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Two-Band Superconductivity in MgB,
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The study of the anisotropic superconductor MgB, using a combination of scanning tunneling
microscopy and spectroscopy reveals two distinct energy gaps at A; = 2.3 meV and A, = 7.1 meV at
4.2 K. Different spectral weights of the partial superconducting density of states are a reflection of
different tunneling directions in this multiband system. Temperature evolution of the tunneling spectra
follows the BCS scenario [Phys. Rev. Lett. 3, 552 (1959)] with both gaps vanishing at the bulk T.. The
data confirm the importance of Fermi-surface sheet dependent superconductivity in MgB, proposed in
the multigap model by Liu e al. [Phys. Rev. Lett. 87, 087005 (2001)].
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The discovery of superconductivity in MgB, [1] at 39 K
sparked great interest in the fundamental physics and
practical applications of this material. There has already
been rapid progress in understanding the physical proper-
ties of this superconductor. Specific heat measurements
[2,3] show that MgB, is an s-wave superconductor and the
presence of the isotope effect [4,5] points towards
phonon-mediated pairing. Tunneling and photoemission
spectroscopy directly measures the superconducting en-
ergy gap and can provide further understanding of the
origin of the superconductivity in this material. Earlier
tunneling spectroscopy measurements show a large
spread in the gap values [6—8] each consistent with the
BCS form. More recent experiments, including STM
tunneling spectroscopy [9], point-contact spectroscopy
[10,11], specific heat measurements [2,3], and Raman
spectroscopy [12] point towards the existence of two
distinct gaps. This scenario has been predicted theoreti-
cally by Liu et al [13]. First principles calculations show
that the Fermi surface of MgB, consists of 2D cylindrical
sheets arising from o antibonding states of B p,, orbitals,
and 3D tubular networks arising from 7 bonding and
antibonding states of B p, orbitals. In this theoretical
framework [13] two different energy gaps exist, the
smaller one being an induced gap associated with the
3D bands and the larger one associated with the super-
conducting 2D bands. Furthermore, both superconducting
gaps should vanish at the bulk critical temperature 7.
Because of this highly anisotropic band structure the
superconducting gaps should be momentum dependent
reflecting the strength of the electron-phonon coupling
of the carriers in the different bands. Up to now there has
been no direct experimental evidence of the orientation
dependence of the order parameter in this material
Moreover, the temperature dependence of the two gaps
would give further insights into the nature of supercon-
ductivity in MgB,. Scanning tunneling spectroscopy is a
unique technique that allows direct measure of the den-
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sity of states (DOS) near the Fermi energy with high
spatial and energy resolution. Since the contribution to the
tunneling conductivity of electronic states with finite
momentum in the tunneling direction is exponentially
larger than the contribution of states with momentum
perpendicular to tunneling direction, the STM can dis-
tinguish between the 2D bands with little c-axis compo-
nent of Fermi velocity and 3D bands with considerable
c-axis component. Thus, in the clean limit (I > 27¢) the
direction of the tunneling current selects which band and
which superconducting gap is preferentially probed. In
this Letter we report direct evidence of orientation-
dependent double-gap structure in the quasiparticle en-
ergy spectra as determined from tunneling spectroscopy.
Our data are consistent with the theoretical predic-
tions of multigap superconductivity in the clean limit.
Temperature dependent tunneling shows that the two
distinct gaps vanish simultaneously near the bulk 7.
Compact samples of MgB, were synthesized from
amorphous B powder (4N’s purity) and high purity Mg.
The B powder was pressed into pellets under 6 kbar
pressure. These pellets were reacted with Mg vapor at
850°C for 2 h in a BN container under 50 bars of Ar.
During the reaction the pellets broke up in pieces of
several mm in size. The typical critical temperature of
these gold-colored pellets is 39 K. The 400 nm thick
c-axis oriented MgB, films used in this study were grown
via a pulsed laser deposition technique on an Al,O5 sub-
strate resulting in an oriented film with the crystallo-
graphic c-axis perpendicular to the substrate surface [14].
The tunneling measurements were performed on the
pellets using different surface preparation methods. One
procedure consisted of chemically etching the pellets for
50 s in bromine (Br 1% in pure ethanol), then rinsing in
pure ethanol, and drying in N, gas. Alternative proce-
dures consisted of cleaving or mechanical polishing of
the sample in an inert atmosphere. After these treatments
the samples were mounted on the STM stage in He
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exchange gas and cooled down to 4.2 K. These procedures
all yielded equivalent tunneling results. Similar results
were obtained on as-grown MgB, thin films. The mea-
surements were performed with a homebuilt STM similar
to one described in Ref. [15].

The typical conductance spectra recorded on different
grains within the sample are shown in Fig. 1. The typical
grain size is between 50 and 500 nm, and the spectra are
remarkably reproducible within the same grain both with
respect to location and tunneling resistance. All the spec-
tra are normalized to the conductance value at —20 mV.
They reveal a double-gap structure, flat background, and
very low zero-bias conductance with very little broad-
ening other than thermal smearing. Two peaks are present
at 3 and 7.5 mV, which are within 10% of these values
when changing between grains and/or samples (in agree-
ment with [16]).

Figure 2(a) is the representative surface topography
(150 nm X 150 nm) showing several different grains.
The roughness within an individual grain is about 1 nm,
and the grains are separated by steps that are 1-10 nm
high. Each of the four grains is characterized by a tunnel-
ing spectrum that is consistent within a particular grain.
Within this scanning area we focus on the tunneling
spectra acquired on grains 1 and 2 [Fig. 2(a)]. The spec-
trum recorded in grain 2 shows a clear two-gap structure
dominated by the high-energy gap, while in grain 1 only
the smaller gap is pronounced and the high-energy peak
becomes a weak satellite feature. The main character-
istics of the spectra, including the spectral weight of
each peak, do not change with the tunneling resistance
from 0.1 to 2 GQ). Having this remarkable spatial repro-
ducibility of the tunneling conductance we focus our
attention on the origin of the different spectra in these
grains. First, we point out that both spectra are in agree-
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FIG. 1. Tunneling conductance spectra recorded on different
grains at 7 = 4.2 K. The tunneling resistance is 0.2 G{}.
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ment with the multigap scenario proposed by Liu et al
[13] where in the clean limit the impurity and surface
scattering do not significantly influence the spectra.
Second, we find a striking similarity between the spec-
trum in grain 1 and the typical spectrum recorded on
c-axis oriented films [Fig. 2(d)]. In the c-axis tunneling on
MgB, epitaxial films the contribution from the 3D Fermi
surface is expected to dominate the tunneling conduc-
tance. On the other hand, in randomly oriented MgB, thin
films containing a/b-axis oriented crystallites, we expect
comparable contribution from both 3D and 2D bands as
we observe on one of the crystallites in Fig. 2(e). Thus we

( a) 12 T T r 200

100

(=)
(vdr

20 -10 0 10 20
................ - V(mV)

dudv (nS)
(=]
(vdy

20 10 0 10 20°

;
7
6 6
5
~ 5 —~
z’ 2,
> >
= =
s3 s’
2 2
1 4
! ) ! (@)
20 10 0 10 20 20 -10 0 10 20
Vimv) V@mv)
FIG. 2. (a) Topographic image of the scanning area

150 nm X 150 nm acquired in the constant current mode
(sample bias V = —20 mV, [ = 100 pA). The conductance
spectra and the current-voltage characteristics on two different
grains are shown on the right. The tunneling resistance is
0.1 GQ. (b),(c) Conductance maps of the scanning area
30 nm X 30 nm outlined in image (a) by the square across
the grain boundary. The conductance maps have been recorded
at V; = 3.3 mV (b) and V, = 7.3 mV (c), respectively. (d),(e)
Tunneling conductance spectra on c-axis oriented thin film and
a-axis oriented crystallite in randomly oriented thin film,
respectively.
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believe that the distinct spectra attributable to grains 1
and 2 are a reflection of different crystallographic grain
orientation with respect to the tunneling direction.

To elucidate the origin of the different spectra in the
two grains we studied the spatial evolution of the spectra
across the grain boundary. In Figs. 2(b) and 2(c) we show
the conductance maps at the superconducting peak values
of Vi = +3.3 mV and V, = +7.3 mV in the region in-
dicated by the square spanning the two grains. In these
maps the bright zones mark regions where the tunneling
spectra show higher conductance at the energy corre-
sponding to V, [Fig. 2(b)] or V, [Fig. 2(c)], respectively.
The transition from one type of spectra to the other
evolves over a length scale on the order of 5 nm. We
associate these two different types of spectra with vac-
uum tunneling into grains with two distinct orientations.
The smooth transition between the spectra across the
grain boundary on the length scale of ¢ is further evi-
dence of the sample being in the clean limit.

The distinct tunneling conductance spectra that we
observe are consistent with the two-gap BCS model
[17,18] taking into account interband impurity scattering
(see, e.g., [19]). According to this model the partial
densities of states (PDOS) of two bands Ny (w),
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are determined by two dimensionless functions u;()(w)
that obey equations
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Here A, are the gap parameters of two bands, and I'y,
and I'y; are the interband scattering rates, with I'y, /1"y, =
N,(0)/N,(0). It is important to note that strong interband
scattering suppresses the superconducting transition
temperature. In particular, at I';; < 7T, and A| < A,,
8T, = —ml'y, /8 (see, e.g., [20]).

We use a linear combination of the two PDOS to obtain
the total DOS

Nig(w) = aN (o) + BN, (w)

that we compare with the experimental tunneling con-
ductance spectra. The PDOS’s spectral weight represented
by the parameters « and 8 (« + B8 = 1) is associated
with the relative orientation of the crystallographic axis
of a grain with respect to the tunneling barrier. Thus in
the fits shown below the parameters a and B are kept
constant for all spectra obtained on a particular grain at
different temperatures.
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The linear combination of the two PDOS shown above
accounts for all major features in our tunneling spectra
including the temperature-dependent data. The evolution
of the tunneling spectra in the temperature range between
4.2 and 42 K is displayed in Fig. 3. The two sets of spectra
closely represent the two extreme limits of partial con-
tribution by each PDOS that we have observed so far on a
large number of pellets and thin films. The theoretical
analysis of the extreme spectra show that the contribution
of the 3D PDOS varies from nearly 100% [Fig. 3(b)] down
to 70% [Fig. 2(a), grain 2]. Therefore, it appears that
momentum averaged STM tunneling conductance is do-
minated by the 3D band in this momentum-dependent
two-band tunneling process. This is largerly due to the
specific geometry of the tunneling cone emanating from
the STM tip and its projection on the highly anisotropic
Fermi surface of the MgB, crystallite.

Next, we turn our attention to the temperature depend-
ence of the tunneling spectra. The two-gap signature in
the spectra of grain 1 becomes hardly distinguishable
with increasing the temperature. The small gap shows a
rapid decrease in the peak height [Fig. 3(a)] and the
conductance peaks of the two gaps merge into a broad
peak at T = 14 K. In order to separate the temperature
evolution of each PDOS we used the temperature depend-
ence of the spectrum where only the small gap is present
[Fig. 3(b)]l. The extracted values of the 3D gap as a
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FIG. 3. Temperature evolution of the two tunneling spectra
together with the theoretical curves. For all the curves I'j, =
0.1 mV, I';; =0.14 mV, and I' = 0.11 mV (values optimized
to the experimental curves at 4.2 K). In (a) the curves are
reproduced using « = 0.87, 8=0.13.In(b)a =1, 8=0.In
(c) the gap values are extracted from the theoretical curves and

are plotted as a function of the temperature together with the
BCS A(T).
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function of temperature were then used to fit the spectra
in Fig. 3(a) in order to obtain the temperature evolution of
the 2D gap. The fitting curves were obtained by fixing the
interband scattering rates I'y,, I';; and the smearing pa-
rameter " at values optimized for the 4.2 K conductance
spectra. The interband scattering rates are proportional to
the the density of states at the Fermi level in the respec-
tive bands [19,21] which in the case of MgB, gives I'j, =
0.73I',,. We find the above procedure helpful in reducing
the error in the extracted values of the superconducting
gaps that at 42 K are A; =23*02mV and A, =
7.1 =0.2 mV.

The set of temperature-dependent tunneling spectra
clearly shows that both superconducting gaps exist up
to 37 K. The values of A;(T) and A,(T) are extracted
from the theoretical curves and the results are reported in
Fig. 3(c). The high-energy gap follows a BCS behavior.
The smaller gap remains constant up to 20 K and follows
the BCS predictions with a critical temperature far be-
yond the one expected for such a small gap (T, = 14 K)
with a ratio 2A/kT, = 1.4 similar to earlier findings
from point spectroscopy [11]. Such behavior clearly dem-
onstrates that the gap in the 3D band is mainly induced by
the interband pairing interaction rather than produced by
pairing interaction inside this band, in agreement with
theoretical expectations [13,16]. This experimental evi-
dence directly excludes the possibility that the grains or
their surfaces are associated with different stoichiometry.
The high-energy gap follows a BCS behavior with a ratio
2A,(0)/kT, = 4.3, significantly larger than the BCS
value of 3.52. Usually such enhancement is attributed to
a strong coupling effect. However, this ratio also increases
due to the presence of additional superconducting bands
even in the weak coupling limit. In the case of A; < A,
one can derive a simple formula from the two-band BCS
theory

2
28 _ 3.52(1 iy 1nﬁ>.

T, NoAZ A

Using N, = 0.73N; from [13] and experimental values of
the gaps, we estimate from this formula 2A,/T. = 4.1.
Therefore, we conclude that the main part of the 2A/T,
increase originates from the multiband nature of the
superconductivity in this compound.

Finally, we point out that in the case of two-band
superconductivity in the dirty limit (/ < &) the conduc-
tance spectra are very broad and similar to those reported
earlier [6]. These spectra are mostly obtained on pellets
without any surface treatment. Impurities near the sur-
face may provide sufficiently strong interband scattering
to smear out the two-gap features in this case.

In conclusion, the existence of two gaps has been
observed by tunneling spectroscopy in compact pellets
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and thin films of MgB,. Tunneling spectra show different
ratios between the two-gap heights on different grains
within the pellet. These results are an evidence of direc-
tional tunneling with respect to the crystallographic ori-
entation of the grain, as confirmed by tunneling into
c-axis oriented epitaxial thin films and a/b-oriented crys-
tallites in randomly oriented MgB, films. These data
support the two-gap scenario [13,16] confirming that
different tunneling direction probes the two bands with
different weights. Moreover, the two gaps both vanish at a
temperature close to the bulk value. The observed tem-
perature independence of the small gap up to T = 20 K
implies that no transition temperature corresponding to
the BCS ratio 2A; = 3.52kT, is present. This demon-
strates that the coupling between the two bands is mod-
erately strong and that the superconductivity is dominant
in the 2D sheets.
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