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Based on the BCS (Bardeen, Cooper, Schrieffer) microscopic quantum theory of super-
conductivity, an analysis of the electrical conductivity of the elements of fifth group of
the periodic system (semimetals) under external pressure is performed. It is shown that,
under the action of a pressure P = 107 Pa, semimetals can transform into metals charac-
terized by a specific energy spectrum of electrons. A change in the structure of semimetals
and in the parameters of the energy spectrum of the electronic subsystem is accompanied
by an increase in the electron pairing constant and the density of electronic states at the
Fermi level. In turn, an increase in these parameters makes it possible to transfer
semimetals to the superconducting state at a temperature of = 300 K.
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EaxemenTn m’aroi rpynm (HamiBmMetaau) i iX cmaaBu — HOBI BUCOKOTEMIEpPATYPHi
magnposiguuku? FO.1.Boiixo, B.B.Bozdanos, P.B.Bosk, B.B.I'punbo8

Ha migcraBi mikpockomiunoi kBanToBoi Teopii mHaxmpoigzuocti BCS (Bardeen, Cooper,
Schrieffer) mpoBemeHo ananis eJeKTPUYHOI TPOBiAHOCTI ejeMeHTIB W ATOI Tpynmu mepiogmy-
HOl cucTeMu (HalliBMeTasiB) B yMoBaxX [ii s80BHIMIHLOro TucKy. Ilokasamo, 1o mig giero
trcky P = 107 Pa HamiBMerannm MOKYThH [TEPETBOPIOBATHCS HA METANH, AKi XapPAKTEPUSYIOTh-
ca cuenuivyHUM eHepPreTUYHUM CIEKTPOM eJeKTPOHiB. 3MiHa cTpyKTypu i mapamerpis exep-
reTUYHOr0 CIEeKTPa eJeKTPOHHOI HmifcucreMu HAIIIBMETAJIB CYIPOBOIMKYETHLCS 30iJbIIeHHAM
KOHCTAHTHU CIIAPIOBAHHSA €JeKTPOHIiB 1 miinpHOCTi eneKTpoHHHX cTaHiB Ha piBHI Pepmi. V
CBOIO uepry, 30inblIeHHA sasHAYeHUX IapaMeTpiB OO0yMOBJIIOE MOXKJIMBICTE Iepexomy Ha-
niBMeraJsiB y HagupoBigHui cran npu temuaeparypi = 300 K.

Ha ocHOBaHMM MHKPOCKONIMYECKOI KBAHTOBOU Teopuu cBepxupoBogumoctu BCS
(Bardeen, Cooper, Schrieffer) npoBemen aHanns 9JI€KTPHUUECKON IPOBOIUMOCTU 3JIE€MEHTOB
IIATON IPYNIBl IIEPUOIUYECKON CHCTEeMBI (IIOJyMETAaJJ0B) B YCIOBHUAX AeHCTBUSA BHEIIIHETO
nmaBieHus. IlokasaHo, 4TO HOJ geilicTBuUeM HaBiieHusa P = 107 Pa HOJIyMETAJJIBl MOTYT IIpe-
BpPallaTbCsA B METAJJIBI, XaPAKTEPUIYIOIIUECH CIeNUMDUUECKUM SHEPreTUUECKUM CIEKTPOM
DJIEKTPOHOB. l3MeHeHHe CTPYKTYPHI U IIapaMETPOB 9HEPTETHUYECKOr'0 CIIEKTPA DJIEKTPOHHOMN
IMOJCUCTEMBI IIOJIYMETAJJIOB COIIPOBOMKIAETCH YBEINUEHNEeM KOHCTAHTHI CIIAPUBAHUSA DJIEKTPO-
HOB U ILJIOTHOCTH 3JIEKTPOHHBIX cocToAaHuil Ha ypoBHe Pepmu. B cBowo ouepenb, yBelnueHre
YKasaHHBIX IIapaMeTPOB O0YCIOBIMBAET BO3SMOMKHOCTEL I[I€PEXO01a IIOJYMETAJNJIOB B CBEPXIIPO-
BOJsIIee cocTodHMe IIpu Temmeparype = 300 K.
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1. Introduction

Since 1911, when the electrical supercon-
ductivity of frozen mercury (Hg) in liquid
helium was discovered at a temperature
T.= 4.2 K, researchers discovered a large
number of other elements, binary or ternary
alloys, and more complex compounds with
this unique property. Herewith, the main
disadvantage of all these materials was that
they transferred to the superconducting
state at very low temperatures = (10-40) K.
This fact significantly limited their use in
practice. In this connection, the problem
arose of searching for materials with super-
conductivity at higher temperatures. More-
over, in order to use superconductors for
technical purposes, it is desirable that the
critical temperature Te¢ reaches room tem-
perature (= 300 K). However, despite the
fact that in 1957 a microscopic theory of
superconductivity was developed (BCS theory
[1]), the list of new superconductors for a long
time remained very small, and their critical
transition temperature T, remained low.

A significant and well-known break-
through in the search for new supercon-
ducting materials was the discovery in
1986—-1988 of the so-called "high-tempera-
ture” superconductors. These are metal ox-
ides with superconductivity at temperatures
above the boiling point of liquid nitrogen
(T,=77.8 K) — an inexpensive and procur-
able refrigerant [2—7]. However, despite the
importance of this discovery, the highest
value of the critical temperature T, of the
metal oxides was = 164 K, which is signifi-
cantly less than the desired value 300 K.

The next important step in the search for
materials with a higher transition tempera-
ture T, was the discovery of superconductiv-
ity of hydrogen compounds (hydrides) [8, 9].
In essence, these works opened up a new
direction in the study of the superconduc-
tivity phenomenon. It was found that the
H3S compound becomes a superconductor at
the temperature T, = 203 K. Note, that the
possibility of a transition to the supercon-
ducting state of hydrogen compounds at ele-
vated temperatures was predicted much ear-
lier than the first experimental evidence of
this fact appeared [10]. This assumption
was based on the following considerations.
Compounds containing hydrogen atoms
should be close in their properties to metal-
lic hydrogen. In fact, metallic hydrogen,
due to its small mass and size of atoms,
should have a phonon spectrum with an in-
creased fraction of high-frequency phonons
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and, as a consequence, should be charac-
terized by a strong electron-phonon interac-
tion. It is this nature of the interaction of
electrons, in accordance with the BCS the-
ory, that determines the formation of spe-
cific charge carriers — bosons (pairs of
electrons) moving in superconductors with-
out resistance. Following to this logic, an
idea arose that compounds of hydrogen with
other atoms that easily generate electrons
can also be superconductors like metallic
hydrogen. However, at atmospheric pres-
sure, solid hydrogen is a molecular dielec-
tric, and metallic hydrogen, which by all
indications should be a superconductor, ex-
ists only at very high pressure > 104 GPa.
Such a high level of pressure is necessary
for the implementation of the "collectiviza-
tion" process of valence electrons, that is,
for the formation of a "gas of degenerate
electrons™ (Fermi gas) in the material.

According to [10], hydrogen compounds
with some metals should also have super-
conductivity under pressure, however, at a
lower value than is necessary for the exist-
ence of metallic hydrogen. The correctness
of this idea was confirmed experimentally
in [8, 9], as well as in subsequent studies
(see, for example, [11-13]). It was found
that hydrogen sulfide H3S, as well as other
hydrogen compounds (for example, LaH,g),
also become superconducting at relatively
high temperatures = (200-250) K. Here-
with, the superconductivity of these materi-
als in the indicated temperature range is
appear only at a pressure of P = 150 GPa.

Thus, despite the fact that the tempera-
ture of transition of hydrogen compounds to
the super-conducting state is close enough
to room temperature, the need to use a suf-
ficiently high pressure has not removed the
restrictions on the use of these supercon-
ductors for technical purposes. Therefore, a
new problem has become urgent: the synthe-
sis of such a material that would have a
transition temperature T, close to room
temperature, as in hydrides, but its super-
conductivity would be realized under the ac-
tion of a much lower pressure. This paper
discusses the possible chemical composition
of the material, which, in our opinion, can
satisfy the specified requirement.

We emphasize that in our consideration,
we use the main conclusion of the micro-
scopic theory of superconductivity BCS, ac-
cording to which superconductivity is due
to electron-phonon interaction [1]. Other
mechanisms of the formation of paired elec-
trons, the manifestation of which is associ-

Functional materials, 27, 4, 2020



Yu.l.Boyko et al. /| Elements of the fifth group ...

ated with various kinds of electronic excita-
tions — excitons, plasmons, spin fluctua-
tions, etc. — have not been unambiguously
confirmed; therefore their possible role is
not considered.

2. Analysis of possible ways to
increase the critical transition
temperature T,

According to the BCS theory, the tem-
perature of transition to the supercon-
ducting state as a result of electron-phonon
interaction is described by the following re-
lation:

T, =~ ©exp[-(1+1)/ (A — W] (1)

Here © = (hv,,)/k is the characteristic
temperature (Debye temperature), deter-
mined by the maximum vibrational fre-
quency of atoms (phonons); £ is the Planck
constant; k is the Boltzmann constant; v,, is
the maximum frequency of the phonon spec-
trum; A is the electron pairing constant
(A<1); u is the so-called Coulomb pseudo-
potential characterizing the mutual repul-
sion of electrons (usually pu = 0.1).

In the case of weak pairing of electrons,
i.e., at A << 1 and neglecting the mutual
repulsion of electrons, i.e., under the condi-
tion u = 0, equation (1) is transformed to

T. = Oexp(-1/2). (2)

For many metals and superconducting
compounds, the Debye temperature is in the
interval of values O = (100-300) K. In ac-
cordance with (2), for the pairing constant
Ao = 0.8, the critical temperature of the
transition to the superconducting state of
these materials is characterized by T, = (5—
40) K, which is in good agreement with ex-
perimental data.

From relations (1) and (2) it follows that
when choosing the chemical composition of
a superconducting compound with a higher
value of T, the following circumstances
must be taken into account. Firstly, it is
important that the desired material has a
high Debye temperature ©. Since v, -~
1/MY2 (M is the mass of the atoms that
generate phonons) and v, = 1/2R (R is the
distance between mnearest neighboring
atoms), it is desirable that the superconduc-
tor material consists of atoms with a lower
mass M and that they are located in the
crystal lattice as close to each other as pos-
sible. The effectiveness of this method for

Functional materials, 27, 4, 2020

synthesizing superconducting materials
with an increased transition temperature T,
is confirmed by the discovery of supercon-
ductivity in hydrogen compounds. However,
as it already indicated, the superconductiv-
ity of hydrogen compounds is realized only
at a very high pressure, which is necessary
for the "metallization™ of these materials,
as well as for the special structural state of
the formation of materials [14].

Another possible way to increase the
critical transition temperature T, is to in-
crease the electron pairing constant A. In-
deed, as follows from theoretical estima-
tions, in the case of strong pairing, i.e.,
when the condition A >> 1 is satisfied, rela-
tions (1) and (2) are not applicable, and the
dependence T, = f(A) is described by the dif-
ferent relation [15]:

T, = 0.2.1720. (3)

Obviously, in this case, an increase in
the pairing constant A can cause an increase
in the transition temperature T,.. One of the
possibilities of increasing the pairing con-
stant is to use its dependence on the charac-
teristic value of the density of energy states

of electrons nj

A =Unk. (4)

S

Here n} is the density of states in a nar-

row energy range AE (energy gap) directly
near the Fermi energy level Ep (Ep is the
maximal energy of a system of N electrons
at T = 0), U is the potential characterizing
the electron-lattice interaction.

In the general case, the density of states
ng characterizes the change in the number
of electrons per unit energy interval, n, =
dN/dE (it is assumed that the total number
of states is determined by the number of
electrons N). To calculate the desired char-

acteristic density of states n; we use the
formula that describes the actual value Ep,

Ep=(3/4m)2/3(h2/2m)(N/V)2/3.  (5)

Here & is the Planck’s constant; m is the
electron mass; V is the material volume.
From relation (8) it follows that

N = const - (Ep)3/2.

Accordingly, InN = (8/2)InEp and, conse-
quently, dN/N = (83/2)dEp/Ef). Therefore,
the density of states n, for E < Ep can be
described by the simple formula:
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Fig. 1. Occupied states (shaded areas) in various zone energy structures: a) insulator, b) semimetal,

¢) metal.
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Here N is the number of electrons in the

conduction zone with energy E < Ej,.
It should be noted that in (4) the density

of states n) characterizes energy states in the

narrow energy range AE ~ 1074 Ep, directly
at the Fermi level. This is due to the fact
that, in accordance with BCS theory, the for-
mation of electron pairs providing electrical
superconductivity occurs when only those
electrons interact, the energy states of which
correspond to a specified energy gap. Only
this insignificant part of conduction electrons
is involved in the process of their pairing.
Therefore, in our consideration, the value of
N in relation (6) must be replaced by N,
where N* << N and characterizes the number
of electrons, the energy of which corresponds
to the energy interval AE located directly
near the Fermi level. The value of N* can be
considered approximately the same for all
materials with electrical superconductivity.
In ordinary metals, which are good con-
ductors, the number of conduction electrons
N is in the order of magnitude equal to the
number of atoms N =N, = 1029 m=3. Ac-
cordingly, for most metals the Fermi energy
is about (5—10) eV (see (H)); and the level
E = Ey is in the conduction zone (Fig. lc).
Herewith, such metals as Cu, Au, and Ag
generally do not have superconductivity,
and for Al this property appear only at very
low temperature = 1 K. In accordance with
the above analysis, this can be explained by
the fact that these metals are characterized
by high Fermi energy and, accordingly,
have very small values of the parameters

nt and A (see (2)—(6)).
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Summarizing the above considerations,
we can draw the following conclusion. To
synthesize a superconducting material hav-
ing a higher transition temperature T,, the
following requirements must be met. First,
the electronic subsystem of material must
be a system of "degenerate” electrons, that
is, quantum particles obeying the Fermi-
Dirac statistics. Secondly, the electronic
subsystem of the synthesized material must
have a relatively low Fermi energy and, ac-
cordingly, a high value of the pairing con-
stant A (see (2), (4) and (6)). Thirdly, in
addition to the above two conditions, for
the existence of a superconducting state at
higher temperatures, a phonon spectrum
with a significant fraction of high-fre-
quency phonons should form in the material
(see (1)—(3)). Materials that, in our opinion,
can satisfy all three of these conditions are
metals of the fifth group of the periodic
system of elements (semimetals), as well as
solid solutions based on them.

The following paragraph of this work is
devoted to the consideration of the electri-
cal properties of these materials, as well as
to the discussion of conditions (temperature
and pressure) for their superconductivity.

3. Conditions for the realization
of "high-temperature”
superconductivity in materials
based on elements of the fifth

group

The following materials belong to the
fifth group of the periodic system of ele-
ments: Bi, Sb, As and etc. [16]. We consider
in more detail two elements: bismuth (Bi)
and antimony (Sb). Under ordinary condi-
tions (at atmospheric pressure and room
temperature), the atoms of these substances

Functional materials, 27, 4, 2020
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are characterized by the electronic configu-
ration s2p3, and the resulting crystalline
phase in its electrical properties occupies an
intermediate position between metals and
semiconductors. Therefore, these substances
are called semimetals. They are charac-
terized by a slight overlap of the valence
and conduction zones (see Fig. 1,b). On the
one hand, semimetals are good conductors
of electricity, and on the other hand, they
have a much lower density of charge carri-
ers compared to ordinary metals. For exam-
ple, at room temperature the density of con-
duction electrons (N/V) is about 1024 m=3
in bismuth and near 102% m~3 in antimony.
Unlike ordinary metals, the electrical con-
ductivity of these substances increases with
increasing temperature. These features of
the electrical properties of semimetals make
them similar to the so-called "non-degener-
ate” semiconductors [17]. However, under
pressure, the semimetals can be "metal-
lized" that is, they change the overlap of
the energy zones and, accordingly, change
the nature of the filling of energy levels
with electrons. As a result of these
changes, semimetals can become similar to
ordinary metals in the structure of the en-
ergy spectrum of electrons. However, in
this case, their electrical properties should
differ significantly from the electrical prop-
erties of metals. In particular, semimetals
and their solutions may have superconduc-
tivity under pressure. This statement is
based on the following considerations and
estimates.

The magnitude of the pressure P, under
the action of which the transformation of
any solid substance (dielectric, semiconduc-
tor, semimetal) into metal can be realized,
is described by the following relation:

P =0.1(h2/mr2)(N/V). (7N

Here r is the radius of the potential
"well” characterizing the localization of
electrons in atoms before the solid phase
formation; (N/V) is the density of "collec-
tivizable” electrons (before their transition
from the "non-degenerate” to the "degenerate”
state, inherent in all metals)) [17]. For a multi-
electron atom, r is the radius of the orbit of
the electron farthest from the nucleus. Spe-
cifically for Bi atoms, r=1.810"10 m; for
Sb atoms, r=1.6-10"10 m [16]. Substitut-
ing in (7) the numerical values of A, m, r
and (N/V) for Bi and Sb we obtain, respec-
tively: P =105 Pa and P =107 Pa. This
pressure level is much less than the pres-
sure that ensures the "metallization” of hy-
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drogen compounds and their superconduc-
tivity (see section 1).

According to the estimate made, a pres-
sure of = 107 Pa can cause the transforma-
tion of semi-metal into metal, which, how-
ever, must have special electrical proper-
ties. One of this specific properties of a
metal obtained from a semimetal under
pressure can be an increase in the values of

the parameters n} and A. Let us make a

quantitative estimation of the magnitude of
these parameters, since the critical tempera-
ture of the transition of a substance to the
superconducting state depends on them sig-
nificantly (see (3) and (4)).

In the process of "metallization™ of
semimetals, the pressure causes a change in
the structure of the energy spectrum of
electrons in these substances. The transition
to the "degenerate” state of electrons must
be accompanied by a shift in the Fermi level
so that the energy spectrum of electrons
becomes similar to the spectrum of electrons
of ordinary metals. In this case, the total
number of charge carriers N in semimetals
is substantially less than in metals. As a
result, for "metals” obtained under the ac-
tion of pressure from semimetals, the calcu-
lated value of the Fermi energy, in order of
magnitude, is only = 3-1072 V.

As for the characteristic states number
N¥ directly at the Fermi level, it has ap-
proximately the same value as in ordinary
metals [17]. Therefore, taking into account
relation (6) and the value of the Fermi en-
ergy for ordinary metals with superconduc-
tivity, for example, Al, about 10 eV, we can
estimate the dimensionless coefficient 7y
characterizing a possible increase in the pa-
rameter n; for semimetals under pressure.
This coefficient (the ratio of the correspond-
ing values of the Fermi energy) is = 3:102 in
order of magnitude (see (6)). Consequently,
the estimated value of the pairing constant
A for metals obtained from semimetals
under a pressure of =107 Pa can reach
L=y Xiy=102 (Ay = 0.8 is the characteristic
value of the pairing constant for "low-tem-
perature” superconducting metals and com-
pounds). With this A, the estimated value of
the critical temperature T, can reach
T.~20 (see (3)). Thus, the expected critical
temperature of the transition to the supercon-
ducting state under a pressure of = 107 Pa
should be characterized by the wvalue of
T.= 200 K for Bi, and = 400 K for Sb.
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Of course, it must be taken into consid-
eration that the "metallization™ of a sub-
stance is only one of the necessary condi-
tions for the manifestation of superconduc-
tivity. As already indicated, another
important condition for the existence of a
superconducting state of a substance is the
formation of a crystal structure with the
presence of high-frequency phonons. We’ll
show that this condition can also be realized
to some extent, if not only elements of
semimetals are used for the synthesis of a
superconducting compound, but also solid
solutions based on them. The next section of
this paper is devoted to the discussion of
this possibility. As before, for concreteness,
alloys made of two semimetals Bi and Sb
are considered.

4. The formation of
high-frequency phonons in solid
solutions Bi;_,Sb,

In addition to the features of the metal-
lization process of semimetals described in
the previous section, these materials also
have other specific properties that can con-
tribute to the manifestation of superconduc-
tivity. In particular, they have the ability
to form a special structural state of the
crystal lattice, characterized by the pres-
ence of high frequency phonons. This state-
ment is based on data on the features of the
formation of solid solutions based on
semimetals.

The Bi and Sb atoms have a very small
difference in atomic radii (= 7.5 %), so they
can form a continuous series of solid solu-
tions. This is evidenced by the phase dia-
gram in the shape of a cigar [18]. In the
studied Bi,_,Sb, alloys, at certain x, a si-
multaneous change in electrical conductiv-
ity, heat capacity, thermal conductivity,
etc. was observed [19]. The close correlation
between the change in these properties and
the change in the parameter x indicates that
there is a strong electron-phonon interaction
in these materials. The reason for this effect
is a special mechanism the formation of the
crystal structure of these solid solutions, ac-
companied by the so-called percolation effect
[20, 21]. This phenomenon is as follows.

During crystallization under normal con-
ditions, the elements Bi and Sb form a crys-
tal lattice of the o-As (A;) type (space
group (R372/m). In a lattice of this type,
atoms are located in two parallel planes, so
that each atom of one plane has three near-
est neighbors belonging to another plane, as
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well as three neighbors at a greater distance
in the adjacent layer. As a result of this
spatial arrangement of atoms, the crystal
lattice is close in its properties to a conven-
tional face-centered “pseudo-cubic” lattice.
This type of crystal lattice remains un-
changed during the formation of solid solu-
tions Bi,_Sb,. However, as X-ray analysis
shows, in these compounds, when the pa-
rameter x changes, processes of additional
self-organization of foreign atoms with re-
spect to the atomic lattice of the base ma-
trix take place (percolation effect). At the
initial stage of the solution formation proc-
ess, upon reaching a certain value x = x, (x,
is the so-called percolation threshold),
structural elements with short-range order
(clusters) are formed from impurity atoms.
As the concentration of foreign atoms in-
creases, the process of crystallization of the
virtual "liquid” phase occurs, that is, the
formation of a “"superstructure”, charac-
terized by long-range order.

It is natural to assume that such specific
changes in the structure of the described
compounds Bi;,_,Sb, must be accompanied by
a change in the phonon spectrum, including
the appearance of high frequency phonons.
This is evidenced by the results of studies
of the thermal properties of the described
alloys (heat capacity, thermal conductivity),
as well as other physical properties associ-
ated with phonons. We emphasize that the
full effect of percolation occurs only when
the threshold value x, reaches = 0.25 (when
bismuth is the basic element) or = 0.6 (when
antimony is the basic element).

Thus, since there is a close relationship
between the phonon spectrum of a substance
and the structure of the energy spectrum of
electrons, it is natural to assume that the
appearance of an ordered "superstructure”
in the crystal lattice should determine the
change in the electrical properties of the
described compounds, in particular, contrib-
ute to the manifestation of the effect of
superconductivity.

5. Conclusions

Based on the analysis and quantitative esti-
mates, the following conclusions can be drawn.

Semimetals Bi and Sb as well as solid
solutions based on them Bi;_,Sb, under
pressure =~ 107 Pa can be transformed into a
metallic state characterized by a suffi-
ciently high degree of "collectivization™ of
valence electrons. Under the action of pres-
sure, the energy spectrum of the electrons

Functional materials, 27, 4, 2020



Yu.l.Boyko et al. /| Elements of the fifth group ...

of these materials becomes similar to the
spectrum of "degenerate” electrons in ordi-
nary metals, i.e., particles with energy
states described by the quantum Fermi-
Dirac statistics. In this case, however, the
Fermi energy of these substances has a
value of = 0.08 eV which is two orders of
magnitude less than the average Fermi en-
ergy of common metals.

The small value of the Fermi energy in
"metallized” semimetals causes an increase
in the pairing constant A in these sub-
stances to a value of =102, i.e., the elec-
tron-phonon interaction is significantly en-
hanced. Accordingly, an increase in the con-
stant A should lead to an increase in the
critical temperature T, of the transition to
the superconducting state up to = 300 K.

In solid solutions of semimetals Bi,_,Sb,,
when certain values of the parameter x
(percolation thresholds) are exceeded, a "su-
perlattice” of foreign atoms is formed. Such
a specific structural state causes a change
in the nature of the phonon spectrum (an
additional number of high-frequency pho-
nons appears). This circumstance leads to
an increase in the Debye temperature O,
which contributes to an increase in the
critical temperature T,.

Thus, semimetals and their alloys under
a pressure of =107 Pa can be the new
"high-temperature superconductors”™ with a
transition temperature of = 300 K.
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