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SQUID magnetometer operating at 37 K based on nanobridges in epitaxial
MgB2 thin films
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Superconducting quantum interference devices �SQUIDs� and magnetometers are fabricated from
nanoconstrictions in epitaxial MgB2 films. The nanobridges are contained within single-crystalline
grains, resulting in clean transport, a large critical current density of 5�107 A/cm2 at 4.2 K, and
stable SQUID voltage modulation up to 38.8 K. The magnetometer is realized with an inductively
coupled pickup loop, giving rise to a field sensitivity of 1 pT Hz−1/2 down to 1 Hz. The device
properties are governed by the two-band superconducting nature of MgB2, posing, however, no
problems to a successful development of boride magnetic field sensing devices. The MgB2

zero-temperature London penetration depth is measured to be 62 nm, close to theoretical
predictions. © 2005 American Institute of Physics. �DOI: 10.1063/1.2128482�
The relatively large superconducting transition tempera-
ture of MgB2 �Tc=39 K� and its metallic character make
MgB2 interesting for use in superconducting quantum inter-
ference devices �SQUIDs�. MgB2 would fill the existing gap
between sensitive but low-Tc SQUIDs and the less-sensitive
but high-Tc SQUIDs if high-quality magneto-sensing devices
could be obtained that operate around 35 K and have good
noise properties.

The first MgB2 SQUID1 was based on the principle that
a nano-constriction with a size smaller than the London pen-
etration depth can act as a weak link. Two nano-constrictions
in a loop were focused ion beam etched in a pulsed laser
deposited MgB2 film, thereby forming a SQUID. Soon after,
Zhang et al.2 reported a MgB2 SQUID based on tunable
point contacts in polycrystalline bulk material. Although the
method used is not very suitable for applications, the re-
ported noise value for an optimally tuned SQUID ��L�1� of
35 fT Hz−1/2 above 500 Hz at 19 K is promising. Burnell et
al.3 realized MgB2 SQUIDs operating up to 20 K by locally
degrading the superconducting properties of MgB2 through
focused ion beam irradiation. The obtained voltage modula-
tion is large and the white flux noise of 14 ��0 Hz−1/2 is
comparable to noise levels in high-Tc SQUIDs.

The operating temperature of all MgB2 thin film
SQUIDs reported so far, of about 20 K, is limited by the
superconducting transition temperature of the films. In all
cases, samples are considered that are polycrystalline and in
the electronically dirty limit �scattering lengths are much
smaller than device dimensions�. It is to be expected that
clean and single-crystalline thin films will be of importance
in the step towards low-noise and highly reproducible de-

a�Author to whom correspondence should be addressed; electronic mail:

a.brinkman@utwente.nl

0003-6951/2005/87�19�/192505/3/$22.50 87, 19250
Downloaded 05 Nov 2005 to 130.89.220.218. Redistribution subject to
vices. Here, we present the realization of SQUIDs in elec-
tronically clean, epitaxial MgB2 with a high operating tem-
perature. It is anticipated that in these crystalline structures,
the multiband superconducting nature4 of MgB2 will influ-
ence the charge transport through the nano-constrictions.

Epitaxial MgB2 films with Tc�40 K were obtained by
hybrid physical-chemical Vapor deposition �HPCVD�, as de-
scribed in Ref. 5. The 100-nm-thick layers were deposited on
4H-SiC �5�5 mm2� substrates at 718 °C. An increase in
grain size was found with increasing B2H6 gas flow during
deposition, from about 1.4 �m for samples prepared at 50
sccm B2H6 to about 2.2 �m for samples prepared at 150
sccm B2H6. The grain boundaries in MgB2 act as strong
links,6,7 but even strong links can in principle still influence
the critical current Ic in a nanobridge in an uncontrollable
manner, something one would like to avoid in a SQUID.
Here, we have the unique situation in which the dimensions
of the nanobridges are much smaller than the grain size,
thereby maximizing the chance for realizing a nanobridge
within a single grain.

Coarse structures, such as the square-washer SQUID
ring, the pickup loop and the contact leads were defined in
the epitaxial films by standard photolithography and Ar ion-
beam milling. Then, 100- or 140-nm-wide nanobridges were
structured in 5-�m-wide predefined striplines by focused ion
beam �FIB� etching, as described in Refs. 1 and 8. For some
SQUIDs, prior to the film structuring, 25 nm of gold was
deposited by rf sputter deposition to protect the film from
degradation during structuring caused by the sensitivity of
the MgB2 to water.9,10 During the nanobridge etching, gold is
removed, to make sure that the electrical transport through
the bridges is not influenced by this capping layer. The elec-
trical transport properties of the devices were measured in a

shielded variable-temperature cryostat.
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Typically, the current-voltage characteristics are nonhys-
teretic above 15 K. Hysteresis appears for some SQUIDs
below this temperature and is believed to be of thermal na-
ture. The typical critical current of a SQUID with two paral-
lel 140-nm-wide bridges at T=4.2 K is measured to be 14
mA. With an estimated bridge cross section of 140
�100 nm2 this results in an exceptionally high critical cur-
rent density of Jc=5�107 A/cm2, which indicates that the
film quality in the bridges is good. The critical current den-
sity is still below the MgB2 depairing current density, due to
the onset of moving flux quanta that are released from their
pinning sites �typically at the sides of a nanobridge� when
the current becomes large.

The voltage across the SQUID under constant current
bias is modulated by an applied magnetic field, as shown in
Fig. 1 at 37 K. The modulation is stable and shows no drift
over a large number of periods. The period of the voltage
modulation versus magnetic field is estimated to be 1.6 �T.
The effective SQUID area Aeff=�0 /Bext, is then estimated to
be about 1.3�103 �m2, where �0=2.07�1015 Tm2. This is
well in accordance with the actual SQUID dimensions �20
�20 �m2 hole in a 40�40 �m2 washer�, taking flux focus-
ing by the superconducting washer into account. The SQUID
inductance is estimated to be 48 pH. A suitable magnitude of
the voltage modulation of 8 �V was observed at 37 K �Fig.
1�. Voltage modulation was even observed up to 38.8 K,
remarkably close to the material’s bulk superconducting tran-
sition temperature, which stands in contrast to most high-Tc
SQUIDs.

The SQUID modulation, as well as the large critical cur-
rent densities of the nanobridges, shows that high-quality
superconducting properties can be obtained when the nano-
bridge is likely to be contained within a single grain. The
consequent step now is to investigate what field sensitivity

FIG. 1. Voltage modulation of a SQUID vs applied magnetic field at 37 K
for different values of the bias current.
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can be obtained from these SQUIDs in a magnetometer
configuration.

An inductively shunted magnetometer was designed as
depicted in Fig. 2. The inductive shunt enhances the effective
SQUID area, while keeping its inductance small. The effec-
tive sensing area Aeff of the magnetometer can be expressed
as Aeff= �Lc /LP� ·AP.11 Here, Lc is the coupling part of the
small SQUID loop inductance, LP=2.6 nH is the inductance
of the large pickup loop, with AP being its effective pickup
area. Lc is composed of a geometrical inductance and a ki-
netic inductance. Taking into account that the flux induced
by the current Ip covers 80% of the area enclosed by the
striplines �Fig. 2�b��, Lc is 0.8 times the small SQUID induc-
tance, LSQ. The geometrical part of LSQ is estimated to be 37
pH, while the kinetic inductance of the SQUID striplines is
LSQ,kin=�0��� /w�coth�d /2��, where d=100 nm, and � and
w are measured to be 51 and 6 �m, respectively. LSQ,kin de-
pends on the magnetic field penetration depth �. The effec-
tive area is, therefore, a function of temperature. Five
SQUIDs can be coupled to the same inductive shunt �Fig.
2�a��. In the striplines, 100-nm-wide nanobridges were fab-
ricated �Fig. 2�b��. The device is based on a film deposited
with 150 sccm B2H6 flow on a 5�5 mm2 SiC substrate.

The measured voltage modulation of the magnetometer
as a function of magnetic field under constant bias current is
maximum 6 �V in the temperature range of 32–35 K. The
measured voltage modulation as a function of temperature is
shown in the inset of Fig. 3. The behavior is governed by the
temperature dependence of the critical current as well as the
SQUID inductance.

The period of the voltage modulation is indeed measured
to be temperature dependent. The resulting temperature de-
pendence of Aeff �see Fig. 3� allows us to obtain the penetra-
tion depth in MgB2 as a function of temperature. Golubov et
al.12 obtained a two-band model for the MgB2 penetration
depth as a function of transport orientation and amount of
impurities. We find that the temperature dependence of the
effective area can be very well fitted with the two-band
model in the clean limit with transport currents in the crys-
tallographic a-b plane, whereas the Bardeen–Cooper–
Schrieffer �BCS� model results in a much poorer fit. The
same conclusion holds for the critical current as function of
temperature. For a rounded bridge edge, as is the case here,
the critical current is expected to be proportional to the prod-
uct of �−2 and �−1. Given the temperature dependence for �
from the two-band model12 and the experimental fit for the
coherence length �� (1−T /TC)0.59 in the a-b plane in the
clean limit,13 the measured Ic vs T dependence can again be
very well fitted as shown in Fig. 4. These findings support
our assumption that transport occurs in crystalline MgB2 and

FIG. 2. The design of an inductively
shunted magnetometer. �a� The design
of the whole magnetometer with a
magnification of the striplines; �b� in-
cluding their dimensions and position
of the nanobridges. Ip denotes the
screening current, i.e., the current in-
duced by the applied magnetic field.
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furthermore indicate the absence of major impurity scattering
within the grains. The ��0� value of 62 nm that is found from
the fitting is smaller than previously reported when measured
over larger film areas, but much closer to theoretical
expectations.12

The noise spectrum of the magnetometer is determined
using a flux-locked loop. For T=35 K, the voltage modula-
tion was maximum and the measured noise spectrum is
shown in Fig. 5 as a function of the frequency 	. The white
noise level is 76 ��0 Hz−1/2 and below 1 Hz, the noise ap-
pears with a magnitude proportional to 1/	.2 The effective
magnetic field noise SB

1/2�	�=S

1/2�	� /Aeff=1 pT Hz−1/2. De-

spite the fact that single-crystalline MgB2 has weaker flux-
pinning properties than polycrystalline samples,14 the ob-
tained noise value indicates that this does not pose any
problems. The obtained magnetometer noise value is prom-
ising for a device that has not yet been optimized. For high
temperature semiconductor magnetometers, lower noise val-
ues were reported ��20–100 fT Hz−1/2 at 1 Hz at 77 K, see,
e.g., Refs. 11 and 15�, but these were fabricated on larger
samples �1–4 cm2�. Using larger MgB2 samples, the mag-
netic field noise level in inductively shunted dc SQUIDs is
expected to be reduced as well. The presented work shows
that an adult magnetocardiogram mesurement is already fea-
sible at this stage.

FIG. 3. Effective magnetometer area as function of temperature. The solid
line is the theoretical expectation for Aeff�T� when using a two-band model
for the MgB2 penetration depth in the clean limit for transport in the crys-
tallographic a−b plane, with ��0�=62 nm. The dotted line is the theoretical
expectation when using a BCS model for the penetration depth and ��0�
=110 nm. The inset shows the maximum voltage modulation as a function
of temperature.

FIG. 4. Temperature dependence of the critical current in a MgB2 nano-
bridge of 100 nm width ���, scaled up by a factor of 4, and 140 nm width

���. The solid line shows the �nonmonotonous� fit of a two-band model.
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In conclusion, magnetic sensing above 35 K is shown to
be feasible with MgB2. Nanoconstrictions were realized in
epitaxial HPCVD MgB2 films within the single-crystalline
grains of the material. The 100-nm-wide nanobridges show a
high critical current density of 5�107 A/cm2 at 4.2 K and
SQUID modulation was observed up to 38.8 K, remarkably
close to the transition temperature of the film. An inductively
shunted magnetometer was realized with a field-noise level
of 1 pT Hz−1/2 down to 1 Hz. The transport properties of the
magnetometer are governed by the two-band nature of super-
conductivity, which is found not to hamper the successful
development of MgB2 SQUIDs.
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