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The pressure of gas of non-interacting electrons Py at T =0 K in metals and metal
superconductors in the normal and superconducting states, is determined. Found are the
dependences of the critical temperature of superconductors on such a pressure and the
relation between P and the energy of the ground state of the atoms in the Hartree-Fock
approximation. The temperature dependences of P, and other parameters of metal super-
conductors in superconducting state, are studied. The possibility and conditions of emer-
gence of superconductivity at room temperature are established on the base of the model
of non-interacting electrons. Shown is the common nature of energy gap in superconduc-
tors and exchange energy of spin-orbital interactions between nucley of ions and "super-
conducting” electrons.

Keywords: internal pressure of free electron gas, common superconductors, energy
Hartree-Fock, critical temperature, energy of spin-orbital interaction.

Onpezenensl sHaueHNA AAaBJICHHA rasa HeB3aUMOIEWCTBYOINUX 3JEKTPOHOB P\, IpU TeM-
neparype T = 0 K B MeTannax u MeTalJMUYeCKHUX CBEPXIIPOBOMAHMKAX, HAXONAIUXCA B HOP-
MAJbHOM M CBEPXIIPOBOAAILIEM cocTOSHUAX. QO0HAPYKEHBl 3aBUCUMOCTb KPUTUYECKOIT TeMIIe-
PaTypPEL CBEPXIIPOBOJHUKOB OT TOTO IABJICHMS U 3aKOHOMEDHOCTb MEXIy sHaueHHmAMH Py u
sHeprueil OCHOBHOI'O COCTOAHHS aTOMOB B Ipubamkenum Xaprpu-Poxa. Vasyuennl 3aBucCU-
mocTu Py m APYrux HapaMeTpoB B METANLINYECKHX CBEPXIIPOBOJHHKAX, HAXOAAIMIMXCH B
CBEPXIIPOBOLSAIIEM COCTOSHUU, OT Temieparypbl. OupemeseHbl BOZMOMHOCTL W YCJIOBUSA JIO-
CTUKEHUSA CBEPXIIPOBOLMMOCTY IIPKM KOMHATHOM TeMIeparype, COrJIACHO MOIEJIN HEB3AWMO-
IeACTBYIOIINX 2JeKTPOHOB. Ilokasana OOIIHOCTE MPUPOJAbl PHEPreTUUYECKON IIeJl CBEPXIIPO-
BOJHHKOB 1 OOMEHHON SHEPruM CHUH-OPOHTAJIBHOI'O B3aMMOAEHCTBUA MEXKIY AApaMyU UOHOB
u " CBEPXIIPOBOLAINMMU 3JICKTPOHAMH .

THCK €eJeKTPOHHOr0 rasy y YHCTHX MeTaJaxX Ta MeTAJIiYHHX HAJNPOBiIHHKAX.
B.®@.Xipnuil.

BusnaueHO 3HAUEHHA THCKY rasy HEB3Aa€MOMiIOUUX eleKTPoHis P, mpu temmeparypi T'=0 K
B MeTaJax 1 MeTaleBMX HAANPOBIAHMKAX, AKi SHAXOZATHCA Y HOPMAJbHOMY Ta HAIIPOBiIHO-
My cTaHaxX. BusBJIeHO 3ajeHICTh KPUTUYHOL TeMIIepATyPH HAAIPOBIZHUKIB Big P, Ta 3axo-
HOMIipHiCTE M 3HaueHHAMU P\ 1 eHepriero OCHOBHOIO cTaHy aToMiB y HabamxeHnHi Xaprpu-
®@oxra. Busueno samemuocti P, Ta IHIIMX NapamMeTpiB B MeTAJNeBUX HANIPOBITHMKAX, AKI
SHAXOIATHCA y HAAIPOBiAHOMY craHi, Bim remueparypu. BruaHaueHO MOMKJIMBICTL TA yMOBU
IOCATHEHHS HAIIPOBigHOCTI npm KimMHATHIII Temmeparypi, srigzumo momesi HeBzaeMmMomiouux
eneKTpoHiB. BusipieHo oOIHIHiCTh HpPUpPOLM eHepreTUUol IIiJMHN HAANPOBiZHMKIB Ta eHeprii
B3aeMOIil MixK AgpaMu ioHiB i HAANPOBiTHMMU e€JleKTPOHAMIU.
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1. Introduction

According to the model of non-interact-
ing electrons, internal pressure of free elec-
tron gas P, in the ground state in normal
pure metals at 7 =0 K is on the order of
100000 atmospheres [1-3]. This pressure is
balanced by the Coulomb attractive forces
between the conduction electrons and ions
located in the crystal lattice sites [1]. In
normal (non-superconducting) metals the
properties of the ground state of free and
independent electrons are established by
means of the Fermi-Dirac statistics while
considering conduction electrons as Fermi
gas. This statement is also correct for metal
superconductors in the normal state. Natu-
rally, the pressure within Fermi gas de-
pends on the conductivity and superconduc-
tivity of metals and compounds [2, 3], since
electron pairing which occurs in them
changes the Coulomb interaction. The inter-
nal pressure influences the properties of
normal metals and superconductors. For in-
stance, as shown in our earlier papers
[4, 5], for YBa,Cu;O;_s5 the critical tem-
perature T, and the concentration of mobile
charge carriers depend on internal chemical
pressure more strongly than on external
pressure. Thereat, the change of the pres-
sure was calculated by varying the number
of oxygen ions, i.e. carriers of holes.

While investigating electronic properties
of metals there was initially used the ap-
proximation of non-interacting electrons
(the Drude-Sommerfeld model). Further in-
teractions of electrons (in the frame of the
Landau theory of Fermi liquid) were taken
into account. During recent years there
have been discussed deviations of the behav-
iour of electrons from the predictions of
this theory in some compounds (including
superconductors) which contain rare-earth
metals. This is caused by a strong correla-
tion interaction in such metals.

In the present work, an attempt was
made to predict one of possible directions of
search for new superconductors on the base
of the (the Drude-Sommerfeld model of non-
interacting electrons). For this purpose we
studied the properties of internal pressure
of non-interacting electrons gas in metals
and ordinary low-temperature metal super-
conductors in the normal and supercon-
ducting state.
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Fig. 1. Dependence of critical temperature of
pure metal superconductors in the normal state
on the pressure of gas of free electrons P,

2. Results and discussion

In the frames of the model of free elec-
trons, the electron gas pressure P in met-
als is determined from the formula [3]

Py =0.4nEp, (1)

where n = Z(N/V) is the concentration of
free electrons; Z, the valence of the given
metal, (N/V), the number of atoms in
1 cm3; Ep = 0.284-10715p,2 (eV), the Fermi
energy; vy = 1.157-kp (cm/sec), the Fermi
velocity, kp = (29.609 N/V)1/3 is the Fermi
wave vector for metals (ecm™1) [2], V, the
sample volume, N, the number of electrons
in the sample. The internal pressure in pure
non-superconducting normal metals is deter-
mined from the relation Py = (JE/dV)y be-
tween the pressure and energy density E of
electron gas in the ground state which is
also valid at T#0 K [3]. Based on the
above-said, we studied the changes of T,
depending on P, under the condition that
T =T,=0 K, i.e. using the Fermi-Dirac sta-
tistics for superconductors in the normal
state. Moreover, we investigated the tempera-
ture dependences of Ep, Py and the density of
the states of "normal” electrons at T < T,.

Shown in Fig. 1 is the dependence T .(P).
The graph contains the maxima with T, =
7.2 K for Pb and 9.4 K for Nb at low and
high P, values. Between these maxima T .(Pg)
decreases almost monotonously at Py chang-
ing from ~ 10-1010 Pa for Ga (T, =1.09 K)
to ~ 23:1010 P for W (T, = 0.012 K). While
building the graph we assumed the valence
of vanadium to be V4*.
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Fig. 2. Dependence of P, on the energy of the
ground state of atoms |-E| in the Hartree-
Fock approximations [14].

Superconductivity and internal pressure
experienced by atoms and electrons in met-
als vary with the changes in the form of
atomic orbitals and in crystal structure. In-
itially their form is defined by the energy
of the ground state of the atoms [2]. Super-
conductors are metals possessing special in-
trinsic properties. Therefore, it has been as-
sumed that for superconducting metals
there exists a peculiarity of the relation be-
tween the energy E of the ground state of
the atoms and the value of internal pressure
Py. The interaction of electrons obtained in
the Hartree-Fock approximation [6] has not
been taken into account. This assumption is
confirmed by Fig. 2 which shows the de-
pendence of logP, on log|-E|. As is seen, the
pressure P, of superconducting metals corre-
sponds to a certain band marked by two dot-
ted lines. The values of E (in atomic units)
are taken from the paper [6] for free atoms,
since electrons of atoms in crystals form
chemical bonds, and their energy state differs
from the one of non-interacting electrons.

According to Fig. 2, at temperatures up
to T =0 K the pressure P, for supercon-
ducting pure metals in the normal state
changes from the lowest value P, =
3.9-1010 Pa for Mg to the highest values
Py.s = 28.5-1010 Pa for V; kp — from ky; =
1.4-108 to kg, = 2.0-108 (cm™1); vy — from
vp; = 16108 to vpy=2.410% (cm/sec),
whereas Ep ranges between Ep; = 7.1 and
Eps=15.4 (eV), for superconducting mag-
nesium and vanadium, respectively.

As seen from Fig. 2, the range of pres-
sures of free electron gas characteristic of
pure metal superconductors in the normal
state is bounded from above and from below
by Py value of normal metals. From below it
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Fig. 3. Temperature dependences:
1 - Py(T)/PT,), 2 — Eg,(T)/EKT,),
3 — N,(Ep,) = 38n,/4Ey, obtained for Al

is bounded by metals with one electron on
the outer s-shell: alkali metals with body-
centred cubic lattices such as Li:1s22sl,
Na:[Ne]3sl, K: [Ar]4sl, Rb:[Kr]5s1 and
Cs:[Xe]6sl; noble metals with face-centred
cubic lattice such as Cu:[Ar]3d104s!,
Ag:[Kr]4d105s1 and Au:[Xe]4f145d196sl, as
well as metals with two electrons on the
s-shell such as Ca:[Ar]4s2, Sr:[Kr]5s2,
Ba:[Xe]6s2, Y:[Kr]4d1®s2 and Fe:[Ar]3d%4s2.
From above this range is bounded by transi-
tion metals with one and two electrons on
the s-shell, except for palladium, namely,
Cr:[Ar]8d®4sl, Mn:[Ar]3d®4s2, Co:[Ar]8d74s2,
Ni:[Ar]8d84s2, Rh:[Ar]4d8%sl and Pd:[Kr]4d19.

The obtained result complies with the
rule [7] to the effect that if the number of
valence electrons satisfies the conditions 2 Z
and Z > 8, than superconductivity in a pure
metal is absent.

From the relation for P, [3]:

P,=0.6B, (2)

where B is the compression modulus, there
has been established the region of the val-
ues of B characteristic of pure metal super-
conductors. It is located between those of
compression moduli for magnesium and va-
nadium which change from 65-1010 to
474.2-1010 (dyn/cm?). The values of the
compression moduli calculated from the re-
lation (2) differ from the ones measured
experimentally (see [3]) by several fold. In
the present work it is shown (see Fig. 2)
that the pressure of free electron gas plays
a significant role for superconductivity.
Thereat, we have not taken into account the
internal "stretching” pressure caused by
thermal expansion of the lattice defined by
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the relation P,, = BBT, where P is the bulk
thermal expansion coefficient [8]. The exist-
ence domain for superconductivity is
bounded by the values of T =T, close to
0 K. Therefore, P, is less than P, by two
orders.

Up to now there have been considered
the values of P, at temperatures T >T,,
when the concentration of "normal” elec-
trons n, is equal to n, and the concentra-
tion of "superconducting” electrons n, is
zero. At T < T, the number of "normal”
electrons N, diminishes with the tempera-
ture, whereas the number of "supercon-
ducting” electrons Ng rises. The ratio Ny/N
(where N is the total number of electrons
equal to Ng + Ny) is proportional to (T/T,)%,
and tends to zero when 7=0 K [9, 10]. As
Ny diminishes, the ratios Eg,(T)/EmT,)
and Py(T)/Py(T,) change as (T/T,)?, see
Fig. 8. Fig. 8 also contains the temperature
dependence of the distribution density for
"normal” electrons N (Ep,) =3n,/4Ep,.
Here Eg, is the total Fermi energy of "nor-
mal” electrons in metals in superconducting
State, EFTL = EF at T > TC and EF(TC) = EF’
when T =T, and Py(T,) =Py, when T =T,.
The numerical values are obtained for alu-
minum.

Thus, in superconductors at T = 0 the
values of Ep, and the internal pressure P,
created by "normal” electrons are equal to
zero due to the absence of such electrons. As
follows from the relation (1), P, = 0 not only
at Ny = 0 and Ep # 0, but also at Ep = 0 and
Ny # 0. According to [2] and Fig. 4, curve
B, one can assume that Ep=0 in metals
with the concentration of "normal” elec-
trons n* = 2.3-1018 ¢cm™3 and lower. This is
seen from the graph of the dependence of
the Fermi energy on the concentration of
electrons Fig. 4.

Now, following the authors of [11]
suppose that with diminution of the con-
centration of charge carriers the critical
temperature rises. Then a rough estima-
tion of T, obtained by the linear extrapo-
lation T.(n) ~ 1/n between Nb (T, =10 K,
n = 51022 cm™3), YBa,CuzO,_5 (T, = 90 K,
n=51021 em™3) and HgBa,_,Sr,CuO4q_s
with n <1021 ecm™3 gives T,.=310 K, see
Fig. 4, point 4 on curve A.

Thus, according to Fig. 3, at the transi-
tion of the samples into the supercon-
ducting state the internal pressure P
smoothly reduces to zero at T — 0 K. How-
ever, the bulk compression modulus deter-
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Fig. 4. Determination of T, for metals with
n"=2.81018 cm™3 (line A, point 4) and E,
depending on the concentration of electrons
(line B [2]): 1) Nb, 2) YBa,Cu;0,_5 and 3)
HgBa,_,Sr,Cu0,, 5.

mined experimentally remains practically
unchanged, and the samples do not break
down. Therefore, we assume that P,
changes into the pressure P’ created by gas
of spins of “superconducting”™ electrons
from the Cooper pairs. As P, diminishes,
the Coulomb interaction between free "nor-
mal” electrons and ions which compensates
P, also decreases and vanishes at T = 0 K,
since Ny — 0. Therefore, the pressure P’ is
balanced by the interaction similar to the
Coulomb interaction, between the ion nuclei
spins and electrons from the Cooper pairs
which form spin dipoles. Thereat, the elec-
trons with the spin (or their projections)
directions opposite to those of the nuclei of
ions, are attracted by the latter and form
local polarized spin clouds around them.

In the rest of the superconductor volume
the electrons with the spin directions simi-
lar to those of the ions, form spin gas. This
gas creates the pressure P’. At T, the spins
electrons start encircling the ions. Attrac-
tion of "superconducting” electrons to nu-
clei ions is stronger than the one of other
metals, and T, is higher for those metals in
which the nuclear spin Ip and the modulus
of nuclear magnetic moment W, turn out to
be higher than those of other metals. This
assumption is indirectly confirmed by the
data from [2] which are contained in Table.

Were I, is expressed in the units of %, up —
in the units of eﬁ/ZMpc, where e is the

charge of electron, 7, the Planck constant
divided by 2m, Mp, the mass of proton, c,
the velocity of light in vacuum. Minor de-
viations from this rule characteristic of
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Table . Nuclear spins, nuclear magnetic moments and critical temperature of superconductors [2]

No. in 'i\‘/la%rllgeleev’s Substance [p(h) u, (eﬁ/ZMpc) T. (K)
13 Al 5/2 3.639 1.2
22 Ti 5/2 0.787 0.39
23 \Y 7/2 5.139 5.38
30 Zn 5/2 0.874 0.875
31 Ga 3/2 2.011 1.091
40 Zr 5/2 1.298 0.546
41 Nb 9/2 6.144 9.2
42 Mo 5/2 0.910 0.92
44 Ru 5/2 -0.69 0.51
48 Cd 1/2 -0.592 0.56
49 In 9/2 5.507 3.40
50 Sn 1/2 ~1.041 3.72
57 La 7/2 2.761 6.0
73 Ta 7/2 2.840 4.48
74 W 1/2 0.115 0.012
75 Re 5/2 3.176 1.7
76 Os 3/2 0.651 0.655
77 Ir 3/2 0.17 0.14
80 Hg 1/2 0,498 4.153
81 TI 1/2 1.612 2.39
82 Pb 1/2 0.584 7.193

polyvalent metal superconductors can be magnetic coupling of the spins of metal ion

explained on the base of the Drude-Sommer-
feld model.

These "superconducting electrons”™ are lo-
cated on the external ion orbitals occupied
by electrons. Thereat, the energy necessary
for breaking a Cooper pair and removing it
from the nucleus by a thermal method,
must be equal to the energy of spin-orbital
interaction E’ for Ng electrons. We suppose
that the energy of such an interaction be-
tween the ion nuclei and "superconducting™
electrons is to be equal to the one between
the ion nuclei and internal electrons.
Therefore, the temperature dependence of
E(T)/E(T = 0) is similar to that of
Ng(T)/N ~1 —(T/T,)* and nealy of &T)/e(T
= 0), where ¢ is the value of energy gap of
superconductors. Thus, in the Drude-Som-
merfeld model E’ plays the role similar to
that of € in superconductors. This is confirmed
by the fact that the energies of spin-orbital
(exchange) interaction E’ and of the energy gap
¢ of pure metal superconductors are of the
same order (10715 + 10716 erg) [12]. Note that
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nuclei and superconducting electrons to be
broken, is very weak and can noticeably
contribute to the energy only at low tem-
peratures [12]. External magnetic fields
also reduce E’, similar to decrease of € in
superconductors. They make a contribution
to H,sf, the local magnetic field of the nu-
cleus bound up with the interaction of the
magnetic moment of the nucleus with the
electron shell of its ion. Such a considera-
tion implies that nature of magnetism and
superconductivity in the the Drude-Sommer-
feld model have a common nature.
This gives a criterion for search for new
superconductors.

Superconducting state is not observed for
the samples in which the energy of spin-or-
bital interaction is absent at all (e.g. due to
complete screening of the nucleus). At the
same time, for the superconductors with
E >10713 erg T, =300 K maybe.

It should be noted that the value of energy
gap in superconducting metals define their
parameter of exchange interaction. For in-
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stance, for Al it is equal to 8.4-107% eV [2],
for YBCO 3-1073 eV.

Superconductivity is an extremely com-
plicate phenomenon which occurrence de-
pends on many properties of metals. In the
given study, by analogy with [11], we con-
sider the influence of electron density on T,
in the frame of the model of non-interacting
electrons. Thereat, a superconducting metal
with T, = 810 K must have the density n” =
1018 ¢m~3, which is by three orders lower
than the values characteristic of the metal
state. Such a metal cannot exist in pure
form. However, this state may be achieved
for a semiconductor which transforms into
a metal at the said (and lesser) electron den-
sity under the transition semiconductor-
metal (or dielectric-metal), for instance, due
to the Motta effect [18]. For semiconductors
the conditions of emergence of superconduc-
tivity differ than those for pure metals, and
the model of free electrons cannot be ap-
plied to them. In semiconductors the con-
centration of charge carriers ranges be-
tween 1017 and 102! cm™3. However, their
T. are very low. In particular, for SrTiOj
the maximal T, = 0.838 K at n = 1020 ¢m—3 |

3. Conclusions

In the present work it is shown for the
first time that internal pressure plays a sig-
nificant role in the mechanism of emergence
of superconductivity. For pure metal super-
conductors in the normal state there is es-
tablished the relation between the internal
pressure of gas of free non-interacting elec-
trons and the energy of the ground state of
atoms calculated in the Hartree-Fock ap-
proximation. The interaction of electrons
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has not been taken into account. The de-
pendence of the critical temperature on the
internal pressure is established. One of pos-
sible ways for raising the critical tempera-
ture of superconductors is predicted. Estab-
lished is the common nature of energy gap
in superconductors and exchange (magnetic)
energy of spin-orbital interactions between
nuclei of ions of metal superconductors and
electrons from Cooper pairs.
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