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Phonon structure in 1-V characteristic of MgB, point contacts

l. K. Yanson>?* V. V. Fisun! N. L. Bobrov} Yu. G. Naidyuk! W. N. Kang® Eun-Mi Choi? Hyun-Jung Kim? and
Sung-lk Leé
B.Verkin Institute for Low Temperature Physics and Engineering, National Academy of Sciences of Ukraine, 47 Lenin Avenue, 61103,
Kharkiv, Ukraine
2Forschungzentrum Karlsruhe GmbH, Technik und Umwelt, Postfach 3640, D-76021, Karlsruhe, Germany
3National Creative Research Initiative Center for Superconductivity, Department of Physics, Pohang University of Science
and Technology, Pohang 790-784, South Korea
(Received 13 June 2002; revised manuscript received 13 August 2002; published 31 January 2003

A search of the phonon structure at the above-gap energies was carried @t\/fdt?(V) spectra of MgB
point contacts with a normal metal. The two-band model is assumed not only for the gap strudtufdlif\/)
characteristics, but also for phononsdAV/dI?(V) point-contact spectra, with up to the maximum lattice
vibration energy. Since the current is carried mostly by charges of the three-dimer(8iohakand (= band,
whereas the strong electron-phonon interaction occurs in 2D haméiid, we observe the phonon peculiari-
ties due to the “proximity” effect ink space, which depends on both the contact orientation with respect to the
crystal axes and the variation of interband coupling through the elastic scattering.
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INTRODUCTION separate energy gaps converge to a single averaged gap, the
critical temperature remains almost the same. Possible expla-
The superconducting properties of the newly discoveredation of this behavidf is that the charges of the 3D band
s-p compound MgB (Ref. 1) have been attracting the atten- Play much greater role in the PC current, due to the higher
tion of the superconductive community recently. The rela-F€mi velocity and larger plasma frequency. In analogy, the
tively high T,=39 K, the absence of magnetic order, angsituation looks as if one measures superconducting energy

strongly correlated charge carriers, on the one hand, and &P only from fche ‘normal” side of the McMillan 'sand-
strong links between grains for large enough critical currenté’V!CheS n co_ordlnate _spac@c d(_)es not decrease noticeably
and magnetic fields, on the other, make it very promising fonw'th Increasing e_Iast|c scattering, since 2D- gnd 3D-_band
a complete understanding of the superconducting mechanisﬂ{b'tals’ having _d|fferent parity, are orthogonal mH%:Joordlnate
and its successful applications at moderate temperatures. Space, gnd'the interband transitions are rare en gh.
Unfortunately, the simplicity of this compound does not Luckily, in MgB, no other bosonic excitation, except

; e 7,19 ;
go too far for an immediate understanding of all details of itspho?ons,t!s an'?%pate?zll. ThL.’S’EtQIe Ol?rl]y michz;nlsm of
superconducting mechanism. From the theoretical point oTIhe ormation of Looper pairs 1s £, altnough when a new
pperconductor with relatively high. is discovered, other

view, this compound appears to be a rare example of severd hani | 4
(at least two disconnected bands of the Fermi surfdE&) mechanisms are aiways proposed.

with quite different dynamical properti€s® The theory pre- h[nhsplte (.)f grelat Vﬁr'et¥h0f spetctrosco][(ntc m((-:tjgﬁsurer?ents,
dicts that one of those is two dimensioif2D), with a strong which convincingly show the existence of two diiterent su-

electron-phonon interactioiiePl), while the other is 3D with perconducting energy gaps belonging to the above men-

weak EPI and even larger density of states at the Fermtioned two parts of FSsee, for example, Refs. 14,20, and

energy*~’ The interband scattering between these two partgnore recent papefs), there are only a fe\_/v reports of direct
is weak® and they behave similar to an “intrinsic proximity experlmentz_il proof for phonon structure in the point-contact
offect "8 characteristit* or tunneling?

The superconducting and normal parts are not sepa . . .
rated spatially, as in the McMillan modef of SN sand- In this paper we present an attempt to |den_t|fy the struc-
wiches, but are weakly connected knspace through the ture .Of MgB, point-contacPC) spectra at energies up to the
interband scattering. In connection with this behavior, ond"&ximum phonon fre.quency. We show that the observed pe-
has to recall earlier works of two-band supercon-C““a”t'eS are unequwoc_ally caused by phonons, and. their
ductivity.*:~13 But there is an important difference between appearance correlates with the observed superconducting en-
the predictions of those old papers and what is observed ifi'9y 9ap for a given point contac.t. In our opinion, this is due
Ref. 8 and some other point-contact and tunneling workg® the strong anisotropy of multiband ele_ctron an_d phonpn
spectra, and to the influence of the elastic scattering, which

(see, for example, Refs. 14 )15ince the 2D and 3D parts of ) . . S
Fermi surface are very anisotropic, the tunneling and pointge.termlnes both the intraband anq mterband EPI coupling n
this compound. The random deviation of the contact axis

contact current depends strongly on the orientation with ref th dominantle directi | ol
spect to the crystal axes, and foorientation the contribu- rom the predominantiy: direction plays a crucial role.

tion of the 3D band prevaif¥ Superconducting energy gap
values, corresponding to these two bands, differ very much
[up to a factor of 3(Refs. 16,17], and turn to zero at the The samples are-axis oriented films of MgB, whose
same critical temperature-38—40 K. Moreover, if the characteristics are described in Refs. 20,23. The contacts are
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made by direct touch of MgBwith a sharpened normal 38
metal electrodgCu or Ag). The axis of the contact nomi-

nally coincides with thec axis of the film, and thus, deter- 36
mines the main direction of the current. The orientation se-
lectivity in the point-contact spectroscopy is Iglewer, than

in plane tunnel junction, where it goes exponentiglgnd is =
within a solid angle of roughly a few tens of degrees. More- =
over, since not every touch produces the desired appearan— 32
of the energy-gad-V characteristic, we moved the elec- 2 s
trodes relative to each other in order to penetrate through thf@c 34 |
accidentally damaged surface layer. This operation change | o8 !
the contribution of the perpendiculab direction and pro- ’ !
duces additional defects in the contact region and, thus
shortens further the small electron mean free path. In a few
experiments we tried to make a contact with a broken side-
face of the film, in order to increase the occurrence ofathe 3F
direction for the current.

Thus, our “input” characteristic is the shape of supercon-
ducting energy-gap structure, which is described
elsewheré®? The main goal is to investigate the first and _
second derivatives of the'V characteristic at large biases, >1 1
providing the contact survives the long-term measurements™

The attractive feature of PC spectroscopy is that the mea
sured second derivative for the normal state turns out to be™> ¢ jusss®
directly proportional to EPI functione®(w)F(w) (Refs.

24,26 [ (b) ’ / _
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where «, roughly speaking, describes the strength of the FIG. 1. (& Differential resistanc&R=dV/dI(V) for MgB,-Ag
electron interaction with one or another phonon branch fopoint contactT=4.2 K, H=0, R,=35(}. In the inset, the struc-
electron transport through the contact with diameteand ~ ture at bias<|[10 mV is shown with two superconducting gaps
F(w) stands for the phonon density of states. In PC Spec'[rgl.orre.sponding t.o two different pgrts of the Ferm.i surface. The junc-
the EPI spectral function is modified by the transport factorion is made with the broken sideface of the filth) The point-
which increases strongly the back scattering processes. ~ contact spectrum averaged between plus and mipslarity for
However, in the superconducting state the above-gap sirjhe same contact, as in pargl. It is compared to the experlmental
gularity at phonon frequencies can be caused by Severgponon dens'ty.Of states Of.MgBaken Trom Ref. 2_8'\/2 Is the
mechanismé®?’ The features, which are strongly shifted second harmonic Voétage with modulation voltage=2.52 mv.
along the voltage scale upon increasing the temperature ag" R)dV=2,/2V,/V}. The linear background is subtracted from
. . ... _the raw data. The ordinate axis for PDOS is given in arbitrary units.
field, should be disregarded, as due to the nonequilibrium
superconducting phenomeffet’ Only those whose positions i i
do not depend off,H, except the small shifts of the order of ©f the direct 2D band contributes to EPI, due to random
superconducting energy gaf%-7 me\j, are considered. inclusion of theab direction in the current.
The temperature is varied from 1.5 K up Te= T, with
the magnetic field up t0_4.5 T applied along thle plane. At RESULTS AND DISCUSSION
low temperatures this field is not enough to destroy super-
conductivity. In order to observe the inelastic point-contact In Fig. 1(& the dVv/dI(V) and V,(eV)=d?V/dI2(eV)
spectrum in the normal state, we raise both the temperatugharacteristics are shown in the superconducting state at zero
and the field. field. In the energy-gap region the two gaps are clearly seen
The magnetic field does not influence the inelastic PQvith A;=2.4 andA,=5.7 meV. Further on, we simply de-
spectrum(1), because of the short mean free path compareaote byA the position ofdV/dl minimum. For many junc-
to Larmour radius. But it can strongly suppress supercondudions we determine the superconducting energy gap by the
tivity in the weakly superconducting 3D band, and destroyBTK-fitting procedure?® For PC with a not too larg& pa-
the exchange of the Cooper pairs from the strongly supercomrameter, introduced by Dynes, this value does not differ too
ducting 2D band. Since the current flows mostly from the 3Dmuch from the true energy gap. The first derivative at above-
band, the phonon structure appears indirectly, its intensitgap energies is slightly asymmetric and nearly parabolic,
being strongly influenced by the field. Only small admixturewhich leads to an approximately linear background in
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‘ T the point-contact current, we obtain an information mostly

I R I R A A from 3D band. In this case, the theory predicts, that the EPI
A AL 3 spectral function has the,,-peak intensity of the same or-
AR N2 \/“”””“‘“"‘”W der of magnitude as the other peaks of phonon density of
ISRl i hul - BRRER states(see Fig. 1 in Ref. 29
s T 1 g e According to our classifications of the energy gap

structure?C it is due to the random orientation of the contact
axis and scattering of charge carriers between two band of
Fermi surface, having gaps; and A, mixed. With an in-
crease of interband scattering the magnitudeAgf (A»,)
moves to the higheflower) value, respectively. For dirty
contacts, where the admixture of the 2D band is essential,
only one maximum is seen with a broad distribution around
=3.5 meV?° while T, remains almost the same. In this case

| is smaller thard (wherel andd are the electron mean free
path and the size of the contact, respectiyeind the inelas-

tic backscattering contribution to the phonon structure, pro-
portional tol/d,?®is small. Therefore, in the superconducting
state, the observed phonon structure presents mainly the elas-
tic contribution to the excess currefitThe elastic term is
proportional to the energy dependent part of the excess cur-
rentl.{eV), similar to the phonon structure in the quasi-

(dv/di), / R,

m particle DOS for tunneling spectroscofi?’
SEE RS di 1 Ai(eV) 2
E IR R A A ds;c(ev):R_V\/mz A2 ' @
-100 50 0 50 100 ojevty(eV)"—ai(eV)
Voltage (mV) whereA;,(eV) is the gap parameter in the 3D band, induced

by the 2D-band EPI. As seen in Fig. 2, if tie value in-

FIG. 2. (a) Differential resistance normalized to the normal Statecreaseipanel(a), curves 1—3 then the intensity of the pho-

tak istance Wt=30 mV) for three different contact ) ; ,
(taken as a resistance mv) for three different contacts " iricrure in the units ofi(In R)/dV=2.2V,/V? in-

with Ry=45, 43, and 11X) (curves 1-3, respectivelyMain gap . .
dV/dl minima are at about 2.1, 2.6, and 4.86 mV, correspondingly.creaSes todpanel (b)]. That is because the modulation

The larger gap for curve 1 equals 7.0 meV. Curves 2,3 are shifte§oltage V; decreases, whereas the amplitudesvi{eV)
vertically for clarity. (b) Raw data of the second harmonic sigital ~ UNits remain approximately the same. Note, that for curve 1
with modulation voltage¥,; =3.31, 2.78, and 2.5 mV, respectively. in Fig. 2(@) one has to take the lower gap;, because the
The numbers of curves are the same agan T=4.2 K, H=0. current is mainly determined by the 3D band, as mentioned
Curves 1,2 are shifted vertically for clarity. Their center of symme-above.
try has(0,0) coordinates. In Fig. 3, the normal state spectrum is displayed together
with the differential resistances in the superconducting state,
d2v/dI?(V). This background is subtracted from the raw showing the energy gap structure. In spite of a 10 time in-
V,(V) dependence. The latter curve displays an antisymmetrease of the temperature smearirg20 meV at 41 K in-
ric structure, whose amplitude is about a fraction of percenstead of 2 meV at 4.2 K the residual phonon structure is
in differential resistance. In panéb), this structure is com- still visible in Fig. 3b). The smeared phonon features are
pared with the phonon density of stat@D09.28 Good cor-  superimposed on the rising linear background. For curve 2,
respondence is seen between the positions of PDOS peak& see an increase in scattering=aB85 meV, where the
and maxima ind2V/dI2(V). acoustic phonon peak occurs, and the saturation at
The reproducibility of this kind of PC spectra for different =100 meV, where the phonon spectrum ends. In the normal
contacts can be seen in FiggaR 2(b), where the raw data state, only those nonlinearities remain, which are due to the
for three different junctions are shown. Here, the contacinelastic processe€é.We stress that judging from the super-
resistance varies from 43 to 1X1 with gap minima atA conducting gap valug=3.69 meV for curve 2 in paneh)]
=2.1, 2.6, and 4.86 meV, respectively. All the second derivathe essential contribution is expected from thgE) of 2D
tive spectrab) correlate with PDOS. The slight variation is band. This spectrum should contrast with curve 6 in Fig. 4
probably due to the anisotropy and different scattering rateésee below, where the contribution from the 2D band is
in the contacts. Compared with the theoretical EPI functiorsmall, due to lower value oA. Thus, the back scattering
for isotropic one-band modelsee, for example, Refs. processes from the 3D band are mostly essential here. The
6,7,19, the peak at e¥60-70 meV ofE,, boron mode is  shape of spectrum 1 in Fig(l9 presents the behavior inter-
not too much higher in intensity, in accord with our earlier mediate between these two extremes, although its energy gap
observatiorf! In contrast, for the two-band model, owing to is approximately equal to curve 6 in Fig. 4. In addition to the
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. . . . The temperature and magnetic field are equal to 4.2 K, 0 T; 4.2 K,
FIG. 3. (a) Differential resistances for MgRCu point contacts, AT 10K AT 20K 4T- 30K 4T 40 K. O T. for curves 1—6

i (1)
vilhose normzl(z)s_tate spectra _are presefted tl)n paéb)eldAh respectively. The modulation voltagé, is 2.2 mV.A=2.7 meV.
=2.55 meV, =3.69 meV.T=4.2 K, H=0. (b) Second har- The vertical dotted lines mark the phonon singularity on the voltage

monic signals in the.normal staté, =2.2 mV, T=41 K. For spec- - 545 cyryes are shifted vertically for clarity, their center of sym-
trum No. 1 the vertical arrows mark the low frequency bumps atmetry corresponding t0,0) coordinates

about 20 meV. The dotted tangent straight lines point to the phonon

features on curve No. 2. The horizontal bar with double arrows

stands for thermal smearing, determining the spectral resolutiofented in our preliminary repofsee Figs. 3, 4 in Ref. 21it

SV. is presumably a rare example of a direct contribution from

the inelastic spectrum E@l) of the 3D band and should be
well seen phonon spectral features in the range 30—100 me¥pmpared with strongly broadened spectra in Fidp).3The
it possesses a low energy bump at about 20 meV. magnetic field of 4 T suppresses almost completely the in-
Note, that the modulation voltages for spectra 1,2 in Figsduced phonon features E() from the 2D band. Thus, the
3(b) and 4 are the same. That means that they have the sampeoposed tentative consideration would bring our previous
second derivative scales, and the intensity of the second debservations in line with to what is consistently described
rivative is greater for curve 2 in Fig(B), than those of curve here.
1 in Fig. 3b) and curve 6 in Fig. 4. The phonon spectra of a contact with a small value of
The increasing second derivative of th&% characteristic energy gaps are characterized by the presence of low fre-
in the normal state is due to excess generation of nonequ@guency phonon peaks. The small peak at energy of about 25
librium phonons at the contact. The PC spectra with phonomeV (Fig. 4, curves 1,Ris visible, where a tiny knee exists
features in the normal state ®B& T, similar to those shown on the PDOSRef. 28 [see PDOS in Fig. (b)]. In the nor-
in Fig. 3(b), usually exhibit the nonequilibrium phenomena mal state(at T=T.), these low frequency peaks transform
in the superconducting state. These phenomena are mosilyto the S-shape structure @fV/dI%(V) spectra(curve 8,
due to destruction of superconductivity in the vicinity of the corresponding to the wide minimum di/dI(V) near zero
contact, and lead to depression of the excess cutfénhas  bias. This low frequency structure is hardly due to the rem-
already been noted that the positions of these nonlinearitiasants of superconducting quasigapTat T, since it is ab-
are strongly influenced by the field and temperature, andent in junction No. 2, whose characteristic is shown in Fig.
should therefore be disregarded. 3. Rather, it could be thought of as strong interaction in the
As to the spectacular electron-phonon spectrum, pre3D band with very low-frequency excitations, whose origin
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is not clear yet. On increasing the temperature, the low frethe superconductivity completely by magnetic field at low
guency peak broadens further as common spectral featuremough temperature. The latter is necessary to get good reso-
do in the normal state. lution. For thin films this experiment will hardly promise
Since most of the current through the point contact isencouraging results, since the elastic mean free path is
carried by the 3D band with weak EPI, the phonon singularstrongly reduced, and the intensity of inelastic backscattering
ity in the superconducting state is induced mainly by inter-processes is therefore diminished by the fadfar. Note,
band scattering from the 2D band with strong EPI. The dethat for the superconducting self-energy effects the short
gree of this induction depends on the interband coupling. Alastic mean free path does not suppress essentially the pho-
was noted above, in the clean limit the interband coupling imon structuré® On the contrary, for the two-band model
MgB, is low® That was the reason for applying the elastic scattering even enhances the phonon structure due to
McMillan-proximity-effect model in order to fit the gap the “intrinsic proximity effect” described above.
structure indl/dV(V) characteristic in Ref. 8. This model
leads to the small-intensity phonon structure. The elastic
scattering, which is certainly high in thin film and may be CONCLUSIONS
even stronger by point contact fabrication process, enhances
the interband, as well as the intraband coupling. FollowinqbI
Arnold *® and assuming the extension of the proximity effect
theory in coordinate space to the two-band modes.,
“proximity” effect in k space, we use the corresponding
expression for the interband coupling, induced by elasti
scattering inSN sandwiches. In our case, by analogy, the
elastic scattering leads to the expression

We summarize our observation as follows. The reproduc-
e phonon peaks are seen in the superconducting state on
d?V/dI%(V), and disappear in the normal state, which proves
that they are due to the energy dependence of superconduct-
éng order parameter. The superconductivity is presumably
due to the 2D-band EPI, which induces théE) structure in

the 3D band. At a small value of the superconducting gap the
phonon structure is weak, and its intensity begins to increase

ZPAP i (5727 Aa(EYNA(E with growing A. The robustness against the magnetic field
A (E)= —— I : T A2(E)Na ), (3)  also grows notably with increasiny.
ZR(E)+i(Af2T)No(E) In the normal state the intensity of the inelastic spectrum

also correlates with the value of the superconducting gap.
The tendency is observed that the high energy phonons be-
come more prominent for a larger gap. For a smaller gap, the
low-frequency bump appears in the spectra. It might be due
to EPI with some unknown low-frequency excitatitnbut

which, similar to the McMillan expression fd@r/27=1"y (not
shown, derives toA(E)=A,(E), in other words, to the
large induced phonon structure in the 3D band. He}es
the renormalization function in the 3D banN,(E) is the

electron DOS in the 2D band,is the elastic scattering time, further work is needed to be sure that it is not caused by

and I'y is the interband scattering rate in the McMillan honon peaks of the normal-metal counter electr¢@e
model. Thus, as the interband scattering increases, the inteR- ’

sity of phonon singularity moves to the higher energy, char-

acteristic of the 2D band. This “internal proximity effect”

explains also the small variation in the positi@i the order

of superconducting energy gapf phonon peaks with vari-

ous elastic scattering rates produced by contact fabrication
The influence of magnetic field on the point-contact spec

tra is shown in Fig. 4compare curves 1 and.dt is evident

that the field can smear out the intensity of high energ

peaks, which are induced in the 3D band by EPI of the 2D

band. The disappearance of phonon peaks at rising field and ACKNOWLEDGMENTS
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