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P e r f o r m a n c e o f 2-hole Y B C O r f S Q U I D in flux-locked-loop mode
at 77 K
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Abstract. A 2-hole rf SQUID has been fabricated using naturally present grain boundary
Josephson weaklinks in a microbridge of bulk Y-Ba-Cu-O superconductor. Periodic
oscillations in voltage-flux characteristics have been observed up to 80.5 K. The spectral
density of flux noise of the SQUID is 8 x 10-4 ~o/~/Hz at 100 Hz and 77 K for open-loop
mode. The SQUID has been successfully operated in flux-locked-loop mode at 77K,
demonstrating the feasiblity of the device for practical applications. In the flux-locked-loop
mode the stability as wellas flux noise of the SQUID has been found to improve considerably
as compared to that in the open-loop mode. Various SQUID parameters have also been
estimated and reported here.
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1. Introduction
Superconducting quantum interference device (SQUID) is a magnetic flux detector of
unsurpassed sensitivity. It consists of a superconducting ring interrupted with either
one or two Josephson junctions known as rf or de SQUID respectively. The prefix dc
and rfimplies that the device is biased with a direct or a rfcurrent. The output voltage of
a SQUID shows periodic oscillations with change in external flux. The period of
oscillation is equal to one flux quantum, ~o = h/2e. However, in most of the practical
applications, the output voltage of the SQUID must vary linearly with the applied
external flux. This linear response is attained by operating the SQUID in flux-lockedloop mode using a feedback circuit. A small flux change (di~) produces a finite voltage
across the SQUID which is amplified suitably using room temperature electronics, and
the output current is fed via a resistance to a coil coupled to the SQUID, thereby
generating a flux - ~q~. The SQUID works as a null detector in the feedback circuit.
The output voltage across the resistance is proportional to the applied flux. In this
mode one can detect unknown flux right from a fraction of a flux quantum to several
flux quanta with the same sensitivity.
Soon after the discovery of high Tcsuperconductors, it was established that the grain
boundaries in these materials act as Josephson weaklinks (Gupta et a11987; Chen et al
1987) and rf SQUID behaviour could be observed in YBCO bulk samples at 4.2 K
(Colclough et a11987; Verkin et a11987; Pegrum et a11987; Tichy et a11988; Khare et al
1990) due to intergranular loops containing these grain boundary weaklinks. However,
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the voltage-flux characteristics of the bulk rf SQUIDs often showed multiperiodicity
due to superposition of flux quantization periods corresponding to intergranular loops
of different diameters. The estimated radius of the SQUID loop lie between 10 and
100 #m. The area of the SQUID loop was not well defined. Thus these SQUIDs were
noisy and had a relatively low sensitivity. A significant improvement in the noise as well
as sensitivity of the rf SQUIDs was achieved by geometrically defining the loop area.
This was first demonstrated in a single hole rfSQUID based on break junction at liquid
nitrogen temperatures (Zimmerman et al 1987). The observed V-~ curves were
periodic and the period corresponded to the well defined geometry of the
superconducting loop. However, these SQUIDs are very sensitive to vibrations and are
mechanically less stable. Later more stable and rigid rf SQUIDs with 2-hole geometry
were fabricated (Harrop et al 1988; Shnyrkov et al 1988; Khare et al 1991) using
naturally present grain boundary Josephson weaklinks. This geometry was similar to
that of Zimmerman's two-hole niobium point contact rf SQUID (Zimmerman et al
1972) except that the grain boundary Josephson weaklink was used instead of a point
contact. The details of fabrication of the rf SQUID were reported earlier (Arora et al
1991). Periodic oscillations in the V-~ characteristics were observed at 77 K. In this
paper we report the operation of the 2-hole rf SQUID in flux-locked-loop mode.
Results on the measurement of flux noise spectrum of the SQUID in both open-loop
mode and flux-locked-loop mode are discussed. The flux noise as well as stability of the
SQUID output are considerably improved in the flux-locked-loop mode as compared
to that in the open-loop mode. The temperature dependence of the V-(I) characteristics
is also reported.

2. Experimental
The 2-hole rf SQUID sensor was fabricated from YBa2CuaOT_xsuperconducting
samples which were synthesized by standard solid state reaction technique using high
purity powders (better than 99.9~) of Y203, BaCO3 and CuO. The Tc (R = 0) of the
samples was 90 K. The size of the grains ranged between 5 and 10 #m as observed by
SEM. Two holes of 1 mm diameter were drilled through the sample leaving a wall of
thickness ,~ 0-2 mm between the holes. This wall was carefully eroded with the help of a
fine needle file to realize a microbridge of dimensions 50 x 50/tm 2 connecting the two
holes. Figure 1 shows the schematic diagram of the SQUID sensor. The magnified view
of the constriction illustrates the arrangement of the grain boundary junctions for rf

Figure 1. Schematicdiagramof two-holerf SQUID.
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SQUID operation. A 50-turn copper coil of diameter 0"9 mm was wound using 30
SWG copper wire and was inserted in one of the holes of the SQUID. The coil formed a
part of the tank circuit which was inductively coupled to the SQUID. The resonant
frequency and the quality factor of the tank circuit were 19.58 MHz and 35 respectively.
The external magnetic field was applied to the SQUID by passing either an ac or dc
current through a single layer solenoidal coil of 9 mm diameter which produced a field
of 1.2 x 10-3T/A. The SQUID was mounted at the centre of the coil. An audio
frequency (af) signal of suitable amplitude was applied to the solenoid using an af
oscillator (Wavetech Model 166) to produce a slowly varying magnetic field. The
SQUID sensor along with the solenoid were shielded from outside noises with three
layers of p-metal. A radio frequency (rf) signal of suitable amplitude and frequency close
to the resonance frequency of the tank circuit was applied to the tank circuit using HP
3325B synthesized function generator. The reflected signal from the tank circuit was
amplified using a low noise preamplifier and detected by a diode detector. The output
of the detector and the af oscillator were applied to the Y-channel and X-channel of an
oscilloscope, respectively, to observe the voltage-flux(V-~) characteristics of the
SQUID. Figure 2 shows the schematic diagram of the set-up to observe the V-O
characteristics of the SQUID. The temperature variation of the characteristics was
studied by slowly raising the SQUID probe inside a liquid nitrogen container, while the
temperature of the SQUID was monitored with a platinum resistance thermometer
(PT-100) mounted close to SQUID.
The SQUID was operated in the flux-locked-loop mode using an external lock-in
amplifier (SR-530). The schematic diagram of the experimental arrangement is shown
in figure 3. A modulation signal of 1 kHz was applied to the coil. The amplitude of the
signal was adjusted so that the current through the coil was approximately equal to
that required to produce a flux of ~o/4, where (I)o is the flux quantum. An external
reference signal to the lock-in amplifier was fed from the same modulation source. The
SQUID output was detected with lock-in amplifier and its output was fed to an
integrator. The output of the integrator was fed back to the field coil (which also serves
as a feed back coil), through a resistor of appropriate value. Thus a flux, 8tl), applied to

AF
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Figure 2. Schematic diagram of the experimental set up used for the measurement of voltageflux characteristics.
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Figure 4, Schematicdiagram of the experimentalset up usedfor the measurementof spectral

density of flux noise of rf SQUID in open-loopmode.
the SQUID generates an opposing flux, - 6q~, in the feedback coil bringing back the
SQUID in the zero applied flux state. The voltage generated across the resistor is
proportional to 60 and varies linearly as the applied flux is gradually increased. The
external magnetic field to the SQUID was applied by passing a direct current in the
field coil. The value of the current corresponding to one flux quamum, I®o, was known
by shifting the V-O characteristic of the SQUID in the open-loop mode by one flux
quantum.
Flux noise spectrum of the SQUID was measured using lock-in amplifier (SR-530)
and dynamic signal analyser (HP35660) as described earlier (Gupta et a11990). Figure 4
shows the schematic diagram of the experimental set-up, which was used to measure
the flux noise density in the open-loop mode. The amplitude of the current signal to the
field coil was adjusted between I®o/4 and I®o/2, where I®owas the current in the field coil
to change the flux coupled to the SQUID by one flux quantum. The detector output
was fed to the lock-in amplifier and subsequently to the input of the dynamic signal
analyser to record the voltage noise density x/So as a function of frequency, f. The flux
noise density was calculated using the formula
[S®] 1/2 = [S~(f)/(~ V / ~ ) 2"]1/2
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where ? V/drb was the transfer function of the SQUID. The voltage noise spectrum in
the flux-locked loop mode was also measured by connecting the output of the lock-in
amplifier in figure 3 to the input of the dynamic signal analyzer.
The voltage-frequency characteristics of the SQUID near the resonance frequency
of the tank circuit were recorded by applying the SQUID detector to the Y-channel
of the oscilloscope while the X-channel was driven by a rf sweep signal of frequency
ranging from 19.40 to 19.80 MHz.

3. Results and discussion
Figures 5(a) and 5(b) show the periodic oscillations of voltage-flux characteristics of the
2-hole bulk rf SQUID, for temperature ranging from 77 to 78.5 K and 79.1 to 81 K,
respectively. Modulation characteristics shown in figures 5(a) and 5(b) were recorded
at different sensitivities of the Y-scale of oscilloscope as marked in figures. At 77 K,
peak-to-peak voltage in the voltage-flux characteristics at the detector output is
21.5 inV. This corresponds to a magnetic flux responsivity of 50.16/~ V/~o at the input
of the preamplifier of the detection electronics. With the increase in the operating
temperature, the amplitude of the oscillations in the V-~ characteristics is found to
decrease gradually up to a temperature of 81.1 K, beyond which the oscillations
disappear.
From the voltage-flux modulation characteristic, by measuring the field, B, required
to produce one period of oscillation, it is possible to calculate area (A) or diameter (at) of
the SQUID ring using the relation ~o = BA. The calculated value ofd comes out to be
0.45 mm, which is about half the geometric diameter of the hole (~ 1 mm). This
discrepancy in the measured diameter of the SQUID ring and the actual geometric
diameter of the hole was attributed to the misalignment of the SQUID from the axis of
the solenoid coil resulting in the measurement of larger field required for one period of
oscillation. The observations of rf SQUID effect requires that the thermal noise should
be appreciably less than the magnetic energy due to the flux i.e. ~2/2LsQ >>kn T where
LsQ is the inductance of the SQUID loop, kB is the Boltzmann's constant and T is the
operating temperature. For T = 77 K, LSQ should be less than 4 x 1 0 - 9 H. For the
present case of two-hole rf SQUID, effective inductance of the SQUID ring can be
calculated using the relation, LsQ = ponR/2, where R is the radius of the ring and
/~o = 4re x 10 -7 H/m is the permeability. This gives LsQ(eff)= 1"4 x 10-lo H, which
clearly satisfies the thermal noise criteria. The critical current, Ic of the weaklink in
the rf SQUID can also be estimated using the relation, ~o = Lso(eft) It, which gives
I~ = 14.7/~A.
When the coil of the tank circuit is coupled to the SQUID, its inductance decreases as
given by the relation Lr, = Lr(1 - k2) l/z, where Lr and Lr, are the inductances of the
tank circuit coil in the absence and presence of the SQUID. Due to this change in L r
the resonance frequency of the tank circuit will be increased. For the present case Lr is
251.6 nil. Thus Lr, can be estimated by measuring the shift in the resonance frequency
of the tank circuit, which is 0.27 MHz in the present case, this gives Lr, = 244.7nH.
From these values of L r and L r, one can estimate the k value, which comes out to be
0-15. The quality factor of the tank circuit is 35. The value ofk2Q is 0.8 which is close to
the optimum value of 1. Mutual inductance (M) between the SQUID loop and the tank
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Figure 5. V-q) characteristics of the SQUID at different temperatures (a) 77 to 78.8 K, (b)
79.1 to 81.1K.

circuit coil is obtained using the relation,
M = k ( L T, 'LsQ) 1/2

which gives a value of M = 1-4 x 10-11 H.
Figure 6 shows the variation of the output of the SQUID as a function of the applied
flux when the SQUID is operated in the flux-locked-loop mode. A linear increase in the
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Figure 6. Dependence of the SQUID output on externally applied flux in FLLM.
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Figure 7. Stability of the SQUID output with time for (a) FLLM and (b) OLM.

SQUID output with the increase in the magnetic flux equivalent to several flux
quanta confirms the operation of the SQUID in FLLM. Thus in this mode, the SQUID
is capable of measuring extremely small flux (a fraction of flux quantum) as well as a
large flux (several flux quanta) with the same sensitivity.
Figure 7 shows the variation of the SQUID output as a function of time for (a) fluxlocked-loop mode (FLLM) and (b) open-loop mode (OLM). The SQUID output is
much more stable in FLLM as compared to that in OLM. Presence of the negative
feedback in the FLLM, minimizes the drift in the operating point due to unwanted
signals. It also reduces the trapping and detrapping of the flux because the net flux
experienced by the SQUID in the FLLM remains close to zero. On the contrary, the net
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flux experienced by the SQUID in OLM increases as the externally applied flux is
increased. This produces a significant increase in trapping and detrapping of the flux in
the SQUID ring resulting in a relatively poor stability.
Figure 8 shows the flux noise density, ~/S,, of the two-hole rf SQUID at 77 K when
the SQUID was operated in (a) OLM and (b) FLLM. It clearly shows that the flux noise
density is smaller for the FLLM operation of the SQUID. ~ / S , ( f ) has been found to be
frequency dependent for both modes of operation throughout the frequency range of
measurement. At I00 Hz, x/S, is 8 x 10 . 4 ~o/~Hz in the FLLM. Origin of the 1/f
noise is not yet clearly understood. However, similar noise behaviour has also been
reported by several other workers (Harrop et al 1989; Tinchev and Hinken 1990;
Zhang and Heiden 1990).
Figures 9(a) and 9(b) show the voltage-frequency characteristics of the SQUID at
77 K in the absence and presence of the ac flux respectively. The observation of the
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Flux noise spectrum of the SQUID at 77 K (a) O L M and (b) in FLLM.
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Figure 9. Voltage-frequency characteristics of the SQUID in (a) absence and (b) presence
of ac magnetic field at 77 K.
maximum amplitude of modulation at the resonant frequency, f0, suggests that the rf
SQUID operates in the hysteretic mode. For non hysteretie mode of operation
maximum amplitude of modulation is observed when the tank circuit is slightly
detuned to either side of the resonance frequency (Likharev 1986).

4. Conclusions
2-hole rf SQUID using YBCO high Tc superconductor has been fabricated and
periodic oscillations in V-~ characteristics have been observed up to 81.1 K. The
SQUID has been successfully operated in the flux-locked-loop mode at 77 K. The
spectral density of the flux noise, x/So ~ 8 x 10 -4 ~o/~/H z at 100 Hz and 77 K. In this
mode stability of the SQUID output as well as its flux noise have been found to improve
considerably. Operation of the SQUID in the flux-locked-loop mode demonstrates the
potential of the device for practical applications.
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