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We report on scanning tunneling spectroscopy studies of magnesium diboridesMgB2d thin films grown by
different techniques. The films have critical temperatures ranging between 28 and 41 K with very different
upper critical fields. We find that the superconducting gap associated with thes band decreases almost linearly
with decreasing critical temperature while the gap associated with thep band is only very weakly affected in
the range of critical temperatures above 30 K. In the sample with the lowest critical temperatures28 Kd we
observe a small increase of thep gap that can only be explained in terms of an increase in the interband
scattering. The tunneling data was analyzed in the framework of the two-band model. The magnetic-field-
dependent tunneling spectra and the upper critical field measurements of these disordered samples can be
consistently explained in terms of an increase of disorder that mostly affects thep band in samples with
reduced critical temperatures.
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I. INTRODUCTION

The discovery of 40 K superconductivity in magnesium
diboride sMgB2d,1,2 a compound made of just two light ele-
ments, has reinvigorated interest in the fundamental physics
of superconductivity. The salient feature in MgB2 is the ex-
istence of two distinct gaps on different portions of the Fermi
surface. The two sets of electrons are only weakly interacting
and the highTc is mainly due to a strong coupling between a
small fraction of phonons and a portion of the Fermi
surface.3–5 This is a unique occurrence in superconductors,
that did not receive much theoretical and experimental atten-
tion earlier. The two-gap scenario in MgB2 is now commonly
accepted in the scientific community and has been investi-
gated by different techniques.6–14 One of the open issues is
the role played by the disorder in a two-band superconductor.
Three impurity scattering channels are possible: intraband
scattering within each band and interband scattering between
them. According to the multiband superconductivity theory15

the interband scattering by the impurities should blend the
order parameters in the two bands, resulting in a merging of
the two gaps. The effect of the interband scattering should
also decrease the critical temperature expected to be linear in
a range of small impurities concentrations.16,17 Different
types of controlled defects have been introduced in this ma-
terial but, yet no merging of the two gaps has been observed
even for samples with substantially reduced critical tempera-
ture compared with pure samples. Erwin and Mazin18 dem-
onstrated that interband scatterings-p is moderately sup-
pressed as a consequence of the spatial symmetry properties

of the electronic states in this material. Only substitutions
that cause out-of-plane distortions can lead to significant
s-p scattering. Therefore, substitutions in the Mg planes are
expected to increase the interband scattering and causing an
increase of thep gap and a decrease of thes gap. In con-
trast, carbon substitutions, that are expected to affect theB
plane, should give only small contribution to the interband
scattering. Point contact spectroscopy experiments and
specific-heat experiments19,20 have confirmed that the two-
gap feature persists even in heavily C-doped MgB2 with a
reduced critical temperature as low as 22 K.

We report on a systematic study of tunneling spectroscopy
performed by a low-temperature scanning tunneling micro-
scope on thin films, produced by different research groups
and grown by different techniques. Our motivation is to
study the evolution of the two gaps in this material and elu-
cidate the role of the different scattering channels and their
relation with the gap values. The directional nature of tun-
neling has been used to directly probe the two superconduct-
ing gaps. The values ofDs and Dp that we measured in
MgB2 thin films, with different degree of disorder, have been
compared with gap values reported in literature and with new
theoretical predictions.21 Moreover, we demonstrate the ex-
istence of two different length scales of the two bands in the
presence of a magnetic field. The measured density of states
at the Fermi level in thep band approaches the normal value
at a field much smaller than the upper critical fieldHc2 of the
sample. The field scale for the gap filling in a presence of
magnetic field is set by the ratio of the diffusivities of the
quasiparticles in the two bands, while the order parameter
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reaches zero at the upper critical field of the sample. We
mapped the field dependence of thep band density of states
at the Fermi level in films with different degrees of disorder
and we fitted the experimental data with the theoretical
model proposed by Koshelev and Golubov17 to extract the
diffusivities in the two bands. The combined analysis of the
tunneling data and the upper critical field measurements pro-
vides a unique tool to better understand and control the dis-
order in this material.

II. SAMPLES

We investigated three types of MgB2 thin films. The films
with the highest critical temperaturesfilm A d were produced
at Penn State University by hybrid physical-chemical vapor
depositionsHPCVDd.22 X-ray diffraction and transmission
electron microscopy indicate that the films are epitaxial on
SiC substrates withc axis oriented normal to the substrate
surface.22 The lattice parameters deduced from x ray arec
=3.52±0.01 anda=3.09±0.03. From x-ray measurements
and from TEM there is no evidence of MgO at the interface
with the substrate or at the film’s surface. The critical tem-
perature of these films is 41 K, higher than the bulk critical
temperature, due to the strain in the films induced by the
substrate. The resistivity at low temperature isrs50 Kd
=0.26mV cm and the residual resistivity ratio
rs300 Kd /rs40 Kd=30.

High qualityc-axis oriented MgB2 films on s1102d Al2O3
substratessfilms B1 and B2d were grown at Pohang Univer-
sity of Korea using a pulsed laser deposition.23 X-ray diffrac-
tion indicate that most of the grains are oriented with the
c-axis normal to the substrate, but theirab-plane orientation
is relatively random. The surface of the films is 535 mm2

and the thickness is of the order of 400 nm. The critical
temperature of these films typically ranges from 35 to 39 K,
with a sharp transitionsDTc<0.5 Kd, measured by SQUID
magnetometry.24

Finally, a third set of films grown by an in situ two step
planar magnetron sputtering techniquesfilms C1 and C2d,25

were produced at the INFM Coherentia at the University of
Napoli “Federico II.” For these samples, x-ray diffraction
measurements indicated a broad range ofc-axis orientation.
Furthermore, atomic force microscopysAFMd analysis
showed granular features at the surface with average rough-
ness on a single grain being about 20 nm. Scanning electron
microscopysSEMd images with microprobe analysis showed
high composition uniformity. The room-temperature resistiv-
ity values, estimated using a standard four probe geometry,
were fairly highs<100 mV cmd, probably due to the granu-
lar structure of the films, which affects the estimate of the
“effective thickness,” due to the limited contact area between
the grains. Best samples showedTc=35 K, DTc=0.5 K
s10–90 % criteriond, and residual resistivity ratio
rs300 Kd /rs40 Kd=1.6.

In Fig. 1 SEM images of film A and film C1 are reported.
The film A fFig. 1sadg consists of hexagonal crystallites of
submicron size, mostly oriented along thec axis. The film
C1 fFig. 1sbdg is much more disordered morphologically.
SEM images of films B1 and B2 are reported elsewhere.26

The morphology of these films is more similar to film A,
with crystallites submicron size.

III. STM MEASUREMENTS

Tunneling spectroscopic measurements were performed
on the as-grown samples at Argonne National Laboratory,
using a low-temperature, helium-exchange gas scanning tun-
neling microscopesSTMd. In Fig. 2 the STM topographies
recorded on films A, B1, B2, and C2 are reported. The to-
pography of film A in Fig. 2sad shows terraces with steps of
the order of 1 nm and roughness on each terrace of 0.1 nm.
The topography of film B1fFig. 2sbdg is very similar to the
one in film A while film B2 in Fig. 2scd consists of submi-
cron crystallites with thesabd crystallographic plane slightly
tilted with respect to the substrate. The topography of film
C2 in Fig. 2sdd consists of grains on the order of 100–200 nm
in size consistent with the SEM images. Comparing the to-
pography of the four films, C2 is the most disordered mor-
phologically.

Current-voltage characteristicssI-Vd and conductance
spectrasdI /dV vs Vd were recorded at different locations on
the scanning area. The differential conductancedI /dV vs V
curves were recorded using a standard lock-in technique with
a small ac modulation superimposed on a slowly varying
bias voltage while the feedback loop was interrupted. The

FIG. 1. SEM micrograph ofsad film A and sbd film C2.
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amplitude of the ac modulation was fixed between 0.2 and
0.4 mV, below the intrinsic thermal broadening value at 4.2
K.

As pointed out in our earlier publication,13 band structure
effect in tunneling spectra allows us to probe the two bands
in MgB2 with different weights depending on the tunneling
direction. Figures 3sad, 3sbd, and 3scd show two spectra ac-
quired on each sample with critical temperaturesTc=40, 35,
and 33.5 K, respectively. The spectra showing two-gap fea-
tures were acquired close to a step edge, where tunneling
from the side of the tip into thea-b planes allows us to probe
both thes andp band of this material. In Fig. 3sdd a tunnel-
ing spectrum recorded on a 28 K sample is reported. On this

film we were not able to observe a clear two gap feature
spectrum. Whether the two gaps are present but not resolv-
able at liquid helium temperature or the disorder in the
sample merged the two gaps is still not clear. However, the
reduced value of the observed gap 2D /kTc is well below the
BCS weak coupling value of 3.52. Although this is quite
unusual and theoretically unexplained, earlier measurements
have indicated existence of very low BCS ratio in disordered
samples.27–29

Figures 4sad and 4sbd comparec-axis and off-c-axis tun-
neling spectra for samples with differentTc. The large gap
associated with thes band, looks very sensitive to the criti-
cal temperature while the changes in the small gap are much
smaller. In the sample with lowestTc the unprocessed data
fFig. 4sadg show an increase of thep gap, which can only
come from an increase in interband scattering.

The tunneling spectra can be compared to a two-gap tun-
neling conductance model which is based on a weighted sum
of two modified BCS density of states, that includes the ef-
fect of the interband scattering, broadened by the Fermi
function.13 The model contains four scattering parameters
Gsp , Gps , Gp, and Gs. The interband scattering parameters
Gsp and Gps can be reduced to one parameter since their
ratio is proportional to the ratio of the density of states at the
Fermi level in the two bands, determined from band structure
calculationsfGsp /Gps=Nps0d /Nss0dg. Gp andGs are the in-
traband scattering parameters. In principle we should con-
sider two different scattering parameters in the two bands,
but we considered only one in order to reduce the number of
free parameters in our fit, although there is no physical rea-
son to make this assumption. The estimated gap values ob-
tained by comparing the experimental data with the theoret-
ical conductance curves are summarized in Fig. 5sad together
with other gap values reported in the literature. In Fig. 5sbd
the BCS ratios for the two gaps are reported and compared
with the BCS weak coupling valuesstraight lined and to data
reported by other groups using different techniquessspecific
heat,30,31 point contact spectroscopy,19,32,33STMd on various

FIG. 2. STM topography ofsad film A, scanning area 200 nm
3200 nm, sbd film B1, scanning area 300 nm3300 nm, scd film
B2, scanning area 300 nm3300 nm, sdd film C2, scanning area
1 mm31 mm.

FIG. 3. Tunneling conductance spectra re-
corded on films with differentTc, at T=4.2 K.
The tunneling resistance is 0.2 GV. The spectra
have been normalized to the conductance value at
high voltage. For each film the spectrum showing
two gap features has been acquired close to a step
on the film surface and the one showing one gap
far away from steps.sad Film A, sbd film B2, scd
film C1, sdd film C2.
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types of samplesssingle crystals, bulks, and thin filmsd
where the disorder was introduced in several wayssalumi-
num substitutions,31,34 carbon substitutions,19,32,33 neutron
irradiation30d. Despite the wide variation of the source of
disorder it appears that the changes in gap values can be well
described by the sample’s critical temperature. The gap as-
sociated with thep band is only weakly sensitive to the
critical temperature in the range of critical temperature
30–39 K while thes gap decreases almost linearly. The gap
valuesDp andDs form two branches when plotted as a func-
tion of the critical temperature of the sample and remarkably,
all the published gap values fall on the same two branches. It
is important to keep in mind that the reduction inTc due to
disorder can be caused by an increase of the interband scat-
tering or by a change in the electronic structure that affects
the electron-phonon coupling matrix. The decrease ofDs and
the almost constant or slightly increasing value ofDp are
consistent with recent theoretical predictions.21 The model is
based on the scaling of the electron-phonon coupling con-
stant and includes effects due to the increase of the interband
scattering. Both effects can capture most of the experimental
observations.

Up to now, the situation below 30 K remains experimen-
tally more ambiguous. Some experiments34 report little in-
crease of thep gap, but overall it looks as though the two-

gap feature persists to temperatures very close to 20 K. In
particular for C-doped samples withTc=22 K there is evi-
dence from specific-heat measurements20 of the two-gap fea-
ture, although the value of this gap is more difficult to extract
than from tunneling experiments. Recently, Holanovaet al.19

reported point contact spectroscopy on heavily doped
C-doped MgB2 pellets. The existence of the two gaps is very
difficult to observe directly from the datasfor the Tc=22 K
sampled but after fitting, they were able to determine the
values of the two gaps. Gonnelliet al.35 reported a system-
atic study of the energy gaps in a series of Al-substituted and
C-substituted MgB2 single crystals. They claim that the dop-
ing dependence of the gaps is very different for the two
series, in particular for heavily doped samples. Indeed, they
observed a merging of the two gaps for C-doped samples
with Tc=20 K while they could still resolve a two-gap fea-
ture for Al-substituted samples with similar critical tempera-
tures.

IV. UNDERSTANDING THE ORIGIN OF DISORDER
FROM TUNNELING MEASUREMENTS

In the framework of the two-gap model, it is possible to
calculate the change in critical temperatureTc and the gap
valuesDp andDs as a function of the interband scattering:

dTc = −
p

8

GspsWp − Wspd + GspsWp − Wpsd
Ws + Wp

,

FIG. 4. Tunneling conductance spectra recorded on films with
different Tc, at T=4.2 K. sad c-axis spectra on films withTc

=28 K sfilm C2d, 33.5 K sfilm C1d, and 35 Ksfilm B2d. sbd Spectra
with a-b component of the tunneling current, recorded on films with
Tc=35 K sfilm B2d and 39 K sfilm B1d. The spectra have been
normalized to the conductance value at high voltage. The tunneling
resistance isRT=0.2 GV sI =100 pA,V=20 mVd.

FIG. 5. sad Gap values for films with differentTc compared with
values reported in literature.sbd BCS ratios obtained from the gap
values insad and compared with other data reported in literature.
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where

Rsrd =E
0

`

dx
tanh2x

Îr2 + sinh2x
,

Rs0d = 1, Rs1d = p/4, Rsrd <
ln 4r − 1

r
for r @ 1

a is the BCS ratio 2D /kBTc, the interband scatteringGab is
defined as twice the value of the interband scattering in Ref.
16 andW is a matrix related to the electron-phon constants
f16g.

In the limit of small interband scattering we can consider
the linear approximations

dTc < 0.39Gsp, s1d

dDp < 0.23Gsp, s2d

dDs < − 0.38Gsp. s3d

Since in the lowTc sample we observe an increase of theDp

of 0.2 meV, from Eqs.s1d and s2d, this translates to a de-
crease inTc due to interband scattering of almost 4.6 K.
Therefore, not all the decrease inTc can be explained in
terms of interband scattering. The origin of disorder in thin
films is still a matter of debate. In TEM measurements,
Gurevich et al.36 observed a buckling of the Mg plane in
highly disordered films. Such out-of-plane distortions can in-
crease the interband scattering.

To understand the nature of disorder in these films we
focused on the magnetic field dependence of the tunneling
spectra. Magnetic field dependence of the tunneling spectra
has been reported by many groups either from STM experi-
ments and point-contact spectroscopy. It is well established
that the zero bias of thec-axis tunneling spectra increases
with the applied magnetic field quite rapidly. Koshelev and
Golubov17 calculated the local density of states in the pres-
ence of a magnetic field for a two-band superconductor and
demonstrated that the field dependence of the averaged den-
sity of states at the Fermi energy is a function of the ratio of
the in-plane diffusivities in the two bands. Figure 6sad shows
the zero bias values of the tunneling spectra at different fields
as a function of the normalized upper critical fieldsat low
temperatured in thec-direction for each sample. According to

the theoretical model proposed by Koshelev and Golubov17

the slope of the initial increase of the zero bias should de-
crease when increasing the ratioDs /Dp, whereDs and Dp

are the diffusivities in theab plane of the two bandss andp,
respectively. In our measured samples, it appears that a de-
crease inTc is accompanied with an increase in the ratio
Ds /Dp. The experimental data can be compared with the
theoretical curves to obtain the ratio of the diffusivities. In
Fig. 6sbd the experimental data for the samples withTc=40,
35, and 28 K are compared with the calculated curves ob-
tained forDs /Dp=0.1, 0.2, and 1.5, respectively. The experi-
ment is in good agreement with the theory for samples with
high Tc and marginal for the sample with the lowestTc. It is
important to keep in mind that the theory does not include
the effects of interband scattering that are small but finite in
most disordered samplessas shown by the increase of the
value of thep gapd. Moreover, all the calculations are based

FIG. 6. sad Zero bias conductance as a function of the applied
magnetic field normalized to the upper critical field at zero tempera-
ture. sbd Comparison between experimental data and theoretical
curves.
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on the electron-phonon coupling matrix obtained from band
structure calculations on optimal samples. In disordered
samples, this matrix could in principle be very different from
optimally grown samples.

The tunneling measurements in the framework of this
analysis can only provide an estimate of the ratio of the
diffusivities in theab plane. To separate the two diffusivities,
upper critical field measurements are necessary. It is possible
to calculateDs from the following equations:37

Hc2s0d = 0.14
2kBTcF0

"Ds

egsrxd, s4d

gsrxd = −
Ws + Wp − ln rx

2

+ÎsWs + Wp − ln rxd2

4
+ Ws + ln rx,

whererx is the ratio of the in-plane diffucivities

rx =
Ds

Dp

.

In Table I theTc, gap values,Hc2s0d, diffusivity ratios,
and in-plane diffusivities are summarized for the measured
samples.Hc2s0d is the upper critical field for magnetic field
applied perpendicular to the film surface and it represents the
value at zero temperature extrapolated from the experimental
data at higher temperatures. Although the estimates of the in
plane diffusivities have been made using a model based on
the electron-phonon matrix obtained from the band structure
calculations for pure MgB2, there are some qualitative con-
clusions that can be drawn from this analysis. For the lowest
Tc film the p band looks dirtier than thes band while in thin
films with higher critical temperatures thep band looks
cleaner than thes band. These conclusions are in agreement
with magnetic field measurements performed on the same
samples. In Figs. 7sad and 7sbd we report the upper critical
field for two samples withTc=40 and 33.5 K, respectively.
According to Gurevich,38 if the s band is dirtier than thep
band, the plot of the upper critical fieldHc2sTd, for H applied
perpendicular to the film surface, should show a positive
curvature atTc, whereas if thes band is cleaner than thep
band,Hc2 vs T is linear nearTc. Since thep band is affected
by the disorder in the Mg plane, it seems that the reduction
of the critical temperature is mainly caused by the disorder in
the Mg plane. This is also consistent with the small increase
of the interband scattering in the film withTc=28 K.

In conclusion, we performed a systematic study of tunnel-
ing spectroscopy in thin films grown by different techniques
to investigate the evolution of the two-gap feature in films
with different critical temperatures. We obtained an estimate
of the in-plane diffusivities in the two bands trough a com-
parison of the magnetic field dependence of the spectra with
the two-band model in disordered films. We find that the

TABLE I. Summary of the critical temperatureTc; gap valuesDp , Ds; extrapolation at zero temperature
of the upper critical field for field applied perpendicular to the film surfaceHc2s0d; the ratio of the in plane
diffusivities Ds /Dp, evaluated by the comparison between experimental data and theoretical curvesfFigs.
4sad and 4sbdg; and values of the two in plane diffusivitiesDs andDp. Film A was grown by HPCVD. Films
B1 and B2 were grown by the pulsed laser deposition technique. Films C1 and C2 were grown by the
magnetron sputtering technique.

TcsKd DpsmeVd DssmeVd Hc2s0dsTd Ds /Dp Dsscm2/sd Dpscm2/sd

Film A 40±0.1 2.2±0.2 7.2±0.2 10.5±0.5 0.1±0.05 2.7 27

Film B1 39±0.5 2.2±0.2 7.1±0.2 16±0.5 0.2±0.1 1.8 9.0

Film B2 35±0.5 2.2±0.2 6.0±0.2 18±0.5 0.2±0.1 1.4 7.0

Film C1 33.5±0.5 2.0±0.2 5.7±0.2 12.5±0.5 0.3±0.2 2.0 6.0

Film C2 28±0.5 2.4±0.2 16±0.5 1.5±0.4 1.3 0.9

FIG. 7. Upper critical field forH applied parallel and perpen-
dicular to the film surface forsad a sample withTc=40 K sfilm A d,
sbd a sample withTc=33.5 K sfilm C1d.
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disorder seems to affect mostly thep band in films with
reduced critical temperatures.
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