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Extraction of the electron-phonon interaction from tunneling data
in the multigap superconductor MgB,
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The direct inversion of the Eliashberg equatidBg) in case of a multiband superconductor is a mathemati-
cally ill-defined problem, because it is not possible to obtain several band splitted electron-phonon spectral
functions azFij(w) from a single function of the tunnel current. In the present work we follow another
direction and calculate the tunneling density of std2®©S) of MgB, for different tunneling directions by
directly solving the two-band EE in the real-axis formulation. This procedure reveals the fine structures of the
DOS due to the optical phonons. Then we show that the numeric inversion of the stamigdedbandEE,
when applied to théwo-bandDOS of MgB,, underestimates the strength of certain phonon branehgs the
Eyg) in the extractedv®F (w). The fine structures produced by the two-band interaction at energies between 20
and 100 meV turn out to be clearly observable only for tunneling alongathelanes and at very low
temperature. Only in this case it is possible to extract some information on-thend contribution to the
spectral functions. For any other tunneling direction,#tband contribution is dominant and almost coincides
with the whole @?F(w) for tunneling along the axis. Our results are compared with recent experimental
tunneling and point-contact data.
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There is a growing consensus that the superconductivitpf reasons, is technically much more challenging than from
in MgB, with a critical temperaturdl.=40 K (Ref. 1) is  tunneling data. Therefore, the main experimental tool for the
driven by the electron-phonon interacti¢®@Pl) (for a recent determination of the EPI in superconductors so far is the
review see Ref. 2 An important subject to address for a tunneling measurement. This method has been applied to
proper understanding of the surprising physical properties o$tandard superconductors with an isotropionstant ink
this material is the character of the order paraméersu- ~ SPace superconducting gap and allowed for the determina-
perconducting gapis it constant over the whole Fermi sur- tion of the Eliashberg spectral functions in the case of many
face, or strongly momentum dependent? The idea of multi%%?vzgt'onal low-temperature superconductésee, e.g.,
tranag\no:/sriii;(:tog)?:g:;\rgtgnltr;ll\/rlgfﬁgffsr.oiq ?Jinsé’ﬁ%%f;fgn‘iy The spectral function is obtained from the first derivative
contact*1° and specific-heat capacity measureménts. of the tunneling current
These data directly support the picture that the superconduct-

ing gap has two different values on two qualitatively differ- diy NT— ooR E !
ent parts of the Fermi surface, onaeg for the two quasi-two- av” ail JEZ—AZ(E) e V’ @)
dimensionalo bands and another ong_ for the pair of -°
three-dimensional3D) 7 bands?® whereV is the applied voltageA (E) is the complexsuper-

While, within first-principles calculations of the electronic conducting gap which depends on eneBjyand the factor
structure and the EPI in this compound, there is anw is determined by the properties of the tunneling barrier
agreemertt on this qualitative picture, still disagreement is and the corresponding average of the Fermi velocities of
present about the precise values of characteristic frequencigsiasiparticles. The standard single-band procedure to obtain
and coupling constants. According to  mostthe EF from the tunneling DOS can be found in
calculations?*®1°8the EPI or, equivalently, the Eliashberg textbooks???3 Another mathematically elegant method has
spectral functione®F (w) (EF) is dominated by the optical been proposed in Ref. 24. It has been used to investigate
boron bond-stretching,, phonon branch of around 60—70 conventional (low T.) as well as high-temperature
meV. superconductors,

In principle, photoemission lineshapes or the deviation of Unfortunately, this approach is restricted to momentum
the far-IR absorption from the Drude law are controlled byindependens-wave order parameters and cannot be used to
the same Eliashberg functions as tunneling or their transportescribe anisotropic superconductors as Mgl fact, tun-
counterparts, so that optical measurements can also delivaeling experiments produce a single functig) but in the
information on the EP{%?! Unfortunately, the extraction of framework of the two-gap model we have to determine from
the spectral functions from these experiments, for a varietyhis single function I(V) the three spectral functions
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FIG. 1. The theoretical EIi_ashb_erg spectral functions of_IngB FIG. 2. (a) The calculated tunneling DOS in theb plane; (b)
for the two-band model used in this wotkom Ref. 6. The thick  (he caiculated tunneling DOS along theaxis. They are both ob-
solid lines correspond to the totat and 7-band contributions. tained by the real-axis solution of the two-band Eliashberg equa-
tions atT=0 K. The two insets show the fine structures of the
a’F, (w), @’F, (0) and «’F,.(w) (the function tunneling DOS due to the electron-phonon interaction.
a’F _,(w) is not independentwhich is an impossible task. o
Nevertheless, there has been a recent attempt to obtain tR#mM of the contributions of the DOS ef and 7 bands,
EPI in MgB, by using this standard approa&hThe Eaq where the Welghts are determined by the corresponding
phonon mode has been resolved, but its predominance fé#asma frequencies, in the bands and by the angle of the
the electron-phonon coupling was questioned. More recentljunneling current with respect to tteb plane: Figure Za)
the E2 mode has been also resolved in point_contacﬁnd Zb) shows the calculated tunnellng conductances at
spectra’ =0 K in theab plane and along the-axis direction. In the
The purpose of this paper is to clarify what information case of MgB according to Ref. 7,
can be extracted using thsingle-bandstandard procedure if

one applies it to awo-band superconductor. The starting o (op)? (@pa0)°

point is the theoretical study of the quasiparticle tunneling in Nab(“’)_(wtot b)2 Ny(w)+ (o b)z No(@),
MgB,-based junctions. The superconducting gap functions P& p.a

for the o and 7 band are obtained from an extended Eliash- v 2 2

berg formalism. The parameters for the two-band model uti- NI () = (@p, (@p,0

. . . . . . . c w) - tot g-(w) + tot Nﬂ'(w)! (2)
lized in this work, which are based on first-principles elec- (wp 2 (wp )2

tronic structure calculation$ have been used before for a
successful description of specific heand tunneling prop-  where N, (») and N_(w) are the partial superconducting
erties of MgB. The interband and intra-band electron- DOS, and the numerical values of the squares of the ratio of
phonon spectral function&ZFij(w), wherei,j=,0 (see the plasma frequencies are 0.8867) for o () in theab
Fig. 1) and the Coulomb pseudopotential matgX (see plane and 0.010.99 for o () in the ¢ direction according
Ref. 28 are the basic input for the two-band Eliashbergto Table | of Ref. 7. The contribution of the band is always
theory. The theoretical conductance curves of M@® dif-  dominant even if tunneling is almost in tla plane! In the
ferent tunneling directions can be obtained directly by solv-insets of Fig. 2 the fine structures due to electron-phonon
ing the corresponding two-band Eliashberg equations Eliashnteraction are shown. The maximum amplitude of these
berg equation§EE)’ in the real-axis formulation. In pure structures at very low temperature is of the order of 0.5% for
clean limit (i.e., by neglecting the interband scattepinthe = measurements along tleeaxis and 2—-3% in thab plane.
only free parameter is the normalization constanin the  The double-gap features of the DOS visible in #ieplane
Coulomb pseudopotential matrix which is fixed in order to Nlb(w) should be experimentally observable even for a cer-
reproduce the experimental=39.4 K. tain amount of impurity scattering because the interband im-
One may see in Fig. 1 that theo EPI is dominated by purity scattering rate appears to be very wé&n the other
the optical boron bond-stretching,, phonon mode. For hand, due to the smallness of theband plasma frequency
other channels there are also important contributions fronin the c direction, the conductance in theaxis direction is
low frequency modes(30—40 meVY and from high- almost totally determined by the band and therefore no
frequency phonon modes=©Q0 meV). In contrast to the double-peak structure is expected in the conductance spec-
case of a conventional junction described by EL, the  trum. In fact this change in behavior has been experimentally
conductance in a MgBI-N tunnel junction is a weighted observed by spatially well-defined tunnel measurements over
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single-band cod® (solid lines. The effect of the single-band
EE inversion is estimated by a least-square fit to the inverted
spectral functions with the weights far’F, and o’F, as

free parameters. These fits are shown by the dashed curves in
Fig. 3. Since tunneling along thledirection—due to the very
different plasma frequencies in the two bahdpractically
corresponds to a single-band case, the inversion properly re-
produces thex’F . as one expects. In contrast, in the case of
tunneling along theab direction (which corresponds to an
actual multiband situationthe weights are quite different
from the theoretical expectation. The results of this particular
fit are summarized below:

@%F 5p(0)=0.310%F ,(w) + 0.160°F (),

@%F (0)=0.010%F ,(w) + 0.9%°F (). ®)

20 40 GIO 8I0 100
o (meV) .
As one may see theo-band spectral functions

FIG. 3. The spectral Eliashberg functions along #ie plane aszr(w)—kazFaw(w) play an essentialand amplified
(upper paneland along the axis (lower panel obtained by inver-  rgle only if the contribution ofN](w) is significant. The
sion of the single-band Eliashberg equati¢sslid line) applied to L merical simulations show that about 33% of thdéand
the tunneling DOS of Fig. 2. The dashed lines represent the leastghtribution in the tunneling DOS corresponds to a contribu-
sguare fits (2)f these spe(_:tral f'unctions with two free parameters fQLrion of about 66% ofazFU(w) in the ef‘fectiveazFab(w).

@’F, anda’F, as explained in the text. These results are reasonable since=(\.,+\,,)~0.6

i i ) while N,=(N,,+tAy,,)~1.23. Somewhat simplifying it
a step edge in small MgBsingle prystalél and by direc-  geems that the contributions of the tunneling DOS to the
tional point-contact spectroscopy in larger crysfﬁls. _phonon structures are weighted by the corresponding cou-

In order to test the reliability of the numeric inversion pling constants. The inversion of tieaxis case results in a
technique _of the standarsingle-bandEliashberg equation «?F (o) that is almost exactly the sum of ta€F () com-
when applied to awo-bandsuperconductor, we use the cal- ,,nants taken with the same weights present in the sum of
culated tunneling DOS shown in the insets of Fig. 2 as al he corresponding superconductih@(w) andN(w) (see
input. Following the standard approach we calculate the rel-Eq (2)). In this case, the coupling constant frgm the in\,/er—
duced density of stateN{Nacg)-1 and introduce it in the sioh is. almost equz’il to\,., and therefore the effective
standard smglg-band inversion code starting from an en.ergﬁ_fliashberg function will show strong contributions from low-
of 15 meV, which roughly corresponds to the lowest optlcaland high-frequency phonons.

P;?Cr;?l'; ecgfcrgétg:j OiL:risca\l/Seer'yV\éges;/e t?%ggj};?jt:etﬁgtt?ﬁo' In order to 2check how much these results depend on the
starting point in energy for the reduced density of stges- eSh?p.e of Lheu l.:i'j(w)’ W(Ia_ perfor_med allkthe _pr:e\r/:ous cal-_
vided it is larger than the gapsloes not affect the final culations by using some Lorentzian peaks with the same in-
results?? tegra_ted coupI_lng strength as the f|rs§—pr|nC|pIes _ spect.ral
' . . functions. In this case the results of the single-band inversion

Of course, in the case of a single-band superconductor thg, = " 2" - general features described in(Boeven if
inversion should reproduce the shape of the single-ban e coefficients are somehow different: theband contribu-
Eliashberg function used for the calculation of the tunnelingtion is always dominant for tunneling élong thadirection

DOS. This will not be true anymore if one tries to invert &, hile the o-band one is the areatest for tunnelin alariy
tunneling DOS which is derived from a multiband E"aShbergglanes g 9

theory. The inverted spectral functions should correspond t The above results show that from tunneling measurements

:?: leC'):l:r:g focl;lltgve;/(ifr;gafrlj dngt'igﬁgfj contributions. We can in- very low temperatures, and by numeric inversion of the
' standard single-band Eliashberg equations, one can obtain
reliable information on the EPI in MgBonly for the = band.
To do this, we can use the Donetsk’s inversion progfam
that allows finding thex?F (w) for a single-band supercon-
ductor.
Namely, these functions determine the normal state proper- The interesting point is that from tunneling measurements
ties in the two-band model. Tunneling measurements camxactly alongab and c directions on single crystals in the
only give information on these combinations @?Fi,j(w) clean limit it should be possible to extract information on
(i,j=o,7) which are indicated by thick lines in Fig. 1. In a?F ,(») and @’F (). This could be a useful method to
order to illustrate this point we show in Fig(e and 3b) the  test the two-band model and identifying the phonon modes
results of the inversion of our calculated tunneling DOSresponsible for superconductivity in MgB Nevertheless,
shown in the insets of Fig.(8 and 2b) using a standard from the experimental point of view, this possibility could

a’F (0)=a’F yo(w) + a’F 1 o(w),

@F (0)=a’F (o) + a%F ().
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remain only virtual since the smallness of the phonon struc- In conclusion, only in junctions with the tunneling current
tures expected in the tunneling along thaxis[see the inset running along theb planes and at very low temperature one
of Fig. 2(b)] and the thermal broadening present even acan observe the fine structures of the superconducting DOS
temperatures of the order of 2—4 K could prevent a correcproduced by the electron-phonon interaction at energies be-
inversion of the EE in the presence of noise. We calculate@ween 20 and 100 meV. In recent point-contact
that already 85 K the ab plane phonon structures are so measurement$the anisotropic EPI was observed, though no

smeared that the inverted spectral function strongly undere§uantitative estimate was presented. Further experiments on
timates the role of thé&,, phonon mode. high-quality tunnel junctions are needed in order to obtain

In polycrystalline samples the band dominates the tun- dat@ allowing for a quantitative estimate of the EPI, f\é‘éh'Ch
neling current and it is only possible to extract information ?goﬂlﬁea(;issc;ritsgﬁowtgf ?Sr?r?lejl?r:gthaenéltér;neshiggec%nee d?recfti,n
322;“ H:)? Crgg,b'Qgt'mpcgrfgrid:glefufg?t'%mfzgésgr’c\ggécuhctin version approach is not posgblc_a we propose here to attack

: ) 26 %he problem from another direction. Using Eliashberg spec-
prqpertle§ of MgB. The.recent work of _D ygchenket al.,- tral functions from first-principles calculations as an input
which claims the experimental determmguo_nctﬁ‘F(w), IS and calculating the tunneling DOS from the solution of the
very likely contaminated by strong contributions from the  Ejiashberg equations for different tunneling directions a di-
band and by the thermal broadening. Unfortunately, suchect comparison with experiments becomes possible. Accord-
data cannot give information on the nature of superconducng to our result, separate studies @b-plane andc-axis
tivity in a two-band superconductor such as MgBhich is  tunneling conductances from data at very low temperature in
driven by the interaction in the band. A similar attempt to high-quality single crystals may allow a quantitative estimate
analyze the phonon spectrum from the optical data in thef the EPI and should thus provide a crucial test for the
frame of the single-band model has been made in Ref. 30.first-principle results of the two-band model.
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