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Magnetic properties of the superconducting Ga—In—Sn alloy

under nanoconfinement
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Triple alloy of gallium, indium, and tin is considered as a prospective material for designing self-healing
superconducting micro- and nanoelements. In the present work we carried out studies of (dc) magnetization
for the Ga—In—Sn alloy nanostructured due to embedding into a nanoporous silica matrix within the temperature
range 1.8—10K and magnetic fields up to 70kOe. The alloy composition was close to the eutectic point. Three
superconducting transitions were revealed with temperatures 6.24, 5.58 and 3.24 K. Weak superconductivity was
observed below 7K. The transitions were attributed to segregates formed within pores. Magnetic instabilities were
found in isotherms of magnetization. Phase diagrams were constructed, and the character of the critical lines was

discussed.
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1. Introduction

Nanostructured superconductors are promising materials
in micro- and nanoelectronics, robotics and information
technology because of their unique properties [1]. Various
types of nanosuperconductors are actively studied: from
isolated nanoparticles to three-dimensional nanocompos-
ites [2]. Special attention is paid to the study of the
superconductivity of metals and metallic alloys introduced
into nanoporous matrices with different pore network
geometries. Silicate porous glasses, zeolites, opals and
porous ceramics are used as matrices. Thus, it is possible
to create nanocomposites of various morphologies with a
certain size and shape of superconducting inclusions, as well
as to control their mutual location and connectivity. Recent
studies have shown that the superconducting properties of
metals and alloys in nanoconfinement significantly differ
from the superconducting properties of the corresponding
bulk materials [2—4].

Gallium-containing alloys are particularly distinguished
among metallic alloys. They are non-toxic, highly conduc-
tive and withstand large mechanical deformations [5], and
they also have low melting points. These characteristics
ensure the use of gallium-containing alloys in soft robotics,
flexible electronics, sensors, etc. [6]. In addition, they are
considered for use as superconducting contacts with the
ability to self-heal when heated to room temperature [7].
Such contacts can increase the durability of many nanoelec-
tronic devices.

A triple alloy of gallium, indium and tin is one of the
most promising superconducting alloys containing gallium.
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Some studies of the superconductivity of this alloy were
carried out earlier. Ga—In—Sn bulk alloy with a com-
position close to eutectic was studied in Ref [8] and a
superconducting transition was detected at a temperature of
6 K. The superconductivity of nanodroplets of Ga—In—Sn
with an average diameter of 110nm and with a different
ratio of components in the alloy was studied in Ref. [9].
The maximum critical temperature obtained was 6.6 K.
Superconducting transition in nanoparticles of Ga—In—Sn
alloy with a diameter of 500nm was observed at a
temperature of 6.28 K [10]. The effect of nanoconfinement
on the superconductivity of Ga—In—Sn alloy of the eutectic
composition was studied in Ref [I11]. The temperature
dependences of the ac magnetization of the alloy introduced
into porous silicate glass were measured when various bias
fields were applied. Two superconducting transitions were
detected at temperatures of 5.6 and 3.1 K. In addition, the
dynamics of superconducting vortices was studied and the
thermal activation character of their motion was proved.
This paper provides the results of studies of dc magneti-
zation for the same nanocomposite conducted for obtaining
more detailed information about the superconductivity of
Ga—In—Sn triple alloy in nanoconfinement.

2. Sample and experiment

The silicate porous matrix was obtained from two-phase
sodium borosilicate glass by acid leaching. The average
pore size was 7nm according to nitrogen porosimetry.
Ga—In—Sn alloy was introduced into the matrix in the
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Figure 1. Temperature dependences of dc-susceptibility obtained in the ZFC mode in different magnetic fields: a — 5, 7, 20, 50, 100,
200, 300, 500, 1000, 1500 Oe; b — 2, 3, 5, 7, 10, 15, 20, 30, 40kOe. The insert shows the dependencies x(T) for magnetic fields of 7,
50, 100, 200, 300, 500 Oe on an enlarged scale in the region of the onset of the transition to a superconducting state. The arrows indicate

the direction of increase of the magnetic field.

molten state under high pressure up to 10kbar. The
composition of the alloy was close to the eutectic point
(772 at.% Ga, 144 at.% In and 8.4 at.% Sn [12]). The pore
filling factor of the matrix was calculated by the weight of
the empty and filled glass matrix and was approximately
80%. A plate was cut out of the obtained nanocomposite,
the surface of which was carefully cleaned of traces of a
bulk alloy. The sample mass m was 33.21 mg.

The dc magnetization M was measured using SQUID
magnetometer MPMS 3 manufactured by Quantum Design
in the temperature range from 1.8 to 10 K. The temperature
dependences of magnetization were obtained in the heating
mode in a magnetic field after pre-cooling in a zero field
(zero-field cooled, ZFC) and in the subsequent cooling
mode in a magnetic field (field-cooled-cooling, FCC) with
the application of permanent magnetic fields H from 1Oe
up to 70kOe. The field dependences of magnetization were
measured at a constant temperature in the range of magnetic
fields from —70 to 70 kOe.

The specific dc-magnetization was calculated as
M = u/m, where u is the experimentally obtained magnetic
moment of the sample. The specific dc-susceptibility was
calculated as y = M/H.

3. Results

The temperature dependences of ZFC susceptibility for
various magnetic fields are shown in Figures 1 and 2.
The transition to the superconducting state is carried

out in several stages at critical temperatures T¢i, Teo
and Tc3. Superconducting transitions are smeared. Critical
temperatures decrease with an increase of the magnetic field
and the smearing of superconducting transitions increases.
The first and second transitions are observed above 1.8 K in
magnetic fields up to 30 and 20kOe, respectively, and the
third transition is shifted below the limit of the operating
range of the magnetometer in magnetic fields stronger
than 100 QOe. The critical temperatures for various fields
were determined using the first temperature derivative of
susceptibility due to the smearing of transitions. T¢; was
calculated as the temperature at which the first sharp
deviation of the derivative from the horizontal line occurred,
T, was calculated as the temperature at which the derivative
was 1.5% of its maximum value, T¢3 was determined as
the temperature at which the first derivative increased by
0.1% below the local minimum immediately above the
third transition as the temperature decreased. Critical
temperatures Te; = 6.24K, T, = 5.58K and Tez = 3.24K
were obtained for magnetic field of H = 1 Oe. It should be
noted that the onset of superconductivity at a temperature
of Teonset, Which is close to 7K is seen on the temperature
dependences of dc-susceptibility in weak fields.

The degree of shielding of the external field in the
nanocomposite below the superconducting transitions sig-
nificantly differs (see Figures 1 and 2). For instance, only a
very small fraction of the sample is shielded (~ 2 - 107°) in
1 Oe field after the first transition. Almost the entire sample
is shielded after the second transition, and an additional
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Figure 2. Temperature dependences of dc-susceptibility mea-
sured in ZFC and FCC modes in a magnetic field H = 1Oe.
The insert shows the area of the bifurcation of the ZFC and FCC
curves.

shielding gain is observed after the third transition at a
temperature of 1.8 K.

Figure 2 shows the temperature dependences of dc-
susceptibilities obtained in the ZFC and FCC modes in 1 Oe
field. It can be seen that the ZFC and FCC curves begin
to diverge at temperatures below T¢;, however, a significant
divergence occurs at temperatures below T¢. ZFC sus-
ceptibility significantly differs from FCC susceptibility (by

-20 -10 0 10 20
H, kOe

about 79 times) in the 1Oe field and at a temperature
of 1.8 K. This indicates the presence of strong pinning of
superconducting vortices.

Figure 3 shows the field dependences of dc-magnetization
at different temperatures. The irreversible behavior of M (H)
is observed at temperatures of 1.8, 3 and 4.5K (Figure 3, a),
which demonstrates strong pinning of superconducting
vortices. The field dependence of the magnetization is
partially reversible at a temperature of 6 K (Figure 3,5),
which reflects the weak pinning of vortices.

Magnetic instabilities are observed in small magnetic
fields on the M(H) hysteresises at a temperature of 1.8 K
and at sweeping rates of the magnetic field H above
50 Oe/sec which are manifested as sharp decreases of
magnetization, followed by its gradual recovery (Figure 4).
The number of ,jumps® of magnetization increases with an
increase of the sweeping rate of the magnetic field. No
magnetic instabilities were observed at temperatures of 3,
4.5 and 6 K.

Figure 5 shows a phase diagram in the field—temperature
plane, constructed from the results of measurements of dc-
magnetization for three superconducting transitions.

4. Discussion

Three superconducting transitions were found in this
paper in a porous glass for a nanostructured Ga—In—Sn
eutectic alloy at temperatures of Te; = 6.24 K, Tep = 5.58 K
and T¢3 = 3.24K. At the same time, the beginning of
the transition to a superconducting state was observed
already at a temperature of Tconset = 7K. Tep and Te3 are
close in values to the temperatures obtained in Ref. [11],
based on measurements of magnetic ac magnetization for
the same nanocomposite. The detection of anomalies
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Figure 3. Isotherms of magnetization M at different temperatures, K: @ — 1.8, 3 and 4.5; b — 6.

3" Physics of the Solid State, 2024, Vol. 66, No. 10



1604 M.V. Likholetova,

E.V. Charnaya, O.D. Shevtsova, Yu.A. Kumzerov, A.V. Fokin

L 100 Oe/s . L 200 Oe/s

L 500 Oe/s ]

20 -10 O -20 -10
H, kOe

H, kOe

0 10 -20 -10 0 10
H, kOe

Figure 4. Isotherms of magnetization M at a temperature of 1.8K for different sweeping rates of the magnetic field strength H.

of dc-susceptibility at temperatures Tconset and Tep can
be explained by the higher sensitivity of the SQUID
magnetometer compared to the complex PPMS-9 which
was used for measuring ac-susceptibility in Ref. [11].

Study in Ref. [8] showed that segregates of gallium and
intermetallic compounds of In3Sn and InSng are formed
in case of crystallization from the melt in Ga—In—Sn
bulk alloy having a composition close to the eutectic
point. Intermetallic compounds of In3Sn and InSns were
also found upon crystallization of the indium and tin
alloy [13-16]. A superconducting transition with a critical
temperature above 5K [13] was observed in In—Sn bulk
alloy in the region of the existence of In3Sn intermetallic
compound. Based on these data, it should be assumed
that the superconducting transition discovered in this work
in Ga—In—Sn nanostructured alloy at a temperature of
Teo = 5.58K is attributable to the formation of segregates
with the structure of In3Sn. A similar conclusion was made
in Ref. [11].

The superconducting transition with a critical tempe-
rature of T3 =3.24K is obviously associated with the
presence of indium segregates in the pores. The slight
difference from the transition temperature for bulk indium
(341K) can be explained by size effects and the presence
of small amounts of tin and gallium in indium segregates.
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Figure 5. Phase diagram H—T. Dashed lines show fitting curves
constructed using a two-fluid model using the formula (1), solid
lines are calculated using a model that takes into account the
proximity effect. The inset shows temperatures Tc3 at an enlarged
scale.
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It should be noted that although indium was not found
in Ref [8] on the X-ray powder diffraction spectra of
Ga—In—Sn bulk triple alloy, indium segregates can be
formed in a nanostructured alloy due to the impact of
nanoconfinement on the phase diagram.

The temperatures of the first superconducting transi-
tion Tc; and the onset of weak superconductivity Teonset are
much higher than the critical temperatures of bulk indium,
gallium (1.08 K for a-gallium) and tin (3.73K) [13,17].
However, it is known that gallium nanostructuring can result
in the occurrence of crystalline phases other than a-Ga and
having a superconducting transition at temperatures exceed-
ing 6K [18,19]. Thus, the occurrence of superconductivity
at Ty and Teonset can presumably be associated with the
polymorphism of gallium segregates.

The studied nanocomposite behaves like a dirty type-II
superconductor, which is confirmed by the type of de-
pendencies in Figures 2—4. The field dependence of
magnetization is irreversible at temperatures of 1.8, 3 and
45K (see Figure 3,a), which indicates the presence of
strong pinning of vortices. The hysteresis is partially
reversible at a temperature of 6K (see Figure 3,5). It
follows from this that at this temperature superconduct-
ing vortices are weakly fixed on pinning centers, this
is confirmed by the temperature dependences of ZFC
and FCC susceptibilities. Partially irreversible hysteresis
has previously been observed in other superconducting
nanocomposites [4,10,16,20].

The presence of magnetic instabilities on the field de-
pendences of magnetization (see Figure 4) was previously
experimentally observed in bulk and nanostructured su-
perconductors [21-23]. According to theoretical concepts,
the occurrence of such instabilities is associated with an
avalanche-like redistribution of superconducting vortices
caused by temperature fluctuations [22].

Temperature regions of positive curvature are observed
for all critical lines in the phase diagram (Figure 5).
The curvature becomes negative with the increase of the
magnetic field for the first and second phase transitions.
The negative curvature of the dependence of the upper
critical field on temperature for type-II superconductors can
be described in the framework of the two-fluid model [24]:

Hea(T) = Hea(0) (1 - (Tlo)z> , 1)

where Hc,(0) is the upper critical field at zero temperature,
Teo is the temperature of the superconducting transition
in the zero field. Approximation of critical lines in the
region of large magnetic fields for the first and second
superconducting transitions using the formula (1) gives the
values of 53 and 32.5 kOe for the upper critical fields at zero
temperature, respectively. These values are much higher
than the upper critical field obtained for Ga—In—Sn bulk
alloy [8]. The obtained values of the upper critical field
make it possible to calculate the coherence length at zero
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temperature £(0) based on Landau theory:

b
£(0) = \/Wi(o)’ (2)

where @ is the quantum flux.

The obtained coherence lengths for the first and second
superconducting transitions (7.9 and 10.1 nm, respectively)
are close to the pore diameter of the silicate matrix.
This suggests that a decrease of the coherence length is
associated with a limitation of the free path of electrons in
nanoconfinement.

The positive curvature of the critical lines in the phase
diagram was previously observed for many second-order
superconductors of various kinds [2,4,11,20]. A theoretical
model of a material representing a structure of alternating
superconducting and non-superconducting layers connected
by strong or weak Josephson links was proposed in Ref. [25]
for the interpretation of positive curvature. Taking into
account the proximity effect made it possible to describe
the anomalous curvature of the critical lines. Solid lines
in Figure 5 show the fitting curves obtained by the
formula (13) from Ref [25] for three transitions. The
proximity effect ceases to play a significant role with an
increase of the magnetic field.

5. Conclusion

The measurements of dc-magnetization for a nanocom-
posite based on a porous silicate matrix with a triple alloy
of gallium, indium and tin introduced into the pores, the
composition of which is close to the eutectic point, revealed
a multistage character of the transition to a superconducting
state. Three critical temperatures of 6.24, 5.58 and 3.24K
were determined in 1 Oe field. Weak superconductivity was
observed below 7 K. Temperature and field dependences of
dc magnetization show that the nanocomposite behaves like
a dirty type-II superconductor. Superconducting transitions
at 558 and 324K are attributed to the formation of
In3Sn intermetallic compound and indium segregates in the
nanostructured alloy, respectively. The transition at 6.24 K
and weak superconductivity below 7K are associated with
the polymorphism of gallium segregates previously found
for gallium in nanoconfinement. A positive curvature in
small magnetic fields was observed in the constructed H—T
phase diagram on the critical lines for all three transitions,
which was described using a model taking into account
the proximity effect. —Magnetic instabilities have been
demonstrated on field dependences of magnetization at a
temperature of 1.8 K.
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