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We have made sensitive dc superconducting quantum interference ¢8@tBD) magnetometers

that operate at 77 K have been made. By using bicrystal grain boundary Josephson junctions and a
single layer of YBaCuzO; thin film with optimized processing and an optimized directly coupled
design, we have produced magnetometers with very low noise and a large transfer function. At 77
K, the transfer function is 10@V/®,; the white field noise of the magnetometer is less than 10
fT/JHz above 10 kHz, rising to 26 fJHz at 1 Hz. The corresponding white noise energy has the

low value of 2<10 3 J s; a value very similar to that of commercial Nb SQUIDS. Key elements
required to achieve this performance are discussedl9@5 American Institute of Physics.

In order to apply highT, SQUID (superconducting While we and others are searching for ways to improve
guantum interference devicenagnetometers that operate at multilayer HTS devices, we are also making single-layer di-
77 K in the areas of biomagnetism, geophysics, or remotgectly coupled dc SQUID magnetometers with optimized ge-
magnetic detection, it is necessary for them to have fielbmetry. While Ao for these devices is less than that of
noise levels comparable to those attained by low-temperatui@yitilayer devices of the same overall size, we find that this
Nb technology. For these applications, we also require googhss js outweighed by the benefit we get from being able to
resolution at frequencies down to 0.1 Hz or less, so the levelggo 4 single low-noise HTS film. In the directly coupled
,Of both tlhe white qnd .the 1/ or “fI|cke.r" noise are geometry, the large pickup loop is connected parallel with
important. When fabricating low noise devices, we need tothe much smaller inductance of the SQUID. The dynamics of
identify the major sources of noise. One source df Adise . ) .

: ) . . the SQUID are thus determined by the smaller inductance,
is fluctuations of the critical current of the Josephson junc-b t flux linking the pickun | ind t which
tions, which depend on the junction quality but can be re- ut flux-Tinking the pickup oop ihduces a current whic
duced by a suitable bias modulation schémaother source couples flux to the SQU“D' ) )

of 1/f noise is the motion of flux lines trapped in the Masudaet al. fabricated the first HTS directly coupled

superconductdk This varies widely with the structure of the d¢ SQUID magnetometers, using Bi-Sr-Ca-Cu oxide
superconducting films. films.* With a structure ~4 mm square, they obtained

The impact of SQUID flux noise on the field noise of a Aet=0.14 mnf. At 4.2 K, the noise was 210 “d,/|Hz at
magnetometer is determined by the effective area of th@ Hz, corresponding to 2.9 pitz. Greatly improved di-
magnetometer\.«=d¢,/B, whereB is the applied field and rectly coupled dc SQUID magnetometers witfBCO) thin
g, is the flux coupled to the SQUIDA. is determined by  films have been demonstrated in the last few years. Koelle
the design of the magnetometer. The largest value8gf et al>® have achieved a magnetic field noise of 105/HZ
have been obtained in multilayer devices, using either mulat 1 kHz, increasing to 145 fJHz at 1 Hz for devices
titurn flux transformer coils to couple the pickup circuit to 1 cn? in size at 77 K. Using a large washer rf SQUID, Zang
the SQUIT or a multiloop array of parallel-connected et al. have reported a magnetic field noise as low as 170
SQUID inductors which also serve as the pickup structbirre. fT/Hz at 1 Hz for a 1 crdevice at 77 K. Lee et al. re-
The first high-temperature supercondudtdS) multilayer  coniiy reported a magnetic field noise of 35, at 1 kHz,
integrated _SQUID mggnetomete_r operatmg at 77 K, Showeﬁjncreasing to 65 fTHz at 1 Hz for a dc SQUID magneto-
the potential of multilayered epitaxial technologhut the meter(1 cn? in size at 77 K& In this letter, we discuss the
noise of such magnetometers for practical applications "€ ecisions we took in making our high pe}formance directly
mained to be improved. Thex situmultilayer deposition and .

coupled magnetometers and report on their performance.

patterning processes required make it difficult to maintain . . . .
continuous heteroepitaxial multilayers that are highly aligned Our HTS films are high-quality epitaxial YBCO grown

in both the growth direction and in-plane; consequently, thé)y Ia§er .ablat|on on SrT|Q su.bstrates with various het-
resulting structures exhibit excess low-frequency noise, eveffoepitaxial and/or homoepitaxial buffer layers. According to

though they frequently have excellent electrical transporSEM observations and AFM measurements, the films have a
properties. Progress is being made in multilayer devicegoughness of less than 4 nm; distinct large graing-axis
Ludwig et al. recently reported noise at 77 K of 37,#fiz at ~ oriented material were not detected. We check the film noise

1 Hz for a 1 cm multiloop device® by placing a sample of the film in close proximity to a small
HTC SQUID. We find that it is possible to reduce thef 1/

dpresent address: School of Physics and Space Research, The Universityr?ﬁ)'se_ of a film by achle_vmg hlgh CrySta"me qua“ty' Many of
Birmington, Edgbaston, Birmingham B15 2TT, UK. our films show flux noise of less than 10d,//Hz at 1 Hz.
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This shows the importance of the macro- and microstructure
of the thin film for low noise device fabrication. A detailed
study of noise versus the crystalline quality and morphology
of YBCO thin films with homoepitaxial and heteroepitaxial
buffer layers will be published elsewhete.

We have found the best choice of junction type for low-
noise SQUIDs to be the simple and reproducible grain
boundary junctions grown on bicrystal substrafes. Even
though the 1f noise of grain boundary junctions is consid-
ered ubiquitous and not well understood, it is related to the
quality of the film itself and so is reduced as the film noise is
reduced Thus far, most HTS junction technologies have
produced junction shunt resistances of less than a few
046101 However, we are able to achieve junction resis-
tances as large as ZD with a 2 um linewidth. This is ben- FIG. 1. Current—voltage characteristic of a dc SQUID magnetometer at 77

- . . . . K with applied flux ®=0 (upper curvg¢ and ®=®,/2 (lower curve. V:
eficial both to the device noise and its transfer function. We, LAJdiv. H: 5 uVidiv.
can improve the SQUID performance further by increasing

junction resistance if we use submicron geometry while
maintaining a high ;R product. when the current i, produces the maximum possible flux

The SQUID design rules set out by Tesche and Clatke in L. L includes the inductance of the SQUID loop and the
constrain the choice of parameters. For the junction couplmé’aras't'c inductance associated with the junction region. In
strength to be greater than thermal energies, we require thH" designL has a total value of about 50 pH.

1. ®Po/27m=5 kgT, wherel, is the junction critical current, Finally, our pickup loop is in the form of a square
@, the flux quantum, and' is the temperature. At 77 K, washer with outer side length and inner side length. In
|.~17 wA is sufficient. Optimum SQUID performance is this geometry, the ratié, /L, approaches a maximum in the

- : limit a>d. In th|s limit, A,=ad and
obtained wheng, =2LI1./®y~1, whereL is the SQUID Ap
inductance; thud should be no larger than 59 pH. This L =1.25u,d." On our 20<20 mn? substrates, we used
restricts our freedom to obtain large; by using a single =19 mm andd=6 mm. We estimaté\;=0.51 mn¥. For
large L. To ensure nonhysteretic characteristics we requir “ the mductwe elements, it is |mpprtant to b.e aware O.f '.[he
B.=2ml R2CIdy<1, whereR and C are the junction role qf f||_m thlck_nes_s and pen_etranon depth in determining
shunt resistance and capacitahité Since the size of the the kinetic contribution to the inductance.

. : : We have fabricated our magnetometers with 150—300
SQUID transfer fuqct|omV/d¢ is approxmatel;R/L., an.d mm thick YBCO films on 1 cn? or 2x2 cn? SITiO;
the spectral density of the thermal voltage noiseSjs

. ) . bicrystal substrates with a 24° misorientation angle. The
~16kgTR, the thermal flux noise density i complete structure was patterned by ion beam etching and
S,/(dV/d®)?~16kgTL*R. Therefore, we can reduce the b N P y ng

] ) : normal metallization was done by ion beam sputtering of
thermal flux noise by makin® as large as possible, so long . ; o
: : . Ag/Au after ion beam cleaning through a photoresist liftoff
asC is kept small enough to satisfy the condition gg. In : I
stencil. The current—voltage characteristic of one such dc
this connection, it is important to realize that planar grain

.SQUID magnetometer at 77 K with applied fldx=0 and
boundary junctions in HTS technology can have a capaciy, = ®,/2 is shown in Fig. 1. In this casé,=8 uA and
tance of <10 fF, much smaller than that of typical Nb
trilayer junctions(=1 pP), or of trilayer or edges SNS junc-
tions with 2 um linewidth. The grain boundary junction is
frequently considered to be a limiting factor in HTS technol-
ogy; but if we take advantage of it properly it may have
important applications to HTS SQUIDs and digital electron-
ics. For example, we can equal the energy resolution of com-
mercial Nb SQUIDs with HTS at 77 K. In cases whe&eas
critical, it would be best to use a substrate with a lower
dielectric constant than SrT) we have found yttria-
stabilized zirconia to be acceptable.

In order to enhance the sensitivity to magnetic fields
with a single layer device, the SQUID inductaricés con-
nected in parallel with the much larger pickup loop of induc-
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tancel,. The effective area of a directly coupled SQUID Jﬂ\ \u
magnetometer is  given by Agg=Ast+ aAy(L/L,)
~aA,(L/L,), whereA is the effective area of the SQUID . L_ A . o

inductance andh,, is the effective area of the pickup loop.
ForAg _andAp ) “eﬁec'[_'ve area” |_mpI|es that flux TOCU_Smg IS FIG. 2. Voltage-flux characteristic at 77 K with different bias currents. V: 10
taken into accounta is a coupling constant which is unity wv/div.
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1000 : : To conclude, we have fabricated dc SQUID magnetome-
ters that operate at liquid nitrogen temperature and have a
very low 1 Hz field noise and a large transfer function. For a
100 b ] single-layer dc SQUID magnetometer operating at 77 K, the
magnetic field noise is believed to be the lowest reported to
date. Moreover, we have demonstrated that it is possible to
10k ] attain at 77 K, the high energy sensitivity normally associ-
ated with Nb technology at 4.2 K. The advantages of these
single layer devices are fewer fabrication steps and high
1 : . yields. We hope this result will increase the acceptance of
1 10 100 1000 HTS thin-film technology for many practical applications.
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FIG. 3. Measured rms magnetic field no%z(f). The spike at 12 Hz is a
microphonic effect.
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