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A new high-T, (HT.) rf SQUID working at around 1.3GHz has been developed to avoid electromagnetic interference
such as growing mobile communication jamming. This new system works in a frequency range from 1.23 to 1.42GHz

(centred at 1.3GHz), which is not occupied by commercial communication. The sensor used in the 1.3GHz rf SQUID

is made of a HT. coplanar superconducting resonator and a large-area HT. superconducting film concentrator. We
have achieved in the 1.3GHz H7T. rf SQUID system a minimal flux noise of 2.5><10*5¢0/\/I—E and a magnetic field
sensitivity of 38fT/\/I—E in white noise range, respectively. The effective area of the concentrator fabricated on a
15x15mm? substrate is 1.35mm?2. Tt is shown that the 1.3GHz rf SQUID system has a high field sensitivity. Design
and implementation of 1.3GHz HT, rf SQUID offers a promising direction of rf SQUID development for higher working

frequency ranges.
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1. Introduction

It is one of the most important aspects in high-
T, (HT.) superconductor study to design and develop
the rf superconducting quantum interference device
(SQUID). Much progress has been made in recent
years.[! =4 The central issue of the SQUID design is to

B
improve its field resolution: 5;3/2 = Z—@ X 52/2. Such a

field resolution S;/ 2ofa magnetometer is determined
0B
by two factors: 90 and S;/ 2,Where S;/ 2
B
noise of the SQUID and 3_ is the flux-to-field conver-
sion coefficient which is the reciprocal of the effective
area of the SQUID washer. In order to achieve a high

field resolution we need reduce the white noise and

is the flux

increase the effective area of the sensor.

The flux noise of the rf SQUID magnetometer has
close relations with the tank circuit. According to
theories and experiments, the higher the rf-bias fre-
quency fo and the unloaded quality factor Qg, the
lower the system flux noise becomes. It is gener-

ally not very difficult to fabricate tank circuit with

high rf-bias frequency and high unloaded quality fac-
tor Qo using a HT, superconducting film. Zhang and
Mueck 15 developed an S-shaped A/2 resonator with
a superconducting film, reaching a resonant frequency
of about 3GHz. Their SQUID was placed in the cen-
tre of the resonator system. Such a structural de-
sign did not have a large effective area, therefore it
Attempts

have been made to place a flux concentrator made

could not obtain higher field resolution.

of superconducting nubby (or block) material tightly
next to the SQUID to obtain a larger effective area,
and thus a higher field resolution. Zhang!®! devel-
oped a flux concentrator using a YBCO supercon-
ducting block of 3.5mm thick and 22mm in diame-
ter, which improved its effective area by 2.4 times for
a 6x6mm? sized rf SQUID. However, the flux white
noise was quite high (2.13x10~*&,/v/Hz) because it
adopted the tank circuits made of inductor and ca-
pacitor, and the resonator frequency was 100MHz. It
could not achieve a very high field resolution. Later,
Zhang ["8] developed a type of YBCO coplanar su-

perconducting resonator containing a flux concentra-
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tor (Fig.1). It is composed of three microstrip slit
openings. The middle one is a half wavelength (A/2)
microstrip, the inner and the outer microstrips are
grounds. In order to achieve large effective area, the
inner microstrip was expanded into a wider ring, which
acted as a flux concentrator with the inner hole of
1.5mm in diameter. The SQUID was positioned (cen-
tred) on top of the concentrator, as shown in Fig.2.
The structure mentioned above adopted the flip-chip
configuration as standard, and was able to fabricate
on a substrate, multiply small SQUID of 3.5mm in di-
ameter. Its HT, coplanar superconducting resonator
working at 800MHz was fabricated on a 10x10mm?
LaAlOg3 substrate. The central length D was 8mm,
the SQUID was 3.5mm in diameter.
can obtain a 0.81mm? effective area when OB/9 & was
2.56nT/Py. One can easily achieve the flux white
noise of 2x107° @y/ vHz and the corresponding field
sensitivity Sgﬁ of 50fT/ vHz, The best possible white
noise was as good as 8.5x10° !ﬁo/\/ﬁ, with the op-
timal field sensitivity reaching 23fT/ VHz.[78]

- -~

Such a design

Fig.1. Schematic of flux concentrator/coplanar res-

onator layout.

The coplanar resonator with the flux concentra-
tor mentioned above has increased the effective area of
the SQUID, and thus the field resolution. This high-
performance HT, rf SQUID operates in the frequency
range from 600 to 1000MHz.
happens to be the peak frequency bandwidth of the

This frequency band

mobile communication signals. The electromagnetic

interference (EMI) will not only bring much noise, but

to
f SQUID
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sometimes also prevent a SQUID from working prac-
tically. The radio frequency allocation protocol issued
by the Ministry of Information Industry of People’s
Republic of China has allocated the frequency band of
600 to 1000MHz to the 800MHz CDMA, GSM (global
system of mobile) 900MHz/1800MHz mobile stations,
base stations, repeat stations, and TV transmission
Even the frequency band of 1-2GHz has
been occupied by higher frequency GSM mobile sta-

stations.

tions, base stations, and repeat stations, etc. How-
ever, in the frequency range of 1-2GHz there is cur-
rently an unoccupied slot from 1.2276 to 1.427GHz.
If we suggest our new SQUID system operate in the
frequency range from 1.23 to 1.42GHz (centred at
1.3GHz), the SQUID will suffer as little EMI as pos-
sible. This is the reason why we developed our new
1.3GHz rf SQUID system. The SQUID adopts both
a high @ superconducting coplanar resonator and a
large-area superconducting flux concentrator, so that
we can obtain not only low white flux noise but also

high field sensitivity.

T to SQUID
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Fig.2. Schematic structure of 800MHz HT, rf SQUID.

The dark lines represent superconducting films.

2. 1.3GHz H7T, SQUID radio fre-

quency circuit
The 1.3GHz rf SQUID circuit operates at low

noise and very low rf-bias power level. The circuit
is a kind of feedback lock model as usual. The block
diagram for the 1.3GHz rf circuits is shown in Fig.3.
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Fig.3. Block diagram for the 1.3GHz radio frequency circuit.
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The characteristics of our circuit design are sum-
marized below:

(1) The rf-bias current fed out of the 1.3GHz HT,
rf SQUID circuit is separated from the rf voltage sig-
nals detected in the external magnetic field transmit-
ted through the directional coupler in different direc-
tions. Only one cable connects the tank circuit at
77K and the RF (radio frequency) amplifier at room
temperature, which allows easier fabrication for the
measuring tube.

(2) A high performance mixer is used as the detec-
tor. It produces a higher degree of isolation between
RF and LF (local frequency), RF and IF (intermediate
frequency), LF and IF.

(3) By tuning the DC voltage to change the local
frequency, the SQUID system can be adjusted easily
to reach optimal working conditions.

(4) The 1.3GHz rf circuit consists of eight inde-
pendent modules of different functions. Among them,
the two important modules, the voltage control oscil-
lator (VCO) and the attenuator are easily connected
to the computer by digital interfaces without affecting
other modules.

The 1.3GHz rf circuit works properly in the fre-
quency range from 1.23 to 1.42GHz. Different SQUID
sensors require different rf-bias powers, ranging from
—97 to —72dBm, via a SMA (Subminiature Version

A) connector.
3. The structure of the 1.3GHz
HT. rf SQUID sensor

The coplanar resonator operating at 800MHz rf
SQUID is a half wavelength superconducting res-
onator. To increase the resonator frequency, say,
to the range of 1.23 to 1.42GHz (out of the mobile
communication jamming frequency band), the size of
coplanar resonator should be decreased. Therefore,
the effective area will also be decreased, causing the
field sensitivity 5;3/ % to drop significantly.

A new type of HT, superconducting coplanar res-
onator without flux concentrator has been developed
by our group !l (Fig.4). In the design, the copla-
nar resonator is structurally separated from the larger
area flux concentrator. The coplanar resonator has
a central void. The original flux concentrator shown
in Fig.1 has been changed into a thin ring, which no
longer acts as a concentrator. The length D shown in
Fig.4 is 7.8mm long for 800MHz frequency. A large

SQUID washer is placed below the resonator, as shown

in Fig.5. It has been proved that such a design not
only can work stably, but also can achieve an effective
area larger than what the original resonator with flux

concentrator does.

Fig.4. Schematic of coplanar resonator layout.
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Fig.5. Schematic structure of HT. rf SQUID. The

dark lines represent superconducting films.

Based on the previous development on HT, rf
SQUID described above, we have developed a new
type of HT, rf SQUID with a three-layer structure. A
larger area flux concentrator is also separated from the
coplanar resonator. The coplanar resonator shown in
Fig.6(a) has also void in the centre. The flux concen-
trator is fabricated with a large area superconducting
film so that it can obtain a much larger effective area.
The rf SQUID sensor of 3.5mm in diameter is located
immediately on the top of the flux concentrator and
below the resonator. The superconducting resonator
is below the microwave coupling ring. Materials like
LaAlO3 with a certain thickness can be placed be-
tween the SQUID and the resonator for adjusting the
coupling coefficients.

The superconducting coplanar resonator has a
300nm thick patterned epitaxial YBayCuzO7 (YBCO)
film on a 10x10mm? LaAlO3 substrate, as shown in
Fig.6(a). The resonator having a length D of 4.4mm
can operate at 1.3GHz. The width of each of the three
microstrip lines is 200um, the radial spacing between
neighbouring microstrip lines is 100pm, the angle be-
tween the outer and the middle microstrips is 180°.
The resonator frequency fy is 1.24GHz and the un-
loaded quality factor Qg is about 1850, as measured
by HP8590L spectrum analyser.
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(a) resonator (b) Flux concentrator

LaAlOg

resonator

‘.ﬁ”‘ flux concentrator

(c) Schematic structure for 1.3GHz

HT. rf SQUID. The dark lines
represent superconducting films

Fig.6. Schematics of resonator, concentrator and H7. SQUID.

The superconducting concentrator is also pat-
terned from 300nm thick epitaxial YBagCuszO7 film,
on 15x 15mm? large LaAlO3 substrate (Fig.6(b)), and
the film is stretched to the edge of the substrate.
The size of the inner hole of the concentrator is
1.2x1.2mm?2. There is a square opening to avoid clos-

ing of the split at the end.

A schematic of the structure for 1.3GHz HT, rf
SQUID sensor is shown in Fig.6(c). The rf SQUID
sensor of 3.5mm in diameter uses a step-edge junc-
tion. The inner hole of 10x500um? is fabricated on
the 5x5mm? SrTiO3 substrate. The coupling coeffi-
cient x and its loaded quality factor @, can be ad-
justed by the spacing between the resonator and the
microwave coupling ring. The resonator frequency fj
and the loaded quality factor Qr, of the HT, rf SQUID
sensor are 1.27GHz and 240, respectively, as measured
by HP8590L Spectrum Analyser.

4. Experimental result of the
1.3GHz HT, rf SQUID
We have tested the 1.3GHz HT, rf SQUID sys-

tem consisting of the rf circuit and the new type of
rf SQUID sensor. The flux noise was measured by
HP 35665 dynamic signal analyser while the SQUID
sensor was shielded by a p alloy (a kind of Ni-based
alloy) cylinder. A typical result is shown in Fig.7,
which shows the flux white noise of 2.8 x105 @0/\/I—E
when a 2mm thick LaAlOj3 substrate is placed be-
tween the resonator and rf SQUID. The flux-to-field
conversion coefficient(0B/9 @) is 1.52nT/ &,. Effective
area of the concentrator on a 15x 15mm? substrate is
1.35mm?. We have obtained the magnetic field sensi-
tivity of 43{T/vH VHz in the white noise range.

The best 1.3GHz rf SQUID we fabricated has the
flux noise of 2.5x107° &, /+/Hz, and its corresponding

magnetic field sensitivity is 38fT/+/Hz in the white
noise range when dB/9® is 1.52nT/ &.
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Fig.7. Flux noise spectrum of 1.3GHz HT, rf SQUID.

5. Conclusion

Table 1 lists the comparison in performance be-
tween the 1.3GHz rf SQUID and the 800MHz rf
SQUID developed by our group. It indicates clearly
that we can achieve the flux white noise to as good
as 2.5x107° 450/\/I—E by adopting a washer SQUID of
3.5mm in diameter with the inner hole 10x500um?.
When the flux-to-field conversion coefficient (0B/0 ®)
is 1.52nT/ Py, the effective area of the concentra-
tor fabricated on a 15x15mm? substrate is 1.35mm?2.
Thus, we have obtained a better magnetic field sensi-
tivity of 38T/ v/Hz in the white noise range.

Table 1. Performance for 800MHz HT. rf SQUID and
1.3GHz HT, rf SQUID fabricated by our group.
800MHz rf SQUID 1.3GHz rf SQUID
(0B/9®)/(nT/ Do) 2.56 1.52
Aegr /mm? 0.81 1.35
542 /(#0/v/He) 2 x 10-5 2.5 x 10~5
SY/? /(fT/+/Hz) 50 38
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Our new design of the HT, rf SQUID has been
systematically improved in both the white flux noise
and the effective area of the concentrator—and thus
the magnetic field resolution—from the previous work
at 800MHz by our group (Figs.4 and 5). More impor-
tantly, our new 1.3GHz HT, rf SQUID works in an

optimal frequency range because it is kept away from
the mobile commercial communication jamming band-
width. Such an improvement in the SQUID design
will help greatly in high-temperature superconductor

study.

References

[1] Faley M I, Poppe U, Urban K, Paulson D N, Starr T N
and Fagaly R L 2001 IEEE Trans. Appl. Supercond. 11
1383

[2] Zhang Y 2001 IEEE Trans. Appl. Supercond. 11 1038

[3] Ding H S, Han B, Chen G H and Yang Q S 2002 Acta
Phys. Sin. 51 220 (in Chinese)

[4] Ding H S, Zhang F H, Yan X M, Han S J, Dong S Y, Yu
H W, Chen G H and He Y S 2002 Chin. Phys. 11 1135

[5] Zhang Y, Mueck M, Bragibski A I and Toepfer H 1994
Supercond. Sci. Technol. 7 269

[6] Tavrin Y, Zhang Y, Muck M, Braginski A I and Heiden
C 1993 Appl. Phys. Lett. 62 1824

[7] Zhang Y, Zander W, Schubert J, Ruders F, Soltner H,
Banzet M, Wolters N, Zeng X H and Braginski A T 1997
Appl. Phys. Lett. 71 704

[8] Zhang Y, Wolters N, Zeng X H, Schubert J, Zander W,
Soltner H, Banzet M, Ruders F and Braginski A I 1998
Appl. Supercond. 6 385

[9] Meng S C, Deng P, Nie R J, Xie F X, Ma P, Liu L Y,
Wang S Z and Dai Y D 2002 Chin. J. Low Temp. Phys.
24 179 (in Chinese)



