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We have fabricated several low-noise direct-current superconducting quantum interference device
(SQUID) magnetometers from single layers of YBarO; s on 10 mnmx10 mm bicrystal
substrates. The magnetometer design consists of a single-turn pickup loop that is directly coupled to
the SQUID inductance. At 77 K, these magnetometers exhibit large voltage modulation with applied
flux of over 40uV. The minimum flux noise, measured at 77 K using conventional flux-locked loop
electronics with bias current reversal, is 8.50 6 CI)O/\/H_Z above 10 kHz and 6:%10 °
<I>O/\/H—z at 1 Hz. The field-to-flux conversion efficiency is measured to be 1®gTfesulting in

a white magnetic field noise of 35 fJHz above 10 kHz, increasing to 65 &z at 1 Hz. © 1995
American Institute of Physics.

During the past few years, there has been considerabl8QUID magnetometer at 77 K. A significant advantage of
progress in the development of thin-film high-supercon- these two latter approaches is that the complete device can be
ducting quantum interference devicé€SQUIDS with low  fabricated from a single layer of highs superconductor. In
magnetic flux noise at 77 KTo ensure low noise operation, this letter we describe the design of a direct-coupled dc
these bare SQUIDs are necessarily low inductance deviceSQUID magnetometer and report recent results obtained for
typical values of the SQUID inductandeare about 100 pH several of these devices.
or less. Consequently, a bare SQUID generally has a low Fora magnetometer, the relevant figure of merit for most
effective flux capture areAs, resulting in a magnetic field applications is the rms magnetic flux density noise
resolution that is insufficient for many applications. For theseSs () = Sp(f)/Ast. Here, SpA(f) is the rms flux noise
applications, it is advantageous to use a separate signal 8RdAcr is the effective flux capture area of the magnetome-
pickup coil that can have a much larger flux capture areat€l, Which may also be expressed in terms of the field-to-flux
The pickup coil is connected to a multiturn spiral input coil conversion efficiencyBg,=®q/Ac. Thus, the magnetic
that can be transformer coupled to the SQUID inductancéield noise of a directly coupled magnetometer can be opti-
For best coupling, this is ideally done by patterning themiz_ed by minimizing the flux noise and maximizing the ef-
SQUID inductance in the shape of a washer with the inpufective area. . o "
coil integrated on top.Alternatively, the flux transformer Thel/zma_gnetlc flux  noise Sy (f) =S, (f)/ (aV/oD),
and SQUID may be fabricated on separate chips and theffhereSy(f) is the rms voltage noise across the SQUID and
pressed together in a “flip-chip” configuratidh® In prin- VIo® is the flux-to-voltage transfer function. In the absence

ciple, the design of such flux transformers is straightforward©f €xcess noise due to poor film quality, junction parameter

but the fabrication of these multilayer structures using highjtlucw"j‘t'onS or resonances, one may model the voltage noise

T, superconductors is not. A further complication is that,2S arising from_two ngarly uncorrelated noise currents in the
even though higfi. flux transformers with excellent electri- SQUID, one circulating around the S,QUID IOOP and the
cal transport properties have been fabricated, substantial |0V9-ther through the SQUI@?Th?”’ neglecting the noise of the
frequency 1ff noise is observed for frequenciéselow 1 room tempaerature preampllﬂgr,zthe voltage noise may be
kHz when coupled to the SQUIBY For these reasons, VNten aé Su(f) = (VI 9®) "L 4ksT/(2R) + 4Ke T Rayn,
transformer-coupled highz; SQUIDs (HTSQUIDS remain whereR IS t_he Junction resistance a'ﬂdyr‘:a\(ml Is the

. S : dynamic resistance of the SQUID. The flux noise becdfes
unattractive for low frequency applications. A different ap-
proach is to take advantage of the flux focusing effect of a 12 -2
large superconducting wasHen this way, the effective area So(1)=L4ksT/(2R) +(9VI9®) “keTRyyn: @)
of the SQUID may be enhanced without increasing theror operation at a given temperatufe the SQUID must
SQUID inductance. Using this approach, Zhan@l® report  therefore have a low inductance and high flux-to-voltage
a magnetic field noise of 170 fJHz for frequencies down transfer coefficient.
to 1 Hz for a large washer rf SQUID operating at 77 K. According to conventional SQUID analysi§,oV/od
Another approach is to couple the signal from the pickup=| R/(1+8), where3=2LI./®, andl, is the critical cur-
loop to the SQUID by direct injection**~*2a configuration  rent per junction. For dc SQUIDs operating at 77 K, how-
in which the SQUID inductance is connected in parallel withever, much lower transfer coefficients are observed than the
the pickup loop. Although the inductance mismatch is sub-conventional analysis predicts. Enpuiual ' have recently
stantial, reasonable coupling, and a significant enhancemeshown that this discrepancy is due to thermal noise. They
of the effective area can be achieved. Koeiteal > report a  show that the total integrated thermal noise flo¥,
field noise of 93 fT;(/E at 1 Hz for a direct-coupled dc = kgTL of a SQUID operating at 77 K can be a significant
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fraction of @, and cause a significant reduction of the maxi- For a square loop with outer side lengtland inner side
mum peak-to-peak voltage modulation of the SQUAN. length d, it can be shown that the ratid,/L, gradually

According to their simulations, approaches a maximum in the limfg—d)/2>d. In this
limit,2 Ay=ad and L,=1.25 wuod, so that A,/L
Tl ' P P oth p/tp
szi IR 1-3.57 kBTL) (20 =al.25 o=0.63"[mm]mm?nH. Using the expression
m1+B D for the coupling constark given above, the effective area of

Assuming a sinusoidal voltage modulation with applied flux,the magnetometerAqs~0.63@[mm]Ls[nH] mn?. The
NIa®=mAV; thus, any degradation of the voltage modula-Magnetometers described below are fabricated or100
tion leads to a reduction @\/o® and an increase of the rms MY substrates. We therefore uge 9.3 mm, withd=3 mm
magnetic flux noiségclbﬂ(f)_ For operation at 77 K, E¢2)  in order to satisfy the conditiofa—d)/2>d. For these pa-
implies the need to use the lowest possible SQUID inductameter values,A,~28 mnt and Ly~4.7 nH. Using
tance and junctions exhibiting a largeR product. There are  Lg=0.042 nH, we calculaté4~0.25 mnf. We have deter-
two limitations, however: coupling to the SQUID with rea- minedA directly by measuring the magnetometer response
sonable efficiency becomes increasingly difficult as then a uniform magnetic field provided by a Helmholtz coil.
SQUID inductance decreases, and according to conventionsife find that the field-to-flux conversion efficiencgg
SQUID theory** the optimal energy resolutioa=Sg /2L =10 nT/®,, which yields A;#=0.21 mn?, in reasonable
occurs forB~1. This means the critical currehf must in-  agreement with the calculation. The small difference may be
crease proportionally to offset any decreasek.ifthe latteris  accounted for by a missing strip of pickup loop occupied by
not necessarily a limitation since a higkR product is de- a row of four 2x1 mn? contact pads which is estimated to
sired, but a large critical current may be accompanied byeduceA,, and thereforé\.¢, by 20%.
fluctuations which can degrade the anticipated SQUID volt-  The magnetometers are fabricated from 150 to 300 nm
age modulatiotf and in turn the magnetometer performance.thick c-axis oriented YBgCu;0,_ 5 (YBCO) films on 10<10
For this reason, it may be advantageous to choose a lowin? SrTiO; bicrystal substrates with a 24° misorientation
design value for the critical current, provided a hifR  angle. The YBCO films are patterned by ion milling through
product can be maintained. This requires low critical currentg photoresist mask. The contact pads are covered by a gold
high resistance Josephson junctions. Here the limitation ifayer which is ion beam deposited through a photoresist lift-
that the Josephson coupling energy must be larger than thg stencil.
thermal energy. It has been sh_d\K/m_at a factor of 5 times For the dc and noise measurements, the magnetometers
larger should be sufficient, Whlch gives a minimum critical 3re  mounted onto fiberglass-epoxy printed circ(iRO)
current of 16uA at 77 K. Using the condition3~1, the  pnar4s. Electrical connections to the chip are provided by
corresponding maximum SQUID inductance is about 65 pHy|q wire bonds, while the contacts to the PC board are made
_ The effective flux capture area of the magnetometer ig,qing spring-loaded contact pins. The electrical measure-
given by Aer=Astk(Ap/Lp)L~K(Ap/Lp)L, whereAs is — onis are carried out in a rf shielded room. The SQUID
the effective area of the SQUID 00, is the effective area magnetometer packages are immersed in liquid nitrogen in a

ththﬁ glckupblooi)hW|th mdl'uctanfcf:'bp, and_llfr:s a ]?O”Sta‘?t Dewar surrounded by at least threemetal shields. For the
which describes e coupling €fliciency. Thus, 10T a given, ;. measurements, an additional coglethetal shield is

iQ/LL“Da:]n ddltjﬁéa:gj"”: I?:;:;Zi??rrgetgorgal)i(r;mIzsnt:tZr:? it|so mounted around the magnetometers. The SQUID is operated
p.~R ping ping in a flux-locked loop using 500 kHz flux modulation and

optimized by maximizing the fraction of the SQUID induc- . . )
tance seen by the injected signal current. For the magnetc(?—Ither static or ac current bid8.The frequency of the ac

meters described here, the SQUID is formed from gué® current bias is ge_nerally 2 l_(HZ or h|ghe_r. . . .
long, 20 um wide strip of YBaCu,0;_s (YBCO) with a 55 We hav<=T fabricated grain b(_)undary junctions with resis-
wm long, 4um wide slit along its length. The 16m long, 3  1@nces as high as 20 per junction and R products typi-
um wide grain boundary junctions are located at the outefally Of the order of 10QuV. The |-V characteristics of a
end of the slit, along with the two, 5m wide injection leads  YPical magnetometer for applied fluk,=0 and®,/2 are

for the signal current in the pickup loop. The SQUID induc- Shown in Fig. 1. For this device, we calculdte=9.5 uA by
tance may be written as the sum of two parms=Ly fitting the I—V. characterlgtlc for®,=0 to the Amb.e—
+L;, whereLg is the slit inductance an; is the parasitic gaokar—Halperiff model using the measured asymptotic re-
inductance associated with the junctions. To calculate thesdStanceR=13.8(). Thus, for this devicgs~0.5. Owing to
inductances we use standard inductance formulas for copldde high junction resistance, this SQUID is observed to be
nar lines'® We calculatel =42 pH andL;=13 pH, which hysteretic at 4.2 K. The maximum voltage modulation
include kinetic inductandé contributions of 6 and 4 pH, AV=42uV is observed for bias curret=11 uA. Accord-
respectively. Then, the total inductante=55 pH, and the ing to Eq.(2), the predicted voltage modulation for this de-
coupling constant is approximately given byk Vvice is 65uV. We believe the discrepancy between the pre-
~L4/L=0.76. From measurements on similar SQUIDs, wedicted and experimentally measured values is primarily due
have determined the quantityl directly by cutting the to the broad step in thé-V characteristic ford,=d/2
pickup loop and injecting an external current into thearound 80uV. This current step is likely a signature of a
SQUID. The measurements agree with the inductance calcumicrowave resonance at the frequenéy=(80x10 6)/
lations to better than 5%. ®,=39 GHz in the pair of coplanar lines which form the
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although some frequency-dependent noise remains. The
white field noise with ac bias above 10 kHz is 35 {Hz
and increases slowly for lower frequencies, becoming 65 T/
\/H—z at 1 Hz. The white flux noise using dc bias is 2.8
x 108 CDO/\/H—Z, from which the energy resolutior
=Sy(f)/2L=3%x10"3! J/Hz. This is about a factor of 8
B 7] times higher than predicted according to the theoretical
result e=9kgTL/R. The discrepancy may in part be
- - caused by the observed SQUID microwave resonarme-

PR T T R R S S S B ing to the large substrate dielectric constant. The origin of the
0 40 80 120 160 200 excess noise at low frequencies is not clear, but may be due

Voltage (uV) to environmental effects, flux motion in the YBCO film, or

the presence of thermally activated phase slipgage.

FIG. 1. Current—voltage characteristics measured at 77 K for an applied flux In §ummary, we have designed and fabricated several
corresponding to Qupper curvi and®,/2 (lower curve. low-noise, single-layer YBCO SQUID magnetometers on
SrTiO; bicrystal substrates. The Josephson junctions have

SQUID body. Since the phase velocity=c\2/(e, + 1) is low critical current and high resistance such that thR
independent of the geometry, the most likely resonance coproduce is of the order of 10@V. These devices exhibit
responds to a quarter wavelength along the total lehgt60 large voltage modulation with applied flux, leading to very

wm from the end of the slit to the Josephson junctions wherdow flux noise. The magnetic fi(_ald noise is believed to be the
there is a large impedance change due to the junction resiWest reported to date for a single-layer dc SQUID magne-

tance. The corresponding resonant frequendy (ometermal cnt substrate operating at 77 K.
= (c/4)\2/(¢, + 1). We have determined the dielectric con- _ ' he authors thank John Clarke, Dieter Koelle, and Keiji
stant of the SrTiQ bicrystal substrate at 77 K using a con- ENPUku for helpful discussions.
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