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ANISOTROPY AND TEMPERATURE DEPENDENCE OF LOWER
AND UPPER CRITICAL FIELD IN TETRAGONAL
SUPERCONDUCTOR In;Sn
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The anisotropy of the lower H,; and the upper H,; critical fields of tetragonal intrinsic
type II superconductor was studied for the first time. The temperature and crystal orienta-
tion dependences of both critical fields were measured for the two single crystals of InsSn
by using the integration method, and anisotropic parameters were determined by means
of some theoretical models.

1. Introduction

The anisotropy of the critical fields in superconductors with a cubic lattice has been
subject of intensive investigations in recent years [[-5]. A few experiments to determine
the H_, anisotropy were carried out for the type II superconductors with hexagonal lattice
[6-8]. The anisotropy of the H,, in layered tetragonal superconductors with quasi two-
dimensional nature of the electron system has been investigated in [9, 10]. However, the
anisotropy of the lower H,; and the upper H,, critical fields in the intrinsic type II super-
conductors with the tetragonal lattice has not been investigated yet. ‘

The intermetallic compounds are good materials to study the pure-limit behaviour
of the intrinsic type II superconducters {11, 12]. The ratio between the coherence length &
and the mean-free path / in the superconducting intermetallic compounds has a large
value which is very close to the pure limit. The presence of the intermediate  and y phases
is a characteristic feature of the In-Sn system. The lattice structure of the p-phase is found
to be face-centered tetragonal [13]. In the preseat paper we report the measurements of
the temperature dependence and anisotropy of the lower H,; and the upper H.,, critical
fields in the single crystal In;Sn. The superconducting and electronic (anisotropic) funda-
mental parameters are determined and the comparison between the experimental data
and theory is given in the framework of some theoretical models.:
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2. Experimental procedure

The samples were prepared by the thermal synthesis method. Appropriate amounts
of indium and tin 5N purity were mixed in stoichiometric ratio and melted in vacuum.
A small droplets of the liquid metals were then cooled down slightly below the peritectic
point. The samples were kept at the temperature for several days and then slowly cooled
down to the room temperature. The phase B may be cooled to the liquid helium tempera-
ture by quenching [14, 15]. Eventually, slowly decreasing temperature leads to the decompo-
sition of f-phase and the destruction of monocrystal InsSn [15, 16]. The internal structure
of the specimens was checked by X-rays which confirmed the presence of only the f-phase
monocrystal. The measurements were performed in an automatic single-crystal diffracto-
meter with the graphite monochromated molybdenum radiation. The crystallographic
directions have been determined by X-rays with an accuracy of 1°. The values of the critical
fields have been estimated from the magnetization curves obtained by using the integration
method [17]. The sample was fixed inside a pick-up coil which was conmected in series
opposition with a similar bucking coil. The external magnetic field was changed contin-
uously. The difference in the terminal voltages of the both coils, after being amplified
in a d.c. amplifier, was integrated in an electronic integrator. This integrated voltage
is proportional to the magnetic moment of the specimen and can be »lotted continuously
versus the applied magnetic field by X-Y recorder. The complete coils and the sample was
in a bath ot the liquid helivm inside inner helitm dewar. The temperature below 4.2 K
was obtained by reducing the vapour pressure ot the liquid helium and was stabilized by
means of the diaphragm manostat. The temperature of the sample was measured by
a resistance germanium thermometer. The temperatures were kept constant at certain
values with +0.01 degree of the deviations and measured with an accuracy of 0.005 K.
The magnetic field produced by a superconducting magnet was homogeneous to within 0.1 %,
over the sample volume. The superconducting magnet was immersed in a bath of liquid
helium at atmospheric pressure inside outer helium dewar. The field sweep rate was kept
to below 20 Ogjs. The resistivity of each sample was measured at the room temperature
and at 4.2 K in the magnetic field about 5 kOe by a mutual inductance technique [18].

3. Results

The twe single crystalline samples of the spherical shape with about 3 mm in diameter
were studied. The residual resistance ratio Rjo0/R4,, = 30 have indicated that the single
crystals were a good quality. The magnetization curves of the In,Sn were carried out
in an external magnetic field which could be parallel to arbitrary crystallographic direction
because of the spherical shape of the sample. Our measurements were made in the magnetic
field parallel tc the [100] and [001] crystallographic direction, respectively. The isothermal
magnetization curve as a function of the magnetic field was registered directly by the X-Y re-
corder in increasing and decreasing magnetic field at a chosen temperatures from the inwer-
val between 1.3 K and 4.2 K. A typical example of the magnetization curves in the [100]
direction for the sample of the In;Sn is presented in Fig. 1. It can be seen from Fig. I that the
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magaetization curves have a small hysteresis and a frozen-in flux. The lower critical field H,,
and the upper critical field H_, were determined from these curves. The dependence of
the critical fields ou the reduced temperature for the crystallographic direction.[100] and
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Fig. 1. The typical magnetization curve of InsSn at 1.30 K
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Fig. 2. The dependence of H,; versus reduced temperature ¢ (where O and @ denote H | cand H ile,
respectively)
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[001] is presented in Fig. 2 and Fig. 3. The experimental curves from Figs. 2 and 3 indicate
the presence of a quite significant anisotropy of the upper and lower critical field. The
anisotropy effects of an uniaxial type IT superconductors have been studied in the frame-
work the of Ginzburg-Landau theory.

Hence, the upper critical field H,, depends on the direction of the magnetic field
with respect to the crystallographic c-axis [19]. It is well-known that by using the effective
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Fig. 3. The dependence of H» and ¢ versus reduced temperature ¢ (where O, @ and + denote H Le, H||c
and anisolropy mass parameter, respectively)

mass approximation for the case of the uniaxial type II superconductors [9] the mass
anisotropy parameter & can be defined as follows

e = (mym)"* = Hyy[Hezy = &/EL, a))
‘where the effective mass m, my, and the coherence length &, E'H ar¢ chosen in the per-
pendicular or parallel direction to the c-axis, respectively. The value of the parameter
¢ for In,Sn is given in Table I while its temperature dependence is presented in Fig. 3. Subse-
quently, by using the following relation

Hy(t) = H,»(0) (1—at*+bt*), @)
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where a and b are arbitrary constants and ¢ denotes the reduced temperature ¢ = 7)7T,,
the values of the critical field H ,(0) from Table I were obtained by extrapolation.
The coherence lengths can be expressed in the following way

f(zu(o) - (Do/ancz”(O)a fOL(O)fOH(O) = ¢o/2an2i(0)a 3

where @, is the flux quantum. Hence, the coherence lengths £o(0) and &, (0) at zero tem-
perature 7 = O K are determined and the respective values for parallel and perpendic-

TABLE 1
Fundamental parameters of InzSn
-\ _: Direction of H ' Hlec . Hile
TS 100 ' 001
Parameters [100] l [001]
— - -
T, [K][14] ‘ 5.95
0.862
H¢»(0) [Oe] 2830 2593
HZx(1) [0e] —4216 ; —3700
h*(0) ‘ 0.67 - 0.70
w2 [107 cm/s] : ©1.63 0.74
£0(0) [A] 425 ] 390

ular critical fields are given in Table I. Finally, the reduced field gradient and the normal-
ized field can be determined from the relations

h*(0) = Hoy(0)/Heo(1),  Hep(l) = (dHcp/dt), =y, “
respectively.
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Fig. 4. The normalized field A* versus reduced temperature £. Solid lines denote two limiting cases of
A*(t) for 7 = 0 (pure limit) and 4 = oo (dirty iimit). Dashed line marks the limiting slope (equal to— 1)
of &*(¢) at ¢ = 1. The signs O and @ are our experimental points for H L ¢ and Hl|cin In,Sn, respectively
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Above quantities for In;Sn are presented in Table I and the relation /*(¢) is depicted
in Fig. 4. The values of 4#*(¢) at low temperature are smaller than the ones which can be
calculated theoretically in the limits of pure and dirty type II superconductors [20].

It seems to us that a weak electron-phonon coupling in In;Sn is likely to be respon-
sible for this fact. The well-known relation between velocity at the Fermi surface {vg),
‘H_,(1) and T, in the case of the type 1I superconductors with a weak electron-phorion
coupling was determined by Werthamer and McMillan in [21}

6c(2nkT.)?

Teh{(3) <vgy’
where c¢ is the light velocity, k denotzs the Boltzmann constant, # = h/2x is the reduced
Planck constant, e denotes the electron charge and {(3) = 1.202. The parameter { U

_for two crystallographic directions can be calculated from Eqs. (4) and (5) and its values
are presented in Table L :

Héz(l) = =

&)

4. Discussion

The fundamental parameters to describe the anisotropy behaviour of the type II
superconductors have been given in the previous section. By taking into account Egs. (1)
and (2) together with parameters a and b (Eq. (2)) taken from experimental data, a small
increase of the mass anisotropy parameter ¢ with decreasing temperature can be easily
seen from Fig. 3. On the other hand, the parameter ¢ should be temperature independent
in the framework of the anisotropic Ginzburg-Landau theory. Then, its weak temperature
dependence should result from nonlocal effects while the value from the extrapolation
to the critical temperature T, is the following: ¢ = 0.86 (see Fig. 3). The same weak tem-
perature dependence of ¢ was found by Kostorz et al. [6] and Zacharko et al. [7]. However,
it is obvious that the simple effective mass model seems to be insufficient for the descrip-
tion of the temperature dependence of the H,, anisotropy in the type II uniaxial super-
conductors withovt impurities. Besides, a slow increase of the lower critical field H
anisotropy is observed with increasing temperature in Ins Sa.In this case, the ratio Hey) Heyt
increases from. 1.06 to 1.08 in the reduced temperature range 0.3 < ¢ < 0.7, respectively.

Moreover, it was determined from experimental data that the ratio of the magnetiza-
tion curve slope in the intermediate mixed state (it describes a regular structure with the
regions in mixed state and Meissner state) tc its slope in Meissnér state was approximately
equal to I.5. This ratio is quite far from the value of 2 which is expected under the assump-
tion that the phase traunsition is first order for H = H,, (in so-called type il/1 super-
conductor). -

Generally, the thermodynamic critical field H, is independent on the crystallographic
direction hence the area under the magnetization curve should be constant apart from the
direction of the external magnetic field with respect to the c-axis. By taking into account
the well-known relation

2H§ ~ Hcch2 (6)
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it is easy to calculate for example H,, anisotropy from the H,, anisotropy, which is taken
from experimental data, under the assumption that H, is independent of the crystalio-
graphic direction. In our case the ratio H{z), 1/H(2) for the reduced temperature range
0.3 <7< 0.7 changes from 1.01 to 1.03 and it confirms in some ways the relation (6)
between H, and H,, anisotropy under condition that the magnetization is continuous
at H,,. A similar dependence between both critical field anisotropies in the type IT super-
conductors with a cubic lattice has been obtained in [4-5]. Further experimental Investiga-
tions ate required for stating what kind of mechanism is responsible for anisotropy of
critical fields in the tetragonal superconductors.

The authors are grateful to Professor G. Koztowski for helpful discussions.
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