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Interfacial superconductivity in semiconducting monochalcogenide superlattices
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Superconducting and structural properties of superconducting semiconducting multilayers are investigated.
These layered systems are obtained by epitaxial growth of the isomorphic monochalcogenides of Pb, Sn, and
rare-earth elements on a KCI substrate. Some of these compounds are narrow-gap semicqRiIetoPHS,

PbSe, SnTe Layered structures containing one or two narrow-gap semiconductors have a metallic type of
conductivity and a transition to a superconducting state at temperatures in the range of 2.5—-6 K. Structures
containing only wide-gap semiconductaiébS, EuS, EuSedo not demonstrate such properties. All super-
conducting layered systems are type-Il superconductors. The critical magnetic fields and the resistive behavior
in the mixed state reveal features characteristic of other layered superconductors. However, data obtained in
magnetic fields testify that the period of the superstructure corresponds to half of that obtained from x-ray-
diffractometry investigations. This is evidence that the superconducting layers in these samples are confined to
the interfaces between two semiconductors. Electron microscopy studies reveal that in the case of epitaxial
growth the interfaces contain regular grids of misfit dislocations covering all the interface area. These samples
appear to undergo a superconducting transition if they have a metallic type of conductivity in the normal state.
Samples with island-type dislocation grids only reveal partial superconducting transitions. The correlations
between the appearance of superconductivity and the presence of dislocations, which have been found experi-
mentally, lead to the conclusion that the normal metallic conductivity as well as the superconductivity are
induced by the elastic deformation fields created by the misfit dislocation grids. A theoretical model is pro-
posed for the description of the narrow-gap semiconductor metallization, which is due to a band inversion
effect and the appearance of electron- or hole-type inversion layers near the interfaces. For different combi-
nations of the semiconductors, such inversion layers in the superlattices can have different shapes and topol-
ogy. In particular, they can form multiply connected periodic nets having a repetition period coinciding with
that of the dislocation grids. Numerical estimates show that such a scenario for the appearance of supercon-
ductivity is quite likely. It is shown that the new type of metallic and superconducting nanoscale two-
dimensional structures with unusual properties may be obtained from monochalcogenide semiconductors.
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I. INTRODUCTION electromechanical dynamics in the normal and superconduct-

ing structures:®
One of the evident trends in modern nanotechnological It is possible to create composites whose elastic and con-
efforts is the fabrication of composite materials, intentionallyducting properties vary periodically on the nanoscale even
designed on the nanometer length scale. Such combinatiotfdthout nanotechnological means, if one deals with specific

. . . N, . . kinds of materials. This concerns, in particular, three-
of materials w_|t_h different |r_1tr|nS|c properue{sleqncal and_ dimensional superlatticelSLs), consisting ol?‘ semiconduct-
heat conductivity, magnetic or superconducting orderlngmg NaCl-type cubic monocha{lcogenides of different metals

elasticity) appear to have_ unusual characteristics due to hich have been grown epitaxially. The modulation of the
strong mesoscopic behavior caused by the nanometer-rangedl p,y sicq characteristics in the direction orthogonal to the
spatial scale of the constituting substances. Self-assemblegl e 5" arises due to the alternate condensation of two semi-
metal-organic  composites, structures based on  carbon ¢onductors. The modulation in the plane of the layers is due
nanotubesand fullerenes,as well as nanoelectromechanical g the appearance of regular grids of edge misfit dislocations
system$ are examples of the success of the above effortSeMD’s)  on the interfaces between two isomorphic
The very fact that such composites are both mechanicallgompounds. It has been known for a long time that the
heteroelastic and electrically heteroconducting opens thguperlattices PbTe/PbS and PbTe/SnTe reveal superconduct-
possibility for interplay between electronic and mechanicaling transition$-1° though they contain only semiconducting
degrees of freedom, leading to phenomena caused by nanmaterials. The appearance of superconductivity in these SL's
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seems rather remarkable because it is inherent only to thaversion takes place. Electron- or hole-type conducting in-
multilayered compositions, while the individual materials version layergdepending on the Fermi-level position in the
constituting the SL's are not superconductoséth the only ~ SL) emerge under the influence of nonuniform elastic defor-
exception of SnTe having the very loW. value of 0.22 K mations induced by periodic grids of EMD’s. These layers
(Ref. 11). Single thin films of Pb and Sn chalcogenides with form either multiconnected nets or isolated nanoscale regions
a thicknessd=150—300 nm, prepared under the same Cony\(ith metallic conductivity._ It is a_ssumed that in such inver-
ditions as the multilayered samples, do not reveal supercorflon layers superconductivity arises due to electron-phonon
ductivity either*2 This raises a question about the origin of interaction involving both bulk and surfacénterface

superconductivity in semiconducting SL's. The suggestion@coustic- and optical-phonon modes. Experimental and the-

answering this question are rather controversist23and oretical proofs in favor of the above-mentioned mechanism

none of them can be considered as satisfactory up to dat@f superconductivity in semmondgctmg SL’s are presented. A
especially due to the scarcity of existing experimental dataShOrt report on part of the experimental data presented here
Listing the possible explanations, one should start from &vas published in Ref. 16.
rather trivial assumption that superconductivity in the men-
tioned SL's originates from Pb precipitaté$his explanation
cannot be excluded for those particular multilayers investi-
gated in Ref. 8, because of the specific method of sample All investigated layered semiconducting samples con-
preparation(extra Pb was condensed simultaneously withsisted of monochalcogenides of lead, tin, and rare-earth met-
semiconductons als, which have a NaCl-type cubic crystal structure. The ep-
In Ref. 10 the superconductivity of a PbTe/PbS systenitaxial multilayers PbTe/PbS, PbTe/PbSe, and PbS/PbSe have
was explained as a strain-induced effect, which arises due toeen grown by thermal evaporation of the components from
the pseudomorphic conditions at the interface of two filmstungsten boats with their sequential condensation on a sub-
which lead to the appearance of interfacial metallic elecstrate heated up to a temperature of 520-570 K. The samples
tronic states. However, the authors did not take into accourftave been prepared in an oil-free vacuum-af0~© Torr. In
the appearance on the interfaces of crystals with differenthe majority of the experiments the cleav@d1) surface of
lattice parameters of misfit dislocation grids eliminating KCI single crystals was used as a substrate. This choice of
pseudomorphic conditions. The exotic excitonic pairingsubstrate, also having a NaCl-type crystal structure, guaran-
mechanisrif"> was exploited as another suggestion for theteed the epitaxial growth of all multilayered compositions.
explanation of superconductivity in semiconducting SP’s.  Some of the PbTe/PbS samples were also condensed on the
In Refs. 9, 12, 13, and 16 the regular grids of the misfit(001) face of mica. In the case of compositions containing
dislocations appearing on the interfaces of the epitaxiaBnTe or monochalcogenides of the rare-earth metals, an
PbTe/PbS SL's were regarded as a phenomenon related to tBkectron-beam evaporation technique was employed for the
superconductivity. Attempts to find superconducting semipreparation of the samples. All SL's contained ten bilayers.
conducting compositions were made recently which werelwo-and three-layered sandwiches were prepared as well.
based on the mentioned assumption that the main role in thEhe necessity to study properties of sandwiches was dictated,
appearance of superconductivity in semiconducting layereéirst of all, by the fact that for the epitaxial chalcogenide
systems belongs to the interfacial EMD grids. heterostructures the problem of structural stability is very
The idea has turned out to be rather fruitful. The superserious. Their degradation is mainly caused by elastic
conductivity has been discovered in four semiconductingstresses arising around the interfatek.was observed that
layered systems: PbS/PbSe, PbS/YbS, PbTe/YbS, ariflthe sample contains a small amount of interfaces a quick
PbSe/EuS® The values ofT. in these SLs are in the range degradation is less probable. This is the reason why, for some
2.5-6.4 K. The choice of these semiconductors was assoctombinations of semiconductors, low-temperature measure-
ated with the fact that all compounds mentioned are isomorments were successfully performed only on three-layered
phic, and interfacial misfit dislocations should appear duringsandwiches. Sandwiches with a total thickness not exceeding
the epitaxial growth of the alternating layers of these mate150 nm have been used also for the transmission electron
rials. Among them there are even the compositions includingnicroscopy(TEM) studies.
wide-gap semiconductors EuS and YbS. Single films of the narrow-gap semiconductors PbTe, PbS,
In the present work the superconducting and structuraand PbSe were also produced for the control experiments.
properties of the semiconducting superlattices have beefheir thickness was in the range of 100—600 nm. None of
studied. We also report on the discovery of one additionathem revealed any trace of superconductivity. This observa-
superconducting semiconducting superlattice PbTe/PbSe. Wn excludes the possibility that individual semiconducting
have demonstrated experimentally that superconductivity i¢hin layers in SL's are themselves superconducting.
unambiguously associated with the formation of periodic The layer thickness and the condensation rate have been
two-dimensional walls of EMD'’s near the interfaces, and themonitoredin situ by quartz resonators. In the case of rela-
superconductivity appears due to the metallization of the surtively small layer thicknesse€l5—-40 nm the superlattice
face layers in narrow-gap semiconductors PbS, PbTe, PbS&avelengths and their regularity have been checked by x-ray
and SnTe in the nonhomogeneous elastic deformation fieldsliffraction. All the rocking curves contain three narrow sat-
Owing to the strong dependence of the width of the forbid-ellite peaks of first, second, and third orders. A characteristic
den bandEg on the pressure in such semiconductors, a bandocking curve for the PbTe/PbS SL is presented in Ref. 12.

Il. EXPERIMENTAL DETAILS
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TABLE |. Parameters of the semiconducting SL's with different
combinations of components.
System Misfitf Dy, nm Dy, nm T., K
(%) (calg (expey
PbTe/PbS 8.3 5.2 5.2 6.03
PbTe/SnTe 2.0 23.0 23-25 2.97
PbTe/PbSe 5.1 8.6 8.6 6.02 L
PbS/PbSe 3.16 135 13.5-14 4.59 2 4 T ?K) 8 10
PbTe/YbS 13 3.3 3.3 5.93
PbS/YbS 4.8 8.5 8.5-8.8 6.39 FIG. 1. The resistive transitions bt=0 on the epitaxial PbTe/
PbSe/EuS 2.5 17.0 18.0 2.48 PbS SL's and sandwichefl) three-layer sandwichg; ,=250 nm,
SRS 53 17 17s o (2 S Shame 2 due s00mm 0 smmenc
YbS/YbSe 3.83 10.6 11-12 supercond. Pz ' L2 '
SL,d;,=7.5nm.

IIl. EXPERIMENTAL RESULTS

The crystal structure of the multilayers was studied in the
6-20 geometry using Cuk radiation on a Siemens D 5000
diffractometer. The TEM and electron-diffraction investiga- 1. Resistive superconducting transition at+0
tions have been carried out with EVM-100 AK electron mi- and resistivity in a normal state
croscope with a resolution of 1 nm. . Typical resistive transitions into the superconducting state

For the most stable PbTe/PbS system the thickness of begr

) X L the epitaxial PbS/PbTe SL's and sandwiches prepared on
semiconducting layers has been varied in a range 5-500 MMXCI substrates are shown in Fig. 1. As a rule, these transi-
the one of PbTe—in a range 5—60 nm. Along with '

ne one orr _ SYMMEt-4ions are rather sharp, and the transition width, as defined by
ric” Sl's with the equal thlckness_es of the both _Iayei§ the range (0.1-0.8,, is about a few tenths of a K. Only
=d; and the three-layer sandwiches, two series of thgyr 5’5 with relatively thin layers d1,<7-8nm) are the
samples have been prepared: a series with the constaphnsitions of an essentially different kind. They appear to be
dppre=12 Nm and variablelpys; a series with the constant rather wide and uncompletddee curve 5 in Fig. )L For the
dpps=12 nm and variablelpyre. superlattices with a layer thickness5 nm even traces of

In the case of other compositions two sets of the samplesuperconductivity do not appear in the temperature range
were prepared(l) SL's and three-layered sandwiches with accessible to us. We will further refer to samples that do not
equal thicknesses of both the semiconducting laggrsd, reveal superconductivity a&>1.5 K as nonsuperconducting
=100+ 10 nm; and2) two- and three-layer sandwiches with samples.
a total sample thickness no more than 150 nm, which were A very different behavior of the resistive transitions has
prepared mostly for TEM investigations. The list of the sys-been observed for SL's condensed on mica. In these samples,
tem studied is presented in Table I. independently of the semiconducting layer thicknesses, only

Transport measurements were performed in a standard hg_artial resistive.transitions, if any, have been found. The_rt_a—
lium cryostat equipped with a 5-T superconducting coil. TheSistance reduction has been about 15-30% Qf t_he resistivity
orientation of the sample in a magnetic field was changed? the normal state. There is an obvious similarity between
with the help of a special rotation mechanism. The accurac?j_e resistive transitions in the latter sampl_es an_d in SL's .W'th
of the determination of the angle between the applied ma thin semiconducting layers. Further we will mainly consider

netic fieldH and the layer planes was no worse than 0.1°. At[ghe data for entirely superconducting SLs. However, as will

the rotation of the sample the transport current was alway e shown below,_the results for parually_ superconductmg
. ) Co >Samples are also important for understanding the mechanism
perpendicular to the applied magnetic field. The parallel ori-

. . o L - ) of superconductivity in the monochalcogenide layered
entation was identified by finding the minimum reS'Stance'systen?s y 9 y

The stabﬂ;zanon of the temperature at a given point Was” e temperature dependence of the resistance for different
about 10° K. The critical magnetic fields were defined gemiconducting heterostructures for the extended range of
from the resistive transitions by the criterié=0.5R,. The is shown in Fig. 2. It must be emphasized that a metallic-type
resistance measurements were carried out using standaggnductivity was observed for all layered samples revealing
four-probe technique with a transport current of 108. a superconducting transition. For the majority of the semi-
The normal resistance of all samples was in a ranggonducting heterostructures the resistance ratio
4-200() (the only exceptions were the samples containing= Ry, /R, varies in a range 1.5—-6. No correlations between
two wide-gap semiconductors for which the normal resis-T, andr for these samples was found. The ratia1 was
tance was several(k. On the different samples we were obtained for only few PbTe/PbS samples, and these SL's
able to detect the values &R,=2.10 *-5.10 °. were nonsuperconducting. Thus a metallic-type conductivity

A. Resistance and transition temperatures
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FIG. 2. The resistance as a function of the temperature for SL's FIG. 4. Resistive transitions & =0 on the epitaxial SL’s and
with different combinations of semiconductors in the extendedsandwiches(1l) PbS/PbSe(2) PbTe/PbSe(3) PbS/YbS. The layer
range of temperature$l) PbTe/PbS(2) PbS/PbSe. Both SL's are thicknesses in all samples are 100 nm.
symmetric, with a layer thickness of 100 nm. Inset: the resistance as
a function of temperature for a YoS/EuS SL. transition temperatures of the samples with various amount

of the layers. TheT.'s of the asymmetric SL's and sand-
is a necessary condition for the appearance of supercondufiches with the constant value db,s=12 nm and variable
tivity. dppre are practically independent of-,1. at least in a range
Figure 2 demonstrates the temperature dependence of tA8—60 nm.
resistance for a SL consisting only of wide-gap semiconduc- Taking into account the results described above for a

tors. Such samples, independently of the type of conductivPbTe/PbS system, we investigated the properties of SL's and
ity, do not reveal superconductivity. sandwiches of different compositions with equal thicknesses

of two semiconducting filmsd;=d,=100*=10 nm). How

the resistance ratiB/Ry x depends on temperature for some

] N heterostructures prepared on KCI substrates is shown in Fig.
The dependence of the superconducting transition temy A jist of the semiconducting heterostructures investigated

peratureT. on the thickness of the semiconducting layersgng the values of . obtained are presented in Table I.
was investigated on PbTe/PbS system. This study enabled us

to make the correct choice of the necessary layer thickness
upon further attempts to find superconductivity in other
semiconductor multilayered compositions. Figure 3 shows Investigations of the critical magnetic fields for different
the T, dependence on the thicknesis,sof the PbS layer for ~ orientations ofH with respect to the layer planes were
samples PbTe/PbS. In this figure the data for different type§1ainly performed on symmetric PbTe/PbS SL's with the
of samples(symmetric SL's withdp,s= dpyre, @Symmetric vyavelengths in a range 20—45 nm. The perpendicular qritical
ones Withdpps# dpyreand sandwichésare shown. There is a fields have been measured on some of the asymmetric SL's
steepT, increase in thedpys range 7.5-20 nm. Atlpps @S well. Results concerning the critical fields were also ob-
>50 nm the transition temperature shows a tendency towarkgined for PbS/YbS samples. o _
saturation. Figure 3 shows that tfig's for different types of ~The resistive transitions in a magnetic field at any field
samples practically coincide. This is an important observa®rientation with respect to the layer planes are considerably
tion because, due to the various stabilities of different comSmeared. Such a smearing is clearly seen in Fig. 5, where

pound combinations, we will need to further compare thedata for a PbTe/PbS SL with a wavelength of 23 nm are
presented for a perpendicular magnetic field. In the case of

2. Superconducting transition temperatures

B. Critical magnetic fields

1.0
- t e
6 ge 8 £
L N A vf;i‘t..:-
X 5 m: v 2 “o":
o el T 08 JF L
-3 v A ©®
A ® ® SL dppre=dpys 5 453402 M
4 o SL dpgy, #d - v As!
3 ’ Pt.uTe PbS 'v' > A‘ .. -
A sandwiches R P s
3 0.0 kg o
- = 20 25 30 35 40
2 IR 1 Lol 1311143 A Ll A L1k} T(K)
10 100 1000
des("m) FIG. 5. R/R,, as a function of temperature for a symmetric PbTe/

PbS SL with a wavelengt® =23 nm in different magnetic fields.
FIG. 3. Transition temperature as a functiondal,s for PbTe/  H is perpendicular to the layers. The values in kOe:(1) 0, (2)
PbS layered samples. 0.14,(3) 0.29,(4) 0.57, and(5) 0.95.
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FIG. 7. Critical magnetic fields as a function of temperature for

FIG. 6. Resistance as a functiondf ! for the symmetric PbTe/ )
a symmetric PbTe/PbS SD =37 nm.

PbS SL with a wavelengt® =37 nm in different magnetic fields.

H is perpendicular to the layers. Tlevalues an in kOe(1) 0.17, . .
(2) 0.25,(3) 0.43,(4) 0.72,(5) 1.02,(6) 1.33,(7) 1.7,(8) 2.2, and  CAUSE the main features of thé,(T) behavior, and they
(9) 3.0. values do not depend on tlR/R, level. Figure 7 demon-

strates, first of all, the significant anisotropy of the critical
) ) » o magnetic fields. Anisotropy is present for all samples inves-
the perpendicular field the transition broadening is mUChtigated, and the values of the anisotropy parametdor
stronger than in a parallel field. The features of these transigjfferent multilayers are in a range 4—10. THg,(T) depen-
tions are very similar to ones usually observed in hIgh- 4ence is linear in the vicinity oT ., i.e., Hy~(T.—T); at
superconductors and conventional superlattices. For layerggyer temperatures this dependence becomes square-root-
superconductors the large broadening of the resistive transjye- Hei~ (Tex—T)Y2[ Toy is @ so-named extrapolation tran-
tions has been the subject of numerous experiments and thggion temperature, which is usually lower thag (Ref. 22].
oretical considerations. This behavior was related to the giang,ch, 4 dependence means that the crossover from a three-
magnetic flux creep in the mixed state, which gives rise to dimensional(3D) to a 2D behavior takes place when the
temperature dependence of the resistivity of the thermallytemperature is lowered. Dimensional crossover was observed
activation type,R=R, exp(—U/KT) (see, for example, Ref. 5, many artificial SUs of different typ&
18). HereU is activation energy. Figure 6 shows that Arthen-  The qualitative similarity of the data obtained to those
lus plots perfectly describe the dependend®d) in the  found in conventional SLs and large values allow one to
perpendicular magnetic fields. S'”"""’“ data are obtained fogate that semiconducting samples investigated consist of the
other _ssgnp_les. For PbTe/PbS SL's the activation energy igyperconducting layers separated by non-superconducting in-
U~H" "7 like for some of HTS compounds and conven-terjayers. From the data obtained in a range of 2D behavior
tional SL's:” However, the activation energy is about®10 gne can estimate the thickness of the superconducting layers
times less than in higfiz materials. ~in SUs using the expressiond?=6®yH,, /7H?.
An analogy with the results obtained for HTS materials iSpor the samples investigated this thickness is in the interval
also observed in the experimental data for the resistive tranto_22 nm.
sitions in tilted magnetic fields. For a wide range of the gg far the properties of superconducting semiconducting
angles(30°-90 there is a scaling of the resistive transitions g 's jn magnetic fields are very similar to those observed on
when the resistance is plotted as a functiorHodine (the  other layered superconducting systems. However, a more
angle ¢ is equal to 0° if the field is parallel to the layer careful inspection of the critical field data indicates that some
plane$. Such an angular scaling behavior, which was previ-egsential distinctions from the behavior typical for SL's takes
ously seen for YBCO and BSCCO crystéfshas been ex- place as well. Théd, (T) dependencieFig. 7) are linear
plained by the authors as a consequence of the independef¥arT. | but at low temperatures they acquire a considerable
response of the tilted vortex structure on the parallel a”‘i)ositive curvature.
perpendicular components of a magnetic fi¢lsyhen these An essentially more dramatic difference from conven-
vortices consist of short two-dimensional pancakes joinegional SL behavior reveals itself in a case of the parallel
together by the Josephson strings. The broadening of thgitical fields!? These results are obtained on symmetric
tra_nsitions is essentially anisotropic, again as in fighma-  ppTe/PbS SL's withl, = d,<40 nm. Having the critical field
terials. L _ dependencies on the temperature for two main field orienta-
The magnetic critical field$i., andH determined by tions, one may easily determine the anisotropy parameter

the midpoints of the resistive transitions are presented in Fig.__(M/m)1/2 in three independent ways with the aid of the
7 as functions of temperature. Because of the close similarityymyla<2

in the properties of the semiconducting SL's investigated and

the HTS behavior, one encounters the same difficulties as in vy=(dHg /dT)/(dH¢, /dT), 1)
a case of highF. superconductors. The critical field values

and the derivativeslH.,/d T depend markedly on the/R, y=[EO0)DINT/(T—To), 2)
level which was used for their determination. Nevertheless,

results obtained in such a way are sufficiently reliable be- y=®q/mHD?. (3
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Here®, is the magnetic flux quantun =d;+d, is the
superstructure period, aml, is the crossover field. The first
of these formulas determines the anisotropy parameter exclu-
sively through the critical field values and does not contain
the SL wavelengttD. Formulas(2) and(3) includeD along-
side the parameters which one obtains from the critical
fields. It appears thay values for all samples investigated,
which are determined by the above three formulas, coincide
only in a case when one uses the valiR=d,=d, as the
SL wavelength. This means that the repeating distance be-
tween the centers of the superconducting layers is equal to
the individual semiconductor film thickness, but not to the
bilayer thicknessl; +d,, as it is for all conventional SL'&>
In the meantime, the x-ray diffractometry gives the value FiG. 8. The dislocation grid in the PbTe/PbSe two-layer
D=2d,,, in accordance with the magnitude following from sandwich.
the fabrication process. Thus this observation allows one to
make very important conclusions concerning the nature ogal destruction of the samplé.The stresses essentially de-
the superconductivity in semiconducting SL's. Since the sucrease with the appearance of the misfit dislocations, but the
perconducting SL wavelength is equal to the individual semicomplete relaxation of the stress as a rule cannot be
conducting film thickness, it is clear that the supercon-attained?® The less the misfif, the higher the level of the
ducting layers are located on the interfaces between twetress until rather large:®* For heterostructures with a small
semiconductors. amount of layers the risk of the destructive scenario of the
Also of special interest are the data obtained on thestructure transformation becomes less likely. This is the rea-
multilayer with the large layer thicknesses of 100 nm in par-son why, for some compositions, only three-layer sand-
allel magnetic fields. This sample also displays 2D behavioiches were successfully tested for superconductivity.
at low temperatures, i.e., a square-root-like dependende on  Misfit dislocation system forms a regular square grid. The

For this sample the superconducting layer thickness is equgleriod of this gridD, is determined by the formula
to 22 nm, i.e., essentially smaller than that of the constituting

semiconducting layers. This confirms the suggestion that the Dy=b/f. (4)
bulk of semiconductors is not in the superconducting state.

The values of thedH,, /dT for PbTe/PbS SL's are not  Hereb is a projection of the edge component of misfit
very high. Its maximum value obtained until now is about 2 dislocation Burgers vector on the interface. The experimental
kOe/K, but for many samples it does not exceed 1 kOe/Kpicture demonstrating the typical view of the dislocation grid
Correspondingly, the values of the coherence lerg(T is shown in Fig. 8.
=0) obtained from the perpendicular critical fields are in a The values of the misfit parametércalculated for the
range 17—-40 nm. different combinations of the compounds are presented in
Table I. This table also contains the experimental values of
the dislocation grid periodB, obtained from TEM investi-
gations for different combinations of semiconductors. In an-

First of all, let us consider the structural features that mayther column of Table | the values @ calculated from
be of importance for the explanation of the origin of super-expression(4) are listed. It appears that experimental and
conductivity in the semiconducting heterostructures investicalculated values o are in a fairly good accordance.
gated. At the initial stage of the epitaxial growth of a  The critical thickness for the appearance of the misfit dis-
monochalcogenide on the “substrate” from another monochilocations, as mentioned, depends on the misfit between lat-
alcogenide according to the Franck—van der Merwe mechdice parameters in two contacting compounds. For the com-
nism, the growing film acquires the same structure as théination PbTe/PbS with the misfit paramefer8.3% it is
“substrate,” with the interatomic distance coinciding with about 2 nm, while in the heterostructure PbS/EuS With
that of substrate. It is so-called pseudomorphic stage of0.5% pseudomorphic growth occurs up to a thickness es-
growth. On this stage a large strain in the growing layer asentially exceeding 100 nAi.
well as in the substrate is accumulated. One of the materials, All diffraction data in 6-26 geometry show that only re-
having a larger lattice parametex, appears to be com- flections of (00) type are present for all compounds in the
pressed; another one with a smaleis expanded. SL's as well as for the KCI substrate. The data of other scan

The value of the stresses depends on the misfit parametarodes, with a fixed incidence beam angle and just detector
f=2(a;—a,)/(a;+a,) between the crystal lattice param- scanning, allowed us to detect other reflections with indices
etersa; anda, in the two compounds. However, when the (hkl), originating from planes not parallel to the layer sur-
thickness of the growing layer exceeds some critical magniface. These data testify that all crystallographic directions in
tuded, depending on the compound combination, the partiathe substrate and in SL components coinéftiall the data
stress relaxation takes place due to the formation of misfibbtained may be regarded as evidence that SL's condensed
dislocations or, in a less favorable case, due to the mechanin the KCI substrate are perfect single-crystal multilayered

C. Crystalline structure
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structures. In the case of the samples prepared on mica sub-
strate the SL's consist of blocks with two different orienta-
tions (with the directions[100] and [111] perpendicular to
the layer planes
The stability of the semiconducting SL's studied is rather
low, and their lifetime during which the samples remain con-
tinuous and conducting is very limited. There is a number of
reasons leading to the destruction of multilayers. The SL's
appear to be destroyed due to the thermocycling connected o
with low-temperature measurements. The most stable com- 0 5 10 15 20 25
position is PbTe/PbS. These SL's may hold 10-20 ther- D, (nm)
mocycles without degradation of the structure and supercon-
ducting properties. Another reason for the degradation is a  FIG. 9. T, as a function of the dislocation grid period.
mechanical destructiotappearance of cracks penetrating
through the depth of the samplevhich is due to the elastic js observedas in the inset of Fig. 2 for SL's consisting of
stresses. In some cases a pal’tlal decomp05|t|0n of the PRNO Wide_gap Semiconductorsy or for imperfect Samp|es con-
Containing Compounds occurs, and the weak diffraction |ine$aining narrow-gap semiconduct¢r$here is no supercon-
characteristic for polycrystalline Pb appear. In fresh PbTefjycting transition.
PbS SL's the Pb lines are absent, but they appear as a result (3) All |ayered Superconducting Samp'es studied are per-
of the aging during a few months. This corresponds approXifect single crystals, which contain EMD grids on the inter-
mately to the superconductivity lifetime in these samples, bufaces between two semiconductor crystals. The single crys-
a rather large statistics is needed for the statement whethegjinity is observed in the whole volume of the multilayered
such type decomposition may be directly associated with thgamples. In a case when the dislocation grids do not cover
destruction of superconductivity. The lines corresponding t@he entire area of the interfaces the superconducting transi-
the free Pb have never been seen on PbTe/PbSe, PbTe/YR&n appears uncomplete, i.e., after a partial phase transition a
and PbTe/EuS samplésven after yearlong agingAnd at  constant resistance, lower than the residual one, is conserved.
|aSt, the solid state chemical reactions between different elerhese facts most probab|y |mp|y that Superconducting phase
ments take place after the long aging. As a result of the aginghay form a disconnected island system. Thus the obvious
effect the additional lines appear on the x-ray diffractogramseorrelation between superconductivity appearance and its
The majority of these lines may be identified as belonging tGeatures, on the one hand, and the EMD grid existence, on
compounds of K and S with different valences. The locationthe other hand, is discovered. The island-type dislocation
of these compounds should be close to the interface betwe%ﬂids are observed in two casés: at small thickness of the
the substrate and the first Semiconducting |ayer because, a§emiconducting |ayers; ar(d) for the Samples condensed on
cording to Auger electron spectroscopy analysis, no traces Qhe mica substrate, which does not ensure good epitaxy.
K were observed in several upper layers of the EUS/PbS (4) For the superconducting compositions there is a cor-
superlattice? relation between the values of the transition temperaiyre
and the period of the misfit dislocation grifig. 9. When
the dislocation density is largén the D4 range 3.3—8.6 nin
there is practically no dependence™f on the interdisloca-
Before discussing the theoretical model proposed here fdion distance. AD ;> 10 nm the reduction of . is observed
the explanation of the origin of superconductivity in the with increasingD,. These data may be considered as evi-
purely semiconducting heterostructures let us sum up thdence thafl; depends on the density of the dislocations at
main experimental results presented above. We will also disthe interfaces.
cuss all correlationgsand anticorrelationsbetween physical (5) It follows from the magnetic critical-field measure-
properties and the structure of these SL's. ments that the systems studied consist of superconducting
The PbTe/PbS system was studied most extensively béayers located on the interfaces between two semiconductors
cause of its relative stability, and some conclusions made oseparated by the non-superconducting material interlayers.
the basis of these results may be applied to virtually all theEvidence for this statement follows from the observation of
semiconducting SL's of the monochalcogenide type. In briefthe 3D-2D crossover and the value of the superstructure pe-
the results obtained are as follows. riod D=d;=d, determined above and from large anisotropy
(1) Seven of nine semiconducting SL's investigated areparametery, which is equal to 4—10 for different samples.
superconductors witli; in the range 2.5—6.4 K. Supercon-  The analysis of the experimental data presented above
ductivity is not discovereddown to 1.5 K in two combina-  points out to the important role of the edge misfit disloca-
tions containing only wide-gap semiconduct@i¢bS/EuS, tions appearing on the interfaces between semiconducting
YbS/YbSeg. All SLU's containing one or two narrow-gap crystals with different lattice parameters. It is found that for
semiconductor§PbS, PbSe, PbTe, SnTesveal supercon- combinations of monochalcogenides with a large misfit pa-
ducting transitions. rameterf and, correspondingly, small periods of the 2D dis-
(2) All superconducting SL's have a metallic-type conduc-location grid Dy=b/f, the values of the superconducting
tivity. When a negative temperature coefficient of resistivitytransition temperatur&; are higher. However, there are ex-

T.(K)
O =4 N W Hh O~
™

IV. DISCUSSION AND THE THEORETICAL MODEL
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\c(%pgi/?(rt;ssfror.r:hthif {ulcal: the rﬁ)et?;ostruc;ulrgsé Y;ﬁ/EuSt and 2 |I§|(1—20i)sinr(27rz/Dg)
e with relatively smal .7 an .6 nindo no gi(l,z)=— ,
reveal superconductivity. This fact indicates that some addi- | 2D4(1~0)cot(272/Dg) — cog 2l/Dy)

tional mechanism along with the presence of the EMD’s ex- )
ists, favoring the appearance of the superconductivity. ] ] o )

It should be emphasized that the metallization and the Hereo; is the Poisson coefficient of thieh crystal. One
superconducting phase transition are observed only in sudRay easily see from formule) thate;(x,y,z)—0 atz—0
semiconducting heterostructures where one or two of thé all the points of plangx,y) except the points along the
components are narrow-gap semiconduct@®bTe, Pbs, dislocation lines, on which conditions cost@Dg)
PbSe, SnTewith a small value of the energy gaE, =cos(2ry/Dg)=1 is valid. On the other hand, at large dis-
<0.3eV (Ref. 27]. These semiconductors also have antancegz|>Dg/2m the dilatatione;(x,y,z) approaches a con-
anomalously strong dependence Bf on the pressure. Stantlimit
Meanwhile the compounds YbS, YbSe, and EuS are semi-
conductors with a wide gapEG>1.5eV), and they reveal
neither metallic, nor superconducting properties.

We are going to show that the appearance of metallic
conductivity in semiconducting layered systems may be due
to a decrease of the energy gép in narrow-gap semicon-

ductors under influence of the elastic deformations create\c'yh'Ch corresponds to the compression of the crystal in the

by the EMD grids near the interphase boundaries. The band J'o" 2=0 ar!d o the extension In the_reglz 0. It is
bending effect near the interfaces caused by the contact pV\{OI’th mentioning that the sign of the periodic elastic dilata-
tential difference also makes a contribution to this effect, bu on [Eq. (5)] cre_ated by thg .EMD grid in each cry§tal IS
it is not so essential as the. reduction. The superconduc- opposite to the sign of the initial homogeneous elastic defor-
tivity in the interfacial metal layers can' be explgined by themation (compression or expansiinwhich is due fo the
usual BCS pairing which is due to the interaction of thepseudomorphic growth of the semiconducting films. In Fig.

. . 10 the space distribution of the periodalongx andy axes
degenerated current carrietslectrons or holeswith the elastic dilatation[Eq. (5)] created by the EMD grid at the
bulk and surface phonons.

- definite distance from the interface plane=0 is shown.
According to Ref. 27, at low tempera}tureﬁzé4 K) the The values of the pressuresiithh crystal created by dila-
values of the energy galy for the semiconductors PbSe, tation are equal to
PbTe, and PbS are smak=0.165, 0.190, and 0.286 ¢V
These compounds are characterized by negative and anoma-
lously large absolute values of the derivative&,/dP
(—9.1x10° %, —7.4x10 % and—9.15< 10 eV/kbar, cor- Pi=—Kigi, Ki=E/3(1-20y), (8)
respondingly. This means that at the pressufes 10 kbar
the considerable reduction of the energy gap width should be
observed. As we will show below, such pressures may arisklere K; is the compression modulus, aig is the Young
in the films due to the existence of EMD grids on the inter-modulus.
face between the cubic crystals. The Burgers vedsoo$ all For example, in the cubic crystal PbS with the lattice
the EMD’s lie in the boundary plang,y), i.e., in a sliding elastic  modulus  components Cy;=1270 kbar, Cy;
plane. In such a case the elastic stress fields of the individuat 300 kbar andC,,= 250 kbar?’ the Poisson coefficient and
dislocations in each crystal have the same sign on one side #ie compression modulus are equal to 0.32 and 630 kbar,
the boundary(but an opposite sign on the other side of thecorrespondingly. Assuming for PbS the value Bf=a
interface, and they are summed up. =6 A and takingD4=5.2 nm for a contact with PbTe, we
In the framework of the linear elastic theory, one canobtain, from Eqs(7) and(8), such estimatege;’|~6 102
imagine that the square EMD grid is formed as the superpoand|P;’|~38 kbar P} is the pressure arising in ath crys-
sition of two dislocation walls with the orthogonal to each tal on the distance> Dg/2m from interface. Since the de-
other directions of the dislocation linéalong axes< andy) rivative dEy/dP=—9.15x 103 eV/kbar in PbS, the de-
having the same period3, in both directions. The elastic creasing of the energy gap width under this pressure is
dilatation of such dislocation grid is a sum of the diIatationsAEg=0_35 eV and it is larger than the initial ambient gap
of each wall: valueEy=0.29 eV. This means that, in such a situation, the
band inversion occurs in the crystal PbS.
However, it is necessary to take into account the initial
ei(x,y,2)=¢|(%,2)+&{(y,2), (i=12) (5)  pseudomorphic deformation of a PbS film grown in contact
with a PbTe crystal, which has a greater lattice constant (
=6.13 A) than the PbS crystah&5.94 A). In the pseudo-
Here s‘i‘ (I,2) is a dilatation appearing as a result of the morphic state, an expansion of the PbS crystal takes place,
superposition of the elastic deformations of the periodicand a gap widening occurs. The elastic dilatation created by
(along axisl=y, x) chains of the EMD’s with the Burgers the EMD grid on interface has the opposite sign, and it leads
vectorsB parallel to the sliding plan& to a compression of the PbS crystal and to a gap narrowing.

_[Bl(1-20y)

gi(x,y,|z—»)=¢]"= D= S9N
g i

)
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FIG. 10. The spatial distribu-
tion of the elastic deformation of
the crystal lattice, which is due to
the square EMD grid on an inter-
face between PbS and PbTe, for
different distanceg from the in-
terface: (8 z=0.3 Dy, (b) z
=0.5 Dy, (¢) z=0.7 Dy, (d) 2
=0.9 Dy Deformations are in
the arbitrary units, andk and y
values are in the units @, . The
shape of the “landscape” does not
change with the increase af but
the peak height diminishes with
— Dg .

(b)

This dilatation is very strong near the interface, along the
EMD lines, where the real effects of the band inversion in
semiconductor PbS and the creation of electron-or hole-type
inversion layers with metallic conductivity can take place.

As a result, the surface of the band inversion points in the
PbS film near interface has a multy-connected periodic shape
(see Fig. 11 The metallic inversion layers near this surface
form square nanoscale nets with the sizes of the cells equal
to Dy. Such a multiply connected structure of conducting
and, atT<T,., superconducting nets can lead to unusual
properties of the semiconducting SL's, in particular to a
guantization of the magnetic field flux both in the normal and
superconducting states. The quantum period in magnetic
field isH=ch/e Ds for the normal metallic net and equal to
6.4 T for Dg=25 nm.

At the same time, the pseudomorphic deformation of the
PbTe crystal is compression, and this leads to an energy gap »
reduction. Since the gap in the PbTe semiconductor is very N
small (E4=0.19 eV), it leads right up to the band inversion,
when the gap is negative. In this case, the EMD grid dilata- FIG. 11. The multiconnected topology of the surface of the band
tion promotes the reinversion of bands in the bulk, and thénversion points in the crystal PbS.
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surface of the points, where the gap is equal to zero, touchesaximal values of the elastic deformation and local pressure
the interface. Thus an intersection of the metallic inversiorare reached at the distances Dy from the interface, in
layer by the insulating dislocation cores in the interface planewverage.

takes place. As a result, this metallic and superconducting Just for these distances, both band inversion and metallic
layer decomposes into individual separate parts inside thi@yer creation occur. So, if the thickness of semiconducting
EMD grid cells. This can lead to unusual superconductingilm is less than the characteristic lendth, for the certain
properties af < T, due to the existence of the 2D square netSystem, the inversion layers with metallic conductivity and
of Josephson-type weak links along EMD lines. Such nets ofUPerconductivity are absent or suppressed, while for the
weak links can be sensitive to the Josephson vortex dynanbick films with d>Dg such metallic and superconducting

ics. Since the effective masses of electrénsles are suffi- Ia}yers darle fully formed. ng_ever,f the absence of the com-
ciently small, the space quantization of the electtboley ~ PIEte dislocation nets on the interfaces is even more serious

spectrum in the narrow potential well of the bent bands'€ason for absence of superconductivity at small thickness of

should take place, i.e., a transition to the case of 2D metatf1e semiconducting layers.
occurs.

In the meantime, the bending of the bands, which is due
to the contact electrostatic potential for compounds PbS,
PbTe, PbSe, and SnTe, similar in their chemical properties, is In this paper, the new types of space-periodic nanoscale
not sufficient for the formation of heterostructure with met- artificial ~ structures are created and investigated—
allized inversion layers on interfaces, in distinction to themonochalcogenide semiconducting superlattices with the
systems of GaAs/AlGa,_,As type. Beside that, the electro- edge misfit dislocation grids on interfaces, which have me-
static fields are screened strongly due to the very large valudallic and superconducting properties. The temperature de-
of the static dielectric constant in these ionic type crystalfP€ndencies of the resistance and superconducting resistive
[£0~2000 (Ref. 27]. trapsﬂmnsﬂ_f_they are pr(_aselt)utare stud|_ed. _Fo_r some of the

Superconductivity arising in the metallized inversion |ay_SLs the critical magnetic-field behavior is investigated as

ers at the low temperatures most probably is stipulated by th}Q’e”' Eor t.he majority of Iaygred systems extensive structural
Investigations are accomplished. It is shown that the appear-

usual mech_amsm of the quper pf_;urmg_of the degen_eratednce of superconductivity and its features always correlate
current carriers through the interaction with the acoustic an@/ith properties of the interfaces between two different semi-
optical phononsthe BCS modg)l If the spectrgm of elec- conductors where misfit dislocations are located.
trons(holes near the interface is weakly quantized and, con- A theoretical model is proposed for a description of

sequently, is actually three dimensional, the eIeCtron'phonOHarrow—gap semiconductor metallization, which may serve as

interaction is mainly determlngd by the bulk phonpqs N3 basis for explaining the unusual SL properties observed.

cryst_al_s, and_the superconducting order parameter is in fa&he metallization of narrow-gap semiconducting films in

quwgfﬁt{ﬁg'g' atial quantization is sufficiently strofi SL’s is a result of the anomalously strong dependence of the
P q y G-, energy gap on pressure. This leads to the band inversion

tmhﬁs?S]Efir;%’\e/ebeite\ﬁr%r;l-nﬁg:ggri:ﬂgrsgkﬁvgs>bTeC)c,o:1hneecte ffect in narrow-gap semiconductors and to the appearance
P Y f electron- or hole-type inversion layers near interfaces with

with the interfacial surface 2D phonon mo&&¥ localized : - - -
on the interphase boundaries of different crystals. The posslmetaIIIC conductivity and superconductivity below the criti

bility of superconductivity of 2D electrons, which is due to cal temperaturel.=2.5-6.4 K. Such inversion layers in
Y pel . y Y semiconducting films can form multiconnected periodic me-
their interaction with the surfacéRayleigh phonons, was

considered in Ref. 14. In this case the maxirialis ac- tallic and superconducting nets along EMD lines or the sepa-

L . T rate local regions inside cells of the EMD grids.
cessed at the sufficiently low thicknedsf the metallic film, - ; . ,
that is, when the conditiomi<A\, is met. Hereh, is the As a result, the unusual properties of semiconducting SL's

effective penetration depth of the surface phonon. equal bcan be observed, in particular, quantization of the magnetic
P . P . pho + €d Yeld flux in normal as well as in superconducting states, and
an order of magnitude to the inverse Fermi wave vecto

the collective Josephson effect on the square 2D nets of the
-1_ -1/2 H H
Ke *=(2aNg) ™™ and N is a surface density of the 2D extended weak links along the insulating EMD cores. One
electron gas. . . additional superconducting combinatid®bTe/PbSein a
However, in semiconducting SL

i s one observes anothefass of monochalcogenide semiconducting superlattices is
tendency: the transition temperature decreases with decregggqyered

ing thicknesd of the semiconducting films, and “aspires” to
the maximal value with increasing (see Fig. 3. This ex-
perimental result testifies again that the volume of the semi-
conducting films is not involved in the superconducting tran-
sition. This work was partially supported through Grant No.

According to Eq.(6), the full dilatation[Eq. (5)], as was 351/99 of the Israel Science Foundation, and K'@eden.
mentioned above, is equal to zero on the interface=ed in  One of the authorgN.F.) acknowledges the support of the
all points of the plandx,y), excluding the dislocation line Israel Ministry of Absorption through the Center for Absorp-
areas(near the elastically deformed cores of EMD'§he  tion in Science.
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