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The paper considers the possibility of achieving superconductivity in nanosized graphite par-
ticles due to the capillary pressure effect. Graphite has unique electronic properties due to its
specific crystalline structure, but the low density of charge carriers limits its use as a supercon-
ductor. Hypothetically, the increase in pressure inside a graphite nanoparticle caused by surface
tension can lead to a significant increase in the electron density and, as a consequence, to the
occurrence of superconductivity at higher temperatures. This paper theoretically substantiates
this hypothesis and estimate possible values of the critical temperature of the transition to the
superconducting state.
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Kanmingpuuit Ttuck Ta eseKkTpuYHA HAANPOBIAHICTH HAHOPO3MIPHUX YACTUHOK
rpadiry. FO. I. Boiixo, B. B. Bozoaros, P. B. Bosk, B. B. Fpunboe

¥ po6oTi POSI/IANAETBCA MOSKJIUBICTD JOCSTHEHHS HAIITPOBITHOCTI Y HaHOpOSMlpHI/IX YaCTUHKAX
rpadirty BHaCJIlJ:[OR edeKTy KaIlJIsIPHOrO TUCKY. BlI[OMO o rpadit Mae yHIKAJIbHI eJIeKTPOHHL
BJIACTUBOCTI, 00YMOBJIEH] HOTO CIEIU(IUHOI0 RpI/ICTaJIl‘-IHOIO crpykTypomo. OnHak, HU3bKA I'yCTHHA
HOCIIB 3apsiay 06Memye #0r0 3aCTOCYBAaHHS K HAAIPOBLTHUK. Mu mpuiryckaemo, 1o 301IbIIeHHS
THCKY Bcepe;mm HAHOYACTUHKHU TpadiTy, BUKIUKAHE HOBEPXHEBHM HATATOM, MOe IPH3BECTH
JT0 1ICTOTHOTO IIiIBUIIIEHHS T'YCTUHU €JIEKTPOHIB 1, TK HACIIIIOK, BUHUKHEHHS Ha,EI;HpOBl,ILHOCTl opu
O1LJIBII BUCOKMX TeMmIleparypax. Merowo maHoi p060TH € TeOPEeTUYHE 06rpyHTyBaHHﬂ i€l rimoresu
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Ta OIIHKA MOYKJIMBUX 3HAYEHDb KPUTHIHOI TEMIIEPATYPH [IePexXoy 0 HAAIIPOBIIHOTO CTaHY.

1. Introduction

Graphite consists of carbon atoms and has
several modifications with different electron
energy spectra and crystal lattice structures
[1]. The most well-known and widely used mod-
ification of graphite has a hexagonal crystal
lattice and an electron configuration sp? of car-
bon atoms. The specified crystallographic and
electronic structure of graphite determines its
physical properties; in particular, graphite has
a specific temperature dependence of the elec-
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trical conductivity o(T). At low temperatures,
graphite has a fairly high electrical conducti-
vity, similar to classical metals.

However, at elevated temperatures, the
electrical conductivity of graphite increases
with increasing temperature, similar to semi-
conductors. In addition, the density of free
electrons in graphite n~ 1023 m=3 (n= N/V, N is
the number of electrons, Vis the volume of the
sample), that is ~ 10° times less than in metals.
Based on its electrical properties, graphite is
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classified as a “non-degenerate” semiconductor
[2]. The temperature dependence of the electri-
cal conductivity of graphite is due to the struc-
ture of the electron energy spectrum. The en-
ergy spectrum contains regions of overlapping
valence and conduction bands [3]. In addition,
the low density of free electrons in the con-
duction band determines the low value of the
Fermi energy: Ep~ 10-2eV. For comparison, in
metals, the average value of Ep~1eV.

The structural features of the electron ener-
gy spectrum of graphite and the low value of the
Fermi energy make it possible to increase the
number of free electrons under the influence of
external factors such as pressure, external elec-
tric field, photon irradiation etc. A significant
increase in the number of free electrons causes
the so-called “metallization” of the substance.
This means that the valence electrons in the
“metallized” substance become “degenerate,”
i.e. their energy spectrum is described by Fer-
mi-Dirac quantum statistics. In this case, the
density of energy states in the vicinity of the
Fermi level increases, 1.e. a very important pa-
rameter n* = (dN/dE), which characterizes the
quantum state of electrons, increases at energy
values E ~ Ep. The increase in this parameter
causes an increase in the electron pairing con-
stant A, i.e. the process of formation of so-called
“Cooper” pairs of electrons — quantum particles
capable of carrying an electric charge without
resistance — becomes possible and is activated.
Thus, “metallized” graphite can be an “electri-
cal superconductor”. The numerical value of
the pairing constant determines the value of
the critical temperature 7, of the substance
transition into a superconducting state [4].

This paper discusses the possibility of elec-
trical superconductivity in nano-sized graphite
particles. Moreover, superconductivity of these
particles can be realized at higher tempera-
tures than is observed in metals. We explain
the effect by the fact that with a decrease in
the particle size, the magnitude of the capillary
pressure increases; as a result, the density of
energy states of electrons near the Fermi level
increases and, accordingly, the electron pairing
constant A increases, which ultimately leads to
electrical superconductivity of graphite.
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2. Physical parameters determin-
ing the critical temperature T, of the
transition of graphite to the supercon-
ducting state

The pressure of all-round compression of a
crystalline particle caused by the particle’s ten-
dency to minimize free surface energy (capil-
lary pressure), is described by the formula:

p=2y/r. 1)
Here vy is the specific free surface energy; r is
the characteristic particle size. Since for most
substances y~1 J/m?, then at r~109m=1 nm
for a spherical particle we have: p~109N/
m2=1GPa. A pressure of this magnitude is suf-
ficient to “metallize” graphite particles of the
specified size, i.e. to significantly increase the
density of free electrons compared to the den-
sity of electrons in graphite particles of normal
size (>100 nm).

Indeed, in classical metals the pressure of
“free electron gas” reaches a value ~ 102 GPa,
which is associated with the high density of
valence electrons n ~ 1028 m=2 [5]. From the
above estimate it follows that the capillary pres-
sure compressing a graphite particle of size ~ 1
nm can cause an increase in the density of free
electrons to a value of ~ 1026 m=3, This value is
~ 102 times less than that of metals, but three
orders of magnitude greater than that of graph-
ite particles of normal size. This increase in the
density of free electrons should be accompanied
by a significant increase in the electron pairing
constant A, which determines the critical tem-
perature T, of the transition of a substance to a
superconducting state (BCS theory [4]).

Indeed, according to the theory, A=pn".
Here yu is the potential of the electron-phonon
interaction, which determines the formation of
“Cooper” pairs of electrons (electron pairing);
n* is the density of electron energy states in
the vicinity of the Fermi level. At A<1 (weak
electron-phonon interaction, characteristic of
classical metals) the transition temperature 7,
is described by the formula:

T.~0-exp (-1/A). 2)

Here 6 is the Debye temperature. For most
metals and metal alloys 6~100K, and the pair-
ing constant A~ (0.1 — 0.3) and, accordingly, for
particles of these substances, the transition
temperature to the superconducting state is in
the range of values (1 — 40) K, which is in good
agreement with experimental data. For nano-
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sized crystalline graphite particles, due to their
“metallization” as a result of capillary pressure,
the pairing constant can reach values A>1.
As already indicated, the parameter determin-
ing the numerical value of the pairing constant
is the density of energy states in the vicinity of
the Fermi energy level n*. This parameter is
estimated as:

n* ~ N/Eg. 3)

Since Ep~ NZ3 p* ~ N3 and, consequently,
an increase in the number of electrons in nano-
sized graphite particles by ~103 times should
cause an increase in the pairing constant by
~ 10 times compared to metals. Thus, the elec-
tron pairing constant A of nano-sized crystalline
graphite particles can reach the value A>1. For
such values of the pairing constant, the tem-
perature of the transition to the superconduct-
ing state is described by the formula [4], which
is different from formula (2):

T,~0.26A2 (4)

Substituting reasonable values of 6 and
A into formula (4), it is easy to verify that in
nano-sized graphite particles, electrical super-
conductivity can manifest itself at a transition
temperature ~ 100 K.

Of course, the indicated temperature 7, is
an estimate and may differ for graphite par-
ticles of a specific size and shape. In addition,
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it should be noted that the superconductivity
of graphite particles, caused by the action of
capillary pressure, differs in nature from the
superconductivity realized in other modifica-
tions of graphite, for example, in “two-layer 2D
graphite” (graphene) [6].

3. Conclusions

Based on the analysis and assessments
made, the following conclusion can be drawn.
Nano-sized crystalline graphite particles (with
a size of r~1 nm) can go into a superconduct-
ing state as a result of capillary pressure at a
transition temperature 7, ~ 100 K, which is an
order of magnitude greater than in classical
metals.
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