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We propose a design for planar multi-turn flux transformer for radio frequency~rf! superconducting
quantum interference device~SQUID! magnetometers. This transformer is integrated with a
coplanar resonator, e.g., on a 1 cm2 LaAlO3 substrate. Its pickup loop is connected with two input
coils, separate for dc~low-frequency! and rf currents. A double-hole washer SQUID is coupled to
these coils in a flip-chip configuration to form a magnetometer. The separation of rf and dc current
paths in the transformer made it possible to demonstrate the rf SQUID magnetometer operation.
© 1998 American Institute of Physics.@S0003-6951~98!01916-0#

Planar multi-turn flux transformers have been widely
used to increase the field sensitivity of high temperature su-
perconductor~HTSs! dc superconducting quantum interfer-
ence device~SQUID! magnetometers.1,2 However, no work
has yet been reported on the multi-turn flux transformer
coupled to a HTS radio frequency~rf! SQUID. The super-
conducting coplanar resonator surrounding a flux concentra-
tor coupled to a small rf washer SQUID in a flip-chip
configuration3,4 provides the possibility of using a similar
design of multi-turn flux transformer as in dc SQUID tech-
nology. We hoped to simply replace the flux concentrator
~single-turn transformer! shown in Fig. 1~a! with a multi-turn
flux transformer shown in Fig. 1~b!. However, in our experi-
ments, the resonance of the resonator could no longer be
observed, once the connecting strip~crossover! was fabri-
cated to close the loop of the transformer.

The two strip lines of the coplanar resonator and the flux
transformer form a high frequency resonant system. For the
single-layer flux concentrator~or transformer! @Fig. 1~a!#,
this resonant system is similar to the symmetric slit coplanar
resonator~Fig. 2!,5 where the single-turn flux transformer
can be considered as the third strip line. However, the closed
multi-turn input coil in the transformer results in broken
symmetry of the third strip line. This may greatly decrease
the quality factorQ of the resonator or even cause the dis-
appearance of the resonance.

In this letter, we propose a new design concept, which
aims at minimizing the influence of the multi-turn input coil
on the rf resonant system. In a separate article, we describe
the fabrication and characterization of transformers and flip-
chip magnetometers based on this concept.6 It is shown that
with this design a planar rf SQUID magnetometer with a flux
transformer is feasible.

The inspiration for our new concept came from the sea-
soned low temperature superconductor SQUID technology.
Three successful designs of rf SQUID magnetometers should
be evoked, which have been widely referred to.

Zimmermannet al.7 invented the two-hole SQUID@Fig.
3~a!#, which consisted of two bulk superconducting rings

joined by a common Josephson junction. In one hole, a coil
of inductanceL together with a capacitorC formed a tank
circuit having a resonant frequency of about 20 MHz. In
another hole a superconducting coilL in was connected to the
pickup loop forming the magnetic flux input circuit. Note
that a bare two-hole SQUID is a gradiometer. Its sensitivity
to a uniform external magnetic field is zero. However, it
detects the gradient of the external magnetic field in an un-
shielded environment.

Kamper and Zimmerman8 developed the toroidal
SQUID shown in Fig. 3~b!. In the bulk niobium structure, a
niobium point contact provided a weak link in the center.
Two coils were buried in two concentric circle slot. The
inner coilL and the capacitorC formed the tank circuit. The
outer superconducting coil served as the input coilL in for the
dc signal. There are two advantages to this design. One is the
good self-shielding of the SQUID from external magnetic
field and gradient. Another is the excellent coupling between
the input coil and the SQUID.

The third design was the microwave SQUID@Fig. 3~c!#.9

Its pumping frequency was about 10 GHz. This design em-
ployed a thin film of an InSn alloy deposited on a hollow
cylindrical substrate. The film was cut mechanically leaving
a Dayem bridge as the sole circumferential current path
forming a single-hole rf SQUID. As indicated in Fig. 3~c!, a
loop surrounding the SQUID was connected to the micro-
wave source and readout electronics through a circulator.
The input flux was coupled to the SQUID by means of an
internal superconducting input coil.

a!Electronic mail: huairen@isitel1.isi.kfa-juelich.de

FIG. 1. A coplanar resonator integrated with~a! a single-layer flux concen-
trator and~b! a multi-turn flux transformer.L andR indicate the two sides of
the slit.
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A common feature of the three magnetometers was that
their tank circuit and the dc flux input coil were separated.
Separate coils were used to couple the rf and dc~low-
frequency! currents to the SQUID, respectively. Here, we
decided to pursue a similar separation principle. Among the
three designs, the two-hole SQUID design can most likely be
adapted to a planar layout and integrated with the coplanar
resonator in the same substrate.

We already pointed out that the broken symmetry of the
third strip line may lead to a sharp drop ofQ or even the
disappearance of the resonance. Let us introduce a shunt at
the two sides (L andR! of the slit separating the input leads
of the multi-turn input coil of Fig. 1~b!. This can be done by
depositing a highly conducting thin-film strip of Au or Ag.
Now, high-frequency current will pass largely across the
shunt, because of the high impedance of the multi-turn su-
perconducting coil for high frequency currents. As a conse-
quence, the symmetry of the high-frequency system should
be improved greatly. However, for the low frequency detec-
tion signal ~dc!, the current should be passing through the

superconducting multi-turn input coil. The metal shunt will
have no effect on the dc supercurrent.

The reasoning presented above was confirmed experi-
mentally. Once the shunt was introduced, the coplanar reso-
nator resonated again. A washer SQUID was then coupled to
the center of the input coil by a flip-chip arrangement. How-
ever, no SQUID signals could be observed. This is an indi-
cation that, due to the metal shunt, the rf signal indeed did
not pass through the multi-turn input coil, i.e., the coupling
between the resonator and the SQUID was very weak. Ob-
viously, the design in Fig. 1~b! cannot be used for a planar rf
SQUID magnetometer with coplanar resonator.

The new, more practical planar layout concept is shown
in Fig. 4~a!. The two strip lines of the coplanar resonator
surround the flux transformer, which includes two separate
input coils and a common pickup loop inductively coupled to
the resonator. The single-turn rf coil and the dc multi-turn
coil are wound in opposite directions. The multi-turn input
coil is shunted by a normal-conducting strip. A planar
double-hole washer SQUID shown in Fig. 4~b! is placed on
top of the structure in the flip-chip configuration such that
the SQUID holes are coupled to the two input coils.

This layout has two equivalent circuits. For rf current,
because of the metal shunt, this flux transformer can be
viewed as a single-turn flux transformer of Fig. 4~c!. It has
been proven that this single-turn flux transformer has a good
high-frequency coupling with the washer rf SQUID.4 The dc
circuit is shown in Fig. 4~d!. The supercurrent induced by
external dc flux threading the pickup coil produces two op-
posite magnetic fields of the two input coils in two holes of
the SQUID. The resulting SQUID currents are added in the
common junction so that a planar magnetometer is obtained.
It should be noted that the planar single-turn input coil not
only couples rf current but also dc current. Hence, this de-
sign should be somewhat better than the bulk double-hole
SQUID. The appropriate inductance of the double-hole
washer SQUID should be in the range of 200–250pH, since
the best magnetic field sensitivity was obtained for single-
hole washer SQUIDs with these inductance values.4

Flux transformers based on the presented concept were
fabricated on LaAlO3 substrates and with LaAlO3 insulation
as presented elsewhere.6 The pickup loop had an outer di-

FIG. 2. A standard slit coplanar resonator formed with three strip lines on a
dielectric substrate.

FIG. 3. Three designs of low temperature superconductor rf SQUID mag-
netometer.~a! Equivalent circuit of the two-hole SQUID magnetometer.~b!
Schematic~cross section! of the toroidal SQUID with two coils,L andL in .
~c! Configuration of a microwave thin film single-hole SQUID magnetome-
ter.

FIG. 4. Layout and equivalent circuits of a new planar rf SQUID magneto-
meter. ~a! A coplanar resonator integrated with a flux transformer with a
metal strip shunting the multi-turn input coil.~b! A double-hole washer
SQUID. ~c! Equivalent circuit for rf currents.~d! Equivalent circuit for dc
currents.
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mension of 838 mm2 and a linewidth of 0.8 mm. The input
coil had nine turns with both the linewidth and separation
between turns of 20mm. The double-hole SQUID with a
step-edge junction had two equal 303750mm2 loops with
washers 1.5 mm in diameter. The total SQUID inductance
was Ls'230pH. Several transformers of this design were
measured with the same flip-chip SQUID. The fully charac-
terized set had a tank frequency of 840 MHz, the unloaded
Q05600, and the measured flux-to-field coefficient of 1.45
nT/F0 . At 5 kHz signal frequency, the white noise mea-
sured in magnetic shielding was 1.531025 F0 /Hz1/2 corre-
sponding to a field resolution of 22 fT/Hz1/2. At 100 Hz, a
field resolution of 50 fT/Hz1/2 was obtained. The measured
noise spectrum is shown in Fig. 5.

In conclusion, the feasibility of the presented design
concept was unambiguously confirmed. The optimization of
the designs and of the multilayer technology, as well as the

reduction of the low-frequency 1/f type noise, are the tasks
of the future. In closing, let us emphasize that for dc SQUID
there is only one coupling issue, i.e., the coupling of the
external flux to the SQUID. For the optimized operation, one
needs only to match inductances of the pickup loop and the
input coil while keeping a high mutual inductance between
the input coil and the SQUID. However, in the case of rf
SQUID one must provide both the dc and the rf coupling,
with the latter satisfyingk2Q.1, wherek is the rf coupling
coefficient. We could show that the separation of the rf and
dc current paths provides a satisfactory solution to the prob-
lem.

This work was supported by the German BMBF under
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FIG. 5. Noise spectrum of a magnetometer consisting of a transformer
coupled to a double-hole washer SQUID with two equal 303750mm2

loops.
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