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A new chemical composition of superconducting compounds formed on the basis of elements of the fifth group (semimetals)
is proposed within the framework of the quantum Bardin-Cooper-Shriffer quantum theory of superconductivity (BCS-theory) using
physical chemistry methods for analyzing equilibrium crystal structures. These compounds satisfy all the conditions for transition to
the superconducting state at temperatures close to room temperature and a pressure of =107 Pa.

As initial chemical elements from which superconducting compounds can be synthesized under pressure, in addition to
hydrides, substances that allow the "collectivization" of electrons can be used. The most suitable substances in this sense are the
elements of the fifth group of the periodic system or the so-called semimetals, which include Bi, Sh, As, graphite, etc. These elements,
by their electrical properties, occupy an intermediate position between metals and semiconductors. They are characterized by a slight
overlap of the valence and conduction zones, which leads, on one hand, to the fact that they remain good conductors of electricity up
to absolute zero temperature, and on the other hand, they have a significantly lower carrier density compared to metals charge.
Moreover, in these substances in a wide temperature range at atmospheric pressure, the stability of the solid phase is maintained and,
very importantly, a partial “collectivization” of valence electrons inherent in metals is already realized in the initial state.

It is shown that, under the action of pressure p~107Pa, semimetals can turn into metals characterized by a specific energy
spectrum of electrons. A change in the semimetals structure and in parameters of the electronic subsystem energy spectrum is
accompanied by an increase in the electron pairing constant and by 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 temperature ~300K.
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HOHIYK HOBHUX HaI[HPOBiI[HI/IX 3'€I[HaHB 3 KPUTUYHOK TCMIICPATYPOIO

nepexony T 6JIM3bKOI0 A0 KIMHATHOI TEMIEPATYPH B YMOBAX il TUCKY
10O. 1. boiiko, B. B. borganos, P. B. BoBk

Xaprxiecokuii nayionamshuti ynieepcumem imeni B.H. Kapasina, m. Ceo6o0ou 4, 61022, Xapxis, Yxpaina

B pamkax KBaHTOBOI Teopii HaanposiguocTi bapaina-Kynepa-Llpuddepa (BCS-teopii) 3 BukopucTaHHIM METOAIB (i3-XiMmil
aHaITI3y PIBHOBXHHMX KPHUCTAIYHUX CTPYKTYP MPOIOHYETHCS HOBHI XIMIYHHUH CKIIa[ HAANPOBIIHUX CIIONYK, IO YTBOPIOIOTHCS Ha
OCHOBI €JIEeMEHTIB I'AT0i TpyIH (HAITIBMETAIB), SIKi 32I0BOJILHIIOTH BCIM YMOBaM JIJIs TIEPEXOY B HAATIPOBIIHUI CTaH 32 TEMITEPaTyp,
OJIM3BKUX 10 KIMHATHUX 1 THCKY ~107 Ia.

B sixocTi BUXITHUX XIMIYHHX €IIEMEHTIB, 3 SKHX MOKHA CHHTE3YBaTH HAAMIPOBIIHI CIIOJTYKH B yMOBAX Jii TUCKY, KPIM TiAPHIIB,
MO’KHAa BUKOPHCTOBYBATH PEYOBHHH, 110 AOIYCKAIOTh "KOJEKTHBI3aLif0" eIeKkTpoHiB. Hai6iaplI mpuaaTHUMU PEYOBUHAMH B LIbOMY
CEHCI € eJIeMEHTH IT'ITOT TPyIH MepioMIHOi cHcTeMH abo, Tak 3BaHi, HalmiBMeTaluH, A0 SKuX BigHoOcsThCs Bi, Sb, As, rpadir i in. Li
€JIEMEHTH, 32 CBOIMH €JIEKTPUYHMMH BJIACTHBOCTSIMH, 3aiiMaroTh MPOMDKHE TTOJIOXKEHHSI MDK MeTajaMH 1 HamiBnpoBigHuKamu. s
HHX XapaKTepHHM € He3Ha4YHE TEePEeKPUTTS BAJICHTHOI 30HH i 30HM MPOBIAHOCTI, 110 PU3BOINUTH, 3 OAHOTO OOKY, JI0 TOTO, L0 BOHH
3aTHIIAIOTHCS XOPOLINMH MPOBITHUKAMH €IEKTPUKH QX 0 aOCOIFOTHOTO HyJIs TEMIIEPaTypH, a 3 iHIIOro 60Ky, MatoTh 3HAYHO MEHIITY,
B MOpIBHSHHI 3 MeTajaMHu, TYCTHHY HOCIiiB 3apsiay. IIpn 1bOMy B LHX DPEYOBMHAX B IIHPOKOMY IHTEpBali TeMOepaTryp HpH
aTMoc(epHOMY THCKY 30epiraerbcs CTaOUIBHICTH TBepAOl (a3u i, M0 JyKe BaXIUBO, BXKE B MMOYATKOBOMY CTaHi peati3yeThbCs
JaCTKOBA "KOJICKTHBI3aIlis" BAICHTHHUX EJICKTPOHIB, IPUTAMAaHHA METaIaM.

TMokazano, mo mij jAie0 TucKy p~107Tla HamiBMETalmMm MOXYTh MEPETBOPIOBATHCS HA METAIH, SAKi XaPaKTEPH3YHOThCS
crnenu(piYHIM EHEepreTHYHUM CIEKTPOM eJIEKTPOHIB. 3MiHa CTPYKTYpH 1 IapaMeTpiB CHEPreTHYHOrO CIIEKTpa eIeKTPOHHOI
MiICHCTEMH MTOJIyMETaJUIOB CYHIPOBOKYETHCS 301IbIICHHIM KOHCTAHTH CIIAPIOBAHHS SJICKTPOHIB 1 IIIBHOCTI €IEKTPOHHHX CTaHiB Ha
piBai @epmi. YV cBoro uepry, 301IbLUICHHS 3a3HAUYCHUX [TapaMeTPiB 00yMOBITIOE MOXKJIMBICTh HEPEXO/1y MOTyMETaJIOB B HAAIPOBIAHHUI
ctaH npu temneparypi ~300K.

Kurouogi ciioBa: BucokoremnepatypHa Haanposigicts (BTHIT), naniBmeranu, ebekt mepKosiii.
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[Tonck HOBBIX CBEPXIPOBOIAIINX COEAUHEHNN C KPUTUUECKOU
Temriepatypoit nepexoaa T OJU3KON K KOMHATHOM TEMIIEpaType B

YCIOBHUAX I[GﬁCTBHH JAaBJICHHU S
1O. . boiixo, B. B. bornanos, P. B. BoBk

Xapuvrosckuil nayuonanvnwii ynusepcumem umeny B.H. Kapasuna, m. Ce60600wb1 4, 61022, Xapvros, Ykpauna

B pamxax kBaHTOBOH Teopun cBepxnpoBoaumoct bapanua-Kynepa-Illpuddepa (BCS-reopun) ¢ ucrnonbp3oBaHHEM METOIOB
GM3-XMMHU aHalW3a PAaBHOBECHBIX KPUCTAJUTMUYECKUX CTPYKTYp Tpeyiaraercss HOBBIH XMMHYECKHH COCTaB CBEPXIIPOBOMISIINX
COeIMHEHUH, 00pa3yIoUINXCsl HA OCHOBE 3JIEMEHTOB TIATOH TPYIMIBI (TOIyMETA/IOB), KOTOPBIXA yIOBIETBOPSIET BCEM YCIOBHAM IS
MEPEXOTIA B CBEPXIIPOBOJISAIIEE COCTOSIHUE MPH TEMIIEPATYPAX, ONM3KUX K KOMHATHBIM | naBnenun ~107 TTa.

B kauecTBe MCXOIHBIX XHMHUUYECKUX 3JIEMEHTOB, U3 KOTOPBHIX MOXHO CHHTE3HPOBAaTh CBEPXMPOBOISIINE COCTUHEHUS B
YCIIOBHAX JEUCTBUSI JaBIECHHS, KPOME THAPUIOB, MOKHO HCIIOIBb30BaTh BEIIECTBA, JOIMYCKAIOIIHE "KOJUIEKTUBU3ALUIO" 3I€KTPOHOB.
HanGonee moaxoas My BENIIECTBAMH B 3TOM CMBICHE SIBISTIOTCS 3JIEMEHTHI MATOH TPYMIBI MEPHOANYECKOH CHCTEMBI WIH, TaK
Ha3bIBaeMble, ITOJyMETaUIbl, K KOTOPBIM OTHOCsTCS Bi, Sb, As, rpadut n ap. DTH 37IeMEeHTHI, 110 CBOUM JICKTPUIECKHM CBOMCTBaM,
3aHUMAIOT IPOMEKYTOUHOE IIOJIOKEHUE MEXY METaJUIaMU U TIOJIyNIPOBOJHUKAMU. J{JIs1 HUX XapaKTepHBIM SBJISIETCS] HE3HAUUTEIIbHOE
NePEeKPhITUE BAJICHTHON 30HBI U 30HBI IPOBOJAUMOCTH, YTO NPHUBOAUT, C OAHOW CTOPOHBI, K TOMY, YTO OHU OCTAIOTCS XOPOILIMMHU
MPOBOAHUKAMH 3JIEKTPUUECTBA BILIOTh 10 a0COIIOTHOTO HYJIs TEMIIEPATYPBI, a C IPYroi CTOPOHBI, 00/1aJal0T 3HAUMTEIbHO MEHbIIICH,
10 CPaBHEHHUIO C METa/UIaMH, INIOTHOCTRIO HOCUTENeH 3apsaza. [Ipy 3ToM B 3THX BelllecTBaX B MIMPOKOM MHTEpBAJle TEMIIEpaTyp Ipu
aTMOC(EpPHOM JABIECHUHU COXPAHAETCS CTaOMIBHOCTD TBEPAOH (ha3bl U, UTO OUEHb BAXKHO, yXKE B HCXOIHOM COCTOSHHU Pealln3yeTcs
YacTHYHAs "KOJUICKTUBU3AMA" BaJICHTHBIX JIEKTPOHOB, IPHUCYIIAs METAIIaM.

TMokazano, uTo mox jAeiictBreM naBneHus p~107la MOMyMETaIBI MOTYT MPEBPAINATHCS B METAILTBI, XapAKTEPU3YIOIIHECS
crnenu(UUeCKUM JHEPreTUUeCKUM CIEKTPOM 3JIEeKTPOHOB. VI3MEHEHHE CTPYKTYphl M MapaMeTPOB SHEPreTHUECKOTO CIIEKTpa
JJIEKTPOHHON IIO/ICHUCTEMBI IOJYMETAZIOB COIPOBOKAACTCS YBEIMYEHHEM KOHCTAHTHI CIAPMBAHUS JIEKTPOHOB U IUIOTHOCTU
JIEKTPOHHBIX COCTOSTHUI Ha ypoBHe Depmu. B cBoro odepenp, yBelnueHNe YKa3aHHBIX MTapaMeTpoOB 00YyCIIOBINBAET BO3MOXKHOCTD

nepexo/ia MoJiyMeTalIoB B CBEPXIIPOBOSIIEE COCTOsIHUE NTpH TeMiepaType ~300K.
Kiwuessle ciioBa: BricokotemneparypHas cBepxmnpoBoaumocts (BTCIT), momymeTamisl, 3hGeKT NepKOIAIHH.

Introduction

The problem of synthesis of new polycomponent
compounds with
(superconductivity) at room temperatures (= 300 K), arose
immediately after the discovery of the so-called high-
temperature metal-oxide superconductors, characterized
by a transition temperature 77 K<T.<164K [1,2].
However, in the future, despite the efforts of a great
number of researchers, it was not possible to find new
compounds that would have a higher temperature T, for a
long time.

An important successful breakthrough in this situation,

Z€ero electrical resistance

which served as the beginning of a new stage in the search
for superconducting compounds with an elevated transition
temperature, was the discovery of superconductivity in
hydrogen compounds (hydrides) [3 - 5]. At the same time,
it turned out that a prerequisite for the transition of hydrides
to the superconducting state at T. >200 K is the need for
very high pressure. So, for example, it was found that the
LaH10 compound becomes a superconductor at a
temperature of T.~250K under pressure P~=170 GPa
[4, 5]. In this case, with a decrease in pressure, the stability
of this compound is violated and its superconductivity is
vanish.

The need to apply such a high pressure for the transition
of hydrogen compounds to the superconducting state is
primarily associated with the process of “collectivization”
(association) of valence electrons, which is realized in
these compounds under pressure. The “collectivization" of

electrons leads to an increase in the density of states in the
energy spectrum, which contributes to the phonon pairing
of electrons, that is, the appearance of quantum particles -
bosons that carry an electric charge without resistance [6].
In addition to the “collectivization” of electrons process
under the pressure, the formation of a specific crystal
structure is very important for the hydrogen compounds
superconductivity (clathrate-like structure), for which the
presence of a direction with the smallest possible distance
between the nearest neighboring atoms is characteristic.
This circumstance, as well as the minimum mass of
hydrogen atoms contributes to the formation of high-
frequency phonons, which, in turn, leads to an increase in
the binding energy in bosons. Both of the above reasons
determine the stability of hydrogen compounds and their
transition to the superconducting state at a higher
temperature than is observed in  metal-oxide
superconductors. Herewith, as already indicated, this is
realized only under pressure P > 10? GPa.

The need to apply so much pressure practically
eliminates the use of these compounds for technological
purposes. In this regard, the synthesis of new
superconducting compounds, which are characterized by a
rather high transition temperature T~ 300 K, has become
very urgent. However, it is very important that this
transition is realized under the action of a significantly
lower pressure.

In this paper, we propose a new chemical composition
of superconducting compounds formed on the basis of
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elements of the fifth group (semimetals), which, according
to the authors, can satisfy the specified requirements.

2. Substantiation of the possibility of using elements of
the fifth group (semimetals) for the synthesis of
superconducting compounds under pressure

Experimental studies of the superconductivity of
substances containing hydrogen (hydrides), as well as the
considerations described in the previous section regarding
the role of the valence electrons “collectivization” in the
formation of hydrogen compounds, indicate that the
stability boundary and superconductivity of these
compounds are shifted toward lower pressures if we move
up the periodic table. In this regard, the idea arose that as
the initial chemical elements from which superconducting
compounds can be synthesized under pressure, in addition
to hydrides, you can use other substances that assume the
"collectivization” of electrons.

The most suitable substances in this sense are the
elements of the fifth group of the periodic system or the so-
called semimetals, which include Bi, Sh, As, graphite and
others [7, 8]. These elements, in their electrical properties,
occupy an intermediate position between metals and
semiconductors. They are characterized by a slight overlap
of the valence and conduction zones, which leads, on the
one hand, to the fact that they remain good conductors of
electricity right up to the absolute zero temperature, and on
the other hand, they have much lower charge carrier
density than metals. For example, at atmospheric pressure
and room temperature in bismuth (Bi), the electron density
is n=10*m=3, and in antimony (Sb) n=10®m= [9]. In
addition, the electrical conductivity of semimetals
increases with temperature.

These features of the electrical properties of semimetals
make them close to semiconductors. Moreover, in these
substances in a wide temperature range at atmospheric
pressure, the stability of the solid phase is maintained and,
very importantly, already in the initial state, partial
"collectivization" of valence electrons inherent in metals is
realized.

Let us estimate the pressure value under the influence
of which complete “collectivization” of electrons in
semimetals can be achieved, i.e., the pressure at which the
semimetal — metal transition can occur. For the sake of
concreteness, we will carry out further discussion and
evaluations in relation to semimetals Bi and Sb.

In the general case, the pressure P, under the action of
which the process of "collectivization" of electrons in a
solid crystalline substance is realized, is described using
the following relation

P=0,1-hn/mr2 1)

Here h is the Planck constant, m is the mass of the
electron, r is the size of the potential "well" characterizing
the localization of valence electrons in the initial state
before they are united, n is the density of "collectivized"
electrons, that is, the number of charge carriers contained
in a unit volume of the formed substance [10]. In the
physical sense, for a multi-electron atom, r is the radius of
the orbit of the valence electron, i.e. r= (1 —5)a, where a
is the Bohr radius of the hydrogen atom a =~ 0,5-10°m.
Specifically for atoms Bi r=1,8-10°m, and for Sh
r=1,6-10"1%m [9]. Substituting the numerical values of the
constants h, m and the corresponding values of n and r in
formula (1), we have for Bi and Sb P~ 10% Pa=10 bar
(bismuth) and P=10"Pa=100bar (antimony). This
pressure range is much easier to technically implement and
therefore, at this pressure, the experimental verification of
a possible transition to the superconducting state of
compounds formed on the basis of semimetals is simplified
significantly, and also makes it easier to use these
compounds in practice.

We emphasize that the "collectivization" of electrons is
only one of the necessary conditions for the
superconductivity of matter display. Another important
condition for the realization of the superconducting state is
the formation of a special phonon spectrum, characterized
by the presence of high frequency phonons (see part 1).

We show that this condition can also be satisfied, if, for
the manifestation of superconductivity under pressure,
solid solutions based on semimetals are used (e.g.,
compound Bii_x Shy; here x is a parameter characterizing
the stoichiometric composition of the compound).

3. Substantiation of the possibility of using semimetals
solutions for the synthesis of a compound
characterized by a phonon spectrum containing high-
frequency phonons

In addition to the features of electrons
"collectivization" process described above, semimetals
also have other specific properties, which are very
important for the formation of a superconducting
compound based on them. So, for example, the elements
Bi and Sb are characterized by a very small difference in
atomic radii (=7,5%) and therefore, the replacement of
these atoms by one another in the crystal lattice during the
formation of solutions (two-component compounds) is not
associated with a noticeable lattice deformation.
Therefore, Bi and Sb form a continuous series of solid
solutions, and the phase diagram has the form of a cigar
[12]. Investigation of compounds based on this pair of
elements (Bi;«Sbx) by varying the stoichiometry
parameter x, it was shown that jump-like changes in such
physical properties as electrical conductivity, heat
capacity, thermal conductivity, etc. [13]. The close
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relationship between the changes occurring with the
indicated physical properties and the stoichiometric
composition of the compound indicates that an abnormally
strong electron-phonon interaction is realized in the
substance under discussionThis is due to the formation of
high-frequency phonons in solid solutions of Bi and Sb
elements, which, as already mentioned, should also
contribute to the transition of this compound to the
superconducting  state under certain  conditions
(temperature and pressure).

Let us pay attention to some more features of Bi and Sb
elements, as well as solid solutions based on them. The Bi
and Sb atoms separately crystallize into a rhombohedral
lattice of the a-As type (R372/m spatial group). Atoms in
the crystal lattice of this symmetry type are located in two
parallel planes so that an atom located in one plane has
three nearest neighbors located in another plane. Such a
specific spatial arrangement of atoms in the substance set
its crystal lattice closer to the type of an ordinary face-
centered “pseudo-cubic” lattice. This type of crystal lattice
in the Bi;xSbx compound remains unchanged upon
variation of the parameter x, however, it is accompanied by
a significant decrease in the lattice parameters a and ¢ for
certain values of the parameter x [13, 14].

The indicated features of a change in the crystal lattice
parameters with variations in the stoichiometric
composition of the Bi;_«Sby are associated with the special
nature of its formation (percolation effect) [15]. In this
case, when the stoichiometry parameter x changes during
the formation of the solution, the following significant
changes in the crystal lattice occur: a) for small values of
the parameter x < 0.05, clusters (complexes of atoms) arise,
the structure of which differs significantly from the
structure of the main substance, b) with an increase in X, a
superstructure is formed with a long-range ordered
distribution of heterogeneous atoms in the structure of the
base substance. These structural changes are naturally
accompanied by a change in the phonon spectrum of the
substance, including the formation of high frequency
phonons. This circumstance should contribute to the
possible transition of the BijSbx compound to the
superconducting state.

Finally, a change in the energy spectrum of the
electrons of these compounds can also play an important
role for the possible display of superconducting properties
in solid solutions based on semimetals under pressure, also
observed upon variation of the x parameter. Detailed
studies of the dependences of the electrical conductivity o
(x), thermoelectric properties (Seebeck coefficient S (x)),
and the galvanomagnetic properties of the Bij«Sbx
compound indicate that when the values of the parameter x
are varied, the semimetal —metal, semimetal—
semiconductor transformations are observed [14].

Conclusions.

Based on the analysis, we can conclude that alloys
based on semimetals, in particular alloys of Bi and Sb
elements, can be transferred to a state with a high degree of
“collectivization” of valence electrons by applying a
pressure of =~102bar. "Collectivization" of valence
electrons is one of the necessary conditions for the display
of multicomponent compounds superconductivity.

Due to the specific nature of the process of formation
of a solid solution based on these elements at critical values
of the parameter x>x. ( x. percolation threshold) a
crystalline structure can be formed, characterized by the
presence of high-frequency phonons, which, in turn,
should facilitate the phonon pairing of electrons and,
accordingly, the transition of this compound to the
superconducting state. Xc percolation thresholds for
solutions Bi;xShy are = 0,25 (Bi base element) and = 0,6
(Sb base element).

The increase in electron pairing energy due to the
formation of high-frequency phonons in solutions of
semimetals, should also lead to an increase in the critical
transition temperature T. up to room temperature.
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