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Abstract

Objectives. There is no general theory of superconductivity capable of fully describing this
phenomenon, which imposes its own difficulties in the search for new superconducting
materials, as well as in the study of their properties. In particular, the electrodynamics of a
superconducting system is unexplored. With the aim of a possible further description of the
electrodynamics of superconductors, the temperature dependences of the energy parameters
of a Cooper pair in the potential field of Abrikosov vortex were analyzed.

Methods. The basis for the obtained results of the work was the consideration of the
transmission coefficient for a superconducting particle in the approximation of the Wentzel-
Kramers—Brillouin method, as well as the relationship between the critical temperature and
the London penetration depth and the coherence length based on the model of plasmon
destruction of the superconducting state.

Results. The dependences of the lifetime of a particle in a potential well, penetration depth,
frequency of impacts of a particle against a potential barrier, blurring of the energy level,
transmission coefficient, and potential and kinetic energy of a particle on temperature were
obtained. The characteristic values of these parameters were obtained at absolute zero for
various cuprate, organic, and other superconducting materials. The dependences of the
critical electric potential on temperature, as well as the London penetration depth, coherence
length, and electric potential on the transmission coefficient at different temperatures were
obtained. The form of the dependences qualitatively corresponds to the experimental data.
Conclusions. The results obtained can be used to construct a general theory of
superconductivity, describe the electrodynamics of a superconducting state, and develop
new superconductors with higher critical currents.
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AHHOMAauus

Ienu. Obwiast meopusi ceepxXnpo8oouUMOCMU, CNOCOOHASL NOJITHOCMBIO ONUCAMb OAHHOE s8leHUe,
omcymecmeyem, umo HaK1aobleaem ceou mpyoHOCMU 8 NOUCKE HOBbLX C8EPXNPOBOOSIULUX Mame-
puanos u uccnedosaHuu ux ceoticme. B uacmrocmu, HeuUCCn1e008aHHOU SA8Aemest 91eKmpoou-
Hamura ceepxnpogodsuieli cucmemol. C yeavio 803MONKHO20 OabHellule20 ONUCAHUSL 21eKmpo-
OUHAMUKU C8EepXNPO8OOHUIK08 8 pabome paccmampuearomes. memnepamypHole 3a8UCUMOCMU
9HepeemuuecKux napamempos KYyneposcrkoil napsbl 8 NOMEHUUANLHOM noJie suxpst Abpurxocoeaa.
Memooust. OcHogoll 015t NONYUEHHBIX Pe3ybmamog pabombl SEASI0Cb PACCMOMPEHUE KOIgh-
duyueHma NPoxoIKOeHUsT ceepxnpogodsiyell uacmuybl 8 npubiuxxeHuu memooa Benmuyesns—
Kpamepca—-BpunntosHa, a makxKe Cesi3b Kpumuueckoi. memnepamypsl ¢ JOHOOHOBCKOU anybu-
HOU NPOHUKHOBEHUSL U OJIUHOU KO2EPEeHMHOCMU HA OCHO8E MOO0eaU NAAZMOHHO20 PA3pyuleHUs.
C8EPXNPOBOOSIULE20 COCTNOSTHUSL.

Pesynemameul. [lonyueHbl 3a8UCUMOCMU BPEMEHU IJKUSHU UACMUYULL 8 NOMEHUUANLHOU sime,
21YbUHbL NPOHUKHOBEHUSL, UACMOmbl Yoapos Uacmuybl 0 NOMeHUUAIbHbLI bapbep, pasmbimo-
cmu 9HepeemuUecKo20 YposHsi, K0IhpuyueHma NPoxoiO0eHUsl, NOMEHUUANbHOU, KUHEeMUUecKol
aHepeuu uacmuybl. om memnepamypot. IlonyueHol xapaKxmepHole 3HAUEHUSL OAHHbLX napame-
mpoe npu abCoNOMHOM HYAE O/ PA3UUHBLX KYNPAMHBLX, OP2AHUUECKUX U OpYaux ceepxnpo-
g8o0siuux mamepuanos. IlonyueHsl 3a8UCUMOCMU KPUMUUECKO20 3/1eKMPUUECcK020 NOMEHUUAA
om memnepamypbl, TOHOOHOBCKOU 21YybUHBbL NPOHUKHOBEHUSL, OJIUHBL K02EPEHMHOCMU, dleKmpPU-
YecKo20 NOMEHUUAIA 0m KOI(PPUUUEHMA NPOXOHOEHUSL NPU PA3HBbIX SHAUEHUSIX memnepamy-
poL. Bud 3asucumocmeti kauecmeeHHO coomeememayem 3KCnepuUMeHmatbHbim OaHHbIM.
BubLeoout. [TosiyueHHble pe3yibmambl Mo2ym 6bimb UCNOb308AHbL Ot nocmpoeHust obuwieti me-
opulU C8epxXNpPo8ooUMOCMU, ONUCAHUU INEKMPOOUHAMUKU CEEPXNPOBOOSAULE20 COCMOSTHUSL, PA3-
pabomrKu HOBbLX CEEPXNPOBOOHUKO8, 0biadarouux 6osee blCOKUMU 3HAUSHUAMU KPUMUUECKUX
moxos.

Knroueenvle cnoea: meopusi ceepxnpogooumocmu, Kynepogckas napa, suxpo Abpurocosa,
INeKMPOOUHAMUKA CBEPXNPOBOOHUKO8

Jna yumuposanusa: Maracos A.B., lomanoB A.A., baOsiukuna JI.M. O xoadduiente IpoxoxIeHUs CBEPXIPOBOLALICH
qacTulbl. ToHkue xumuueckue mexnonozuu. 2021;16(2):184—191. https://doi.org/10.32362/2410-6593-2021-16-2-184-191

INTRODUCTION

Based on the works of Abrikosov [1] and the
discovery of Abrikosov vortices, the electrodynamics of
the superconducting state is mainly described through
the motion of the vortex lattice [2]. Mechanical models
of motion consider the forces of viscous friction,
pinning of vortices, and forces that deform the lattice.
However, this approach does not consider the quantum
nature of the Abrikosov vortex and the phenomenon
of superconductivity. Another common approach to
describing the dynamics of the superconducting state

is the solitonic theory of superconductivity [3]. This
approach considers nonlinear excitations, which often
leads to difficulties in obtaining an accurate solution,
and although the solitonic theory accounts for some
differential characteristics of cuprate superconductors it
does not apply to all superconducting materials.

The absence of a general theory describing the
electrodynamics of the superconducting state means
that to give a generalized theoretical description of the
current—voltage characteristics of most superconducting
compounds, which is extremely important for their wider
application, is difficult.
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Transmission coefficients of superconducting particles

In this study, we analyze a model of the motion of
a Cooper pair in an Abrikosov vortex. This problem has
been considered [4] using a framework that estimated
the relationship between the coherence length and
London penetration depth, as well as solving the one-
dimensional Schrodinger equation, which is important
for constructing a general theory of superconductivity
and the electrodynamics of the superconducting state.
We investigated the dependences of various energy
parameters of a superconducting particle on temperature,
including its transmission coefficient, which formed
the basis of a qualitative model describing the current-
voltage characteristics of superconductors.

TEMPERATURE DEPENDENCES
OF THE ENERGY PARAMETERS
OF THE COOPER PAIR IN THE POTENTIAL
FIELD OF THE ABRIKOSOV VORTEX

We estimated the dependence of the transmission
coefficient of a superconducting particle D through
the potential barrier of the Abrikosov vortex U. The
region of the Abrikosov vortex where the energy of a
superconducting particle can be efficiently dissipated
is the non-superconducting inner cylindrical region.
In this region, one can assume that the energy of the
Abrikosov vortex is constant in the limit & << A, where
& is the coherence length, which is the characteristic
size of the Cooper pair, and A is the London penetration
depth, which is the characteristic depth of penetration
of the external magnetic field into the superconductor.
[5] Then, using the quasi-classical Wentzel-Kramers—
Brillouin approximation [6], we obtained the following
expression for the transmission coefficient:

—4E(T), %’[(U(T)*E(T))
e

b
—48(T) %‘(U(T)*E(T)) )

D(T) = (1)

(1+0.25¢

where m is the mass of the Cooper pair (in this paper it
is twice the mass of the electron), 7 is the Dirac constant,
and £ is the energy of the Cooper pair.

The potential energy is the energy of the Abrikosov
vortex, which is generally expressed in terms of the
Bessel function K [5] and is often normalized to a
certain unit of length. In this paper, the coherence length
was used as the unit of length:

U(r) = PEE) K(}[émj, @

Amu A7) (AT

where @ is the magnetic flux quantum, p is the magnetic
constant, and A is the London penetration depth.

Using the analogy of an energy gap, the energy of a
superconducting particle can be expressed as £ = 24T,
where T is the critical temperature, i.e., the temperature
at which a material transitions to the superconducting
state. Building on the relationship between the critical
temperature, London penetration depth, and coherence
length obtained in [7], we expressed the particle energy
in terms of these characteristic lengths:

EMN =" )

where c is the speed of light and « is the fine structure
constant.

The dependences of the measured & and A on
temperature were determined using standard expressions:

4no&(T)
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We plotted the dependences of the energies and
the transmission coefficient on the temperature for
the YBa,Cu,O, superconductor at A(0) = 180 nm,
€(0) = 0.4 nm, and 7, = 90.8 K [8] (Figs. 1 and 2).
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Fig. 1. Dependence of the potential, U, and kinetic, E,
energies and the energy difference on temperature
for YBa,Cu,O..
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Fig. 2. Dependence of the transmission coefficient
on temperature for YBa,Cu,O..

Based on the obtained transmission coefficient, we
were able to obtain the dependence of the frequency of
the particle impacting on the barrier », the lifetime of the
particle in the well #, the depth of penetration under the
potential barrier L, and the blurring of the energy level
on the temperature 7 [6]:

1 [2ED)
"=V m ©

h

M= B £y

(8)

AE(T) = h/T) (9)

From this we found that the potential and
kinetic energies of the particle, the transmission
coefficient, the number of collisions per unit time,
and the blurring of the energy gap decreased with
increasing temperature; however, the penetration
depth and lifetime of the Cooper pair in the non-
superconducting region of the vortex increased with
increasing temperature.

We then calculated the characteristic values of
(1)—(3), (6), (8), and (9) for cuprate, organic, and some
other type-II superconductors at 7= 0 K (Table 1). For
this analysis, materials were selected which validated
the expression (3) and corresponded with the calculated
(T*) and experimental (7)) critical temperatures
(Table 2).

Based on the obtained dependence of the
transmission coefficient of the Cooper pair on
temperature, we constructed a qualitative model
for describing the current-voltage characteristics of
superconductors.

1(T) = 1 R In the first approximation we assumed that the

n(T)D(T) energy of the Abrikosov vortex does not depend on

Table 1. Typical values of the energy parameters of some superconductors at 7= 0 K
Material D(0) U(0), eV E(0), eV n(0), s L(0), m AE(0), eV
La, ,Sr,,,CuO 0.021 0.042 5.606 x 107 | 1.827 x 10" | 3.623 x 107'° | 1.567 x 10°¢
YBa,Cu,0, 0.02 0.13 0.016 7.29 x 1010 2.04 x 10710 5.909 x 10°®
Bi,Sr,CuO,, 1.55x 107 0.025 3234 x 1072 | 7457 x10° | 4.638x 107" | 4779 x107*
Bi,Sr,CaCu,O,,, 2.636 x 107" 0.193 0.016 4459 x 10" | 1.642x107'° | 4.86x 107"
HgBa,CuO,, 9.739 x 1077 0.175 0.016 5.325x 101 | 1.734 x 107 | 2.144 x 107°
HgBa,CaCu,O,, 1.242 x 10712 0.336 0.027 8.337 x 101 1.24 x 1071° 4281 x 1071
HgBa,Ca,Cu,0O,, 6.248 x 107" 0.318 0.026 8.437 x 10" | 1.277 x 1071 2.18 x10™
k-(BEDT-TTF),Cu(NCS), 0.108 0.011 1.794 x 1073 | 4.623 x10° | 7.366 x 107'° | 2.059 x 10°°
(BEDT-TTF),Cu[N(CN),]Br 0.233 0.01 1.928 x 107 | 5.883 x 10° | 7.534x 10 | 5.674 x 10
B,-(BEDT-TTF),|, 0.088 2.098 x 1072 | 4.08 x 10 | 6.055 % 108 1.68 x 107 221 %107
B-(BEDT-TTF),|Br, 1.164 x 107 0.014 1121 x 1073 | 7.025x 10% | 5.978 x 1071° | 3.382 x 107
B-(BEDT-TTF),|Au, 8.041 x 1072 0.011 1.002 x 1073 | 8.302x 10®% | 7.076 x 1071° | 2.760 x 1072#
CNT(5,0) 1.139 x 10713 0.027 259 %103 | 3.513x10° | 4429 %107 | 1.654 x 1078
NbSe, 5.705 x 10 0.012 1.626 x 1073 | 2.82 x10° | 6.695x 107" | 6.653 x 107
H,S(155 HPa) 1.471 x 10718 0.468 0.034 1.019 x 10" | 1.047 x 107 | 6.200 x 1072

Note: BEDT-TTF is bis(ethylendithio)tetratiafulvalen and CNT(5,0) is a carbon nanotube with a chirality of (5,0).
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Table 2. Comparison of the calculated (7,*) and experimental (7)) critical temperatures of various superconductors

Material & nm A, nm T c*, K T,K Reference
La, St, .CuO 0.7 430 32.5 34 8]
YBa,Cu,0, 0.4 180 90.8 92.4 8]
Bi,Sr,CuO,, 1.5 800 18.8 13 9]
Bi,Sr,CaCu,O,, 2 200-300 at 300 94.3 94 9]
HgBa CuO,, 1.2 200-450 at 252 94.9 95 9]
HgBa CaCu,0,, 1.7 205 154 127 9]
HgBa,Ca,Cu,0O,, 1.5 130-200 at 200 150 135 9]
k-(BEDT-TTF),Cu(NCS), 0.8 500-2000 at 961 10.41 10.4 9]
(BEDT-TTF),Cu[N(CN),]|Br 0.5-1.2 at 0.5 550-1500 at 783 11.19 11.2 [9]
B, -(BEDT-TTF),|, 2 3500 2.37 1.5 [9]
4000-5000 6.5 22 9]

B-(BEDT-TTF),|Br, 44-46 at 44 at 5000
B-(BEDT-TTF), |Au, 18-25at 18 4000 5.81 42 9]
CNT(5,0) 6.6-12 at 6.6 1430-1570 at 1520 | 15.03 15 [10]
NbSe, 2.5 1500 9.44 7 9]
H_S(155 HPa) 2.15 189 195.56 | 190-203 [11]

the external applied electric field, allowing us to add 0.06

to the energy of the particle £ the dependence on the

applied potential ¢ as follows: E(7, ¢) = E(T) + 2q0¢, 0.051

where ¢ is the charge of the electron. 0.04

Then the critical electric potential was defined '

as ¢, = (U — E)2q (Fig. 3). We also determined the 5 0.03 -

dependence of the critical potential on the characteristic c

lengths that determine the superconducting state (Fig. 4). 0.02

The dependence of the electric potential on the

transmission coefficient at different temperatures 0.011

is shown in Fig. 5, which physically represents . . . . .

a qualitative description of the current-voltage 0 20 40 60 80

characteristic of superconductors.
RESULTS AND DISCUSSION

The obtained dependences of various energy
parameters of superconducting materials were mainly
expressed in terms of the characteristic lengths that
determine the superconducting state, the London
penetration depth, and the coherence length. The
determination of the transmission coefficient was
obtained based on the dependence of the characteristic
lengths on temperature, which is not generally described
by equations in the form of (4) and (5) [12] but
instead requires specific consideration for a particular
superconducting material.

T,K

Fig. 3. Dependence of the critical electric potential (¢_)
value on temperature for YBa,Cu,O..

We found that the considered dependence of the
particle energy on temperature has a similar form to the
dependence of the energy gap on temperature.

According to our obtained characteristic values of
the energy parameters shown in Table 2, we concluded
that some organic materials with large London
penetration depths, as well as H,S, are significantly
knocked out of the materials. These organic materials
are less accurately described by the expression for the
critical temperature given in [7], which may indicate

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(2):184-191

188



Anton V. Matasov, Armen A. Dovmalov, Daria M. Babyshkina

H === £=0.5nm
0.6 1 —-= £=1.0nm
05 L e £=2.0nm
041 %
> \ oy
034 \ %
\- ““
024 v\ ™
NN
NN T
0.1 MNoSL T
\\\ \.\. .............
0.0 4 i LT TT ST Py

100 200 300 400 500 600 700 800
A, nm

Fig. 4. Dependence of the value of the critical electric
potential (¢_) on the London depth of penetration
for various fixed coherence lengths.
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Fig. 5. Dependence of the electric potential on the transmission
coefficient at different temperatures for YBa,Cu,O,.

that their effective characteristic lengths match the
experimental critical temperatures more closely. The
obtained values for H,S indicate that superconducting
properties around room temperature require an
increase in the energy of the Abrikosov vortex.

The direct proportionality of the transmission
coefficient to the tunnel current means that the
obtained dependence ¢(D) (Fig. 5) has a direct
relationship with the current-voltage characteristics
of superconducting materials and, as we have
demonstrated, has a similar form to experimental
measurements in this area [13, 14].

In this study, the dependence on the electric
potential ¢ was given by adding the kinetic energy
required to accelerate the particles; however, to
improve the accuracy of the model, we found that
it was necessary to determine all the dependences
on external factors for the parameters of a
superconducting material through the dependences
on the London penetration depth and coherence
length. Despite this, the obtained dependence of the
critical potential on the temperature has a form that
can describe the experimental data but can also easily
be reduced to the traditional linear dependence of the
critical current on the temperature in the region of
the phase transition of the Bardeen-Cooper-Schrieffer
theory [15] and experimental power approximations.
The critical electric potential, as well as the kinetic
energy of the superconducting particle and its critical
temperature, increased with increasing coherence
length and decreased with increasing London
penetration depth.

CONCLUSIONS

In this study, the dependences of various energy
parameters on temperature were obtained with the
dependence of the transmission coefficient being
especially relevant to the future construction of a general
theory of the electrodynamics of superconductors.

The characteristic values of these energy
parameters can be used to evaluate the fundamental and
applied properties associated with the mechanisms of
superconductivity.

The obtained dependences of the critical electric
potential on temperature and the transmission coefficient
qualitatively matched the corresponding experimental
measurements and can be used to construct a theory of
superconductivity, which itself can be used to develop
new superconductor based current-conducting devices. In
the future, we regard the dependence of the characteristic
lengths on the electric potential to be of interest in the
building of a more accurate model of the current-voltage
characteristics of superconductors.
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