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Superconducting thin films of composition Mg1−xAlxB2 with 0�x�0.5 were prepared in situ by sublima-
tion of Mg combined with B and Al magnetron sputtering. The critical temperature Tc decreased linearly with
x up to 0.4. For 0.4�x�0.5 the formation of a plateaulike feature at a Tc�12 K was observed. This effect is
supposed to be due to the incipient formation of the superstructure MgAlB4 with ordered alternating Mg and
Al planes separated by B planes. To detailedly study the influence of Al doping on the electron-phonon
coupling in the polycrystalline films with a preferred c-axis texture quasiparticle tunneling experiments were
performed on planar tunnel junctions with natural thermal oxide or artificial aluminum oxide tunnel barriers.
Differential conductance measurements at low-bias voltage and low temperature of superconductor-insulator-
superconductor tunnel junctions allowed the direct determination of the energy gap of the Fermi surface �

sheet. The � energy gap decreased linearly with decreasing Tc of the films in agreement with the model of band
filling. Whereas all the tunneling studies published so far mainly revealed features of the two energy gaps, the
observation of phonon-induced structures in the differential conductance measurements at high bias voltage,
i.e., in the phonon region, in this study enabled the important determination of the energy-dependent Eliashberg
function �2F of the Fermi surface � sheet for various Al doping levels. Compared to the undoped MgB2,
significant changes in �2F could be observed that were confirmed by first-principles calculations.
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I. INTRODUCTION

The surprising discovery of superconductivity at
Tc=39 K in the long known1 simple binary compound
MgB2 by Nagamatsu et al.2 triggered great efforts in both
basic and applied research. However, the hope of finding
other superconductors in the material class of the diborides
with even higher Tc was not fulfilled: The related isostruc-
tural stoichiometric compounds, for instance, AlB2, NbB2,
TaB2, and ZrB2, do not superconduct.3,4 Among the di-
borides MgB2 seems to be an isolated sample of a supercon-
ductor with an exceptionally high Tc in contrast to the re-
cently synthesized iron pnictides5 among them many
superconductors derived from a nonsuperconducting parent
compound exist.6

Beside the quest for superconductivity in compounds of
the same chemical family, chemical doping or alloying is a
promising method to tune superconducting properties like Tc,
the critical current density jc in a magnetic field, and the
upper critical field Hc2. Prominent representatives are, e.g.,
Nb-Ti,7 doped La2CuO4,8 and BaFe2As2.9 Doping of MgB2,
however, has proven to be a difficult task. Merely a few
cases of partial substitution of Mg or B have been substan-
tiated, namely, Al, Mn, and Sc substitution of Mg and C
substitution of B.10 The most attention has been paid to C
and Al doping.

The solid solution Mg1−xAlxB2 exists across the whole
series 0�x�1 from MgB2 to AlB2 and is superconducting
up to x�0.5. Tc decreases with increasing Al doping level
x.11 Specimens have been prepared so far in the form of
single crystals12 and polycrystalline bulk.13 To our knowl-
edge, thin films have not been grown up to now. With respect

to the structural properties, the a and c-axis lattice param-
eters of the hexagonal unit cell decrease with increasing Al
content, and a possible “two phase region” may exist be-
tween x=0.1 and 0.2511 which was, however, not confirmed
in a subsequent study.14 There are also significant changes in
the electronic structure: Al doping of the two-band two-gap
superconductor MgB2 provides extra electrons that fill holes
in the electronic � bands, according to band-structure
calculations.15,16 Thereby, the electronic density of states at
the Fermi energy, N�0�, is reduced, and the electron-phonon
coupling, that is directly proportional to N�0�, decreases.
This band filling model can explain the successive loss of
superconductivity in the solid solution with increasing Al
content x.17 When the bands are completely filled, which
takes place at x�0.56, superconductivity disappears in fair
agreement with experimental findings. At this critical con-
centration, the � part of the Fermi surface has vanished. The
collapse of the cylindrical � sheets of MgB2 through Al dop-
ing progresses gradually due to the decreasing radius of the
cylinders. At x�0.27 an electronic topological transition oc-
curs and they take shape of a sandglass. For larger x the
sandglass breaks into two separated cones.17,18

The evolution of the two superconducting energy gaps ��

�the large gap� and �� �the small gap� for Al and C doping of
MgB2 has been described by two theoretical models: the
above mentioned band filling model15–19 and the interband
impurity scattering model.20–23 Both models predict a Tc re-
duction and a decrease of the large gap �� with increasing
doping level. However, for the small gap �� the predictions
are diametrically opposite: Band filling lowers �� whereas
interband scattering by impurities increases �� so that a
merging of the two gaps is expected. If both effects are si-
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multaneously active, they can compensate and a constant ��

is expected with doping.
The dependence of both energy gaps on Tc, i.e., doping

level, has been measured by means of various techniques in
different Al doped MgB2 samples: specific heat of
polycrystals,14 point contact spectroscopy �PCS� and point
contact Andreev reflection �PCAR� on single and
polycrystals,24–26 and scanning tunneling spectroscopy �STS�
on single crystals.27 Polycrystals and thin films of undoped
MgB2 damaged with neutron irradiation have also been stud-
ied by specific heat measurements and STS.28,29 Further-
more, the effect of disorder in MgB2 thin films grown by
different techniques on the energy gaps was investigated us-
ing STS.30 For the large gap the experimental results are very
clear, there is no doubt that �� decreases monotonically with
decreasing Tc although the gap values scatter over a wide
range depending on measurement method and specific
sample. The measurements of the small energy gap, how-
ever, do not result in a uniform picture. On the one hand, ��

appears to be nearly constant or slightly increasing for low-
doping levels up to 10% Al and decreasing for higher doping
as suggested by specific heat, point contact and scanning
tunneling measurements on single and polycrystals.14,24,25,27

On the other hand, specific heat and point contact data indi-
cate a monotonic decrease in �� with decreasing Tc.

26,31,32

Moreover, in radiation damaged and disordered MgB2 thin
films monotonically increasing or weakly affected values of
�� were found by scanning tunneling measurements.29,30

Corresponding results on C-doped samples are not less
controversial.33 The striking disagreement might be due to
differences in the determination of the doping level, an inho-
mogeneous distribution of the dopant within the crystal lat-
tice, different methods of Tc measurements and the determi-
nation of the gap values. The above mentioned
thermodynamic and spectroscopic methods use a consider-
able number of fitting parameters including the gap values
themselves to evaluate the experimental raw data.

In this paper we report on the in situ preparation of Al
doped MgB2 thin films with composition Mg1−xAlxB2 �0
�x�0.5�. The dependence of Tc of the films on the Al con-
centration x was studied and compared with investigations
on single and polycrystalline bulk samples published in the
literature and theoretical predictions based on Eliashberg
theory. The main purpose of the thin film activity was the
preparation of planar sandwich-type crossed-strip tunnel
junctions for electron tunneling. This type of junctions was
described and extensively studied by Giaever34 and Mc-
Millan and Rowell.35 The high quality of the junctions en-
abled precise measurements of current �I�-voltage �V� char-
acteristics and their first and second derivatives dI /dV and
d2I /dV2, respectively, up to high dc bias voltage of 120 mV.
Accurate values of the small energy gap �� were obtained by
use of superconductor �S�–insulator �I�–superconductor �S��
junctions at low temperature without the need of any fitting
parameters. Fingerprints of the large gap, however, could not
be observed among the large number of junctions under in-
vestigation. By measuring the local Tc of the film at the
position of the small junction, the so-called gap Tc, where the
closing of the energy gap with increasing temperature is ob-
served, an approximately linear �� versus Tc relation was

found and compared with experimental and theoretical data
available in the literature. In the range of the phonons, be-
tween 30 and 120 mV, phonon-induced changes in the dif-
ferential conductance of S-I-normalconductor N junctions
could be detected. They were used to determine effective
Eliashberg functions for various Al concentrations by the so-
lution of the single-band Eliashberg equations with the prox-
imity version of the McMillan-Rowell computer code. The
effective Eliashberg functions with the Al doping level as a
parameter and their comparison with first principles calcula-
tions allowed to follow the progressive loss of superconduc-
tivity accompanied by the gradual decrease of the interband
pairing interaction and the strong hardening of the optical
phonons at the high-energy end of the spectrum.

II. THIN FILMS AND JUNCTIONS

The Mg1−xAlxB2 �0�x�0.5� thin films with a thickness
of 300 nm were deposited onto 20�10 mm2 sized r-plane
and c-plane sapphire substrates. The deposition system and
the in situ deposition process were comprehensively dis-
cussed in Refs. 36–38 for pure MgB2 thin films. Only minor
changes had to be made for Al doping. Briefly, small pieces
of Mg were sublimated in a cylindrical oven surrounding a
substrate heater to provide a high-Mg vapor pressure at the
position of the heated substrate. B was radio-frequency �rf�
magnetron sputtered from a planar sintered target above the
oven. Al as a dopant was dc magnetron sputtered from a
planar metallic target next to the oven. The deposition pa-
rameters are summarized in Table I. At substrate tempera-
tures Ts between 420 and 460 °C the films grew in columnar
grains that were crystallographically textured with the c-axis
perpendicular to the substrate surface. The level of doping
with Al was controlled by adjusting the Al sputtering power
PAl that was kept constant over the entire deposition time of
30 min. In the applied power range from 0 to 350 W the
doping parameter x proved to be directly proportional to PAl
with the empirical relationship x=1.5�10−3 W−1� PAl�W�.

The composition of the films, in particular the Mg/Al ra-
tio, was determined by Rutherford backscattering spectrom-
etry �RBS� using 2 MeV 4He+ particles.39 Since the analyti-
cal beam hit the thin film in an area of about 1 mm2, the
spectrum of the backscattered particles yielded information
on the overall composition of a small sample volume. To test
the compositional homogeneity over the whole film area the
beam was directed to three different positions on the rectan-
gular sample, namely, the middle and the upper and lower
edges. The deviations from the averaged Al amount x were
not larger than 	0.02 for the various positions so that the

TABLE I. Residual gas pressure pres, substrate temperature TS,
evaporator temperature TE, Ar partial pressure pAr, B rf power PB,
and Al dc power PAl for the synthesis of Mg1−xAlxB2 thin films
with 0�x�0.5.

pres

�mbar�
TS

�°C�
TE

�°C�
pAr

�mbar�
PB

�W�
PAl

�W�

2�10−8 420–460 500–520 2.1�10−2 600–700 0–350
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films were laterally quite homogeneous in composition. The
maximum relative error ��x /x�max of the average x was es-
timated to be 10% �1−x�. The RBS spectrum of an Al doped
MgB2 thin film on r-plane sapphire substrate with
x=0.38	0.02 is shown in Fig. 1. The 27AlF and 24MgF �F
=film� element edges are well separated. Because of the
missing OF edge between the OS and AlS �S=substrate�
edges �cf. Figure 3 of Ref. 37�, contamination with oxygen in
this sample is below the resolution limit of roughly one
atomic percent. The preparation of the films without incor-
poration of oxygen is almost impossible due to the strong
oxygen affinity of the constituents and the finite residual gas
pressure. In our experience there is generally a slight oxygen
contamination of a few atomic percent.

Tc of the films was measured by means of a contactless
inductive method where the voltage signal induced by a
small alternating magnetic field breaks down upon entering
the superconducting state due to the shielding effect. Since
persistent current loops of large extension are necessary for
shielding, the inductive method samples a larger volume of
the film for superconductivity than the resistive method
where a continuous linear path of superconducting material
is enough for shortening the voltage contacts. In this sense
the applied inductive method is sensitive to superconductiv-
ity in the volume of the thin film. A series of six inductively
measured transitions to superconductivity is illustrated in
Fig. 2 with the Al doping level x as a parameter. The transi-
tion curves can be described by three characteristic tempera-
tures: onset �90% of the full voltage signal�, midpoint �50%�,
and downset �10%�. The difference between onset and
downset is defined as the transition width �Tc. The midpoint,
referred to as the Tc, of the pure MgB2 film �x=0� only
amounts to 33.2 K and is considerably smaller than the bulk
Tc of 39 K. Tc of our MgB2 films showed a monotonically
increasing dependence on the substrate temperature Ts �cf.
Figure 1 of Ref. 38� and we had to apply a Ts of 550 °C to
reach a Tc of 37 K close to the bulk value. In this study we
intentionally deposited the films at significantly lower Ts of
420 to 460 °C �Table I� for two reasons, the discharge of the
B sputter gun was much more time stable and the films for
our tunnel junctions in Ref. 40 also had Tc values between 32

and 34 K. Those junctions are the references which we have
to compare the tunnel junctions of the present study with.
Figure 2 demonstrates the rapid decrease in Tc down to 6.8 K
for x increasing up to 0.47	0.03. The transition widths �Tc
of 0.3 to 1 K remain small for x�0.3. Above this value a
sudden increase of �Tc is observed up to 4 K at x around 0.5.
This feature is discussed later in the context of the Tc versus
x relationship.

Tunneling using crossed-strip junctions is comprehen-
sively described in Ref. 35. In this study a freshly deposited
Mg1−xAlxB2 film served as the base electrode on the sapphire
substrate. The insulating tunnel barrier was either a native
oxide layer of the film or an artificial overlayer of after-
oxidized Al metal41 that was deposited on the boride film by
means of dc magnetron sputtering without breaking the
vacuum. In order to get junctions with the appropriate tun-
neling resistance between 10 and 104 
, which is the best
range for the electrical measurements, the artificial overlayer
or the native oxide layer had to be employed for films with
Al contents x�0.4 and x�0.4, respectively. Since the per-
formance of both types of junctions was quite similar, it can
be concluded that the native oxide on an Al-rich film re-
sembles a thin oxidized Al layer, e.g., due to Al segregation
at the film surface. The native oxide was grown by cooling
down the films in 2.1�10−2 mbar Ar to 50 to 60 °C after
deposition and by exposing them to a flow of pure oxygen
that filled the preparation chamber to the ambient pressure of
one atmosphere within 90 s. Pure oxygen was chosen to
avoid contamination or chemical reaction of the oxide with
molecules like CO2 or H2O. It is well known that layers of
organic molecules can drastically change the barrier
properties.42 For the artificial overlayer, the Al film was de-
posited at a substrate temperature of 170 °C with a nominal
thickness of 0.9, 1.8, or 3.6 nm. The oxidation procedure was
the same as described above for the formation of the native
oxide on the Al-rich films. It is worth mentioning that depo-
sition of the Al film at room temperature resulted in short
circuit junctions. Hence, we conclude that the Al overlayer
incompletely wets the underlying Al doped MgB2 film at
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room temperature. The crossed-strip In counterelectrode was
evaporated through a shadow mask. Indium was chosen be-
cause of its low-critical field of 38 mT at 0 K so that a small
magnetic field of 100 mT was sufficient to fully suppress
superconductivity in the counterelectrode when phonon-
induced structures were measured on superconductor-
insulator-normalconductor �SIN� junctions. The junction area
was in the order of magnitude 0.1 mm2, and the tunneling
resistance ranged from a few tens of ohms to a few kilo-
ohms for the native oxide barrier and the artificial overlayer,
respectively. A four-probe arrangement with separate current
and voltage leads was used for performing the electrical
measurements.

The formation of the tunnel barrier is a bottleneck of junc-
tion preparation. Its properties can be deduced from normal-
state tunneling characteristics, even quantitatively in a sim-
plicative manner. Therefore, differential conductance
measurements, dI /dV, with the electrodes in the normal state
over a wide range of bias voltage V were used to determine
the properties of the barrier oxide. The inset of Fig. 3 shows
the conductance of two junctions E and G as measured from
−0.4 to 0.1 V. Both characteristics reveal a sudden conduc-
tance increase of 2 to 4% at around −120 mV which is be-
lieved to be due to an inelastic tunneling effect. In the junc-
tions E and G this effect was not resolvable for positive bias
because of the stronger increase of the overall conductance
compared to negative bias. In order to obtain the elastic tun-
neling conductance, which directly reflects the properties of
the barrier, the inelastic contribution was eliminated as de-
scribed in Ref. 36. The normalized conductance of the elastic
tunneling channel against the bias voltage from −0.6 to 0.6 V
is shown in the main part of Fig. 3 for
Mg1−xAlxB2-insulator-In junctions with x=0 �junction A�,
x=0.08 �junctions B and C�, and x=0.12 �junctions D to I�.
The measurements were carried out at temperatures between
28 and 35 K with both electrodes in the normal state. For all

the junctions the minimum conductance, which is offset from
zero bias toward negative bias, was normalized to one, and
the curves were shifted in the vertical direction for clarity.
The traces A to I reflect the voltage dependence of the tun-
neling matrix element T following the theory of electron
tunneling:43 �dI /dV�NN��N1�0�N2�0��T�2, where N1�0�,
N2�0� are the densities of states at the Fermi energy of the
base and the counterelectrode, respectively. In tunneling
spectroscopy, a figure of merit for conductance curves such
as those in Fig. 3 is their flatness, since the tiny phonon
induced features in SIN junctions that will be discussed later,
are superposed on this background and can obviously be
better resolved when it is flat, i.e., only slowly varying with
voltage. The shape of the background is correlated with the
thickness and height of the tunnel barrier: A steep back-
ground reflects a thick and shallow barrier, whereas the
aimed flat one indicates a thin and high barrier. At first
glance the curves A to I are all flatter for negative bias with
the conductance minima offset from zero to negative bias
reflecting an asymmetry of the tunnel barrier. Curve A was
measured on a junction with pure MgB2 �x=0� base elec-
trode and a native oxide layer grown at 160 °C as a tunnel
barrier �cf. Ref. 36�. Starting from the minimum the conduc-
tance increases by a factor of 2.2 over a bias range of 450
mV on the left horizontal scale. The conductance character-
istics of junctions with Mg0.92Al0.08B2 and natural oxide lay-
ers grown at 160 °C and 80 °C are represented by traces B
and C, respectively. While B is quite similar to A, curve C is
much steeper, and the conductance increases by a factor of
3.5 over 450 mV to the left starting at the minimum. With the
same oxidation temperature of 160 °C a small Al amount
does not seem to change much the barrier properties. How-
ever, a lower oxidation temperature of 80 °C obviously re-
sults in thicker and lower barriers. A significant progress in
the properties of barriers on films with an Al content
x�0.4 was reached by employing the Al overlayer technique
as evidenced by the flatness of traces D to I: The increase of
the conductance with factors from 1.6 to 1.8 is much smaller
than that of junctions A, B, and C suggesting thinner and
higher potential barriers. The uniformity of the set of junc-
tions D to I demonstrates the high reproducibility and reli-
ability of the Al overlayer technique. Applying the trapezoi-
dal potential barrier model developed by Simmons and
Rowell44 and Brinkman42 we were able to roughly estimate
the thickness s and the average height  of the barrier. As
already expected from the above estimates of the flatness of
the conductance characteristics the thickness of the native
oxide barriers increases from 1.6 to 1.9 nm and the height
decreases from 1.6 to 1.0 eV for junctions A, B, and C,
respectively. For the Al overlayer junctions we obtained
s=1.4 nm and =2.4 eV. Both values are close to the
values reported in the literature for Al2O3 tunnel barriers.41,45

All our junctions prepared on Al doped MgB2 films ex-
hibited a proximity effect46 due to the unintended presence of
a normalconducting thin layer between the diboride super-
conductor and the tunnel barrier. The effect showed up in the
reduced density of states or RDOS �see Fig. 10� by a shift of
the data points to negative values, particularly strong at low
energy close to the energy gap. In this case, a sum rule for
the RDOS,47 that is immediately derived from the conserva-
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tion of the particle number, when going from the normal- to
the superconducting state, results in negative values, because
a part of the states below the energy gap are occupied.46

Other manifestations of the proximity effect like the typical
“knee” structure in the I-V characteristic that causes a dip in
the dI /dV characteristic just above the sum of the gaps in
SIS� proximity junctions were not observed in our junctions,
probably because the energy gap of the In counterelectrode
was too small for resolving those features or because the
proximity layer between the superconducting boride film and
the Al2O3 tunnel barrier was ultrathin or strongly coupled to
the superconductor.48 Since junctions on undoped MgB2

films with native oxide layers were proximity free, the con-
jecture is obvious, that Al as a dopant or a constituent of the
barrier is the key to the nature of the proximity layer. It
might consist of Al segregated at the surface of the
Mg1−xAlxB2 film or of a few layers of Al-rich degraded
Mg1−xAlxB2, and even a contribution of the Al oxide to the
proximity layer cannot be ruled out. The deformation of the
RDOS caused by the proximity effect has an implication on
the determination of the Eliashberg function �2F by using
the McMillan-Rowell �MMR� procedure for the inversion of
the Eliashberg equations. Without proximity effect, the inver-
sion is mostly performed with the standard MMR-computer
code as described by Hubin in Ref. 49. To enable the inver-
sion for proximity tunnel junctions, two “proximity param-
eters” had to be introduced allowing a proximity McMillan-
Rowell �PMMR�-inversion analysis.50 The two parameters
are an elastic scattering strength d /1 and R=2d /ћvF

�, where d
is the thickness of the proximity layer, l the effective scatter-
ing length or mean free path, and vF

� the renormalized Fermi
velocity in the proximity layer. The exponential term exp�
−2d /1�, which is responsible for the above mentioned reduc-
tion of the RDOS, and the cosine term cos�2RE� in the ex-
pansion of the tunneling density of states in the high-energy
limit represent the scattering responsible for the above men-
tioned violation of a sum rule and the phase shift of quasi-
particles within the proximity layer, respectively. In the
PMMR program, both quantities d /1 and R are entered as
independent fitting parameters and varied until the best fit
between the calculated and the experimental RDOS is
reached.

In order to determine the quasiparticle density of states
and the energy gap of the superconducting Mg1−xAlxB2 thin
films, measurements of the differential conductance dI /dV
have been performed at low-dc bias voltage. To this end a
standard ac modulation technique with phase sensitive har-
monic detection and a constant-voltage source after Black-
ford were used.51 The phonon-induced structure in the tun-
neling density of states was studied by measuring the
differential resistance dV /dI and its derivative d2V /dI2 at
high voltage. These measurements were carried out with the
standard ac modulation and constant-current harmonic detec-
tion technique in combination with a high-resolution bridge
circuit.52 The differential resistance and its derivative can be
converted into the differential conductance and its derivative
by the following equations: dI /dV=1 / �dV /dI� and
−d2I /dV2= �d2V /dI2� / �dV /dI�3.

III. RESULTS AND DISCUSSION

A. Tc of Mg1−xAlxB2 thin films versus x

Figure 4�a� shows our inductively measured Tc�x� data
that can be divided into four sections. In the first section
�0�x�0.34� Tc decreases almost linearly from the starting
value of 33.8 K for x=0 with a slope of −0.4 K per atomic
percent Al. The starting Tc of the pure MgB2 films is lower
than the bulk Tc for the reasons stated above. In the second
section, between 0.34 and 0.39, a sudden steepening of the
Tc drop occurs. The third section �0.39�x�0.47� is charac-
terized by a fluctuation of the Tc values between 11 and 14 K
that suggests a plateaulike behavior. In the fourth section, Tc
continues to decrease to zero at around 0.50. For compari-
son, Tc�x� data measured by other groups on polycrystals and
single crystals are included in Fig. 4�a�. Apart from the dif-
ference in the absolute values of Tc the data for the polycrys-
tals reproduce the linear decrease followed by the steepening
quite well. The Tc values of the single crystals up to
x=0.32 do not reveal such a clear linear dependence. A pla-
teaulike behavior in the presented data for polycrystals can
hardly be recognized, however, it is reported in Ref. 55. The
straight line in Fig. 4�a� was obtained from the solution of
the two-band Eliashberg equations taking into account the
effect of band filling on the electronic density of states and
the renormalization of the phonon frequencies, but not in-
cluding interband impurity scattering.19 It is evident that the
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Kortus et al., Ref. 19. The dashed lines are guides to the eye. The
horizontal and vertical bars indicate the absolute error 	�x and the
transition widths �Tc, respectively. �b� Transition width �Tc of
Mg1−xAlxB2 thin films ��, this work�, single crystals ��, Ref. 12�,
and polycrystals ��, Ref. 53, and �, Ref. 55� versus x.
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assumption of band filling is sufficient to explain the ob-
served Tc decrease. The behavior of �Tc is illustrated in Fig.
4�b� where our results on thin films are contrasted with tran-
sition widths of single and polycrystalline bulk samples of
other groups.12,53,55 Up to x=0.3 the thin films show the
smallest transition widths, and between 0.3 and 0.5 the val-
ues are comparable with those of polycrystals by Bianconi et
al.53 whereas the single and polycrystal values by Karpinski
et al.12 and Li et al.,55 respectively, are significantly larger
over the whole range of x. If the superconductive transition
width is considered as a measure of the homogeneity of the
Al distribution within the specimen, the films are highly ho-
mogeneous at least for x�0.3. This finding is in accordance
with the results of the RBS measurements mentioned above
that revealed high lateral homogeneity in the film composi-
tion. Interestingly each of the data sets shows a sudden, more
or less pronounced increase of �Tc between approximately
20 and 30 percent Al. The increasing broadening of the tran-
sition accompanied by the sharp drop of Tc seem to be asso-
ciated with the topological change of the � part of the Fermi
surface from cylinders via sandglass to separated cones as
predicted by band-structure calculations for x�0.3.17,18,22,53

The observed Tc�x� and �Tc�x� anomalies have an experi-
mental analog in Raman scattering spectra where a pro-
nounced frequency increase and a considerable decrease in
the linewidth of the E2g phonon mode at x�0.3 was
observed.13,56 The fluctuating Tc values of the thin films from
11 to 14 K between x=0.39 and 0.47 might be interpreted as
the formation of a Tc plateau that reminds of the 60 K pla-
teau in the Tc��� dependence of the high-temperature super-
conductor YBa2Cu3O7−� between �=0.3 and 0.4.57 The ap-
pearance of this plateau was ascribed to the formation of the
ordered oxygen ortho II superstructure. In Ref. 55 the exis-
tence of a superstructure for x=0.5 with the optimum com-
position MgAlB4 was reported and specified by alternating
ordered Al and Mg triangular layers separated by the hex-
agonal B layers along the crystallographic c axis. This
simple picture was later modified by the observation of an
additional in-plane repeat period of about 10 nm.58 Consid-
ering these findings the intimated emergence of a Tc plateau
in Fig. 4�a� might be due to the superstructure MgAlB4.
Since the peculiarity extends over a wide average x range
with considerable Tc fluctuations and broad transitions, the
respective thin films are multiphase with an admixture of
MgAlB4 domains that seem to shield volume fractions with
lower Tc so that Tc does not further decrease with progres-
sive x. Finally, the reported Tc values of the MgAlB4 phase
differ enormously from nonsuperconducting18,59 via 3 K22

and 5 K53 to 12 K.55 Hence, it would be worth investigating
the superstructure in more detail.

B. � energy gap of Mg1−xAlxB2 thin films versus Tc

The measurement of the dI /dV versus V characteristic
with the base- and the counter-electrode of the junction in the
superconducting state �SIS� configuration� is the most direct
method of determining the value of the energy gap of S.
Such a measurement at T=1.2 K in zero magnetic field is
shown in Fig. 5 for three junctions A, B and C with an Al

concentration x=0.16, 0.38, and 0.49, respectively, of the
Mg1−xAlxB2 base electrode and In as a counterelectrode. The
differential conductance is normalized to the conductance of
the junctions with normalconducting electrodes which is
constant in the small voltage range under consideration. It is
noticeable that only one energy gap, obviously the small �
energy gap, of the two-gap superconductor Mg1−xAlxB2
�x�0.5� appears. Indications of the large � energy gap could
be observed in none of the 70 junctions investigated in this
study. This finding is similar to that for the undoped MgB2 in
Ref. 40, where only in 2 of 50 junctions traces of the large
gap were found. In principle, our observations can be ex-
plained by calculations of Dolgov et al.60 for directional tun-
neling into MgB2: One should observe the tunneling density
of states of the � sheet, i.e., the small gap, with only negli-
gible contribution from the large gap on the � sheet for tun-
neling in the crystallographic c-axis direction. Our diboride
films, however, are not epitaxial with the c-axis perpendicu-
lar to the substrate surface due to the low deposition tem-
perature. At best they are c-axis textured with a broad mosaic
spread. For tunneling directions different from the c-axis di-
rection the large gap should show up more or less in the
conductance characteristic. Another, more severe, restriction
on the possible observation of directional tunneling was
pointed out in a theoretical work by Walker:61 Even if the
roughness of the two interfaces base electrode/insulator and
counter electrode/insulator is only a few atomic layers, the
directionality of the tunnel current gets lost. We believe that
the respective interfaces in our junctions are not flat enough
for directional tunneling because the involved metal films are
not epitaxial and the insulating layer in between them is
polycrystalline and highly disordered or even amorphous.
Hence, the question is still open, why only the small gap is
observed in our type of layered junctions.

The values of the � energy gap �� in dependence on the
Al concentration x are easily determined by the voltage dis-
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FIG. 5. Voltage dependence of the normalized conductance of
three Mg1−xAlxB2/insulator/In junctions with x=0.16 �junction A�,
0.38 �junction B�, and 0.49 �junction C� measured at 1.2 K in zero
magnetic field with a rms modulation voltage �V of 32 �V. Both
electrodes are superconducting. The conductance is normalized to
the constant value of each junction with normal electrodes. The gap
�� of the diboride films can be directly determined from the posi-
tion of the conductance peaks. The modulation voltage broadening
of 1.7 �V can be neglected compared with the width of the con-
ductance peaks.
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tance of the conductance peaks62,63 which is 2���+�In� /e �e:
elementary charge�. With �In=0.54 meV �Ref. 63� �� close
to 0 K for junctions A, B, and C in Fig. 5 amounts to 2.17,
1.23, and 0.41 meV, respectively. The conductance peaks
show a finite width at half maximum of 0.84, 0.57, and 0.31
mV for junctions A, B, and C, respectively. The most likely
explanation is a corresponding variation of energy gaps in
the grains of the diboride films due to, e.g., nonuniform
strain induced by differential contractions of films and sub-
strates upon cooling. Nevertheless, alternative explanations
such as lifetime effects or gap anisotropy cannot be ruled
out.64

A nearer view reveals small structures within the gap of
the junctions in Fig. 5. Therefore, the gap region is enlarged
by a factor of 10 in Fig. 6. The appearance of the outer local
maxima with a distance of 2���−�In� in trace A corresponds
to the well known logarithmic singularity at the gap differ-
ence in the I-V characteristic of SIS� junctions.65 Another
remarkable feature are the two peaks in traces A and B with
the distance 2�In. Above the In gap until about 	1 mV, the
characteristics are similar to those of In/insulator/
normalconductor junctions.66 This additional tunnel conduc-
tance is therefore interpreted as being due to tunneling into a
small amount �about 1.6% in case A and 5.8% in case B� of
normalconducting grains present at the diboride film surface.
Below the In gap, the leakage conductance in the highly
insulating junctions A and B only amounts to 0.3 and 1.1%,
respectively, of the conductance with normal electrodes.
Junction C exhibits a pronounced conductance peak at zero
bias. Such an anomaly might have several origins. Since the
junction resistance was only a few ohms, the peak could
simply be due to a Josephson current. A zero bias conduc-
tance maximum is also typical for Andreev reflections67 at a
normalconductor-superconductor interface that is present in
our proximity junctions. Finally, Rowell’s discussion44 of the
conductance peak zero-bias anomaly, which typically occurs
in junctions with proximity effect,41 is based on Appelbaum’s
theory68 of spin-flip scattering by magnetic impurities in the
tunnel barrier.

Since the energy gap is temperature dependent and closes
at Tc, the measurement of the conductance of the junction,
e.g., at zero bias, in dependence on temperature offers the

opportunity of determining Tc of the diboride film locally on
the small junction area. We call the Tc determined this way
“gap Tc” in distinction to the inductively measured nonlocal
Tc �see Fig. 2� that is measured on an approximately 103

times larger area. Such a gap Tc measurement is shown in
Fig. 7 �left scale� for a Mg0.88Al0.12B2 / insulator / In junction
between 3 and 33 K. The differential conductance dI /dV at
zero bias, V=0, is normalized to the constant conductance of
the junction with normalconducting electrodes. The conduc-
tance is monotonic increasing with temperature up to a more
or less pronounced kink, in this case at 29.1 K, which is the
gap Tc of the diboride baseelectrode. The open circles are the
result of a simulation of the measured gap Tc curve using the
tables calculated by Bermon.69 Excepting the range under 10
K, the best fit with minor deviations below 2% was obtained
for the relation 2�0 /kTC=1.65 �k: Boltzmann constant�. This
� gap derived value of the two-gap superconductor is sig-
nificantly smaller than the Bardeen-Cooper-Schrieffer
�BCS�-value of 3.52 in the weak-coupling limit. To compare
local and nonlocal Tc, the inductively measured transition to
superconductivity of the Mg0.88Al0.12B2 film is also shown in
Fig. 7 �right scale�. The midpoint amounts to 28.9 K with a
transition width of 0.5 K in good agreement with the gap Tc
of 29.1 K. In general, the agreement was within 	1.5 K,
which is another expression of the homogeneity of our Al
doped diboride films.

The dependence of the � energy gap �� at T=1.2 K on
the gap Tc of the Mg1−xAlxB2 thin films is exhibited in Fig. 8
for x=0 to x=0.49, i.e., for Tc values from 32 K to 3.2 K. At
first glance, �� decreases nearly linearly with decreasing Tc
following the relation ��=0.9 kTC, ergo 2�� /kTC=1.8.
This small value is comparable to that found for the simula-
tion of the gap Tc curve in Fig. 7. It seems to be incompatible
with the BCS-predictions of 3.52 and around 4 for the weak
and strong-coupling limit, respectively. However, much
smaller values are not unusual in the two-band extension of
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The good Tc agreement is another manifestation of the film
homogeneity.
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the BCS-theory70 depending on the averaged interaction en-
ergies and the density of states in the two bands near the
Fermi level. The monotonic-decreasing � gap with increas-
ing Al doping can simply be explained by the band-filling
model.15–17,19 Two calculations based on this model are
shown in Fig. 8 by the straight19 and dashed lines. Interband
scattering by impurities, that is predicted to increase the �
gap, does not seem to play a role in our thin films. Data
points from other groups determined on poly and single crys-
tals by thermodynamic and various spectroscopic methods
are also plotted in the figure and illustrate the wide spread of
��-Tc dependencies already mentioned in the introduction.
The linear decrease with decreasing Tc as well as the com-
parison of our �� �Tc� data with the �� �Tc� data published
in Refs. 14, 24–26, and 28 imply that our �� values do not
coincide with �� at any Tc. Therefore, the claim of the ob-
servation of gap merging at 11 K in Ref. 28 cannot be sup-
ported by this study.

C. Evolution of the Eliashberg function with Al doping

The quantity of central interest for electron-phonon-
mediated superconductivity is the energy-dependent Eliash-
berg function �2F���, shortly �2F, which is the phonon den-
sity of states weighted by the electron-phonon coupling
strength averaged over directions in the reciprocal space.
�2F describes the scattering of quasiparticles on the Fermi
surface via emission and absorption of virtual phonons. Elec-
tron tunneling spectroscopy,35 as used in our studies, is the
most powerful method to determine �2F. In the differential
conductance of SIN tunnel junctions, i.e., the quasiparticle
density of states of the superconductor, phonon-induced
structures are observed well above the energy gap and used
to calculate �2F via the single-band Eliashberg equations.

Figure 9�a� shows the differential conductance dI /dV of a
Mg0.89Al0.11B2 /Al-oxide / In tunnel junction measured at 4.2

K �Mg0.89Al0.11B2 superconducting, bold line� and 30 K �thin
line� just above the Tc of the diboride superconductor. Only
the conductance for negative bias of the In counterelectrode
is shown which increases very slowly with increasing volt-
age �see Fig. 3� and is therefore best suited for tunneling
spectroscopy. The phonon-induced features are clearly vis-
ible in the bold line although they only correspond to tiny
relative conductance changes of a few 10−4. The thin line in
Fig. 9�a� represents the normal background �both electrodes
normalconducting� which the phonon-induced structures are
superposed on. It increases toward high voltage due to the
voltage dependence of the tunneling matrix element and due
to inelastic tunneling, as already mentioned above. In the
evaluation of the conductance data, the effects of tempera-
ture smearing and of the superconducting state on the inelas-
tic tunneling features have been taken into account following
the procedure comprehensively described in Ref. 71. In the
case of the undoped and Al-doped MgB2, however, the cor-
rections turned out to be of minor importance, because the
strength of the inelastic tunneling features below 120 meV
was at least ten times weaker than that of the phonon-
induced features in the superconducting state. In order to
demonstrate the phonon-induced structures more vividly, the
measured negative derivative of the differential conductance,
−d2I /dV2, is exhibited in Fig. 9�b� after subtraction of the
normal-state background. In this presentation, the upward
peaks correspond to peaks or shoulders in �2F. The trace is
dominated by three main peaks at 39, 59, and 90 mV com-
parable to the peaks at 39, 58, and 87 mV in Fig. 2�b� of Ref.
40 for undoped MgB2. They reflect the coupling of electrons
to the acoustic, lower-energy and higher-energy optical
phonons, respectively. However, even moderate doping with
11% Al induces a slight shift of the main peaks to higher
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energy and a substructure consisting of side peaks and shoul-
ders at 29, 57, 67, and 83 mV.

The energy-dependent reduced density of states or RDOS
as derived from the conductance data in Fig. 9 and the �
energy gap measurements in Fig. 8 is shown in Fig. 10. It is
defined as the relative deviation of the tunneling density of
states from the BCS density of states. In our case, due to the
small � gap and the high energy of the involved phonons,
the deviation is very small and ranges from 1 to 3�10−3 on
the energy scale up to 100 meV. As already mentioned in
Sec. II, the RDOS is depressed below zero due to the prox-
imity effect in our junctions, particularly at energies in the
gap region below 20 meV. As predicted by Dolgov et al.60

and experimentally evidenced by Geerk et al.40 for pure
MgB2, the reduced density of states can be inverted to a
so-called effective Eliashberg function of the Fermi surface
� sheet using the single-band Eliashberg equations. With the
RDOS as an input, the inversion procedure was performed
using the McMillan-Rowell computer code including correc-
tions for the proximity effect �PMMR�. The best fit �straight
line in Fig. 10� to the experimental data �dashed-dotted line�
by using the PMMR inversion program was obtained with
proximity parameters d / l=0.4 and R=0.002 meV−1. The fit
correctly reproduces the functional form of the measured
RDOS, however, no proper set of fit parameters could be
found to cancel out the small upward shift of the fit curve.
We assume that this minor discrepancy has its origin in a tiny
systematic error in the measurement of the conductance in
the normal, i.e., resistive state of the films caused by the lack
of a perfect four-terminal connection to the junction. This
fundamental problem is well known and discussed in Ref.
35. The value of R=0.002 meV−1 can be used to roughly
estimate the thickness d of the normalconducting proximity
layer between the insulating tunnel barrier and the supercon-
ducting film. Assuming the proximity layer is Al, with
vF

� �1.4�108 cm /s from Ref. 46, R=0.002 meV−1 corre-
sponds to d�0.9 nm. This small value confirms our conjec-
ture in section II that the proximity layer might be ultrathin.
With d / l=0.4 and d�0.9 nm the effective scattering length
l roughly results in 2.2 nm.

In our calculations, the Mg1−xAlxB2 solid solution was
modeled in the self-consistent virtual-crystal approximation

�VCA�,18 which was implemented within the mixed-basis
pseudopotential �MBPP� method72–74 by generating new
pseudopotentials with a fractional nuclear charge at the Mg
site for each x �atomic number Z=12+x� and by adjusting
the valence charge accordingly.18 The study was carried out
with the generalized gradient approximation �GGA� applying
the Perdew-Burke-Ernzerhof �PBE� version of the exchange-
correlation functional.75–77 The screened electron-phonon
matrix elements were calculated via density functional per-
turbation theory78,79 as implemented in the MBPP code,74

which are the key elements of the Eliashberg theory.80–83 The
Eliashberg functions for all the band combinations were ob-
tained by standard Fourier interpolation of quantities calcu-
lated with a very dense 36�36�36 k-point mesh and a
6�6�6 q-point mesh. The original four-band Eliashberg
functions are projected onto an effective two-band model by
averaging over the two � and the two � bands, respectively.
The RDOS of the � sheets were calculated in dependence on
x by the solution of the two-band Eliashberg equations using
the individual Eliashberg functions ��2F��−�, ��2F��−�, and
��2F��−� shown in Figs. 11�a�–11�c� for Al doping levels
x=0 �thin lines� and x=0.39 �thick lines�. The RDOS re-
quires the gap function on the real axis, which is obtained by
an iterative analytic continuation.84 The theoretical RDOS
were processed in the same way as the experimental ones,
namely, inverted to effective Eliashberg functions ��2F�eff

th by
the solution of the single-band Eliashberg equations using
the standard MMR-computer code. The results for x=0, 0.11,
0.31, and 0.39 are shown in Figs. 12�a�–12�d�, respectively,
by the open circles. The theoretical effective Eliashberg
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functions with x as a parameter can be well reproduced by
the solid lines in Figs. 12�a�–12�d�, which represent a super-
position of the intraband Eliashberg function ��2F��−��N�

�N�: electronic density of states of the � sheet at the
Fermi energy� and the interband Eliashberg function
��2F��−��N� �N�: electronic density of states of the � sheet
at the Fermi energy� normalized to N�+3�N�. ��2F��−�

was additionally weighted with the large ratio of �� and ��

of approximately three and shifted to higher energy by the
difference ��−�� of approximately 2��.40 The weighting
factor �� /�� remained the same with increasing Al doping
level, since the ratio of the two gaps was not affected by
doping, whereas the densities of states N� and N� decreased
with increasing x. The energy shift also decreased with in-
creasing x due to the decreasing small energy gap �see Fig.
8�. In the superposition, there was no contribution of the
second intraband Eliashberg function ��2F��−�.

The experimental counterparts ��2F�eff
ex for Al doping

levels x=0, 0.11, 0.31, and 0.39 are presented in Figs.
12�e�–12�h�. The comparison with their calculated equiva-
lents reveals a fair agreement between experiment and
theory. The effective experimental ��2F�eff

ex for x=0 �Fig.
12�e�� was already discussed in detail in Ref. 40. Briefly, it
comprises three broad peaks at 38, 58, and 86 meV. The two
peaks at the low and high-energy end of the spectrum de-
scribe the coupling to the acoustic and high-energy optical
phonons. The dominating central peak, that unusually has no
counterpart in the phonon density of states, was identified as
due to the �−� interband pairing interaction that is mainly
responsible for the superconductivity of the � sheet. In the
interband pairing interaction, low-energy optical phonons
with vibrations of the B atoms perpendicular to the B planes
are predominantly involved. The effective Eliashberg func-
tion evolves with increasing Al doping as follows: The over-
all three-peak configuration is roughly preserved. The low-
energy peak at around 38 meV, which provides little
contribution to the electron-phonon coupling, does not

strongly react to the substitution of Mg by Al. However, the
shape, spectral weight, and position of the dominating cen-
tral peak at around 58 meV, that contributes the most to the
effective electron-phonon coupling due to the strong inter-
band pairing interaction, progressively change with increas-
ing doping. In particular, the calculated partial coupling con-
stant ��−� is reduced from 0.14 for x=0 to 0.07 for x=0.39
�see Fig. 11�b��. The shift to higher energy and the reduced
spectral weight with increasing x result in the reduced cou-
pling constant and, hence, in a weakening of the interband
pairing interaction, where both the � and the � sheet of the
Fermi surface are involved. Thus, the weakening of super-
conductivity of the � sheet directly reflects the changes in
the electronic structure due to Al doping. As already pointed
out in the introduction, they are characterized by the reduc-
tion of the densities of states N� and N� and topological
modifications of the Fermi surface � sheet with its final dis-
appearance, which both deeply affect the interband pairing
interaction. Moreover, the distinct alterations observed in the
position, shape, and spectral weight of our calculated intra-
band Eliashberg function ��2F��−� in Fig. 11�c�, where the
partial coupling constant ��−� was reduced from 0.85 for
x=0 to 0.28 for x=0.39, are also a clear manifestation of the
changes in the electronic band structure with increasing Al
doping. Drastic changes of the shape, position and spectral
weight also concern the peak at the high-energy end. It is
continuously shifted to higher energy, namely, from 86 meV
for x=0 in Fig. 12�e� to 101 meV for x=0.39 in Fig. 12�h�.
For the latter Al concentration, the peak has become the
strongest one in the entire spectrum. It is worth mentioning
that our observations at the low and high-energy end of the
effective �2F in dependence on x were also made in the
generalized phonon density of states of bulk samples mea-
sured with inelastic neutron scattering.56 To complete the dis-
cussion of Fig. 12, the effective coupling constant �eff

ex and
the Coulomb pseudopotential �� �expt.� determined from
��2F�eff

ex decreased continuously from 0.65 and 0.10 for
x=0 to 0.38 and 0.05 for x=0.39, respectively. The calcu-
lated quantities �eff

th and �� �theor.� derived from ��2F�eff
th

were slightly lower with relative deviations not larger than
10%.

IV. SUMMARY AND CONCLUSION

We have prepared in situ superconducting Mg1−xAlxB2
thin films �0�x�0.5� by sublimation of Mg and co-
sputtering of B and Al. The dependence of the critical tem-
perature Tc on the Al concentration x was studied. In addition
to a linear decrease with a slope of −0.4 K per at% Al, that
can be explained by the assumption of band filling with extra
electrons, a sharp drop and the formation of a plateaulike
feature were observed. These anomalies might result from a
topological change of the Fermi surface � sheet predicted by
band-structure calculations and the growth of domains of the
superstructure MgAlB4 with a Tc around 12 K, respectively.

Planar tunnel junctions on the Mg1−xAlxB2 thin films re-
vealed the proximity effect caused by a presumably ultrathin
normalconducting layer, likely of Al, between supercon-
ductor and tunnel barrier. The quality of the barrier with
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FIG. 12. �a� to �d� ��2F�eff
th of Mg1−xAlxB2 for x=0, 0.11, 0.31,

and 0.39, respectively, as determined by the inversion of the calcu-
lated RDOS of the � sheet using the single-band Eliashberg equa-
tions �open circles�. The solid lines are the result of a superposition
of ��2F��−� and ��2F��−� �e� to �h� ��2F�eff

ex of Mg1−xAlxB2 for
x=0, 0.11, 0.31, and 0.39, respectively, as determined by the tun-
neling experiment.
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respect to thickness and height significantly improved by the
employment of the aluminum overlayer technique, i.e., the
growth of artificial aluminum oxide on the superconducting
film. Only the energy gap on the � sheet of the Fermi surface
was observed which means that exclusively superconductiv-
ity of the � sheet is sampled in our type of junctions. The �
energy gap as measured in the SIS� configuration of the junc-
tions decreased approximately linearly with decreasing Tc
with a slope of 0.9 k �k: Boltzmann constant�. The decrease
is in agreement with the model of band filling, whereas in-
terband scattering by the Al impurities does not seem to play
any role in the films. Though the � energy gap was not
observed in the thin film experiments, the results for the �
energy gap were highly consistent with others published for
bulk forms of the material, such as poly and single crystals,
in spite of the interaction of the thin film with the substrate
that could induce additional interface effects such as pseudo-
morphic growth, strain and dislocations.

The progressive loss of superconductivity with increasing
Al doping was reflected in both the calculations and the ex-
periment by characteristic modifications in the effective
Eliashberg function �2F of the � sheet compared to undoped

MgB2: The dominating central peak, which is due to the �
−� interband pairing interaction and contributes most to su-
perconductivity on the � sheet, is progressively weakened
and shifted to higher energy resulting in a reduction of 50%
of the coupling constant ��−�. This effect is correlated with
the reduction of the electronic density of states and the topo-
logical change of the Fermi surface predicted by band-
structure calculations. The observed renormalization of the
peak at the high-energy end is in accordance with measure-
ments of the phonon density of states using inelastic neutron
scattering.
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