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The possibility of a significant increase in the electrical conductivity of Group V
elements of the periodic table (semimetals) under the action of unilateral compression
pressure = 107! GPa in the area of elastic deformation is discussed. The conditions of such
an elastic-stressed state can be realized for nano-sized single-crystal rods < 100 nm in
diameter. Under such conditions, the "metallization™ of semimetals is possible, leading to
a significant change in the energy spectrum of electrons, in particular, to a significant
increase in the density of their energy states in the immediate vicinity of the Fermi level.
The latter circumstance can cause an increase in the electron pairing constant and facili-
tate the transition of "metallized” semimetals into a superconducting state at tempera-
tures approaching room temperature. Quantitative estimates are given that confirm the
possibility of semimetals "metallization™ effect realizing.
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IIpy:xHa medopmania i aHomaJgpHa eJieKTPpHMYHA NpoBigHicTs HaniBmeraxais. FO.I.Boilko,
B.B.Bozdanos, P.B.Bosk, B.B.I'purvos

OGroBOPIOETHCI MOMKJIMBICTL iCTOTHOrO 30iJbIIEHHS €IeKTPUYHOI IIPOBiAHOCTI eseMeHTiB
V rpyum Ttabauni Mengeneea (HamiBmerasiB) Imif THCKOM OJHOCTOPOHHBOTO CTHCHEHHS
=~ 107! GPa B o6xacri mpysxuoi medopmarii. YMOBH TAKOro IPY’KHO-HALPYIKEHOI'O CTAHY
MOKYTh OyTH peasidoBaHi s HAHOPOSMIPHMX MOHOKPHCTAJMIUHHUX CTPUIKHIB mgiamerpom
<100 EM. 3a TakMX yMOB MOXKJAMBA MeTaJisamia HaIiBMeTaaiB, IO IPU3BOJUTH IO icTO-
THOI 3MiHU €HepreTUUHOI'0 CIIEKTPa eJIeKTPOHiB, 30KpeMa, A0 3HAYHOTO 36iJbINIeHHA I'yCTUHU
iX eHepreTMUYHUX CTaHiB GesmocepefHbo mo6GaM3y piBHA Pepmi. OcraHHA oOCTaBUHA MOKe
3yMOBUTH 301JILIIIEHHA KOHCTAHTU CIAPIOBAHHS €JeKTPOHIB i CIPUATU MEPEXOAY  MeTali3o-
BaHWX HalliBMeTaJNiB MO HAAIPOBILHOTO CTAaHY 3a TEeMIepaTyp, IO HAGIWMKAIOTHCA IO
KiMmHaTHOI Temneparypu. HaBomaTbca KinbKicHI OIiHKM, W0 TigTBEPAKYIOTH MOXKJIUBICTH
peasizarii eexTy ~Meraimisaiii’ HamiBMeTasiB.

OGceygaeTcsi BOBMOMKHOCTDL CYIECTBEHHOI'0 YBEJIWUYEHUS DJIEKTPUUYECKOH IIPOBOJMMOCTU
aseMeHTOB V rpyunsl tabauiel MengeneeBa (II0JyMeTaJIOB) IPU AEHCTBUU NABJIEHUS OJHO-
croporHero cxkatus =~ 1071 GPa B oGiacru yupyroit gedopmanuu. YCIOBUS TAKOIO YIPYIo-
HAIIPAXKEHHOI'0 COCTOSHMUS MOIYT OBITH PEeaJM30BAHBI AJs1 HAHO-PA3SMEPHBIX MOHOKPHUCTAJIJIM-
yeckux crepxkHedl gumamerpoMm < 100 EmM. B Takmx ycCIOBHAX BO3MOMKHA  METAJNIN3AIMUS
IMOJTYMETAaJIJIOB, IPUBOAAIILAS K CYI[eCTBEHHOMY M3MEHEeHUI0 9HEePreTUUYECKOTO CIIEKTPAa dJIeK-
TPOHOB, B UACTHOCTH, K 3HAUNTEJHLHOMY YBEJHUUYEHUIO IJIOTHOCTH X JHEPreTUUYECKHX COCTO-
SHUN HemocpeacTBeHHO BOJusu ypoBHa Pepmu. IlocienHee 0OGCTOSATENIHCTBO MOMKET 00YCJIO-
BUTH YyBeJHUYEeHNEe KOHCTAHTHI CIAPHUBAHUA 3JEKTPOHOB U CIIOCOGCTBOBATEL IIEPEXOJY  METAJI-
JINBUPOBAHHBIX  IIOJYMETAJJOB B CBEepPXIPOBOAAINEE COCTOAHME IIPH TeMIiepaTypax,
MPUOJMKAOIINXCS K KOMHATHO TemIeparype. [IpuBogsATCA KOJMUYECTBEHHLIE OIEHKM, IIOJI-
TBEPsKJAI0IIe BO3MOMKHOCTh peaausanuu s3(Pexra  MeTaNIU3aluu  I10JyMeTasIoB.
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1. Introduction

One of the actual tasks of modern scien-
tific materials science is to study the effect
of external pressure on the electrical prop-
erties of various substances. A specific im-
portant example of this kind of research is
the discovery of electrical superconductivity
(zero electrical resistance) of metal-hydro-
gen compounds (hydrides) [1]. So, for exam-
ple, it was found that the LaH;; compound
is characterized by zero electrical resistance
at temperatures T< 250 K under the action
of uniform pressure P =150 GPa [2]. The
technical conditions required to create such
a significant pressure are very complex,
which significantly limits the use of the dis-
covered effect in practice. In this regard, a
new problem arose and became urgent —
the search for substances that have super-
conductivity or, at least, increased electri-
cal conductivity under a much lower pres-
sure created according to a simpler scheme
and in acceptable technical conditions.

This paper discusses the possibility of a
significant increase in the electrical conduc-
tivity of the elements of group V of the
periodic table (semimetals) under the action
of unilateral compression pressure. In this
case, we are talking about the pressure at
which no phase transformations are ob-
served and plastic deformation of the mate-
rial is not realized, i.e., it is proposed to
use the pressure that causes only elastic (re-
versible) deformation. The effect under con-
sideration can be conditionally called the ef-
fect of "metallization” of semimetals, which
causes an abnormal increase in the electrical
conductivity of these substances, up to their
transition to a superconducting state [3]. It
is obvious that the solution of this problem
is very important both in scientific and ap-
plied terms.

2. The magnitude of the pressure
causing the "metallization™ of
semimetals

One of the possible methods of "metalli-
zation” of any substance (dielectric, semi-
conductor, semimetal) can be realized as a
result of collectivization of valence elec-
trons belonging to individual atoms of the
substance. In other words, in order to "met-
allize” a substance, it is necessary to create
conditions under which a "gas™ of free elec-
trons appears in it. The electron "gas™ prop-
erties are described exclusively within the
framework of quantum mechanics ("gas” of
"degenerate” electrons) [4]. Such a state of
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matter can be realized under the action of
external pressure, the value of which is de-
scribed by the relation

P~ 0.1(h2/ mr)n. (1)

Here h is Planck’s constant, r is the ra-
dius of the orbit of a bound (not collectiv-
ized) electron in an atom of matter, m is
the mass of an electron, n is the concentra-
tion of electrons subject to collectivization
[56]. As already indicated, in the case of
"metallized” hydrides (dielectrics), this
pressure is characterized by a value of the
order of =102 GPa, which corresponds to
the concentration of the "gas” of collectiv-
ized electrons n ~=102% 1/m3. However,
semimetals, which include substances such
as Bi, Sb, As, etc., in their electrical prop-
erties occupy an intermediate position be-
tween metals and dielectries. They are char-
acterized by a slight overlap of the valence
and conduction bands, which leads, on the
one hand, to the fact that semimetals re-
main conductors of electricity up to abso-
lute zero temperature, and on the other
hand, they are characterized by a low (com-
pared to metals) concentration of charge
carriers. So, for example, antimony (Sb),
which occupies an average position in this
parameter in its group of substances, at
room temperature is characterized by the
value n =10251/m3. Thus, in accordance
with relation (1), the value of the pressure
that can provide the "metallization™ of
semimetals is = 107! GPa. When using such
a pressure according to the unilateral com-
pression scheme, the expected value of the
dimensionless elastic deformation &~ 1071
can be estimated using Hooke’s law

e=P/K, 2)

where K 1is the elastic modulus. For
semimetals, the characteristic value of the
elastic modulus K in order of magnitude is
=1 GPa and, therefore, the value of the
dimensionless elastic deformation under the
described conditions should reach the value
e ~ 1071, However, for conventional samples
made of semimetals (polycrystals or single
crystals), the elastic deformation region is
limited by the values € <1072 [3]. This is
due to the fact that bulk samples always
contain so-called linear defects of the crys-
tal structure (dislocations), the displace-
ment of which causes plastic (irreversible)
deformation of the material [6]. In real
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crystals, the minimum stress at which the
dislocations begin to move is usually charac-
terized by the value P* =~ 1072 GPa (elastic
limit) [7, 8]. Thus, while remaining in the
elastic region, it is not possible to "metal-
lize" bulk samples made of semimetals and
containing dislocations. To carry out the
"metallization” of semimetals, it is neces-
sary to use special single-crystal samples in
which there are no dislocations. Such ob-
jects are ultra-small (nano-sized) single
crystals, the diameter of which is <100 nm
[9]. In such samples, due to the action of
the so-called "mirror image” force, disloca-
tions under a certain heat treatment move
to the crystal surface and there annihilate
(disappear) [6]. Obviously, when using sin-
gle-crystal dislocation-free samples made of
semimetals under one-sided compression by
pressure = 1071 GPa it is possible to achieve
the value of elastic deformation &~ 1071
and, therefore, to carry out the "metalliza-
tion" of these materials without irreversible
damage to the structure.

3. Change in electrical
conductivity of "metallized”
semimetals

As already indicated, semimetals are
characterized by a low concentration of elec-
tric charge carriers. This circumstance de-
termines the small value of the Fermi en-
ergy =~ 31072 eV in comparison with com-
mon metals, for which this parameter is
characterized by an interval of wvalues
(1+10) eV. Both of these factors, as well as
a slight overlap of the valence and conduc-
tion bands, are the reason that the energy
spectrum of semimetals can easily undergo
significant changes under the influence of
various external factors, in particular,
under uniaxial compression. In addition to
the collectivization of valence electrons de-
scribed above, i.e., the transformation of
electrons into fermions, an increased den-
sity of energy states is formed in their en-
ergy spectrum in the immediate vicinity of
the Fermi level n(E) [8]. This is indirectly
evidenced by the abnormally high values of
the dielectric constant of "metallized”
semimetals. The changes listed above in the
energy spectrum of semimetals that occur
under pressure and, in particular, under
uniaxial compression, can cause anomal-
ously high electrical conductivity of these
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substances up to their transition to a super-
conducting state.

Indeed, according to the quantum theory
of superconductivity in metals (BCS the-
ory), the main mechanism of this unique
property is the formation of the so-called
Cooper electron pairs formed as a result of
the electron-phonon interaction [10]. Collec-
tivized electrons (fermions), forming pairs,
turn into quantum particles — bosons,
which can move in a metal without scatter-
ing, i.e. without energy losses. According to
the BCS theory, the critical temperature of
the transition of a metal to the super-con-
ducting state, i.e., the temperature at which
paired electrons are still preserved is gener-
ally described by the following relation:

T,=0exp[-(10)/A -l (3

Here 6 is the characteristic temperature
(Debye temperature), determined by the
maximum vibration frequency of atoms
(phonons) v,: 6= (hv,)/k, h is Planck’s
constant, k is Boltzmann’s constant, A is the
pairing constant (A < 1), u is the so-called
Coulomb pseudo-potential, which charac-
terizes the mutual repulsion of electrons
(usually p = 0.1). In the case of weak elec-
trons pairing, i.e., for A<l and neglecting
their mutual repulsion (U = 0), relation (3)
transforms to the following form:

T, = 0 exp(-1/)). 4)

For classical metals the Debye tempera-
ture is characterized by the range of values
(100+-300) K. In accordance with formula
(4), for the value of the pairing constant
A = 0.8, the critical temperature of the tran-
sition to the superconducting state T, of
classical metals is characterized by the
value = (1-30) K, which is in good agree-
ment with experimental data [3]. In the case
of strong pairing of electrons, i.e., for A >>1,
relations (8) and (4) are not applicable, and
the critical temperature T, is described by a
different formula [11, 12]:

T, = 0.200"2. (5)

As already indicated, in "metals”™ obtained
under pressure from semimetals, as a result
of a significant change in the energy spec-
trum, the density of energy states ns in-
creases significantly in the immediate vicinity
of the Fermi level. This change can provide
a significant increase in the pairing con-
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stant, since the following relation holds for
the pairing constant:

A =Un,. 6)

Here U is the potential characterizing
the electron-phonon interaction.

Obviously, in the case A >>>1, the critical
temperature of the transition to the super-
conducting state T,, in accordance with for-
mula (5), may turn out to be rather high,
approaching room temperature. In our opin-
ion, it is this effect that can be realized
during elastic deformation € =~ 1071 dislocation-
free samples obtained from semimetals.

4. Conclusions

Based on the analysis performed and the
quantitative estimates made, the following
conclusions can be drawn. Nano-sized
(<100 nm) samples made of semimetals can
be "metallized” according to the uniaxial com-
pression scheme under pressure =~ 1071 GPa
and elastic (reversible) deformation €= 10~
1. To realize the "metallization” effect,
nano-sized  single-crystal samples of
semimetals should not contain linear struec-
tural defects — dislocations. As a result of
the semimetals "metallization”, a signifi-
cant change in the energy spectrum occurs
in them, in particular, the density of energy
states ns increases significantly in the im-
mediate vicinity of the Fermi level. An in-
crease in the density of energy states n, can
cause an increase in the electron pairing
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constant to values A > 1. A significant in-
crease in the pairing constant A can facili-
tate the transition of “metallized”
semimetals into a superconducting state at
temperatures approaching room temperature.
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