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Highly sensitive magnetometers based on YBa ,Cu30; Josephson
junction arrays
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The dependence of the critical current of a Josephson junction on the magnetic flux in the junction
area can be used for the sensitive detection of external magnetic fields. In contrast to
superconducting quantum interference devices, also the measurement of absolute magnetic fields is
possible. To increase the transfer functié@v/dB, we use serial arrays of up to 105 Josephson
junctions between flux-concentrating areas on 24° SgTiiorystal substrates. We investigate the
scaling properties of the critical current, the normal state resistanBg and the flux density noise

JSg in dependence on the number of Josephson junctions in the serial array. By the use of a
magnetic field modulation scheme, thé hbise from critical current fluctuations in the junctions

can be suppressed. At 77 K, we achieve a white noise levgBgf= 1.2 pT//Hz for a 105-junction

array. © 1999 American Institute of Physids$S0003-695(99)03902-9

Currently, the most successful approach in Josephsoscheme. This is in contrast to SQUID-based magnetometers,
junction technology for devices from high-temperature su-where the out-of-phase current fluctuations of both junctions
perconductor§HTS) is the grain-boundary junction on bic- have to be suppressed by additional bias current modulation.
rystal substrates. For magnetic sensors, these junctions apgie to the high output voltage of the serial array, the de-
typically used in magnetometers based on superconductingands on the electronics are much lower.
quantum interference devicéSQUIDS, which achieve a The serial array magnetometers are prepared in a single-
field resolutiony/Sg of about 30 fTA/Hz in simple single- layer technology o{100) SrTiO; bicrystals with 24° grain
layer layouts on X1 cn? substrate$? Due to the depen- boundaries which are supplied by CrysTec GmbH, Berlin.
dence of the critical current on external magnetic flux, even &0r the YBaCuO; thin-film deposition we employ our KrF-
single Josephson junction can be used for sensing magneﬁ\@(cimer laser deposition process that is described elsewhere
fields. In contrast to SQUID magnetometers, the flux—in detail” We typically u;eafilm of aboqt 1ZQ nm thicknes;.
voltage characteristic is nonperiodic, hence, in principle ab] he large number of wide Josephson junctions makes high
solute magnetic flux densities can be determined. In bicrystdf€mands on the large scale quality of the grain boundary and
junctions a high sensitivity is observed, due to the flux fo-th€ superconducting film deposited on it. Highly reproduc-
cusing effect of the elecatrodes directly adjoining the grain':;ie‘]ﬁzeggspﬁgt Sjugr?tg)ur} Elrrzze;zstr?ezeojtz;fv\\llter?'dzhnsﬁ'g/ \i/ge

2
?Oorutrr\](iagéuRn(:]soiztrhf?;tldal. found a clear 14 de_pe_ndence well below 1¢ cm™ 2. After the patterning with conventional
period of biepitaxial grain-boundary i .
junctions of widthw, instead of the classical W/relation. photollthography and argon plasma etching, the arrays are
This behavior is attributed to corner effects on the curren{reated In an oxygen plasma. To reduce the contact resistance
distribution in the electrodes. Martit al? further enhanced 'O low noise measurements, the contact pads are covered

the sensitivity of a single 24° bicrystal junction by an addi_\év{{-huigt(i)onnmsusl;l;rer; I?s Egliclt’e(?anFE[Ir?:Iw?gzlzzog(r)?Z r?gti?)n
tional flux concentrator. With a junction width of 10m they ! Y P ' J

achieved a sensitivityl ./dB=176 AT and a flux density array, five of these subarrays are connected in series. Each

. N . Josephson junction has a width of 2fh to achieve a high
noise level Of_\/S—B_ 3.7 pT_/_\/H_z - Also, a reduct!on of IOV\_" sensitivity to external magnetic fields. For a further increase
frequency noise from critical current fluctuations by field

dulati d tratBavith L iunct X of its sensitivity the array is embedded in flux focusing su-
moduiation was demonstra Ith severaljunctions in se- perconducting areas which cover almost the whole substrate

ries, the signal-to-noise ratio can be further enhanced since

the voltage signal linearly scales with the numbieof junc-

tions, whereas the voltage noise scales with if the noise Josephson Junction Serial Array
sources are uncorrelated. Leeal® used a similar approach R T

for a serial array HTS SQUID magnetometer. Here, we 2 slliur o SRl __’
present a magnetometer from a serial array of 105 bicrystal 'r—mﬂt'—@m'—%q
Josephson junctions with additional flux focusing areas. |
Voltage noise due to critical current fluctuations in the junc- i FaetsnmA s

tions is already suppressed by a simple field modulation

FIG. 1. Optical micrograph of a 21-junction subarray. The figure displays an
area of 57170 um? The position of the bicrystal line is indicated by the
¥Electronic mail: krey@physnet.uni-hamberg.de arrows.
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FIG. 2. (a) Current—voltage characteristics for subarrays of a different num- i T
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of 1X1 cn?. The gaps between these areas and the junctionsg. 3, (a) Voltage across the current biased subarrays vs the external
are 4um wide. magnetic flux density(b) Maximum transfer functio@V/B in dependence

The arrays are characterized by electrical transport an@" the number of junctions in the array.
noise measurements. In Figb2 we show the scaling prop-

erties for both, critical currerlt; and normal state resistance a sensitivitydB/dd of about 10 nTidb,, resulting indV/oB
R, in dependence on the numiderof junctions in the array.  — 300 /T for an assumed sinusoidally voltage modulation

4kgTRE
R,

The values foll; andR, were deduced from the resistively 4 o0 wV. The high transfer function of SQUID magnetome-
subarrays which are depicted in FigaR We find an almost  — s¢/9B of about 0.2 mm in conjunction with a much
linear increase oR, and a constant critical current indepen- gmaller voltage modulation. For the junction array we have a
IR, product withN, up to 7.9 mV for 105 junctions. The In the theory of the resistively shunted tunnel junction
effective flux collecting area for a single 2ém wide junc-  {he voltage noise spectral density of a single junction due to
measured Fraunhofer pattern, is about 3@®? i.e., )
times larger than the geometrical area. This is attributed to N 1( IC>

2\
105-junction array embedded in the flux focusers we find a _ _ _
further increase of the effective area by a factor 4.2. ThevhereRp denotes the dynamic resistance at the bias current
=130 A/T at 77 K. In Fig. 8a) the voltage across the current age noise level of aboufSy =120 pV/yHz is calculated. If
biased subarrays is shown versus the external magnetic fluxe assume that the noise sources in the junctions are uncor-
tain the maximum transfer function. Because tpR, prod-  level of about 1.2 nV{/Hz for 105 junctions is expected.
uct scales linearly witiN, we also find a linear increase of However, a small signal measurement at 2 kHz yielded a
function 9V/9B with N. The latter is illustrated by Fig.(B). input voltage noise of the used preamplifier of 4 R¥Az.
For the largest array of 105 junctions we measure a voltag&he measurements were made at 77 K at a fixed bias current
IR, product, due to low excess currents. The transfer funcmaximum transfer function. The deviation from the theoret-
tion of 7500 V/T is comparable to directly coupled SQUID ical prediction is not yet clear, but it is also observed in

shunted junction-like current—voltage characteristics of thggrs is achieved by their very large effective arBaq
dent fromN within 5%, resulting in a linear increase of the very large voltage modulation, but a small effective area.
tion, as calculated from the spacing of the minima in thehermal fluctuations is predicted by

the flux focusing effect of the junction’s electrodeBor the

maximum field sensitivity obtained for this arrayds./9B 1. Using typical parameters for our bicrystal junctions, a volt-
density. In each case the bias currents were adjusted to otelated, the noise of the array should increase/Msand a
the voltage modulation as well as the maximum transfetotal voltage noise of about 9 n\Hz that is well above the
modulation of about 7.5 mV that corresponds well with theof 169 ©A and a fixed bias flux of 0.7xT, which yield the
magnetometers from HTS single layers. They typically showSQUIDs from HTS Josephson junctiolfsFlux density noise
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FIG. 4. Noise spectra of the Josephson junction array magnetometers wi
() 21 junctions andb) 105 junctions. The spectra were measured at 77 K

with static bias current either with statidc) flux or with 2 kHz flux modu- In summary, we haV_e fabricated and Char_aCte_riZEd serial
lation (ac flux, dashed line The cutoff at 100 Hz in the ac spectra is due to arrays of up to 105 bicrystal Josephson junctions from
the limited bandwidth of the used lock-in amplifier. YBa,Cus0; thin films. The measured scaling properties of

the critical current ; and the normal state resistariRgat 77
spectra for two junction arrays at 77 K are depicted in Fig. 4K demonstrate the high homogeneity throughout the whole
They were obtained by dividing the voltage noise spectra byarray. The serial arrays can be used as highly sensitive mag-
the corresponding transfer function. Figur@4shows two netometers with a noise level sufficient for many applica-
spectra of a 21-junction subarray. They were measured wittions. However, highly reproducible Josephson junctions
fixed bias current either with static flux or with 2 kHz flux with high IR, products are necessary for the low noise op-
modulation. The modulation method is similar to that oneeration of such magnetometers. The noise values can be fur-
commonly used in SQUID electroni¢§ The amplitude and ther improved by the use of more Josephson junctions in the
offset of the square current for the flux signal is adjusted taarray and by enhancing the flux focusing into the junctions.
switch between the points of maximum sensitivity, so thatThe latter can be achieved by a reduced slit width between
the ac flux signal is symmetric with respect to the maximumthe array and the flux focusing areas, by an additional flip-
of the Fraunhofer pattern. The preamplifier output signal ichip flux focuser or with multilayer technology.

lock-in detected. Hence, no signal is measured in zero field ] .
and voltage noise due to critical current fluctuations is sup-  1his work was supported by the Bundesministerium fu
pressed. Every external magnetic signal will leact2 kHz Blldung_, Wissenschaft, Forschung und Technologie, Federal
component at the preamplifier output and to a lock-in signalRepublic of Germany under Contract No. 13N6734-0.
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