With heavier elements such as B, C, and N, in
contrast, this coupling would be reduced because the nuclei
are more effectively screened by their core -electrons.
Consequently, the electron—phonon coupling is lowered.

Substitution of Pd by other elements changes the electronic
structure and phonon spectrum of the host system, and
consequently leads to the shift of 7. compared to that of
PdH,. By using H implantation at low temperatures and
thereby enabling the achievement of non-equilibrium H
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concentrations, the H concentration dependence of T, in the
Pd alloy system, Pd,_,M,H,, was studied.*”? With the
substitution of neighboring elements platinum (Pt), Ni, and
rhodium (Rh), the following results were reported. With Pt,
T, was not affected much by a substitution of up to y ~ 0.25.
With Ni and Rh substitution, 7. was suppressed with an
increasing number of substituted atoms. With noble metals,
copper (Cu), silver (Ag), and gold (Au), an increase of 7. was
observed. The maximums of 7. were reported to be observed
at ~17 K with Cu at y = 0.45, at ~16 K with Ag at y = 0.30,
and at ~14 K with Au at y = 0.16, respectively. It seems that
the electronic properties of the host lattice does not play an
important role in the superconductivity of the hydrogenated
alloy.#7

In contrast, for Pd alloy prepared by gas loading or
electrochemical reaction, quite different results were reported.
With Ni substitution, a scatter of the transition temperature,
i.e., a decrease and an increase of T, were observed with
increasing Ni concentration.®% With Cu, Ag, Rh, Pt, and Au
substitution, T, was suppressed with increasing numbers of
substituted atoms.!300-%9 In the case of Nb substitution,
which is a H absorption metal, an increase of 7. was
reported.’” These results imply that the substitutions reduce
the H solubility considerably,” and consequently, in
comparison to pure Pd, it would be very difficult to increase
the H concentration in Pd alloys by gas loading or
electrochemical reaction.

Substitutions other than the transition element were also
performed with silicon (Si), aluminum (Al), and indium (In).
In Pd,_,Si, alloys loaded with H by implantation at low
temperatures, the superconducting properties in the amor-
phous region (0.17 <y < 0.20) were similar to those in the
f.c.c lattice region (0 <y <0.05), indicating that the
influence of the lattice structure on superconductivity in the
Pd—H system is minor.5>% In Pd;_yAl, and Pd;_,In, alloys
charged by H implantation, a slight increase of 7. was
observed at y ~ 0.07.) At Al and In concentration larger
than y ~ 0.1, T, decreased with increasing their concen-
trations.

4. Low-Temperature Hydrogen Absorption

Numerous theoretical studies have been devoted to
understanding the superconductivity of PdH(D), systems
over the last decades.3**8-17.72-9D) However, the number of
experimental studies on superconductivity in PdAH(D), were
decreased rapidly after the late 1980’s, although unresolved
problems such as the origin of the inverse isotope effect and
the concentration dependence of the critical field have
remained, as mentioned above. This is because significant
attention has been paid to high-7,. cuprate superconductors
after their discovery in the late 1980’s. In addition, difficulties
in the preparation of high quality hydride samples should be
considered. The following three principal methods have been
used for highly concentrated H loading into Pd to explore the
superconducting properties. In the gas loading method, the
superconducting transition was investigated in a specially
designed pressure cell. In the electrochemical loading, the
desorption of H was inevitable during the sample mounting
in the cryostat. In the ion implantation, the spatial
inhomogeneity of H (D) brings about a broadening of the
transition.

©2020 The Author(s)
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We demonstrated a new method to study the super-
conducting properties of PAH(D),, in which H (D) atoms are
loaded into Pd at low temperature, much lower than room
temperature.”>°3 Although this method is based on gas
loading, a high-pressure cell is not necessary for the loading,
meaning that the procedure is much easier as compared to the
previous methods and enables in-situ measurements. The
temperature dependence of the H concentration x, given in
Fig. 1, shows that the equilibrium H concentration in Pd
increases with decreasing temperature. For example, when
metallic Pd is exposed in a H, pressure of 0.1 MPa at
T = 300K, the H concentration in Pd is x ~ 0.7. As the
temperature is lowered to 7 =200K, the equilibrium
concentration is expected to increase to x ~ 0.8 from the
extrapolation, which is larger than the critical concentration
for superconductivity in PdH,. Indeed, Akiba et al., prepared
PdH, g3 even at H, gas pressure of P ~ 0.1 MPa, as long as
the absorption was conducted at 7 = 210K, and succeeded
with in-situ heat capacity experiments.®¥ Their results
suggest that a highly concentrated H sample exhibiting
superconductivity can be readily obtained. Stimulated by
their results, we prepared highly concentrated PdH(D),,
where the charging was performed below 200K and
observed the superconducting transition through in-situ
magnetization measurements down to 7 = 0.5 K.”>%% In the
following section, we describe the experimental procedure of
the low-temperature absorption briefly. Then, we report our
recent experiments on PdH, and PdD,.

4.1 Hydrogen absorption in Pd

Pd metal powder with a particle diameter of 1-2 um and a
purity of 99.95% was purchased from the Nilaco Corporation
and was used for magnetization measurements. The magnet-
ization was investigated down to a temperature of 7= 0.5 K
using a home-made *He insert attached to a Quantum Design
MPMS SQUID magnetometer.”>® After several activation
processes by loading and evacuating H; gas at 7= 350K to
remove the surface contamination, the Pd sample was cooled
down to a temperature of 7= 200, 150, or 120 K, at which
the H absorption was performed. Next, H, gas, which was
stored in a reference volume, was introduced into the sample
space. Owing to the H absorption of the Pd sample, the
pressure P(f) of the gas handling system and sample space
decreased rapidly with time 7. Figure 3 illustrates the time
evolution of the H concentration x and the magnetic
susceptibility y in the Pd sample at 7= 150K. After
introducing H; gas with an initial pressure of Pj,; ~ 0.2 MPa
into the system, the H concentration x increases steeply,
where x is estimated using the pressure change of the system
with the Sievelts method.'” The absorption speed at
T = 150K is about 10 times slower than that at 7 = 200 K,
indicating that the absorption of H atoms into the Pd sample
and the diffusion are mainly governed by a thermal hopping
process.””%)

At the same time, the dc magnetic susceptibility y is
measured under a magnetic field of H = 1000 Oe to explore
the H concentration dependence of y in Pd. It is well known
that Pd is a metal close to the ferromagnetic state with a
large paramagnetic susceptibility. In the present sample, a
large y value of 5.4 x 10~ emu/mol is observed at T =
150 K.2%-192 With increasing x, the susceptibility y decreases
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Fig. 3. (Color online) Time evolution of H concentration x and magnetic
susceptibility y, which is measured under a magnetic field of H = 1000 Oe in
the Pd sample at 150K, measured simultaneously. The concentration at
t = 2600 min is estimated to be x = 0.87 from the pressure change of the
system.

rapidly, as shown in Fig. 3. This means that y of the a—f
mixed phase exhibits a strong suppression with x whereas y
in the pure 8 phase is estimated to be 0.15 x 107 emu/g.*”
When y is close to the boundary between the mixed phase
and the pure S phase, the increase of x slows. This indicates
a long relaxation time for H absorption and diffusion in the
P phase owing to a repulsive interaction between the
concentrated H atoms. Finally, the susceptibility is negative.

Looking closely at y, the initial slope for ¢ < 70 min is
smaller than that of 70 < ¢ < 150 min. This originates from
the change in H absorption speed at the subsurface layer. In
the H absorption process, H atoms expand Pd lattice, whereas
a large potential barrier exists at the subsurface layer, which
prevents the initial stage of H absorption.'?®

4.2 Superconducting properties in PdH,

As illustrated in Fig. 3, y is almost a constant in the S
phase, whereas a gradual increase of x is seen, which implies
a long relaxation time until an equilibrium concentration is
reached. At ¢t = 2600 min, H concentration was increased to
x = 0.87. After cooling the insert to 7 = 25 K to quench H in
Pd, the remaining H, gas was extracted and *He gas was
filled into the insert. Figure 4(a) displays the temperature
dependence of the magnetization at several magnetic fields at
x = 0.87 down to T = 0.5 K. Here, the sample temperature
above T = 2K is controlled by the MPMS magnetometer
using *He as heat exchange gas in the insert. The temperature
below 2K is generated by pumping liquid *He.

At H = 250e, M(T) starts to decrease due to diamagne-
tization arising from the superconducting transition at around
T =2.52K, which is assigned as T.. By lowering the
temperature, M(T) drops sharply and reaches almost a
constant value at around 2K. The width of the super-
conducting transition is about 0.5K, which is sharp in
comparison with previous results reached by other prepara-
tion methods. With increasing the magnetic field from 25 to
1500 Oe, T, decreases monotonously.

At the lowest temperature 7= 0.5 K, the magnetic field
dependence of the magnetization M(H) is recorded as shown
in Fig. 4(b). Initially, M(H) curve decreases steeply up to

©2020 The Author(s)
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Fig. 4. (Color online) (a) Temperature dependence of the magnetization
M(T) of PdHy g7 under various magnetic fields. The fields were applied at
T = 10K, which is higher than T¢. (b) The field dependence of M(H) of
PdHy g7 at 0.5 K, which was measured after zero field cooling.

150 Oe, and above 150 Oe, M(H) increases gradually to zero
magnetization. These behaviors are characteristic for type II
superconductors. The lower and upper critical fields are
H. ~ 1500e and H., ~ 2000 Oe, which are determined at a
peak field and an intersection field with zero magnetization,
respectively.

Here, we discuss the sample quality prepared by the low-
temperature absorption. In Fig. 5, the magnetic field de-
pendence of M(H) is plotted for x = 0.82, 0.87, and 0.91,
which are prepared at an absorption temperature of 7 =
200, 150, and 120K, respectively. The initial slope of the
diamagnetization caused by the superconductivity is almost
the same for all three samples, implying that they have
similar superconducting properties. For a quantitative
comparison, we estimate a superconducting volume fraction
Vy, where Vp= —4zM,/H and M, is the magnetization per
volume. To calculate Vy, the volume expansion caused by H
absorption must be considered. In the case of octahedral site
occupancy in Pd with fcc structure, the H-induced volume
expansion vy is given by the following relation. Up to
x = 0.7, vy increases linearly with the formula 2.8x A3 and
thereafter bends off with 0.5(+0.2)x A? for x > (.7.104-108)
Consequently, the volume expansion for x = 0.82, 0.87, and
0.91 is estimated to be 11.3, 12.3, and 12.7%, respectively.

We plotted the magnetization per volume M, for three
concentrations, correcting the expansion, in the inset of
Fig. 5. For the estimation, a demagnetizing factor of 1/3 is
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Fig. 5. (Color online) The magnetization M(H) is depicted as a function

of the magnetic field for x = 0.82 (squares), 0.87 (triangles), and 0.91
(circles). The inset shows the initial decrease of M(H) enlarged, where
the vertical axis is plotted in 4zM,. The dotted line indicates perfect
diamagnetism with a volume fraction of V; = 1.

considered, by assuming a spherical shape of the powder
sample. From a linear slope of M, in the initial magnetic field
range, the slope is slightly larger than V;= 1 for the three
systems. Because for perfect diamagnetism Vy=1, the
diamagnetization value is clearly overestimated. The residual
magnetic field in the superconducting magnet is the most
probable origin for the overestimation. Additionally, the
deviation of the demagnetizing factor due to non-uniformity
of the sample powder should be considered as another origin
of the overestimation. The sharp change of M(T) below T, in
Fig. 4(a) is well explained by assuming that Vy is close to
unity. From these facts, we conclude that H atoms are
absorbed into the Pd samples uniformly although the
absorption was performed at low temperatures.

From M(T) and M(H) measurements, we describe the
phase diagram as shown in Fig. 6. The magnetic field
dependence of the transition temperature, T.(H), is repro-
duced by the empirical equation T (H) = T.(0)(1—
H/H»)Y* with a = 2.78, 2.78, and 2.0 for x = 0.82, 0.87,
and 0.91, respectively, as drawn by the dashed curves. The
transition temperature at zero field, 7.(0), is estimated to be
1.35, 2.60, and 3.60K by extrapolating the 7.(H) curve to
H = 0. Because the relation between the transition temper-
ature and the H concentration is given by T7.(0)=
150.8(x — 0.715)>2** as presented in Sect. 3.1, x for the
three samples is estimated to be 0.837, 0.879, and 0.904,
respectively, which are in reasonable agreement with the
evaluation based on the pressure change.

The upper critical field 7.(H) is increased with 7, at zero
field, and the critical fields at 7= 0K are H.(0) = 923,
2200, and 2850 0e, respectively. These features are con-
sistent with conventional superconductors. In contrast,
previous results reported that 7.(H) in PdH, was not only
independent of T, at zero field, but also linearly increased
with decreasing temperature.?>?> In these studies, T.(H) was
determined by resistivity measurements of PdH, prepared by
the electrochemical charging, which causes a broadening of
the transition due to the inhomogeneity of the H concen-
tration. As a result, the phase diagram might be modified
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governed by the orbital effect. In the vicinity of H = 0, the
T.(H) curves exhibit linear temperature dependences, and a Fig. 7. (Color online) (a) Time evolution of the resistance for the Pd

Ginzburg—-Landau (GL) theory for a type-II superconductor
is utilized for the analysis. From the initial slope of H., at
T =T.(0), we can estimate the orbital pair-breaking field
using the formula Hgg”(()) = —0.69T.(dH,/dT)r, as shown
by Helfand and Werthamer.!’” 1In the present case,
(dH,/dT)y, ~ —1500, —1600, and —13000e/K as illus-
trated by solid lines in Fig. 6, giving H%?(0) ~ 1400, 2870,
and 32300e, respectively. Using these values, the GL
coherence length &(7)(0) at 7= 0K is estimated to be
48.5, 339, and 31.9nm from the relation H%(0) =
®y/27E2(0), where @y = 2.07 X 107 G/cm?. It should be
noted that H%?(0) is nearly one and a half times larger the
observed H.(0), indicating the involvement of the para-
magnetic and spin—orbit effects in the pair breaking.!'?)

4.3 Resistivity measurements of PdH,

Synthesis of PdH, thin films enables a variety of experi-
ments such as the tunnel junction investigation. In previous
experiments, H charging in the thin film was done under
special experimental conditions.’® %" As presented above,
the low-temperature H absorption is performed in a gentle
condition, simplifying the experimental procedure. Thus,
using this method PdH,, thin film may be synthesized
without breaking the film due to the lattice expansion caused
by H absorption.

A Pd film with a thickness of ~100nm was prepared by
magnetron sputtering under a base pressure of 2 X 107° Pa.
Then, the Cu electrical pads were formed by the thermal
evaporation. H absorption into the film was performed in the
same manner as that used for the Pd powder in preparation
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film exposed in H, gas with an initial pressure of Pj,; = 0.22 MPa. By
comparison to previous resistance measurements in PdH, film,3>!'1:112) the
H concentration is expected to be larger than x = 0.8. (b) Temperature
dependence of the resistance in the Pd—H film, which shows a resistance drop
due to the superconducting transition at around 1.42 and 1.25K in H = 0 and
40 0Oe, respectively. Inset shows the magnetic field dependence of the
resistance.

for the magnetization measurements, shown in Fig. 3. At
200K, H, gas at an initial pressure of Pj,; = 0.22 MPa was
introduced into the *He insert mounting the Pd film. In the
present experiments, the H concentration in the film cannot
be estimated by the Sievelts method due to the small amount
of Pd mass. Therefore, we predicted the H concentration by
the concentration dependence of the resistance in the Pd
film.!'"Y In Fig. 7(a), we show the time evolution of the
resistance in the Pd film, which is measured by a LR700
resistance bridge. After introducing H, gas into the insert, the
resistance increases steeply and shows a maximum, which is
followed by a sharp drop. Finally, the resistance becomes
almost constant. These features are in good agreement with
the H concentration dependence of the resistance in PdH,
prepared by gas loading at high pressure!!!'? and elec-
trochemical 10ading,”3) where the maximum is observed at
x ~ 0.75 in the room temperature measurements. Moreover,
the maximum at x ~ 0.75 is also confirmed at 4.2 K. From
these results, we expected the concentration of the Pd film to
be larger than x = 0.8.

After the process described above, we decreased the
temperature of the insert to 25 K and evacuated the H, gas.

©2020 The Author(s)



J. Phys. Soc. Jpn.
Downloaded from journals.jps.jp by 0 O O O on 04/07/24

J. Phys. Soc. Jpn. 89, 051004 (2020)

Subsequently, *He gas is introduced into the insert. We
display the temperature dependence of the resistance in
Fig. 7(b). The resistance drop due to the superconducting
transition is seen at around 7. = 1.42K. Note that the
resistance does not vanish despite finishing the transition,
which is caused by resistance of the Cu pad. 7. observed in
the Pd film is slightly higher than the 7.(0) ~ 1.35K in
PdH, g, powders, which probably originates from the differ-
ence of the initial pressure for the H absorption. The H
charging in powders at 7= 200K is performed at Pi, =
0.185 MPa, whereas that in the film is performed at Pj, =
0.22 MPa. These suggest that 7, can be controlled precisely
by changing the initial pressure of the H, gas. At H = 40 Oe,
the transition temperature is suppressed to 7, ~ 1.25 K. From
these results, we conclude that the low-temperature H
absorption is utilized for synthesizing the superconducting
PdH, film. In contrast, the critical field is observed to be
H =700e, as plotted in the inset, which is much smaller
than that seen in the magnetization measurements. This
suggests that cracks are produced by the expansion caused by
the H absorption, which then depresses the critical current of
the Pd film.

4.4 Deuterium absorption experiments

Finally, we present D absorption experiments in Pd
powders. The experimental procedure is the same as for
PdH, case. Figure 8 displays the evolution of the D
concentration x (= D/Pd) in Pd, which was carried out at
an initial pressure of Pj,; = 0.327MPa at T = 200K. The
absorption process and magnetic susceptibility y are recorded
simultaneously. At first glance, the whole feature of the
absorption process is similar to that of PdH, shown in Fig. 3.
As shown by a solid line in the inset, the initial slope of
x below 5Smin is slightly smaller than that above 5 min,
reflecting a slowing down of the D absorption at the
subsurface layer as in the case of H absorption. When y
approaches the diamagnetic region, the increase of x is
suppressed, indicating a long relaxation time for the D
absorption and diffusion in the pure § phase. The absorption
is slower compared to that in PdH, at 7 = 200 K because of
the mass difference,’® indicating that preparing a highly
concentrated D system with this method would be diffi-
cult."'® The switch from paramagnetic to diamagnetic occurs
at around xg = 0.58, which is smaller than that in the H
system and agrees with the previously reported value.!!>!1®
Finally, a D concentration of x = 0.79 was obtained.

M(T) and M(H) measured for PdDg79 are plotted in
Figs. 9(a) and 9(b), respectively. The qualitative features of
the superconducting properties of PdDy 79 are similar to those
of PdH,. With increasing magnetic field, 7. is suppressed
monotonously from 1.23 K at 25Oe to 0.75K at 750 Oe, as
shown in M(T) curve. From the M(H) curve, it can be seen
that the lower and upper critical fields at 7= 0.5K are at
H. =400e and H., = 880 Oe, respectively. The magnetic
field dependence of the transition temperature, 7.(H), was
well reproduced by the empirical equation 7. (H) =
T.(0)(1 — H/H.»)"* where a = 3.10. From this relation,
the transition temperature at zero field and the upper critical
field at T = 0K were estimated to be 7.(0) = 1.22K and
H»(0) = 940 Oe, respectively. Although 7.(0) of PdDy 9 is
lower than that of PdHg g, H.2(0) is expected to be higher
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Fig. 8. (Color online) Time evolution of x and magnetic susceptibility y at

200K, which are measured simultaneously. The D concentration was
estimated to be x = 0.79 from the pressure change of the system using the
Sievelts method.'? The inset shows a close-up of the initial evolution of y
and x, where the initial slope of y is fitted by a solid line.
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Fig. 9. (Color online) (a) M(T) of PdDy79 under various magnetic fields,

where the fields were applied at 7= 10K. (b) M(H) curve of PdDj79 at
T = 0.5 K, which was cooled in zero field.

than for PdHg,. This can be caused by the inverse isotope
effect. The superconducting volume fraction was estimated to
be Vs ~ 1, indicating that D atoms are absorbed uniformly, as
in the case of H atoms. Moreover, the superconducting
coherence length in PdH, g, was calculated to be 48.0 nm.?

©2020 The Author(s)



J. Phys. Soc. Jpn.
Downloaded from journals.jps.jp by 0 O O O on 04/07/24

J. Phys. Soc. Jpn. 89, 051004 (2020)

Special Topics

T. Kawae et al.

5. Conclusion

In this paper, we present an overview of the experimental
investigations on the superconducting properties of PdH,, and
PdD,. First, we introduce methods for H loading into Pd, in
which three principal techniques, i.e., gas loading, elec-
trochemical loading, and H implantation are introduced, and
then the superconducting properties of PdH, and PdD,
studied so far are briefly summarized. Next, we describe
our recent in-situ magnetization measurements of super-
conducting PdH, and PdD, powders and the resistance
measurements of a PdH, thin film, where H charging is done
under a H, and D, gas atmosphere below 200 K. All systems
exhibit superconducting transitions. From M(T) and M(H)
measurements, we estimate the superconducting volume
fraction and describe the 7-H phase diagram, implying that
H or D atoms are absorbed uniformly in the sample. From
these results, we conclude that the experimental procedure
combining the low-temperature absorption with in-situ
measurements provides a new way to reveal the intrinsic
nature of superconductivity in PdH(D), systems.
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