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Low-noise YBa 2Cu3O72d direct-current superconducting quantum
interference device magnetometer with direct signal injection

L. P. Lee, J. Longo, V. Vinetskiy, and R. Cantor
Conductus, Inc., Sunnyvale, California 94086

~Received 21 September 1994; accepted for publication 3 January 1995!

We have fabricated several low-noise direct-current superconducting quantum interference devic
~SQUID! magnetometers from single layers of YBa2Cu3O72d on 10 mm310 mm bicrystal
substrates. The magnetometer design consists of a single-turn pickup loop that is directly coupled t
the SQUID inductance. At 77 K, these magnetometers exhibit large voltage modulation with applied
flux of over 40mV. The minimum flux noise, measured at 77 K using conventional flux-locked loop
electronics with bias current reversal, is 3.531026 F0 /AHz above 10 kHz and 6.531026

F0 /AHz at 1 Hz. The field-to-flux conversion efficiency is measured to be 10 nT/F0 , resulting in
a white magnetic field noise of 35 fT/AHz above 10 kHz, increasing to 65 fT/AHz at 1 Hz. © 1995
American Institute of Physics.
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During the past few years, there has been consider
progress in the development of thin-film high-Tc supercon-
ducting quantum interference devices~SQUIDs! with low
magnetic flux noise at 77 K.1 To ensure low noise operation
these bare SQUIDs are necessarily low inductance dev
typical values of the SQUID inductanceL are about 100 pH
or less. Consequently, a bare SQUID generally has a
effective flux capture areaAs , resulting in a magnetic field
resolution that is insufficient for many applications. For the
applications, it is advantageous to use a separate sign
pickup coil that can have a much larger flux capture ar
The pickup coil is connected to a multiturn spiral input c
that can be transformer coupled to the SQUID inductan
For best coupling, this is ideally done by patterning t
SQUID inductance in the shape of a washer with the in
coil integrated on top.2 Alternatively, the flux transformer
and SQUID may be fabricated on separate chips and
pressed together in a ‘‘flip-chip’’ configuration.3–5 In prin-
ciple, the design of such flux transformers is straightforwa
but the fabrication of these multilayer structures using hi
Tc superconductors is not. A further complication is th
even though high-Tc flux transformers with excellent electr
cal transport properties have been fabricated, substantial
frequency 1/f noise is observed for frequenciesf below 1
kHz when coupled to the SQUID.6,7 For these reasons
transformer-coupled high-Tc SQUIDs ~HTSQUIDs! remain
unattractive for low frequency applications. A different a
proach is to take advantage of the flux focusing effect o
large superconducting washer.8 In this way, the effective area
of the SQUID may be enhanced without increasing
SQUID inductance. Using this approach, Zhanget al.9 report
a magnetic field noise of 170 fT/AHz for frequencies down
to 1 Hz for a large washer rf SQUID operating at 77
Another approach is to couple the signal from the pick
loop to the SQUID by direct injection,5,10–12a configuration
in which the SQUID inductance is connected in parallel w
the pickup loop. Although the inductance mismatch is s
stantial, reasonable coupling, and a significant enhancem
of the effective area can be achieved. Koelleet al.12 report a
field noise of 93 fT/AHz at 1 Hz for a direct-coupled d
Appl. Phys. Lett. 66 (12), 20 March 1995 0003-6951/95/66(12)
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SQUID magnetometer at 77 K. A significant advantage of
these two latter approaches is that the complete device can
fabricated from a single layer of high-Tc superconductor. In
this letter we describe the design of a direct-coupled dc
SQUID magnetometer and report recent results obtained fo
several of these devices.

For a magnetometer, the relevant figure of merit for mos
applications is the rms magnetic flux density noise
SB
1/2( f )5SF

1/2( f )/Aeff . Here, SF
1/2( f ) is the rms flux noise

andAeff is the effective flux capture area of the magnetome-
ter, which may also be expressed in terms of the field-to-flux
conversion efficiencyBF5F0 /Aeff . Thus, the magnetic
field noise of a directly coupled magnetometer can be opti
mized by minimizing the flux noise and maximizing the ef-
fective area.

The magnetic flux noiseSF
1/2( f )5SV

1/2( f )/~]V/]F!,
whereSV

1/2( f ) is the rms voltage noise across the SQUID and
]V/]F is the flux-to-voltage transfer function. In the absence
of excess noise due to poor film quality, junction paramete
fluctuations or resonances, one may model the voltage nois
as arising from two nearly uncorrelated noise currents in the
SQUID, one circulating around the SQUID loop and the
other through the SQUID.13 Then, neglecting the noise of the
room temperature preamplifier, the voltage noise may be
written as13 SV( f )5(]V/]F)2L24kBT/(2R)14kBTRdyn,
whereR is the junction resistance andRdyn5]V/]I is the
dynamic resistance of the SQUID. The flux noise becomes13

SF~ f !5L24kBT/~2R!1~]V/]F!22kBTRdyn. ~1!

For operation at a given temperatureT, the SQUID must
therefore have a low inductance and high flux-to-voltage
transfer coefficient.

According to conventional SQUID analysis,14 ]V/]F
}I cR/~11b!, whereb52LI c /F0 and I c is the critical cur-
rent per junction. For dc SQUIDs operating at 77 K, how-
ever, much lower transfer coefficients are observed than th
conventional analysis predicts. Enpukuet al.15 have recently
shown that this discrepancy is due to thermal noise. The
show that the total integrated thermal noise fluxdFn

5AkBTL of a SQUID operating at 77 K can be a significant
1539/1539/3/$6.00 © 1995 American Institute of Physics
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fraction ofF0 and cause a significant reduction of the max
mum peak-to-peak voltage modulation of the SQUIDDV.
According to their simulations,

DV5
4

p

I cR

11b S 123.57
AkBTL

F0
D . ~2!

Assuming a sinusoidal voltage modulation with applied flux
]V/]F5pDV; thus, any degradation of the voltage modula
tion leads to a reduction of]V/]F and an increase of the rms
magnetic flux noiseSF

1/2( f ). For operation at 77 K, Eq.~2!
implies the need to use the lowest possible SQUID indu
tance and junctions exhibiting a largeI cR product. There are
two limitations, however: coupling to the SQUID with rea
sonable efficiency becomes increasingly difficult as th
SQUID inductance decreases, and according to conventio
SQUID theory,14 the optimal energy resolutione5SF /2L
occurs forb'1. This means the critical currentI c must in-
crease proportionally to offset any decrease inL. The latter is
not necessarily a limitation since a highI cR product is de-
sired, but a large critical current may be accompanied
fluctuations which can degrade the anticipated SQUID vo
age modulation16 and in turn the magnetometer performance
For this reason, it may be advantageous to choose a l
design value for the critical current, provided a highI cR
product can be maintained. This requires low critical curren
high resistance Josephson junctions. Here the limitation
that the Josephson coupling energy must be larger than
thermal energy. It has been shown17 that a factor of 5 times
larger should be sufficient, which gives a minimum critica
current of 16mA at 77 K. Using the conditionb'1, the
corresponding maximum SQUID inductance is about 65 p

The effective flux capture area of the magnetometer
given by Aeff5As1k(Ap /Lp)L'k(Ap /Lp)L, whereAs is
the effective area of the SQUID loop,Ap is the effective area
of the pickup loop with inductanceLp , andk is a constant
which describes the coupling efficiency. Thus, for a give
SQUID inductanceL, it is necessary to maximize the ratio
Ap /Lp and the coupling constantk. The coupling constant is
optimized by maximizing the fraction of the SQUID induc
tance seen by the injected signal current. For the magne
meters described here, the SQUID is formed from a 65mm
long, 20mm wide strip of YBa2Cu3O72d ~YBCO! with a 55
mm long, 4mm wide slit along its length. The 10mm long, 3
mm wide grain boundary junctions are located at the out
end of the slit, along with the two, 5mm wide injection leads
for the signal current in the pickup loop. The SQUID induc
tance may be written as the sum of two parts,L5Lsl
1L j , whereLsl is the slit inductance andL j is the parasitic
inductance associated with the junctions. To calculate the
inductances we use standard inductance formulas for cop
nar lines.18 We calculateLsl542 pH andL j513 pH, which
include kinetic inductance19 contributions of 6 and 4 pH,
respectively. Then, the total inductanceL555 pH, and the
coupling constant is approximately given byk
'Lsl /L50.76. From measurements on similar SQUIDs, w
have determined the quantitykL directly by cutting the
pickup loop and injecting an external current into th
SQUID. The measurements agree with the inductance cal
lations to better than 5%.
1540 Appl. Phys. Lett., Vol. 66, No. 12, 20 March 1995
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For a square loop with outer side lengtha and inner side
length d, it can be shown that the ratioAp /Lp gradually
approaches a maximum in the limit~a2d!/2.d. In this
limit,2 Ap5ad and Lp51.25 m0d, so that Ap /Lp
5a/1.25 m050.637a@mm#mm2/nH. Using the expression
for the coupling constantk given above, the effective area o
the magnetometerAeff'0.637a@mm#Lsl@nH# mm2. The
magnetometers described below are fabricated on 10310
mm2 substrates. We therefore usea59.3 mm, withd53 mm
in order to satisfy the condition~a2d!/2.d. For these pa-
rameter values,Ap'28 mm2 and Lp'4.7 nH. Using
Lsl50.042 nH, we calculateAeff'0.25 mm2. We have deter-
minedAeff directly by measuring the magnetometer respo
in a uniform magnetic field provided by a Helmholtz co
We find that the field-to-flux conversion efficiencyBF

510 nT/F0 , which yieldsAeff'0.21 mm2, in reasonable
agreement with the calculation. The small difference may
accounted for by a missing strip of pickup loop occupied
a row of four 131 mm2 contact pads which is estimated
reduceAp , and thereforeAeff , by 20%.

The magnetometers are fabricated from 150 to 300
thick c-axis oriented YBa2Cu3O72d ~YBCO! films on 10310
mm2 SrTiO3 bicrystal substrates with a 24° misorientatio
angle. The YBCO films are patterned by ion milling throu
a photoresist mask. The contact pads are covered by a
layer which is ion beam deposited through a photoresist
off stencil.

For the dc and noise measurements, the magnetom
are mounted onto fiberglass-epoxy printed circuit~PC!
boards. Electrical connections to the chip are provided
gold wire bonds, while the contacts to the PC board are m
using spring-loaded contact pins. The electrical meas
ments are carried out in a rf shielded room. The SQU
magnetometer packages are immersed in liquid nitrogen
Dewar surrounded by at least threem-metal shields. For the
noise measurements, an additional cooledm-metal shield is
mounted around the magnetometers. The SQUID is oper
in a flux-locked loop using 500 kHz flux modulation an
either static or ac current bias.20 The frequency of the ac
current bias is generally 2 kHz or higher.

We have fabricated grain boundary junctions with res
tances as high as 20V per junction andI cR products typi-
cally of the order of 100mV. The I–V characteristics of a
typical magnetometer for applied fluxFa50 andF0 /2 are
shown in Fig. 1. For this device, we calculateI c59.5mA by
fitting the I–V characteristic forFa50 to the Ambe-
gaokar–Halperin21 model using the measured asymptotic
sistanceR513.8V. Thus, for this deviceb'0.5. Owing to
the high junction resistance, this SQUID is observed to
hysteretic at 4.2 K. The maximum voltage modulati
DV542mV is observed for bias currentI b511mA. Accord-
ing to Eq.~2!, the predicted voltage modulation for this d
vice is 65mV. We believe the discrepancy between the p
dicted and experimentally measured values is primarily
to the broad step in theI–V characteristic forFa5F0 /2
around 80mV. This current step is likely a signature of
microwave resonance at the frequencyf r5(8031026)/
F0539 GHz in the pair of coplanar lines which form th
Lee et al.
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SQUID body. Since the phase velocityn5cA2/(e r11) is
independent of the geometry, the most likely resonance c
responds to a quarter wavelength along the total lengthl5 60
mm from the end of the slit to the Josephson junctions whe
there is a large impedance change due to the junction re
tance. The corresponding resonant frequencyf r
5(c/4l )A2/(e r11). We have determined the dielectric con
stant of the SrTiO3 bicrystal substrate at 77 K using a con
focal resonator and finde r51930. Using this value, we cal-
culate f r540 GHz, in good agreement with the
experimentally observed resonant frequency. We note furt
that no such resonances are observed for similar SQU
fabricated on YSZ substrates, and the maximum volta
modulation observed for these devices is only about 15
lower than predicted using Eq.~2!. The dielectric constant of
YSZ is significantly lower, and the coplanar line resonan
therefore occurs at a much higher frequency.

The best measured magnetic field and flux noise
shown in Fig. 2. We have measured comparable noise
several magnetometers of this type. The field noise measu
using dc current bias is 28 ft/AHz above 10 kHz and has a 1/f
dependence below 100 Hz. The low frequency noise is i
proved considerably using bias current reversal20 at 16 kHz,

FIG. 1. Current–voltage characteristics measured at 77 K for an applied
corresponding to 0~upper curve! andF0 /2 ~lower curve!.

FIG. 2. Measured rms magnetic field noise,SB
1/2( f ), and rms flux noise,

SF
1/2( f ), at 77 K vs frequency for conventional flux-locked loop operatio
with dc current bias~upper curve! and with ac current bias at 16 kHz~lower
curve!.
Appl. Phys. Lett., Vol. 66, No. 12, 20 March 1995
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although some frequency-dependent noise remains. Th
white field noise with ac bias above 10 kHz is 35 fT/AHz
and increases slowly for lower frequencies, becoming 65 fT
AHz at 1 Hz. The white flux noise using dc bias is 2.8
31026 F0 /AHz, from which the energy resolutione
5SF( f )/2L53310231 J/Hz. This is about a factor of 8
times higher than predicted according to the theoretica
result1 e59kBTL/R. The discrepancy may in part be
caused by the observed SQUID microwave resonance22 ow-
ing to the large substrate dielectric constant. The origin of the
excess noise at low frequencies is not clear, but may be du
to environmental effects, flux motion in the YBCO film, or
the presence of thermally activated phase slippage.23

In summary, we have designed and fabricated severa
low-noise, single-layer YBCO SQUID magnetometers on
SrTiO3 bicrystal substrates. The Josephson junctions hav
low critical current and high resistance such that theI cR
produce is of the order of 100mV. These devices exhibit
large voltage modulation with applied flux, leading to very
low flux noise. The magnetic field noise is believed to be the
lowest reported to date for a single-layer dc SQUID magne
tometer on a 1 cm2 substrate operating at 77 K.

The authors thank John Clarke, Dieter Koelle, and Keiji
Enpuku for helpful discussions.
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