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Two-Gap State Density in MgB,: A True Bulk Property Or A Proximity Effect?
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We report on the temperature dependence of the quasiparticle density of states in the simple binary
compound MgB, directly measured using scanning tunneling microscope (STM). To achieve high quality
tunneling conditions, a small crystal of MgB; is used as a tip in the STM experiment. The “sample”
is chosen to be a 2H-NbSe, single crystal presenting an atomically flat surface. At low temperature
the tunneling conductance spectra show a gap at the Fermi energy followed by two well-pronounced
conductance peaks on each side. They appear at voltages Vg = *=3.8 mV and V;, = £7.8 mV. With
rising temperature both peaks disappear at the T¢ of the bulk MgB,, a behavior consistent with the model
of two-gap superconductivity. The possibility of a particular proximity effect is also discussed.
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Since January of this year the scientific community has
expended considerable effort in order to understand the
origin of superconductivity in the simple binary compound
MgB, [1]. Its high critical temperature T¢ = 39 K is close
to or even above the upper theoretical value predicted by
the BCS theory [2]. This was a strong argument to consider
MgB, as a nonconventional superconductor. However,
soon after the discovery of superconductivity in MgBa,
a significant boron isotope effect has been observed [3].
Subsequently, a large body of experimental work has been
reported (nuclear spin-lattice relaxation rate measurements
[4], inelastic neutron scattering measurements [5], specific
heat measurements [6,7]), all supporting an s-wave sym-
metry of the order parameter. On the other hand, measure-
ments of the temperature dependence of the penetration
depth [8,9] and of the microwave surface resistance [10]
imply the possibility of an unconventional superconductiv-
ity. Many attempts to determine the superconducting gap
have also been reported, using different techniques: tun-
neling spectroscopy [11-14], photoemission spectroscopy
[15,16], Raman measurements [17], etc. Although the re-
sults seem to indicate an isotropic order parameter, they
are controversial on the gap width.

Adding to this controversy, the existence of two su-
perconducting gaps in MgB, was predicted theoretically
by Liu et al. [18]. The electronic structure of MgB, is
quite complex; in particular, the Fermi surface presents
both quasi-2D cylindrical sheets and a 3D-tubular net-
work, which raises the possibility of having, in the clean
limit, two distinct gaps, both closing at the same critical
temperature.
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PACS numbers: 74.20.—z, 74.50.+r, 74.70.Ad

In this Letter we give a direct experimental evidence of
the existence of two distinct gaps on the surface of super-
conducting MgB,. Using our homebuilt low temperature
STM we study the tunneling junction obtained between
one small crystal of MgB, mounted as the STM tip, and
an atomically flat 2H-NbSe, single crystal. At low tem-
perature the tunneling conductance spectra clearly show a
gap followed by a two-peak structure. The temperature de-
pendence of the tunneling spectra, measured with such a
superconducting MgB, tip, clearly demonstrates that two
different gap features coexist up to the critical temperature
of the bulk MgB,.

Up to now, there has been no clear experimental evi-
dence for the existence of two gaps in MgB,. Characteriza-
tion of its normal and superconducting states has been done
by thermodynamic measurements [19,20]. As a result, the
existence of a multiple-valued gap was suggested. Photo-
emission spectroscopy has also been performed on MgB,
[15], revealing a spectral shape that cannot be explained
by the existence of a simple isotropic gap. However, the
low energy resolution, together with the observation that
both gaps were smaller than the BCS value (5.9 mV), did
not allow any firm conclusion about the superconducting
density of states (DOS) of bulk MgB,.

On the other hand, vacuum tunneling spectroscopy is
a technique allowing a direct measure of the quasipar-
ticle DOS with high energy resolution. Moreover, most
of the studies having been done on naturally inhomoge-
neous granular samples, scanning tunneling spectroscopy
(STS) appears as the major tool with its high spatial and en-
ergy resolution. Double-gap structures in the differential
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conductance spectra have been indeed observed by STS
[21] but only locally in some selected regions of a granu-
lar sample of MgB,. This observation alone does not allow
one to elucidate the nature of such a feature in the conduc-
tance spectra. While it is consistent with two-gap super-
conductivity in MgB,, it could in principle have different
origins. For example, two tunneling terms may exist, one
small, indeed reflecting the DOS of the bulk material, and
another dominant state density of the weakened supercon-
ductivity of the surface. The existence of such a weakened
layer on the very surface was already suggested in previ-
ous studies [11,14]. It is not excluded that the double-gap
DOS originates from the superconductivity induced by the
proximity effect in a thin metallic surface layer [22].

The study of the temperature dependence of the tun-
neling spectra is therefore necessary to clarify the origin
of these particular features. This requires an STM ex-
periment in which the tunneling junction remains stable,
unaffected by the thermal drift due to the temperature
variations, which is almost impossible to achieve with
powder-based inhomogeneous samples. As a result of such
an inhomogeneity, small lateral movements of the tip due
to the thermal expansion of the STM unit cause dramatic
changes in the junction characteristics. The most straight-
forward solution to avoid the effect of lateral drift would
be the use of high quality thin films or single crystals of
MgB,; the sample surface being in such a case flat and
the DOS spatially homogeneous. These samples are still,
unfortunately, unavailable.

As a simple measure, we inverted the tunneling junc-
tion in our experimental setup. A small (about 50 um
size) crystal of MgB, is glued with silver paint on the flat
top of a mechanically etched Pt/Ir wire, and a 2H-NbSe,
single crystal is taken as the sample [Fig. 1(a)]. NbSe; is a
layered material presenting, after cleavage, an atomically
flat and highly inert surface. It is a conventional supercon-
ductor with T¢ = 7.2 K, and thus, for higher temperatures
the experimental configuration corresponds to a S-/-N junc-
tion. At lower temperatures it is a S-I-S one, but this fact
does not affect the spectroscopy for the temperature range
studied, since NbSe, is characterized by a small gap, prac-
tically smoothed out at 7 = 4.2 K.

Geometrically such a junction is stable with respect
to thermal drift, due to a fixed tip-surface orientation.
Moreover, 2H-NbSe; being a well-known and widely
studied material, the quality of the MgB, tip is easily
tested by direct STM imaging. Such an image is presented
in Fig. 1(b). Both atomic and charge density wave (CDW)
patterns, characteristic of 2H-NbSe,, are evident there,
and even a point defect locally perturbing the translational
order of the CDW is resolved. Such a situation clearly
corresponds to vacuum tunneling. The high quality of the
junction is independently confirmed by the flat spec-
tral background observed in the dI(V)/dV curves at
T = 43 K, as in Fig. 1(c) [23]. These two results unam-
biguously show that the STM tip apex is not contaminated
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FIG. 1. (a) Experimental setup. (b) An 8§ nm X 8 nm topo-
graphic image of sample surface (' = 4.3 K, Ir = 150 pA at
Vibias = —18 mV). The atomic lattice and a CDW pattern are
resolved. (c) Typical dI(V)/dV spectrum. Inset: series of spec-
tra taken along a 10 nm line.

and manifests a metallic behavior. In the spectrum of
Fig. 1(c), the double-gap features are clearly observed:
well defined coherence peaks appear at Vg = 3.8 mV,
followed by bumps at higher energy V; = 7.8 mV. The
spectra show very few states inside the gap; they are
independent of tunneling resistance Ry and of lateral
position of the tip [see inset of Fig. 1(c)]. The curves are
almost identical to those previously observed in standard
S-I-N geometry on a granular sample of MgB; using Pt/Ir
tip [21].

Using such a high quality tunnel junction, we performed
the tunneling spectroscopy in the temperature range be-
tween 4.3 and 45 K. The results of this experiment are
reported in Fig. 2. The overall trend is a smoothing of the
gap features, and an increase of the number of states inside
the gap, with rising temperature. The curves up to 10 K
have a clear double-peak shape, confirming that it is an
intrinsic behavior of the superconducting MgB, electrode.
For higher temperature values, the filling of the gap contin-
ues, however. Enlarging the scale of the curves measured

177008-2



VOLUME 87, NUMBER 17

PHYSICAL REVIEW LETTERS

22 OCTOBER 2001

of  R;=0.12GQ

35K

dl/dV, normalized
i

20 -15 10 -5 0 5 10
Sample bias [mV]

FIG. 2. Temperature dependence of tunneling conductance
spectra in the range between 4.3 and 35 K. All experimental
curves (black dots) are fitted by a sum of two weighted
BCS-shape DOS (solid lines). The spectra are shifted by unity
for clarity. The curves at T = 31 K and T = 35 K are reported
magnified by a factor of 10.

15 20

for T > 30 K in Fig. 2, it is evident that the depletion at
the Fermi level is still present.

Such a temperature dependence is nontrivial. To obtain
a more precise description, a proper fit to the tunneling
spectra is very useful. As a first step, we fit the experimen-
tal data in Fig. 2 by considering the weighted sum of two
contributions (o™, o®)) corresponding to two isotropic
BCS-like DOS. The fitting formula is written

oV, T)= > C,-a"(V,T), (1)
x=L,S

where o) is the tunneling conductance for the S-I-N
geometry, considering also the effect of the thermal smear-
ing, the damping parameter I', and the weight factors
C, of the two contributions (Cp + Cg = 1). The fit pa-
rameters at T = 43 Kare A; = 7.5 mV, Ag = 3.5 mV,
Cr. =09 (Csg =0.1),and I' = 0.15 mV, where I is the
same for both densities [24]. These values give a BCS ra-
tio (2A/kpT¢) of 4.5 for the large gap and 1.9 for the small
one, i.e., respectively, well above and well below the weak
coupling limit, 3.52.
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Once determined from the fits at 7 = 4.3 K, the weight
factors (Cr, and Cs) and T" are kept fixed in all other fits
for higher temperatures. Thus, Ay and Ag remain the only
two free parameters. The success of this simple approach is
evident in Fig. 2, all fits (solid lines) concur extremely well
with the experimental data. The two curves for 7 > 30 K
are enlarged by a factor of 10, being near the supercon-
ducting transition. In fact, in this temperature region, the
contribution of the small gap is strongly smeared by the
temperature, while the effect of the large gap remains small
due to its low spectral weight C; = 0.1. In spite of this,
even at these temperatures it is still possible to determine
a value for each gap although with larger uncertainty.

In comparison to the good match between the experi-
mental data and the fit curves, one may suppose that the
spectra measured for 7 > 15 K are not double gapped.
To clarify this, we fitted the spectra of Fig. 2 by only one
BCS-like DOS. In this case one obtains an extremely large
smearing term (I' > A), in contradiction with the low tem-
perature results. In any case, the latter fits are not as satis-
factory as those using two BCS terms.

In Fig. 3, the gap widths derived from the fit values are
plotted as a function of temperature. Here the uncertainty
bars are determined independently for each data set. It is
immediately evident that both gaps vanish at a temperature
close to the T¢ (~39 K) of bulk MgB,. The BCS ratio
2A(0)/kpTc, extracted from the 4.3 K spectra, is 4.5 and
1.9, respectively, for Ay and Ag. The two gaps vary in
a different way with temperature: the small gap reduces
more rapidly than the large one. Thus, the ratio A;/Ag
between the two gaps increases with temperature.

Recently, it has been suggested [21] that, in principle,
the particular tunneling conductance spectra showing two
gap features may originate from different physical scenar-
ios. One possibility is the presence at the MgB, surface
of a contaminated layer responsible for a weak supercon-
ductivity. Of course, this could explain the observation
of double-gap features as due to two tunneling channels
(one in the weak layer and another one directly in the bulk
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FIG. 3. Evolution of the gaps with the temperature. Both gaps
close near the T¢ of the bulk MgB,.
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material), but cannot account for the small gap survival
right up to the bulk T¢.

On the other hand, these data seem to confirm the exis-
tence of a multiple-gap superconductivity, as theoretically
predicted, originating from the complicated Fermi surface
of MgB, together with an interband anisotropic coupling.
In this scenario, the two gap features represent a bulk su-
perconducting property, giving the first direct experimental
proof that MgB is the precursor of a new class of multiple-
gap superconductors. Although the possibility that the
presence of two overlapping bands can result in the ob-
servation of a two-gap spectrum for conventional super-
conductors was predicted many years ago [25], until now
no experimental evidence has been found for conventional
materials. This is probably because their usually large co-
herence length has made the appearance of two-gap spec-
tra unrealistic, being difficult to realize the clean limit
condition. Only the unconventional Nb-doped SrTiO3 has
revealed a two-gap spectrum [26].

These conclusions must still be taken with a grain of salt
[27], and one must discuss a second possible interpretation
of the spectra we described here. It is generally claimed
that in the case of superconductivity induced by the
proximity effect in a metallic surface layer, the large gap
feature is connected to the bulk superconductivity, while
the proximity induced small gap should be related to a
lower critical temperature. This is correct only when the
metallic layer is not “too thin.” If the ratio of the mean
free path to layer thickness becomes large, and the N-S
interface presents a small transmittivity, it is possible
that the smaller induced gap shows a critical temperature
close to or even equal to the bulk transition temperature.
This behavior has already been observed in tunneling
experiments on tin-lead sandwiches [28]. However, the
fact that the width of the induced gap depends on the
metallic layer thickness suggests that this could not be
the right scenario to explain our observations. Indeed, our
data, in addition to those reported for low temperature
[21], indicate statistically a value of 3.5 = 0.5 mV for
the small gap with no large variations, which would be
expected in the case of random thickness values of the
“normal layer.”

Very recently it has also been suggested [29] that the
double structure observed at low temperature in the tun-
neling spectra can be explained by the existence of a low-
frequency phonon mode at 8 mV revealed in the inelastic
neutron scattering experiment [30]. Although the calcula-
tion [29] is in good agreement with the low temperature
spectra, the temperature dependence reported here and the
data in Fig. 2 of [21] contradict this model.

In conclusion, we have reported the temperature depen-
dence of the tunneling DOS on superconducting MgB,.
To avoid the problem of thermal drift and to obtain op-
timal tunneling conditions we have realized an STM ex-
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periment with a superconducting tip (small MgB, crystal)
and a normal and atomically flat sample. Double-gap fea-
tures are clearly observed in the conductance spectra, and
their temperature dependence showed that both close at
the bulk 7¢, strongly suggesting the existence of two-gap
superconductivity.

This work was supported by the Project ACI “Nano-
structures” of the French Ministry of Research.
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