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Superconductivity of nanostructured Ga-Sn alloy
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The paper presents studies of superconductivity of the eutectic gallium-tin alloy embedded into pores of the
opal matrix. Low-temperature measurements of the dc and ac magnetizations were carried out within a wide
range of magnetic fields. Three superconducting transitions were observed. The constructed H—T phase diagram
demonstrated the positive curvature of the critical lines at small magnetic fields. It was explained using a model,
which takes into account the proximity effect. For two transitions, it was shown that the motion of superconducting
vortices was thermally activated. Arrhenius plots were constructed and activation energies for different bias fields
were calculated. The sharp decrease in the activation barriers was observed at the same range of magnetic fields
as the change in the critical lines curvature, which was ascribed to transformations in the superconducting vortex

system.
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1. Introduction

Currently the studies of gallium-containing alloys are
actively carried out. They are promising materials in
pharmaceuticals, medicine, nanoelectronics and other fields
due to their properties such as low melting point, stable
electrical properties, high thermal conductivity and non-
toxicity [1,2]. Gallium-containing alloys are broadly used
as low-temperature solders and are also considered for
the creation of various superconducting nano-electronic
elements [3,4], such as self-healing superconducting contacts
and wires. The alloys Ga-In-Sn, Ga-In and Ga-Sn are
of particular interest due to the prospects of application
as a superconducting solder. =~ However, to date, the
superconductivity of the Ga-Sn alloy has been poorly
studied, in contrast to the more thoroughly studied Ga-In-Sn
and Ga-In alloys. The superconductivity of only bulk Ga-Sn
with different ratios of gallium and Sn [5] and an alloy close
in composition to the eutectic point introduced into a silica
opal matrix [6] has been studied.

Nanostructuring and, in particular, nanoconfinement
conditions significantly influence the superconductivity of
metals and metallic alloys, which is manifested in changes
in the values of critical temperatures, critical magnetic fields,
critical currents, etc. [7-9]. Various theories have been
proposed to explain this behavior [10]. A change of su-
perconductivity was also revealed in eutectic nanostructured
gallium-containing alloys compared to bulk alloys [6,11,12].
Two diffused superconducting transitions were found in
the nanostructured Ga-Sn in an opal matrix with the size
of silicate spheres approximately 150nm at temperatures
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6.4 and 4.7K [6], whereas for a bulk eutectic alloy, there
was one sharp transition to a superconducting state at
temperature, close to the critical temperature of bulk Sn
(3.72K) [5]. The Ga-Sn alloy embedded into an opal matrix
with a diameter of silicate balls ~ 500 nm was studied in this
paper with the aim of studying the impact of morphology
on the superconductivity of the eutectic alloy Ga-Sn in
more detail. Static (DC) and dynamic (AC) magnetizations
were measured in a wide range of magnetic fields in the
temperature range of the alloy superconductivity.

2. Experiment

The nanocomposite is an alloy of gallium and Sn of eutec-
tic composition (91.5at.% Ga, 8.5at.% Sn) [13], embedded
in the pores of an opal matrix. The average diameter of
silicate spheres, equal to 500 nm, was determined from an
image of an empty opal matrix obtained on a Zeiss Merlin
scanning electron microscope (Figure 1). The matrix is
a cubic close packing of amorphous silica spheres with
octahedral and tetrahedral pores. The sizes of octahedral
and tetrahedral pores calculated for the case of an ideal
opal matrix are 113 and 207 nm. Pores occupy 26% of the
total matrix volume.

The liquid eutectic alloy Ga-Sn was introduced into the
voids of the matrix under high pressure up to 10kbar. The
filling factor was evaluated from the difference in mass of
the empty and filled matrix and was approximately 85%.
Plates weighing 248.51 and 54.84mg were cut from the
obtained nanocomposite to measure DC and AC magneti-
zation, respectively.
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Figure 1. Scanning electron microscopy image of an empty opal
matrix.

Measurements of the temperature dependences of the
specific DC magnetization Mpc were carried out on
a vibration SQUID magnetometer MPMS 3 (Quantum
Design Inc.) in the temperature range from 1.8 to 10K
and in magnetic bias fields Hpc from 10 to 10kOe. The
temperature dependences of magnetization were obtained in
the heating mode in a magnetic field being preliminary zero-
field cooled (ZFC), subsequent mode of field-cooled cooling
(FCC) and in the mode of field-cooled warming (FCW).
The isothermal field dependences of static magnetization
Mpc were also measured in magnetic fields from —70 to
70kOe at temperatures 1.8, 5 and 7K. The temperature
dependences of the real M/, and imaginary M’{. parts of
the specific AC magnetization were obtained using measu-
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ring system PPMS-9+Evercool II (Quantum Design Inc.)
in the temperature range from 19 to 10K in the FCC
mode in magnetic bias fields from 0 to 5kOe and with
the application of an alternating magnetic field of amplitude
Hac = 10e and frequency f from 90Hz to 7kHz. At
zero bias field, the temperature dependences of the AC
magnetization were also measured at various Hac in the
range from 0.1 to 100e. DC susceptibility was calculated
as xpc = Mpc/Hpc. The real and imaginary parts of the
AC susceptibility were calculated as xj. = M,o/Hac and
Ane = MAc/Hac, respectively.

X-ray spectra were obtained using an Ultima IV diffrac-
tometer (Rigaku) with CuK,, radiation at temperatures from
305 to 150K. For X-ray diffraction analysis, the PDXL
(Rigaku) and Topas 5.0 (Bruker GmbH) software packages
and the ICDD PDF-2 2020 and ICSD 2021 databases were
applied.

3. Resllts

The dependences of ZFC susceptibility on temperature
for various magnetic bias fields are presented in Figure 2.
There are three superconducting transitions with the corre-
sponding critical temperatures T, Tex and Tes in the curves.
The transitions are diffused, and the degrees of magnetic
field shielding after the transitions differ significantly. Al-
most the entire volume of the nanocomposite is shielded
from the external magnetic field in a field of 100e at a
temperature of 1.8 K. After the first and second transitions,
only a small fraction of the sample volume is shielded. The
critical temperatures decrease and the transitions become
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Figure 2. The temperature dependences of the DC susceptibility of ypc in magnetic fields: a — from 10 to 500 Oe and » — from 1 to
3kOe, obtained in the ZFC mode. The inset @ shows the region of three superconducting transitions on an enlarged scale for fields from
10 to 500 Oe. The inset b shows the region of the high-temperature transition on an enlarged scale for field from 1 to 3kOe. The arrows

indicate an increase of field.
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Figure 3. The temperature dependences of DC susceptibility ypc, obtained in ZFC, FCC and FCW modes when applying bias fields:
a — from 10 to 300e and » — 50 and 100 Oe. Dashed arrows indicate the direction of the curves, solid arrows indicate an increase of
the magnetic field. The inset shows the ZFC and FCC curves in a field of 10 Oe on a reduced scale.
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Figure 4. Isothermal field dependences of the specific DC magnetization of Mpc at temperatures 1.8 (a), 5 (b) and 7K (c). The primary
magnetization curves are shown in red, orange and purple in the online figures.

more diffused with an increase of the magnetic field.
The first and second transitions merge in the fields over
100 O0e. A clear low-temperature transition is observed at
temperature Tc3 for magnetic fields up to 1.5kOe inclusive.
The critical temperature T¢3 shifts below 1.8 K at higher
magnetic fields. The following critical temperatures were
determined based on the temperatures at which the ZFC
curve begins to deviate for the field 10 Oe: Ty = 7.7 £ 0.1,
Te2=6.3+0.1and Tz =4.3£0.1K.

Figure 3 shows that the ZFC and FCC curves diverge
below the second transition. However, the curves are
still close to each other at temperatures between T
and T¢3. A more significant divergence of the curves can
be seen below Tg3. The difference between the values

of the ZFC and FCC susceptibilities is significant at a
temperature of 1.8 K (176 times for a field of 10 Oe), which
indicates a strong pinning of superconducting vortices.
Steps on the FCC and FCW curves are observed at a
temperature designated as T* below Tc3 in fields up to
500e inclusive. There is the hysteresis between these
curves at the temperatures below T*. The values of FCW
susceptibility are less than those of FCC susceptibility in
the hysteresis region. The FCC and FCW curves merge
with each other, and there is no hysteresis in magnetic
fields above 100 Oe. A reproducible peak is observed on
the FCC and FCW curves near the third superconducting
transition in the fields of 10 and 20 Oe, which blurs out
with an increase of the magnetic field.

Physics of the Solid State, 2024, Vol. 66, No. 6
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Figure 5. Temperature dependences: a — real (xxc) and imaginary (yac) parts of the AC susceptibility, b — increased scale of the
xac(T) dependence in the Tp, peak region for different bias magnetic fields. Inset (a) shows the x4 (T) dependence on an enlarged scale
in the region of critical temperatures T/, and T¢;. Inset (b) presents the temperature dependence of ysc and yac for a field of 100 Oe in
the region of the Tp, peak and the critical temperatures T, and TS,. Alternating field amplitude Hac = 1 Oe, alternating field frequency

was 1kHz. The arrows indicate an increase of field.

Figure 4 shows the isothermal field dependences of the
specific DC magnetization Mpc(H) at three temperatures.
A partially reversible behavior is observed at the Mpc(H)
hysteresis at 5 and 7K, indicating the presence of weak
pinning of superconducting vortices in the nanocomposite.
The hysteresis is irreversible at 1.8 K, which indicates strong
pinning of vortices in accordance with the results obtained
from the temperature dependences of the DC susceptibility.

The temperature dependence of the real part of the AC
susceptibility also shows three transitions to the supercon-
ducting state at temperatures T/;, T/, and T/, (Figure 5).
The transitions are sharper, in contrast to the results
obtained with the SQUID magnetometer, due to the lower
sensitivity of PPMS-9. There is the transition at the
temperature T/, in magnetic fields up to 1.5kOe, in contrast
to the data obtained for DC susceptibility. T/, T/, and T/
were defined as temperatures at which there was a sharp de-
viation in the temperature dependence of AC susceptibility.
The critical temperatures were equal to T}, = 7.7, T/, = 6.2
and T; =4.3K in a zero bias field. It should be noted
that there is no step at temperature T* in the temperature
dependences of the real part of the AC susceptibility.

There are two peaks on the imaginary part of the AC
susceptibility: a very weak peak related to the second phase
transition at Ty, and an intense peak at Tps related to the
third, low-temperature phase transition. There is no peak
related to the first phase transition, apparently because of
the small amplitude. The peak positions shift to the region
of lower temperatures with an increase of the bias magnetic
field. It should be noted that the peak moves faster at Tp

Physics of the Solid State, 2024, Vol. 66, No. 6
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Figure 6. Phase diagram of H—T. Solid lines show the fitting
curves constructed using the two-fluid model, and dashed lines
show the curves constructed using the model taking into account
the proximity effect. The inset shows T* as a function of field.

than at Tp3, resulting in the two peaks being superimposed
in high magnetic fields.

For convenience, the critical temperatures for construc-
ting a phase diagram in the field-temperature plane were
found from the AC data, since the superconducting transi-
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Figure 7. X-ray spectra obtained at temperatures of 305 and
273 K. Diamonds indicate peaks related to Sn, triangles indicate
previously unobserved modifications of gallium. The inset shows
part of the X-ray diffraction pattern at a temperature of 273 K.

tions observed in the temperature dependences of the AC
susceptibility are not as smeared as for the DC susceptibility
(Figure 6).

X-ray diffraction patterns were obtained at several tem-
peratures in the cooling mode from 305 to 150 K. Figure 7
shows the spectra at two temperatures. The alloy of Ga-Sn
in the opal pores is in a molten state at 305 K. Several peaks
appear corresponding to the crystallized alloy after cooling
to 273 K. There are no additional peaks in case of further
cooling to 150 K.

4. Discussion

One transition to the superconducting state was ob-
served when studying a bulk alloy of gallium and Sn
of various compositions [13]. It was shown that with
an increase of Sn concentration to 10at.%, the transition
temperature increased, and at higher concentrations, the
superconductivity temperature was in the range from 3.7 to
4.2 K. Such temperatures are attributable to the formation
of Sn-enriched segregates during the alloy crystallization.
Three superconducting transitions over 4K have been
identified in this work. The temperature Tc3 is close
to the superconductivity temperature of bulk Sn (3.72K)
and to the transition temperature which was in the bulk
alloy. The temperatures Tc, and Tgjare significantly higher
than the superconducting transition temperature in a-Ga,
equal to 1.08 K.

Other crystalline structures of gallium with significantly
higher temperatures for emerging superconductivity [14-18]
can appear in addition to the stable a-Ga, under the
impact of various factors (high pressure, reduction in
size, etc.). The X-ray diffraction patterns obtained below
273K (Figure 7) contain two narrow peaks at 260 = 44.54
and 45.52° and a weak peak at 20 = 63.14°, which belong
to the tetragonal Sn phase with space symmetry group
[4;/amd. The peak at 20 = 76.63° is related to a-Ga.
The peak at 20 = 66.61° can be related to the tetragonal

structure of gallium, designated in the work [14] as 1-Ga.
This structure was previously observed for Ga-Sn in another
opal matrix [6]. Other peaks related to a- and 1-Ga
are not visible in the X-ray diffraction patterns of the
nanocomposite, most likely due to the strong disorder of
the crystal structure. The peaks at 20 = 51.26, 51.46 and
76.42° were not observed previously. Their occurrence may
be associated with the formation of an unknown gallium
structure in opal pores, induced by nano-confinement.

In accordance with the obtained X-ray diffraction patterns
and the results from [6], it can be assumed that the second
phase transition with a temperature of 6.3K in low fields
refers to the transition to the superconducting state of
gallium-rich segregates with the structure 1-Ga, the critical
temperature for which lies in the range from 6.2 to 6.5K [7].
The total number of such segregates is relatively small in
accordance with the weak shielding of the magnetic field, as
in the work [6], and the low intensity of the corresponding
X-ray peak. The superconducting transition at Te3 =4.3K
is due to the presence of Sn-enriched segregates. The
increase of transition temperature compared to bulk Sn can
be attributed to size effects.

The appearance of superconductivity at approximately
7.7K previously was observed in case of a nanostructured
gallium [9,19-21]. The very weak diamagnetism resulting
from the transition at T.; indicates a very small amount
of structural modification of gallium responsible for this
transition. Thus, it should be assumed that the modification
of gallium, which corresponds to intense peaks marked by
triangles in the X-ray diffraction pattern (Figure 7), cannot
be associated with the first superconducting transition.

The significant divergence between the ZFC and FCC
curves below the third superconducting transition and the
irreversible nature of the Mpc(H) hysteresis indicate the
presence of strong pinning of superconducting vortices in
a dirty type-II superconductor. There is a weak vortex
pinning in the temperature region between the first and
third superconducting transitions, since there is a weak
divergence between the ZFC and FCC curves and a partially
reversible behavior of the Mpc(H) hysteresis loop.

The divergences between the FCC and FCW curves
obtained during cooling and heating were observed experi-
mentally very rarely. Similar hysteresis loops were predicted
in [22] and were experimentally detected for some type-II
superconductors [6,12,23].  Another type of hysteresis
behavior between the FCC and FCW magnetizations was
demonstrated in [24], where the FCC curve ran below the
FCW curve. The peaks that appear in the FCC and FCW
curves at low magnetic fields near the third phase transition
occur also rarely and can be explained by the paramagnetic
Meissner effect (PME) [12,25,26).

The H—T phase diagram (Figure 6) shows a positive
curvature of the critical lines T/, (H) and T/;(H) in magnetic
fields up to 3000e. The curvature changes and becomes
negative as the magnetic field increases. The negative
curvature of the lines of the upper critical field HY, (n is
the ordinal number of the transition) on the phase diagram

Physics of the Solid State, 2024, Vol. 66, No. 6
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Figure 8. The temperature dependence of the imaginary part of the AC susceptibility xac in the zero bias field in the region of the third
transition (a) and the second transition (b). The arrows indicate the direction of increase of the amplitude of the alternating field Hac.

The insets show the dependence of the peak positions on Hac.

is described within the framework of the two-fluid model
by the following expression:

1T) = HE0) (1 (TT)) (1

where HZ,(0) is the upper critical field at zero temperature,
Ten, 1 the temperature of the n-th transition in the zero
field.

The critical dependences for the first and third transitions
for high DC fields and for the second transition in the
entire range of fields are well described by expression (1),
which allowed to determine the values of the upper critical
fields HL,(0) = 4.3, H2,(0) = 1.9 and H2,(0) = 1.65kOe.
Therefore, the values of the coherence length &, can be
estimated according to the Ginzburg-Landau theory:

(o
£(0) = ‘/WQOQ(O)’ (2)

where @ is the flux quantum.

The following values were obtained for coherence lengths:
£1(0) =28, £&(0) =42 and &(0) = 45nm. The calculated
coherence lengths are lower than the opal pore size, which
is likely due to the size of the segregates.

There was positive curvature of critical lines in
many bulk and nanostructured type II superconduc-
tors [6,7,11,12,14,18,24]. The paper [27] described a model
taking into account the impact of the proximity effect which
allows describing the positive curvature of critical lines. The
fitting curve obtained by formula (13) from [27] is shown
by a dashed line in Figure 6.

Physics of the Solid State, 2024, Vol. 66, No. 6

Figure 8 shows the temperature dependences of the
imaginary part of the AC susceptibility obtained by applying
an alternating field of varying amplitude Hac and frequency
1kHz in a zero constant field. It can be seen that with an
increase of Hac both peaks shift to lower temperatures.
The dependence of the position of the peaks Ty and
Tps on the amplitude of the AC field is described by
power-law dependences: for the second phase transition
Hac o< (1 — Tpa/TS,, )%™, and for the third phase transition
Hac o (1 — Tpa/Ts,)7, where T, and T, are the
second and third critical temperatures in the zero DC field.
A power function of the peak positions on the AC amplitude
is predicted for nanostructured superconductors, treated as
a set of superconducting granules [28,29]. The figure shows
that the exponents are higher than those in [29], but are
consistent with the results [12,24].

The weak dependence of the AC susceptibility on
the frequency of the alternating field and the significant
influence of the amplitude of the AC field indicate the
thermally activated motion of superconducting vortices. The
temperatures Tp, and Tp3 were determined on the imaginary
part of the AC susceptibility for different frequencies of the
AC field and Arrhenius curves were constructed (insets to
Figure 9). Activation energies were calculated for various
bias fields (Figure 9) from the slope of these curves. It was
not possible to calculate activation energies for all fields
because the peak at Ty is weak.

The field dependence of the activation energy shows a
change in the caracter of the dependence for both transi-
tions. The dependence of magnitude of activation barriers
on the field is described by the expression Uy o< H™¢. There
is a weak dependence of the activation energy on the field
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Figure 9. Field dependence of the activation energy Ua for the
second (circles) and third (diamonds) transitions. The insets show
Arrhenius curves for various bias fields, plotted for Ty, (left) and
Tps (right). Alternating field amplitude Hac = 1 Oe.

(a =0.01 for the second transition and a = 0.16 for the
third transition) for magnetic fields up to 3000e. For
magnetic fields over 500 Oe, the dependence intensifies and
is described by exponents of 1.6 and 1.2 for the second
and third transitions, respectively. A remarkable decrease in
activation barries with increasing magnetic field was found
previously for both bulk and nanostructured superconduc-
tors [30,31], including alloys with gallium [11,24,32,33]. The
field at which the type of field dependence of the activation
energy changes corresponds to the field at which the type of
curvature of the critical lines in the phase diagram changes.
This was previously observed in [12,24,32,33] and was
associated with changes in the system of superconducting
vortices related to the morphology of the nanocomposite.

5. Conclusion

Magnetic studies of the superconductivity of a eutectic
alloy of gallium and Sn embedded into the pores of an
opal matrix revealed three transitions to the superconducting
state at temperatures T/, = 7.7, T,, = 6.2 and T; =4.3K
in zero field. The results differ from those obtained for
bulk alloy Ga-Sn and Ga-Sn in an opal matrix with smaller
diameter balls. It was suggested that the first transition is
associated with a small number of gallium segregates with
the structure which was found in pure gallium nanoparticles.
The second transition is caused by segregates with the
A-Ga structure. The third transition was attributed to
the transition to the superconducting state of Sn-enriched
segregates. In this case, there is an increase of T/; compared

to bulk Sn due to size effects. A positive curvature of
the field dependence curves of the first and third critical
temperatures in the region of low fields is observed in the
phase diagram in the H—T plane which turns into a negative
curvature with an increase of the magnetic field. Positive
curvature was described in a model taking into account
the influence of the proximity effect. The temperature
hysteresis was found between the FCC and FCW curves,
consistent with the critical state model. The dependence of
the dynamic susceptibility on the frequency and amplitude
of the alternating field showed the thermal activation nature
of the movement of the vortices. Arrhenius curves were
plotted and activation energies were calculated for various
displacement fields. The field dependence of the activation
energy revealed a sharp decrease of the thermal activation
barriers in the field, at which a change in the type of
curvature of the critical lines T/, (H) and T/;(H) in the H—T
diagram occurs.
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