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Introduction
In this paper we present the results of an experimental 

study of the infl uence of electric current and strong magnetic 
fi elds on the superconducting state of nanostructures that 
formed on the interface between semiconducting layers of 
the epitaxial PbTe/PbS heterostructures [1, 2, 3, 4, 5, 6]. 
Here, we examine the possibility of the transport current 
induced quantum superconductor-insulator phase transition 
(SIT) [4]. 

Superconductor-insulator phase transitions have 
been intensively studied for the last time. They are found 
experimentally in a number of low-dimension systems such 
as ultrathin amorphous fi lms, granular fi lms, and arrays 
of Josephson junctions. This phenomenon occurs when 
the internal parameters of the system (such as disorder or 
fi lm thickness) change or under the infl uence of external 
impact such as magnetic fi elds H, electric fi elds or transport 
currents I. Superconductor insulator transitions have also 

been observed experimentally in HTSC compounds and 
even in one-dimensional long nanowires. Features of SIT 
depend on the material properties and the experimental 
conditions [7, 5]. The nature of the superconductor-
insulator transition is still an open question. 

Interpretation of the superconductor-insulator 
transition observed experimentally in uniform thin 
disordered fi lms is suffi  ciently complicated. As an example, 
for fi lms with relatively low resistance R per square the 
characteristic features of SIT can be explained by quantum 
mechanical correction s t o t he  conductivity [6]. In this case, 
on the insulating side there will be a slight increase of no 
more than 10% in the resistance. I n the case of a large 
increase in the resistance on the insulating side induced by 
a magnetic fi eld, the superconductor-insulator transition 
in uniform thin disordered fi lms is most often explained 
by Fisher’s scaling theory [7] (a theory of duality between 
Cooper pairs and vortices). It is assumed that at T→0 
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delocalized Cooper pairs and localized vortices exist below 
the transition at H<Hc (superconductor), and localized 
pairs with delocalized vortices above the transition 
H>Hc (insulator). The magnetic fi eld and temperature 
dependence of the resistance per square follow the scaling 
law for phase transitions R( T) = Rc F(x / T1/vz), where 
F is a constant introduced to maintain the  dimensionality 
of the equation;  is a variable parameter that drives the 
phase transition, in this case, a magnetic fi eld with =H-
Hc; and, z is the critical exponent. The model predicts 
that the critical resistance per square Rc should equal the 
universal quantum resistance RQ = h/4e2 = 6.5 kOhm. 
The scaling law proposed for the resistance by Fisher 
[10] is in good agreement with a variety of experimental 
data [see reviews 7, 8]. Nevertheless, many experiments 
have yielded a large scatter in the values for the critical 
resistance and the critical exponent z. Thus, one of the 
main predictions of Fisher’s theory (a universal quantum 
resistance) is not observed experimentally in all systems 
during superconductor-insulator transition s .

In granular systems with small granules [8, 9] and 
artifi cially prepared regular arrays of Josephson junctions, 
[10, 11, 12, 13] the SIT can be explained by a competition 
between the inter-granule Josephson binding energy J and 
the charge Coulomb energy EC of an individual granule. 
When Ес>>J Coulomb blockade predominates. As a result, 
Cooper pairs become localized and the system transforms 
into an insulating state. If, on the other hand, the granules 
are larger, then Coulomb blockade is not eff ective and 
SIT takes place due to disruption of the Josephson links 
by an external impact (e.g., magnetic fi eld). Single particle 
transport is also blocked because of the need to overcome 
a potential barrier comparable to the superconductor gap 
energy [7]. The Josephson coupling between granules is 
aff ected by both magnetic fi eld and electric current. Thus 
it may be possible to observe the transport current induced 
superconductor-insulator transition. 

Here, the two-layer semiconductor PbTe/PbS 
heterostructures are studied for the SIT. Interest in research 
on this heterostructures arises from the possibility of 
creating superconducting nanostructures with diff erent 
topologies in a controlled fashion at their interface. We 
have found [3–6] that superconductivity of the interface 
of AIVBVI heterostructures is related to an inversion of 
bands in the narrow-band semiconductors (PbTe, PbS, 
PbSe) owing to inhomogeneous elastic stresses along a 
network of misfi t dislocations produced at the interface 
during pseudomorphic epitaxial growth. The period of the 
superconducting nanonetwork is equal to the period of the 
network of misfi t dislocations and ranges from 3.3–40 nm, 
depending on the combination of semiconductors. For PbTe/
PbS heterostructures it equals 5.2 nm. Thus, by varying 
the heterostructure parameters, such as the thickness of 
the semiconductor layers and the number of them, we 

can create arrays of individual quantum dots with weak 
Josephson links, as well as continuous superconducting 
nanonetworks and quasi-three dimensional multilayer 
structures (superlattices). These superconducting 
nanostructures have properties inherent in 0 -, 1 -, 2 -, and 
3-dimensional systems. Thus, semiconducting PbTe/PbS 
heterostructures can serve as model objects for the study 
of eff ects of the localized superconductivity such as the 
superconductor-insulator transition. In fact, in our previous 
works the SIT was found in the heterostructures [14, 15 ]. 

It was established that the discontinuity of the 
superconducting interface is a necessary condition for the 
magnetic fi eld induced superconductor-insulator transition 
observation and has a signifi cant infl uence on its features: 
a fan-like set of resistance curves R(T), intersection of the 
R(H) curves and negative magnetoresistance. A scaling 
analysis based on Fisher’s theoretical model was carried 
out for these samples. No evidence of a SIT was observed 
in heterostructures with a perfect interface. It appears that 
the SIT is related to percolation phenomena inherent in 
granular superconductors. Up to now the eff ect of transport 
current on the magnetic fi eld induced SIT in these structures 
has not been studied. In the present work we investigate the 
infl uence of transport current on the magnetic fi eld induced 
superconductor-insulator transition in heterostructures 
PbTe/PbS.

Samples preparation and measurement methods
Two-layer heterostructures were fabricated by 

sequential condensation of the vapors of the corresponding 
semiconductors on a freshly cleaved (001) surface of single 
crystal KCl at 520–570K in an oil-free vacuum of 10-6 Torr. 
The thickness d of each layer was 80nm. Deposition r ate  
was monitored in situ using a quartz resonator. The fi rst 
layer on the substrate always was PbS and the second one 
was PbTe. These semiconductors have a NaCl-type crystal 
structure with a small misfi t (8%) between the parameters of 
the unit cells. During epitaxial growth the pseudomorphic 
stress relaxes through formation of a network of edge misfi t 
dislocations at the interface. When a critical thickness dc 
of the upper PbTe layer is reached (about 1-2nm) the fi rst 
islands of misfi t dislocation network arise at the interface 
[6, 16]). Further thickness increase leads to the merging of 
the islands and at thickness 100 nm a continuous square 
network of edge misfi t dislocations covers the entire 
interface [6]. 

Transport measurements were made in a helium 
cryostat equipped with a 14T superconducting Oxford 
Instrument magnet. The accuracy of the temperature 
stabilization was 10-3 K. The resistance R was measured 
by the four-probe method. The direction of the dc transport 
current I is parallel to the plane of the sample and I  B. 
The upper critical magnetic fi elds Bc2 were determined 
from the resistive transitions at the point R =Rn / 2, where 
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Rn is the resistance before the superconducting transition.

Experimental data and interpretation
Earlier it was found that two-layer PbTe/PbS 

heterostructures can be divided nominally into 3 categories 
[6], although there is no sharp boundary between these 
categories. 

The fi rst category includes samples with 
semiconducting layer thicknesses d>80 nm. They have a 
metallic conductivity in the normal state. The ratio of the 
resistance at room temperature to the resistance before the 
onset of the superconducting transition (r=R300/Rn) varies 
from 2 to 8. The corresponding critical temperatures Tc lie 
in the interval 4.2–6.5K. For samples from this category 
SIT has not been found.

The second category includes samples with 
thicknesses of 50–80 nm. This category can be referred to as 
intermediate. A sample in the normal state can exhibit both 
metallic conductivity and semiconductor behavior. But in 
any case at low temperatures it enters a superconducting 
state. The critical temperature ranges from 2.3–3.3K and r 
ranges from 0.9 to 1.7. Samples from this category always 
reveal all SIT features [17,18].

The third category includes samples with d<50 nm. 
The R(T) curves in the normal state for these samples are 
always characterized by a negative resistance coeffi  cient  
dR/dT above Tc. The resistance per square Rsq exceeds 
1.5 kOhm and r<1. For these systems Tc is often below 
1K and they undergo an unending transition into the 
superconducting state down to the lowest temperatures at 
which the experiments were carried out (0.3 K), or they do 
not go into the superconducting state at all. The samples 
from this category can reveal initial features of SIT [18].

We will focus our attention on the samples from the 
second category for which two types of evolution of the 

R(T) curves in magnetic fi elds were observed. The fi rst 
type, illustrated in Fig.1 in Ref.17, is characterized by the 
presence of a horizontal separatrix that clearly separates the 
R(T) curves which move downward with the temperature 
decrease (superconductor) from the curves which move 
upward (insulator). This “fanlike” set of curves is regarded 
as an “ideal” case of SIT [7] and was observed in the 
heterostructures with the semiconductor layer thicknesses 
d=70-80 nm. For samples with d=40-70 nm the second 
type of the R(T) curves set with tilted or non-monotonic 
sepratrix is observed [17, 18] which is out of the framework 
of this article. 

For samples with the horizontal separatrix we always 
see another distinctive sign of the SIT – a single cross point 
of magnetic fi eld dependences of the resistance R(H) at 
diff erent temperatures (Fig. 2 in Ref17). 

In this work the resistance dependences on magnetic 
fi eld at diff erent transport currents and fi xed temperature are 
presented for the PbTe/PbS heterostructure with d=80 nm. 
It can be seen (Fig.1) that all R(H) curves corresponding 
to diff erent transport currents intersect precisely at the 
single point like at diff erent temperatures on the Fig2 in 
Ref.17. The critical parameters Hcr =1.78 T, Rcr =1.64 Ohm 
for the temperature T=1.8K obtained for cross point. At 
the temperatures higher than critical temperature (Т>Тс), 
magnetic fi eld dependences at diff erent transport current do 
not intersect, and SIT is not observed (Fig.2). 

Superconducting areas at the interface may be 
considered like superconducting granules. Resistance of the 
whole system is determined by the resistance of granules 
and intergranular spacers. At suffi  ciently low temperatures 
and the absence of external infl uences the whole system 
is in a coherent superconducting state. Granules are 
superconducting, and there are weak Josephson links 
between them. Magnetic fi eld H>HcrSIT breaks weak 
links. The dissipative state arises. Resistance reaches the 

Fig.1. R(H) for diff erent transport currents in a magnetic 
fi eld parallel to the interface; d=80 nm. Т=1.8К.

Fig.2. R(H) for diff erent transport currents in a magnetic 
fi eld parallel to the interface; d=80 nm. Т=6.5К.
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maximum because of Cooper pair tunneling through normal 
regions is blocked by the potential barrier which height 
is commensurate with the energy of the superconducting 
gap. Conductivity of the system is now determined only 
by low probability of single-particle tunneling due to 
the small number of quasiparticles at the Fermi level. 
The transport current increase leads to the destruction of 
superconductivity directly in the superconducting granules 
(decoupling of Cooper pairs). Number of quasiparticles 
at the Fermi level rises, the single-particle charge carriers 
begin to contribute to the conductivity of the system [17] 
and the resistance decreases (Fig.3).

On another side, the transport current increase causes 
a corresponding increase of voltage at the boundaries of 
superconducting islands, thus reducing the height of the 
potential barriers between them. Therefore, the tunneling 
probability rises and tends to reduce the resistance. 

Similar experimental results were obtained in [18] in 
the thick amorphous bismuth fi lms. The authors of this work 
suggest a diff erent interpretation of the experimental results 
within the framework of the hypothesis of overheating of 
the electron gas. For a fi nal clarifi cation of the mechanism 
of this phenomenon, we need more experimental data for 
large values of the transport current in strong magnetic 
fi elds.

The temperature dependence of the critical magnetic 
fi eld of transport current induced SIT is obtained. As 
seen in Fig.4, the critical fi eld at which we see horizontal 
separatrix (HcrSIT) and cross point on R(H) curves increases 
with temperature decrease. The dependence HcrSIT(T) 
separates the superconducting state and the state of the 
localized superconductivity.

Thus, for the fi rst time the possibility of transport 
current assisted the superconductor-insulator transition 
is shown in superconducting nanostructures based on 
heterostructures PbTe/PbS. This phase diagram with Нс2(T) 

and HcrSIT(T) curves separate the superconducting state and 
the state of the localized superconductivity. 
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Conclusions
1. It is shown that all of the typical features of the 

SIT (the fan-like set of R(I) dependences at diff erent 
magnetic fi elds, the crossing of R(H) curves in a single 
point at diff erent transport currents) are observed in PbTe/
PbS geterostructures with the island-like superconducting 
interface. The mechanism of the SIT realization is similar 
to that one which realizes in granular systems with the 
percolation conductivity. The possibility of realization 
of a transport current induced superconductor-insulator 
transition is shown.

2. The dependence of the critical magnetic fi eld of the 
SIT is obtained.

3. It is shown that AIVBVI-type heterostructures can 
serve as model objects for the study of eff ects of localized 
superconductivity, because we can vary the topology of the 
superconducting interface at the preparation stage.
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