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Hydrogen is the simplest and at the same time very important and interesting chemical
element. Under pressure = 500 GPa hydrogen molecules form a metal phase. According to
theory, "metallized” hydrogen is a "high-temperature” superconductor, ie it is charac-
terized by almost zero electrical resistance in the entire temperature range of this phase.
Hydrogen compounds with atoms of other elements, for example, with atoms of metals,
form a stable metal phase ("hydrides”) under the action of much lower pressure
<100 GPa. At the same time some hydrides (H;S, LaH,, etc.) are superconductors at
temperatures T < 200 K. An urgent and very intriguing task for researchers is to identify
new substances (including new "metal” hydrides) that are stable at normal (atmospheric)
pressure and at the same time have "high-temperature” superconductivity. This paper
discusses the possibility of obtaining such a material on the basis of a solid solution of
hydrogen in palladium Pd(H),_,. Palladium metal has two unique physicochemical proper-
ties: first, it is able to extremely actively absorb hydrogen (up to = 10% volumes of Hy
molecule per volume of Pd atom) and, secondly, in the process of dissolving hydrogen in
this metal, dissociation of molecules easily occurs H,. In this case, each electron of the
hydrogen atom is combined with the valence electrons of the palladium metal lattice (there is
a "collectivization” of electrons), and the H™ nucleus is converted into a proton, ie into a
particle with extremely low mass and size. Thus, the "metallization™ of the hydride Pd(H),_,
can occur without the action ofadditional external pressure. The analysis carried out in this
paper shows that the specific erystal structure of this substance and the features of the energy
spectrum of its electronic subsystem, enhance the electron-phonon interaction and, accord-
ingly, determine the possibility of "high-temperature” superconductivity.

Keywords: high-temperature superconductivity, palladium hydride, electron-phonon
interaction.

IIpo MOMKAMBICTE ~BHCOKOTEMIIEPATYPHOI eJIEeKTPUYHOI HAJNPOBigHOCTI cymeprigpuyy
Pd(H),_,. FO.I.Boiiko, B.B.Boedanos, P.B.Bosx, B.B.I'punvos
Bogmenb € Hatimpocrimum i, BogHOUYaC, AysKe BAKJINBUM Ta IiKABUM XiMiUYHUM eJIeMeH-
tom. Ilixg Tucxkom = 500 GPa mosekynu BomHi yTBOpHOHOTH MeraneBy dasy [1]. Bixzmosizmo
1o Teopii, "MerasiszoBaHUll" BOZEeHL € ~BHUCOKOTEMIIEPATYPHUM HAIIPOBIIHMKOM, TOOTO Xa-
PaKTepU3yeThCsA IPAKTUUYHO HYJIBLOBUM €JEeKTPUYHUM OIOPOM Y BChOMY TeMIEPATYPHOMY
inrepBani icuyBanus niel dasu. CHolyKu BOZHIO 3 aTOMAMU IHIINX €JIEMEHTIB, HANIPUKJIAL,
3 aroMaMu MeTajiB, POpMyHTH cTabinbHy MeraneBy dasy (‘rigpuzu”) mix miero sHauHO
menmoro tucky < 100 GPa. Ilpu npomy meski rizpumm (H3S, LaH,q Ta in.) e magmposigmu-
kamu npu temneparypax T < 200 K. AxryanbHuM 1 BeIbMU iHTPUTYIOUNM 3aBIAHHAM IS
JMOCHIiTHUKIB € BUSBJIEHHS HOBUX PEUOBMH (y TOMY UMCJIi I HOBUX MeTaJleBUX Tigpuzis),
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AKi € cTabiIbHUMU 3a HOPMAJBHOTO (aTMOChEepPHOro) THCKY i BOZHOUAC MAKTH  BUCOKOTEM-
mepaTypHy HaAmpoBifgHicTb. ¥ maHiil po6oTi 0BroBOPIETHCA MOMKJINUBICTD OfEPKAHHSA TAKOTO
MaTepiany Ha OCHOBI TBepZoro posuMHY BOAHIO B marnafii Pd(H), ,. Meranesuii manmarmiit mae
aBi yHikanbHi (pisuro-ximiumi BIacTMBoOcCTi: mo-mepiile, BiH 3maTHUIN HAA3BUYANHO AKTUBHO
IOTJINHATH BOJAEHB (0 = 10® o6’emiB MomeKyIn H ma omur o6’e¢m aToma Pd) i, mo-mpyre, y
mpolleci POZUMHEHHSA BOAHIO B ITbOMY MeTAJi JIeTKO BifOyBaeThesA Aucoliallis Modexya H.
ITpu 11LOMY KOKeH eJIeKTPOH aToMa BOLHIO IIOETHYETHLCS 3 BAJEHTHUMU eJIeKTPOHAMU MeTa-
JleBol permiTKu mamamiio (BimGyBacThbea 'KoJekTuBisaiia® eneKkTpoHiB), a amzpo H meperso-
pIOeThCA Ha IIPOTOH, TOOTO Ha YACTUHKY 3 HAA3BUUANHO MAJOI Macok Ta posMmipom. Tarkum
yuHOM, ' MeTamisamia’ rizpugzy Pd(H),_, moxe BizGyBarues 6Ges gii momaTKOBOTO 30BHIMIHBO-
ro TUCKY. AHaJi3, MpoBegeHUN y AaHil poboTi, cBiguuThL mpo Te, 110 cuelnndivHa KpucTamid-
Ha CTPYKTypa Iliel pedoBUHU Ta OCOOJIUBOCTI €HEePTEeTHMUYHOIO CIEKTPY IHOro eJIeKTPOHHOL
mifcucremMu, CIPUAIOTH MOCUJIEHHIO eJIeKTPOoH-POHOHHOI B3aemMofii Ta, BiAIOBiZHO, 3yMOBIIIO-
HOTh MOKJIMBICTH MPOSABY ~BHUCOKOTEMIIEPATYPHOI  HAZIPOBILHOCTI.

1. Introduction

For more than a century of discovering
the phenomenon of mercury superconductiv-
ity (virtually zero electrical resistance), this
unique phenomenon has been observed in a
large number of different chemical elements
and substances: in metals, double or triple
metal alloys and more complex compounds.
However, the number of superconductors
used in practice is still very limited. The
main reason for this situation is that the
superconducting state occurs only at very
low temperatures. For example, for many
single-element metals, this effect is ob-
served at temperatures < 10 K and only for

some metal alloys at temperatures < 40 K.
A very significant breakthrough in the
study of superconductivity was the discov-
ery in 1986-1987 of the so-called "high-
temperature” superconductors (HTSC) —
complex polycomponent compounds contain-
ing atoms of various elements, in particular
copper and oxygen atoms (mixed cuprate
oxides) [1, 2]. An important distinctive fea-
ture characteristic of this group of sub-
stances is that they retain superconductiv-
ity at temperatures above the boiling point
of liquid nitrogen (77 K) — relatively cheap
and affordable refrigerant. For example, it
was found that the compound
H9882C82CU3O10_X, synthesized in 1998,
turns into a superconducting state at the
temperature T, =164 K [3]. This record
value of T, remained for more than twenty
years. Most of the research done during this
time has focused on finding new compounds
that have superconductivity at even higher
temperatures. The main purpose of these
studies was to search for substances with a
transition temperature T, =300 K (room
temperature). And in 2015 a new compound
was discovered that transitions to the su-
perconducting state at temperature
= 208 K. This substance was a compound of
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sulfur and hydrogen (H3S) [4]. However, it
turned out that this substance turns into a
superconductor only under significant pres-
sure P >150 GPa. In 2019, the supercon-
ductivity record was broken again. It was
found that during the compression of the
"superhydride™ of lanthanum (LaHp) under
pressure = 170 GPa its superconductivity is
detected already at temperature T, = 260 K
[5]. Experimental detection of this, so far
the maximum value of the transition tem-
perature T, played a very important role in
further progress towards the main goal: ob-
taining a substance having superconductiv-
ity at room temperature. This is due to the
fact that theoretically the superconductivity
of metals solid solutions with hydrogen
under high pressure is associated with the
effect of "collectivization™ of valence elec-
trons of hydride-forming elements. In the
initial state, the hydrides studied in [4, 5]
were not metals, but were dielectrics, that
is, they were substances in which there are
no “collectivized™ electrons. Under the ex-
ternal pressure, the valence electrons of the
hydride-forming atoms combine and form a
"gas” of "free electrons”, ie there is a kind
of "metallization™ of dielectrics. The value
of the pressure required for the full imple-
mentation of this process is determined by
the requirement to convert electrons into a
"degenerate” (quantum) state [6]. In addi-
tion to the effect of electrons “collectiviza-
tion™ in hydrides under the pressure, condi-
tions are also realized that contribute to the
formation of their special crystal structure.
The small size of hydrogen atoms allows to
form a specific structure with a unit cell in
the form of a kind of "cell” formed by hy-
drogen atoms, in the center of which is a
metal atom (clathrate-like structure) [6].
The formation of such a structure of "met-
allized™ hydrides is accompanied by the ap-
pearance of individual crystallographic di-
rections, characterized by the minimum pos-
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sible distances between the nearest neigh-
boring atoms. This circumstance, as well as
the small mass of hydrogen atoms, cause
the generation of high-frequency phonons in
hydrides. Both of the above factors, ie the
"collectivization™ of electrons and the emer-
gence of high-frequency mode in the phonon
spectrum of “metallized” hydrides, ulti-
mately provide the realization of the in-
creased value of the transition temperature
of these compounds to the superconducting
state. Thus, the above results of experi-
ments with hydrides, played an important
role in the study of superconductivity. They
confirmed the correctness of the basic
physical ideas about the nature of this phe-
nomenon in metals, metal alloys, as well as
in "metallized” hydrides. The data from
these experiments are in complete agree-
ment with the conclusions of the micro-
scopic theory of superconductivity publish-
ed in 1957 (BCS theory) [7]. According to
this theory, the reason for the superconduc-
tivity effect in metals and in "metallized”
compounds is the interaction of quantum
particles: phonons and electrons. As a result
of the phonon attraction of electrons, new
quantum particles are formed in the "gas”
of Tcollectivized™ electrons — "Cooper”
pairs of electrons or bosons. These particles
are able to move under the action of an
electric field without scattering, ie without
loss of energy and thus realize the electrical
superconductivity. According to the BCS
theory, the value of the transition tempera-
ture of metals in the superconducting state
Tec is described by the following relation:

T,=06- exp(-1/). (1)

Here 0 is the Debye temperature, |l is the
electron pairing constant by phonons, which char-
acterizes the efficiency of phonon electron attrac-
tion. For metals and metal alloys, the Debye tem-
perature is characterized by a value 6 = 300 K,
and the value of the pairing constant |l reaches the
maximum value = (0.1-0.3) and, accordingly, the
value of T, in this case is = (10-40 K), which
agrees well with the experimental data.

Thus, in classical metals and metal al-
loys, the "pairing” of electrons is realized
only at very low temperatures. In the case
of "metallized” hydrides under pressure,
the "gas”™ of “collectivized™ electrons has a
specific energy spectrum with a high den-
sity of states at the Fermi level, which
causes an increase in the pairing constant to
values 1 > 1. In addition, in hydrides, due
to the appearance of high-frequency pho-
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nons, about one and a half to two times the
Debye temperature. For such values of the
parameters 0 and U, equation (1), which
characterizes the transition temperature T,
does not work, and the dependence T.(u)
describes by different relationship [8]:

T,=0.2- 04, (2)

From this relation it follows that the hy-
drides transition temperature to the super-
conducting state under pressure, due to the
"collectivization™ of electrons, should in-
crease to values = (200-250 K), which was
also found in the experiments described in
the works [4—6]. Thus, the detection of "high-
temperature” superconductivity of some hy-
drides under pressure played a very impor-
tant role in confirming the correct under-
standing of the physical nature of this
phenomenon in metals and in “metallized”
compounds. However, this discovery did not
solve another important problem: the possibil-
ity of using these substances in practice. The
very low temperature T, for metals and their
alloys, as well as the need to apply high pres-
sure in the case of hydrides complicate and
make economically unprofitable to use of su-
perconducting metals and hydrides for practi-
cal purposes. In this regard, a very important
task of modern research on the phenomenon
of superconductivity is still the search for
new compounds, including new hydrides,
which would have this property not only at
technically acceptable temperatures (prefer-
ably at room temperature), but also at normal
(atmospheric) pressure.

This article discusses the possibility of re-
alizing the effect of superconductivity under
conditions close to normal. It is proposed to
use a saturated solid solution of hydrogen in
palladium PdH,_, as the object of study.

2. Reasoning of the possibility of
electrical superconductivily in
solid solution Pd(H),_, at
temperatures approaching room
temperature and at atmospheric
pressure

Palladium (Pd) in its physical and chemi-
cal properties occupies a special place in a
number of transition precious metals. This
is a chemical element of the tenth group of
the fifth period of the periodic table of ele-
ments with atomic number 46. Its electronic
configuration is 4d'0, atomic weight
106.42 g/mol, crystal lattice parameter

3.89 L, Debye temperature 274 K, melting
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point 1827 K, density 12.02 g/cm3, Fermi
energy 5.48 eV. Listed above, the properties
of palladium are typical for conventional
classical metals. However, this element has
two special physicochemical properties:
first, the palladium atom is characterized
by low ionization energy = 803.5 kJ/mol
and, secondly, palladium metal is able to
extremely actively absorb hydrogen, form-
ing solid solutions (up to 103 vol. of H,
molecules per volume of Pd atom [9, 10]). It
is these two properties of palladium that
distinguish it from other metals and, we
believe, it is these properties that allow the
formation of a hydride with "collectivized”
electrons without additional external pres-
sure. Indeed, palladium in its original state
is a common metal with "collectivized™ in-
trinsic valence electrons. However, this
metal allows the introduction of an in-
creased number of hydrogen atoms in its
crystal lattice. In other words, a palladium-
based hydride can be created without the
use of additional pressure. This possibility
is due to the fact that in the process of
dissolving hydrogen on the metal surface,
dissociation of molecules H, easily occurs.
In this case, each electron of the hydrogen
atom combines with the valence electrons of
the metal lattice, and the H+ nucleus is
converted into a proton, ie into a particle of
extremely small mass and size [10]. This
circumstance gives grounds to assume the
possibility of forming in solid solution
Pd(H),_x of specific crystal lattice inherent
in all hydrides: clathrate — like structure,
which is characterized by the presence of
high-frequency phonon spectrum mode. Ac-
cordingly, as a result, the Debye tempera-
ture of the formed substance should in-
crease. Indeed, the Debye temperature 0 ~ v,
and v ~ 1/M1/2.R (here v is the frequency of
the generated phonons, M is the mass of
the particle, R is the distance between the
nearest neighboring atoms). Quantitative
assessment of the Debye temperature in-
crease degree, due to changes in the above
parameters M and R, indicates the possibil-
ity of almost threefold increase in its value,
ie Debye temperature can reach = 103 K. In
addition, it is obvious that the dissolution
of hydrogen in palladium should be accom-
panied by a significant increase in the den-
sity of “collectivized™ electrons compared to
the initial state in pure metal. Indeed, as
already mentioned, when dissolving hydro-
gen in palladium, each volume of palladium
atom in the process of forming a solid solu-
tion has up to 102 volumes of hydrogen
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molecule. Thus, the density of “collectiv-
ized” electrons in a saturated solution of
Pd(H),_y may increase from the value
n, = 1023 1/cm3 up to = 10261 /cm3, that is,
increase by three orders of magnitude. The
change in the concentration of free elec-
trons should lead to an increase in two
other, very important for superconductiv-
ity, characteristics of matter — the pairing
constant | and Fermi energy Egz. Indeed,
according to the BCS theory,

uw=U- (dN/dE)*. (3)

Here U is the potential of the electron-
lattice interaction, (dN/dE)* is the density
of energy states of electrons directly in the
environment of the Fermi level, ie at
E = Eg, N is the number of all energy states
of electrons determined by the total number
of “collectivized” electrons. As N = n,V (V is

the volume of the sample), then increase the
electron density n, in solution Pd-H, should
cause a corresponding increase in the pairing
constant 1. At the same time, the value of
Fermi energy should increase

Ep=(h2/8m) (4 m(N/V)Z/3 N2/3. (4

Here h is the Planck constant, m is the
mass of the electron.

Let’s quantify the possible increase in the
value of the pairing constant in solution
Pd(H),_y, due to the increase in the density
of energy states. Using the Fermi- Dirac
function, which describes the energy distri-
bution of "degenerate” electrons, it is easy
to see that dN/dE = (8N/2Ep)(E/Ep)'/?
and, therefore, directly only at the Fermi
level, ie at E = E; we have:

(dN/dE)* = 3N/2EF. (5)

Accordingly, from relations (3)—(5) it fol-
lows that @~ N1/3, je the increase in the
pairing constant in the solution of hydrogen
and palladium compared to pure (hydrogen-
free) metal can be tenfold, ie the value of
LU can reach the value | = 3. According to
formula (2) for this value of the pairing
constant and for the value of the Debye
temperature 0 = 103 K the expected transi-
tion temperature T, of the solution Pd(H),_,
to the superconducting state can reach the
value = 340 K. There is no need to apply
additional external pressure, as in the case
of "metallization™ of other hydrides.
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3. Conclusions

1. Based on the analysis and quantitative
estimates, it can be stated with a high de-
gree of confidence that a saturated solid
solution Pd(H),_, can have electrical super-
conductivity with a transition temperature
T, close to room temperature at atmospheric
pressure.

2. The compound Pd(H),_, is charac-
terized by the Debye temperature
0 =103 K, as well as by the increased den-
sity of energy states of electrons (dN/dE)*
at the Fermi level, which, ultimately,
should lead to an increase in the critical
transition temperature of the substance
under discussion to superconducting. Here-
with the specified transition does not de-
mand additional pressure and can be real-
ized at atmospheric pressure.

3. The given quantitative data of some
parameters are estimated and should be con-
sistent with the experimental data.

4. The results of the experimental appro-
bation of the conclusions will be published
in addition.
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