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Subharmonic gap structures and Josephson effect in MgB,/Nb microconstrictions
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Superconducting microconstrictions between Nb tips and high-quality MgB, pellets have been realized by
means of a point-contact inset, driven by a micrometric screw. Measurements of the current-voltage charac-
teristics and of the dynamical conductance versus bias have been performed in the temperature range between
4.2 K and 500 K. Above the Nb critical temperature T, the conductance of the MgB,/normal-metal constric-
tions behaves as predicted by the Blonder-Tinkham-Klapwijk model for low-resistance contacts while high-
resistance junctions show quasiparticle tunneling characteristics. Consistently, from the whole set of data we
infer the value A,=2.5+0.2 meV for the three-dimensional (3D) gap of MgB,. Below Tlgb, low-resistance
contacts show Josephson current and subharmonic gap structures, due to multiple Andreev reflections. Simul-

taneous observations of both features unambiguously indicate a coupling of the 3D band of MgB, with the Nb
superconducting order parameter. We found that the temperature dependence of the Josephson critical current
follows the classical Ambegaokar-Baratoff behavior with a value I-Ry=(2.1£0.1) meV at low temperatures.
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I. INTRODUCTION

The discovery of superconductivity in the binary interme-
tallic MgB, compound' has given rise to a considerable ef-
fort in the condensed matter community in the last years.
Besides the great interest in understanding the new physics
originating from the multiband nature of this material, atten-
tion has been paid to the attractive potential applications in
superconducting electronics, because of the remarkably high
critical temperature (7-=39 K) simple crystal structure,
relatively long coherence lengths? (£=25 A,&=65 A),
and low surface resistance’® (Rg=0.8 m) at T=24 K).

From the structural point of view, the intermetallic MgB,
superconductor is very similar to graphite with the crystal
lattice formed by honeycomb layers of B atoms intercalated
by layers of Mg atoms, sitting at the center of each underly-
ing hexagon. From the theoretical point of view, this com-
pound presents a rare example of two disconnected parts of
the Fermi surface: a two-dimensional (2D) hole-type o band
and a three-dimensional (3D) electron-type 7 band.*> The
unusual consequence of this band structure makes it such
that in the clean limit® two different energy gaps are formed
at the Fermi level, both closing at the same temperature 7.
Indeed, two superconducting energy gaps have been experi-
mentally observed by different techniques, including tunnel-
ing spectroscopy,’~!> specific heat measurements,'®!” Raman
spectroscopy,'®!° and high-resolution photoemission.”’ The
majority of these studies agree with the presence of a larger
gap around A, =7.0-7.5 meV attributed to the 2D ¢ band
and a smaller gap A,=2.0-2.8 meV due to the 3D 7 band.
In the dirty limit a large amount of impurity scattering causes
the two gaps to merge to an intermediate value A
=4.1 meV, which closes at a reduced 72"

The physics of multiband superconductors has been inten-
sively studied since the appearance of the original theoretical
works,%21:23 and different phenomena are expected due to the
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presence of different condensates in the same material. The
predictions have been tested in few cases, such as, e.g., in
niobium-doped SrTiO; (Ref. 24) or in nickel borocarbides
(Ref. 25). Due to these considerations, MgB, appeared, from
the beginning, as a natural candidate to investigate the pecu-
liarities of a two-band superconductor. Recently, a multiband
model for quasiparticle and Josephson tunneling in
MgB,-based junctions has been developed.?! Depending on
the different bands exposed at the sides of the insulating
barrier, different temperature behaviors of the Josephson cur-
rent have been predicted with values of the /-Ry product at
low temperatures as high as 9.9 mV and 5.9 mV for tunnel-
ing along the a-b planes and c¢ direction, respectively. In the
experiments, however, effective Josephson coupling of the
2D band o with a 3D band, both of a MgB, or of a conven-
tional superconducting counterelectrode, has been not ob-
served. In addition to this, the measured /-Ry values are
often severely depressed, and regardless of the junction ori-
entation, different temperature dependences of the Josephson
current are often reported.'>%29-2% Similar behavior is ex-
pected in proximity-coupled S-I-N-S structures,’® and in
MgB, junctions it has been attributed to degradation of 7 at
the interface and/or to the barrier nature and quality.

Besides the analysis of the Josephson coupling, the study
of subharmonic gap structures (SGS’s) at voltages less than
A is itself interesting. These resonances, due to the coupling
of the gap functions at the sides of the barrier, have been
mainly studied in symmetric S-I-S junctions.>'* In this
case, conductance enhancements appearing at voltages V,,
=2A/n(n=1,2,3,...) have been observed.**~* In junctions
with dissimilar superconductors (S-I-S’) conductance struc-
tures appear at energies (Ag+Ag)/m (with m=1,3,5,...),
Agi/n, and Ag/n (with n=1,2,3,...), depending on the en-
ergy ratio Ag//Ag. 4047

In this paper we address the problem of the behavior of
both SGS’s and Josephson current in a multiband supercon-
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ductor. Since both phenomena depend on the multiplicity of
the order parameter in the two electrodes, the simultaneous
presence of SGS’s and Josephson effect allows a consistent
cross-check to verify the effective coupling of different con-
densates at the sides of the tunnel barrier. To investigate this
aspect more deeply, we have realized point-contact (PC)
junctions between MgB, pellets and Nb tips. The aim of our
study was to check for the Josephson coupling of the Nb
order parameter with both the 2D and/or 3D MgB, bands,
this aspect being reinforced by the appearance of the related
subharmonic gap resonances. In the following we report, to
the best of our knowledge, the first detailed study of the
temperature dependence of both subharmonic gap structures
and Josephson current observed in asymmetric Nb-MgB, mi-
croconstrictions. Current-voltage characteristics (I-V) and
conductance spectra (dI/dV vs V) were measured by using a
homebuilt point-contact apparatus, in which a Nb tip was
pressed into high-quality MgB, pellets, to favor the possible
interaction with both bands of this compound.

II. SUPERCONDUCTING CONTACTS

A point-contact junction between a superconductor and a
normal metal (SN contact) or between two superconductors
(SS’ contact) is a convenient geometry to study different
aspects of superconductivity. Indeed, the possibility of vary-
ing the strength of the potential barrier, as well as of chang-
ing the contact area between the electrodes, allows the ob-
servation of a large number of phenomena by realizing a
continuous variation from a metallic contact N-c-S (c is the
constriction) to a tunnel junction N-I-S (I is the insulating
barrier). This transition has been theoretically and experi-
mentally studied by Blonder, Tinkham, and Klapwijk*
(BTK) within a generalized semiconductor model using the
Bogoliubov equations to treat the transmission and reflection
of quasiparticles at the interface. For a conventional BCS
superconductor, there are two parameters in the model that
are varied to reproduce the conductance curves: the super-
conducting energy gap A and a dimensionless parameter Z
taking into account the barrier strength.

SN metallic contacts with low barriers (Z—0) show en-
hanced current at bias voltages less than the superconducting
energy gap because Andreev reflections are the dominant
transport process at the interface.*® In this case, an incoming
electron from the normal metal with energy E<<A cannot
enter in the superconducting electrode and is reflected as a
hole in the normal metal, simultaneously adding a Cooper
pair to the condensate in the superconductor [Fig. 1(a)]. This
process causes an increase of the conductance around zero
bias with a maximum ratio of G(V=0)/Gn(V>A)=2. On
the other hand, in the tunneling regime (Z— ), the probabil-
ity of Andreev reflections is negligible and the BTK model
yields a conductance characteristic that, at low temperatures
for conventional superconductors, directly reproduces the
BCS superconducting density of states at the Fermi level. In
the intermediate case, both tunneling and Andreev reflections
contribute to the transport through the barrier [Fig. 1(b)].

A different situation is realized when both electrodes
forming the microconstriction are superconducting. The

PHYSICAL REVIEW B 72, 174518 (2005)

@ N S (b

¥
:

-
<

e
G(V=0
A
o
o
N
IS

S (d

e

o— A
A

QD)

( (SGS) \\ (
=103, ewe=tw; B, Bofds
m=13,5.. BB m

FIG. 1. (a) An electron coming from the normal electrode with
energy smaller than the energy gap cannot enter the superconductor.
It is reflected as a hole, leaving an extra charge 2e in the supercon-
ducting condensate (Andreev reflection). At low temperatures, the
conductance spectra depend on the barrier strength Z, as shown in
(b). The scale refers to the curve for Z=0; the other curves are
shifted for clarity. In the case of superconducting electrodes (c), an
electron is reflected back or transmitted. For voltages eV<A the
Andreev-reflected hole cannot find an empty state in the left elec-
trode but is Andreev reflected in turn as an electron. For energies
2A/3=<eV<A/2 the electron finds an empty state in the right elec-
trode; three charges are transferred in this process [multiple An-
dreev reflections (MAR’s)]. For smaller voltages, MAR processes
that transfer four or more electron charges carry the current. (d) In
asymmetric tunnel junctions the conductance enhancements appear
at energies (Ag+Ag/)/m, with m=1,3,5,..., and Ag/n and Ag//n,
with n=1,2,3,....

main features in the current voltage characteristics of such
junctions are the presence of Josephson current and SGS. In
particular, these last features have been observed in junctions
between identical superconductors as conductance peaks ap-
pearing at bias voltages V=2A/ne with n=1,2,3,... 414244
Different mechanisms have been suggested to describe this
phenomenon: initially, the correctly multiparticle tunneling
model*® (MPT) was able to predict the voltage positions of
the SGS. Successively, a satisfactory explanation of the sub-
gap structures has been proposed in the BTK theory*® and
then extended in the Octavio-Tinkham-Blonder-Klapwijk
(OBTK) model by Octavio et al.:3” SGS’s are originating
from multiple Andreev reflections at the superconductor-
normal-metal interfaces; see Fig. 1(c). This model has been
then generalized by Arnold® to any kind of junctions be-
tween two superconductors and in particular to the supercon-
ducting point contacts by using a modified tunneling Hamil-
tonian approach. It is now understood that MPT model
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represents the low-transparency perturbation theory limit of
the more general process of MAR’s.>"

Unlike symmetric junctions, very few reports in the litera-
ture address the behavior of asymmetric S-c-S’ constrictions
[see Fig. 1(d)], both theoretically>’*” and experimentally.**4¢
In particular, calculation of the current-voltage relations for
ballistic S-N-S’ junctions by means of transmission
formalism?*’ showed that, for finite temperatures, SGS’s ap-
pear in the differential conductance at energies eV,
=(Ag+Ag)/m, with m=1,3,5,..., and ¢V,=A¢/n and €V,
=Ag/n, with n=1,2,3,....

III. CONDUCTANCE CHARACTERISTICS FOR T> Tlgb

The polycrystalline MgB, pellets used in the present work
showed resistive superconducting transitions at T(p=0)
=38.8 K, with AT-=0.5 K. The sample surface was chemi-
cally etched in a 1% HCI solution in pure ethanol. The Nb
tips were prepared by cutting a thin (0.2 mm) Nb wire and
then treated by electrochemical etching. Soon after, the PC
inset was placed in liquid “He to limit surface degradation
effects. The contacts were established by driving the Nb tip
into the sample surface at low temperatures. The vertical
movement of the tip, driven by a micrometric screw with a
precision of about 0.1 um, allowed the tuning of the contact
resistance from tunneling regime to metallic contact. Our
experimental setup resulted in being extremely stable, show-
ing no relevant effects of thermal contraction, so that in
many cases it was possible to vary the junction temperature
without affecting the contact geometry.

All measurements were performed in the temperature
range between 4.2 K and 50 K. Current and dI/dV versus V
characteristics were measured by using a standard four-probe
method and a lock-in technique by superimposing a small ac
modulation to a slowly varying bias voltage. Each measure-
ment comprises two successive cycles in order to check for
the absence of heating hysteresis effects.’*!

In Figs. 2(b) and 2(c) we show the conductance spectra
measured for high and low junction resistances above the
niobium critical temperature T]gb. These are representative of
several measurements carried out on different contacts. The
rich variety of our experimental spectra shows the versatility
of the point-contact technique in modulating the barrier
strength of the established junctions. High contact resis-
tances were obtained by pushing the Nb tip into the MgB,
and then slightly releasing the pressure. In this case, the con-
ductance curves show typical tunneling behavior, Fig. 2(b).
The temperature dependence of the zero-bias tunneling con-
ductance, reported in the inset, suggests that rather than a
S-I-N junction, the contact is formed between two MgB,
grains. Indeed, a zero-bias conductance peak is found as for
S-1-S junctions, due to thermally activated quasiparticles
with spectral weight increasing for rising temperatures. The
S-1-S behavior has been observed in other experiments of
point contact spectroscopy in polycrystalline HTC
superconductors,”>? and it has been attributed to a small
piece of the base electrode captured by the tip apex. Due to
the granularity of the samples, also in our case when releas-
ing the pressure, one MgB, grain remains on the Nb tip; see
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FIG. 2. (a) A small MgB, grain remains on the Nb tip realizing
two junctions in series: the point contact between the Nb tip and the
small grain with resistance R p and the Josephson junction between
the two MgB, grains with resistance R;. The measured voltage
Vneas 18 the sum of the voltage drops at both junctions. (b) Tunnel-
ing conductance for a high-resistance contact measured at T
=12 K. Experimental data (scattered graph) are compared to the
theoretical simulation (solid line) for a S-I-S tunnel junction be-
tween two MgB, with A =2.7 meV and I'=0.7 meV. (c) Conduc-
tance spectrum at 7=12 K for a low-resistance contact. The theo-
retical simulation (solid line) has been obtained with A
=2.4 meV, Z=0.66, and I'=0 considering the formation of an in-
tergrain MgB,/MgB, junction in series with R;=1.5 () and I,
=1.2 mA.

Fig. 2(a). Two junctions in series are so formed, and in the
analysis of the data attention has to be payed to the relative
weight of the related junction resistances. In the tunneling
regime, the contribution of the point-contact junction is not
critical, since Rpc<<R;. On the other hand, this has to be
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taken into account, in the point-contact regime, with both
resistances of the same order of magnitude. The tunneling
conductance characteristics, measured at T=12 K [scattered
graph in Fig. 2(b)], were so compared to the theoretical fit-
ting for a S-1-S tunnel junction between two identical super-
conductors (solid line). Since Ry=3.1 k), we did not con-
sider the contribution of the point contact in series. A
=2.7 meV was used in the fitting in which a broadening
parameter, representative of the quasiparticle finite lifetime
I'=0.7 meV, was also included.>?

The conductance spectrum of a low-resistance contact is
shown in Fig. 2(c), where the expected Andreev reflection
behavior with conductance enhancement for eV<<A is ob-
served. The conductance characteristic also shows dip struc-
tures at energies higher than the AR feature (arrows in the
figure), which are not reproduced by the usual BTK theory.
The origin of these dips has been related to proximity
effect™* and/or to the formation of a junction in series.’® In
our case, for a satisfactory fitting of the experimental data, it
was necessary to consider a more complex configuration,
congistent with the assumption shown in Fig. 2(a). Indeed,
when the resistance of the point-contact junction (Rpc) is
comparable with the resistance of the Josephson junction
(R;), we have to consider the formation of two junctions in
series: the SN point contact between the Nb tip and MgB,
and the intergrain, low-resistance MgB,/MgB, junction. As
shown in Fig. 2(a), as the PC tip/grain junction is approached
to the base MgB, electrode, the latter junction reduces its
resistance, and the two MgB, grains can be coupled by
Josephson effect. The measured voltage is now given by the
sum of two contributions—i.e., the voltage drop Vp. at the
point contact and V; at the Josephson junction. In the limit of
small capacitance C, the average contribution V; can be
simulated by the modified resistively shunted junction model
given by Lee,’® where

exp(mya) -1 __,

2
<VJ>:_RJIJ T2 N (1)
Y exp(mya)

with a=1/1; the normalized current, I, the Josephson current
of the junction in series, y=hil;/eK3T, (T, being the effec-
tive noise temperature), and

2m
T,= fo de sin ;—Dll(ysin g)exp[— (%a)go],

where I, (x) is the modified Bessel function. The conductance
o(V) is then calculated by the formula

o(V) =dlldV = (dVpdldl + dV,/d)7", (2)

where the PC contribution is simulated by the usual BTK
model. The best theoretical fitting [solid line in Fig. 2(c)],
reproducing also the side dips, was obtained for A,
=24 meV and Z=0.66, and no smearing factor I" was
needed for this junction.

We notice that the presence of the Josephson junction in
series introduces in the model two more fitting parameters,
the resistance R;=1.5 Q and the critical current /;=1.2 mA
of the Josephson junction; these, however, are not indepen-
dent one from the other and from the measured resistance.
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We remark here that, since the measured voltage V..,
=Vpc+V;>Vpe, a theoretical fitting that did not take into
account the presence of the additional V; would give an over-
estimation of the MgB, superconducting energy gap.”’~8
From our discussion, it appears that PC spectroscopy reveals
two types of junctions depending on the contact resistance:
MgB,/MgB, at high resistances when the tip/grain junction
is left far from the surface and MgB,/Nb at low resistances
when the tip/grain junction is pushed into the surface. From
the whole set of data at 7> T[g”, obtained in several loca-
tions, we have found, as the average value of the 3D gap,
A =2.5+0.2 meV.

IV. CONDUCTANCE CHARACTERISTICS FOR T<T}

As we already mentioned, the analysis of the Josephson
coupling between a two-band superconductor and a conven-
tional one has been relatively less studied in the literature
with contradictory results about both the values of the IRy
product and its temperature dependence. In comparison with
the theoretical predictions,’?! the majority of the reports indi-
cate depressed values of such a product and different tem-
perature behaviors irrespectively of the weak link or tunnel
nature of the junctions.'>142628.29 To the best of our knowl-
edge, in the majority of the cases coupling of the conven-
tional superconductor with only the 3D band of the multigap
material is inferred.

In this section we analyze the conductance data of low-
resistance junctions for 7<<T}’ in which both Josephson ef-
fect and subharmonic gap structures appear. Indeed, the si-
multaneous presence of these features makes unambiguous
any conclusion about the coupling between the Nb order
parameter and the 2D or 3D band of MgB,. In addition to
this, the study of the behavior of the subgap features in
asymmetric junctions is itself of interest, since few reports
can be found in the literature.

In Figs. 3(a) and 3(b) we show the conductance spectra
measured at 7=7 K for two different contacts. The spectra
are characterized by the huge conductance peak at zero bias,
the signature of the Josephson current flowing through the
electrodes, as confirmed by the corresponding I-V character-
istics shown in the insets. In addition to this, subharmonic
gap structures at low energies appear in both cases. Similar
structures have been seldomly observed in MgB, junctions;
however, a detailed analysis of their origin and/or tempera-
ture dependence was not carried out.”>°

In Fig. 3 we identify three principal features for junction
(a), localized at energies E;==1.2 meV, E,=+2.4 meV,
and E;=+3.5 meV, while only £, and E; are visible in
junction (b), at the same energies. As discussed above, these
structures can be explained in terms of multiple Andreev
reflections that enhance conductance at voltages A,/n, A,/n,
and (A;+A,). The most useful way to identify the origin of
various SGS’s can be obtained by studying their temperature
dependence. Due to the high stability of our system, the dy-
namical conductance of both the contacts was measured in
the temperature range between 4.2 K and 12 K. Since the
two superconductors have quite different critical tempera-
tures (TlggB 2=39 K and T]gh =9.2 K) for these temperatures,
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FIG. 3. Conductance spectra for two different contacts measured
at T=7 K (scattered graphs). The conductance measured at T
=12 K—i.e., above Tlgb—is also reported (solid lines). The arrows
indicate the energies of the SGS’s. Insets: current-voltage charac-
teristics of the same junctions.

only changes in the Nb energy gap are expected to affect the
evolution of the SGS.

In Fig. 4(a) we show the temperature dependence of the
conductance spectra for the junction of Fig. 3(a). We clearly
see that the feature at the highest energy (E;) changes in
temperature while E,=+2.4 mV and E;=+1.2 mV remain
quite stable, suggesting that these are related to MgB,. In
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Fig. 4(b), we report the temperature dependence of the en-
ergy positions of the SGS for both junctions of Fig. 3, with
solid and open symbols referring to junctions (a) and (b),
respectively. Due to the fact that all the structures appear for
voltages lower than 3.0 mV, we exclude the influence of the
2D o band in the formation of the resonances. We then make
the following identification: E;— AM$B24 AN, AM&B2
and E, — AY#%2/2 consistently with the MgB, value of A,
=2.4 meV inferred from the theoretical fitting of the data at
7> T [Fig. 3(c)]. To confirm our hypothesis, we have ex-
tracted the temperature dependence of the Nb gap from the
data E5(T) and E,(T), being AN(T)=E;(T)—E,(T). The re-
sult is plotted in Fig. 4(c) where the experimental data cor-
rectly follow the theoretical behavior (solid line) expected
for the Nb energy gap. In particular, the theoretical fitting
gives AM(T=0)=1.4 meV and a local critical temperature
Tlgb =9.2 K. We notice that the E, structure only appears in
the lower-resistance junction [Fig. 3(a)], and its amplitude is
relatively depressed in comparison with E; and E5. Indeed,
for this contact, we measured a higher value of the Josephson
current which, in comparison with junction (b), implies a
stronger coupling between the two electrodes.

In Fig. 5, we finally report the /Ry product versus tem-
perature for both contacts in Figs. 3(a) and 3(b). I,
=290 uA and I-=110 nA were measured in these junctions
with Ry=7.4 Q) and Ry=18.5 (), respectively. This implies
IcRy=(2.1£0.1) mV at T=4.5 K, among the highest values
reported in the literature.'>!%2” Our values are very close to
those predicted when the superconducting Nb couples with
the MgB, 7 band®' and follow the expected Ambegaokar-
Baratoff temperature behavior.?!** From our discussion it
unambiguously appears that coupling of the Nb energy gap
only occurs with the MgB, 3D A band, while in more than
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FIG. 4. (a) Temperature dependence of the conductance spectra of the junction in Fig. 3(a) in the range between 4.2 K and 12 K. All the
spectra have been shifted, and the scale is valid only for the highest-temperature data. The arrows indicate the energy positions of the Ej
feature. (b) Temperature dependence of E;, E,, and E5. Dotted and solid lines are guidelines for the eye. Open symbols correspond to sample
in Fig. 3(b). (c) Temperature dependence of AN’(T)=FE;(T)—E,(T) (symbols) and theoretical curve (solid line).
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FIG. 5. Temperature dependence of the /-Ry product. The ex-
perimental data (scattered graph) are compared to the Ambegaokar-
Baratoff behavior (solid line).

50 measured contacts we never found evidence for coupling
with the 2D A band. We have also demonstrated that it is in
principle possible to avoid the MgB,-degraded surface layer,
responsible for both depressed values of the I-Ry product
and nonconventional temperature behavior.

V. CONCLUSION

We have realized superconducting microconstrictions be-
tween high-quality MgB, pellets and electrochemically
etched Nb tips. The conductance as a function of bias mea-
sured above the Nb critical temperature reveals that an inter-
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grain MgB,/MgB, junction is often formed in series with the
MgB,/Nb contact. This results from a small piece of MgB,
remaining on the tip apex when relieved from the pellet.
Depending on the tip pressure the MgB,/MgB, contact re-
sistance can be either larger (tip far from the pellet) or com-
parable (tip into the pellet) with the MgB,/Nb point-contact
resistance. In the last case, an accurate theoretical analysis
has to be carried out to extract the correct value of the MgB,
superconducting energy gap. For T< T’gb, we have observed
the Josephson effect as well as subgap resonances. We ex-
plain these features in terms of subharmonic gap structures
due to multiple Andreev reflections. From the analysis of the
SGS, consistently with the values measured for 7> Tlgb , We
have extracted the correct temperature dependence of the Nb
energy gap and the value A_=2.4 meV for the 3D energy
gap at the MgB, Fermi surface. In our junctions, at T
=4.5 K, we have measured I-Ry values up to 2.2 meV,
among the highest reported in the literature. The temperature
dependence of the IRy product follows the -classical
Ambegaokar-Baratoff behavior. Both observations com-
pletely confirm the results predicted by a recent theoretical
model.2! In addition to this, the simultaneous observation of
both Josephson current and SGS’s unambiguously indicates
the coupling of the Nb energy gap with the MgB, 3D band.
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