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Superconductivity of the In−Ag alloy embedded into a porous glass
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Studies of superconductivity in the porous glass/eutectic In−Ag alloy nanocomposite were carried out. We

measured temperature dependences of magnetization at different magnetic fields under the ZFC, FCC, and FCW

protocols, as well as the magnetization isotherms. Two superconducting transitions with remarkably different

changes of their temperatures with changing magnetic field were found. The magnetic field-temperature phase

diagram was obtained. Complicated shapes of the magnetization isotherms were revealed. Unusual shifts of

the branches of the magnetization isotherms were observed at increasing and decreasing magnetic field. The

obtained results were treated assuming the coexistence of strongly and weakly linked indium segregates within the

pore network and the emergence of ferromagnetic order at the interface between indium and AgIn2 intermetallic

segregates.
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1. Introduction

Today, there is a rising interest in the study of nanos-

tructured metallic superconducting alloys, which find ever-

widening applications in microelectronics, robotics, and

information processing devices [1–3]. The largest focus is on
the alloy of indium and gallium, as well as the triple alloy of

indium, gallium and tin, which are being considered for the

development of superconducting nanoelectronic elements,

in particular, self-healing contacts [4,5]. Thin films of In−Ag

alloy and layered structures containing this alloy, along with

a bulk alloy of indium and silver, are promising materials for

low-temperature superconductor connections and stacking,

for use in multilayer chip technology and semiconductor

wafer bonding [6–8]. Superconductivity has been studied

earlier in the quenched films of In−Ag and multilayer

structures [9,10].

One of the options for obtaining nanostructured metal

alloys is to introduce them into nanoporous matrices such

as synthetic opals, porous aluminum oxide or porous glasses.

The morphology of such nanocomposites is determined by

the geometry of the pore network and the connectivity

of particles in the pores with each other. It has been

shown that nanoconfinement significantly affects the super-

conducting properties of metals and alloys. In most cases,

nanocomposites based on porous matrices with metals

and alloys in the pores exhibit type-II superconductivity

with large upper critical fields, the magnitude of which

depends on the pore size [11,12]. The change in the

type of superconductivity for pure metals is explained by a

reduction in the electron free path under nanocontainment

conditions. Yet, in case of opal, the pores of which were

filled with tin, the conductivity of type-I was reported [13].
Superconductivity in a nanocomposite based on porous

glass with an alloy of indium and silver, the composition

of which was close to eutectic, was studied in [14]. The

magnetic properties of the nanocomposite indicated the

coexistence of type-I and type-II supeconductivity. Two

transitions to the superconducting state with temperatures

of 4.05 and 3.38K were observed. Shifts in the curves

of secondary and tertiary magnetization based on the

dependences of magnetization on the applied magnetic field

were also revealed, which were interpreted as a result of

the emerging of a ferromagnetic order in the alloy under

nanoconfinement conditions.

This paper presents the results of a further study of the

magnetic properties of a nanocomposite with In−Ag alloy,

whose composition was close to the eutectic point, based

on porous glass with an average pore size of 13 nm.

2. Sample and experiment

The porous glass used for filling with In−Ag alloy

was obtained by heat treatment and leaching of sodium

borosilicate glass [15]. The pore size and porosity were

determined by nitrogen porosity measurement using a

Quadrasorb SI analyzer. The average diameter of pores was

equal 13 nm and the volume was about 21% from the total

volume of glass matrix.

The ratio of the components in In−Ag alloy was close

to the eutectic point and was 95 at.% In and 5 at.%Ag. The

melt was embedded into the pores of the glass matrix under

1776



Superconductivity of the In−Ag alloy embedded into a porous glass 1777

T, K
2 3 4

–2

–1

0

–
2

χ
, 
1
0

 e
m

u
/g

ZFC

FCC

10 Oe

Tc2

Tc1

a

T, K
2 3 4

–4

–2

0

–
3

χ
, 
1
0

 e
m

u
/g

10 Oe

b

50 Oe

100 Oe

150 Oe

, ,

, ,

, ,

, ,

Figure 1. (a) Temperature dependences of the susceptibility obtained under ZFC and FCC protocols in 10Oe field. (b) Temperature

dependences of the susceptibility obtained under ZFC (half-filled characters), FCC (unfilled characters) and FCW (filled characters)
protocols in fields of 10Oe (circles), 50Oe (squares), 100Oe (triangles) and 150Oe (inverted triangles).

pressure up to 20 kbar. The solidus temperature for In−Ag

bulk alloy with a high indium composition is 417K [16–18].
Below the solidus line, the alloy consists of indium and

AgIn2 intermetallic segregates. The measurement sample

was cut from an alloy-filled porous glass in the form of a

plate. The surface of the sample was thoroughly cleaned

from traces of bulk alloy. The sample mass was 7.37mg.

Static magnetization (dc magnetization) M versus tem-

perature and magnetic field was measured using a Quantum

Design MPMS3 SQUID-VSM magnetometer within the

temperature range 1.8 to 10K at applied magnetic fields up

to 70 kOe. Measurements at different temperatures were

carried out at warming in the field of up to 10K after

the sample had been cooled from the room temperature

down to 1.8K in a zero magnetic field (zero-field cooled —
ZFC) followed by cooling down to the minimal temperature

(field-cooling cooling — FCC) and further warming (field-
cooling warming — FCW). The magnetization isotherms

were measured after cooling the sample from room tem-

perature in a zero field while cycling the field in the range

from −70 to 70 kOe at a constant temperature. During the

measurements, the surface of the plate was oriented parallel

to the applied field.

3. Results and discussion

The temperature dependences of the specific suscepti-

bility calculated from magnetization curves in 10Oe field

obtained at the first warming (ZFC) and subsequent cooling

(FCC) are shown in Figure 1, a. Two superconducting tran-

sitions with temperatures Tc1 = 4.05K and Tc2 = 3.38K

are visible, which were defined as the beginning of a

noticeable deviation of ZFC susceptibility curve from the

behavior at higher temperatures. In the temperature range

between the first and second transitions, partial shielding

of the external field is observed, which shows that the

superconducting currents cover only a part of the sample.

A huge difference between ZFC- and FCC-susceptibility in

this temperature range is an evidence of the onset of type-II

superconductivity and a strong pinning of the superconduct-

ing vortices. Below the second superconducting transition,

the difference between the ZFC and FCC susceptibilities

is significantly reduced. Estimation of the volume ZFC-

susceptibility calculated from the data in Figure 1, a, is close

to −1/4π, which corresponds to the shielding of the entire

sample volume from the magnetic field by superconducting

currents. In Figure 1, b the sensitivity curves obtained by

applying several magnetic fields in all three measurement

modes are shown on an enlarged scale. Figure 1, b

demonstrates the temperature shift of both transitions to

the superconducting state as the applied magnetic field

increases. It can be seen that the transition at a higher

temperature shifts significantly weaker with increasing field

than the second transition, which is not observed in fields

above 150Oe. Note that the FCC and FCW curves are

different in limited temperature ranges below the second

superconducting transition.

The temperature of the second transition Tc2 = 3.38K

in 10Oe field is very close to the temperature of the

superconducting transition in zero field in the bulk crystal

of indium, equal to 3.414 K. This suggests that the second

transition is a transition to the superconducting state of
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indium segregates. The strong diamagnetic shielding at

low temperature, seen in Figure 1, corresponds to a high

concentration of indium in the alloy. The nature of the first

superconducting transition allows for various interpretations.

Since superconductivity has not been detected in bulk

intermetallic AgIn2, and theoretical calculations predict that

the temperature of the superconducting transition in it

should not exceed 3K [19], the first transition is not

associated with the AgIn2 segregates. The appearance

of superconductivity was observed for amorphous indium

at about 4K [20] with a high critical field of 23 kOe

at zero temperature. Thus, the first transition can be

explained by the existence of a small amount of amorphous

indium in the matrix pores. However, the formation of

small indium segregations in the pores, which are weakly

connected with the rest of indium, seems to be the most

likely. Nanoconfinement can lead to a significant increase

in the temperature of the superconducting transition and an

increase in critical fields, as reported in [12,21,22].
Based on the data obtained from the temperature depen-

dences of susceptibility, a phase diagram was constructed

demonstrating a decrease in the critical temperature for

both superconducting transitions with an increase in the

magnetic field (Figure 2). The curvature of the critical

line for the second transition is negative, as can be seen in

the insert in Figure 2. The negative curvature is consistent

with the two-fluid model [23], which predicts the following

expression for the critical line:

Hc(T ) = Hc0

(

1−
T
2

T
2
c2

)

, (1)

where Hc0 — critical field at zero temperature. Appro-

ximation of experimental data for the second transition by

formula (1) gives the value Hc0 = 270Oe, close to the value

of the critical field for bulk indium 285.7 Oe [24].
The phase diagram in Figure 2 shows that the supercon-

ductivity below the first phase transition does not collapse

even in 15 kOe field. At higher fields, the first transition

shifts below 1.8K. The large values of the critical fields

indicate that the superconductivity below the first transition

belongs to type-II superconductivity. The critical line in

the phase diagram for the first phase transition has a

positive curvature for magnetic fields below 5 kOe. At high

fields, the curvature of the critical line becomes negative.

A positive curvature of the critical line has been observed

for many high-temperature superconductors, as well as

for nanostructured type-II superconductors (see [25–27]
and references). In case of nanocomposites based on

dielectric porous matrices with metallic superconductors

embedded in the pores and having a dendritic interface

surface, the positive curvature can be interpreted based on

the model proposed in [28]. In this study, the structure of

alternating layers in the superconducting and normal state

is considered, and the proximity effect is taken into account.

The fitting curve for the first superconducting transition,

obtained by formula (13) from Reference [28], is shown

in Figure 2 with a dashed line.
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Figure 2. Field-temperature phase diagram. Diamonds and trian-

gles — data for the first and second superconducting transitions,

respectively. The insert shows the phase diagram for the second

transition on an enlarged scale. The solid line in the figure and

inset — an approximation using the formula (1). Dashed line —
an approximation using the formula (13) from [28].

The upper insert in Figure 3 shows the M(H) isotherm

obtained at T = 2.3K. On an enlarged scale, this isotherm

is shown in Figure 3. It can be seen that the hysteresis

loop is an overlap of two loops with a larger and a smaller

critical field. The existence of two separate hysteresis loops

is supported, in particular, by the magnetization isotherm

obtained by cycling the field in the range from −200

to 200Oe, which is shown in the lower insert in Figure 3.

The central part of this isotherm did not change, since

the cycling limits exceeded the corresponding value of

the critical field at this temperature. The magnetization

isotherms obtained at other temperatures are given in [14].
The hysteresis loop in Figure 3 with a low critical field

correspond to indium segregates with a superconducting

temperature of Tc2. This loop is partially reversible, which

is consistent with the weak pinning in Figure 1. The critical

field for segregates with a superconducting temperature

Tc2 is approximately 150Oe at 2.3K. This value is close

to the critical field equal 147.6 Oe for bulk indium at the

same temperature [24]. The shape of the hysteresis loop,

characterized by a weak critical field, is typical for real

type-I superconductors, as shown by a detailed analysis

conducted in [29]. Due to closeness of the temperature

Tc2 to the temperature of the superconducting transition in

bulk indium, the coincidence of critical fields in the phase

diagram of Figure 2 and the central isotherm in Figure 3

with similar values for bulk indium, the shape of the central

hysteresis loop and the weak pinning below the second

transition allow us to conclude that the majority of indium
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Figure 3. Magnetization isotherm at 2.3K on an enlarged scale.

The upper insert shows the complete hysteresis loop. The lower

insert shows the magnetization isotherm measured in the field

range from −200 to 200Oe.

segregates remain type-I superconductors. This conclusion

is inconsistent with the results obtained, for example, in [22],
where a significantly large critical field and strong pinning

indicated the presence of type-II superconductivity for the

porous glass-indium nanocomposite. It can be assumed

that the type-I superconductivity in indium segregates in

the studied nanocomposite in this work is preserved due

to better connectivity of indium network because of higher

degree of pore filling. In this case, the mean free path

of electrons under nanoconfinement does not decrease

noticeably and, accordingly, the coherence length remains

close to the coherence length in bulk indium.

A special feature of the central part of the hysteresis

loop shown in Figure 3, is the shift of the secondary

branch of magnetization relative to the primary and ter-

tiary branches. The shift effect has not been observed

previously in In−Ag bulk alloy of the same composition.

In [14], it was suggested that the relative shift of the

magnetization branches is caused by the coexistence of

superconductivity and ferromagnetic order at the nanoscale.

The nature of this phenomenon is similar to shifts in critical

current maxima observed during magnetic field cycling

in heterostructures with alternating superconducting and

ferromagnetic layers [30–32]. The theoretical interpretation

of the anomalous behavior of the critical current is given

in the studies [30,33,34]. The sign of the shift of both

the magnetization branches and the critical current maxima

is determined by the dominant proximity effect. The shift

of the branch of secondary magnetization towards negative

fields, observed in the present work and in [14], indicates the

dominance of residual magnetization effect in ferromagnetic

regions (see [32] and references therein). The phenomenon

of ferromagnetism in the nanostructured In−Ag alloy

requires further study. Bulk AgIn2 intermetallic, like indium,

is not magnetic itself. However, it is known that the

ferromagnetic order can be established in a number of

metals with a decrease in size due to the appearance of

uncompensated spins in near-surface regions (see [35,36]
and references therein). Following these works and [14], an
occurrence of ferromagnetic order at the interface of indium

and AgIn2 segregates may be suggested.

The discovered shift of the magnetization branches in

In−Ag alloy under nanoconfinement can be compared

with studies of magnetization isotherms in porous glass,

in which nickel was first chemically introduced, and then

the remaining volume inside the pores was filled with

indium under pressure. The magnetization isotherm for

this nanocomposite, obtained at a temperature of 1.8K, is

shown in Figure 4. Despite the fact that nickel exhibits

ferromagnetism within pores, the branches of magnetization

do not shift relative to each other. It is possible that

the absence of a noticeable shift is explained by the

smaller interface area between indium and nickel in the

pores.

Figure 1, b demonstrates the temperature hysteresis be-

tween the FCC and FCW curves. Such hysteresis has been

observed in some cases for type-II superconductors, inclu-

ding Ga−Sn alloy in the pores of synthetic opal (see [25]
and references therein). The theoretical consideration of

hysteresis is based on the assumption that the magnetic flux

freezes during cooling [37]. Since most of indium segregates

are below the second transition in an intermediate state, as
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Figure 4. The magnetization isotherm obtained at 1.8K in a

porous glass/Ni/In nanocomposite.
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can be seen from the shape of isotherm loop in Figure 1,

freezing of the magnetic flux is the most likely cause of

temperature hysteresis in the sample we studied.

4. Conclusion

The phase diagram H(T ) and the magnetization

isotherms M(H) for the superconducting nanocomposite

porous glass/In−Ag alloy show that fractions of strongly

and weakly bound indium segregates are formed in the

nanocomposite. Strongly coupled segregates exhibit type-I

superconductivity with a critical field and transition tem-

perature close to the corresponding characteristics of bulk

indium. In the system of weakly coupled indium segregates,

there is type-II superconductivity which is characterized by

a large critical field and strong pinning. The temperature

of the superconducting transition in weakly bound indium

segregates is increased due to the influence of size effects.

The temperature hysteresis of the FCC and FCW magneti-

zation is observed below the low-temperature transition and

is presumably associated with the freezing of the magnetic

flux in the intermediate state. The shift of branches of

the magnetization isotherms is explained by the effects of

the proximity of ferromagnetic and superconducting regions

by analogy with the shift of the critical current maxima in

heterostructures.
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