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Electrical resistance of indium in 7 nm-pore glass has been studied in the temperature 2.3-300 K inter-
val. It was found that material under study undergoes the transition into the superconducting state at
Tc=3.9 K. A sharp asymmetric R(T) maximum was found at temperature of 6.4 K. The R(7T) dependence
has been for the first time analyzed for the normal phase. It was found that the temperature dependence of
the resistance in the temperature 15-80 K interval can be described by tunnelling mechanism of the charge
carriers in the frames of the Sheng’s model. Material under study can be considered as electrically inhomo-
geneous material in which metallic domains in pores are contacting each other via dielectric bridges of
glass matrix. A charge transfer between the metallic domains can be realized by the electron tunneling
through the potential barriers corresponding to the dielectric bridges.
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1. INTRODUCTION

Nanoporous materials filled with different sub-
stances (polymers, ferroelectrics, superconductors, etc.)
can be considered as nanostructured composites [1].
Such composites demonstrate specific physical proper-
ties and have wide prospects of their practical applica-
tions. Superconducting metals embedded into na-
nosized pores of the glass matrix form one of
nanostructured composites types. To date indium [2-4],
gallium [2] and tin [5] were often used as a filling su-
perconducting metal. At present the superconducting
properties of metals embedded into the nanoporous
glass matrix have been studied in detail [2-5]. It was
found that main superconducting characteristics of
these materials are significantly modified in compari-
son with the bulk pure metals. For instance, the
nanostructured composites consisting of glass matrix
filled with some superconducting metal are character-
ized by the enhanced value of a superconducting tran-
sition temperature, Tc (Tc value is 20 % or more higher
than Tc of the bulk pure metal), the change in behav-
iour under external magnetic field from the type-I su-
perconductor to the type-II superconductor, the high
value of an upper critical field (critical field is 100
times greater in comparison with the bulk pure type-I
metal), etc. However, researches of metals in porous
glass have been usually limited to low-temperature
field in the vicinity of Tc. It is obviously that supercon-
ductivity is originating from a normal phase. So, specif-
ic properties of the normal phase should be also inves-
tigated to understand peculiarities in physical behav-
iour of metals in porous glass in the wide temperature
interval including the superconducting transition.

The aim of this paper is to find and analyze the pe-
culiarities in behaviour of electrical resistance of indi-
um in the porous glass in the temperature field includ-
ing both the superconducting transition and the wide
temperature (from 7¢ up to room temperature) interval
of the normal phase.
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2. EXPERIMENTAL PROCEDURE

The porous glass was prepared by leaching a sodi-
um borosilicate glass to remove the boron-rich phase
and leave the porous matrix. The porous glass after
leaching was cleaned by H202. To remove H202 from
the porous glass, it was then heated to temperature of
400 K in the air atmosphere. The average size of the
pores measured by the mercury-intrusion-porosimetry
method was estimated to be equal to ~7 nm. Liquid
indium was embedded into the porous matrix under
high pressure of 9 Kbar at temperature of 440 K.

Electrical resistance, R, was measured by a four-
probe method at direct current of 0.1 mA. The re-
sistance was measured by averaging the voltage values
obtained for the forward and the reverse current direc-
tions. External magnetic field perpendicular to the cur-
rent direction can be applied to the sample during the
R(T) measurements.

3. RESULTS AND DISCUSSION

The temperature dependence of R for the tempera-
ture interval from the lowest temperature 2.3 K up to
room temperature is presented in Figure 1. To show
details of the R(T) dependence more clearly, the R-axis
onset is positioned at R=3.15 Q in Figure 1. This de-
pendence can be divided into two parts. At first the
resistance rapidly increases at cooling from room tem-
perature, but below ~ 6.4 K the R(7T) dependence drops
drastically. So, a sharp asymmetric maximum in the
R(T) dependence is observed at temperature
Tm=6.4 K. A ratio of R(300 K)/R(6.4 K) characterizing
the resistance increasing at cooling is equal to ~ 1.22. It
should be noted that a small curvature in the R(7) de-
pendence is also observed just below room temperature.

Let us discuss the R(7T) dependence of indium in the
porous glass in detail. The rapid R falling to zero value
at cooling is characteristic for the superconducting tran-
sition.

The R(T) dependence taken for the temperature 2-
12 K interval is presented in Figure 2. Now the R-axis
onset is positioned at R=0 Q. One can see that the
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resistance really vanishes at Tc = 3.9 K. So, the sample
under study is superconductor. It is known [6] that the
superconducting transition temperature of the bulk pure
indium is equal to 3.41 K. Thus, the T¢ value for indium
in the porous glass is enhanced over the value of the
bulk pure indium by 14 %. The Tc value for our sample
under study is in satisfactory agreement with results of
Refs. [2-4]. The enhanced Tc is believed [2] to arise from
large surface-to-volume ratio, which enhances the elec-
tron-phonon coupling constant, and thus 7.
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Fig. 1 — The R(T) dependence of indium in porous glass
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Fig. 2 - The R(T) dependence in the vicinity of the supercon-
ducting transition temperature Tc. The inset is the R(T) de-
pendence around temperature Tm

As was mentioned above, the sharp R(7) maximum
is observed at the superconducting transition. The in-
set in Figure 2 shows this maximum in details for the
temperature 4-12 K interval. Above Tn the experi-
mental R(T) curve demonstrates the linear
T-dependence, which satisfactory obeys the expression
R(T)=3.96 () —2.510-2 (QK-1) T(K).

The width of the superconducting transition was es-
timated as AT =Tm— Tc=2.5 K.

It should be noted that double-step resistive supercon-
ducting transition were observed for indium in the porous
glass [2, 3]. However, our sample under study demon-
strated one-step resistivity superconducting transition.
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It is known that the superconducting state is de-
stroyed under an external magnetic field. Figure 3
shows the magnetic field effect on the superconducting
transition of indium in the porous glass. One can see
that the magnetic field increasing leads to a shift of the
superconducting transition to the lower temperatures.
Superconductivity at 2.3 K is still observed under high
magnetic field of 3.5 T. The critical magnetic field value
at 2.5 K for the bulk pure type-I indium is equal to
0.0125 T [6]. So, the critical magnetic field for the
nanostructured composite under study is much higher
than the critical field for the bulk pure indium. As was
mentioned above, indium in the porous glass under the
external magnetic field behaves as the type-II super-
conductor. In this case, a complete suppression of the
superconductivity will take place at the upper critical
magnetic field.
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Fig. 3 — The R(T) dependences measured at various values of
external magnetic field: 0 (curve 1), 2 (2), 3.5 (3) and 4.5 T'(4)

To take into account the enhanced critical field of
the nanostructured composites, a granular structure
composite was assumed, where the grain size was lim-
ited by the pore size [2]. Then, the resulting decrease in
the electron mean free path reduces the coherence
length, ¢ from the bulk value. The upper critical mag-
netic field is related to ¢ via [2]

By =2[e(r)]”, &

where @ is the magnetic flux quantum.

According to expression (1), the upper critical mag-
netic field will really increase as £ decreases.

Detailed study of the magnetic field effect on the
superconducting properties of indium in the porous
glass is in progress. Here Figure 3 is just given as an
additional experimental fact confirming the supercon-
ductivity appearance in the sample under study.

Now let us analyze the R(T) dependence of indium
in the porous glass in the normal phase above Tm. For
these temperatures the R(7T) dependence is rapidly de-
creasing as temperature increases. Such kind of the
R(T) behaviour is characteristic of semiconductors and
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due to the thermal generation of the carries at heating.
But the bulk pure indium is metal. It means that the
resistance of indium increases at temperature increas-
es [6]. To explain the R(7T) dependence of indium in the
porous glass in the normal phase, the structural pecu-
liarities of this nanostructured composite should be
considered on a micro- and nanoscale.

According to Ref. [3], in these nanostructured com-
posites, the nanosized pores together with narrow
necks, which connect with pores, form the random in-
terconnected network in the porous glass. Moreover,
the pores filled with metal will have metallic type on
conductivity, while the narrow glass necks will be die-
lectric. So, such a kind of the nanostructured composite
should be considered as an electrically inhomogeneous
material in which metal domains are contacting each
other via dielectric bridges. A charge transfer between
the metallic domains can be realized by an electron
tunneling through potential barriers corresponding to
the dielectric bridges. Tunneling mechanism of conduc-
tivity of any solid under study can be confirmed by
comparison of the experimental temperature depend-
ence of the conduction (or the resistance) with the theo-
retical predictions of the tunneling conductivity model.

One of the tunneling conductivity models is the
Sheng’s model [7]. This model was firstly proposed to
explain the electric properties of granular metals con-
sisting of small crystalline metal grains embedded in a
dielectric matrix. It is known [8] that the temperature
dependence of the specific electrical resistivity, p, of the
granular metals can be expressed in the form
p~exp (- b/T-12),

According to the Sheng’s model, the electrical con-
ductivity in the granular metals is determined by hop-
ping conductivity and results from the thermally acti-
vated transport of electrons from charged metal grains
to neutral grains via tunneling. To generate a charge
carrier, an electron has to be removed from the neutral
grain and placed on a neighboring neutral grain. Such a
process required an energy E.= (e?/d)F(s/d), where e is
the electronic charge, d is the grain size, s is the separa-
tion between the grains, and F'is a function whose form
depends on shape and arrangements of the grains.

The temperature dependence of the specific electri-
cal resistivity of the granular metals in the Sheng’s
model can be expressed as

1/2
C
P = P €Xp Z[k] TV, ¢)
B

where C is the activation energy of tunneling, kg is the
Boltzmann constant and po is the pre-exponential con-
stant.

In accordance with expression (2), the InR versus
T-12 dependence was plotted (Figure 4).

One can see that this dependence is linear one for
the temperature interval from 7T1=15K up to
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T> =80 K. So, the R(T) dependence of indium in the
porous glass can be determined by the tunneling con-
ductivity for this temperature interval.

The arising R(7T) dependence due to the tunneling
conductivity combined with the falling R(7) depend-
ence due to the superconducting transition leads to
appearance of the resistance maximum in Figure 1.
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Fig. 4 — The InR vs. T-12 dependence

It is obviously that the temperature interval from
Tm up to T: is a transient temperature field between
the tunneling conductivity and the superconductivity.

Further researches should be done to establish a re-
lationship between the electrical properties of the nor-
mal phase and the superconductivity of indium in the
porous glass.

4. CONCLUSIONS

The temperature dependence of the resistance of
indium in the porous glass has been measured within
wide temperature interval from 2.3 up to 300 K. The
superconducting transition was observed at Tc = 3.9 K.
The sharp asymmetric R(7) maximum was found at
Tn=3.9 K. The R(T) dependence has been for the first
time analyzed for the normal phase. It was found that
the temperature dependence of the resistance in the
temperature 15-80 K interval can be described by the
tunnelling mechanism of the charge carriers.

AKNOWLEDGEMENTS

This work was financially supported by the Minis-
try of Education and Science of the Russian Federation
under project No 14.594.21.0010 (unique identifier is
RFMEFI62114X0005) and was carried out on the
equipment of the Joint Research Center «Diagnostics of
structure and properties of nanomaterials», Belgorod
State National Research University.

02044-3



O.N. IvaNoOV, I.V. SUDZHANSKAYA J. NANO- ELECTRON. PHYS. 7, 02044 (2015)

TyHHenbHAA IPOBOAUMOCTb CBEPXIIPOBOIAIIEr0 HHANA B IOPHUCTOM CTEKJIE
O.H. Usawnos, 1.B. Cymxanuckas

Benzopoockuti 2ocyoapcmeern oLl ynusepcumem, ya. Ilo6edv:, 85, 308015 Beneopod, Poccus

OJIeKTprYecKoe COPOTURIIEHNE UH/IUA UHINUSA B IIOPHUCTOM CTEKJIE ¢ PA3MePOM op 7 HM OBLIO U3yUeHO B
unTepBase Temmepatyp 2,3-300 K. OOnapyskeHO, UTO HCC/IeIyeMBlii MaTeprasl IIpeTepIeBaeT Iepexol] B
cBepxXIpoBosaIee cocrossame mpu temmeparype 1Tc = 3,9 K. Pesruit accumerpuunsiit nmuk Ha kpuBoit R(7T)
obmapysken mpu temueparype 6,4 K. Briepsreie R(7T) 3aBucuMoCTh IpoaHAIU3UPOBAHA JJIsT HOPMAaJIHHOM (a-
3bI. YCTAHOBJIEHO, 4TO B mHTEepBase temueparyp 15-80 K remmeparypHast 3aBUCUMOCTH COITPOTHUBJICHUS OITH -
CBIBAETCSI MEXaHU3MOM TYHHEJIMPOBAHUS HocuTese# 3apsana B pamkax mojesu lllenra. Uccmemyemsbrit ma-
Tepuas MOMKHO PACCMATPUBATHL KAK JJIEKTPUYECKU HEOTHOPOTHEBIM MaTepuasl, B KOTOPOM MeTAaJLINJIECKUe
00JIacTH B IIOPaxX KOHTAKTUPYIOT MEKY CO0O0M ITOCPEJICTBOM IUIIEKTPUUECKUX MOCTHKOB MATPHIILI U3 CTEK-
na. [lepeHoc 3apsima Mexoy MeTATIMIECKUME 00JIACTSMI IIPOUCXOIUT IIOCPEICTBOM TYHHEJIMPOBAHUS JJIEK-
TPOHOB Yepe3 MOTeHIUAaIbHBIE Oapbephl, COOTBETCTBYIONINE JUIJIEKTPUIECKUM MOCTHKAM.

Knrouessie ciosa: [lopucroe crexso, Muauit, CeepxupoBopsiuii nepexos, TyHHeIbHAS IPOBOIUMOCTS.

TyHenbHa NpoBigHICTE HAANPOBIAHOrO IHAII0 B IOPHCTOMY CKJIi
O.H. Isanos, I.B. Cymranckasa

Beneopoocvruli Oepacasruil yrisepcumem, 8ya. Ilepemozu, 85, 308015 Beneopood, Pocis

Enexrpuynmnii omip 1HAI0 IHI110 B TOPHCTOMY CKJIL 3 PO3MIpoM Iop 7 HM 0yJI0 BUBUEHO B IHTEpPBAaJIl TeM-
meparyp 2,3-300 K. Busasiieno, 110 mociIi xyBaHuil MaTepiasl 3a3Hae mepexiJ B HAAIPOBIIHUN CTaH IIPU Te-
muepatypi Tc = 3,9 K. Piskuit acumerpuunnuit mik Ha kpusiit R(7T) Bussiennit npu temmeparypi 6,4 K. Bre-
pute R(T) sanesxHicTh mpoaHATIi30BaHA IJIS HOPMAJIBHOI (pasu. BeraHosiieHo, 1110 B iHTepBaJIl TEMIIEpPATyp
15-80 K TeMmepaTypHa 3ajiesKHICTh OIIOPY OIMCYETHCS MEXaHI3MOM TYHEIIOBAHHS HOCIIB 3apsjy B PAMKax
mopeimi Hlenra. JocmimxyBaunii MaTepiaja MOKHA POSIJIAOATH SAK €JEKTPUYHO HEOJHOPIOHUN MaTepiasi, B
STKOMY MeTaJIeBl 00JIaCTi B II0paxX KOHTAKTYIOTh MIsK CO00K0 3a JOIIOMOTOK JIEJIEKTPUYHUX MICTKOM MATPHUIL
3l ckia. [lepeHeceHHs 3apsaay Mix MeTaJeBUMU 00JIACTAMU BiIOYBaeThCA 3a JOIOMOTOI0 TYHEJIOBAHHS eJie-
KTPOHIB Uepes IMOTeHIHI 6ap'epr, BIAIOBIAHI JieIeKTPUYHUM MICTKAX.

Kmouoei ciiosa: [lopucre ckio, Iumiit, Hagnporiguwmit mepexizn, TyHeabHA TPOBIIHICTS.
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