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BCS-superconductor in weak magnetic fields
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For the purpose of plotting the H-T diagram for MgB, granular superconductors, the
behavior of electrical resistivity-versus-temperature dependences were studied at ~35 to
~45 K in external magnetic fields with magnetic field strengths H,,, up to ~2 kOe. The
effect of increasing the superconductivity transition width AT, at increased H,,, has been
revealed. A model has been developed for superconductivity transitions in a two-level
system. The data obtained allowed establishing the existence of a weak links system in
MgB, granular superconductors.
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C penwio moctpoenus (asopoit H-T-guarpaMMbl I'paHyJISpHBEIX cBepxmpoBogumkos MgB,
U3yUeH XapaKTep TeMIEePaTYPHBIX 3aBUCHUMOCTEH dJIEKTPOCOTPOTHBAeHUA mpu ~35-45 K Bo
BHEITHUX MATHUTHBHIX moaax H, ., manpamennoctoio mo ~2 kOe. Obmapysen addexT mo-
BEINIEHNs IMUPUHEI CBEPXIPOBoAAIIero nepexoga AT, mpu pocre H,, . PaspaGorana mogens
CBEPXIIPOBOAAINMX I[EePeXOI0B B ABYXYPOBHEBoIl cucreme. Ha ocHOBaHMM 00pPabOTKH MOJIY-
YEeHHBIX [JAHHBIX yCTaHOBJeHO Hajawuume cucrteMbl weak links B rpaHyasipHBIX CBEPXIPOBOJ-
HUKaxX Ha ocHoBe MQB,.

®azosa H-T-giarpama rpanyrapaoro BCS-mannposiganka MgB, y crabknx marmiTHMx
noasnx. B.B.J[epeg’anro, T.B.Cyxapesa, B.O.Dinkeav, FO.M.Illaxos.

3 meroro nobynosu Gasosoi H-T-giarpamu rpanynapHux Hagnposizamkis MgB, susueno
XapakTep TeMIIEPATYPHUX 3aJeXHOocTel ejeKTpooropy mnpu ~35—45 K y soBHilIHIX Margir-
Hux nonax H,,, manpysxesnicrio go ~2 kOe. Buspiaeno edexT migBUINeHHA IIMPUHU HAAIPO-
Bigmoro mnepexomy AT, mpm pocti H, ,. Pospobieno Momesb HAANPOBIAHWX IIEPEXOXiB y
nBopiBHeBilt cucremi. Ha mimcrasi oO0pobKu oTpuMaHNMX HAHUX YCTAHOBJIEHO HAABHICTH CHC-
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TeMu "clabKuX 3B’A8KIB" Yy IPaHYNAPHUX HAANPOBiZHMKax Ha ocHOBI MgB,.

1. Introduction

Superconductivity of magnesium diboride
MgB, with critical temperature T, ~ 39—
40 K was discovered in 2001 [1]. From this
time forward, physical properties of this su-
perconductor are studied intensively in
many laboratories of the world. The quan-
tity of publications on this problem achieves
tens thousands. Now it is established surely
that the MgB, superconductivity is caused
by the known from 1957 mechanism of elec-

332

tron-phonon interaction by Bardeen-Cooper-
Schrieffer (further the BCS-theory) [2].

As it is known, in the framework of the
BCS-model the superconductor critical tem-
perature depends on three fundamental pa-

rameters: the Debye frequency oy, (Fop = kO,

where ©p is the Debye temperature, 7 is the
Planck’s constant, and % is the Boltzmann
constant), electron-phonon interaction pa-
rameter V, and electron state density at the
Fermi level N(Ep):
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Indeed, the high enough frequency wp of
phonon oscillations provides attainment of
the critical temperature T, ~ 40 K.

In polycrystalline state, similarly to
oxide high temperature superconductors
(HTSC), formation of granular microstruc-
ture is characteristic for MgB,. The behav-
ior of the granular superconductors being a
combination of two sub-systems: granules
(grains) with strong superconductivity and
intergranular boundaries — the Josephson’s
weak links with low superconduectivity in
magnetic field — can be described in the
framework of a two-level model [3]. The
correlations between critical parameters of
the two-level system of the granular HTSC
are given below.

For the superconducting granules
(grains) [subscripts "g” (grain) or "A"
(Abrikosov)] and the intergranular bounda-
ries — Josephson weak links (subscript "J")
we have:

Tc = Tcg(TcA) = TcJ 4 (2)
Hclg(T) > H,q/(T), chg(T) > H .9 4(T),
I(T,H) > I /(T,H).

Here T, (T.4) and T,y are critical tem-
peratures; H.;(H.;4) and H.;; are critical
fields for beginning the magnetic field
penetration into subsystems of the granular
superconductor; H.y(H.54) and H.y; are
critical fields for magnetic field total pene-
tration into subsystems of the granular su-
perconductor; I, (I4), I; are critical cur-
rents.

It was assumed that the correlation like
these were applicable to any granular HTSC.
The validity of such assumption is not obvi-
ous.

The problem of temperature and external
magnetic field influence on the evolution of
vortex structure is not solved definitely. In
spite of a lot of works devoted to attempts
of plotting the H-T-phase diagrams for
MgB, granular BCS-superconductors at low
temperatures, yet the positions of H,.;, and
H_5; lines have not been defined at the H-
T-phase diagram. Moreover, doubtful is the
existence of weak links in the case of the
MgB, granular BCS-superconductor.

In this connection, the aim of the present
work is plotting the H-T-diagram for MgB,
granular superconductors. The most effec-
tive way to attain the aim we consider pre-
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cision measurements of electrical resistivity
temperature dependences near T, in rela-
tively low magnetic fields. Obviocusly, ap-
pearance of the phase transition lines in the
weak links subsystem is possible only in the
range of weak external magnetic fields
H,,;. Note, that most of the works (see, for
example, [4—12] were carried out at the
high enough H,,; values.

2. Techniques

The subjects concerning synthesis of the
MgB, BCS-superconductor and the technique
of resistivity measurements at cryogenic tem-
peratures under weak external magnetic
fields were discussed earlier [13-1T7].

Experiments were reduced to measure-
ments of electrical resistivity of the MgB,
BCS-superconductor granular samples in
the narrow enough range of low tempera-
tures (from -~35 to~45 K) under external
fields with strength to ~ 2 kOe. However, it
should be emphasized that it is due to narrow-
ness of the temperature range that the tem-
perature measurements were to be carried out
with precision not low than ~ 0.01-0.02 K.
Only the curves R(T) obtained with such
precision allow an adequate treatment of
the experimental data. Using the instru-
ments applied in the work we could regis-
tered information with "step” ~0.01 K.

To organize the precise electro-physical
measurements in the narrow temperature
range the conditions of measurement proc-
ess were strictly standardized. The follow-
ing scheme of measurements was developed:

1. Measurements of electrical resistivity
temperature dependence p(T) for the MgB,
granular BCS-superconductor sample under
zero magnetic field in the temperature
range from ~35 to ~45 K (at increasing tem-
perature).

2. Cooling the sample in FC-regime to T
~ 35 K.

3. Measuring the electrical resistivity
temperature dependence P(T)gerxi—const I
the temperature range from ~35 to ~45 K
under given value of perpendicular mag-
netic field (H,,,l1, H,,; = const).

4. Dumping the magnetic field H,,,.

5. Carrying out the control measure-
ments of the electrical resistivity tempera-
ture dependence p(T) at the zero magnetic
field in the temperature range from ~35 to
~45 K in order to reveal possible residual
effects in dependence p(T) at H,,; = 0. The
aim of these measurements is exclusion of
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Fig. 1. Electrical resistivity temperature de-
pendences P(T)g,. i— const £0r M@B, granular
samples in external magnetic fields H,,,. Ex-
ternal field values are from right to left: O,
100, 200, 400, 500, 600, 700, 800, 900, 1
000, 1100, 1200, 1300, 1400, 1500, 1600,
1700, 1800, 1900, and 1980 Oe.

possible errors caused by the instrumental
failures.

6. Transfer to point 3 at the following
value H,,, = const.

All the curves p(T) have characteristic
sigma-like shape (Fig. 1).

According to the scheme described, sev-
eral series of p(T) measurements were car-
ried out for the MgB, granular BCS-super-
conductor samples. As a rule, each series
included about 20 values of temperature in
the range of H,,, "0 —1980 Oe".

3. Results

The main results p(T)geri—cons: Obtained
for one of the measurement series are
shown in Fig. 1.

First of all we note some qualitative ef-
fects:

— way of cooling the samples (ZFC or
FC) does not influence on the behavior of

the curves p(T)yg _ ;ons; under increasing
ext

temperature in the range of measurement
precision;

— for the MgB, granular BCS-supercon-
ductor samples no differences were observed
in the p(T)HFxt:const curves before and after
application of H,,, external field;

— no hysteresis effects were observed in
the p(T)g  _ const CUTVES.

On thembackground" of these qualitative
results we consider all the quantitative re-
sults below.
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Fig. 2. Field dependence of the inflection
point position in p(T)y _ .o, CUTVES coTre-

sponding to critical temperature T, for MgB,
granular samples.
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Fig. 3. Field dependence of the supercon-
ducting transition width AT, for MgB, granu-
lar sample.

Obviously, the following parameters
should be taken into consideration for
analysis of the p(T)Hm — const Curves shown
in Fig. 1: '

— temperature T, of superconducting
transition;

— width of the transition AT;

— electrical resistivity jump Ap at T,.

As the external magnetic field strength

H,,; varies, the following regularities are
observed in the behavior of field depend-
ences of abovementioned parameters:

1. At the p(T)H‘m — const curves, the po-
sition of the inflexion point (practically co-
inciding with effective T,) shifts linearly to
the side of lower temperatures under in-
creasing the field strength H,,; (Fig. 2).
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2. The effective width of the transition
AT, increases with increasing the field H,,;
(Fig. 3).

3. The electrical resistivity jump Ap val-
ues at T, do not depend on the applied ex-
ternal magnetic field H,,; (see Fig. 1).

As it is seen from Fig. 2, there is practi-
cally linear decrease of the critical tempera-
ture with increasing the magnetic field
strength.

Principally important is the fact that in
the range of weak magnetic fields, the ef-
fective width AT, of superconducting transi-
tion increases practically linearly under
increasing H,,,: AT, = 38.84017+0.01259 +
(-0.0007+0.00001)*H,,; the correlation co-

ext?

efficient being r2 > 0.99.

4. Discussion

It is worth to be noted that all the
p(T)Hext — const dependences near T, have

characteristic "sigma”-like shape. Such be-
havior of thermodynamic and kinetic values
is described adequately by the known
Boltzmann function which is applied widely
in the theory of phase transitions followed
by jumps of the corresponding physical val-
ues [18-21].

Apy (3)

p(T)Hext:const = 1+ el.- ATC‘

To the first approximation, the

Boltzmann function can be used for describ-

ing the behavior of all dependences

oMy —eonst for the MgB, granular super-
ext

conductors in the T, vicinity (Fig. 1).
The fact that all curves p(T)g =

= const
for MgB, are described adequately by equa-
tion (8) (correlation coefficient r2 > 0.99)
does not give enough reasons to assume the
MgB, granular BCS-superconductor being
an single-level system that is principally
differs from two-level systems charac-
teristic for the granular oxide HTSC. The
question on belonging the MgB, granular
BCS-superconductor to two-level systems
remains open.

To obtain an argued enough answer to
this question, it is necessary to pay atten-
tion at existence of two abovementioned pe-
culiarities in the field dependences of
(Mg . = const CuUrve parameters:

1. ‘Width of the superconducting transi-
tion AT, shows the evidently expressed field
dependence (AT, increases as the field
strength rises).
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2. Position of the upper boundary of the
transition curves does not depend on the
external H,,; magnetic field strength and, as
a consequence, the value of electrical resistiv-

ity jump Ap at T, does not depend on H,,;.

4.1. Model of the superconducting
transition (or transitions) in the two-
level system of MgB2 granular BCS-su-
perconductor

There are some grounds to assume that if
the value of electrical resistivity jumps may
be caused by existence of weak dependence
of electrical resistivity on H,,, in normal
state, the effect of substantial increasing
the transition width with relatively small
H,,; increase requires special consideration.

Indeed, in the phase H-T-diagram of the
two-level granular superconductor there are
four lines of the phase equilibrium:
HL‘]A(T)’ HC’ZA(T)’ HC’]J(T)’ chJ(T) that co-
incide in the same point under the zero
magnetic field according to the existing no-
tions [3].

Obviously, that penetration of the Abrik-
osov’s vortexes into the superconducting
granules as well as the Josephson’s vortexes
into the weak links system begins under
fields H,;. Under the fields H,,, destruc-
tion of superconductivity for both subsys-
tems of the two-level superconductor takes
place. Critical fields of the superconducting
granules are substantially higher than the
weak links critical fields [3].

It can be assumed that optimal way to
search an answer to the question about pos-
sibility of existing the several lines of phase
transitions in the H-T-diagram of the MgB,
granular BCS-superconductor and also
about the critical field values of both the
superconducting granules and weak links is
fitting the experimental data in the assump-
tion that each p(T)Hm —const curve being a

superposition of two sigma-like curves de-
scribed by the Boltzmann function:

p(T)Hext:const = (4)

Aong
1+ eTcJ - ATcJ

_ Doyy
1+ eTcA - ATcA

Obviously, for description of the super-
conducting transition "smeared” over mag-
netic field, the model described by equation
(4) can be applied. In the framework of this
model, the MgB, granular BCS-superconduc-
tor is considered as a "classical” two-level
system.
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Fig. 4. Phase H-T-diagrams for MgB, granu-
lar BCS-superconductor. Symbols "A" and
"J" correspond to superconducting granules
and weak links, respectively.

4.2. Treatment of experimental results
The results of mathematical treatment of
the data obtained, namely, the curves

oMy . = const> (see Fig. 1-3) in the frame-

work of the two-level model using the
method of functional minimization are
shown in Fig. 4-6.

The following regularities are observed
in the behavior of Eq.(2) parameters de-
pending on fields:

1. Superconducting transition critical
temperatures for the granules and weak
links are practically similar for the zero
magnetic fields; as the H,,, increases, the
difference between T., and T,.; noticeably
increases.

2. Electrical resistivity jumps for the su-
perconducting granules at T,., exceed sig-
nificantly the jumps at T,;.

3. Differences between the widths of su-
perconducting transitions AT .4 and AT,; do
not exceed the limits of possible measure-
ment errors.

Let us comment the results shown in
Figs. 4-6.

1. Treatment of the results on the base
of notions about description of the transi-
tion curves as a convolution of two
Boltzman functions for A- and J-subsystems
of the two-level system undoubtedly justi-
fies the assumption on existing the two
phase transitions with close values of the
critical temperatures and fields.

The following dependences of linear
equation parameters for the field depend-
ences of critical temperatures:
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Fig. 5. Field dependences of electrical resis-
tivity jumps at superconducting transition
for MgB, granular superconductor. Symbols
"A" and "J" correspond to superconducting
granules and weak links, respectively. Total
— the total value of the electrical resistivity
jumps.
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Fig. 6. Field dependences of width of super-
conducting transition in MgB, granular su-
perconductor. Symbols "A" and "J" corre-
spond to superconducting granules and weak
links, respectively.

T., = 38.90184+ 0.01183 -

- (0.00057 + 0.00001)* H,_(r2 = 0.99377);
T.; = 38.8292+ 0.01402 —

- (0.00069 % 0.00001)* H,_(r? = 0.99408)

— indicate undoubtedly the presence of real
signs of existing the lines T 4(H,,;) and
T.j{(H,y) in the H-T-diagram for the MgB,
granular BCS-superconductor (see Fig. 4).
It should be admitted that resistivity
measurements of the MgB, granular BCS-
superconductor samples under the weak
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fields resulted in plotting a simplified vari-
ant of the H-T-diagram, we could not estab-
lish the positions of H_.;(T) lines. However,
this does not exclude existence of the weak
links in the MgB, granular BCS-supercon-
ductors.

2. The behavior of field dependences of
the Abrikosov’s and Josephson’s electrical
resistivity jumps (see Fig. 5) should obvi-
ously consider reasonable because of the ob-
served tendency to closing their values with
approaching to T,.

3. Comparison of the experimental (Fig. 3)
and calculated (Fig. 6) field dependences of
the superconducting transition widths indi-
cates similarity of both their character (in-
crease with field increasing) and absolute
values. Surely, the behavior of the electrical
resistivity jumps and superconducting tran-
sition widths requires further investigations
under the stronger magnetic fields.

5. Conclusions

Fundamentally important result of the
present work is establishment of the possi-
bility to apply the critical state two-level
model developed for describing the electro-
magnetic properties of oxide HTSC to MgB,
granular BCS-superconductors.

Obtaining the main result of the work
was provided by the following:

— precise measuring the electrical resis-
tivity near T, in the weak magnetic fields;

— revealing the effect of broadening the
superconducting transition under increasing
the strength of magnetic field;

— developing the model of supercon-
ducting transitions in the two-level system;

— plotting the phase H-T-diagram for
the MgB, granular BCS-superconductor.
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