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The possibility of using the internal photoelectric effect to transfer semimetals (Bi, Sb,
etc.) to a superconducting state at atmospheric pressure and room temperature is dis-
cussed. Irradiation of a semimetal with photons of a certain energy and flux power density
can cause a significant change in its energy spectrum ("metallized” semimetals with
"degenerate” electrons), and also the appearance of an increased fraction of optical pho-
nons in this substance. In accordance with the microscopic theory of superconductivity in
metals (BCS theory), both of these factors should determine the effective electron-phonon
interaction and, as a consequence, can cause the transition of semimetals to the supercon-
ducting state. According to the estimates given in the work, the superconducting state in
the near-surface semimetal layer with a thickness = 1078 m (or in film) at temperatures
close to room one can be realized under conditions of their laser irradiation with a
wavelength A =107® m and pulse duration =~ 1078 s when power density ~ 101! W/m?2 is
reached.
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BuyTpimHii ¢oroenekTpuunuii edbeKT i MOKIUBA HAANPOBIAHICTH eJeMeHTIB V rpymu
(mamiBmeradaiB). fO.I.Boiiko, B.B.Bozdanos, P.B.Bogx, 5.B.I'punvo6
OOTOBOPIOETHCA MOMKJIMBICTH BUKOPUCTAHHSA BHYTPimIHLOTO (PoToeeKTy A IEPEBOTY
namniBmeraniB (Bi, Sb i in.) go magnposiguoro cramy sa atrmocdepHoro Tucky i KimHaTHOI
Temneparypu. OnmpoMiHOBaHHA HamiBMerany (POTOHaMU HeBHOI eHeprii i rycTwuHM HOTYXK-
HOCTi TOTOKY MOX{e 3yMOBUTHU 3HAUHY 3MiHY #oro eHepreTmuHoro cmexktpa (  MerajizoBani’
HaiBMeTaJ! 3 BUPOMKEHUMUI €JIeKTPOHAMM), a TaKOK NOABY B IIiil peuoBUHI migBuIIEeHOI
YaCTKU ONTUYHUX (PoHOHIB. BigmoBimHo mo MikpocKomiuHol Teopili HaxIpoBigHOCTI y MeTa-
aax (teopii BCS), o6uzxBa 3asHaueHi YUMHHUKU MaiOTh OOYMOBUTH e€(peKTUBHY eJeKTPoH)O-
HOHHY B3a€eMOJil0 i, AK HaCJIiOK, MOKYTh BUKJMKATU IIepexiJ HAIiBMeTaJliB A0 HaJIIIPO-
BifHOTO cTaHy. 3TrifHO 3 HaBeJeHMMU OI[iHKAMU HAAIPOBITHUWI CTaH y NOBEPXHEBOMY IIapi
HamiBMerany ToBumHO© ~ 1076 M (aGo y muiBmi) mpum Temmeparypax, GIMSBKEX O KiMHATHOI,
MOsKe peajlisyBaTHCA B YMOBAX iX J1a3epHOTO BUIIPOMIiHIOBAHHA 3 JOBMKHUHOW XBMIL A = 1075 M i
rpuBaticTio immyabcy =~ 1078 ¢ sa gocsrmenHs rycruHm mory:kmaocti =~ 1011 BT/M2.

OGcyKgaeTcsi BOBMOMKHOCTDh MCIIOJIb30BAHMS BHYTPEHHEro (PoTosseKTprueckoro sddexra
nuisa nepesoga moaymerasnoB (Bi, Sb u ap.) B cBepxmpoBogslee cocTOsHHE mPU aTMocdep-
HOM [aBJIeHMM W KOMHATHOH Temieparype. OGiaydueHue moaymerasaa (POTOHAMU OIIPEHesIeH-
HOM 9HEPruu M IJIOTHOCTH MOIIHOCTH IIOTOKA MOXKET OOYCJIOBUTHL CYI€CTBEHHOE H3MEHEHUE
€ro 9HEePreTHYecKoro cruexrpa ( MeTAJJIM3UPOBAHHBIE IIOJYMETAJJbl C  BbIPOMKIEHHBIMU
2JIEKTPOHAMMU), & TAKsKe IIOABJIEHNUE B 9TOM BeIleCTBE IIOBLIIICHHON MOJU ONTHYECKUX (POHO-
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HOB. B COOTBETCTBUU C MUKPOCKOIMYECKOIl Teopmeil CBepXIPOBOJUMOCTU B MeTalIax (Teo-
puu BCS), o0a ykasaHHBIX (haKTOpa JOJIKHBEI 00yCJOBUTH 3(h(PeKTUBHOE 9JeKTPOH-(POHOHHOE
B3aMMOJIEMCTBUE U, KAK CJIEJCTBUE, MOTYT BBLIZBATDH IE€PEXOJ IOJYMETAJJIOB B CBEPXIIPOBOJSI-
mee coctogHue. CoryIacHO NMPUBETEHHBLIM OIEHKAM CBEPXIIPOBOJSAINEEe COCTOAHUE B IIPUIIO-
BEPXHOCTHOM CJIO€ TIoJyMeTaina rtoamuuoi ~ 1076 M (nu6o B miemke) mpm Temmeparypax,
OJMBKMX K KOMHATHOM, MOJKET pPeajm30BAThCd B YCIOBUAX HX JA3€PHOro OOJNydYeHUsS C
IJIMHOM BOMHBI A = 107 M 1 mIHTenbHOCTHIO MMITyIbca =~ 1078¢ mpy ZOCTUIKEHNN ILIOTHOCTH

momuocT =~ 1011 Br/m2,

1. Introduction

Electrical superconductivity (zero electri-
cal resistance) of a substance is a unique
physical property and therefore the study of
the causes and conditions of its manifesta-
tion is very important for the development
of fundamental concepts in solid state phys-
ics [1]. In addition to purely scientific sig-
nificance, this property is also very impor-
tant for use in modern technical devices:
magnetometers, quantum interferometers,
resonators, etc. [2, 3]. The main reason lim-
iting the comprehensive and, most impor-
tantly, economically beneficial use of super-
conductivity for technical purposes is that
it is realized at low temperatures. A record
high value of the critical temperature for a
transition of matter into a superconducting
state, T, = 164 K was registered in a com-
plex metal-oxide compound HgBaCaCuO [4].
In recent years, higher values of T, were
found when studying the electrical conduc-
tivity of compounds of some metals with
hydrogen (hydrides) [6—7]. For example, in
the LaH{y compound, the critical tempera-
ture T, is about 250 K. This value of the
critical transition temperature is more ac-
ceptable for the use of metal hydrides in
practice. However, the discovery of com-
pounds with an increased value of T, did
not fully solve the problem under discus-
sion, since superconductivity in them is re-
alized only under conditions of significant
pressure > 150 GPa.

Thus, until now, the search for new sub-
stances with an elevated temperature T, as
well as the determination of acceptable tech-
nical conditions for the realization of super-
conductivity, remains an urgent task. One
of the promising ways to solve this problem
is to study the electrical conductivity of ele-
ments of group V of the Periodic Table
(semimetals) under pressure [8, 9]. The cal-
culated value of the pressure for achieving
"metallization” of semimetals and their
transition to the superconducting state is
~ 1071 GPa. This value is much less than
the pressure required for the transition of
metal hydrides to the superconducting

416

state. However, this way also does not fully
solve the described material science prob-
lem.

This paper discusses the possibility of
using the internal photoelectric effect to
create conditions for the transition of
semimetals to the superconducting state at
atmospheric pressure and room tempera-
ture. Irradiation of a semimetal with pho-
tons of a certain energy and flux power
density can cause a significant change in
the energy spectrum of the semimetal, as
well as the appearance of an increased frac-
tion of optical phonons in this substance. In
accordance with the microscopic theory of
superconductivity in metals (BCS theory),
both of these factors should ensure effective
electron-phonon interaction and, as a conse-
quence, can cause the transition of
semimetals to the superconducting state
[10].

1.1. The physical concepl of the
semimetals transition to the
superconducting state

Semimetals include elements of group V
of the Periodic Table: Bi, Sb, etc. For con-
creteness, all consideration and numerical
estimates will be carried out using the ex-
ample of bismuth (Bi). Under normal condi-
tions at room temperature and atmospheric
pressure, the atoms of this element are
characterized by an electronic configuration
s2p3, and the solid crystalline phase of this
substance in its electrical properties occu-
pies an intermediate position between met-
als and semiconductors. That is why the ele-
ments of the V group are called semimetals.
They are characterized by a partial overlap
of the valence and conduction bands
(Fig. 1). This specificity of the energy spec-
trum determines that, on the one hand,
semimetals are good conductors of electric-
ity, and on the other hand, they are charac-
terized by a much lower density of charge
carriers in comparison with ordinary met-
als. For example, at room temperature, the
electron density of Bi is n, = 1024 m~3,
which is == 10% times less than in classical
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Fig. 1. Scheme of filling the allowed energy bands with electrons: a) dielectric, b) semimetal, ¢) metal.

metals. In addition, the conductivity of
semimetals, in contrast to conventional met-
als, increases with increasing temperature.
These features of the electrical properties
make the semimetals similar to the so-called
"non-degenerate” semiconductors [11]. How-
ever, under certain conditions, semimetals
can "metallize”, that is, the energy spec-
trum of these substances changes, and the
nature of the filling of energy levels be-
comes similar to the energy spectrum of
metals. At the same time, electrons "degen-
erate”, that is, their properties obey the
laws of quantum mechanics, and the energy
spectrum is described by the Fermi-Dirac
statistics [12]. However, it should be have
in mind that metals obtained from
semimetals can differ significantly in their
physical properties from those of ordinary
metals and, in particular, by their electrical
properties: "metallized” semimetals with
"degenerate” electrons can become super-
conductors.

This paper discusses the "metallization”
of semimetals during their irradiation with
a photon flux and realization of the so-
called internal photoelectric effect. As al-
ready indicated, semimetals are charac-
terized by a specific energy spectrum struc-
ture, which consists in a partial overlap of
the conduction and valence bands (Fig. 1,
¢). With such a structure of the energy
spectrum, irradiation even with photons
with low energy = (1 + )2 eV can be effec-
tive enough for a significant increase in the
number of electrons in the conduction band
[13]. When semimetals are irradiated with
low-energy photons, simultaneously with an
increase in the number of electrons in the
conduction band, as a rule, phonon genera-
tion (relaxation process) also occurs. These
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phonons have a frequency that coincides in
magnitude with the frequency of irradiation
photons = 1013 g71 (optical phonons). The
frequency of these irradiation-induced pho-
nons is an order of magnitude higher than
the maximum (Debye) frequency of the irra-
diated substance, for example, for Bi,
ymax =~ 1012 g~1 Consequently, first, the
formation of optical phonons under irradia-
tion causes an increase in the Debye tem-
perature of semimetals from 6 = 102 K the
value 6 = 103 K, because 6 v™3¥ Second,
the presence of optical phonons contributes
to an increase in the electron pairing con-
stant u from the values of <1, charac-
teristic of ordinary metals, to the values of
>1. For example, according to different es-
timates for metallic hydrides, formation of
optical phonons leads to an increase in the
value of the parameter u from = 1.5 to = 5.
Thus, irradiation of semimetals with a pho-
ton flux can cause an increase in two impor-
tant parameters characterizing the critical
temperature of substance transition into a
superconducting state: the Debye tempera-
ture 6 and the pairing constant .

1.2 Quantification of the
parameters of the photon flux
causing the transition of
semimetals to the
superconducting state

To ensure the internal photoelectric ef-
fect and, accordingly, to facilitate the tran-
sition of a semimetal to a superconducting
state, the following requirements for the
photon flux are necessary: 1) the photon
energy must exceed the optical phonon en-
ergy, i.e. EphotZEp =102 eV and 2) the

hon
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densities of photons and phonons should be
the same, i.e. npp = Nypop.
The phonon density can be estimated
using the relation:
phon = 3T/ a30. (1)
Here T is the temperature, a is the crys-
tal lattice parameter of the substance, 0 is
the Debye temperature. Assuming
T = 800 K (room temperature), a = 2-10710 m,
0~100 K, we haver n,,,, =~ 1039 m=3.
Thus, when using photons with energy
E ot = 51072 eV, the first requirement is

D
satisfied. In this case, the wavelength A of

the corresponding photons is = 31072 m.
This wavelength corresponds to the lower
limit of infrared radiation and, accordingly,
sufficiently powerful fluxes of this radia-
tion can be achieved using laser technology
[14]. At a photon density 7, =~ 1039 m~3,
a pressure arises in the ‘irradiated sub-
stance:

P = Ephotnphot' (2)

Substituting the above numerical values
Ephot and n,,,;, we have P =5 GPa. Such a
pressure valfue can be achieved experimen-
tally if a laser with a flux power density
~ 1011 W/m?2 at pulse duration =~ 1078 s is
used [15]. The indicated pressure is suffi-
cient to cause the "degeneracy” of conduc-
tion electrons in semimetals, that is, the
transfer of electrons to the category of
quantum particles with all the ensuing cir-
cumstances [9].

On the basis of the above consideration,
we can draw the following conclusion: when
semimetals are irradiated with photons, sig-
nificant changes can occur in the energy
and phonon spectrum of these substances.
First, as a result of the photoelectric effect,
the number of electrons in the conduction
band can increase; secondly, the pressure
caused by the photon flux can provide "de-
generacy of conduction electrons in
semimetals, i.e., the "metallization” of
semimetals; and, finally, thirdly, as a result
of relaxation processes accompanying the
internal photoelectric effect, optical pho-
nons can be generated in semimetals. The
factors listed above should cause the transi-
tion of semi-metals to a superconducting
state during irradiation.

In this case, it is necessary to keep in
mind the following important circumstance.
The efficiency of the internal photoelectric
effect depends significantly on the penetra-
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tion depth of photons into the irradiated
substance. For example, low-energy photons
with a wavelength A = (107% = 1075) m pene-
trate into the metal and are completely ab-
sorbed in the near-surface layer with a
thickness =~ 1078 m. In this regard, the in-
ternal photoelectric effect is practically not
realized in conventional metals. In the case
of semiconductors and semimetals ("nonde-
generate” semiconductors), the penetration
depth of photons of the same energy can
reach the value =107 m [16]. Thus, the
described effect of the semimetal transition
to a superconducting state upon irradiation
with photons can be realized in a bulk sam-
ple in a layer < 1076 um thick, or in a film
of the same thickness.

1.3. Estimation of the possible
critical temperature of the
transition of semimetal to the
superconducting state under
photon irradiation

In accordance with the BCS theory, the
temperature of transition to the supercon-
ducting state as a result of the electron-
phonon interaction in the case of metals is
described by the following relation:

T, = 6exp[—(1 + W)/ (L — w)]. 3)

Here 0 is the Debye temperature, | is the
pairing constant, u is the so-called Coulomb
pseudo-potential characterizing the mutual
repulsion of electrons (usually u = 0.1). In
the case of weak pairing | <1 (metals) and
without taking into account the mutual re-
pulsion of electrons, i.e., at u = 0, equation
(3) is transformed to the form:

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

For superconducting metals and metal al-
loys, the Debye temperature is in the range
of = (100 + 300) K. In accordance with for-
mula (4), at the value of the pairing con-
stant = 0.8, the critical temperature T, in
these substances is in the range of =(1 +
10) K, which is in good agreement with ex-
perimental data. In the case of strong pair-
ing, namely, in the case of "metallized”
semimetals, it can be assumed with high
probability that @ > 1. In this case, relations
(3) and (4) are not applicable, and the value
of T, is described by a different relation
[17]:
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T,=0.2-6 ul’/2 (5)

In the case of substances (for example,
hydrides) with optical phonons in the pho-
non spectrum, as already indicated, the
pairing constant is in the range p =1.5 + 5.
Assuming that when irradiated with pho-
tons, "metallized” semimetals have the pair-
ing constant =4, and also taking into ac-
count the fact that optical phonons are gen-
erated in them and the Debye temperature
increases to the value 6 = 103 K, it follows
from relation (5) that T7,.=400 K. Of
course, this value of the critical tempera-
ture of the transition to the supercon-
ducting state is an estimate; however, it
indicates that semimetals under laser irra-
diation can become superconductors at tem-
peratures close to room temperature.

2. Conclusions

Based on the presented analysis and the
quantitative estimates, the following con-
clusions can be drawn.

Under conditions of laser irradiation
with a wavelength A = 107 m and pulse du-
ration ~108 s when power density is
reached = 101! W/m?2, as a result of the in-
ternal photoelectric effect in semimetals,
the following transformations can occur: a)
a semi-metal turns from a "non-degenerate”
semiconductor into a metal with "degener-
ate” electrons in the conduction band; b) as
a result of relaxation processes in
semimetals under irradiation, optical pho-
nons are generated with a frequency
ymax == 1013 g1,

The appearance of a significant fraction
of optical phonons in the phonon spectrum
of "metallized” semimetals can cause an ef-
fective electron-phonon interaction charac-
terized by the pairing constant p > 1.

As a result of the photoelectric effect
when semi-metals are irradiated with a suf-
ficiently powerful flux of low-energy pho-
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tons (= 51072 eV), a superconducting state
can be realized at temperatures close to
room temperature (= 300 K) in the near-sur-
face layer or in thin films of =106 m
thickness.
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