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G
rowing interest in the detection and
investigation of small spin systems
like single-molecular/single-chainmag-

nets,1,2 cold atom clouds,3 or even single
electrons/atoms4 demands for sensors that
are sensitive to very small changes of the
magnetization of small particles with the
ultimate goal of single spin detection. The
interest for the investigation of such parti-
cles affects many fields of research such
as material science, chemistry, information
technology, medical and biological science,
or studies of quantum effects inmesoscopic
matter. In order to meet the challenge of
detecting a single electron spin, various
techniques such as magnetic resonance force
microscopy,5 magneto-optic spin detection,6,7

and scanning tunneling microscopy assisted
electron spin resonance8,9 havebeenadapted.
In contrast to these techniques, miniatur-

ized Hall bars10,11 or direct current (dc)
superconducting quantum interference de-
vices (SQUIDs)12�29 offer the possibility of
measuring directly magnetization changes
in small spin systems by probing changes of

the particle's stray magnetic field or mag-
netic flux coupled to theHall bars or SQUIDs,
respectively. Such devices can be operated
continuously as field-to-voltage or flux-to-
voltage converters (for dc SQUIDs with non-
hysteretic Josephson junctions), allowing
one to investigate magnetization dynamics
of the sample under investigation. Indeed,
apart from pioneering work by Wernsdorfer
et al. using microSQUIDs for the mea-
surements of the magnetization of nano-
particles,13 recent publications reported on
preliminary measurements of small clusters
of nanoparticles by using nanoSQUIDs with
a flux capture area below 1 μm2.22,26,30

For SQUIDs, scaling down their size to the
submicrometer range offers the possibility
to reach extremely low values of the spec-
tral density of flux noise power SΦ (via
reduction of the inductance L of the SQUID
loop).31 Furthermore, by placing amagnetic
particle on top of a very narrow constriction
intersecting the SQUID loop, one can
achieve a large coupling factor φμ � Φ/μ,
that is, the amount of magnetic flux Φ
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ABSTRACT Superconductivity in the cuprate YBa2Cu3O7 (YBCO) persists up

to huge magnetic fields (B) up to several tens of Teslas, and sensitive direct

current (dc) superconducting quantum interference devices (SQUIDs) can be

realized in epitaxially grown YBCO films by using grain boundary Josephson

junctions (GBJs). Here we present the realization of high-quality YBCO

nanoSQUIDs, patterned by focused ion beam milling. We demonstrate low-

noise performance of such a SQUID up to B = 1 T applied parallel to the plane of

the SQUID loop at the temperature T= 4.2 K. The GBJs are shunted by a thin Au layer to provide nonhysteretic current voltage characteristics, and the SQUID

incorporates a 90 nmwide constriction which is used for on-chip modulation of the magnetic flux through the SQUID loop. The white flux noise of the device

increases only slightly from 1.3 μΦ0/(Hz)
1/2 at B = 0 to 2.3 μΦ0/(Hz)

1/2 at 1 T. Assuming that a point-like magnetic particle with magnetization in the

plane of the SQUID loop is placed directly on top of the constriction and taking into account the geometry of the SQUID, we calculate a spin sensitivity

Sμ
1/2 = 62 μB/(Hz)

1/2 at B= 0 and 110 μB/(Hz)
1/2 at 1 T. The demonstration of low noise of such a SQUID in Tesla fields is a decisive step toward utilizing the

full potential of ultrasensitive nanoSQUIDs for direct measurements of magnetic hysteresis curves of magnetic nanoparticles and molecular magnets.
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which is coupled by a particle with magnetic moment
μ to the SQUID loop. Hence, it has been proposed that
nanoSQUIDs may reach spin sensitivities Sμ

1/2 � SΦ
1/2/φμ

of only a few μB/(Hz)
1/2,32 where μB is the Bohr magne-

ton. Taking φμ ≈ 20 nΦ0/μB, for example, which is
achievable as we demonstrate below, a spin sensitivity
of 1 μB/(Hz)

1/2 requires an ultralow rms flux noise SΦ
1/2 =

20 nΦ0/(Hz)
1/2 (Φ0 is the magnetic flux quantum). We

note that state-of-the art, nonminiaturized dc SQUIDs
reach values for SΦ

1/2 on the order of 1 μΦ0/(Hz)
1/2.33

However, for very low inductance SQUIDs, values of
SΦ
1/2 down to∼20 nΦ0/(Hz)

1/2 have been demonstrated
indeed.31

So why have we not seen demonstrations of mea-
surements of magnetization reversals of small mag-
netic particles by using ultrasensitive dc nanoSQUIDs
so far? The reason for this is that such measurements
typically require the application of very strong mag-
netic fields in the Tesla range,13 while very low flux
noise in SQUIDs has been demonstrated only for
operation of such SQUIDs in the earth's magnetic field
(∼60 μT) or, more typically, in a magnetically well-
shielded environment in the nT range (i.e., 9 orders of
magnitude lower magnetic fields).33

Miniaturized nanoSQUIDs based on very thin Nb
films with constriction-type Josephson junctions have
been operated in impressive background fields in the
Tesla range.34,27 Chen et al.34 achieved operation in
fields up to 7 T for SQUIDs made of d∼ 5.5 nm thin Nb
films. However, there are two drawbacks in this design.
First, the very low thickness of the Nb film causes the
(kinetic) SQUID inductance L (�1/d) and consequently
the SQUID flux noise power SΦ (�L) to be large,35 at
least 4 orders of magnitude above the values obtained
for sensitive state-of-the-art SQUIDs. Second, the con-
striction junctions have a hysteretic current voltage
characteristic (IVC). This prevents continuous measure-
ments and the use of advanced readout schemes,36

which are required for ultrasensitive dc SQUIDs. Similar
values for the flux noise (at B ∼ 0.3 T) have been
reported very recently for boron-doped diamond
μ-SQUIDs based on constriction junctions, which op-
erated up to 4 T.29 For B > 0.5 T, the IVCs became
nonhysteretic; however, noise data at such high fields
have not been reported, and the very low transfer
function VΦ� (∂V/∂Φ)max≈ 0.5 μV/Φ0 at B= 1 T implies
probably similar noise performance as for lower fields
(V is the voltage across the SQUID).
We should note here that very sensitive Nb thin film

(d = 200 nm) nanoSQUIDs based on nonhysteretic
constriction type junctions, resistively shunted with a
150 nm thick W layer, have been realized with SΦ

1/2 =
0.2 μΦ0/(Hz)

1/2.37 However, these devices are probably
only suited for operation in subTesla fields38 and show
optimum performance only in a narrow temperature
range not too far below the transition temperature (Tc)
of Nb. Thismakes them less interesting for applications

which are most promising for temperatures of a few
Kelvin and well below.13

In order to fully exploit the potential of SQUIDs, there
is thus a clear need to develop sensitive nanoSQUIDs
with nonhysteretic IVCs that at the same time can
be operated in strong background fields. As for the
SQUIDs with constriction junctions, such SQUIDs should
incorporate at least one very thin and/or narrow sec-
tion where themagnetic particle is placed, allowing for
a good coupling of the magnetic stray field of the
particle to the SQUID. This all calls for a superconductor
which has a very high critical field and allows for
patterning nanosized structures and not too large
Josephson junctions. The cuprate superconductor
YBa2Cu3O7 (YBCO) fulfills these requirements. Com-
pared to Nb, YBCO is not a mature material and even
the most reliable type of YBCO Josephson junctions,
such as grain boundary junctions (GBJs), exhibit a large
1/f noise as well as an appreciable scatter in their
electrical parameters.39,40 Nonetheless, based on a
recently developed process for fabricating high-quality
submicrometer YBCO grain boundary junctions,41

SQUIDs with high spin sensitivity can be fabricated
reproducibly. YBCO GBJ SQUIDs have already been
demonstrated to operate in B = 1 T4 and were used
to measure magnetization curves of microscale mag-
nets in fields up to 0.12 T,42 however, with poor noise
performance. Here, we show that this field scale can be
extended to above 1 T, while still maintaining state-of-
the art noise performance of the SQUID.

RESULTS AND DISCUSSION

Sample Fabrication and Layout. The YBCO nanoSQUIDs
were made in a similar way, as described in Nagel
et al.41 Using pulsed laser deposition, epitaxial c-ax-
isoriented YBCO thin films of thickness d = 50 nmwere
grown on SrTiO3 (STO) [001] bicrystal substrates with
misorientation angleΘ = 24�. Subsequently, a Au layer
of thickness dAu = 60 nm was evaporated in situ,
serving as a shunt resistance for the YBCO GBJs
(providing nonhysteretic IVCs at the envisaged opera-
tion temperature T = 4.2 K and below) and also acting
as a protection layer during focused ion beam (FIB)
milling. The critical temperature (Tc) of the YBCO film,
measured inductively, was ∼91 K.

To obtain the nanoSQUID, structures with line widths
down to 1 μm (at the region of the grain boundary) were
prepatterned by photolithography and Ar ion milling.
Subsequently, two nanoscaled Josephson junctions
and a constriction next to the SQUID loop, which
permits modulation of the SQUID by applying an
additional current Imod, were patterned by FIB. Cutting
deep into the STO substrate results in sloped junction
edges due to redeposition of amorphous YBCO and
STO, which should help to prevent oxygen outdiffu-
sion from the YBCO film. With this procedure, we
could fabricate high-performance SQUIDs with junction
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widths wJ down to ∼100 nm. The SQUIDs had almost
identical transport and noise characteristics. Below, we
discuss data of one device.

Figure 1 shows a scanning electron microscope
(SEM) image of the nanoSQUID with a hole size of
300 nm � 400 nm. The junctions have a width wJ ≈
130 nm, and the lengths of the bridges containing the
junctions are lJ ≈ 400 nm. The constriction has a width
wc ≈ 90 nm and length lc = 300 nm. A bias current I
flowing across the junctions, as well as a modulation
current Imod flowing across the constriction are applied
as indicated by arrows in Figure 1a.

Electric Transport Data. All measurements were per-
formed at T = 4.2 K with the magnetic field B carefully
aligned in the plane of the SQUID loop. Figure 2a shows
the IVC of the nanoSQUID at B = 0 and Imod = 0. We find
a critical current of the SQUID Ic = 2I0 = 37 μA and a
resistance R/2 = 3.5 Ω, which results in I0R = 130 μV
(I0 and R refer to the average junction critical current
and resistance, respectively). The corresponding values
j0 = I0/(wJd) = 2.85 mA/μm2, F = RwJd = 0.046 Ω 3 μm

2,
and the value for I0R are close to the values obtained for
earlier devices.41 Very slightly above Ic, the voltage
increases continuously from zero, but then the IVC
develops a small hysteresis between 15 and 70 μV. This
is presumably caused by some Fiske or LC-type reso-
nance, which prevented accurately fitting the resistive
part of this IVC to a resistively and capacitively shunted
junction (RCSJ) model.43,44 Simulations using Langevin
equations45 were still possible for Ic(Imod).

Figure 2b shows themeasured Ic(Imod) at B = 0 (solid
black line), together with Ic(Imod) curves at B= 1 and 3 T,
which will be discussed below. The data for B = 0 are
fitted well by the Langevin simulations, which is shown
as the dashed cyan line. For the simulations, we have
used a noise parameter Γ = 2πkBT/I0Φ0 = 0.01, corre-
sponding to the measured value of I0 at T = 4.2 K. We
further used an inductance asymmetry RL = (L2 �
L1)/(L1 þ L2) = 0.175 due to asymmetric biasing of the
device; here, L1 and L2 are the inductance of the upper
and lower arm of the SQUID, respectively (cf. Figure 1).
We also used a junction critical current asymmetry
Ri = (I02 � I01)/(I01 þ I02) = 0.22. For the inductance
parameter, the simulations yield βL � 2I0L/Φ0 = 0.65,
which results in L= 36 pH. From the Ic(Imod)modulation
period, we find for the magnetic fluxΦ, coupled to the
SQUID by Imod, the value Φ/Imod = 3.1 Φ0/mA, which
corresponds to amutual inductanceMmod = 6.4 pH.We
note that the values quoted above for L and Mmod are
determined experimentally; given the geometry of our
device, these values seem to be consistent. However,
using standard expressions taking into account the
large contribution of the kinetic inductance due to the
small YBCO film thickness d , λL (λL is the London
penetration depth), one expects much smaller values
for L and Mmod. The reason for this is still unclear. The
final parameter to be determined is the Stewart�Mc-
Cumber parameter βC � 2πI0R

2C/Φ0, where C is the
junction capacitance. Since we cannot fit the experi-
mental IVC accurately, we cannot infer a precise
number here. However, due to the fact that a small
hysteresis shows up in limited ranges of bias current
and applied flux, we assume that βC is on the order of 1,
yielding C ≈ 0.36 pF. Figure 2c shows the V(Φ) char-
acteristics of the device for bias currents I ranging from
�49.5 to 49.5 μA at B = 0. Near I = Ic, the curves are
hysteretic. The transfer function, that is, the maximum
slope of the V(Φ) curves at optimum I (determined for
the nonhysteretic curves), is VΦ = 500 μV/Φ0.

For further measurements, the nanoSQUID was
shunted by the input circuit of the SQUID amplifier
with an input resistance Rinp = 10 Ω. The additional
shunt resistance reduces βC, yielding nonhysteretic
IVCs and V(Imod) characteristics; in this case, VΦ ≈
450 μV/Φ0 (at B = 0).

At B = 1 T (cf. dashed red line in Figure 2b), the
Ic(Imod) characteristics show a slightly suppressed max-
imum critical current Ic(1 T) = 30 μA. This pattern is
shifted in comparison to the B = 0 data, as the SQUID is
not perfectly aligned to the magnetic field and flux
couples into the Josephson junctions and the SQUID
loop. In addition, when sweeping Imod back and forth, a
hysteresis becomes visible in a small interval of Imod,
presumably caused by Abrikosov vortices trapped in
the bias leads. Flux jumps caused by Abrikosov vortices
also affect the modulation period, reducing it by about
5% in the interval plotted in Figure 2b. Figure 2d shows

Figure 1. SEM images of the nanoSQUID. In (a), the direc-
tions of the modulation and bias currents Imod and I are
indicated by arrows, and the grain boundary (GB) is indi-
cated by the vertical dashed line. In (b), the widths of the
most narrow sections of the nanoSQUID are indicated.
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V(Φ) characteristics at B = 1 T for currents Ib (fed to the
SQUID which is shunted by Rinp) ranging from�40.5 to
40.5 μA. The IVCs are nonhysteretic and hence the V(Φ)
characteristics are smooth, exhibiting no jumps as in
Figure 2c. The lack of hysteresis is either due to the
additional shunt resistance Rinp or due to the strong
magnetic field suppressing the critical current. The
transfer function is VΦ = 350 μV/Φ0. Interestingly, the
hysteresis in V(Φ) at B = 1 T upon sweeping the applied
flux in both directions almost disappeared, which is
helpful for reading out the SQUID when operated in
strong magnetic fields.

Upon increasing B up to 3 T, still periodic Ic(Imod)
characteristics with only a slightly suppressed max-
imum critical current Ic = 24 μA could be measured, as
shown in Figure 2b as blue dashed-dotted lines. The
shift in comparison to the B = 0 data did increase
further, and also the hysteresis did increase, as men-
tioned above presumably due to vortices in the bias
leads. These data clearly show that the SQUID is
operating also in B = 3 T. As mentioned above, noise
measurements could not be performed for fieldsmuch
higher than 1 T since the SQUID amplifier trapped
magnetic flux. However, this is just a technical problem
which can be solved in future measurements by
implementing field compensation via a coil mounted
around the Nb shield.

Flux Noise Measurements. Figure 3 summarizes the
flux noise spectra SΦ

1/2 (f) of the nanoSQUID at
B = 0 and B = 1 T at the optimum working point.

As measurements were performed without magnetic
shielding, noise spikes occur on both spectra. The noise
data were corrected for the noise contribution of the
amplifier. In both cases, SΦ

1/2 increases for frequencies
f below ∼3 kHz, a behavior which at least for B = 0 is
known to arise from critical current fluctuations of
the junctions. This contribution can, in principle, be
eliminated by proper modulation techniques (bias
reversal).46 At B = 1 T, there are presumably additional
contributions due to fluctuating Abrikosov vortices.
Note, however, that between ∼300 Hz and 3 kHz the
noise level is less than a factor of 2 higher at B = 1 T as
compared to B = 0. The decrease in SΦ

1/2 above 10 kHz is
caused by the limited bandwidth of our measurement
setup. At B = 0, thewhite noise level averaged between
6 and 7 kHz is 1.3 μΦ0/(Hz)

1/2. For B= 1 T, we determine

Figure 2. Transport characteristics of the nanoSQUID: (a) IVC at Imod = 0 and B = 0. (b) Critical current Ic(Imod) for B = 0, 1, and
3 T; for comparison, the numerically calculated curve for B = 0 is also shown. (c) V(Φ) at B = 0 for I =�49.5 ... 49.5 μA (in 1.5 μA
steps.) (d) V(Φ) at B = 1 T for currents fed to the SQUID which is shunted by the input resistance Rinp = 10 Ω of the SQUID
amplifier Ib = �40.5 ... 40.5 μA (in 1.5 μA steps.) All curves in (a�d) were traced out in both sweep directions.

Figure 3. Flux noise spectra of the nanoSQUID at optimum
working points at B = 0 and 1 T. The horizontal lines indicate
the white noise levels.
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a rms flux noise of 2.3 μΦ0/(Hz)
1/2 averaged between

6 and 7 kHz.
These numbersmay be compared to the theoretical

expression obtained from Langevin simulations, SΦ =
f(βL)Φ0kBTL/I0R, which is valid for βCj 1.47 For βL > 0.4,
f(βL) ≈ 4(1 þ βL). For lower values of βL, SΦ increases.
For the parameters of our device, we calculate SΦ

1/2 =
0.23 μΦ0/(Hz)

1/2, that is, a factor of almost 6 less than
the experimental value at B = 0. Such an excess noise is
not unusual for YBCO SQUIDs.46

Finally, we note that the observed increase by a
factor of∼1.8 in SΦ

1/2 at 6�7 kHz upon increasing B from
0 to 1 T cannot be explained by the reduction of I0 and
VΦ. From the above-mentioned expression for SΦ, one
would only expect an increase in the white rms flux
noise by∼10%. However, we note that in the flux noise
data for B = 1 T (cf. Figure 3) no clear white noise is
observable. Hence, the quoted value for SΦ

1/2(B = 1 T)
should be seen as an upper limit for the white noise
level.

Spin Sensitivity. In order to estimate the spin sensi-
tivity Sμ

1/2 = SΦ
1/2/φμ of the nanoSQUID, we numerically

calculated the coupling factor φμ =Φ/μ, that is, the flux
Φ coupled into the SQUID loop by a point-like particle
with magnetic moment μ, using the software package
3D-MLSI.48 Details on the calculation procedure can
be found in Nagel et al.41 In brief, one calculates the
magnetic field distribution BB(rB) generated by a current
J circulating around the SQUID hole. The coupling
factor is obtained from φμ ¼ �êμBB(rB)=J. Here, êμ is
the direction of the magnetic moment μB at position rB.
The results of these calculations are summarized in
Figure 4 for a point-like particlewithmagneticmoment
pointing in the x-direction. The particle is located in the
(x,z) plane (perpendicular to the plane of the SQUID
loop in the (x,y) plane) at position y = 0 and x = 0 to
1000 nm, as indicated by the dashed line in the
SEM image shown in Figure 4a. The contour plot in
Figure 4b shows φμ(x,z) for values of z = 0 (substrate
surface) up to z = 1000 nm. Figure 4c shows a linescan
φμ(x) through this plane, as indicated by the horizontal
dashed line in Figure 4b. The linescan is taken at a
distanceof 10nmabove theAu layer. The coupling factor
φμ has a maximum of 9.2 nΦ0/μB at the position of the
constriction at x ≈ 0.64 μm. The minimum in φμ(x) is
slightly left from the center of the SQUID loop; this is be-
cause the constriction breaks symmetry. Figure 4d
shows a linescan taken along the vertical dashed line
in graph (b). The coupling factor φμ decreases strongly
with increasing z. Calculating the spin sensitivity with φμ
= 9.2 nΦ0/μB, we obtain Sμ

1/2 = 141 μB/(Hz)
1/2 at B = 0

and 250 μB/(Hz)
1/2 at B = 1 T. In principle, the particle

could be brought even closer to the constriction by
removing the Au layer right above the constriction, with-
out affectingSΦ. In this case (for adistanceof10nmabove
the YBCO), φμ = 21 nΦ0/μB and Sμ

1/2 = 62 μB/(Hz)
1/2 at

B = 0 and 110 μB/(Hz)
1/2 at B = 1 T. The geometrical

and electrical parameters for our device are summar-
ized in Table 1.

CONCLUSIONS

In summary, we have demonstrated low-noise per-
formance of a YBCO nanoSQUID in magnetic fields up
to 1 T. At zero applied field, the white flux noise of the
device at 7 kHz was 1.3 μΦ0/(Hz)

1/2, increasing only
slightly to 2.3 μΦ0/(Hz)

1/2 at 1 T. For the spin sensitivity,
assuming that a small particle is placed onto a con-
striction in the SQUID loop, directly on top of the YBCO
film, we calculated values of 62 μB/(Hz)

1/2 at B = 0 and
110 μB/(Hz)

1/2 at B = 1 T.
The device investigated experimentally was not

optimized yet in terms of its geometrical and electrical
parameters. In particular, the thickness of the epitaxi-
ally grown YBCO films can be increased (to ∼300 nm).
This, in turn, would decrease the SQUID inductance by
approximately a factor of 10, which will significantly
reduce the flux noise. However, such an increase in thin
film thickness will also reduce the coupling factor.

Figure 4. Calculated coupling factor φμ for the nanoSQUID.
(a) SEM image showing SQUID hole and constriction in the
(x,y) plane. The dashed line indicates the location of the (x,z)
plane for which data are shown in (b); it also indicates the
position of the linescan φμ(x) shown in (c). (b) Contour plot
of the coupling factor φμ vs position (x,z) of a magnetic
moment pointing in the x-direction. Dashed lines indicate
position of the linescans shown in (c) and (d). (c) Horizontal
linescan φμ(x) at a distance of 10 nm above the Au layer. (d)
Vertical linescan φμ(z) at the center of the constriction.

TABLE 1. Summary of Geometric and Electric NanoSQUID

Parameters (As Defined in the Text)

d (nm) lc (nm) lJ (nm) wc (nm) wJ (nm) βL L (pH)

50 300 400 90 130 0.65 36

I0

(μA)

R

(Ω)

I0R

(mV)

j0

(mA/μm2)

SΦ
1/2

(nΦ0/(Hz)
1/2)

φμ

(nΦ0/μB)

Sμ
1/2

(μB/(Hz)
1/2)

18.5 7.0 0.13 2.85 1300 21 62
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Hence, one has to carefully optimize all SQUID
parameters by also taking into account technological
constraints. Very recently, we performed such an opti-
mization study, for YBCO nanoSQUIDs operated at
4.2 K and below, which predicts an optimum spin
sensitivity of a few μB/(Hz)

1/2. It remains to be shown
whether or not such values can be achieved in high
fields.
Furthermore, we note that miniaturized YBCO dc

SQUIDs have been already used to investigate the
magnetic properties of magnetic microcrystals at
0.12 T between 30 and 70 K.42 Hence, due to their
high Tc, YBCO nanoSQUIDs might also be useful for

applications over a wide temperature range up to
70�80 K, such as for the investigation of the transition
between the superparamagnetic and ferromagnetic
state of magnetic nanoparticles. Optimization of the
SQUID parameters for such a large temperature
range;and according variation in the critical current
of the grain boundary junctions and hence in the noise
parameter Γ, the inductance parameter βL and the
Stewart�McCumber parameter βC;will bemore chal-
lenging than for operation at a few Kelvin and below.
Still, such an approach may be rewarding because
highly sensitive YBCO SQUIDs operating at 77 K have
been demonstrated in the past.46

METHODS
Film Deposition. The films were deposited on 10 mm � 10

mm (1 mm thick) SrTiO3 [001] bicrystal substrates. The sub-
strates contain a single symmetric [001] tilt grain boundary with
misorientation angleΘ = 24�. After mounting the substrates by
sliver paste on the sample holder, they were transferred to the
ultrahigh vacuum (UHV) thin film deposition cluster tool (base
pressure 10�9 mbar), equipped with a pulsed laser deposition
(PLD) chamber and an electron beam evaporation (EBE) cham-
ber. In the PLD chamber, 60 nm thick YBCO films were grown
epitaxially by using a pulsed KrF excimer laser (wavelength
248 nm, pulse frequency 2 Hz), which is ablatingmaterial from a
stochiometric YBCO target (purity 99.995%) with an energy
density of ∼2 J/cm2 of the laser spot on the target. During
deposition at an oxygen pressure pO2

= 0.2 mbar, the substrate
was heated to a temperature Ts = 780 �C by a laser heating
system. For the used 60 mm substrate-to-target distance, the
PLD parameters yield a deposition rate of 9.8 nm/s. After
deposition, the pressure was increased to pO2

= 450 mbar;
subsequently, Ts was reduced to 450 �C and kept there for
30 min before cooling the sample to room temperature. For the
next deposition step, the sample was transferred in UHV to the
EBE chamber, where a 60 nm thick Au film was deposited by
electron beam evaporation (deposition rate ∼0.2 nm/s).

FIB Patterning. FIB patterning was performed in a FEI Dual-
beam Strata 235, equipped with a Ga ion source. Parameters for
FIB milling needed to be chosen carefully, as this patterning
step can suppress superconductivity of YBCO. In the cutting
scheme, which finally permitted the fabrication of nanoscaled
Josephson junctions with no significant reduction of the critical
current density jc, Ga ion currents where adjusted to 30 pA at an
acceleration voltage of 30 kV. Four rectangular patterns cut line-
by-line (cleaning cross section cut), with cutting directions
pointing away from the Josephson junctions, were placed at
the grain boundary to form the final SQUID layout.

Measurements of Electric Transport Properties and Noise. The trans-
port and noise measurements were performed at T = 4.2 K in an
electrically shielded environment. We used a four-terminal
configuration with filtered lines to measure IVCs, critical current
Ic(Imod), and V(Imod). For transport measurements, the voltage V
across the SQUID was amplified using a room temperature
amplifier. All currents were applied by battery-powered current
sources. In-plane magnetic fields up to B = 7 T could be applied
by a split coil superconducting magnet. As magnetic fields that
couple into the Josephson junctions suppress their critical
current and hence the modulation amplitude of the SQUID,
the SQUID loop needed to be aligned with high accuracy
parallel to the magnetic field, and the in-plane field was aligned
perpendicular to the grain boundary. To do so, the sample was
mounted on two goniometers with perpendicular tilt axes
(minimum step size 0.02 m�) and a rotator (minimum step size
0.5 m�). Alignment was done by monitoring and maximizing
Ic at B ∼ 1 T.

For noise measurements, the voltage drop across the
nanoSQUID was preamplified by a dc SQUID amplifier49 with
0.l nV/(Hz)1/2 resolution and ∼30 kHz bandwidth. In this case,
the SQUID was shunted by the input resistance Rinp = 10 Ω of
the SQUID amplifier. The thermal noise of the input resistance
(at T = 4.2 K) limits the voltage resolution of the SQUID amplifier.
Tominimize stray fields, the SQUID amplifierwas placed inside a
Nb shieldmounted inside the cryostat at a position of minimum
magnetic field. Still, for B ∼ 1.5 T (at the sample position), the
SQUID amplifier trapped magnetic flux, preventing noise mea-
surements at higher fields.
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