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Abstract

Recent advances in the realization and understanding of MgB2 tunnel junctions and SQUIDs are surveyed. High quality MgB2 junc-
tions with suitable tunnel barriers have been realized based on both oriented and epitaxial thin MgB2 films. Multiband transport prop-
erties, such as the existence of two energy gaps, phonon spectra and anisotropy have been investigated with these junctions. We review
the suitability of different barrier materials and recent advances in obtaining reproducible all-MgB2 Josephson junctions for supercon-
ducting electronic circuitry. The development of epitaxial thin films has also led to high-quality multiband MgB2 SQUIDs and magne-
tometers that operate at high temperatures. The multiband nature of MgB2 provides new phenomena such as the Leggett mode.
Manipulating the different phases of the condensates could lead to novel MgB2 devices with phase degrees of freedom.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

After the discovery of superconductivity in MgB2 [1],
very fast initial progress was made in the realization of
thin films, junctions and SQUIDs. Within a couple of
months, multilayer MgB2 Josephson junctions [2] and
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MgB2 SQUIDs [3] had been realized. This large initial
research effort was motivated by the opportunities that
MgB2 gives to applications.

First of all, compared to high-Tc materials, MgB2 is
much more metallic, with very much lower resistivity,
which results in a lower anisotropy. The low resistivity is
especially beneficial to the noise properties in SQUIDs.
Additionally, the c-axis coherence length in MgB2 is about
5 nm, which is larger than in high-Tc superconductors
(HTS). An advantage of longer coherence length materials
in junctions is that the effect of a degraded layer with lower
Tc near the electrode-barrier interface is reduced. The
coherence length in the MgB2 a–b plane is even larger, sug-
gesting that a–b plane junctions are even more advanta-
geous for applications.

Secondly, the critical temperature of 40 K of MgB2 is
attractive from a cooling point of view [4]. Superconduc-
ting rapid single flux quantum logic (RSFQ) circuitry is
now typically based on low-Tc Nb/Al2O3/Nb technology,
which has to be cooled to 4–5 K. HTS oxide technology,
on the other hand, allows for a higher operating tempera-
ture. However, due to bit-error rates at elevated tempera-
tures, 20–30 K is generally regarded as the optimal
operating temperature. In that sense, all-MgB2 junctions
are at least as attractive, avoiding the materials science
issues that are still hampering HTS technology, and allow-
ing the use of compact cryocoolers. For a heat load of 1 W
the advantages of cooling to 25 K instead of 4.5 K are, for
example, a volume reduction from 0.2 to 0.01 m3 and an
input power reduction from 1500 to 150 W [5].

A spread in junction properties, particularly Ic, of less
than 2% is required in order to fabricate RSFQ circuitry
with large numbers of junctions. This small spread has
been achieved in Nb/Al2O3/Nb technology, but has not
yet been possible with HTS and is still a major challenge
for MgB2 junction technology.

Finally, the product of the critical current and the nor-
mal state resistance, IcRN for unshunted junctions, is pre-
dicted to be high compared to that of low-Tc materials
[6], especially in the case of tunneling in the crystallo-
graphic MgB2 ab-plane. The large energy gap of MgB2

should also allow higher frequency operation of SIS
detectors.

Parallel to the initial development of junctions and
SQUIDs, the notion started to develop that MgB2 is a
model example of a multiband superconductor [7], with a
comparable weight of the respective bands. This notion
spurred a second urge for MgB2 junctions, this time as
devices for spectroscopic measurements of the electronic
properties of MgB2. The conductance through a supercon-
ductor–insulator–normal metal tunnel junction is propor-
tional to the density of states in the superconductor, and
an MgB2–insulator–metal junction is, therefore, an ideal
spectroscopic device, where the metal can either be a nor-
mal metal or a superconductor with a lower-critical tem-
perature. Needless to say, that in order to probe the
anisotropic transport properties of MgB2, it is essential
that the MgB2 electrode is oriented. Oriented, or even in-
plane epitaxial, devices also provide reproducibility advan-
tages for all-MgB2 Josephson junctions for RSFQ and
SQUIDs for magnetic field sensing applications.

Here, we will review the state of the art of MgB2 devices
and describe recent advances in the realization of thin
films, tunnel junctions (both for spectroscopic purposes
as well as superconducting electronics) and SQUIDs.
Finally, novel MgB2 devices will be discussed, that are
uniquely based on the multiband character of MgB2.

2. Epitaxial thin films

The main requirements on thin films for most devices
are a high and stable transition temperature (no degrada-
tion upon exposure to the environment and structuring),
a smooth and dense morphology, and an oriented or even
epitaxial crystal structure. The influence of the film density
and grain connectivity on the transport properties was dis-
cussed by Rowell [8].

Films with very high and stable transition temperatures
(39 K) have been obtained by means of ex-situ deposition
techniques [9], in which a B film is typically exposed to a
high-pressure Mg vapor at high temperatures, to let it react
to MgB2. However, the large surface roughness and low
density of such films make these films unsuitable for most
device applications.

In-situ MgB2 film growth techniques (see Refs. [10–15]
for early thin film results) deal with three major challenges.
The first challenge lies in avoiding the oxidation of Mg and
B, which generally requires very pure target materials and
high-vacuum deposition conditions. The second complica-
tion is the large difference in vapor pressures of B and Mg,
the Mg vapor pressure being orders of magnitude higher
than that of B. Thirdly, the Mg sticking coefficient is very
low above about 300 �C. Most growth methods are, there-
fore, limited to low temperatures, since not sufficient Mg
can be provided at elevated temperatures, typically leading
to films with a reduced Tc, enhanced resistivity as com-
pared to bulk MgB2 and a low degree of orientation.

Beneficially, the growth of MgB2 is found to be kineti-
cally and absorption limited [16], meaning that the Mg
does not escape from the film after the right phase has
formed during growth, and that the right phase will form
as long as sufficient Mg vapor is present. A number of
growth techniques explicitly benefit from these properties
by independently tuning the B and Mg fluxes, or by simply
providing a large excess of Mg flux. The independent flux
tuning is used for example in combinations of pulsed-laser
deposition of Mg with sputter-deposition of B [17], or e-
beam evaporation of B with evaporation of Mg [13], or
sputter-deposition of B with evaporation of Mg [18]. When
the Mg vapor can be confined close to the film, as with a
closed container, high quality eptiaxial films have recently
been obtained [19,20].

The best epitaxial MgB2 films in terms of high-Tc, low
resistivity, smoothness, and degree of orientation have
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been obtained by the hybrid physical chemical vapor depo-
sition (HPCVD) method as developed at Pennsylvania
State University [20] and described in detail in this issue.
The B in the HPCVD method is supplied in the form of
diborane gas, which is unfortunately not available in many
laboratories. For reasons that are not understood, the films
of Moeckly and Ruby [19] have the advantage of having a
stable Tc upon exposure to air and moisture. To prevent
degradation of other MgB2 films, a passivation coating
such as TaN can be used, that still allows for electrical con-
tacts to be made [21].

3. Quasiparticle and Josephson tunnel junctions

3.1. Multiband transport

The multiband nature of superconductivity in MgB2 is
by now well established by a number of experiments and
theoretical modeling [7]. MgB2 has become an important
two-band model system, also of importance to other multi-
band superconductors, and perhaps even to the high-Tc

cuprates as well [22]. The two conduction bands of MgB2

are usually referred to as the p- and the r-band, following
the labeling of Liu et al. [23]. The r Fermi surface sheets
originate from the r-bonds in the hexagonal two-dimen-
sional B lattice sheets, while the p Fermi surface sheets
originate from the p bonding and antibonding between
the Mg and B sheets. Consequently, the r-band is almost
two-dimensional, in the crystallographic a–b plane, while
the p-band has more three-dimensional character. The
qualitative difference between the Fermi surface sheets,
N a-b plane MgB2a
k//

k

Fig. 1. (a) Normal metal – MgB2 tunneling in the a–b plane direction for severa
Z� 1 for tunnel junctions. The barrier parameter Z is determined by the barr
Fermi surface is taken as a sphere, while the p and r parts of the MgB2 Fermi su
in the c-axis direction for several interface transparencies, ranging from Z = 0
combined with the large disparity of the electron–phonon
coupling function, gives rise to two co-existing supercon-
ducting condensates below Tc.

The influence of the co-existence of two superconducting
condensates on the transport properties of heterostructures
is often far from trivial. An example is a two-band super-
conductor – normal metal bilayer, for which theory pre-
dicts [24] that the interplay between the proximity effect
and the interband coupling influences the magnitudes of
the superconducting gaps near the interface. Remarkably,
this interplay can even give rise to an enhancement of the
p and r gaps when MgB2 is in proximity with a supercon-
ductor with a lower transition temperature [24].

Another multiband transport phenomenon is the occur-
rence of multiple peaks in the conductivity spectrum of
tunnel junctions. The contribution of the r-band is espe-
cially pronounced when tunneling in the crystallographic
MgB2 a–b plane is considered, whereas the p-band has a
more three-dimensional character [6]. Models to calculate
the conductivity of tunnel junctions have recently been
refined to take into account the specific shape of the Fermi
surface of MgB2 [25,26]. To illustrate the anisotropy of
transport through metal–barrier–MgB2 junctions, the
example of a model calculation of a Au–insulator–MgB2

junction is shown in Fig. 1. Here, the Fermi surface of
Au is taken spherically and the p and r sheets of the
approximated MgB2 Fermi surface [27] are sketched sche-
matically. For tunneling into the crystallographic a–b plane
direction, two peaks in the conductance spectrum clearly
appear, while the r-peak is only very weak for tunnel-
ing into the c-axis direction. The first and very clear
N c-axis MgB2b
k//

k

4

l interface transparencies [25], ranging from Z = 0 for Andreev contacts to
ier potential U and the Fermi velocity vF by Z = U/�hvF. The normal metal
rface are approximated as in Ref. [27]. (b) Normal metal – MgB2 tunneling
for Andreev contacts to Z� 1 for tunnel junctions.



a

b

c

Fig. 2. (a) Differential resistance of the c-axis MgB2–Al2O3–V junction of
Kim et al. [34], at 0.5 K. The p as well as the r gaps (and the difference with
the V gap) are as theoretically predicted in Fig. 1b. (b) Differential
resistance of a c-axis MgB2–insulator–Pb junction from Cui et al. [37], at
4.3 K, also clearly showing the r gap. The MgB2 in this case was made with
HPCVD. (c) d2I/dV2 second-derivative tunnel spectra of the six different c-
axis MgB2–oxide–In junctions of Geerk et al. [35]. The upper two traces are
taken on the same junction, with positive and negative voltage bias. The In
counterelectrode is driven normal by a magnetic field of 0.1 T.
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experimental confirmation of these concepts was provided
by the point-contact spectroscopy of Gonnelli et al. [28].

3.2. MgB2–insulator–metal junctions

Apart from the point contact experiments on crystals,
multilayer c-axis tunnel junctions have been realized as
well that allow for a spectroscopic investigation of MgB2

[29–38]. All of these studies confirm the existence of
the small p gap, its value centering around 2.0–2.5 meV.
The presence of the r gap is not always resolved from
the noise. Clear examples in which both the small p gap
and a small signature of the r gap are seen in the conduc-
tance of a c-axis MgB2–insulator–metal tunnel junctions
[34,37], are shown in Fig. 2a and b. The width of the
sum-gap peak is usually wider than expected from carrier
lifetime broadening due to temperature alone. This indi-
cates that the gap is not always completely homogeneous
close to the barrier, possibly due to degradation towards
the interface.

In cases where the tunnel barrier provides tunnel junc-
tions with high resistance, the energy region above the
gap can be investigated as well, from which the electron–
phonon coupling function a2F can be obtained [39]. Geerk
et al. [35] measured both the dI/dV and the d2I/dV2 spec-
trum up to high voltages of a c-axis MgB2/oxide–insula-
tor/In junction, providing insight into the phonons and
the interband pairing interaction, see Fig. 2c. It should be
realized that the inverse problem of obtaining a2F from
d2I/dV2 can be mathematically ill-defined in the multiband
case [40].

High-quality MgB2–insulator–metal junctions in the
crystallographic a–b plane direction have not yet been
achieved. In a ramp-type geometry closed (i.e. pinhole free)
Al2O3 barriers were realized in an MgB2–Al2O3–Nb junc-
tion, evidenced from an ideal supercurrent modulation as
function of applied magnetic field [36]. However, despite
the excellent Josephson properties, only very broad a–b
plane spectra were obtained with very low gap values
because of a degradation of the MgB2 during the etching
of the ramp. The realization of these type of junctions still
is one of the challenges in the field.

3.3. Suitable barrier materials for all-MgB2 Josephson

junctions

Several materials have proven to be useful as the barrier
in MgB2–insulator–metal junctions, of which oxidized Al
and AlN are most often used [30,32–34,36], while oxidation
of the MgB2 film itself has also been shown to make good
tunnel barriers [35,38]. The restrictions on the use of mate-
rials as the tunnel barrier in junctions with two MgB2 elec-
trodes are more stringent than in MgB2–insulator–metal
junctions, since a high-temperature (typically >300 �C)
MgB2 deposition step is required after barrier deposition.
The realization of reproducible all-MgB2 junctions is still
proving to be a major challenge.
The most logical alternatives to trilayer MgB2 junctions
are in-plane junctions with some type of restriction or
region of depressed Tc. It is known that the Tc of MgB2

can be monotonically reduced by irradiation either by ions
[21] or by neutrons [41], making it a useful way of realizing
weak links. Such in-plane junctions have been realized in a
variety of ways, such as by locally reducing the thickness
[42,43], by local ion damage [44,45], by transport through
normal metals [44,46] or proximized TiB2 [47]. The latter
result is a promising route towards all-boride SNS junctions,
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Fig. 3. (a) Model results [6] for the temperature dependence of the
normalized critical Josephson current from one band (r or p) to the other
(r or p) of MgB2–I–MgB2 tunnel junctions, where the normalization
factor RN is constant as function of temperature. The total junction’s
supercurrent depends on the orientation. The results for tunneling into the
c-axis and a–b plane directions are indicated. (b) Experimental temper-
ature dependence of the critical current in a c-axis MgB2–Al2O3–MgB2

junction, taken from Ref. [49].
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but ion milling inhomogeneities are still hampering the
junction reproducibility.

One of the earliest barrier materials that was used in all-
MgB2 multilayer ramp type junctions was MgO [2]. MgO
barriers (made by the oxidation of a thin film of Mg) are
known to survive high temperature deposition steps in
MRAM technology, where very small spreads of RN have
been achieved. Ramp type junctions have the advantage of
having a tunneling component in the a–b plane direction.
When no barrier was deposited before the deposition of
the counter electrode, a strong superconducting link was
observed, indicating that the etching of the ramp does
not completely destroy the superconductivity in MgB2.
All junctions with MgO barriers showed RSJ-like charac-
teristics, albeit with a small amount of non-Josephson
supercurrent, indicating that the barrier was not com-
pletely pinhole free [2].

Closed tunnel barriers in all-MgB2 c-axis trilayer junc-
tions were obtained by Shimakage et al. with AlN as the
barrier material [48] and by Ueda et al. with an Al2O3 bar-
rier [49,50]. Both groups were able to measure the sum-gap
voltage 2Dp and to obtain a near-ideal critical current mod-
ulation by applied magnetic field. No reproducibility num-
bers have been provided yet for these promising tunnel
junctions.

The transport properties of the MgB2–AlN–MgB2 junc-
tions have been determined for a range of barrier thick-
nesses. Tunneling is observed down to very small
amounts of deposited AlN, indicating that in addition to
the AlN, some form of natural oxide is also present as
the barrier, perhaps even in the form of a degraded first
or second layer. The presence of some form of degradation
of MgB2 in the electrodes is supported by the lack of super-
current above about 20 K in the AlN and Al2O3 junctions
[48,49], while the gaps are observed to higher temperatures.
Multiband tunneling models [6] predict an inflection point
in the c-axis supercurrent as a function of temperature
around 20 K, but it does not completely vanish, as can
be seen in Fig. 3a. It is interesting to study further whether
the absence of supercurrent above 20 K in c-axis tunnel
junctions (see Fig. 3b) is due to degradation or some aspect
of multiband superconductivity.

The native oxide has also been studied as the barrier
material by varying the film deposition conditions, its sur-
face stoichiometry, and the oxidation temperature. As is
the case for MgB2–oxide–In junctions [35], in all-MgB2

junctions, the native oxide also provides a very thick tunnel
barrier [51]. The native oxide barrier is typically so thick
that hardly any supercurrent is observed, but the junctions
are suitable for spectroscopic purposes.

4. SQUIDs and magnetometers

The fact that no ideal all-MgB2 multilayer Josephson
junctions have been demonstrated yet has not hampered
the development of thin film magnetic field sensing devices.
A nano-constriction with a size smaller than the London
penetration depth or a region of lower-Tc can act as a weak
link as well and develop a current-phase relation, which is
sufficient for observing superconducting quantum inter-
ference.

The first MgB2 SQUID [3] was based on such nano-con-
strictions. Two nano-constrictions in a loop were focused-
ion beam etched in a pulsed-laser deposited MgB2 film,
thereby forming a SQUID. Soon after, the Berkeley group
[52] reported an MgB2 SQUID based on tunable point con-
tacts in polycrystalline bulk material. Although the method
used is not very suitable for applications, the reported
noise value for an optimally tuned SQUID (bL ’ 1) of
35 fT Hz�1/2 above 500 Hz at 19 K is promising. Burnell
et al. [53] realized MgB2 SQUIDs with weak links operat-
ing up to 20 K by locally degrading the superconducting
properties of MgB2 through focused ion beam irradiation.
The obtained voltage modulation is large and the white
flux noise of 14lU0 Hz�1/2 is comparable to noise levels
in high-Tc SQUIDs.

To benefit more fully from the properties of MgB2

(high-Tc, low resistivity, and multiband transport),
SQUIDs have recently been realized on clean and epitaxial
HPCVD MgB2 films [54]. The nano-bridge dimensions are
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much smaller than the typical grain sizes in the film, so that
true single-crystal behavior could be observed. A large crit-
ical current density of 5 · 107 A/cm2 at 4.2 K, and stable
SQUID voltage modulation up to 38.8 K was observed.
The voltage modulation of the SQUID is shown in the inset
of Fig. 4b at a temperature of 37 K for several values of the
bias current.

An inductively shunted magnetometer was designed
as depicted in Fig. 4a. The inductive shunt enhances the
effective SQUID area, while keeping its inductance
small. As described in Ref. [54], the effective area is a func-
tion of the kinetic inductance of the striplines and, there-
fore, a function of the MgB2 penetration depth. The
measured effective area of the magnetometer is shown in
Fig. 4b and could not be fitted with the standard expres-
sions for the penetration depth. This can be explained from
the fact that the penetration depth in MgB2 arises from two
bands.

Qualitatively, in clean multiband systems, the low tem-
perature dependence is determined by the p-band with
the smallest gap, whereas the high temperature behavior
results from the r-band with the larger gap, giving an
inflection point in the penetration depth temperature
dependence. On the other hand, when the superconducting
p-band is ‘overdamped’ due to impurities, then the penetra-
tion depth is only determined by the r-band and it will
show a BCS temperature dependence. When the multiband
nature is taken into account with a microscopic model [55]
based on the Eliashberg formalism and the results of first
principles electronic structure calculations, the magnetom-
eter behavior could be explained in terms of clean transport
in the crystallographic a–b plane direction. The obtained
value for k(0) = 62 nm is very close to the theoretical pre-
dictions [55], but much smaller than had been measured
so far, since for the first time clean and epitaxial films have
been used. The clean and multiband nature of these
HPCVD films has been confirmed by a study of their mag-
netoresistance recently [56].

The MgB2 magnetometer white noise level was mea-
sured [54] to be S1=2

/ ðmÞ ¼ 76lU0 Hz�1/2 and below 1 Hz
the noise appears with a magnitude proportional to 1/m2.
The effective magnetic field noise S1=2
B ðmÞ ¼ S1=2

/ ðmÞ=Aeff ¼
1 pT Hz�1/2. Despite the fact that single-crystalline MgB2

has weaker flux-pinning properties than polycrystalline
samples [57], the obtained noise value indicates that this
does not pose any problems. The obtained magnetometer
noise value is promising for a device that has not yet been
optimized. For HTS magnetometers, lower noise values
were reported, but these were fabricated on larger samples
(1–4 cm2). Using larger MgB2 samples, the magnetic field
noise level in inductively shunted dc SQUIDs is expected
to be reduced as well. Progress in obtaining large area
magnetometers was recently reported by Portesi et al.
[58]. An alternative route to reduce noise is to study and
manipulate the pinning of vortices in the films. This topic
is heavily studied for large scale applications as well, as dis-
cussed in this issue.

5. Novel multiband phase devices

In 1966, A.J. Leggett predicted for a hypothetical two-
band superconductor, the existence of a collective excita-
tion, corresponding to small fluctuations of the relative
phase of the two condensates [59]. More recently, these
results were applied to MgB2 by Sharapov et al. [60] using
an effective action approach. Estimates for the mode
energy for the case of MgB2 vary from 6.5 to 8.9 meV,
depending on the calculated coupling constants.

In a junction consisting of a two-band and a one-band
superconductor, an additional contribution to the dc cur-
rent is expected, when the voltage across the junction
matches the energy of the Leggett mode [61]. In that case,
the ac Josephson effect between the one-band superconduc-
tor and the mean phase of the two-band superconductor
serves as a driving force for the interband oscillation in
the two-band superconductor. Since at this specific voltage
the frequencies of the two oscillations are equal, a net dc
current through the junction will arise. Some first indica-
tions exist that this effect might have been observed
[25,62,63] in MgB2 junctions. More detailed investigations
on high-quality a–b plane junctions are necessary to
explore this intriguing effect.
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When it is indeed confirmed that the phases of the two
superconducting condensates in a two-band superconduc-
tor are not necessarily equal, the phase difference can be
used in devices as an additional internal degree of freedom,
that can carry information. Interesting is the possibility for
an interband sign reversal of the order parameter (i.e. a
spontaneous p-shift between the phases of the supercon-
ducting wave functions in different parts of the Fermi sur-
face). This is expected to be possible [61,64], but the
conditions for this effect have not yet been studied in detail.
Spontaneous phase shifts attracted recently much interest
since they may be used to create the so-called Josephson
p-junction, which exhibits a spontaneous phase p-shift in
the ground state.

A different mechanism of creating a difference between
the phases of the two superconducting bands can be imag-
ined. In analogy with the multiband proximity effect [24],
one can use the non-equilibrium effect of a current flow
perpendicular to a normal metal (or single-band supercon-
ductor) – multiband superconductor interface as the means
of creating a phase difference between the superconducting
bands. The existence of phase shifts should lead to inter-
band currents, i.e. a kind of intrinsic Josephson effect, com-
parable to the widely studied intrinsic Josephson effect in
high-Tc superconductors.

6. Conclusion

Despite the very early initial exploration of MgB2 for
electronic circuitry, still no completely reproducible all-
MgB2 Josephson junction technology with low Ic spreads
is available. But the high-quality devices for measuring
MgB2 spectra, as well as recent advances in trilayer junc-
tions and detailed studies of barrier materials and their epi-
taxy with MgB2 films are promising and should be pursued
further. For RSFQ applications, a reliable MgB2 technol-
ogy could boost superconducting electronic applications
cooled by cryocoolers.

The multiband character of the superconductivity is
explored in MgB2–insulator–metal tunnel junctions and
has helped to understand two-band superconductivity
and has led to novel phenomena such as phase resonances
and double peaks in the conductivity. The multiband nat-
ure of superconductivity in MgB2 could even lead to novel
types of non-equilibrium devices based on the phase
degrees of freedom of the two condensates.

Multiband properties even show up in the transport
characteristics of MgB2 magnetometers. It was found that
the latter does not hamper their correct operation. Reliable
SQUIDs and low-noise magnetometers have been realized
that operate close to the Tc of MgB2.
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