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Proximity effect in normal metal-multiband superconductor hybrid structures
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A theory of the proximity effect in normal metal-multiband superconductor hybrid structures is formulated
within the quasiclassical Green’s function formalism. The quasiclassical boundary conditions for multiband
hybrid structures are derived in the dirty limit. It is shown that the existence of multiple superconducting bands
manifests itself as the occurrence of additional peaks in the density of states in the structure. The interplay
between the proximity effect and the interband coupling influences the magnitudes of the gaps in a supercon-
ductor in a nontrivial way and can even give rise to an enhancement of multiband superconductivity by the
proximity to a superconductor with a lower transition temperature. The developed theory is applied to the
calculation of supercurrent in multiband superconductor-normal metal-superconductor Josephson junctions
with low-transparent interfaces, and the results are compared with the predictions for multiband tunnel
junctions.

DOI: 10.1103/PhysRevB.69.214407 PACS nuni®er74.20-z, 74.45+c, 74.70.Ad

The proximity effect is the phenomenon that a superconpared with those for MgRbased tunnel junctions.
ducting order parameter can penetrate from a superconductor In this paper, we will use the quasiclassical Green’s func-
() into a normal meta(N), or another superconductt®)  tion formalism in order to describe electrical transporsi@
with a critical temperaturd.g <T.s over a distance of the hybrid structures, wher€&' is a single-band superconductor
order of the coherence length, inducing a minigaplior S while Sis a multiband superconductor. We will restrict our-
This phenomenon is well understood, both in terms of An-selves to the limit of diffusive transport, which is justified if
dreev reflections as well as in terms of microscopic Green'$ss,<§ss,, wherelsg and &g are the electric mean free
funCt!O”S-l_g o _ path and coherence length of tBeandS' materials respec-

It is not known, however, how the proximity effect will iely. In the dirty limit, the Green’s functions in tH& metal
manifest itself when multiple pairing potentials are presentin, o given by the standard Usadel equatifris. the S metal
O the regime of vanishing interband scattering, as is the case

that multiband superconductors are coming into practic or MgB,,15 the Usadel equations take the fdfm

use. The most clear example of a multiband superconducto
is MgB,, for which the experimental and theoretical evi- N
dence for the coexistence of two gaps is overwhelmtng. Ds [(G22DL] - D= A 1)
The multiband nature of the superconductivity in MgB 206G 0 S s “
theoretically well explained by the qualitative difference

between different sheets of the Fermi surface, together with
the large disparity of the electron-phonon interaction. There-
fore, in this paper, the question is addressed how the multi-
band nature influences the proximity effect. For example,

what will be the density of states in@\ bilayer, whereS s . .
y 4 Here, @ and B are the band indices, e.qv,8=1,2 in the

a two-band superconductor? ¢ 55 [
Josephson and quasiparticle tunneling in hybrid structure&V0-Pand caséater we will use the band indicesand for
MgB, specifically, A, is the pair potentialGg and &g are

containing multiband superconductors have been investi , ¢
gated theoretically in Ref. 12 and applied to the calculatior®'€en's functions, w=7T(2n+1) are Matsubara frequen-
of the total Josephson current inSdStwo-band Josephson cies,Dg is the diffusion coefficient, and .4 is the matrix of
tunnel junction. For all-MgB devices, high-quality tunnel effective coupling constants. The prime denotes a derivative
barriers are not available yet, and realizi®hSstructures is ~ with respect to the coordinatein the direction perpendicular
an attractive alternative, of which first systems have beeito the S-S’ interface.

realized already? In this paper, the theory of the multiband ~ Equationg1) and(2) must in general be supplemented by
proximity effect is applied to the calculation of Josephsonboundary conditions. Zaitsévderived boundary conditions
current inSNSstructures having two-barfelectrodes. The to the quasiclassical Eilenberger equations a8 bound-
practically interestingINIScase is considered, where a non- aries in the clean limit, which were further simplified in Ref.
ideal interface transparency is taken into account. Predictions in the dirty limit. These boundary conditions have to be
are made for Josephson devices based on Mgl com- modified whenSis a multiband superconductor.

. GPpE
Ay=27T 2 Agg——.
B,w=0 w

(2)
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In the limit of small interband scattering a multiband su- W

perconductor may be represented by separate groups of su- [..... Tcs»=3Tcs/4: """ A
. . . - 05 |- [ (- -

perconducting electrons which interact with each other only T g=Tg/4
indirectly, via self-consistent pair potentials in the bulk. 04'_ . _
Therefore, for the derivation of the boundary conditions for [ R !
the Usadel equations, one can apply a similar procedure to osl Y ]
that used in Ref. 5 in the single-band case. In the multiband < | S' : S |
case, the set of interface parametefsand yg, describing 02l ' J
the proximity effect, should be introduced for each of the L :“ A, |
bands. 01} 7

The first boundary condition relates the current from the - ' 1
S’ metal side at th& S’ interface,cG?®’, to that from theS 00 = =t
side, = ,02(GADY)'. Therefore we have o/t

ngq)/ - E %(Gg)z@g),' 3) FIG. 1. Pair potential as a function of position foS& bilayer

at T=0.5T,s The parameters of the bilayer ay&"=1, v§=2, 7§
=1, dg/és=d/£=10, and the coupling constants in tBdayer are
with chosen as expecte@ef. 19 for MgB,: A;;=0.81, A,,=0.278,
A1,=0.115, andA,,=0.091.

o

DS D

- ngg {.,:2 _
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in which from here on we drop all th® -indices for quanti-
ties in theS' layer. Here,o=1/p andog=1/pg are the con-
ductivities of theS' layer and the respective bands of tBe
metal,D is the diffusion constant i& andT.gis the critical
temperature 08. The ratio between the parametefsfor the
different bands is mainly determined by the relation betwee
the diffusion constant®g. In the case of MgB the 7 band

is generally considered to be more dirty than thdand®®
i.e., DZ<DZ.

The second boundary condition relates the gradient of th
Green’s functiond near theS-S' interface to its jump at the
interface due to the finite interface resistafde.the multi- . ; .
band case, this boundary condition yields, in accordance The numerically obtained dependence of the pair-

with current conservation, the equality of the current rowinngt.entlal on position is presented in Fig. 1 for the example in
in a single band superconductoG2d’ and the sum of the which the coupling constants are taken as calculated for

currents injected into all bands of the multiband supercon-’vlgB.2 in Ref. 19. The parameter vaIu_es are |_nd|c_ated n the
ductor, thus giving caption. For temperatures abovgy (solid lines in Fig. }, it

can be seen that the pair-potentiahnincreases towards the
GY interface, whileA, decreases, as expected in analogy with
£GP’ = 2 —S(qu— D), (5) the proximity effect in the single-band case. The decrease in
a VB A, towards the interface can be explained by the relatively
strong coupling between the and 7= bands. By decreasing
where y3=Rg/p¢. Rg are the components of the specific in- the interband coupling constants and by increasing the cou-
terface resistance, describing the tunneling of an electropling to S' (lower interface suppression paramefeosie can
across the interface into the corresponding conduction ban@btain the opposite regime, in whick, increases towards
This boundary condition is general and does not depend ofhe interface. For relatively large values ®fg, and for
the specific band structure of both materials. T<T.g, We even predict an increase Ay, towards the in-
In order to obtain the resistancBg, we have to evaluate terface, as illustrated by the dashed line in Fig. 1.
the effective junction transparency components. It was first The latter result is quite remarkable since it predicts a
pointed out by Mazirt? that the normal state conductance phenomenon in which the superconductivity in a two-band
R:%, in the limit of a specular barrier with small transparency, superconductor is enhanced by the proximity to a supercon-
is proportional to the Fermi-surface avergd®?),, whereN  ductor with alower transition temperature. The physics of
is the density of states andthe Fermi velocity. In Ref. 12it  this effect can be explained by considering the presen& of
was further shown that the normal state resistance compas an additional superconducting band. The coupling be-
nent of tunneling into band of Sis given by the contribu- tweenS' and thes band enhances the superconductivity in
tion of the electrons in band to the squared plasma fre- the = band, while the interband coupling ensures an en-
quency(wg)z, which can be obtained from first principle hancement of the superconductivity in theband towards

0 (€)%= (4)  calculations. For MgB the ratioRg/RE=(w]/ w?)? is 2 and
100 for tunneling in the direction of theeb plane andt axis,
respectively?
In the case of &8 bilayer, the Usadel equatiqi) needs

to be solved in th& as well as in theS' layer, together with
the self-consistent determination of the pair potentialSin
andS’, EqQ.(2). A general numerical method, usifyparam-
I;gtrization,<I>:wtan®, and G=cos0, is described for the
single-band case in Ref. 6. Here, we extended this method by
applying the new boundary conditions, E¢3) and(5). The
density of states at enerdgycan be obtained by applying an

nalytical continuationn=-iE to the Usadel equations and

e boundary conditions and solving the numerical scheme in

the complex energy plane.

T 20T

214407-2



PROXIMITY EFFECT IN NORMAL METAL-MULTIBAND ... PHYSICAL REVIEW B 69, 214407(2004)

condition 1+yg; ,> 77, holds at bothNS interfaces(here
and below we drop the subscrigk In this case, the suppres-
sion of superconductivity in th& layers is weak and the
Green's functions in the electrodes near the interfa8g¢s
and ®f , are equal to their bulk values. To calculate the su-
percurrent, it is sufficient to consider E¢p) at the two in-
terfaces, giving

N(E)
& 4‘“

GY d
GD' = —2 (=D, T D), x=%_. (6)
a ’}/Bl,z 2
0 g ks -st" TERT R For simplicity, we will consider symmetric junctions
E/A whereGy ,=Gg andyg, ,= y‘B“_, and where the functmr@f2
1 are related to the phase shiftacross the junction bybf,
FIG. 2. Normalized density of states in a proximiZ@tbilayer ~ =—2« €XP(Zi¢/2). Further, we consider purely normisllayer

at several positions in the bilayét—4, as indicated in the inget ~ With vanishing pair potentiah=0 and restrict ourselves to
where S is a two-band superconductor. The parameters of the biconsidering the limit of a small interlayer thickness: ¢.

layer arey:?=0.1, y5?=5, dg/ é5=10,d/ £&=1 and the coupling con- In the limit d< &, there are two characteristic frequencies
stants in theS layer are chosen ad;,=0.5, A,,=0.4, Ajp=Ay 0, ,in the Usadel equationd) and(2). At w<,= chs§
=0.1. >(,=7T.gWe can neglect all nongradient terms in the Us-

adel equation. HencgG?®']’ =0, and in the zero approxi-
the S-S interface. From this, it can be seen that the enhancemation ond/ £ one obtaines that afb functions are spatially
ment effect is strongest when tleband is decoupled from independent constantB=A. In the next approximation we
theS' layer, which is the case for example when the interfacehave
normal is parallel to the crystallographi@xis of MgB,, due

to the vanishingly small rati®j/Rg in that case. Note that g, w

such an enhancement is a surface effect, while the critical P=A+ Bé +A 28" B°= TG (7)
temperature of &S bilayer is always reduced as compared ¢

to Tes

o . From the boundary conditions and by taking into account
As an example, in Fig. 2 the results of a calculation of they5t in our modelb? ,= A, exp(+ie/2), we finally will have
density of states in &N bilayer are presented. In the consid- ‘

ered case, the bulk energy gaps in a two-band supercon- ~ ~

ductor are not too different. As is seen from the figure, the A= _’7' B= Eg sin(el2), (8)
density of states in th&l layer has three peaks: the lowest G

energy peak corresponds to the proximity induced minigap

and the two other peaks correspond to the bulk energy gaps

in the two-band superconduct8r The existence of a mini- o wG

gap is a characteristic feature of the proximity effect in a G= Vo2 + A2 - \/ =2 %2 2 9
SNbilayer in the dirty limit, as was studied in detail in the ‘ W’ G2+ A%

single-band case in Ref. 6. As we can see, the minigap per- o a

sists in the two-band case as well and its magnitude dependd1ere vaw=vgd/é, 17°=cos(¢/2) and

on the parameters of the interface, thicknesses oNthadS - -

and the values of the bulk gaps in the superconductor. &= D S A= D Sa a (10)

The next step in investigating the influence of multiband = Yaum 27T
superconductivity on the proximity effect is to study super-
currents in multiband proximized structures. We will con-  The density of stateN(E)=Re(G) in the interlayer of the
sider double-barrier structures consisting of t®electrodes double-barrier junction can now be found from an analytical
coupled by a normal met&l. As a model system we use a continuation of Eq(9) to real energieso=-iE. The results
SINISdouble-barrier hybrid structure, since in practical de-for the two-band case are plotted in Fig. 3. The known den-
vices interface potential barriers are always present at th8ity of states for a single-bar@iNISjunctior?! is shown in
SN interfaces, either originating from a Fermi-velocity mis- the inset. Forygy <1, the single-band results show a peak in
match, degradation of surface layers, or artificially depositedne density of states ah cog¢/2), while the density of
oxide barriers. states in the two-band junction in this regime is predicted to
If the conditions of the dirty limi{electron mean free path have a peak at a value that is even lower thAgrcod ¢/2).
l<d,¢) are fulfilled in theN interlayer, than the stationary For larger values ofygy, the density of states shows three
Josephson effect in the structure can be analyzed in theeaks: at the minigap and At, andA,, in analogy with the
framework of the Usadel equations by the method developetivo peaks in the density of states of a single-b&itIS
in Refs. 5 and 17 for the single-band case. We assume thatnction.
the interface transparencies are small enough such that the Substituting Eq(8) into the supercurrent expression

a VBM
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FIG. 3. Normalized density of states in the interlayer &1&lIS FIG. 4. IRy for double-barrier MgB SINIS junctions in the
double-barrier structure, wher@ is the two-band superconductor regime of yar<1 (solid lineg, compared td Ry for MgB, SIS
MgB,, and the phase difference over the junctionri2. The den-  tunnel junctions(Ref. 12 (dashed lines The total IRy of a-b
sity of states is shown for smajlgy (dashed lineygy=0.2, gy plane MdB, junctions is an average over all bands, whilaxis

=0.1) and largeygw (solid line: ygy=20, ygy=10). For compari-  junctions only contain ar-band contribution.
son, the inset shows the density of states in the interlayeSoN&S

junction with single-band superconducto¢solid line: ygy=2,
. . —_ 3 . . . .
dashed linexygy=2x107). are shown in Fig. 4 for vanishingly smalky, and compared
to the calculation results f@ISjunctions'? The full specific

_ 1 e, interface resistance of &INIS junction Ry=RgRg/[Rg
| =ozmTim EO sz . (1) +Rg]. It is clearly seen that the critical current &INIS
junctions is larger than its1S structures, practically in the
and taking®* ®’ in lowest order equal t&\'B, we obtain whole temperature region, as is the case for single band
superconductors?® At low temperatures theé Ry product
~5 . can be as large as 5.2 mV when only théand contributes
| 7T dATsin(d) (12)  to the current and close to 7.3 mV when the sum over dif-

P w=0 w0\’ G2 +Z2,72' ferent band contributions can be taken into account, as is the
o ~ case for tunneling in the direction of theeb plane. The
A generalization to take boundary asymmetry and a fidite negative curvature af.R\(T) is a direct consequence of the
in the interlayer into account can be made straightforwardly,,o_band nature of superconductivity and is absent in

In the two-band case in _the .Iiming—m, V‘.’hic.h is .for I.R\(T) of single-bandSINIS junctions in the regime of
example the case for tunneling in the Mg8axis direction, small ygy.2°
BM-

the normal metal is only proximized by the gap of elec- . .

trode S and Eq.(12) gives In summary, we have formulated a microscopic thepry of
the proximity effect in hybrid structures based on multiband
superconductors in the diffusive limit. We have shown that

T GZA2 sin(¢) the existence of multiple superconducting bands manifests

I= £0yT 2.7 |2 ' itself in the proximity effect between a normal metal and a
PYso=0 w\/{w+ w—yBMJ +A? Cosz(f) superconductor as the occurence of additional peaks in the
27T Gg " 2 density of states at the normal metal side. The interplay be-

(13 tween the proximity effect and interband coupling deter-
mines the gap magnitudes at the interfaces. We predict an

which has been previously obtairtéd for SINISjunctions ~ enhancement of superconductivity at the surface of a multi-
with single-band superconductivity @& band superconductor by the proximity to a superconductor

If there is no superconductivity in one of the bands, Eq.with a lower transition temperature. The supercurrent in
(12) describes the presence of an effective normal shunt commultiband SINIS Josephson junctions was calculated and
nected parallel to the supercurrent. This leads to a reductiotompared to known single-band results and predictions for
of thel Ry product as compared to the case @I&llSjunc- multiband tunnel junctions.
tion with single-band superconductivity in the electrodes.

The temperature dependence of the critical current can We acknowledge useful discussions with O.V. Dolgov
now be calculated fo8INISJosephson structures for differ- and A.E. Koshelev and support from INTAS Projects
ent orientations of the crystallographical axis with respect tdNos. 2001-0617 and 2001-0809. M.Yu.K. acknowledges
the interface normal. The gap functioag ,(T) and the ratio  support from the Russian Ministry of Industry, Science and
¥&/ v follow from band structure calculatiod$The results  Technology.
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