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DC SQUIDS based on YBaCuO nanobridges
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Abstract. DC SQUIDs based on YBaCuO thin film nanobridges have been investigated.
Critical current densities J, are up to 3-10° A/em® at T=77 K and follow J, e (1-T/T)"**!, High
values of the voltage-flux modulation are observed (8 pV peak to peak at 77 K). A temperature
dependence of the SQUID modulation found to be essentially different from the one of the
conventional weak link SQUID. We discuss our devices by considering degradation of the
nanobridge area during structuring, which leads to a transition from SNS to SS’S type junction
with decreasing temperature.

1. Introduction

Most high-T. SQUIDs are based on grain boundary weak links or ramp type junctions. The
techniques to prepare such structures have been developed extensively and often face
technological problems caused by an extremely short coherence length & Recent results
show that nanobridges, although having dimensions significantly exceeding &, manifest a
true Josephson behaviour and are suitable for SQUID fabrication [1-3]. The concept of the
coherent motion of flux quanta has become a standard for nanobridges description, and
explains a wide variety of effects [4]. However, the periodic supercurrent-phase relation,
which lays in the SQUID operation principle, does not follow from this model.

We investigated SQUIDs based on high-T, thin film nanobridges systematically. We
explain the Josephson nature of these devices by considering degradation of the bridge area
during structuring, which leads to a transition from SNS to SS°S type junction with
decreasing temperature.

2. Experimental

SQUIDs were structured in 50 nm thick YBa;Cu3Oq.5 films by, both, electron beam
lithography (EBL) and direct focused ion beam milling (FIB). An inductively shunted dc
SQUID geometry was chosen. A patterning procedure and SQUID geometry are discussed
elsewhere [3]. T, of unstructured films is (90+:1) K. The superconducting transition curves
R(T) of the investigated devices show the presence of a “foot” that grows rapidly with the
decrease of the bridge width w, starting from w=250 nm (inset in fig. 1). For wider bridges
no degradation of T, has been observed. The current voltage characteristics (I-V) of SQUIDs
at zero external magnetic field (fig. 1) are similar to those of single nanobridges discussed
elsewhere [5]. On the same substrate the critical current I is a linear function of the
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nanobridge width w for 50 nm < w < 350 nm. 15
The critical current density I is up to 3-10° 2
Alem? at 77 K and follows J; o¢ (1-T/To) 60!
in a wide range of temperatures from T. down I
to at least To/2. 200 nm
For w< 300 nm voltage-flux modulation
was observed in our SQUIDs. The maximum
detected peak to peak voltage modulation £ o
Umog is 8 uV at 77K for the device based on =
250 nm bridges (fig.2) and 45uV at 42K  _gl
(100 nm bridges). From the period of the

—

[ 350
voltage-flux modulation By the SQUID 4l :
effective  sensing area A.s~®/Bo s | 0

calculated. Ag is 0.07 mm® at 42K and oon 'TO?( e
grows at higher temperatures (fig. 3). For the 16 == 0 % 5
inductively shunted SQUID with the pick-up UmV

loop much larger than the SQUID loop, flux Fig, 1. The I(V) (a) and R(T) (b) characteristics of
in the SQUID can be written: ®=B-A,L,q/L,, SQUIDs with nanobridges of different width.
where A, is the pick-up loop area, L, is the pick-up loop inductance and Ly is the inductance
of the SQUID loop. Ly, estimated to be 20 pH at T=4.2 K. We assume that A, and L, depend
on geometry of the device but not on temperature. Both, kinetic and geometrical terms of the
SQUID inductance are functions of the magnetic field penetration depth A(T) [6]. Assuming
MT)=ho/(1-(T/To)*)"2, where Ao is the penetration depth at zero temperature, the
experimental data can be fitted with Ao=180 nm (the drawn line in fig. 3).

The temperature dependence of the voltage modulation Uped(T) is essentially different
from the one of conventional weak link SQUIDs described by the RSJ model. For wider
bridges, with decreasing temperature starting from T, of bulk, the amplitude of the
modulation increases rapidly, and reaches quite a narrow maximum at T=0.9T.. With further
decrease of temperature the amplitude of modulation drops and vanishes. Narrow bridges,
where T, is suppressed significantly, show decrease of the voltage modulation at
intermediate temperatures and fast increase at temperatures around 4.2 K (fig. 5, 6a). This
behaviour can not be explained by increase of the SQUID screening parameter By =2IcLsq/®o
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Fig. 2. The voltage-flux modulation of the SQUID Fig, 3. Temperature dependence of the effective
based on 250 nm wide bridges at different bias sensing area Ay of two different SQUIDs. The

voltages (T=77.4K). solid line is the model fit (see text).
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with decreasing temperature. The increase of B,
leads to a saturation of the modulation
amplitude and not to a suppression.

Tes > Tea > Te

3. Discussion

It is natural to assume that superconducting
properties of YBaCuO.change in the vicinity of Fig. 4. Schematic critical temperature distribution
a trench patterned by either FIB or EBL. Earlier  inside the nanobridge area.

experiments demonstrated that a supercon-

ductor shows degradation of T. after irradiation by high energy ions [7]. We assume the
spatial distribution of T. in a region close to the trench follows the empirical formula:

To(x)=Tep(1-€%%) )

where T, is the critical temperature of bulk, x is the distance from the trench and x; is the
characteristic length of T variation. Applying this formula to our nanobridge, we expect an
evolution of R(T) if the width w goes to 2x,. This is confirmed by our experimental results,
if take X in the order of 50 nm.

A nanobridge can be considered as an SNS type junction in the temperature range
T < T < T, and as an all-superconductor below T, where T, is the critical temperature of
the central region of the bridge, and T3 is T, of the layer next to it (fig. 4). Both, T, and T3
are functions of the bridge width w. Such system can be described by the “two fluid” model,
where the Josephson component of the supercurrent I, is gradually substituted by a “strong”
(i.e. non-periodic with the phase difference Ag) term with decreasing temperature. We
calculated the temperature dependence s according to Likharev and Kupriyanov {8, 9],
assuming T, of the bridge is given by (1), see figure 6¢c. The SQUID voltage modulation is
proportional to the critical current I; (assumed to be the Josephson current) and can be

written as [10]:
7 LR, J&T-Ly,
= py . 1-357 .
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This expression explains the vanishing of the nanobridge SQUID modulation at lower
temperatures due to the Josephson term of the supercurrent declination. By assuming a T,
distribution along the bridge according to (1), the temperature range where the modulation is
observed, can be calculated and agrees with the experiment for the bridges of all widths.

The difference between our SQUID and the conventional Josephson weak link device
described by the RSJ model is that the nanobridge SQUID is the typical “flux-flow” device
with the corresponding I-V characteristics (fig. 1). Instead of single and well defined RSJ
like resistance parameter R,, the nanobridge SQUID is characterised by the dynamic
resistance Rgyn, which is determined by effects of vortex flow in the bridge and can depend
on temperature in a rather sophisticated way. Ruys, defined as the resistance of the SQUID at
voltage bias where the SQUID modulation was recorded, was measured experimentally and
raises strongly in, both, low and high temperature regions (fig.5). By putting the
approximation of the experimental values of Rqy and the calculated Iiy(T) inte (2) the
SQUID voltage modulation Uy was caloulated as a function of temperature for the bridges
of different width (fig. 6b). A qualitative agreement between the experimental data and the
calculated Ucy have been obtained for all temperatures and bridge widths (fig. 6).
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Fig. 5 The amplitude of SQUID voltage-flux T,K
modulation Uyyeq and the dynamic resistance Ry 0f  Fig, 6 Experimental (a) and calculated (b) values
SQUID (Uyia=10)V) as a function of temperature, of Upnog(T) and caleulated Josephson component of

current {¢) for SQUIDs with bridges of different w.
4. Concluding remarks

A more realistic assumption would be that even at high temperatures only a small fraction of
total supercurrent in the bridge is of Josephson origin. This coincides with the high observed
values of J; at 77 X and explains why we did not see any significant suppression of I; by a
weak magnetic field.

The above discussion brings us to the idea that vortices in the nanobridge are not
always of the pure Abrikosov type, but can gain properties of Josephson fluxons, like
increasing of the vortex size and gradual disappearance of the normal vortex core with
decreasing of w. This can explain the low value of the viscous drag coefficient m of vortex
motion in a nanobridge [5]. The proposed T(x) distribution near the bridge edge leads to a
more complicated shape of the edge barrier for a vortex than assumed usually [4].

As has been mentioned, the effects of vortex flow in the bridge strongly determine the
behaviour of the SQUID. Possibly, sharp maximum in Upeq(T) curve can be explained by the
3D to 2D vortex crossover in YBaCuO, or by freezing the vortex flow state into the glass
state {11].
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