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Multiband model for tunneling in MgB , junctions

A. Brinkman, A. A. Golubov, and H. Rogalla
Department of Applied Physics and ME&AResearch Institute, University of Twente, 7500 AE, Enschede, The Netherlands

O. V. Dolgov, J. Kortus, Y. Kong, O. Jepsen, and O. K. Andersen
Max-Plank Institut fu Festkaperforschung, Heisenbergstrasse 1, D-70569, Stuttgart, Germany
(Received 6 November 2001; published 9 May 2002

A theoretical model for quasiparticle and Josephson tunneling in multiband superconductors is developed
and applied to MgB-based junctions. The gap functions in different bands in MgB obtained from an
extended Eliashberg formalism, using the results of band structure calculations. The temperature and angle
dependencies of MgBtunneling spectra and the Josephson critical current are calculated. The conditions for
observing one or two gaps are given. We argue that the model may help to settle the current debate concerning
two-band superconductivity in MgB
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Soon after the discovery of superconductivity in MgB  scribed by areffective two-band modeWithin this model,
first principle calculations were performed to determine theliu et al® estimated the coupling constants and energy gap
electronic structure of this material. It was found that theratio in the weak coupling regime. More recently, the band
Fermi surface consists of two three-dimensional sheets, frordecomposition of the superconducting and transport Eliash-
the 7= bonding and antibonding bands, and two nearly cylin-berg functionSaiszij(w) (wherei andj denoteo or o
drical sheets from the two-dimensional band$™ The band3, which describe the electron-phonon coupling in
multiband picture has given rise to the concept that two suMgB, as function of the frequency, was provided in Ref.
perconducting energy gaps can coéxish MgB,. 19. This allows to perform a strong coupling calculation of

Two-band superconductivity is a phenomenon that hashe superconducting energy gap functiahg§w,) in differ-
been observed in Nb doped SrEi®Recent experimental ent bands. The functiond;(w,) in turn determine the Jo-
STM and point-contact spectroscopy’ high-resolution sephson critical current in a tunnel junction between multi-
photo-emission spectroscoffyRaman spectroscopy,spe-  band superconductors, which is given by a straightforward
cific heat measurement and muon-spin-relaxation studies generalization of the well-known restitto the case of sev-
of the magnetic penetration deptfsupport the concept of a eral conducting bandsas well as strong coupling. The criti-
double gap in MgB (see Ref. 16 for a review of experi- cal current component for tunneling from bandnto j is
ments. However, there is an ambiguity in the interpretation given by
of point-contact data concerning the existence of two

gaps. ! Moreover, some tunneling measureméhishow T A (o) A( @)
only one gap with a magnitude smaller than the BCS value lj=—o > 5' 4 Rjz f > . D
of A=1.76 kgT,. eRj o \/wn+A£i(wn) \/wn+A’Rj(wn)

In order to resolve this discrepancy, we address the ques-
tion, how multiband superconductivity will manifest itself in where£ andR denote left and right superconductors respec-
tunneling. We present the theoretical model for quasiparticldively, Ri]1= min{RZi:jL,R;zi]i} is the normal-state conductance
and Josephson tunneling in MgBased junctions. Using the of a junction for the bandsi(j) which is given by the inte-
results of band-structure calculations, we apply an extendegral over the Fermi surfacg;; ;)
Eliashberg formalism to obtain the gap functions in different

bands, taking strong coupling effects into account. Tunneling 262 Dive rirmd2Sm o
from a normal meta(N) into MgB, is considered in an ex- (RL(R)ijA)_l:_f ij n,,CI(3RJ) CiRI) @
tended Blonder-Tinkham-KlapwijiBTK) model® The tem- i Jo=0 (2% igr)

perature dependencies and absolute values df .t prod-

uct (I, is the critical current andRy is the normal state Where A is the junction areap, is the projection of the

resistance are calculated in MgBbased SIS tunnel junc- Fermi velocityve on the direction normal to the junction
tions, where S denotes a superconductor and | an insulatd?lane, andd;; is the probability for a quasiparticle to tunnel
Tunneling in the direction of the-b plane, in thec-axis ~ from bandi in £ into bandj in R. The total critical current is

direction and under arbitrary angle is considered. Furtherthe sum of the components=X;;1;; .

more, the Josephson supercurrent between a single-gap su-The gap functions\;(w,) can be calculated with an ex-

perconductor and MgBis calculated. tension of the Eliashberg formaligfto two bands
According to the labeling of Litet al.® the four Fermi

Sl.Jrfacel sheets in MgB are groupgd into quasi-two- ()\ij_ﬁﬁ)Aj(wm)

dimensionalr bands and three-dimensionalbands. Hence, Ai(wn)Zi(wn)szE E 5 . , 3

normal and superconducting properties of Mgtan be de- I “m \/wm+Aj(wm)
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! J ! J T J ] TABLE I. Calculated plasma frequencies, average Fermi veloci-

20 e ~ ties and gap values for the and = bands.

@37 (eV) wS(eV) v¥P(mis) vE(mis) A(meV)

o band 4.14 0.68 4.40 %20 0.7216 7.09
o band 5.89 6.85 5.35%0 6.23160 2.70

Eliashberg equation) and (4) respectively. The smallness
of ;; compared tar T indicates that the double-gap feature
should experimentally be observable, also in thin films, even
for a certain amount of impurity scattering. A large amount
of impurity scattering {§;; exceeding the maximum phonon
frequency will cause the gaps to converge to the same value.
From Egs.(3) and(4) and including the scattering terms an
asymptotic value oA ,=A _=4.1 meV andl;=25.4 K is
found, giving a 2A/kgT, ratio of 3.7.

V(mV) In order to obtain the normal state resistance, we have to
evaluate the effective junction transparency componey)ts

In the case of a specular barriéf(x) =Uyd(x—Xo), Dj; is
given by

FIG. 1. The normalized conductance of MgBN junctions as
function of voltage at 4.2 K, witlZ=Uy/Avg . The superconduct-
ing gaps for the different bands are shown in the inset.

U 'L‘U Ri
o D= e (5

T '
Zi(wy) =1+ — N —— (4 1
(o=t 0 3 2N T @ 3(ena o) UGAZ

where \;; =2f5°wai2jFij(w)dw/[w2+(wm— 0?1, Z(wp) It follows from Egs.(2) and (5) and as firsE ppinted out in
are the Migdal renormalization functions amg,==T(2n  Ref. 22, that the normal state conductarﬁt;pl in the large
+1). These equations are solved numerically with theYo 2I|m|t is proportional to the Fermi-surface average
electron-phonomiszij(w) functions from Ref. 19. The cut- (Nv i The Iattgr is proportional to the contnbutlonio; the
off frequencyw, is taken equal to 10 times the maximum €/€ctrons in band to the squared plasma frequenayyj”.

L~ . This essentially simplifies the task of summing up the inter-
phonon frequency. The functions;; represent a matrix of

. . band currents since the partial plasma frequencies are avail-
the Coulomb pseudopotentials definedugt, calculated up able from the band strlﬁ)cture F<):alculati6‘n£’]s The normal

to a common prefactor that is used as an adjustable param;, .. junction conductance is thus proportional to
— R :
eter to gefT.=39.4 K. The matrixu* at the frequency, (wlp)%@n)m, where (v,)z; is the average Fermi velocity

(relevf':\nt for the MC*M|IIan e~xi)reSS|on fd’rflp*the Isotropic projection in the corresponding baiisee Table )l In order
case is given by u* =[1+pn '[‘ﬁ‘”g/“’m)] w*, wherewy, o sum up the contributions of different bands, we restrict
follows  from 0= JqIn(w/wp)w ‘ﬁiFij(“’)d“’- Ihe COre- ourselves to the weighing factors ()2, neglecting the dif-
sponding matrix elements arg.,,=0.13, u,,=0.042,  ference in(v,)z;. This is a reasonable approximation since
Mre=0.03, 7 =0.11 and\j(0yn=w,) from Ref. 19 are the difference betweeng in the o and 7 bands in thea-b
Nge=1.017,N;,=0.213,\;,=0.155,\ ;,=0.448. Due to  plane is rather small, while foz-axis tunneling only ther

the interband coupling terms in E¢) and (4) both gaps  band contributes, as will be shown later, so that the problem
close at the sam&,. The resulting temperature dependen-of summation does not appear in this case.

cies of the energy gap4, (T), are plotted in the inset of Fig.  SIN tunneling.The conductance in a MgB-N tunnel

1 and it is found thatA,(T=0)=7.09 meV andA.(T  junction is the sum of the contributions of two bands. Each
=0)=2.70 meV, with the A/T, ratios being equal to 4.18 of the conductances is given by the BTK motfelyhere the
and 1.59, respectively. For comparison, also the BCS curveorresponding normal state Conductanﬁjﬁl are propor-

is shown forT,=39.4 K. The BCS value for the gap that tional to the minimum of the square of the plasma frequen-
corresponds td.=39.4 Kis 6.0 meV at 0 K. It can be seen cjes at the N and MgBsides. Since the plasma frequency in
that the temperature dependencies are qualitatively differer{ typical normal metale.g. Au, Ag is larger than the plasma

from the BCS temperature dependence. The ratio of the gaRfequencies in MgB, the conductances are limited by the
A, /A increases for increasing temperatures, as was eXpelgiectrons on the MgBside

mentally observed for example in Ref. 9.

The influence of impurities can be incorporated into the R§3/R§i=(wg)2/(w3)2. (6)
model. Intraband scattering does not change the two gaps
(Anderson’s theorein while the interband scattering can be Finally, the normalized conductance of an N-I-Mg&ntact

included by termSyijAj/\/wn2+ A?, yijwn/\/w2n+ AJ-Z in the is given by
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by the BTK model, with the calculated values for the gaps
and plasma frequencies, as shown in Table I.

In the conductance versus voltage gletg. 1) for tunnel-
ing in the a-b direction, two peaks are clearly visible, in
qualitative agreement with the experimental datd. The
ratio of peak magnitudes is not only determined by the ratio
of the plasma frequencies, but also by thermal rounding anc
by the barrier strengtZgrc=Uqy/hve (Wherevg is taken
constant for the different bands for the same reason as wa
given in the determination dR;;). In particular, the peak at
the smaller gap dominates in the smalx regime(point-

contac}, while the second peak dominates at large values of FIG. 2. IRy temperature dependence for different tunneling
Zarx (tunneling, as may be seen in Fig. 1 at 4.2 K. components. The resultingRy for tunneling in the direction of the

o i ; ; a-b plane andc-axis direction are indicated, for MgB-MgB, and
Due to the smallness ab, in the ¢ dl_rectlon,_ it can l_:)e Nb-I-MgB, junctions(see text
seen from Eq(7) that the conductance in thedirection is

only determined by ther band. In this case, no double-peak £y tynneling along the-axis, the only contribution to the

structure is expected in the conductance spectrum. This &X Ry, product comes from_ R, because of the negligible
plains, together with the dependencey , why in some e for w7 in the c-axis direction. This givesl Ry
experiments only one peak was obseVeut why the sec- —40 mV atp'l':4 2 K

~11
ond peak was weak The plasma frequency in a certain direction, under an

Note, that the assumption of the ratio of the normal Stateangle ¢ with the a-b plane, can be determined from the
conductivities being equal to the ratio of the square of the . i\ i i
g €dq q equation @§)2=(w'p’x)2-|—.(w'pyz)2,. and

plasma frequencies holds when the interface &fanction e|||ipsouij 9 i i i i
shaped tunnel barrier, with larg@ry . This means that for (“p.2/ @p.c) +(_“_’p'X/wF’iva‘b) L, wherew;,; andw, , form
small Zg7y , the results should be considered as a qualitativéh‘ra decomposition Ofbp; Because of the negligible value of
indication only. In the latter case, as well as for other types of?p,c It iS evident thatw is negligible for nonzero values of
barriers, a numerical integration of Eq&) and (5) must be ¢ =arctanfy;, /). This implies that tunneling under a non-
performed. zero angle with the-b plane gives the same result as tun-
SIS Josephson tunnelingle consider Josephson tunnel- neling in thec-axis direction, namely :Ry=4.0 mV atT
ing between two MgB superconductors. With the values for =4.2 K. For angles approaching ze(af the order of 0.6°),
the plasma frequencieSng<w”, this gives R,,=R_, I Ry rapidly increases towards the maximal value for tun-
=maxR,,,R,.)=R,, and R,./R,.=R,,/R_.. heling from a-b plane to a-b plane, na}mely'lcRN
:(wg/wv)2>1. The total conductance is given by ! =5.9 mVatT=4.2 K. Foralarge amount of impurity scat-
=3 Riff' tering thel;;R;; values converge to the same value._lt follows
For tunneling in thea-b plane (as can be realized for N that case from Eq(8), with the plasma frequencies from
example in an edge configuratipiwith R, =R, andl . Tablg |, thatl Ry .becomes almo_st Isotropic, ,
=1_,, the totall Ry, product becomes _Fmally, tunnelmg. from Mg§ into a superconducto®
with a single gap will be considergave take Nb as an ex-
ample. The resultingl;s'Risr temperature dependencies are
calculated numerically, using 1.4 mV for the energy gap in
Nb. The ratio of resistances is determined from E2).
Since typical values of plasma frequencies in other supercon-
ductors are bigger than in MgBe.g., 9.47 eV for Nb, 12.29
eV for Al, and 14.93 eV for Pbh, see Ref. 24he following
The results of numerical calculations are presented in Fig. Z2xpression is obtained
Due to strong-coupling and interband coupling effects, the
temperature dependencies QfR;; differ from the well-
known Ambegaokar-Baratoff result for an SIS junction be-
tween isotropic superconductors, most clearly demonstrated

dl ) 10 | T T T T T T T I-
av 4 o T TS - MgB5-I-MgB,:
O-(V)E (dv N|S: (wp)zo"rr(v)_l—(wp)zo'o_(v) (7) ol ,\‘\.\. R R ]
di (wp)?+ (wp)? ' o[ No-MgBy: N lonRon |
dv P P — IRy (a-b) N o lmRe
NIN 7._ ----IcRN(c) '\- ]
i i . 6 .
Here, the dimensionless conductanogs, (V) are provided [
5

IRy (MV)

T(K)

I.Ry=
o 3+(wg/wg)2

8

w02
IU‘S’ R(rS’ +1 e Rq.,sf(wp/wp)

1+(wg/wg)2

, (€)

lcRy=

by the positive curvature of the, R, contribution. The
IRy value atT=4.2 Kis 5.9 mV.

when tunneling occurs into theeb plane of the MgB. In the
case ofc-axis tunneling, only theé _oR_.g contribution re-
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mains. The results for tunneling from Nb to MgR@re also are calculated using the Eliashberg formalism together with
indicated in Fig. 2. Other superconductors give qualitativelyband structure information. This provides a basis to interpret
similar results. The only scaling parameter is the critical tem-electronic transport in MgB We have shown the possibility
perature of the superconducting counter-electrode. to observe either one or two gaps in point-contact spectra of

Our results for Josephson tunneling provide an uppeMgB,, depending on the tunneling direction, barrier type and
bound for I Ry products, being 5.9 mV and 4.0 mV for amount of impurities. The results are also relevant for the
tunneling into thea-b plane andc direction respectively. electronic application of MgBsince they provide the limit
There have already been several observations of Josephsg the Josephson coupling strength in MgBased junc-
currents in MgB junctions® with I Ry values that are much  tions. For MgB in the clean limit we have shown thaRy
lower than our predictions. This can be due to extrinsic reayg|ues as high as 5.9 mV can be expected for MgBnel
sons such as a degradation of fieof surface layers in the jynctions if tunneling occurs in the direction of theb
vicinity of the barrier, the barrier nature and barrier quality. pjane. In other cases the limitingRy, values will not exceed
From our model, however, it follows that polycrystallinity 4 0 mv. our predictions for the gap angRy anisotropy and
does not reduce the Josephson coupling very much, as indigy the | . vs T dependence in MgBbased junctions can be
cated by the calculated value bfRy of 4.0 mV for c-axis  yerified experimentally and thus may help to settle the cur-
transport, neither does strong impurity scattering because @t debate on two-band superconductivity in MgB
the relatively large average gap of 4.1 meV in this case.

In conclusion, Josephson tunneling in MgBased junc- The authors thank D.H.A. Blank, H. Hilgenkamp, and I.I.
tions is discussed theoretically in the framework of a two-Mazin for useful discussions. This work was supported by
band model. The gap functions in different electronic bandshe Dutch Foundation for Research on Mate©M).
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