Lawrence Berkeley National Laboratory
LBL Publications

Title
INDUCED SUPERCONDUCTING STATE IN SEMICONDUC-TORS AND SEMIMETALS

Permalink
https://escholarship.org/uc/item/7n96m3f0

Author
Kresin, V.Z.

Publication Date
1984-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7n96m3f0
https://escholarship.org
http://www.cdlib.org/

té-r—-ﬂ-—'! L )

LBL-17904
Q_s\

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

Materials & Molecular RECEIVED

Research Division BERKELEY LaRARaTORY
DEC 19 1984

Presented at the Conference on the Physic%&‘bﬁx?YANo
Semiconductors, San Francisco, CA, S SECTION
August 6-10, 1984

INDUCED SUPERCONDUCTING STATE IN SEMICONDUCTORS
AND SEMIMETALS

V.Z. Kresin -

5 %
i g ey
R

e
o 3@;
August 1984 TWO-WEEK LOAN COPY

' This is a Library Circulating Copy |

~ which may be borrowed for two weeks. e

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 9)

SopL—1871



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-17904

INDUCED SUPERCONDUCTING STATE IN SEMICONDUCTORS AND SEMIMETALS

V. Z. Kresin
Materials and Molecular Research Division, Lawrence Berkeley Laboratory,
University of California, Berkeley, CA 94720

The search for new superconducting materials is of considerable
interest. As is well-known, superconductivity in semiconductors is
caused by intervalley interaction (M. Cohen; see Ref. [1]). Moreover,
intervalle{ interaction may result in the appearance of a non-phonon
mechanisa. 2] '

The present paper is concerned with a different type of supercon-
ductivity in semiconductors (SC) or semimetals (SM), namely, with in-
duced superconductivity. If a SC (or SM) film is placed on a usual
superconductor, there results a superconducting state of SC or SM be-
cause of the proximity effect. This proximity system is characterized
by interesting features connected with the properties of SC and SM. We
focus here on the analysis of the critical temperature Tc' magnetic
screening and the Josephson effect.

Critical Temperature. Consider the system S, - "8 containing two
films, where %u is superconductor, and "B is a SC (or SM) film. Assume
that L, > Lg (La' Lg are the film thicknesses), and Lg << Eq, where &g
is the coherence length; EB increases with decreasing T. 3.4 Then
one can use the McMillan tunneling model. 5 Our approach is based
on the thermodynamic Green's function method; this method has been used
in- the theory of the proximity effect by the author.[‘] One can write

Au(“n) e 2°1a7 2/{1!2 gc(ﬂ) D(n,mn - un')‘a.l(“’ ) « 8
Who!

Ae(wn) - Aea(un) (1)
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where 4., 8 are the thermodynamic order parameters, & = (2n « 1)7T,
ga(n) describes the electron-phonon interaction in a film, Q is the
phonon frequency, D is the phonon Green function, LI (uﬁ .
Ai(un))llz. Z_ is the renormalized function, and
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Here TGB - 1}szSLB; Psa - 'EZVGSLG (va, vg 8re the densities of

the states, T is the tunneling matrix element, and S is the area of the
contsct, see Ref. $). :

We consider the general case of strong electron-phonon coupling in
the ¢ film, e.g., Sc- Pb, NbN, etc. The weak coupling approximation
has been used in Ref. [4]. Strong coupling effects can be considered
on the basis of the theory.[6 In order to determine Tc’ one should
put 4 = AB = 0 in the expressions for %2 (8) and Z. After 8 long
calculation we arrive at the following expression

- BT . (2)

Here T: is the critical temperature of an isolated a film, u =
(2v/n/e)<a>, if Lg £ Z%IOZA. and p is equal to

P = (valg/vyLy) (3)

If the 8 film is a degenerate SC with high electron concentration
(b - v>>T, v corresponds to the bottom of one conduction band), the
density of states v, depends strongly upon ne(v8 ~ nlls), and hence
Tc of the proximity system is a function of n, in the SC film. One can
see from Eqs. (2) and (3) that a decrease of n, results in an increase
of Tc. A change of n, can be made by several methods (e.g., by radia-
tion, see, e.g., Ref. [7]), and this dependence can be verified experi-
mentally.

An interesting situation occurs if the g film is &2 thin SM size-
quantizing film (e. g,. Bi, Sb, InSb). 1f L is small enough (e.g., for
Bi film L8 < 2x10 A). then only the louest transverse level is filled
(see e.g., Ref. [4]). Then vg ~ l/LB and T, does not depend on LB in
this region. However, subsequent decrease of LB might result in a so-
called semimetal -semiconductor transition.ls] Decreasing the film
thickness results in s removal of the overlap of the valence .and con-
duction bands and in the appearance of an energy gap. Then n, is ex-
ponentially small in the low temperature region. This transition will
be accompanied by an increase at Tc and hehce, this increase can be
used in order to determine such a transition.

Screening. As is known, superconductors are characterized by
anomalous diamagnetism (Meissner effect). 1In connection with this, it
is of interest to study the behavior of a SC (SM) in an external field.
The current density can be written in the form: J =2 (ie/2m) (V¢ -
A*) G(x,x') - (ezA/n) G(x,x') |T'= T , t' =« 1 ¢« 0, where G(x,x’ ) is
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the thermodynamic Green's function and x = {T,1}, t is the imaginary
time. The electron-phonon interaction can be included directly in the
equation for G(x,x') and it asllows to take into sccount the strong
coupling effect. 9] We focus on the low temperature region, where
non-locality plays an important role. As a result, the penetration
depth (we restrict ourselves to the case of specular reflection) can be
evaluated from the equation

A = | dqlq? + k(q))°1 , (4)

vhere «(q) = (3n2/vEq) §: 82w + 2217

The order parameter ?w ) can be obtained from Eq. (1). We assume
that A >L8. Finally we errive at the follewing expression describing
the temperature dependence of the penetration depth:

A(T)/A(0) = [¢(0)/6(T)]2/3 (s)

where -1

¢(T) = ﬂ'z ’lel . (c /u'l'“)t/ 3 f ] H

Here X = (2n + 1) nT/e (0), £, = 8,(X €,)/€,, €y is the energy gap
in the film. If is a strong coupled superconductor, then €,(0) =
1.76 T_[1 +5.3(Tg/2)2 1n (9/T.)], @ is & characteristic phonon
frequency; e.g., be = 4.5 meV. The parameter t has been introduced in
Ref. [4] and depends on the thickness of SC film (t ~ LB). the quality
of the proximity contact and the electron concentration. It is essen-
tial that t ~ n;1/3. Hence the increase of the electron concentration
in SC film results in an decrease of t, and, as a result, the tempera-
ture dependence A(T) becomes less slanting (see Fig. 1). One can show
that the increase of n, at fixed T and Lg leads to a decrease of the
absolute value of the penetration depth. As is known, the dependence
A(T) for one usual superconductors is very weak in one region T << T..
The situation becomes entirely different for the case of the induced
superconductivity.

Josepﬁson effect. Consider a Josephson junction Sq - MB -1- SY’
where Mg is a SC or SM film. 1In this case the Josephson contact occurs
between the superconductor SY and the film Mg, which is characterized
by the induced superconductivity. The maximum Josephson current can be
evaluated!*} with the use of the expression Iy = (T/meR) I fdf dE,F 8 Fo»
where Fs, FY are the anomalous thermodynamic Green s functxons. R is
the normal resistance, EB(Y) is the electron's energy referred to the
Fermi level. It turns out that lM depends on n,- It is interesting
to note that, contrary to the behavior of A(T) (see above), I, decreases
with.an increase of ng- The value n, can be affected by the radistion
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Figure 1. Temperature dependence of for S, - SC(SM) systems:
(1) t =5, (2) t « 10. When n, increases by an order of magnitude,
the dependence A(T) changes from curve (1) to curve (2).

(see, e.g., Ref. [7]).  1f MB is a size-quantizing SM film, Iy becomes
an oscillating function of Lg-

It is worth noticing that the problem of magnetic screening (see
above) is directly related to the problem of the behavior of a Josephson
junction in a magnetic field. The period of oscillations of the current
is related to the penetration depth.

Hence, the SC and SM films with the induced superconductivity are.
characterized by the peculiar behavior of Tc. screening and the Josephson
current. These properties allow to change their behavior in the desired
direction.

This work was supported by the U.S. Office of Naval Research under
Contract No. NM00014-83-F-0103 and carried out at the Lawvrence Berkeley
Laboratory under Contract No. DE-AC03-76SF00098.
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