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Abstract

This thesis deals with the development of ultra-sensitive nanoscaled superconducting
quantum interference devices (nanoSQUIDs) for the detection of small spin systems.
SQUIDs based on YBayCu3O7 (YBCO) grain boundary Josephson junctions (GBJs)
and Nb SQUIDs with HfTi junctions were investigated. As SQUIDs are the most
sensitive detectors for magnetic flux, they are suitable candidates for the charac-
terization of small magnetic spin systems like magnetic nanoparticles, which are
in the focus of a large variety of research areas. However, the SQUIDs have to be
adapted to fulfill this purpose. With the ultimate goal to detect single spin flips, the
spin sensitivity has to be improved significantly compared to conventional SQUIDs.
Furthermore, the detection of magnetization reversal of magnetic nanoparticles de-
mands for operation of the SQUIDs in strong magnetic fields from several milliteslas
up to the tesla range, which is impossible for conventional SQUIDs. To fulfill these
requirements the SQUIDs have to be miniaturized. By reducing the loop size a
lower geometric inductance can be achieved, resulting in an improvement of the flux
noise level. At the same time miniaturization of the SQUID loop and the junctions
together with an appropriate SQUID layout help to make the SQUID less sensitive
to homogeneous external magnetic fields. Smaller line widths increase the coupling
of the stray field of a magnetic particle placed close to the SQUID. The miniatur-
ization of smallest line widths of several tens of nanometers demands for special

fabrication technologies that have to be developed and optimized.

In the first stage of this thesis a process for the fabrication of YBCO GBJ
nanoSQUIDs using focused ion beam (FIB) milling has been developed. For the
first generation of nanoSQUIDs, YBCO films with thickness d = 50 nm were grown
epitaxially on SrTiOs (STO) bicrystals with a misorientation angle of 24° using
pulsed laser deposition. Subsequently, a 60 nm thick gold layer was evaporated to
provide non-hysteretic current-voltage characteristics (IVCs). After prepatterning
7 pm wide bridges across the grain boundary, using optical lithography and argon

ion beam milling the SQUIDs were nanostructured using FIB milling. By choosing



appropriate milling parameters smallest line widths of 50nm could be fabricated
without loss of superconductivity. A constriction patterned next to the SQUID loop
allowed flux biasing of the device by applying an additional modulation current.
This enabled operation of the SQUID in a flux locked loop (FLL) mode at the op-
timum working point. To achieve optimum coupling of the stray field generated
by a magnetic particle into the SQUID loop, the particle has to be placed on top
of the constriction. For one of the first generation of nanoSQUIDs a white flux
noise level Sé/ >=13 1®o/Hz'/? could be determined at an operation temperature
T = 42K (g is the magnetic flux quantum). With a calculated coupling factor
¢, = 21 @y /pp this corresponds to a spin sensitivity of S;/Q = Sp/¢, = 62 up/Hz'/?
(up is the Bohr magneton). Even in magnetic fields up to B = 3T the SQUID
could be operated with only a slight suppression of the critical current. At B=1T

only a slight degradation of the spin sensitivity was observable.

In the second stage of this thesis a numerical study was performed in order to
optimize the spin sensitivity of the YBCO nanoSQUIDs. The influence of all relevant
geometric parameters on the spin sensitivity was investigated. It has been shown
that with optimized SQUID parameters, spin sensitivities of only a few pp/Hz!/?

should be feasible.

This theoretical prediction was subsequently confirmed by experimental results. For
YBCO nanoSQUIDs with optimum film thickness d = 120 nm, flux noise levels down
to Sé/ > = 50n®d,/Hz"/? in magnetically shiclded environment were observed. The

/2 However, this value could

corresponding spin sensitivity is S,l/ ? =37 pp/Hz
only be determined at the cutoff frequency of the readout electronics f3;5 = 7 MHz.
For lower frequencies the spectrum was dominated by frequency-dependent excess
noise scaling approximately as S o 1/f. Even the application of a bias reversal

readout scheme could only partially reduce the 1/f noise.

To check the suitability of the YBCO nanoSQUIDs for the investigation of small
spin systems, the magnetization reversal of an iron nanowire encapsulated in a
multiwall carbon nanotube (MW-CNT) was detected. Therefore, the nanowire was
placed close to the SQUID. By sweeping a magnetic field between B = 150 mT the
magnetization of the single domain nanowire could be switched and the changing
stray field could be detected directly with the SQUID with unprecedented signal-

to-noise ratio.

In the second part of this thesis, the spin sensitivity of Nb nanoSQUIDs was investi-
gated in magnetic fields up to B = 0.5T at T" = 4.2 K. The SQUIDs were fabricated
at the Physikalisch Technische Bundesanstalt (PTB) in Braunschweig. As for the



YBCO SQUIDs, a modulation line, that allows for operation of the SQUIDs at
the optimum working point without the need of an external coil, was implemented.
At B = 0 a spin sensitivity Si/* = 23 up/Hz"/? was determined. Up to fields of
B =50mT only a negligible increase of the spin sensitivity was observable and even
at B = 0.5T a spin sensitivity of S&/> = 79 juz/Hz"/2 could be achieved.






Kurzfassung

Thema dieser Dissertation ist die Entwicklung extrem empfindlicher, nanoskaliger
supraleitender Quanteninterferometer (nanoSQUIDs) fiir die Detektion kleinster
magnetischer Spinsysteme. Es wurden SQUIDs basierend auf YBayCuzO7 (YBCO)
Korngrenzenkontakten (GBJs) und Nb SQUIDs mit HfTi Kontakten untersucht.
SQUIDs, als die derzeit empfindlichsten Detektoren fiir magnetischen Fluss,
sind vielversprechend fiir die Charakterisierung kleinster magnetischer Spinsys-
teme, wie zum Beispiel magnetische Nanopartikel, an deren potentiellen Anwen-
dungsmoglichkeiten in verschiedensten Bereichen geforscht wird. Allerdings miissen
die SQUIDs fiir diesen Zweck entsprechend angepasst werden. Mit dem Ziel, das
Umklappen einzelner Spins detektieren zu konnen, muss die Spinsensitivitat der
SQUIDs gegeniiber der konventioneller SQUIDs deutlich verbessert werden. Zudem
erfordert die Messung von Magnetisierungskurven magnetischer Nanopartikel den
Betrieb der SQUIDs in starken Magnetfeldern vom Millitesla- bis in den Teslabe-
reich, was mit konventionellen SQUIDs nicht moglich ist. Umgesetzt werden konnen
diese Anforderung durch eine Miniaturisierung der SQUIDs. Die Reduktion des
SQUID-Rings fiihrt dabei zu einer kleineren geometrischen Induktivitat und damit
zu einer Verbesserung des Flussrauschens und verringert zugleich, zusammen mit
der Miniaturisierung der Kontakte und einer Anpassung des Layouts, die Empfind-
lichkeit des SQUIDs auf homogene auflere Magnetfelder. Schmalere Stegbreiten
erhohen die Kopplung des Streufeldes eines nahe des SQUIDs platzierten magneti-
schen Partikels. Die Miniaturisierung von Strukturen mit kleinsten Breiten von nur
wenigen zehn Nanometern erfordert spezielle Fertigungsprozesse, die entwickelt und

optimiert werden miissen.

Im ersten Teil dieser Arbeit wurde ein Verfahren entwickelt, um YBCO nanoSQUIDs
mit Korngrenzenkontakten mittels fokussiertem lonenstrahlatzen (FIB—Atzen) zu
fertigen. Hierfiir wurden fiir die erste Generation von nanoSQUIDs epitaktische
YBCO Filme der Dicke d = 50nm auf SrTiOs; (STO) Bikristallen mit einem

Korngrenzenwinkel von 24° mittels gepulster Laserdeposition aufgewachsen. An-



schliefend wurde, um nicht-hysteretische Kennlininen zu erhalten, ein 60 nm dicker
Goldfilm aufgedampft. Nach der Vorstrukturierung von 7 um breiten Briicken iiber
die Korngrenze mittels optischer Lithographie und Argon Ionenstrahlatzen, er-
folgte die Nanostrukturierung der SQUIDs mittels FIB-Atzen. Eine geeignete Wahl
der FIB Parameter ermoglichte die Herstellung von kleinsten Stegbreiten bis zu
50 nm, ohne den Verlust der Supraleitung. Uber eine Einschniirung, die neben das
SQUID strukturiert wurde, konnte durch einen Modulationsstrom der in das SQUID
einkoppelnde Fluss gesteuert werden. Dadurch konnte das SQUID mit Hilfe einer
Flussregelschleife am optimalen Arbeitspunkt betrieben werden. Um die optimale
Kopplung eines magnetischen Partikels an das SQUID zu erhalten, muss dieses auf
der Einschniirung platziert werden. Ein weifles Flussrauschen Sé/ =13 pdo/Hz'/2,
mit dem magnetischen Flussquant ®(, konnte bei einer Temperatur 7' = 4.2 K fiir
eines der ersten SQUIDs ermittelt werden. Dies entspricht, mit einem berechneten
Kopplungsfaktor ¢, = 21®y/up (up ist das Bohrsche Magneton), einer Spinsen-
sitivitéit von Si/> = Sg/¢, = 62 up/Hz/2. Selbst in Feldern von bis zu B = 3T
konnte das SQUID mit nur leichter Unterdriickung des maximalen kritischen Stroms
betrieben werden. Bei B = 1T zeigte sich nur eine leichte Reduktion der Spinsen-
sitivitiat Sy/2 = 110 pp/Hz!/2.

Um die Spinsensitivitat der SQUIDs zu optimieren, wurde im néchsten Schritt eine
numerische Analyse durchgefiihrt, die den Einfluss aller relevanten geometrischen
Parameter auf das Flussrauschen und den Kopplungsfaktor der SQUIDs ermittelte.
Nach dieser Untersuchung sollten, bei geeigneter Wahl der SQUID-Parameter, op-

1/2

timierte Spinsensitivitdten von nur wenigen pp/Hz'/? realisierbar sein.

Die anschlielende experimentelle Umsetzung der Simulationsergebnisse bestatigte
diese Abschatzung. So konnte fiir YBCO nanoSQUIDs aus Filmen mit der opti-
mierten Dicke d = 120 nm eine obere Grenze fiir das weifle Flussrauschen von S;)/ =
50 n®,/Hz'/? in geschirmter Umgebung ermittelt werden. Dies entspricht einer Spin-
sensitivitat S,l/ =37 pp/HzY%. Einschrinkend bleibt jedoch anzumerken, dass
dieser Wert bei der Abschneidefrequenz der Elektronik f3gzp = 7MHz bestimmt
wurde. Unterhalb dieser Frequenz wurde das Spektrum von frequenzabhangigem
Rauschen dominiert. Auch durch die Anwendung von geeigneten Auslesemethoden

(bias reversal) konnte das 1/ f-Rauschen nur teilweise unterdriickt werden.

Um die Eignung der SQUIDs fiir die Untersuchung kleiner Spinsysteme zu zeigen,
wurde die Magnetisierungskurve eines Eisennanodrahtes, der von einer Kohlenstoff-
nanorchre umschlossen war, detektiert. Dazu wurde der Draht nahe des SQUIDs

platziert. Durch Anlegen eines externen Magnetfelds zwischen B = £150 mT konn-



te die Magnetisierungsrichtung des eindoméanigen Nanodrahtes umgeklappt und das
sich andernde Streufeld mit dem SQUID detektiert werden. Dies gelang mit einem

bis dahin unerreichten Signal-zu-Rausch-Verhéaltnis.

Im zweiten Teil der Arbeit wurde die Spinsensitivitat von Nb nanoSQUIDs in Mag-
netfeldern bis zu B = 0.5T bei T' = 4.2 K untersucht. Die SQUIDs wurden von
der Physikalisch Technischen Bundesanstalt (PTB) in Braunschweig gefertigt. Sie
verfiigen, wie die YBCO SQUIDs, iiber eine Modulationsleitung, mit Hilfe derer die
SQUIDs ohne externe Spule am optimalen Arbeitspunkt betrieben werden konnen.

1/2 ormittelt werden. Bis

Bei B = 0 konnte eine Spinsensitivitéit von S,y > = 23 up/Hz
zu B = 50mT stieg diese nur unwesentlich an und selbst bei Feldern von B = 0.5T

konnte noch eine Spinsensitivitit von Sy/> = 79 up/Hz!/? erreicht werden.
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Chapter 1
Introduction

Magnetic nanoparticles (MNPs) like nanomagnets, magnetic molecules or magnetic
nanowires are in the focus of many current research areas. Their magnetic charac-
teristics are completely different from those of their bulk counterparts, which makes
them interesting not only for fundamental research on magnetism but also for a
wide range of applications in biomedicine, data storage, spintronic devices, etc. [1—-
7]. Below a certain particle size it will be energetically favorable for ferromagnetic
or ferrimagnetic materials to be in a single domain state. In the single domain state
MNPs can show high magnetic anisotropy which results in very high coercive fields.
These particles are in a stable magnetic configuration which makes them suitable

for applications in data storage devices with huge packaging density [8].

The energy barrier that needs to be overcome to switch the magnetization of a
single domain particle (SDP) is AE = KV, where K is the anisotropy constant
and V is the volume of the particle. If the volume of a SDP is small enough, the
magnetization will flip induced by thermal fluctuations with the Néel relaxation
time 7 = Toexp(KV/kgT) (were 7y is a characteristic time, kg is the Boltzmann
constant and T is the temperature) and change into the superparamagnetic state.
For biomedical applications, particles that show a superparamagnetic behaviour at
room temperature are of great interest [9]. MNPs can be used for drug delivery [10],

as contrast agents [11] or for hyperthermia treatments in cancer therapy [12].

As the magnetic moment of a MNP is very small, the investigation of their mag-
netic characteristics is difficult. With conventional magnetic field sensors only the
detection of an ensemble of MNPs is possible. This complicates the analysis of
the accuired data, since interactions between the particles have to be considered.

Further, no information on anisotropy of the particles can be obtained if they are



2 Introduction

Figure 1.1: (a) Scheme of a dc SQUID, red areas indicate the Josephson junctions.
(b) V(®)-characteristics plotted for bias current I = 2.31y where [j is the critical
current of a single junction. Red line indicates the transfer function at the optimum
working point. V. is the characteristic voltage of the Josephson junctions.

oriented randomly. For this reason the development of new sensors capable to detect
the field generated by a single MNP is of great importance. To detect the magneti-
zation reversal of a MNP that carries only a few Bohr magnetons, the detector needs
to be highly sensitive and the particle has to be placed in very close vicinity of the
detector. This implies that it should be feasible to operate the detector in very
strong magnetic fields that are necessary to switch the magnetization of a MNP.

Wernsdorfer et al. [13] proposed to use micron-sized Superconducting Quantum

Interference Devices (SQUIDs) for magnetization reversal measurements of MNPs.

SQUIDs [14] are the most sensitive detectors for magnetic flux. They consist of a
superconducting ring intersected by two Josephson junctions [15] (Fig. 1.1(a)) (in
the case of a de SQUID). Magnetic flux ® coupling into the dec SQUID loop results
in a periodic modulation of the voltage drop V' across the device (Fig. 1.1(b)).
Measurements with highest sensitivity can be performed with the SQUID biased at
the point with the steepest slope of the V' (®)-characteristics. The resolution of the
SQUID is limited by the white flux noise level S;)/ 2 = le,/ ?/|Va| where Sy is the
spectral density of voltage noise, @y ~ 2.07 - 107!* T/m? is the flux quantum and
Vo = (dV/d®)mae is the transfer function. Conventional devices typically have a

1/2

white flux noise level of a few u®,/Hz'/* and are usually operated in the earth‘s

magnetic field (= 50 4T) or in magnetically shielded environment.

To detect the magnetization reversal of a MNP, the particle must be placed close to
the SQUID, so that the stray field of the particle couples into the loop (Fig. 1.2). To
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Figure 1.2: MNP placed on top of a con-
striction in the SQUID loop, where the
coupling is strongest. A magnetic field B
applied parallel to the loop switches the
magnetization of the MNP.

switch the magnetization of the MNP placed on top of the SQUID a magnetic field
B has to be applied. This needs to be done in a way that the applied field does not
couple into the SQUID loop (i.e. the field should be oriented parallel to the loop)
or into the Josephson junctions (i.e. field oriented perpendicular to the junction
barrier). Miniaturization of the SQUID loop and the junctions helps to lower the
influence of slight misalignments of the SQUID with respect to the applied field.
Also the line widths w and film thickness d of the SQUID should be of the order of
the London penetration depth \j, or below, to avoid the penetration of Abrikosov

vortices.

The amount of flux ® that couples into the SQUID for a particle carrying a magnetic
moment 4 is given by the coupling factor ¢, = ®/u. It strongly depends on the
position of the particle, the orientation of ;i and the SQUID layout. The optimum
coupling factor can be achieved for a particle placed on top of the SQUID at the

position where the loop has its smallest line width w.

Together with the flux noise level the coupling factor determines the spin sensitivity
5,1/2 = Sém/(b# of the SQUID, i.e. the smallest number of Bohr magnetons that
can be detected. Both parameters, flux noise level and coupling factor, have to be
optimized to achieve high spin sensitivities. Considering the theoretical expression
[16] for the spectral density of flux noise S¢ = f(BL)LTPo/IpR, with screening
parameter 31, = 2[yL/®g, loop inductance L, temperature 7', critical current Iy and
normal resistance R of the Josephson junctions and f(51) ~ 4(1 + (1) for 5. > 0.4
[14], the spin sensitivity can be optimized by choosing SQUID parameters that
reduce the inductance and increase the characteristic voltage V., = Iy R. Reduction
of the geometric inductance can be achieved by shrinking the loop size. High V.
demands for high quality junctions that provide high critical current densities, so

that even for miniaturized junctions, that are advantageous for applications in strong
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magnetic fields, sufficiently large critical currents can be achieved.

In summary, miniaturization of the SQUID helps to achieve high spin sensitivity and
to make the SQUIDs suitable for high field applications. However, miniaturization
also brings a counterbalancing effect, that is the rise of the kinetic inductance Ly, =
poA2l/wd and hence the flux noise Sp with shrinking film thickness d and line width

w.

To meet these challenges a great variety of nanoSQUIDs [17-37] made of different
materials have been developed within the last years. The most common approach are
SQUIDs with constriction type Josephson junctions (cJJs) [19, 20, 22, 24, 31, 34, 35].
For magnetization measurements a MNP can be placed close to the constriction
where the coupling factor is highest. However in this case, an optimization of
the coupling factor cannot be performed without affecting the junction parameters,
which makes optimization of the nanoSQUIDs difficult. Film thicknesses well below
A allow for the operation in strong magnetic fields up to the tesla range exceeding
the upper critical field By of the superconducting material. However, the use of
very thin films increases the kinetic inductance of the SQUIDs and makes them
less sensitive. Further, c¢JJs usually have hysteretic current-voltage characteristics
(IVCs), which complicates operation in a flux locked loop (FLL) mode. Finally, the
temperature range, where the SQUIDs can be operated with optimum performance,
is very narrow and close to the transition temperature 7., which is unfavorable for

many applications.

One of the currently most successful nanoSQUID designs is the SQUID-on-tip (SOT)
[34, 36, 37]. This device is fabricated by shadow evaporation of Pb, Al or Nb on
a quartz tip with smallest apex diameters down to ~ 50 nm. With a spin sensitiv-
ity of 0.38 up/Hz'/? [36], SOTs are theoretically capable to perform measurements
with single spin resolution. The SOT is a powerful tool for scanning SQUID mi-
croscopy and can be used for the imaging of magnetic domains, current distributions
or Abrikosov vortices. In contrast to conventional SQUIDs for scanning SQUID
microscopy it is also possible to use a SOT to detect in-plane and out-of-plane com-
ponents of the magnetic field without the need of a reorientation of the sample [37].
However, up to now there is no possibility to keep the optimum flux bias point of the
SOT at a variable magnetic field. Hence, measurements of magnetization reversal

on magnetic nanoparticles are difficult to perform with a SOT.

The nanoSQUID project, which is presented in this work started with the aim
of developing nanoSQUIDs that circumvent the disadvantages of the nanoSQUID
designs mentioned above. Operation of the nanoSQUIDs in a FLL mode with high
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GBlJs constriction

Figure 1.3: Left: Scheme of Nb nanoSQUID. Red areas indicate the HfTi Josephson
junctions. The SQUID loop is oriented perpendicular to the substrate. Paths for
the bias current I, and the modulation current I,,,; are indicated by arrows. Right:
SEM image of a YBCO nanoSQUID. The grain boundary is indicated by the dashed
yellow line. Current paths are indicated by arrows. Figure modified from appended
publication 3. (© Institute of Physics and IOP Publishing.

spin sensitivity over a wide temperature range should be possible. The design of
the nanoSQUIDs should allow for an optimization of the coupling factor without
affecting the junction properties. And finally, the nanoSQUIDs should be suitable

for stable operation in high magnetic fields.

Two types of nanoSQUIDs were developed (see Fig. 1.3). The first type [38-
41] is based on Nb/HfTi/Nb superconductor/normal metal/superconductor (SNS)
junctions and is fabricated at the Physikalisch Technische Bundesanstalt (PTB) in
Braunschweig. Electron beam lithography is used to nanopattern the SQUIDs and
smallest loop sizes of ~ 600 x 200 nm? could be realized. Compared to Nb/AlO, /Nb
junctions that are commonly used in conventional SQUIDs, the use of HfTi junctions
brings two advantages. First, HfTi junctions provide high critical current densities
Je = 10° A/cm? at 4.2 K. Therefore, high critical currents can be achieved even for
miniaturized junctions. Second, the junctions are intrinsically shunted. This pro-
vides non-hysteretic IVCs without an external shunt resistance that would make
miniaturization more difficult. To allow for FLL operation, a modulation line is
implemented in the SQUID design. Via a modulation current applied across the
bottom electrode, the nanoSQUIDs can be flux biased at the optimum working
point. Stable operation of these devices has been demonstrated in magnetic fields
up to 100mT with spin sensitivities Si/? &~ 40up/Hz'/2. The focus in this thesis
is on the second type of SQUID [42-44], which is based on YBayCuzO; (YBCO)
grain boundary junctions. Nanopatterning was done by focused ion beam (FIB)
milling. As for the HfTi junctions, high critical current densities can be achieved. A

gold layer evaporated on the YBCO film serves as a shunt resistance to provide non-
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hysteretic IVCs. By applying a modulation current across an additional constriction
next to the SQUID loop, the SQUID can be flux biased at the optimum working
point. YBCO offers the advantage to use the SQUIDs in a wide temperature range,
due to the larger transition temperature of T, = 92 K compared to T, = 9.25 K for
Nb. More importantly, the huge upper critical field B., > 30T allows for magneti-
zation reversal measurements on MNPs with strong coercive fields in the tesla range.
In Publication 1 noise measurements and calculated spin sensitivities at B = 0
and B = 1T of a YBCO nanoSQUID are presented. A numerical optimization
study of the spin sensitivity for this SQUID layout can be found in Publication 2.
The experimental verification of the predictions of Publication 2 are described in
Publication 3. Also included in this publication is a magnetization reversal mea-
surement of an iron filled carbon nanotube [45]. Publication 4 summarizes the

results of noise measurements in magnetic fields up to 0.5T for a Nb nanoSQUID.



Chapter 2

Summary of Publications

2.1 Summary of Publication 1:
Low-Noise Nano Superconducting Quantum Interfer-

ence Device Operating in Tesla Magnetic Fields

Usually, SQUIDs are operated in the earth‘s magnetic field or in magnetically
shielded environment. To allow for the detection of magnetization reversal of mag-
netic nanoparticles, SQUIDs have to be operated in strong magnetic fields. This
demands for miniaturization of the loop, the junctions and the line width of the
SQUID. Also, the (upper) critical magnetic field of the superconducting material is
important. Due to the huge upper critical field By, in the range of tens of teslas,
SQUIDs based on YBCO theoretically can easily be operated in fields in the tesla
range. To nanopattern YBCO, milling parameters have to be chosen carefully as
superconductivity can be lost due to oxygen outdiffusion. The aim of this work
was to fabricate YBCO nanoSQUIDs with grain boundary junctions (GBJs) and
demonstrate their suitability for applications in high magnetic fields with high spin

sensitivity.

The fabrication of the nanoSQUIDs was done in a similar way as described in [42].
A d = 50nm thick YBCO film was grown epitaxially on a STO bicrystal substrate
with a misorientation angle of 24°. To provide non-hysteretic IVCs a 60 nm thick
gold layer which serves as a shunt resistance was evaporated in-situ on top of the
YBCO film. After prepatterning of 7 um wide bridges across the grain boundary by
photolithography and Ar ion milling, two w; = 130nm wide Josephson junctions

and an additional constriction next to the SQUID loop with a width w, = 90 nm were
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Figure 2.1: SEM images of the YBCO
nanoSQUID. (a) Current paths for the
modulation current and the bias current
are indicated by arrows. The dashed yel-
low line indicates the position of the grain
boundary. (b) Widths of the junctions
and the constriction are indicated. Figure
from appended Publication 1. (¢) Ameri-
can Chemical Society.

130nm" I 90nm

=

-

130nm I

A

patterned by focused ion beam (FIB) milling (Fig. 2.1). Via the constriction the

(b)

SQUID can be flux biased by applying a modulation current I,,,4. For magnetization
measurements a MNP would be placed on top of the constriction as it has the

smallest line width and therefore is the position with the strongest coupling.

Electronic transport measurements at 7' = 4.2 K were first performed in a mag-
netically shielded environment. We determined a critical current I, = 18.5uA
and a resistance R = 7€) of each junction. The maximum transfer function was
Vo = 450 uV /®q. Via numerical simulations of the I.(1,,,q)-characteristics we found
the screening parameter 5, = 0.65 and calculated the inductance L = 36 pH. To
test the high field suitability of the device, the nanoSQUID was installed in a high
field setup with a superconduction split-coil magnet which allows to apply fields up
to 7T. Magnetic fields up to B = 3T were applied, with the field aligned parallel
to the SQUID loop and perpendicular to the grain boundary (Fig. 2.2). To per-
form the alignment the SQUID was mounted on an high-precision alignment system
consisting of two goniometers with perpendicular tilt axes and a rotator. Even at
B = 3T modulation of the SQUID could be observed with only slight degradation

of the critical current.

For noise measurements the SQUID was connected parallel to the input circuit of
a SQUID amplifier. The voltage drop across the nanoSQUID was readout with the

amplifier SQUID in a so called two-stage configuration [46]. Flux noise spectra were
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Figure 2.2: Left: Schematic layout of the YCBO nanoSQUID. Black areas indicate
the GBJs. The magnetic field B is aligned parallel to the SQUID loop and perpen-
dicular to the grain boundary. Right: Critical current I.(I,,,q) for B =0,1 and 3T
at T'= 4.2 K. Figure modified from Publication 1. (¢) American Physical Society.
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measured at B =0 and B = 1T (see Fig. 2.3). Ounly a slight increase in the white
flux noise level from Sy/> = 1.3 u®/HzY2 at B = 0 to Sy/> = 2.3u®y/Hz!/? at
B = 1T could be observed.

Calculation of the coupling factor ¢, was done according to [38] using the software
package 3D-MLSI [47]. For a point-like particle placed on top of the constriction
10nm above the YBCO layer we could determine ¢, = 21n®q/up. This yields a
spin sensitivity Si/% = 62 up/HzY2 at B =0 and Sy/* = 121 yup/Hz/? at B=1T.

Figure 2.3: Measured flux noise spectra at B = 0 (black) and B = 1T (red) at
T = 4.2K; the observed flux noise levels in the white noise regime were Sé/ 2 =
1.3 up/Hz'/? and Sé/z = 2.3 up/Hz"?, respectively [43]. The inset shows V(®)
curves at B = 0 for bias currents I = —49.5...49.5 yA. Figure from appended
Publication 1. (© American Chemical Society.
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In summary, we fabricated YBCO nanoSQUIDs and showed that operation of the
SQUIDs in strong magnetic fields up to B = 3T is possible. Even at B = 1T
a high spin sensitivity Sp/? = 121 up/HzY? could be observed. This was the first
publication presenting flux noise spectra of a SQUID measured at magnetic fields
B = 1T. These results confirm that the SQUID fulfills the requirements necessary

to use it as a detector of small spin systems.

Contributions

J. Nagel developed the measurement setup and the sample design and assisted with
the measurements and the interpretation of the results. R. Woélbing did the sim-
ulations of the coupling factor. M. Kemmler assisted with the experiments. My
contribution to this publication was the fabrication of the nanoSQUID. Further, I

performed the measurements and analyzed the experimental data.
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2.2 Summary of Publication 2:
Optimizing the spin sensitivity of grain boundary junc-
tion nanoSQUIDs - towards detection of small spin sys-

tems with single-spin resolution

One major drawback of SQUIDs based on constriction type Josephson junctions is
that the best coupling factor can be achieved close to the junctions. This means that
an optimization of the coupling via changing the geometry of the cJJs, will always
have an influence on the junction properties. This complicates the optimization of
the spin sensitivity of ¢JJ based nanoSQUIDs significantly. In contrast, the YBCO
nanoSQUID layout presented in this thesis offers the possibility to optimize the
coupling factor independently from the junction parameters as the position of best
coupling is on top of the constriction which is separated from the GBJs. The device
presented in Publication 1 showed a spin sensitivity of Sl/ 2 62 pup/Hz'2. To
achieve a further improvement of S, we performed a numerical optimization study
for this SQUID layout using the software package 3D-MLSI [47]. This simulation
program uses London theory to calculate the current distribution in a stack of two-
dimensional sheets that define the geometry of the SQUID (Fig. 2.4).

We could calculate the coupling factor ¢, and the SQUID inductance L as a func-
tion of all relevant geometrical parameters of the SQUID layout and the electrical
parameters of the GBJs. The calculation of the coupling factor was done using
three different methods. All methods yielded the same scaling of the coupling fac-
tor ¢, (d,w,.) with film thickness d and constriction width w., within the considered

parameter range.

ol e e Figure 2.4: Scheme of the SQUID
layout with all relevant geometric
parameters (constriction width w,

and length [., junction width w;,
and junction length ;) and induc-
[ “grain boundary tances of the constriction L., the
junctions Lj, the edges L. and the
bottom part L;. Figure from ap-
pended Publication 2. (¢) Institute

junctions of Physics and IOP Publishing.

To calculate the flux noise level we used Se = f(8L)PokpTL/IyR [16] with f(5L) ~
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Figure 2.5: Terms contributing
to Su. sc(w.) plotted for [, =
200nm and s.(l.) plotted for

w. = 50nm. Figure from ap-

pended Publication 2. (© In-

0 50 100 150 200 250 300 380 400 aso soo Stitute of Physics and IOP Pub-
d, w, 1 (nm) lishing.

4(1 4 5L). Here B, = 2LIy/®y is the screening parameter, with the critical current
Iy of the GBJs. By calculating the inductance L(d,we,l.,wy,1;) with constriction
length [., junction width w; and junction lentgh [., we find Sg(d, w., 5r). With Sg
and ¢, we obtained a parametrization of the spin sensitivity S}/ 2 = Sé/ 2 /¢u. The
dependence on the SQUID parameters splits into three parts

SY2 = SUZ - sa(d) - 55, (B1) - se(we, L.). (2.1)

I

The contributions to S,l/ ? are plotted in Fig. 2.5. s, (1) shows a clear minimum.
The influence of the film thickness d on s, is small as long as d > 100nm, as the
decrease in the kinetic inductance and the decrease of the coupling factor almost
compensate for each other. s.(l.) is plotted for fixed w, = 50 nm and increases with
increasing l.. s.(w.) is plotted for fixed I, = 200 nm. It shows a clear minimum at

We,min- The position and the value of the minimum depend on ..

In Fig. 2.6 S, opt(we, ) is plotted for d = 120nm and B, = 0.4. The dashed
and dotted lines show we min(l.). With shrinking l., w mi, becomes hard to realize.
But we can see that even for not ideal w., we can achieve spin sensitivities of a
few pp/Hz'/? for a SQUID with optimum film thickness d = 120nm and screening

parameter 3, = 0.4.

This improvement could be achieved by a significant reduction of the SQUID induc-
tance due to a larger film thickness and smaller loop size - especially by minimizing
the length of the constriction. Besides calculated values for the spin sensitivity, we
also present data for experimental devices with different geometrical parameters.

Compared to the theoretically expected values, the experimental ones are slightly
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Figure 2.6: The contour plot
shows S, opt(we, 1) for d = ™o
120nm and B; = 04. The = ~._ 95 %
dotted and dashed lines show groo} 1?
Wemin(le). The solid black line z

shows Sy, opt(lc) for we = Wemin-
Figure from appended Publica-
tion 2. (© Institute of Physics

— 3 0
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and IOP Publishing. _(nm)

higher. Still, the achieved best spin sensitivities were of the order of 10 juz/Hz'/2.

In summary, we performed an analysis of the spin sensitivity for YBCO nanoSQUIDs
based on GBJs. We predicted that for optimized geometrical parameters spin sen-
sitivities of a few pp/Hz'/? should be feasible. This can be achieved by realizing
YBCO nanoSQUIDs with very low inductance. Compared to the SQUID presented
in Publication 1, a significant reduction of the inductance can be achieved by choos-

ing a larger film thickness d > 100 nm (compared to d = 50 nm).

Contributions

R. Wélbing developed the methods used for the determination of the coupling factor.
Further, he did the main part of the simulations and the data analysis. B. Miiller
assisted with the simulations and the data analysis. I contributed the experimental
data, fabricated the devices and wrote a C based program to automate the numerical

simulations.



14 Summary of Publications

2.3 Summary of Publication 3:
Low-Noise YBayCu3O; Nano Superconducting Quan-
tum Interference Devices for Magnetization Reversal

Measurements on Magnetic Nanoparticles

Considering the results of the numerical study presented in Publication 2 we fab-
ricated YBCO nanoSQUIDs with optimized geometrical parameters. We present
transport and noise measurements (Fig. 2.8) of one device measured in a mag-
netically shielded environment at 7' = 4.2K. Due to an increased film thickness
d = 120nm and a smaller loop size 350 x 190nm? (Fig. 2.7) the inductance of the
fabricated device L ~ 4 pH was almost one order of magnitude lower than the induc-
tance determined for the non-optimized SQUID presented in Publication 1. Further,
as the critical current density of the junctions was very high (j. ~ 22mA /um?), we

could achieve a huge characteristic voltage V., = 2mV. This results in a very low

Figure 2.7: SEM image of the YBCO
nanoSQUID. Dashed yellow line indi-
_ cates the position of the grain bound-
~ ary. Arrows indicate the paths for the
B modulation current /,,,q (red) and the
~ bias current I, (orange).Figure from ap-
| pended publication 3. (©) American
Physical Society.

flux noise level S3/* = 50n®,/Hz"/2 (Fig. 2.8(a)) in the white noise regime, which

/2 However, the de-

corresponds to a calculated spin sensitivity of a few ug/Hz
tected noise spectrum is dominated by low-frequency excess noise up to the cutoff

frequency of the readout electronics at 7 MHz.

Typically, two sources of 1/f noise in SQUIDs are considered: Abrikosov vor-
tices, that jump between pinning sites and fluctuations of the critical currents of
the Josephson junctions. As the measurements were performed in a magnetically
shielded environment, the presence of vortices is unlikely. To eliminate noise gen-
erated by in-phase and out-of-phase critical current fluctuations we applied a bias
reversal readout scheme [46]. However, the low-frequency noise could only be re-
duced partially below the bias reversal frequency fy, = 260 MHz (Fig. 2.8(b)).

Hence, we assume that there are some other fluctuators of unknown origin. A pos-
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Figure 2.8: Noise spectra of the optimized YBCO nanoSQUID at T' = 4.2 K in mag-
netically shielded environment. (a) Flux noise measured in open loop mode. (b)
Flux noise measured in flux locked loop mode with dc bias (red) and bias reversal
(blue). Dashed and dotted lines indicate fits to the spectra. Horizontal lines indi-
cate the white flux noise level. Figure modified from appended Publication 3. (©
American Physical Society.

sible explanation are defects [48], especially oxygen vacancies, in the STO substrate
that can create ferromagnetic moments. These defects can be caused by the ion

milling process.

Such fluctuators have already been observed during other experiments with SQUIDs
based on Nb, Pb, PbIn and Al at temperatures below 1K [49] and different models
[50-52] have been developed to explain them. These models consider magnetic
moments of electrons in defects or surface spins. To allow for measurements with

1/2

spin sensitivities of a few ug/Hz'/# at low frequencies these fluctuators need to be

further investigated.

In the second part of the Publication we demonstrate the suitability of the YBCO
nanoSQUID as a detector of small spin systems by detecting the magnetization
reversal of an iron nanowire encapsulated in a multiwall carbon nanotube (MW-
CNT). Magnetic nanowires of this type are promising for the use in magnetic force
microscopy [53, 54]. The Fe nanowire had a diameter of 39nm and a length of
13.8nm. The thickness of the CNT was about 130 nm.

The CNT was positioned close to a non-optimized nanoSQUID with the easy axis of
the Fe wire oriented perpendicular to the grain boundary and parallel to the SQUID
loop (inclination angle ~ 4°) (Fig. 2.9). By applying a magnetic field parallel to
the wire axis the magnetization of the particle could be switched and the change in
the stray field was detected directly with the nanoSQUID operated in a flux locked
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Figure 2.9: (a) SEM image of the nanoSQUID with the iron filled CNT attached
close to the loop. (b) Hysteresis curve of the nanowire detected with the SQUID at
T = 4.2 K. Switching of magnetization can be observed at B = £101 mT Dotted red
lines indicates the literature value for the saturation magnetization. Figure modified
from appended Publication 3. (¢) American Physical Society.

loop mode. Compared to measurements that were done before on a similar nanowire
with a micro-Hall bar [55], we could achieve a significantly higher signal to noise
ratio. The observed nucleation field H,, ~ 100mT is in very good agreement with
the theoretically predicted value for a switching of the magnetization via curling
mode. Further, we estimated the flux coupling into the SQUID loop for the fully
magnetized iron nanowire by integrating the coupling factor over the volume of
the nanowire. Again we find very good agreement between the calculated and the

detected signal.

The supplemental material to Publication 3 contains data of an additional SQUID.
We present noise spectra measured at different temperatures in dc bias mode and in
bias reversal mode. As for the SQUID presented in the main article the noise spectra
are dominated by frequency-dependent excess noise up to the cutoff frequency of the
readout electronis. Applying a bias reversal readout scheme could only suppress the
f-dependent noise for frequencies above &~ 1kHz. For all obtained spectra there is

no systematic temperature dependence of the excess noise observable.

Further, we show the characteristics of the SQUID we used for the measurement of
nanowire. This device had a film thickness of d = 75 nm, which results in a higher
inductance L ~ 28 pH and hence a higher flux noise level Sy/> < 1.5 u®,/Hz'/>2
compared to the devices with optimum film thickness d = 120nm. In the last
part of the supplemental material we show a detailed analysis of the noise spectra

presented in the main article. We used an algorithm [56] to decompose the spectra

10k 4-

100

® (M)

-75
-100
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into a sum of several Lorentzians, a 1/f? part and a white noise contribution. We
observed that some of the Lorentzians necessary to fit the spectra, i.e. those that
are caused by critical current fluctuations, can be eliminated by bias reversal. The

remaining fluctuators must have a magnetic origin.

In conclusion, we fabricated YBCO nanoSQUIDs based on GBJs with optimized
spin sensitivity. The main improvement, compared to the nanoSQUID presented in
Publication 1, could be achieved by using a larger film thickness d = 120 nm that
lead to a decrease of the inductance L ~ 4 pH of the SQUID by approximately one
order of magnitude. The experimentally determined upper limit for the flux noise ~
50nd,/Hz'/? constitutes an improvement by more than an order of magnitude over
the lowest flux noise values of the best YBCO SQUIDs reported so far in literature.
The noise spectra were dominated by low-frequency excess noise, that could only be
partially reduced by a bias reversal readout scheme. Hence, this excess noise must
be partially caused by magnetic fluctuators. The origin of these fluctuators is not yet
clear. But they could possibly be caused by surface defects in the substrate. In the
second part, we detected the magnetization reversal of a Fe nanowire. The measured
magnetization curve is in good agreement with theoretical predictions. Hence, we
could show that one central aim of this thesis, the development of nanoSQUIDs for

the detection of small spin systems, could be achieved.

Contributions

This work was done in a collaboration with the group of B. Biichner at the IFW
Dresden that provided the nanowire. The positioning of the wire was done by C.
F. Reiche at the IFW Dresden. R. Wolbing did the simulations of the coupling
factor and determined the optimum SQUID parameters. B. Miiller contributed to
the measurements at variable temperature. M. J. Martinez-Pérez assisted with the
measurements and the interpretation of the results. For this work I fabricated the
SQUIDs and performed the measurements at 4.2 K. I did parts of the simulations
and assisted with the measurements at variable temperature. In collaboration with

R. Wolbing, I optimized the measurement setup and the readout electronics.
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2.4 Summary of Publication 4:
Nb nano superconducting quantum interference devices
with high spin sensitivity for operation in magnetic fields
up to 0.5T

In Publication 4 we present a nanoSQUID with Nb/HfTi/Nb Josephson junctions.
Compared to junctions based on conventional Nb/Al-AlO, /Nb trilayer technology
these intrinsically shunted junctions show very large critical current densities and
non-hysteretic IV-characteristics. This allows for a miniaturization of the SQUIDs,

keeping the advantages of the trilayer technology, that is much more flexible in
design than the 2-dimensional layout of SQUIDs based on cJJs or GBJs. A first

Figure 2.10: Left: Scheme of the Nb nanoSQUID. Arrows indicate current paths.
Right: SEM image of the Nb nanoSQUID. Yellow rectangles indicate the position
of the Josephson junctions. Arrows indicate the paths for the modulation current
(dashed) and for the bias current (dashed: symmetric bias, solid: asymmetric bias).
Figure modified from appended Publication 4. (¢) American Physical Society.

generation of this type of SQUIDs is presented in [38].

The second generation that is discussed in this publication has been improved in
terms of high field suitability by developing a new SQUID layout (see Fig. 2.10).
For these devices the SQUID loop is oriented perpendicular to the substrate. Now,
for magnetization reversal measurements a magnetic field can be applied parallel to
the SQUID loop without coupling flux into the junctions. Additionally, as for the
YBCO SQUIDs discussed in Publication 1, a modulation line was implemented. By
applying a modulation current I,,,q the SQUID can be flux biased at the optimum

working point.

The SQUIDs were fabricated at the PTB Braunschweig using electron beam lithog-

raphy and argon ion milling. Junctions with a size of 200x200nm? were realized.
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i

Figure 2.11: Nb nanoSQUID after reduc- m m

ing the widths of the connection lines by
FIB milling as indicated by the yellow ar-
eas. Figure modified from appended Pub-
lication 4. (¢©) American Physical Society.

Experimental data of two nanoSQUIDs at T" = 4.2 K is presented in this publication.

Transport measurements were performed in a magnetically shielded environment.
The IVCs were non-hysteretic and we could determine characteristic voltages V. =

IhR =~ 50 1V and extremely low inductances L ~ 2... 3pH.

Flux noise spectra were measured in a two-stage configuration [46] with a Nb SQUID
amplifier at T' = 4.2 K. The obtained spectra are dominated by frequency dependent
noise up to the cutoff frequency f3yp ~ 10kHz. By fitting the experimental data we

could determine a very low flux noise level Sy > = 200 n®/Hz!/2.

With a calculated coupling factor ¢, = 8.6n®y/up, for a particle with magnetic
moment /i oriented perpendicular to the substrate plane with a distance of 10 nm
to the SQUID loop, we obtained a spin sensitivity S:Lﬂ = 23 up/Hz'/2,

In the second part of the publication we present the high-field performance of the
Nb nanoSQUIDs. The SQUIDs were installed in a high-field setup with a supercon-
ducting split-coil magnet and aligned using two goniometers with perpendicular tilt
axes and a rotator. Aligning the magnetic field perpendicular to the substrate plane
prevents coupling of the field into the SQUID loop or into the Josephson junctions.
The high field operation was limited by the penetration of Abrikosov vortices, but
could be improved by reducing the widths of the connection lines close to the SQUID
by focused ion beam milling (Fig. 2.11).

For the next generation of SQUIDs these changes in the SQUID layout were im-
plemented and enabled stable operation up to B = 50mT with only a slight
suppression of the critical current (Fig. 2.12(a)). Also the white flux noise level
Sy/? = 240n®,/Hz!/? (Fig. 2.12(b)) does not increase significantly at B = 50 mT.
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Figure 2.12: Nb nanoSQUID at 7' = 4.2K. (a) I.(B) for the optimized SQUID
layout. Black line: sweep sequence 1-3, red line plus symbols: sweep sequence 3-4.
(b) Flux noise spectra for B = 0mT, 50mT and 500 mT. Figure modified from
appended Publication 4. (¢) American Physical Society.

Even in stronger fields up to B = 0.5'T the SQUIDs could be operated with high
sensitivity Sy/° ~ 680 n®,/Hz"/2 (Fig. 2.12).

In summary, we developed Nb nanoSQUIDs with HfTi junctions with an imple-
mented flux modulation line. We determined a very low flux noise level and a high
spin sensitivity of the nanoSQUIDs. As the SQUID loop and the junction barrier is
perpendicular to the substrate, stable operation of the SQUIDs in fields up to 50 mT
is possible. Good noise performance of the nanoSQUIDs can be observed even in
high magnetic fields B = 0.5T.

Contributions

This work was done in a collaboration with the PTB Braunschweig with the group
of J. Kohlmann and A. W. Zorin. The samples were fabricated by O. Kieler and T.
Weimann. R. Wolbing performed the transport and noise measurements. J. Nagel
assisted with the measurements and developed the sample design. M. Kemmler
assisted with the interpretation of the results. For this work I did the FIB milling to

reduce the widths of the connection lines and assisted with the noise measurements.
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List of acronyms

cJJ constriction type Josephson junction

CNT carbon nanotube

dc direct current

FeCNT iron-filled carbon nanotube

FIB focused ion beam

GBJ grain boundary junction

IvVC current-voltage characteristics

MNP magnetic nanoparticle

MW-CNT multiwall carbon nanotube

SDP single domain particle

SEM scanning electron microscopy

SIS superconductor/insulator/superconductor
SNS superconductor /normal metal /superconductor
SOT SQUID-on-tip

STO strontium titanate (SrTiOs)

SQUID superconducting quantum interference device

YBCO yttrium barium copper oxide (YBayCuzO7)

List of physical constants

Py =2.07-10"%Tm? magnetic flux quantum
pp =927-1072*J/T  Bohr magneton
po=1.26-10"Tm/A vacuum permeability
kg =1.38-10"23J/K Boltzmann constant
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Low-Noise Nano Superconducting
Quantum Interference Device
Operating in Tesla Magnetic Fields

Tobias Schwarz, Joachim Nagel, Roman Walbing, Matthias Kemmler, Reinhold Kleiner, and Dieter Koelle*

Physikalisches Institut—Experimentalphysik |1 and Center for Collective Quantum Phenomena in LISA™, Universitit Tiibingen, Auf der Morgenstelle 14, D-72076

Tiibingen, Germany

ABSTRACT Superconductivity in the cuprate YBa,Cu30, (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 = 1T 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 nm wide 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 ,ud)(,/(Hz)” 2atB=0t023 ‘uil)ol(Hz)"2 at 1T. 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
5,2 = 62 up/(H2)""* at B= 0 and 110 4g/(Hz)™ 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.

KEYWORDS: YBCO - SQUID - superconductivity - nanofabrication - flux noise - spin sensitivity - magnetic particle detection

rowing interest in the detection and
investigation of small spin systems

like single-molecular/single-chain mag-

nets,"? cold atom clouds,® or even single
electrons/atoms”* 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 in mesoscopic
matter. In order to meet the challenge of
detecting a single electron spin, various
techniques such as magnetic resonance force
microscopy,” magneto-optic spin detection,®’
and scanning tunneling microscopy assisted
electron spin resonance®® have been adapted.
In contrast to these techniques, miniatur-
ized Hall bars'®'" or direct current (dc)
superconducting quantum interference de-
vices (SQUIDs)'?~%° offer the possibility of
measuring directly magnetization changes
in small spin systems by probing changes of
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the particle's stray magnetic field or mag-
netic flux coupled to the Hall 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,'® recent publications reported on
preliminary measurements of small clusters
of nanoparticles by using nanoSQUIDs with
a flux capture area below 1 ym?22>263°

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 S¢ (via
reduction of the inductance L of the SQUID
loop).3" Furthermore, by placing a magnetic
particle on top of a very narrow constriction
intersecting the SQUID loop, one can
achieve a large coupling factor ¢, = ®/u,
that is, the amount of magnetic flux ®
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which is coupled by a particle with magnetic moment
U to the SQUID loop. Hence, it has been proposed that
nanoSQUIDs may reach spin sensitivities S, = S§*/¢,,
of only a few ug/(Hz)'""?** where ug is the Bohr magne-
ton. Taking ¢,, ~ 20 n®y/ug, for example, which is
achievable as we demonstrate below, a spin sensitivity
of 1 ug/(Hz)"" requires an ultralow rms flux noise S¥/* =
20 n®o/(Hz)'"? (P, is the magnetic flux quantum). We
note that state-of-the art, nonminiaturized dc SQUIDs
reach values for S%? on the order of 1 u®y/(Hz)'233
However, for very low inductance SQUIDs, values of
S22 down to ~20 n®d/(Hz)"? have been demonstrated
indeed.”’

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,'® while very low flux
noise in SQUIDs has been demonstrated only for
operation of such SQUIDs in the earth's magnetic field
(~60 uT) or, more typically, in a magnetically well-
shielded environment in the nT range (i.e., 9 orders of
magnitude lower magnetic fields).*?

Miniaturized nanoSQUIDs based on very thin Nb
films with constriction-type Josephson junctions have
been operated in impressive background fields in the
Tesla range.>*?” Chen et al.3* 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 (e<1/d) and consequently
the SQUID flux noise power Sq, (<L) to be large, 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,®
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
u-SQUIDs based on constriction junctions, which op-
erated up to 4 T.*° 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 Vg = (V/0D) yax = 0.5 uV/Dgp at B=1Timplies
probably similar noise performance as for lower fields
(Vis 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 S¥> =
0.2 u®o/(Hz)'"23” However, these devices are probably
only suited for operation in subTesla fields*® and show
optimum performance only in a narrow temperature
range not too far below the transition temperature (T,)
of Nb. This makes them less interesting for applications
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which are most promising for temperatures of a few
Kelvin and well below."®

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 the magnetic 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
YBa,Cus0O, (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.3®° Nonetheless, based on a
recently developed process for fabricating high-quality
submicrometer YBCO grain boundary junctions,*'
SQUIDs with high spin sensitivity can be fabricated
reproducibly. YBCO GBJ SQUIDs have already been
demonstrated to operate in B8 = 1 T* and were used
to measure magnetization curves of microscale mag-
nets in fields up to 0.12 T,*? 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*’ Using pulsed laser deposition, epitaxial c-ax-
isoriented YBCO thin films of thickness d = 50 nm were
grown on SrTiOs (STO) [001] bicrystal substrates with
misorientation angle © = 24°. Subsequently, a Au layer
of thickness da, = 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 (T.) of the YBCO film,
measured inductively, was ~91 K.

To obtain the nanoSQUID, structures with line widths
down to 1 um (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 /o4, 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

VOL.7 = NO.1 = 844-850 = 2013 F@L@Mi{\)

WWW.acsnano.org

845



Figure 1. SEM images of the nanoSQUID. In (a), the direc-
tions of the modulation and bias currents /,,,4 and / 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.

widths w; 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 x 400 nm. The junctions have a width w, ~
130 nm, and the lengths of the bridges containing the
junctions are I, ~ 400 nm. The constriction has a width
we ~ 90 nm and length /. = 300 nm. A bias current /
flowing across the junctions, as well as a modulation
current /o4 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 /,,og = 0. We find
a critical current of the SQUID I. = 2/, = 37 A and a
resistance R/2 = 3.5 Q, which results in bR = 130 uV
(o and R refer to the average junction critical current
and resistance, respectively). The corresponding values
Jo = lo/(w,d) = 2.85 mA/um?, p = Rw,d = 0.046 Q- um?,
and the value for [yR are close to the values obtained for
earlier devices*' Very slightly above I, the voltage
increases continuously from zero, but then the IVC
develops a small hysteresis between 15 and 70 uV. 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.**** Simulations using Langevin
equations®® were still possible for Ic(/mog)-
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Figure 2b shows the measured /.(/oq4) at B=0 (solid
black line), together with /.(In04) curvesat B=1and 3T,
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 I' = 27kgT/lo®Po = 0.01, corre-
sponding to the measured value of Iy at T = 4.2 K. We
further used an inductance asymmetry o, = (L, —
L)/(Ly + Ly) = 0.175 due to asymmetric biasing of the
device; here, L, and L, are the inductance of the upper
and lower arm of the SQUID, respectively (cf. Figure 1).
We also used a junction critical current asymmetry
0; = (loa — lo1)/(lgy + lo2) = 0.22. For the inductance
parameter, the simulations yield 5. = 2/,L/®¢ = 0.65,
which results in L = 36 pH. From the /.(/,0q) modulation
period, we find for the magnetic flux ®, coupled to the
SQUID by I, the value @/l ,0q = 3.1 ®o/mA, which
corresponds to a mutual inductance M,,,oq = 6.4 pH. We
note that the values quoted above for L and M, o4 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 << A, (A, is the London
penetration depth), one expects much smaller values
for L and M,,,o4. The reason for this is still unclear. The
final parameter to be determined is the Stewart—Mc-
Cumber parameter fc = 27loR?C/®,, 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 S is on the order of 1,
yielding C ~ 0.36 pF. Figure 2c shows the V(®) char-
acteristics of the device for bias currents / ranging from
—49.5 to 49.5 uA at B = 0. Near | = I, the curves are
hysteretic. The transfer function, that is, the maximum
slope of the V(®) curves at optimum / (determined for
the nonhysteretic curves), is Vg = 500 uV/®.

For further measurements, the nanoSQUID was
shunted by the input circuit of the SQUID amplifier
with an input resistance Ri,, = 10 Q. The additional
shunt resistance reduces f, yielding nonhysteretic
IVCs and V(/lmoq) Characteristics; in this case, Vg ~
450 uV/®, (at B =0).

At B = 1 T (cf. dashed red line in Figure 2b), the
I(lmoa) characteristics show a slightly suppressed max-
imum critical current /(1 T) = 30 uA. 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 /o4 back and forth, a
hysteresis becomes visible in a small interval of /oq,
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
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Figure 2. Transport characteristics of the nanoSQUID: (a) IVC at /,,,0q = 0 and B = 0. (b) Critical current I (I,0q4) for B=0, 1, and
3 T; for comparison, the numerically calculated curve for B= 0 is also shown. (c) V(®) at B=0 for | = —49.5 ... 49.5 uA (in 1.5 uA
steps.) (d) V(®) at B = 1T for currents fed to the SQUID which is shunted by the input resistance Ri,, = 10 Q of the SQUID
amplifier I, = —40.5 ... 40.5 uA (in 1.5 uA steps.) All curves in (a—d) were traced out in both sweep directions.

V(®) characteristics at B= 1T for currents I, (fed to the
SQUID which is shunted by Rinp) ranging from —40.5 to
40.5 uA. The IVCs are nonhysteretic and hence the V(D)
characteristics are smooth, exhibiting no jumps as in
Figure 2c. The lack of hysteresis is either due to the
additional shunt resistance Ry, or due to the strong
magnetic field suppressing the critical current. The
transfer function is Vg = 350 uV/®,. Interestingly, the
hysteresis in V(®) 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 /.(/mod)
characteristics with only a slightly suppressed max-
imum critical current /. = 24 uA 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 fields much
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 S¥2 (H of the nanoSQUID at
B =0 and B=1T at the optimum working point.
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Figure 3. Flux noise spectra of the nanoSQUID at optimum
working points at B=0and 1 T. The horizontal lines indicate
the white noise levels.

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, S¥? increases for frequencies
f below ~3 kHz, a behavior which at least for B=0is
known to arise from critical current fluctuations of
the junctions. This contribution can, in principle, be
eliminated by proper modulation techniques (bias
reversal).*® At B = 1T, 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 higheratB=1T as
compared to B=0. The decrease in S§/? above 10 kHz is
caused by the limited bandwidth of our measurement
setup. At B=0, the white noise level averaged between
6and 7 kHzis 1.3 u®o/(Hz)"?. For B= 1T, we determine
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a rms flux noise of 2.3 u®/(Hz)""? averaged between
6 and 7 kHz.

These numbers may be compared to the theoretical
expression obtained from Langevin simulations, S¢ =
(B DoksTL/IGR, which is valid for Bc < 1. For . > 0.4,
fiBL) ~ 4(1 + ). For lower values of 3, S¢ increases.
For the parameters of our device, we calculate S =
0.23 ud/(Hz)"?, 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.*

Finally, we note that the observed increase by a
factor of ~1.8in S¥2 at 6—7 kHz upon increasing B from
0to 1 T cannot be explained by the reduction of /, and
V. From the above-mentioned expression for Sg, 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 S¥2(B=1T)
should be seen as an upper limit for the white noise
level.

Spin Sensitivity. In order to estimate the spin sensi-
tivity S,/” = S&°/¢,, of the nanoSQUID, we numerically
calculated the coupling factor ¢, = ®/u, that is, the flux
@ coupled into the SQUID loop by a point-like particle
with magnetic moment g, using the software package
3D-MLSI*® Details on the calculation procedure can
be found in Nagel et al*' In brief, one calculates the
magnetic field distribution B(r) generated by a current
J circulating around the SQUID hole. The coupling
factor is obtained from ¢, = féug(Fl/J. Here, ¢, is
the direction of the magnetic moment u at position r.
The results of these calculations are summarized in
Figure 4 for a point-like particle with magnetic moment
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 ¢,(x,2) for values of z = 0 (substrate
surface) up to z= 1000 nm. Figure 4c shows a linescan
¢.(x) through this plane, as indicated by the horizontal
dashed line in Figure 4b. The linescan is taken at a
distance of 10 nm above the Au layer. The coupling factor
¢, has a maximum of 9.2 n®/u at the position of the
constriction at x ~ 0.64 um. The minimum in ¢,(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 ¢, decreases strongly
with increasing z. Calculating the spin sensitivity with ¢,
= 9.2 n®y/ug, we obtain S)* = 141 up/(Hz)""* at B=10
and 250 ug/(Hz)"? 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 affecting Sq. In this case (for a distance of 10 nm above
the YBCO), ¢, = 21 ndo/ug and S,> = 62 up/(Hz)'" at
B =0 and 110 ug/(H2)"”? at B = 1 T. The geometrical
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Figure 4. Calculated coupling factor ¢, 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 ¢,(x) shown in (c). (b) Contour plot
of the coupling factor ¢, 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 ¢,(x) at a distance of 10 nm above the Au layer. (d)
Vertical linescan ¢,(2) at the center of the constriction.

TABLE 1. Summary of Geometric and Electric NanoSQUID
Parameters (As Defined in the Text)

d (nm) I (nm) Iy (nm) w, (nm) w, (nm) AL L (pH)
50 300 400 90 130 0.65 36
b R IR Jo sE bu s

Wh) (@ (V)  (mAum)  (D/H)"D)  (Doug)  (up/HD)?)
185 70 013 2.85 1300 21 62

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 u®/(Hz)""?, increasing only
slightly to 2.3 u®o/(Hz)""? 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 ug/(Hz)"? at B = 0 and
110 ug/(Hz2)"?at B=1T.

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.
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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 ug/(Hz)"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** Hence, due to their
high T., YBCO nanoSQUIDs might also be useful for

METHODS

Film Deposition. The films were deposited on 10 mm x 10
mm (1 mm thick) SrTiOs [001] bicrystal substrates. The sub-
strates contain a single symmetric [001] tilt grain boundary with
misorientation angle ® = 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~° 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 ablating material from a
stochiometric YBCO target (purity 99.995%) with an energy
density of ~2 J/cm? of the laser spot on the target. During
deposition at an oxygen pressure po, = 0.2 mbar, the substrate
was heated to a temperature T, = 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 po, = 450 mbar;
subsequently, T; 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 j., 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=4.2Kin an
electrically shielded environment. We used a four-terminal
configuration with filtered lines to measure IVCs, critical current
Ic(lmod), @and V(I oq). 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
lcatB~1T.

SCHWARZ ET AL.

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 T, the inductance parameter 3, and the
Stewart—McCumber parameter S—will be more 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.*®

For noise measurements, the voltage drop across the

nanoSQUID was preamplified by a dc SQUID amplifier*® with
ol nV/(Hz)”2 resolution and ~30 kHz bandwidth. In this case,
the SQUID was shunted by the input resistance Ri,, = 10 Q of
the SQUID amplifier. The thermal noise of the input resistance
(at T=4.2 K) limits the voltage resolution of the SQUID amplifier.
To minimize stray fields, the SQUID amplifier was placed inside a
Nb shield mounted 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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Abstract

We present an optimization study of the spin sensitivity of nano superconducting quantum
interference devices (SQUIDs) based on resistively shunted grain boundary Josephson junctions.
In addition the direct current SQUIDs contain a narrow constriction onto which a small magnetic
particle can be placed (with its magnetic moment in the plane of the SQUID loop and
perpendicular to the grain boundary) for efficient coupling of its stray magnetic field to the
SQUID loop. The separation of the location of optimum coupling from the junctions allows for
an independent optimization of the coupling factor ¢, and junction properties. We present
different methods for calculating ¢, (for a magnetic nanoparticle placed 10 nm above the
constriction) as a function of device geometry and show that those yield consistent results.

Furthermore, by numerical simulations we obtain a general expression for the dependence of the
SQUID inductance on geometrical parameters of our devices, which allows to estimate their

impact on the spectral density of flux noise Sy of the SQUIDs in the thermal white noise regime.
Our analysis of the dependence of Sy and ¢, on the geometric parameters of the SQUID layout

yields a spin sensitivity S ;/ 2= 8557

optimized parameters, respecting technological constraints. However, by comparison with
experimentally realized devices we find significantly larger values for the measured white flux
noise, as compared to our theoretical predictions. Still, a spin sensitivity on the order of

10 ug Hz'/? for optimized devices seems to be realistic.

/ ¢, of a few pp Hz™'"? (uy is the Bohr magneton) for

Keywords: Josephson junctions, nanoSQUIDs, spin sensitivity

(Some figures may appear in colour only in the online journal)

1. Introduction

Miniaturized direct current (dc) superconducting quantum
interference devices (SQUIDs) with dimensions in the sub-
micrometer range (nanoSQUIDs) are promising devices for
the sensitive detection and investigation of small spin systems
[1]. The basic idea behind this is to attach a small (nanometer-
sized) magnetic particle directly to the SQUID and trace out
magnetic hysteresis loops of the particle. This shall be done

0953-2048/14/125007+12$33.00

by detecting the change of the stray magnetic field of the
particle with magnetic moment g via the change of the
magnetic flux @ coupled to the SQUID loop [2—4]. To meet
the ultimate goal of detecting the flipping of only a few
electron spins [5], the spin sensitivity S ,i/ 2= 54? / ¢, has to be
optimized carefully via reducing the spectral density of flux
noise Sp of the SQUID and increasing the coupling factor
$= /,u (with p = lul). S can be reduced by shrinking the
size of the SQUID loop, and hence its inductance L, and @

© 2014 I0OP Publishing Ltd  Printed in the UK
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can be increased by placing the particle on a narrow con-
striction inserted in the SQUID loop, which motivates the
need to implement sub-micron SQUID structures [2, 4, 6-26].

Until now, the most common approach for the realization
of nanoSQUIDs is to use constriction type Josephson junc-
tions (clJs) intersecting small SQUID loops (see e.g. [13]
published in a special issue on nanoSQUIDs and related
articles therein and [7, 8, 10, 12, 15, 20, 23, 25]). Although
impressive results have been achieved very recently for ultra-
small SQUIDs based on Pb constrictions [24], the cJJ
approach comes with several drawbacks: cJJs often show
hysteretic current—voltage characteristics (IVCs). This ham-
pers continuous operation of cJJ-based nanoSQUIDs, which
however is required for the investigation of the magnetization
dynamics of the sample under investigation. Hence, more
advanced readout-schemes are required for operating such
devices. Here, a promising approach is the dispersive
nanoSQUID magnetometer with ultra-low flux noise down to
~30 n®d, Hz"!? achieved with Al variable thickness nano-
bridges at 30 mK [23]. We should also note here, that very
sensitive Nb thin film nanoSQUIDs based on clJs, resistively
shunted with a thin W layer and operated in the voltage state,
have been realized [12]. However, in this case, the devices
show optimum performance only in a narrow range of tem-
perature T not too far below the transition temperature 7, of
Nb, which makes them less interesting for applications. Also,
the noise properties of cJJs are not well understood and hence
hard to optimize. And, finally, the magnetic particles have to
be placed close to the cJJs to achieve optimum coupling.
However, this means that the junction properties and the
coupling factor ¢, cannot be optimized independently, which
hampers a careful optimization of the spin sensitivity.

With respect to the application of nanoSQUIDs for the
detection of the magnetization reversal of nanomagnets, the
most interesting regime of operation is at 7 = 1 K and below
and at very high magnetic fields in the tesla range [1]. It has
been demonstrated that Nb thin film nanoSQUIDs based on
constriction type junctions can be operated in impressive
background fields up to 7 T [27]. However, the upper critical
field B, of typical Nb thin films (~1 T) requires to use very
thin Nb films with thicknesses of only a few nm, i.e. well
below the London penetration depth A of the Nb films, if
such SQUIDs shall be operated in tesla fields. This leads to a
large kinetic inductance contribution to the SQUID induc-
tance, and hence a large flux noise of such SQUIDs, which
does not allow to use the huge potential for the realization of
ultralow-noise nanoSQUIDs. We note that ultralow noise
values have been achieved for ultra-small SQUIDs based on
Pb cJJs up to ~1 T, where the high-field operation was pre-
sumably also limited by B, [24].

To circumvent the above mentioned drawbacks, we
recently started to develop dc nanoSQUIDs based on c-axis
oriented YBa,Cu30, (YBCO) thin films with submicron wide
bicrystal grain boundary Josephson junctions (GBJs) [28].
Due to the huge upper critical field of YBCO, such SQUIDs
can be realized with film thicknesses on the order of A; and
above and operated in tesla fields. Furthermore, due to the

Y 0%

constriction

grain boundary

junctions

Figure 1. Schematic view of the nanoSQUID layout, divided (by
white dotted lines) into the constriction (inductance L, length [,
width w;), two corners (each with inductance L.), the two junctions
(each with inductance Lj, length [y, width wj) and the bottom part
(inductance Ly).

large critical current densities of the YBCO GBJs (several
mAum™> at T=42K and below for a grain boundary

misorientation angle of 24°) submicron junctions still yield
reasonably large values of the critical current /. To achieve
non-hysteretic IVCs, the GBJs are shunted by a thin Au film.
Due to the fact that the barrier of the GBJs is oriented per-
pendicular to the YBCO thin film plane, it is possible to apply
tesla magnetic fields in the plane of the film, without a sig-
nificant reduction of [, [29]. And finally, by implementing an
additional narrow constriction (which can be much narrower
than the GBJs) in the SQUID loop, the optimization of the
coupling factor for a nanoparticle placed on top of the con-
striction is possible without affecting the junction properties.

Here, we present a detailed optimization study of the spin
sensitivity of such grain boundary junction nanoSQUIDs by
analyzing the dependence of the flux noise S¢ and the cou-
pling factor ¢, on the geometry of our devices. We find that
for an optimized SQUID geometry a continuous detection of
magnetic moments down to a spin sensitivity S ,y 2 of a few

ug Hz™1? (uy is the Bohr magneton) is feasible if a magnetic
particle is placed 10 nm above the center of the constriction,
with its magnetic moment oriented in the plane of the SQUID
loop and perpendicular to the grain boundary.

2. nanoSQUID design

The layout of the nanoSQUID (top view) is shown in figure 1.
The SQUID structure is patterned in a YBCO thin film of
thickness d, covered by a thin Au film with thickness d s,. The
two bridges straddling the grain boundary have a width wy
and length ;. The upper part of the SQUID loop contains a
constriction of width w, and length /.. An applied bias current
I, is flowing from top to bottom across the two GBJs. A small
magnetic particle can be placed on top of the constriction, and
an in-plane magnetic field (perpendicular to the grain
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boundary, i.e. along the y-direction) can be applied without
significant suppression of the critical current I, of the
two GBJs.

Optimizing the SQUID for spin sensitivity means to
minimize the ratio Sg / d)ﬂz. The coupling factor ¢, is essen-
tially determined by the geometry of the constriction, i.e., its
width w. and thickness d. S¢ depends on the SQUID
inductance L and on the junction parameters Iy, resistance R
and capacitance C. If the constriction could be made not only
arbitrarily thin and narrow, but also arbitrarily short, one
could envision a scenario, where d;, reaches a value around
0.5 &, /yB [4], while, at the same time, the inductance of the
constriction remains small (@ is the magnetic flux quantum).
Then, Sg could be optimized independently by proper choice
of the SQUID size and the junction properties. For the type of
device we discuss here, this is certainly not the case and we
thus look for an optimization, which is compatible with
technological limitations. A large coupling ¢}, demands an as
narrow and thin as possible constriction. On the other hand,
for a too narrow constriction, given a fixed value of d, its
inductance L. and thus also the total inductance L of the
SQUID may become too large, possibly degrading the flux
noise. This may be counterbalanced by choosing a different
film thickness and changing, e.g., the junction width wy.

In the following sections, we derive explicit expressions
for the dependence of @ (section 3) and S¢ (section 4) on
various geometric and electric SQUID parameters, which then
allows us to optimize S, (section 5).

3. Coupling factor

We numerically calculate the coupling factor ¢ = @ //4, ie.
the flux @ coupled into the SQUID loop by a point-like
particle with magnetic moment g, using the software package
3D-MLSI. This routine takes explicitly into account the
geometry in the plane of the SQUID loop (see figure 1), and is
based on the numerical simulation of the two-dimensional
(2D) sheet current density distribution j,,(x,y) in the
SQUID loop, using London theory with A, and d (and hence
the effective penetration depth in the thin film limit) as
adjustable parameters [30].

3.1. Methods

Three different methods, which are briefly described in the
following, have been developed to calculate ¢,.

Method 1. With 3D-MLSI we choose an arbitrary value
for the total current J circulating around the SQUID hole and
calculate the corresponding sheet current density distribution
Jop (x, ¥) in the SQUID loop. The resulting j,n (x, y) is then
used to calculate the three-dimensional (3D) magnetic field
distribution B (r) generated by J. The coupling factor is then
obtained from the relation

4,(r.8,) =&, - B(r)/J (1)

which was derived in [28]. Here, &, is the unit vector along

the direction of the magnetic moment g = y &, at position r.
This means that equation (1) provides ¢, for any given

position r and orientation e, of a point-like magnetic particle.

To capture variations of B with film thickness d, we
simply assume that the circulating current J flows within a
number n of 2D sheets in the x—y-plane, stacked equidistantly
along the z-axis from the upper surface (at z = 0) to the lower
surface (at z = —d) of the SQUID loop. The resulting field
B (r) is obtained by averaging the individual fields generated
by the sheets.

In our earlier work (see [31] and references therein) we
used n = 2, which corresponds to a circulating current flow
only in the upper and lower surface sheet of the SQUID loop.
This approach works well if d is small enough. However, if
one is interested in the scaling of ¢, with d one should use a
larger value for n, which provides a better approximation of a
homogeneous current density distribution within the entire
film thickness in z-direction, in particular for relatively large
d. Since for YBCO Ap =~ 0.7 ym along the c-axis (here, the z-
direction), we expect such a homogenous current distribution
along e, for a technologically reasonable thickness
(d 5 0.5 pum).

Method 2. The expression for the coupling factor ¢, from
equation (1), as used for method 1 does not take into account
modifications of j, (x, ¥) due to the strongly inhomogeneous
dipole field in close vicinity to the magnetic particle. Such a
modification, however, may become important when the
distance between the point-like dipole and the SQUID surface
is smaller than the film thickness d. Within method 2, we
achieve a better description of the near-field regime by cal-
culating (with 3D-MLSI) the fluxoid @yx0ig () in the SQUID
loop, which is induced by a ‘quasi-dipole’ (mimicking a small
magnetic particle at position r) with a magnetic moment of
1 pug. With this we obtain @(r) = Dfuxoid (r)/ﬂB. Such a
quasi-dipole can be constructed by a properly adjusted cir-
culating current in a tiny loop placed at position r. However,
in this case, the orientation €, of the magnetic moment of the
quasi-dipole is now fixed by the design of this tiny loop,
implemented in 3D-MLSI, which allows only to construct 2D
structures in the x—y-plane.

For instance a quasi-dipole with its magnetic moment
oriented along the z-axis (i.e. €, = €;) can be realized by a
current circulating in a tiny ring in the x—y-plane. Due to the
layout of the nanoSQUID considered in this work, it is
however more favorable to construct a dipole with magnetic
moment pointing in y-direction. Unfortunately, it is not pos-
sible to build a corresponding ring within 3D-MLSI. Instead,
we consider two strips (2D current sheets) lying on top of
each other with separation Az = 3 nm along the z-axis. Both
strips expand 4 nm and 2nm in x- and y-direction, respec-
tively. Currents flowing along €, (—é,) in the upper (lower)
strip create a quasi-dipole field with a magnetic moment
oriented along é,. The currents were adjusted to generate the
magnetic field distribution of a single ug. Furthermore the
two strips are regarded as normal conductors by setting
AL — oo. The quasi-dipole does not provide the field dis-
tribution of an ideal dipole (from a point-like particle) since
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Figure 2. Distribution of normalized difference AB, (x, y) in the z-

components of the quasi-dipole vs ideal dipole fields at z = 0, with
both dipoles centered at (0, 0, zop = 10 nm). The small rectangle in
the center indicates size and position of the two strips (stacked on top
of each other) forming the quasi-dipole.

the two strips are not connected. However, the field generated
by the missing links should be of minor relevance since it
neither interacts with the superconducting structure nor with
the SQUID hole. In figure 2 we plot the relative deviation AB,
between the z-component of the magnetic field B, 4 created
by the quasi-dipole and B, 4 of an ideal dipole

Bz,qd - Bz,d

AB, =
) Bz,d

©))

in the x—y-plane at z = 0, with both dipoles centered at
n=1(0,0,zo=10nm) and with an orientation of their
magnetic moment along the y-axis. As expected, the quasi-
dipole is a very good approximation to an ideal magnetic
dipole in the far field regime. In the near field regime one
finds minor deviations of AB; max = 1.2%, which presumably
arise from the finite volume of the quasi-dipole.

For the nanoSQUID structure, the effect of (ideal) flux
focussing is taken into consideration by setting the net current
J circulating around the hole to zero. The calculation is
deployed for n = 11 current sheets and the resulting fluxoids
are averaged in a similar way as for method 1.

Method 3. For this method we again examine the
interaction of the quasi-dipole with the SQUID loop. In
contrast to method 2, (ideal) screening is taken into con-
sideration by setting the fluxoid in the loop to zero. In
other words, a circulating current J is induced in the
loop, which counterbalances the coupled flux of the quasi-
dipole, due to the diamagnetic response of the SQUID.
The coupling factor is obtained by computing L of
the bare SQUID within 3D-MLSI and calculating
g{;l(r) = Dfuxoid () /uB =LJ /,uB. As before, the calculation
is performed for n = 11 current sheets. We note that
method 3 is very similar to the method used by Koch et al
[32] for the calculation of the coupling between an electron
magnetic moment and a SQUID.

3.2. Comparison of methods

To compare the three methods, we calculate @ for a particle
with its magnetic moment oriented along é,, which corre-
sponds to the optimum direction of the applied external
magnetic field for our SQUID design. In all cases, we find a
maximum in ¢, (r) if the dipole is placed as close as possible
on top of the constriction at its center in the x—y-plane. For the
following considerations, we set the origin of our coordinate
system at the center of the constriction in the x—y-plane at the
upper surface of the superconducting film.

Assuming that the particle is placed at the position
n=(0,0,zy) with zo=10nm above the constriction
(without an Au layer, which can be removed without affecting
the junction properties), we calculate ¢,(d) in the range
10 nm < d < 500 nm for the three presented methods (see
figure 3(a)).

For method 1, with n = 2 current sheets, d;l (d) saturates for
d =2 200 nm to @,s i~ %@ (d = 10 nm). Since the current J is
circulating in sheets at the lower (z = —d) and upper (z = 0)
surface of the superconductor, the field B, (zo = 10 nm)
induced by the lower sheet decays as d increases. However, the
field induced by the upper sheet remains constant and thus the
mean value of B, as well, as soon as the contribution from the
lower sheet becomes negligible for large enough d. Obviously,
the saturation in ¢, (d) is an artefact stemming from the simple
approximation of the current distribution along e, by the cur-
rents in only two surface sheets.

Turning to method 1 with n = 11 current sheets, the
unphysical saturation of ¢,(d) is eliminated. Similar calcula-
tions with n = 101 and n = 1001 reveal the same behavior of
¢,(d) for the range of thickness shown. As expected, method 1
with n =2 and n = 11 yields the same dﬁﬂ(d) for very small d.

Albeit method 1 provides a sensible approximation of ¢,
for currents flowing across the entire film thickness if n is
large enough, it does not incorporate the effect of local
screening currents induced by a magnetic particle in close
proximity to the SQUID. This becomes obvious by compar-
ison of the current distributions in the region of the con-
striction, as shown for method 1 in figure 3(b) and for
methods 2 and 3 in figures 3(c) and 3(d), respectively. The
latter two feature a more complex current distribution, arising
from local screening currents. The corresponding dependence
¢”(d) for method 2 and 3 (see figure 3(a)), however, show
qualitatively and quantitatively the same behavior as for
method 1 (with n = 11). Accordingly, the local screening
currents taken into account in method 2 and 3 do not alter @
in the near field regime as compared to method 1.

Concluding this section, we have shown that all three
methods constitute a valid approach for calculating the cou-
pling factor, since each technique gives the same dependence
@(d, w.) for large enough values of n. Furthermore, we note
that these methods can also be applied to calculations of ¢, for
other nanoSQUID designs, including constriction-type or
planar sandwich-type junctions, which would facilitate opti-
mization of their spin sensitivity and comparison of different
designs.
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Figure 3. Comparison of methods used for calculating the coupling
factor and current distribution in a w, = 90 nm wide constriction (for
AL = 250 nm). (a) %(d) for a particle at zy = 10 nm; position and

direction of magnetic moment is indicated in (c) and (d). (b)-(d) 3D-
MLSI output of the current distribution in the x—y-plane calculated
with (b) method 1 (identical distribution for all n sheets), (c) method
2 and (d) method 3 (for uppermost sheet at z = 0). Arrows indicate
the local direction of currents.

3.3. Results

As already mentioned in section 2, the coupling factor should
also depend on the width of the constriction. Hence, we
computed dh in the range 10 nm < w; < 500 nm and 10 nm
< d < 500nm, assuming that the quasi-dipole is placed
10 nm above the center of the constriction, as in the previous
section. The numerical results can be approximated by

Puo
d We ’
(1 +d—0)(1 +W—0)

with the values for the fitting parameters ¢

4, (d, we) ~ 3)

1,00 do and wq given

in table 1 for two different values of Ap. As expected, (ﬁﬂ

decreases with increasing width w. and thickness d. Within
the simulation range, we find a monotonic decrease of
qb” (d, w;), with a slightly weaker decay in qﬁﬂ (d) as for gbﬂ mp).

By modifying the distance z, between the magnetic
particle and the upper surface of the superconductor, we find
qualitatively the same dependence as in equation (3) within
10 nm < zop < 1000 nm with absolute values scaling like
#,(20) x zg 32 Since the optimization of ¢, does only trivi-
ally depend on the distance between particle and SQUID, we
can absorb ¢,(z0) into ¢, .

4. Flux noise
To determine the flux noise of the SQUID in the thermal

white noise regime, we use the theoretical expression
obtained from Langevin simulations

So = f () PoksTL /IR, )
which is wvalid for a Stewart-McCumber parameter
Be =22l R*C/®y < 1 and If, <0.1 [33]. Here,

I' = 27kgT /Iy Py is the noise parameter, and f;, = 2Ll /Do is
the screening parameter. For ;, > 0.4, f(f,) = 4(1 + B,).
For lower values of f;, S¢ increases.

The first factor to be discussed is IyR. The junction
resistance R can be varied to some extent by varying the
thickness da, of the Au layer covering the YBCO film; the
maximum achievable value is the unshunted junction normal

state resistance Ry (for da, = 0). For 24° YBCO grain
boundary junctions, [yRy values ~2 — 3 mV are achievable
at 4.2 K [34]. However, such junctions typically have hys-
teretic IVCs. We thus demand f- < 1 to avoid hysteresis.
Ideally, one would like to derive an expression for [hR as a
function of wjy, d and da, using the constraint - < 1 and
assuming certain values for the critical current density jo,
unshunted normal junction resistance times area p = Ryw;d
and capacitance per junction area C’'. However, the scaling of
R with wy, d and d, is currently not known. Furthermore, an
estimate of C’ as a function of w; and d, based on various
scaling laws available in literature [35-37] is quite difficult, in
particular since it is difficult to determine C for underdamped
YBCO GBIJs and since the stray capacitance due to the
commonly used SrTiOj substrates may play an important role
[38]. On the other hand, we have fabricated nanoSQUIDs
from 24° YBCO GBJs with different junction widths 85 < wy
< 440 nm and film thicknesses 50, 100, 120 and 300 nm,
using the focused ion beam (FIB) milling technique as
described in [29]. Parameters of some of those devices are
listed in table 2. Except for the devices with both, small film
thickness (d = 50 nm) and narrow junctions (wy ~ 100 nm),
which tend to have slightly lower IyR and jo, typical values
for our devices are IhR ~ 0.5 mV and j, = 3 — 5 mA um
at T = 4.2 K. Below we will find an optimum junction width
well above 100nm and a very weak dependence of the
optimum spin  sensitivity on film thickness for



Table 1. Summary of fit parameters from numerical simulations on nanoSQUIDs for two different values of A;. The values for Sq',{ % and S ;/ 2 are given for T = 42K and IR = 0.5 mV.
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100 nm < d < 500 nm. Thus, rather than introducing an ill-
defined scaling of )R with w; and d, below we fix
I)R = 0.5mV and j, = 3 mAum2 as realistic values.

We next determine the dependence of the SQUID induc-
tance L on the various geometrical parameters. We separate the
SQUID into the constriction (inductance L., length [, width w.)
, the two (symmetric) bridges containing the junctions (induc-
tance Lj, length [;, width wy), the two corners connecting the
constriction and the junction arms (inductance L.), and the
bottom part of the SQUID (inductance L), as indicated in
figure 1. Then, L is given by

L=L.+2Ly+ 2L, + L. 5)

We should find L. (W, I, d), Ly(wy, Iy, d), Le (W, wy, d) and
Ly(le, wy, d). From 3D-MLSI simulations we find the para-
metrization L, (W, lo, d) = L’ - I./w.d. This expression fits the
computed L. well, within the parameter range
10 nm < /I, we, d < 500 nm, covered by the simulations.
We use the same parametrization for Lj(wy, Iy, d).
For the corers we find, within a 15% variation with respect to
wy and w., the expression L.~ L//d. Finally, we find
Ly = Lyl./wyd + Ly"/d. The fitting parameters L', L., Ly, and
Ly” are summarized in table 1 for two different values of ;.
Inserting these expressions into equation (5) yields

L[l 2L+bl
Lz—{—+J—+r}, 6)
d | w, wy

withh = Ly/L" and r = (2L, + Ly,”)/L’ (see table 1). We note
that in our simulations we have adjusted A, = 250 nm to be
consistent with most of the experimentally determined values of
L for our nanoSQUIDs. This value is consistent with the lit-
erature on Ay in the a-b-plane of epitaxially grown c-axis
oriented YBCO thin films [25, 39]. However, for some devices
we find good agreement between measured and simulated
values of L only if we assume larger values for A, e.g.
AL = 335 nm for ‘exp. device 1a’! listed in table 2.

For the minimization of S,, we will use f§, as a variable
parameter. Since both, L and wy are not independent of each
other and are related to f;, we express both as functions of
p,. This will allow us to eliminate L and wj in the final
expression for §, which has to be optimized. With
B = 2lhL /Dy and Iy = jywyd, we obtain

D
wi(fy, L) = 2].;’52. (7)

! ‘Exp. device la’ corresponds to the YBCO nanoSQUID which has been
described in [29]. Due to our refined calculation of the coupling factor 454 (i.e.
using n = 11 instead of n = 2 current sheets), we find a ~14 % reduction of
the calculated value for ¢,, and correspondingly a slightly larger value for
S :/2, as compared to the values quoted in [29]. Our choice of A, = 250 nm
for the calculation of ¢, (instead of 335 nm in [29]) has a negligible effect on
the calculated value of ¢, for this device.

Inserting this into equation (6) yields
-1
L I K
L r—|—+r|yl -— , 8
(5) ~ — (WC ){ ﬁL} 8)

k(I Les jo) = 2(20 + ble)jo L' /o )

with

Inserting equation (8) into equation (4) and using
F(B) =4 + p;) finally yields

1+
do(lc H) B

So(d. wer BL) ™ S0~ —

(10)
d hL

C

kg TL

IyRdy
result here is the scaling S « 1/d. This is due to the fact that
the SQUID inductance L o 1/d within the simulation range
for d, because of the increase of the kinetic inductance con-
tribution with decreasing d below Ap. For d > 2i; we
expect a saturation of L(d) and hence of Sy (d). However, we
will neglect this for the optimization of S,, since values for
d 2 500 nm are outside the simulation range and since we
cannot expect to produce high-quality GBJs for such large
values of d.

with S}fo = (see table 1). The most important

5. Optimization of spin sensitivity via improved
SQUID geometry

With equation (3) and (10) we find the spin sensitivity
S,yz = Sql3/ 2 / ¢,- The individual dependencies on d, ; and
constriction parameters w. and /. can be separated. Hence, we
can express the spin sensitivity as

Sll/z(d3 WC9 ﬁL) = S/l,/z() . sd(d) ' SﬂL(ﬁL) : SC(WC’ lC)a (11)

with 5,5 = 557%/8,.0 (see table 1) and with

_ [do |4
sq(d) = \/; + \/;O, (12)
1+
sp.(BL) = /—1_@ (13)
B
se(e, lc)s(l +ﬁ) /l—°+r. (14)
wWo We

Figure 4 shows s5,(d), s, (B, ) for fixed x, and s, (w;) and s (I )
for fixed I. and w., respectively, for Ay = 250 nm. In the
following we discuss the optimum choice of the various
parameters.

For s5,4(d) from equation (12) we obtain a shallow mini-
mum at dpyi, = dy, and a rather weak dependence for
d 2 100 nm. This indicates that with increasing d above
~100 nm the decrease in kinetic inductance (and hence in flux
noise) and coupling factor almost compensate each other
within the simulation range. Hence, the optimization of the
spin  sensitivity with respect to film thickness is



Table 2. Summary of geometric and electric nanoSQUID parameters (as defined in the text). The values for ‘opt. device 1’ are calculated for optimized parameters obtained for a given constriction
length [, with Ay, = 250 nm. For ‘opt. device 2’ we used more relaxed values for w;, /. and /; and otherwise identical input parameters for d, jo, IoR, A1, with correspondingly optimized f; and
adjusted wy. For the experimental devices we quote experimentally determined values for L and S (in the thermal white noise limit) [40] together with values (in brackets) which are calculated
with equation (6) and (4), respectively, with 1;, = 250 nm. Here, the flux noise was calculated based on the measured SQUID inductance L. Accordingly, the values in brackets for the spin

sensitivity S ;/ 2 are based on the calculated values for the flux noise Sb.

d 1. I w w B L Io R LR jo L. Ly Lo Ly Sy &, S,
Units nm nm nm nm nm pH  uA Q mV mAum> pH pH pH pH ndyHz "> ndojuy py Hz '
opt.
devicel 120 44 174 25 280 040 4.1 101 5.0 0.5 3 1.3 044 047 1.0 36 20 1.8
opt.
device2 120 100 200 60 316 045 4.1 114 44 0.5 3 1.2 045 047 1.1 36 15 2.4
exp. 50 300 400 90 130 0.65 36 185 7.0 0.13 2.85 5.7 5.2 1.1 3.6 1300 18 71
devicela 22) (228) (12)
exp. 50 535 435 50 85 1.29 42 314 102 032 7.39 18 8.7 1.1 5.6 600 23 26
devicelb 43) (185) (8.0)
exp. 100 500 500 420 190 0.78 89 91 54 049 4.79 1.0 22 056 19 450 5.2 86
device2a 8.5) (60) an
exp. 100 475 455 410 140 1.37 9.1 155 3.1 0.47 11.0 098 28 056 20 400 5.3 75
device2b 9.7) 72) (13)
exp. 120 230 370 100 205 094 5.8 168 5.0 0.84 6.81 1.6 1.3 047 1.2 <83 12 <6.7
device3 (6.4) (39) 3.1)
exp. 300 300 450 120 280 0.87 29 315 14 044 3.75 0.71 046 0.19 049 240 6.4 37
deviceda 2.5) (37) 5.7)
exp. 300 485 480 195 285 1.01 2.2 471 1.7 0.78 5.51 0.70 048 0.19 0.54 <240 4.8 <50
devicedb (2.6) (25) (5.3)

200521 (¥102) £g "louyos] 198 "puodsedng

/e 18 Buiqiom H
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Figure 4. Scaling of the terms s4(d), s, (8, ) for k = 0.26, s (w) for

l. = 200 nm and s, (/) for w. = 60 nm, which enter the spin
sensitivity in equation (11) as calculated from equation (12)—(14)
with Ay = 250 nm.

straightforward, although, the proper choice of d is not very
crucial as long as d 2 100 nm. However, in order to avoid too
large aspect ratios d/w. and d/wy, it is advisable to fix the
optimum film thickness t0 dop; = dpin - This in turn fixes the
optimum value for s, according to equation (12) to
Sd,opt = Sd (dmin) = 2. (15)

The evaluation of equation (13) shows a much more
pronounced dependence for sg, (f;) with a clear minimum at

Brmin = k(1 + N1 + kb,
5g, Prmin) = V& + vk + 1. For k = 0.26 used in figure 4,
we obtain f; ..~ 0.83 and s (B ;) ~ 1.6. Both,
PBromin (&) and sp (B ;) decrease monotonically with
decreasing k, which implies that x should be as small as
possible. However, as mentioned above, for f; < 0.4 the flux
noise increases again with further decreasing p;, and
equation (13) is not applicable. Hence, the optimum value for
Br 18 Pr oy = 0.4, which then fixes the optimum value for x

and

via the relation B; ., (k) to

2
ﬂL, opt

:7—iz0.09.
1 +—2ﬁme

T 45 (16)

Kopt

Accordingly, the optimum value for sz in equation (13)
yields

3

Spr.opt = sﬂL(ﬁL,opt’ KOPl) = f

~ 1.3. (17)

We note that according to equation (9), the choice of k = Koy
relates the optimum length /j o, of the bridges containing the

GBlJs and /. via

Kopl(pO b
[ = — — —[. 18
J,opt 4jOL, B c ( )
Since b/2 =~ 0.15 < 1, the dependence Iy (l.) is quite

weak. For our choice of j, =3 mAum? and with

AL = 250 nm, equation (18) yields /o5 ~ 180 nm — 0.15[,
i.e. Iy op decreases only slightly from ~180 nm to ~150 nm
for [, = 0 to 200 nm. Hence, the choice of /. (together with jg
and Ap) fixes Iy op.

By inserting d = dop = do, f; = ﬂL,opl and k = Kqp into
equation (8), we find for the optimized SQUID inductance

! l
Lop ~ 1.3 ‘I;—(r + —°], (19)

0 We

ie. Loy ~25pH+091pH = for A =250nm and

roughly a factor of two larger values for A; = 335 nm.
Inserting this into equation (7), we find for the optimum
junction width

gLon 1
5Ly r 4 L

(20)

Wjopt =

For our choice of j, =3 mAum2, the prefactor in

equation (20) is %1.26 ym (750 nm) for A, = 250 (335) nm;
i.e. the optimum junction width decreases monotonically with
increasing ratio I./w. from ~340 (270) nm for [./w; =1 to
~100 (60)nm for [./w; = 10, with Ay = 250 (335)nm. For
our choice of j; = 3 mA / um?, the prefactor in equation (20)
is #1.26 ym (750 nm) for A = 250 (335) nm; i.e. the opti-
mum junction width decreases monotonically with increasing
ratio [./wy from ~340 (270)nm for [ /w,=1 to
~100 (60)nm for /./w. = 10, with 4. = 250 (335)nm.

Finally, as shown in figure 4, the relation s, (w, I.), given
by equation (14) yields a monotonic decrease of s, with
decreasing /. and a clear minimum in s, (w.) at

I 8
Wemin = —— 1+ o -1 5
4r Il

which can be approximated by a power law dependence
Wemin & W, - (I,/nm)*3% (see dashed and dotted lines in
figure 5) with w! =7 (4.8) nm for Ay = 250 (335) nm.
Accordingly, s, can be minimized by choosing
We = Wemin (Ic). This yields

’ l 0.35 l 0.65
sc,opt(lc):{l +&(_C ) }\/F'i‘ Iln’/l(_c ) . (22)
wo \ nm w. \ nm

Both, we min (Ic) and scop (Ic) decrease monotonically with
decreasing /.. This implies that /. should be made as small as
possible.

All numbers in the following paragraph are quoted for
AL = 250 nm. For [, = 500 nm we find w, min =~ 60, which is
feasible to realize with our FIB technology; however upon
shrinking /. it becomes increasingly hard to realize devices
with optimum constriction width we i, (/). Fortunately, it

2D
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Figure 5. Contour plot of optimized spin sensitivity S ,ﬁ’ 20p[ (ley, we)
(forT=42K, Ih)R=05mV, d = 120 nm and $;, = 0.4). Num-
bers at contour lines are in units of yzHz™'2. Dashed and dotted
lines show w¢ min (/) from equation (21) and approximation by
power law dependence, respectively. The solid black line shows
S ,1’ %,pt (l¢) for we = We min - All quantities were calculated for

AL = 250 nm.

turns out that the degradation in spin sensitivity is not very
severe if w, deviates from w, i, , as long as one can keep w;
below, say, 100 nm. This is illustrated in the contour plot in
figure 5, which shows the spin sensitivity for optimized d and
ﬂL’ ie. S;i,/zopl (Ie, we) = S;QO * Sd,opt * Sp,opt * Sc (e, W) =
0.69 py Hz 2 . s.(l, w) for T = 42K and LR = 0.5 mV.
Within the plotted range, the spin sensitivity lies in most cases
between 2 and 4 uy Hz'/2, and practically for an optimized
device the spin sensitivity is limited by both, the smallest
length and linewidth which can be realized for the constric-
tion. The solid line in figure 5 shows s op (Ic) according to
equation (22), i.e. with the additional condition
We = Wemin (Ic). If we take /. = 44 nm, corresponding to
Wemin = 25 nm as the current limitation for our FIB pat-
terning technology, we calculate g% ~ 36 n®y Hz~!/2 and
Buope ® 20 0Py /,LtB, giving an optimized spin sensitivity

Sy %o ~ 1.8 uy Hz™'2. Corresponding SQUID  parameters
are listed in table 2 (‘opt. device 1°). If we take more easily
achievable values w; = 60 nm, /. = 100 nm and /; = 200 nm
(other input parameters are the same as for the initial opti-
mization), we still get S,”* = 2.4 uy Hz™!/? (see table 2 for
parameters of ‘opt. device 2’).

6. Discussion

In the following, we discuss some practical issues regarding
the realization of optimized YBCO GBJ nanoSQUIDs. The
optimization of the spin sensitivity given by equation (11)
certainly depends on the control over the various input
parameters, which are not always known precisely. For
example, IyR and j, of YBCO GBIJs can vary significantly,
even on the same chip [34], and sometimes we find values for
Ay significantly above 250 nm.
Starting with the prefactor § ;/ %, this depends on T and

IhR. Regarding operation temperature 7, this will certainly

10

depend on the different applications the nanoSQUIDs will be
used for. Hence, this is not a parameter which should be used
for optimization. Still, the use of YBCO SQUIDs based on
GBJs offers operation from close to their transition tem-
perature 7. (say, 77 K) down to the mK regime. The very
large range of operation temperatures is certainly a significant
advantage over nanoSQUIDs based on other materials or
other junction types such as constriction junctions, which
often can only be operated in a very limited temperature
interval. The IR product does only enter into the expression
for the spin sensitivity via S, o o 1/IyR. Hence, any variation
in IyR does not affect the optimization of the device geo-
metry. Obviously, as large as possible values for )R are
helpful for improving the spin sensitivity.

The term for s; depends on the film thickness d only, and
due to the shallow minimum in s,(d), slight deviations from
d = dope = 120 nm (for Ap, = 250 nm) or larger values for Ap,

will have an almost negligible effect on § ;/ 2,

The term for s, depends only on the geometry of the
constriction and on 4. Here, technological limitations
imposed by the patterning technique and possible edge
damage effects are crucial, since the smallest achievable s,
will depend on the smallest achievable length /. and width w;
of the constriction. For our FIB patterning technique, we
currently do not know what the final limits for the minimum
achievable values for /. and w; are, and how strong edge
damage effects are. Further investigations are required to
determine (and reduce) edge damage effects, which will
finally limit the minimum achievable constriction size.

The term s4, depends on f; and k. Here, jo enters into the
optimization only via x « jo. A variation in j, will modify the
optimum length Iy oy (jy, Ic) (see equation (18)) and width
Wyopt & 1 /j0 (see equation (20)), which are required for
maintaining #; ~ 0.4 (and hence sg, = sp, opt). Fortunately, jo
can be measured prior to FIB patterning, which allows to
adjust the geometry of the bridges straddling the GBIJs.
Hence, as long as j, does not change significantly after FIB
milling [28], and as long as the conditions for Iy o and wy op
can be fulfilled, the optimized spin sensitivity is not affected
by variations in jg.

A variation in Ay, has a similar effect as a variation in jj,
since k « L' and L’ increases with A;, (see table 1). However,
it is difficult to determine Ay, prior to FIB patterning in order
to adjust wy and [y properly. For fixed geometrical parameters,
we find that an increase in A} from 250 to 335 nm decreases
the coupling factor only very slightly, as long as w. < 100
nm. The strongest effect comes from the increase in L' by a
factor of ~1.7, which increases L and f;, which both enter

into the flux noise. Depending on the value of §, , this induces

an increase in Sg’

mately 1.4-1.7.

Finally, we would like to comment on two additional
practical issues. First, the predicted optimized spin sensitivity
around a few upHz~!/? is in particular due to the reduction in
SQUID inductance for an optimized geometry, yielding
improved flux noise. However, we should mention that for
YBCO SQUIDs the measured flux noise is often significantly

(and in S;]/z) by a factor of approxi-
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higher than the theoretically predicted one [41]. For the
experimental devices listed in table 2 the measured S4/> was a
factor 3.2-7.5 higher than predicted by equation (4). Hence,
we expect the predicted spin sensitivities to be too low by a
similar factor if compared with experimental results.

Second, the optimization procedure as described in this
work is based on calculating the white thermal noise of the
SQUIDs. However, it is well known that I, fluctuations can
lead to a flux noise S which scales with the measurement
frequency f as 1/f* with a typically close to 1, and it is also
known that for YBCO GBJs such a 1/f noise contribution can
be quite large [41]. For YBCO nanoSQUIDs with improved
white thermal noise around 100 nd, Hz~!2 and below, this
implies that the 1/f noise may dominate at frequencies up to
the MHz range. Hence, in order to utilize the full potential of
such SQUIDs, the implementation of bias reversal schemes
for suppression of 1/f noise from I, fluctuations will be very
important. Furthermore, for dc SQUIDs based on metallic
superconductors such as Nb, it has been shown that below
T = 1 K additional sources of low-frequency excess flux
noise may become important, which cannot be eliminated by
bias reversal [42] (for more recent work see e.g. [43, 44] and
references therein). In YBCO nanoSQUIDs also similar
effects may be present and deserve further studies.

7. Conclusions

In summary, we have performed a detailed analysis of the
coupling factor ¢, and the spectral density of flux noise Se,

and hence of the spin sensitivity Sli/z = ql>/2 / ¢, for grain
boundary junction dc nanoSQUIDs. Based on the calculation
of ¢, and Sp, we derived an explicit expression for the spin

sensitivity S j/ 2 as a function of the geometric and electrical
parameters of our devices. This allows for an optimization of
S /1/ 2, which predicts a spin sensitivity of a few ugHz™'2. Such

a low value for § ,i/ % can be achieved by realization of very
low inductance nanoSQUIDs with ultra-low flux noise on the
order of 100 n®, Hz~'"2 or even below, in the thermal white
noise regime. This poses severe challenges on proper readout
electronics for such SQUIDs. It remains to be shown whether
or not the readout of such ultralow-noise SQUIDs is feasible
and whether or not the envisaged values for the spin sensi-
tivity can also be achieved in high fields, which is a major
driving force for using these grain boundary junction
nanoSQUIDs.
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Magnetization Reversal Measurements on Magnetic Nanoparticles
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We fabricated YBapCuszO7 (YBCO) direct current (dc) nano superconducting quantum inter-
ference devices (nanoSQUIDs) based on grain boundary Josephson junctions by focused ion beam
patterning. Characterization of electric transport and noise properties at 4.2 K in magnetically
shielded environment yields a very small inductance L of a few pH for an optimized device geom-
etry. This in turn results in very low values of flux noise < 50n®q/ Hz'/? in the thermal white
noise limit, which yields spin sensitivities of a few ,uB/Hzl/2 (@0 is the magnetic flux quantum and
up is the Bohr magneton). We observe frequency-dependent excess noise up to 7 MHz, which can
only partially be eliminated by bias reversal readout. This indicates the presence of fluctuators of
unknown origin, possibly related to defect-induced spins in the SrTiO3 substrate. We demonstrate
the potential of using such YBCO nanoSQUIDs for the investigation of small spin systems, by plac-
ing a 39nm diameter Fe nanowire, encapsulated in a carbon nanotube, on top of a non-optimized
YBCO nanoSQUID and by measuring the magnetization reversal of the Fe nanowire via the change
of magnetic flux coupled to the nanoSQUID. The measured flux signals upon magnetization reversal
of the Fe nanowire are in very good agreement with estimated values, and the determined switching

Low-Noise YBa;Cu30O; Nano Superconducting Quantum Interference Devices for

)

2 Leibniz Institute for Solid State and Materials Research IFW Dresden, Helmholtzstr. 20, 01069 Dresden, Germany

fields indicate magnetization reversal of the nanowire via curling mode.

PACS numbers: 85.25.Dq, 74.78.Na, 75.75.-c 74.72.-h 74.25.F- 74.40.De 85.25.CP,

I. INTRODUCTION

Small spin systems or magnetic nanoparticles (MNPs),
like single molecular magnets, nanowires or nanotubes
behave very different from magnetic bulk material, which
makes them very interesting, both for basic research and
applications, ranging from spintronics and spin-based
quantum information processing to industrial use of fer-
rofluidic devices and biomedical applications' 7. Due
to their nanoscale size, MNPs have very small mag-
netic moments, which does not allow to use standard
magnetic characterization techniques for the investiga-
tion of their properties. In one approach, which has
been pioneered by Wernsdorfer et al.®, MNPs are placed
very close to miniaturized superconducting quantum in-
terference devices (SQUIDs), often referred to as mi-
croSQUIDs or nanoSQUIDs” 2%, and the magnetization
reversal of MNPs is measured directly via the change
of stray magnetic flux coupled to the microSQUIDs or
nanoSQUIDs. Major challenges for this application are
the development of SQUIDs (i) with ultra-low flux noise,
which can be achieved via the reduction of the inductance
L of the SQUID loop and (ii) which can be operated in
very large magnetic fields (up to the Tesla range), with-
out significant degradation of their noise performance.

The most common approach for the realization of di-
rect current (dc) nanoSQUIDs uses two constriction-
type Josephson junctions (cJJs) intersecting the SQUID
loop!!12:14,16,23,26,27 Ty thig case, optimum coupling be-
tween a MNP and the nanoSQUID is achieved by placing
the particle directly on top of one of the c¢JJs. The use

of cJJs offers the possibility to operate the SQUIDs in
strong magnetic fields. However, if conventional metal-
lic superconductors such as Pb or Nb are used, high-
field operation is limited by the upper critical field of
typically one Tesla for thin films?®. Still, it has been
demonstrated that by using ultrathin films, this limita-
tion can be overcome?’. However, with ultrathin films
the SQUID inductance L is dominated by a large kinetic
inductance contribution, which yields large flux noise. To
date, the most successful approach is the SQUID-on-tip
(SOT)?5. With the so far smallest Pb SOT with 46 nm
effective loop diameter and 15nm film thickness, ultra-
low flux noise down to 50 11<I>0/Hzl/2 at 4.2K has been
demonstrated?® (®q is the magnetic flux quantum). The
inductance for a slightly larger device (56 nm effective
diameter) was estimated as L = 5.8 pH. The SOT tech-
nology is extremely powerful for high-resolution scanning
SQUID microscopy, and provided for the first time a spin
sensitivity below 1 up /Hzl/ 2 for certain intervals of ap-
plied magnetic field up to about 1 Tesla (up is the Bohr
magneton), estimated for a point-like MNP with 10 nm
distance to the SOT. However, maintaining the optimum
flux bias point in variable magnetic field is not possible;
i.e. the flux noise and spin sensitivity strongly depend
on the applied field, which makes such devices less inter-
esting for the investigation of magnetization reversal of
MNPs.

An alternative approach is the use of YBayCuzO7
(YBCO) dc¢ nanoSQUIDs with grain boundary Joseph-
son junctions (GBJJs) for operation at temperature T =
4.2 K and below®’. Magnetization reversal of a MNP can



be detected by applying an in-plane magnetic field per-
pendicular to the grain boundary, i.e. without significant
suppression of the GBJJ critical currents. The huge up-
per critical field of YBCO in the range of tens of Tesla
offers the possibility for operation in strong fields up to
the Tesla range, without using ultrathin films®'. Hence,
very low inductance devices with potentially ultra-low
flux noise can be realized.

Very recently, we performed an optimization study for
the design of YBCO nanoSQUIDs?2. This is based on
the calculation of the coupling factor ¢,,, i.e. the amount
of magnetic flux coupled to the SQUID per magnetic mo-
ment of a point-like MNP, placed on top of a narrow con-
striction inserted into the SQUID loop. This additional
constriction allows for the optimization of ¢, (via con-
striction geometry) without affecting the junctions. In
addition, we performed numerical simulations to calcu-
late the SQUID inductance and root-mean-square (rms)

spectral density of flux noise Sé/ 3, in the thermal white
noise limit. This enabled us to predict the spin sensitivity
in the thermal white noise limit S,l/vgv = é/ i /¢, for our
devices as a function of all relevant device parameters.
This optimization study predicts optimum performance
for a YBCO film thickness d ~ 120nm, which allows

to realize nanoSQUIDs with very small L of a few pH.
For optimized devices, we predict Sé){ fv of several tens of

n®,/Hz'/? and ¢u ~ 10 —20nP¢/pup (for a MNP placed
10 nm above the YBCO film on top of the constriction),
yielding a spin sensitivity S,i/vzv of a few up /Hzl/ 2,

Here, we report on the realization of optimized YBCO
nanoSQUIDs based on GBJJs and on the experimen-
tal determination of their electric transport and noise
properties in magnetically shielded environment at T =
4.2K. To demonstrate the suitability of our YBCO
nanoSQUIDs for the detection of small spin systems, we
present the measurement of the magnetization reversal
(up to ~ 200mT at T = 4.2K) of a Fe nanowire with
diameter dp, = 39nm, which was positioned close the
SQUID loop.

II. DEVICE FABRICATION AND
EXPERIMENTAL SETUP

The fabrication of the devices was carried out accord-
ing to Refs. [30,31]. A c-axis oriented YBCO thin film of
thickness d was grown epitaxially by pulsed laser depo-
sition on a SrTiO3 (STO) [001] bicrystal substrate with
a 24° grain boundary misorientation angle. An in-situ
evaporated Au layer of thickness da, serves as shunt re-
sistance to provide non-hysteretic current-voltage char-
acteristics (IVCs). SQUIDs with smallest line widths
down to 50 nm were patterned by focused ion beam (FIB)
milling with 30keV Ga ions. The Au layer also minimizes
Ga implantation into the YBCO film during FIB milling.

For characterization of the device properties, electric
transport and noise measurements were performed in

an electrically and magnetically shielded environment at
T = 4.2K, i.e. with the samples immersed into liquid
He. By applying a modulation current I,,q across the
constriction, the magnetic flux coupled to the SQUID
can be modulated. This allows flux biasing at the opti-
mum working point and operation in a flux locked loop
(FLL) mode®®. To determine the spectral density of
flux noise Sp vs frequency f of the devices we used a
Magnicon SEL-1 SQUID electronics®** in direct readout
mode?®®, which was either operated in open loop mode
(maximum bandwidth ~7MHz), or in FLL mode (max-
imum bandwidth ~500-800kHz). The SEL electronics
allows for SQUID operation either with constant bias
current (dc bias) or with a bias reversal readout scheme
(maximum bias reversal frequency fy, = 260kHz), to
reduce 1/f noise caused by fluctuations of the critical
currents Iy 1 and Iy 2 of the Josephson junctions 1 and 2,
respectively33.

Below we present data of our best device, SQUID-1,
with a d = 120nm thick YBCO film. Figure 1 shows
a scanning electron microscope (SEM) image of SQUID-
1. The loop size 350 x 190nm? is given by the length
ly of the bridges straddling the grain boundary and by
the length [. of the constriction. SQUID-1 has junction
widths wj; = 210nm and wjye = 160nm and a constric-
tion width w, = 85nm. The parameters for SQUID-1 are
summarized in Table I. For comparison, we also include
parameters for a similar device, SQUID-2, which has the
same YBCO film thickness, however slightly larger in-
ductance L = 6.3pH, and about a factor of 2.5 smaller
characteristic voltage V., = I.Rn. I. is the maximum
critical current and Ry is the asymptotic normal state re-
sistance of the SQUID. Details on electric transport and
noise characteristics of SQUID-2 are presented in Sec. I
of the Supplemental Material®®. Table I also includes pa-
rameters for SQUID-3, which was used for measurements
on an Fe nanowire in a high-field setup, as discussed fur-
ther below.

constriction

FIG. 1: (Color online) SEM image of YBCO nanoSQUID-1.
Vertical dashed line indicates position of the grain boundary
intersecting the two SQUID arms. Horizontal arrows indicate
paths for modulation current I,,0q across the constriction and
bias current I across the grain boundary Josephson junctions.



III. SQUID-1: ELECTRIC TRANSPORT AND
NOISE

A. SQUID-1: dc characteristics

Figure 2 shows the dc characteristics of SQUID-1. Fig-
ure 2(a) shows IVCs for I,,4 = 0 and two values of
Iod, corresponding to maximum and minimum criti-
cal current. The IVCs are slightly hysteretic with max-
imum critical current I, = 960 uA and Ry = 2.09,
which yields V, = 1.92mV. The inset of Fig. 2(a) shows

@ \nmw

experiment
simulation

FIG. 2: (Color online) SQUID-1 dc transport characteris-
tics. (a) Measured IVCs for three different values of Imod,
including flux bias (Imoa) values which yield maximum and
minimum critical current. Inset: measured Ic(Imoa) for pos-
itive and negative current bias (solid lines) and numerical
simulations (dots). (b) Measured V (Imodq) for bias currents
[I| = 0.64...1.12mA (in 40 uA steps). Points 1 and 2 are
bias points with Va=12 and 4.5 mV/®,, respectively.

the modulation of the critical current I.(Ipoq). From
the modulation period, we find for the magnetic flux ®
coupled to the SQUID by I,q4 the mutual inductance
M = ®/I10a = 0.44P9/mA = 0.91 pH. We performed
numerical simulations, based on the resistively and ca-
pacitively shunted junction (RCSJ) model, to solve the
coupled Langevin equations which include thermal fluc-
tuations of the junction resistances®’. From simulations
of the I.(Imoq) characteristics [cf. inset of Fig. 2(a)] we
obtain for the screening parameter 8y, = 2IoL/®y = 1.8
(with Iy = (Ip1 + Io2)/2), which yields a SQUID in-
ductance L = 3.9pH. We do find good agreement be-
tween the measured and simulated I.(In0q) character-
istics if we include an inductance asymmetry a; =
(Ly — L1)/(La + L1) = 0.20 (L; and L, are the in-
ductances of the two SQUID arms) and a critical cur-
rent asymmetry ay = (1072 — 1071)/(1072 + IO,l) = 0.27.
These asymmetries are caused by asymmetric biasing of
the SQUID and by asymmetries of the device itself.

V (Imoda) is plotted in Fig. 2(b) for different bias cur-
rents. The transfer function, i.e. the maximum value of
OV /0®, in the non-hysteretic regime is Vg ~ 12mV/®q
[at T =0.92mA; cf. point 1 in Fig. 2(b)].

B. SQUID-1: Noise data
1. Open loop mode

Figure 3(a) shows the rms spectral density of flux noise

Sé/g(f) of SQUID-1, measured in open loop mode to
reach the highest possible bandwidth of the readout elec-
tronics. Due to the limitation in the maximum bias cur-
rent of the readout electronics, noise spectra were taken
at I = 0.72mA with a transfer function Vg = 4.5mV/®,
[cf. point 2 in Fig. 2(b)]. Up to the cutoff frequency
faas = 7TMHz there is no white flux noise observable.
Instead, the flux noise scales roughly as Sg o< 1/f, with
S5/ ~ 10 u®o /Hz"/? at f = 100Hz and 1 u®,/Hz"/? at
10kHz. This level of low-frequency excess noise is quite
typical for YBCO GBJJ SQUIDs (also at T = 7T7K)
and has been ascribed to critical current fluctuations in
the GBJJs®®. However, due to the limitation by thermal
white noise, typically between 1 and 10 u®/Hz*/? for
low-noise YBCO SQUIDs, this f-dependent excess noise
has not been observed so far up to the MHz range. We
note that for YBCO nanoSQUIDs implementing cJJs?7,
a frequency-dependent 1/ f-like excess noise at T' = 8K
of almost the same level as for SQUID-1 was reported
very recently, and was also attributed to critical current
noise. For frequencies above 10 kHz, the flux noise of the
YBCO nanoSQUID in Ref. [27] was limited by amplifier
background noise.

For a more detailed analysis of the measured flux noise
Sa(f), we applied an algorithm?® to decompose the noise
spectra into a sum of Lorentzians F;(f) = Fp,/[1 +
(f/fe)?] plus a white noise contribution F,. The noise
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FIG. 3: (Color online) rms flux noise of SQUID-1. (a) Mea-
sured in open loop mode at bias point 2 (I = 0.72mA) in
Fig. 2(b). Dashed line is a fit to the measured spectrum with
white noise as indicated by horizontal line. (b) Measured in
FLL mode with dc bias and bias reversal (|I| = 0.43mA,
Ve = 4.4mV /®q). Vertical arrow indicates bias reversal fre-
quency fur. Dashed and dotted lines are fits to the spectra;
horizontal lines indicate fitted white noise.

spectrum measured for SQUID-1 in open loop can be very
well fitted by Fop(f) = Fu,op + Fsop + Zl 1 Fopi(f),
i.e., the superposition of a white noise contribution
with F/a, = 45n®o/Hz"/? plus a 1/f2 spectrum Fj o
(i.e. one or more Lorentzians with characteristic frequen-
cies f. well below 1 Hz) with Fi2(1Hz) = 84 ud, /Hz"/?
plus 16 Lorentzians, with f;; ranging from 2.6Hz to
2.6 MHz; for more details see Sec. III of the Supplemen-
tal Material®®. Hence, the decomposition of the spec-
trum into Lorentzians yields an estimate of the white
~ 451®y/Hz'/? for SQUID-1. We

note that this Value for S3 / is only a factor of 1.8 above
the value which we obtaln from numerical simulations of
the coupled Langevin equations3” at T = 4.2K for the
parameters of SQUID-1.

Taking the measured flux noise at 7 MHz as an upper

. 1/2
rms flux noise Sy /

limit for Sé/, 3‘,, we still obtain a very low white rms flux

4

noise, i.e. 51/2 < 50 n<I>0/Hzl/2 This more conservative

estimate for the white rms flux noise level is an improve-
ment by more than an order of magnitude compared to
our non-optimized devices operated at 4.2K and com-
pared to the lowest value reported so far for a YBCO
SQUID (at 8 K) very recently?”. Furthermore, this value
is the same as the lowest value reported for a Pb SOT op-
erated at 4.2K?® and among the lowest flux noise levels
ever achieved for a SQUID?40:41,

For the geometry of SQUID-1, we calculate®? a cou-
pling factor ®,, = 13.4n®y/up (10nm above the YBCO

film). With 832 < 50n®,/Hz'/?, this yields an up-
per limit for the spin sensitivity (white noise limit) of
Sp2 < 3.7up/Hz'/?. If we take the fitted white flux
noise of 45ndo/Hz"/?, we obtain Sy/e = 3.4 up/Hz/?.
Hence, the achieved performance matches very well the
predictions of our recent optimization study>?

2. FLL mode: dc bias vs bias reversal

Although the achieved low level of white flux noise for
SQUID-1 is encouraging, one certainly would like to ex-
tend such a low-noise performance down to much lower
frequencies. Therefore, we also performed noise measure-
ments in FLL mode (with ~ 700kHz bandwidth) and
compared measurements with dc bias and bias reversal
(with fr, = 260kHz). We note that the measurements
in FLL mode were performed within a different cooling
cycle, after SQUID-1 already showed a slight degrada-
tion in I.*2. Still, we were able to find a working point
(at |I] = 0.43mA) which yielded almost the same trans-
fer function, 4.4mV/®g, as for the measurement before
degradation in open loop mode.

Figure 3(b) shows rms flux noise spectra taken with dc
bias and bias reversal. Comparing first the FLL dc bias
measurement with the open loop data, we note that the
noise levels at fy, coincide. For f < fp, the noise levels
of the open loop and FLL dc bias data are similar, how-
ever, the shape of the spectra differ, which we attribute to
the above mentioned degradation and variations between
different cooling cycles. The dashed line in Fig. 3(b) is
a fit to the measured spectral density of flux noise by
Fae(f) = Fyw.ac+ ZZ 1 Fac,i(f), i-e., the superposition of
15 Lorentzians, with f.; ranging from 0.8 Hz to 6.8 MHz,
plus a white noise contribution F / = 41nd /Hzl/ 2
which we fixed to a value similar to the white noise level
determined for the open loop measurement; for more de-
tails see Sec. III of the Supplemental Material3°.

Applying bias reversal, one expects a suppression of
the contributions due to in-phase and out-of-phase crit-
ical current fluctuations of the GBJJs3®. If the f-
dependent excess noise below fi,, would arise solely from
Iy fluctuations, one would expect in bias reversal mode
a frequency-independent noise for frequencies below the
peak at fi,, at a level which is given by the noise mea-
sured at fp, in dc bias mode. This is what we observe



TABLE I: Parameters of optimized SQUID-1 and -2 and of SQUID-3 used for measurements on Fe nanowire. Values for Vj

correspond to working points of noise measurements. Values in brackets for S;,{f, and S‘l/v%, of SQUID-1 are based on fitted
noise spectrum. All devices have da, = 70nm. SQUID-1 and -3 were measured at 4.2 K, SQUID-2 was measured at 5.3 K.

d L 1y we wpi wye B L I. Ry LRx Vs Sy'2 b S22
units nm nm nm nm nDm nm pH pA Q mV mV/P, n<I>Q/HZ1/2 n®y/us MB/HZ1/2
SQUID-1 120 190 350 85 210 160 1.8 3.9 960 2.0 1.92 4.4 < 50 (45) 13 < 3.7 (3.4)
SQUID-2 120 230 370 100 180 230 0.94 6.3 311 25 0.78 1.7 < 83 12 < 6.7
SQUID-3 75 190 340 100 270 340 095 28 69 23 0.16 0.65 < 1450 15 <98

for frequencies down to a few kHz, with a f-independent
noise Fy py = 2311n®y/Hz. For lower frequencies, how-
ever, we still find a strong f-dependent excess noise in
bias reversal mode, which hence cannot be attributed to
I fluctuations.

The spectral density of flux noise measured in bias re-
versal mode can be well approximated [cf. dotted line
in Flg 3(b)] by Fbr(f) = Fw,br + Fs,br + E?:l Fbr,i(f)v
with F?(1Hz) = 128 u®o/Hz"/? and f.,; of the six
Lorentzians ranging from 21 Hz to 5kHz; for more de-
tails see Sec. III of the Supplemental Material®¢.

Obviously, below a few kHz the low-frequency excess
noise is dominated by slow fluctuators, which cannot be
attributed to Iy fluctuations. For different working points
(I and I,,0q) and also for other devices, the observation of
low- f excess noise in bias reversal mode was reproducible
[cf. flux noise data of SQUID-2 (from T = 6 K up to 65 K)
and of SQUID-3 (at T = 4.2K) in Sec. I and Sec. II,
respectively, of the Supplemental Material3°].

Considering the narrow linewidths of the SQUID
structures, we estimate a threshold field for trap-
ping of Abrikosov vortices*> to be well above 1mT.
Since the measurements were performed in magnetically
shielded environment well below 100nT, the presence of
Abrikosov vortices as the source of the observed low-f
fluctuators is very unlikely.

Low-frequency excess noise, which does neither arise
from Iy nor from vortex fluctuations, has been reported
during the last decades for SQUIDs based on conven-
tional superconductors like Nb, Pb, PbIn and Al in par-
ticular at temperatures well below 1 K**. This issue has
recently been revived due to the increasing interest in
the development of flux qubits and SQUIDs for ultra-
low temperature applications*®. Various models have
been suggested to describe the origin of such low- f excess
noise, e.g. based on the coupling of magnetic moments
associated with trapped electrons*® or surface states?”48,
although the microscopic nature of defects as sources of
excess 'spin noise’ still remains unclear.

For YBCO SQUIDs, excess low-f spin noise has not
been addressed so far. However, it seems unlikely that
defects may not play a role as magnetic fluctuators for
SQUIDs based on cuprates or any other oxide super-

conductors, which are often fabricated on oxide sub-
strates, in particular on STO, which is also used for the
nanoSQUIDs discussed here.

The emergence and modification of magnetism at in-
terfaces and surfaces of oxides, which are diamagnetic in
the bulk, is currently an intensive field of research®->!.
For STO, oxygen vacancy-induced magnetism has been
predicted®?, and experimental studies suggest ferromag-
netic ordering up to room temperature®?, e.g. for defects
induced by ion irradiation of single crystalline STO%.
Furthermore, defect-induced magnetism in oxide grain
boundaries and related defects have been suggested to
be the intrinsic origin of ferromagnetism in oxides®.

Although we can only speculate at the current stage
of our investigations, it seems possible that the observed
low-f excess noise in our nanoSQUIDs (in FLL bias re-
versal mode) is due to spin noise from defect-induced
magnetism in the STO close to the SQUID loop. Pos-
sible candidates are defects induced at the STO grain
boundary underneath the YBCO GBJJs or FIB milling-
induced defects close to the constriction, where the cou-
pling factor is strongest and may exceed the estimate
given in Ref. [46] by three orders of magnitude. Obvi-
ously, further investigations on the impact and nature of
such defects in our devices are needed and will be the
subject of further studies. Such studies will include de-
tailed noise measurements (dc vs bias reversal, variable
flux bias, temperature and magnetic field) to character-
ize and understand the f-dependent noise sources and,
hopefully, eliminate them. Furthermore, readout with
bias reversal at higher frequency up to the MHz range
in FLL mode has to be implemented, in order main-
tain the achieved ultra-low white flux noise level down
to lower frequencies. And finally, for applications of our
nanoSQUIDs, it will be important do avoid degradation
in time. This shall be achieved by adding a suitable pas-
sivation layer, however, without introducing f-dependent
excess noise.



IV. SQUID-3: MAGNETIZATION REVERSAL
OF FE NANOWIRE

As a proof of principle, we demonstrate nanoSQUID
measurements on the magnetization reversal of a Fe
nanowire which is encapsulated in a carbon nanotube
(CNT)5. Such iron-filled CNTs (FeCNTSs) are of fun-
damental interest with respect to studies on nanomag-
netism. Furthermore, they are attractive for various ap-
plications, e.g. as tips in magnetic force microscopy®”?%.
The Fe-nanowire, which contains mainly single crys-
talline (ferromagnetic) a-Fe, has a diameter dp, = 39 nm
and length lp, = 13.8 um. The CNT has a diameter of
~ 130 nm.

The FeCNT was positioned by a Kleindiek 3-axis ma-
nipulator inside a FIB-SEM combination onto SQUID-3,
such that the distance between the left end of the Fe
nanowire and the SQUID loop is ~ 300nm (cf. Fig. 4).
We note that for optimum coupling of the stray field of
the Fe nanowire into the SQUID, it is preferable to place
the end of the Fe nanowire close to the edge of the SQUID
loop opposite to the constriction. At this location, the
coupling factor is slightly smaller than directly on top of
the constriction, however, it does not fall off very rapidly
upon moving further away from the loop, as it is the case
near the constriction®'. The Fe nanowire axis (its easy
axis) was aligned as close as possible with the substrate
plane [(z,y) plane], with an inclination angle 6 = 4°
and perpendicular to the grain boundary, which is ori-
ented along the y-axis. The inclination of the Fe wire
axis with respect to the z-axis is < 1°. The vertical dis-
tance (along the z-axis) between the nanowire axis (at its
left end) and the surface of the YBCO film is ~ 300 nm.

The measurements on the Fe nanowire were performed
with the non-optimized SQUID-3. This device has a sig-
nificantly larger inductance (due to its smaller film thick-
ness) and much smaller characteristic voltage, resulting
in a much smaller transfer function Vo = 0.65mV /P,
as compared to SQUID-1 and -2. Magnetization rever-
sal measurements on the FeCNT were performed with

SQUID loop -
Fe nanowire

constriction

FIG. 4: (Color online) SEM image of SQUID-3 with Fe-wire
filled carbon nanotube positioned close to the SQUID loop.

SQUID-3 operated in FLL dc bias mode up to f =
190 kHz. At this frequency, the noise was limited by the
readout electronics, which yields for SQUID-3 an upper
limit of the white rms flux noise S;,/i, <1.45 ,u<I>0/Hz1/2.
Below ~ 40kHz, SQUID-3 showed f-dependent excess
noise with Sé/g ~ 8udo/Hz"/? at f = 100Hz and
Sé/Q ~ 20 u®o/Hz'/? at f = 10Hz, with an approxi-
mately 1/f? increase of Sp below 10Hz. Some exper-
imentally determined parameters of SQUID-3 are listed
in Tab. I. Details on low-field electric transport and noise
characteristics of SQUID-3 are presented in Sec. II of the
Supplemental Material3.

For magnetization reversal measurements of the Fe
nanowire on top of SQUID-3, the sample was mounted in
a high-field setup, which allows to apply magnetic fields
up to pgH = 7T3'. To minimize coupling of the external
magnetic field H into the SQUID, the SQUID loop (in
the (z,y) plane) has been aligned parallel to the field.
To minimize coupling of the external field into the GB-
JJs, the grain boundary (along the y-axis) was aligned
perpendicular to the applied field. The alignment of
the SQUID with respect to the applied field direction
was performed by an Attocube system including two go-
niometers with perpendicular tilt axes and one rotator.
In this configuration, the external field H is applied along
the z-axis (cf. Fig. 4), and the angle between H and the
Fe nanowire axis is given by 6.

Figure 5 shows the flux signal ®(H) detected by
SQUID-3, while sweeping H, at a rate puo0H/0t =~
1mT/s. At the fields +ugH, = +101mT, abrupt
changes by A® ~ 150m®, clearly indicate magneti-
zation reversal of the Fe nanowire. The shape of the
®(H) curve indicates magnetization reversal of a single
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FIG. 5: (Color online) Hysteresis loop ®(H) of the Fe-

nanowire detected with SQUID-3 (operated in FLL dc bias
mode with cutoff frequency ~ 190kHz, at optimum work-
ing point with Vo = 0.65mV/®g). Switching of the mag-
netization occurs at £uoHn = 101 mT. The residual field
poHres = 4.0mT was subtracted. Left axis indicates corre-
sponding magnetization M = ®/¢nr; the dashed lines indi-
cate the literature value of the saturation magnetization +M;.



domain particle. The slope of the curve in the interval
—H, < H < H, depends strongly on the alignment of
the SQUID with respect to the applied field. Hence, this
slope can be attributed, at least partially, to the coupling
of the external field to the SQUID loop. The hysteresis
in the signals for |[H|2100mT is typically observed also
for our SQUIDs measured in the high-field setup with-
out MNPs coupled to them. Hence, this hysteresis is
attributed to a spurious magnetization signal from our
setup or from the above mentioned magnetic defects close
to the nanoSQUID, rather than being generated by the
nanowire.

In order to convert from magnetic flux detected by the
SQUID to magnetization of the Fe nanowire, we follow
the approach described in Ref. [59]. We numerically cal-
culate the coupling factor ¢, (é,, 7)) for a point-like MNP
with orientation ¢, of its magnetic moment at position 77,
in the 3D space above the SQUID32. These simulations
take explicitly into account the geometry of SQUID-3 and
are based on London theory®®. We then assume that the
Fe nanowire is in its fully saturated state, with saturation
magnetization Mg, with all moments oriented along the
wire axis. The corresponding saturation flux coupled to
the SQUID is denoted as ®5. The ratio ®5/Mj is obtained
by integration of the coupling factor ¢, over the volume
Vre of the Fe wire, at its given position, determined from
SEM images. This yields

(I)s — I’ICI)Q
o303 78 " bu(13)dV = 47.6 . (1)

From this we calculate &5 = Mg¢p = 81.4mdPy, with
M, = 1710kA/m taken from literature®*. The compari-
son with the measured flux signals £82.5m®y at H =0
shows very good agreement. The left axis in Fig. 5
shows the magnetization axis, scaled as M = ® /¢y, with
the horizontal dotted lines indicating the literature value
My = +£1710kA/m. Hence, the measured flux signals
are also in quantitative agreement with the assumption
that the Fe nanowire switches to a fully saturated single
domain state.

In Ref. [57] it was shown for a similar FeCNT that the
nucleation field H,, changes with # in a way which is typ-
ical for nucleation of magnetization reversal via the curl-
ing mode®? in ferromagnetic nanowires as opposed to uni-
form rotation of the magnetic moments in small enough
MNPs as described by the Stoner-Wolfarth model®?. For
switching via curling mode one obtains for § = 0 the sim-
ple relation H, = M;a/2, with a negligible increase well
below 1% with 6§ = 4°64. Here, a = 1.08 (2\cx/dre)?,
with the exchange length Aex = +/4TA/(uoM2) and
the exchange constant A%'. For dp. = 39nm and with
dex = 5.8nm°!, we obtain a = 0.0955, and with M, =
1710kA/m we obtain an estimate of the nucleation field
H, =103mT, which is in very good agreement with the
experimentally observed value.

Finally, we note that the SQUID measurement yields

a noise amplitude of ~ 1m®q, which is two orders of
magnitude smaller than the detected signal upon mag-
netization reversal. For comparison, measurements on a
similar Fe nanowire by micro-Hall magnetometry yielded
a noise amplitude which was about one order of magni-
tude below the switching signal®”. This means that the
use of our nanoSQUID improves the signal-to-noise ratio
by about one order of magnitude.

V. CONCLUSIONS

In conclusion, we fabricated and investigated opti-
mized YBCO nanoSQUIDs based on grain boundary
Josephson junctions. For our best device, an upper

limit for the white flux noise level S;)/ ? < 50n®,/Hz'/?
in magnetically shielded environment could be deter-
mined, which corresponds to a spin sensitivity S}/ =
Sé,/z/éu = 3.7 up/Hz'/? for a magnetic nanoparticle lo-
cated 10 nm above the constriction in the SQUID loop.
Here, the coupling factor ¢, was determined by numer-
ical simulations based on London theory, which takes
the device geometry into account. An obvious drawback
of YBCO grain boundary junction nanoSQUIDs is the
frequency-dependent excess noise, which extends up to
the MHz range for optimized devices with ultra-low flux
noise in the white noise limit. To eliminate 1/f noise,
a bias reversal scheme was applied, which only partially
reduced the frequency-dependent excess noise. Hence, in
addition to critical current fluctuations, spin noise which
is possibly due to fluctuations of defect-induced magnetic
moments in the SrTiOg substrate is a major issue, which
has to be studied in more detail for further improvement
of the nanoSQUID performance at low frequencies. Nev-
ertheless, we demonstrated the suitability of the YBCO
nanoSQUIDs as detectors for magnetic nanoparticles in
moderate magnetic fields by measuring the magnetiza-
tion reversal of an iron nanowire that was placed close
to the SQUID loop. Switching of the magnetization was
detected at poH ~ £100mT, which is in very good agree-
ment with nucleation of magnetization reversal via curl-
ing mode.

Acknowledgments

T. Schwarz acknowledges support by the Carl-Zeiss-
Stiftung. M. J. Martinez-Pérez acknowledges sup-
port by the Alexander von Humboldt Foundation.
We gratefully acknowledge fruitful discussions with
D. Drung. This work was supported by the Nachwuch-
swissenschaftlerprogramm of the Universitdat Tiibingen,
by the Deutsche Forschungsgemeinschaft (DFG) via
projects KO 1303/13-1, MU 1794/3-2 and SFB/TRR 21
C2 and by the EU-FP6-COST Action MP1201.



ot

10

11

12

13

14

15

16

17

18
19

20

21

22

23

24

25

26

J. Bartolomé, F. Luis, and J. F. Ferndndez,
eds., Molecular Magnets: Physics and Applications,
NanoScience and Technology (Springer, Heidelberg,
2014).

L. Bogani and W. Wernsdorfer, Nature Materials 7, 179
(2008).

M. N. Leuenberger and D. Loss, Nature 410, 789 (2001).
S. Odenbach (ed.), J. Phys: Condens. Matter 18 (38),
special issue (2006).

A. Jordan, R. Scholz, P. Wust, H. Fahling, and R. Felix,
J. Magn. Magn. Mat. 201, 413 (1999).

R. C. Semelka and T. K. G. Helmberger, Radiology 218,
27 (2001).

R. Klingeler, S. Hampel, and B. Biichner, Int. J. Hyper-
thermia 24, 496 (2008).

W. Wernsdorfer, Adv. Chem. Phys. 118, 99 (2001).

D. D. Awschalom, J. R. Rozen, M. B. Ketchen, W. J. Gal-
lagher, A. W. Kleinsasser, R. L. Sandstrom, and B. Bum-
ble, Appl. Phys. Lett. 53, 2108 (1988).

M. Ketchen, D. Awschalom, W. Gallagher, A. Kleinsasser,
R. Sandstrom, J. Rozen, and B. Bumble, IEEE Trans.
Magn. 25, 1212 (1989).

K. Hasselbach, D. Mailly, and J. R. Kirtley, J. Appl. Phys.
91, 4432 (2002).

S. K. H. Lam and D. L. Tilbrook, Appl. Phys. Lett. 82,
1078 (2003).

J.-P. Cleuziou, W. Wernsdorfer, V. Bouchiat, T. On-
darguhu, and M. Monthioux, Nature Nanotech. 1, 53
(2006).

A. G. P. Troeman, H. Derking, B. Borger, J. Pleikies,
D. Veldhuis, and H. Hilgenkamp, Nano Lett. 7, 2152
(2007).

N. C. Koshnick, M. E. Huber, J. A. Bert, C. W. Hicks,
J. Large, H. Edwards, and K. A. Moler, Appl. Phys. Lett.
93, 243101 (2008).

L. Hao, J. C. Macfarlane, J. C. Gallop, D. Cox, J. Beyer,
D. Drung, and T. Schurig, Appl. Phys. Lett. 92, 192507
(2008).

C. P. Foley and H. Hilgenkamp, Supercond. Sci. Technol.
22, 064001 (2009).

V. Bouchiat, Supercond. Sci. Technol. 22, 064002 (2009).
W. Wernsdorfer, Supercond. Sci. Technol. 22, 064013
(2009).

F. Giazotto, J. T. Peltonen, M. Meschke, and J. P. Pekola,
Nature Phys. 6, 254 (2010).

M. J. Martinez-Pérez, E. Bellido, R. de Miguel, J. Sesé,
A. Lostao, C. Goémez-Moreno, D. Drung, T. Schurig,
D. Ruiz-Molina, and F. Luis, Appl. Phys. Lett. 99, 032504
(2011).

E. J. Romans, S. Rozhko, L. Young, A. Blois, L. Hao,
D. Cox, and J. C. Gallop, IEEE Trans. Appl. Supercond.
21, 404 (2011).

R. Russo, C. Granata, E. Esposito, D. Peddis, C. Cannas,
and A. Vettoliere, Appl. Phys. Lett. 101, 122601 (2012).

C. Granata, A. Vettoliere, R. Russo, M. Fretto, N. D. Leo,
and V. Lacquaniti, Appl. Phys. Lett. 103, 102602 (2013).
D. Drung, J.-H. Storm, F. Ruede, A. Kirste, M. Regin,
T. Schurig, A. M. Repollés, J. Sesé, and F. Luis, IEEE
Trans. Appl. Supercond. 24, 1600206 (2014).

A. Finkler, Y. Segev, Y. Myasoedov, M. L. Rappaport,
L. Ne’eman, D. Vasyukov, E. Zeldov, M. E. Huber, J. Mar-

27

28

29

30

31

32

33

34

35
36

37

38

39
40

41

42

43

44

45

46

47

48

49

50

tin, and A. Yacoby, Nano Lett. 10, 1046 (2010).

R. Arpaia, M. Arzeo, S. Nawaz, S. Charpentier, F. Lom-
bardi, and T. Bauch, App. Phys. Lett. 104, 072603 (2014).
D. Vasyukov, Y. Anahory, L. Embon, D. Halbertal, J. Cup-
pens, L. Ne’eman, A. Finkler, Y. Segev, Y. Myasoedov,
M. L. Rappaport, et al.,, Nature Nanotechnol. 8, 639
(2013).

L. Chen, W. Wernsdorfer, C. Lampropoulos, G. Christou,
and I. Chiorescu, Nanotechnology 21, 405504 (2010).

J. Nagel, K. B. Konovalenko, M. Kemmler, M. Turad,
R. Werner, E. Kleisz, S. Menzel, R. Klingeler, B. Biichner,
R. Kleiner, et al., Supercond. Sci. Technol. 24, 015015
(2011).

T. Schwarz, J. Nagel, R. Wolbing, M. Kemmler,
R. Kleiner, and D. Koelle, ACS Nano 7, 844 (2013).

R. Wélbing, T. Schwarz, B. Miiller, J. Nagel, M. Kemmler,
R. Kleiner, and D. Koelle, Supercond. Sci. Technol., in
press (2014), arXiv:1301.1189v2 [cond-mat.supr-con].

D. Drung and M. Miick, SQUID Electronics (Wiley-VCH,
Weinheim, 2004), vol. 1: Fundamentals and Technology of
SQUIDs and SQUID systems, chap. 4, pp. 127-170.
SQUID electronics SEL-1 from Magnicon GmbH, Lem-
sahler Landstr. 171, D-22397 Hamburg, Germany;
http://www.magnicon.com.

D. Drung, Supercond. Sci. Technol. 16, 1320 (2003).

See Supplemental Material at http://link.aps.org/ supple-
mental/10.1103/PhysRevApplied.x.yyyyyy for additional
data and analysis of SQUID-1, -2 and -3.

B. Chesca, R. Kleiner, and D. Koelle, SQUID Theory
(Wiley-VCH, Weinheim, 2004), vol. 1: Fundamentals and
Technology of SQUIDs and SQUID systems, chap. 2, pp.
29-92.

D. Koelle, R. Kleiner, F. Ludwig, E. Dantsker, and
J. Clarke, Rev. Mod. Phys. 71, 631 (1999).

E. Sassier, R. Kleiner, and D. Koelle, unpublished.

D. J. Van Harlingen, R. H. Koch, and J. Clarke, Appl.
Phys. Lett. 41, 197 (1982).

E. M. Levenson-Falk, R. Vijay, N. Antler, and I. Siddiqi,
Supercond. Sci. Technol. 26, 005015 (2013).

From measurements on a similar device we found an almost
linear decrease in I. with time, with a ~ 20% reduction
in I. after 40 days. This rate of degradation is typical for
most of our devices. A possible explanation of this effect
is outdiffusion of oxygen from the submicron GBJJs along
the a — b plane of the YBCO thin film.

G. Stan, S. B. Field, and J. M. Martinis, Phys. Rev. Lett.
92, 097003 (2004).

F. C. Wellstood, C. Urbina, and J. Clarke, App. Phys.
Lett. 50, 772 (1987).

D. Drung, J. Beyer, J.-H. Storm, M. Peters, and
T. Schurig, IEEE Trans. Appl. Supercond. 21, 340 (2011).
R. H. Koch, D. P. DiVincenzo, and J. Clarke, Phys. Rev.
Lett. 98, 267003 (2007).

R. de Sousa, Phys. Rev. B 76, 245306 (2007).

S. Sendelbach, D. Hover, A. Kittel, M. Miick, J. M. Mar-
tinis, and R. McDermott, Phys. Rev. Lett. 100, 227006
(2008).

M. Venkatesan, C. B. Fitzgerald, and J. M. D. Coey, Na-
ture 430, 630 (2004).

N. Pavlenko, T. Kopp, E. Y. Tsymbal, J. Mannhart, and
G. A. Sawatzky, Phys. Rev. B 86, 064431 (2012).




51

J. M. D. Coey, Ariando, and W. E. Pickett, MRS Bulletin
38, 1040 (2013).

I. R. Shein and A. L. Ivanosvkii, Phys. Lett. A 371, 155
(2007).

M. Khalid, A. Setzer, M. Ziese, P. Esquinazi, D. Spemann,
A. Poppl, and E. Goering, Phys. Rev. B 81, 214414 (2010).
K. Potzger, J.Osten, A. A.Levin, A.Shalimov, G.Talut,
H.Reuther, S.Arpaci, D. Biirger, H. Schmidt, T.Nestler,
et al., J. Magn. Magn. Mater. 323, 1551 (2011).

B. B. Straumal, A. A. Mazilkin, S. G. Protasova, A. A. My-
atiev, P. B. Straumal, G. Schiitz, P. A. van Aken, E. Go-
ering, and B. Baretzky, Phys. Rev. B 79, 205206 (2009).
A. Leonhardt, S. Hampel, C. Miiller, I. Moénch, R. Koseva,
M. Ritschel, D. Elefant, K. Biedermann, and B. Biichner,
Chem. Vap. Deposition 12, 380 (2006).

K. Lipert, S. Bahr, F. Wolny, P. Atkinson, U. Weilker,

ot
oo

T. Miihl, O. G. Schmidt, B. Biichner, and R. Klingeler,
App. Phys. Lett. 97, 212503 (2010).

T. Miihl, J. Kérner, S. Philippi, C. F. Reiche, A. Leon-
hardt, and B. Biichner, App. Phys. Lett. 101, 112401
(2012).

J. Nagel, A. Buchter, F. Xue, O. F. Kieler, T. Weimann,
J. Kohlmann, A. B. Zorin, D. Riiffer, E. Russo-Averchi,
R. Huber, et al., Phys. Rev. B 88, 064425 (2013).

M. Khapaev, M. Kupriyanov, E. Goldobin, and M. Siegel,
Supercond. Sci. Technol. 16, 24 (2003).

M. E. Schabes, J. Magn. Magn. Mater. 95, 249 (1991).
A. Aharoni, Phys. Stat. Sol. 16, 3 (1966).

R. Skomski, Simple Models of Magnetism (Oxford Univer-
sity Press, New York, 2008).

A. Aharoni, J. Appl. Phys. 82, 1281 (1997).




Supplementary Information for Low-Noise YBa;Cu3;O; Nano Superconducting
Quantum Interference Devices for Magnetization Reversal Measurements on
Magnetic Nanoparticles

T. Schwarz,! R. Wolbing,! C. F. Reiche,? B. Miiller,!
M. J. Martinez-Pérez,! T. Miihl,? B. Biichner,?2 R. Kleiner,! and D. Koelle!
! Physikalisches Institut — FEzperimentalphysik 1T and Center for Collective Quantum Phenomena in LISAT,
Universitit Tiubingen, Auf der Morgenstelle 14, D-72076 Tibingen, Germany

2 Leibniz Institute for Solid State and Materials Research IFW Dresden, Helmholtzstr. 20, 01069 Dresden, Germany
(Dated: September 30, 2014)

I. CHARACTERIZATION OF SQUID-2

SQUID-2 was characterized in an electrically and mag-
netically shielded setup, with the sample mounted in
vacuum (or in He gas) on a temperature-controlled
cryostage. This enabled us to characterize electric trans-
port and noise properties at variable temperature T', with
a T stability of ~ 1mK [1].

Figure 1 shows data of electric transport properties
and flux noise of SQUID-2, measured at T"= 5.3 K. Fig-
ure 1(a) shows current-voltage-characteristics (IVCs) for
modulation current I,,q = 0 and two values of I 4,
corresponding to maximum and minimum critical cur-
rent. The IVCs are slightly hysteretic with maximum
critical current I, = 311 A and normal state resis-
tance Ry = 2.5, which yields a characteristic voltage
V. = I.Ry = 0.78mV. The inset of Fig. 1(a) shows
the modulation of the critical current I.(I0q). From
the modulation period, we find for the magnetic flux
® coupled to the SQUID by I;,q4 the mutual induc-
tance M = ®/I,0qa = 0.8 Py/mA = 1.66 pH. From re-
sistively and capacitively shunted junction (RCSJ) sim-
ulations [2] of the I.(Imoa) characteristics [cf. inset of
Fig. 1(a)] we obtain for the screening parameter 3 =
2IyL/®y = 0.94 (with Iy = I./2), which yields a SQUID
inductance L = 6.3pH. We do find good agreement
between the measured and simulated I.(Ip0q) charac-
teristics if we include an inductance asymmetry aj =
(Ly — L1)/(La + Ly) = 0.83 (L; and Ly are the induc-
tances of the two SQUID arms) and a critical current
asymmetry oy = (lo2 — lo,1)/(lo,2 + 1o,1) = 0.30; Ip;
and Iy o are the critical currents of the Josephson junc-
tions 1 and 2, respectively, intersecting the SQUID loop.
These asymmetries are caused by asymmetric biasing of
the SQUID and by asymmetries of the device itself.

V(Imod) is plotted in Fig. 1(b) for different bias cur-
rents. The transfer function, i.e. the maximum value of
OV /0, in the non-hysteretic regime is Vg ~ 1.7mV/®.

Fig. 1(c) shows the rms spectral density of flux noise

S;,/ 2( f) of SQUID-2. This measurement was performed
open loop (in dc bias mode) with a Nb dec SQUID (at T' =
4.2 K) as a voltage preamplifier, i.e. in 2-stage configura-
tion, with a ~ 700 kHz bandwidth. As for SQUID-1 (see
main text), we find dominating f-dependent noise, with
a noise power which scales very roughly as S¢ o< 1/f.
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FIG. 1: Characteristics of SQUID-2 at T' = 5.3K. (a) IVCs
for three different values of Imod, including flux bias (Imod)
values which yield maximum and minimum critical current.
Inset: measured Ic(Imoa) together with numerical simulation
results. (b) V(Imoa) for bias currents |I| = 175...400 A (in
15 A steps). (c) rms spectral density of flux noise, measured
open loop (dc bias) in 2-stage configuration. Arrow indicates
upper limit for measured white noise at ~ 700 kHz.



I 6K
— 25K
—— 30K
—35K
45K
—— 55K o
65 K
I
m...,.*r’hmh} uj ”‘
107 ;
10 : : ' ; '
(b) bias reversal :ZSE
—— 30K
—35K
45K
—55K
=
' \
\Mﬁm A
Rl LW‘ fml\ M[E\l,m wl“ ‘WW
10" ; ; :
100 a0 A0 a0t qor 0

f (Hz)

FIG. 2: rms spectral density of flux noise for SQUID-2, mea-
sured in FLL mode at different temperatures from 6 K to 65 K.
(a) dc bias mode (b) bias reversal mode (f,, = 260kHz).

Figure 2 shows rms flux noise spectra of SQUID-2 mea-
sured with direct readout in flux locked loop (FLL), with
~ 500 kHz bandwidth, in dc bias and bias reversal mode
[3] for temperatures T ranging from 6 K to 65 K. For all
data measured with dc bias [cf. Fig. 2(a)], we find f-
dependent excess noise up to the cutoff frequency of the
readout electronics. The flux noise S¢ scales roughly as
1/f, and for different T', the rms flux noise does not differ
by more than about a factor of five, and does not show
any systematic T-dependence.

Similar to SQUID-1 (cf. main text), in bias reversal
mode [cf. Fig. 2(b)] the f-dependent excess noise above
~ 1kHz is suppressed. The remaining low-f excess flux
noise observed in bias reversal mode roughly scales as
Se o 1/f for all values of T, again without any system-
atic T-dependence.

II. CHARACTERIZATION OF SQUID-3

Figure 3 shows electric transport and flux noise data
for SQUID-3, taken in the magnetically and electrically
shielded low-field setup at T' = 4.2K, as described in
the main text. The IVC shown in Fig. 3(a) is non-
hysteretic, with I. = 69pA and Ry = 2.3€2, which
yields Vo = 0.16 mV. The inset shows I.(Imoed), from
which we obtain the mutual inductance M = ®/I,0q =
3.3®¢/mA. From the modulation depth of I.(Imod) we
determine 81, = 0.95. With the measured I., this yields

a SQUID inductance L = 28 pH. The bumps in the IVC
at Vies = £0.28mV, can be attributed to an LC reso-
nance. From the relation Vies/I.Rx = (28c81)7Y? 2]
we determine the Stewart-McCumber parameter for the
GBJJs as B¢ =~ 0.22.

Figure 3(b) shows V (I,04) curves for different bias cur-
rents, yielding a transfer function Vp = 0.65mV/®( at
the optimum bias point, at which noise spectra have been
taken (I = 54 pA). Figure 3(c) shows the rms spectral

density of flux noise Sé,/ 2 (f) for SQUID-3, measured in
direct readout FLL mode up to f = 100kHz. For com-
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FIG. 3: Electric transport and noise characteristics of SQUID-
3. (a) IVC of SQUID-3 for flux bias (Imod) which yields maxi-
mum critical current. Inset shows Ic(Imoa) curves for positive
and negative current bias. (b) Voltage V' vs modulation cur-
rent Imod for bias currents between I = +149 A (step width
AI =~ 4pA). (¢) Rms spectral density of flux noise measured
in FLL with dc bias and bias reversal mode (fpr = 260kHz).
The lower trace shows the background noise of the readout
electronics.



parison, the bottom trace shows the background noise
from the readout electronics Sé/ ? ~ 1.45 u®o/Hz'/2. For
f=40kHz, we find f-dependent flux noise. For larger f,
the noise is limited by the electronics background noise.
Hence, we can only give an upper limit of the white
rms flux noise of SQUID-3 as Sé{fv < 1.45 udo/Hz'/?.
With bias reversal (at f,, = 81kHz), the f-dependent
excess noise is clearly reduced. Still, we obtain with
decreasing [ a slight increase in rms flux noise up to
~ 24ud/Hz"/? at 100Hz. Below 100Hz SQUID-3
shows approximately 1/f noise, i.e. an increase in Sé/ 2
to ~ 16 udy/Hz'/? at 1Hz.

III. ANALYSIS OF NOISE SPECTRA OF
SQUID-1

For a more detailed analysis of the measured spec-
tral density of equivalent flux noise power Se¢(f) for
SQUID-1, we applied an algorithm [4] to decompose
the noise spectra into a sum of Lorentzians F;(f) =
FOZ/[l + (f/fei)?] plus a 1/f% spectrum Fy(f) =

F,(1Hz)/(f?/Hz®) (i.e. one or more Lorentzians with
characteristic frequencies f. well below 1 Hz) plus a white
noise contribution F,,. This means, the measured spectra
are fitted by F(f) = F + Fs+ ), F;

Figure 4 shows the fit Folp/z(f) to the spectrum mea-
sured open loop (dc bias) [cf. Fig. 3(a) in the main
text.]. This yields an rms white noise level F‘},,/fp =
451 /Hz'/?, a 1Hz noise Fsl’ég = 84 u®y/Hz'/? from
Fi op plus 16 Lorentzians with characteristic frequencies
fci, ranging from 2.6Hz to 2.6 MHz, and amplitudes

Foléz as listed in Tab. I(a). For comparison of the fluctu-
ation strengths of the different fluctuators with different
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FIG. 4: Analysis of flux noise of SQUID-1: The dashed line is
the fit to the noise spectrum, measured open loop (dc bias).
This spectrum is the sum of the shown Lorentzians (labeled as
i=1...16) plus a white noise contribution plus a Fs oc 1/f>
contribution.

3

fei, in Tab. I we also list A®; = Fl/2 \/2m fe i, which
yields values in the range ~ 30. 350 uPg.

Figure 5(a) and (b) shows the fits Fl/z(f) and Fblr/2 (f)
to the spectra measured in FLL with dc bias and bias
reversal, respectively [cf. Fig. 3(b) in the main text.].
Here, we fixed the white noise contribution in dc bias
mode to Fl/2 = 41n®,/Hz/?, i.e. a value close to the
one obtamed for the measurement in open loop mode.
The white noise contribution in bias reversal mode is
determined by the noise level achieved in dc bias mode

at the bias reversal frequency fy,, which yields F 12 _

w,br T

23119, /Hz'/2. The spectrum fitted to the dc bias mea-
surement is decomposed into 15 Lorentzians, while for
the bias reversal measurement, fitting with 6 Lorentzians
is sufficient. The rms noise at 1 Hz for the bias reversal
spectrum is by a factor ~ 1.8 lower than the one for the
dc bias spectrum. Characteristic frequencies f.;, and
amplitudes of the Lorentzians are listed in Tab. I(b) for
the dc bias spectrum and in Tab. I(c) for the bias reversal
spectrum.
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12
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FIG. 5: Analysis of flux noise of SQUID-1: The dashed line
n (a) and the dotted line in (b) are fits to the noise spectra,
measured in FLL (a) with dc bias and (b) with bias reversal.
Those spectra are superpositions of the shown Lorentzians
[labeled as 4 = 1...11 in (a) and ¢ = 1...6 in (b)] plus a
white noise contribution plus a Fs l/f2 contribution.



TABLE [I: Characteristic frequencies f.;, rms amplitudes Folf and flux amplitudes A®; of Lorentzians F; calculated to

approximate the flux noise spectra of SQUID-1, measured (a) in open loop (dc bias) [cf. Fig. 4], (b) in FLL dc bias [cf. Fig. 5(a)],
and (c) in FLL bias reversal mode [cf. Fig. 5(b)].

i

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Jei (Hz)

2.6 6.5 13 14 111 301 325 1.0k 3.3k 3.5k 18k 82k 88k 380k 410k 2.6 M

1/2
(a) open loop Ry

(5o /Hz"/?)

33 5196 11 12 16 2.6 2.6 1.1 1.1 0.40 0.25 0.35 0.23 0.17 0.038

A®; (udo)

7

131 32 87 106 314 71 119 211 158 158 131 182 261 352 269 155

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

fei (Hz) |08 1 17 18 126 369 631 2.9k 3.2k 17.1k 185k 117k 126k 1.4M 6.8 M

(b) FLL - dc bias  F,/?
(uPo/Hz'/?)

206 265 11.0 24.5 3.2 1.4 1.9 094 095 1.7 0.51 0.08 0.13 0.19 0.09

AP; (udo) [461 665 114 264 89 70 121 128 134 544 173 69 117 546 600

1 1 2 3 4 5 6

feo (Hz) |21 23 74 736 794 5k

(c) FLL — bias reversal

(u®o/Hz'"?)

Pk

0,¢ 6.2 7.4 1.9 0.056 0.21 0.063
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Nb nano superconducting quantum interference devices with high spin
sensitivity for operation in magnetic fields upto 0.5T
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We investigate electric transport and noise properties of microstrip-type submicron direct current
superconducting quantum interference devices (dc SQUIDs) based on Nb thin films and
overdamped Josephson junctions with a HfTi barrier. The SQUIDs were designed for optimal spin
sensitivity SL/ 2 upon operation in intermediate magnetic fields B (tens of mT), applied
perpendicular to the substrate plane. Our, so far, best SQUID can be continuously operated in
fields up to B ~ =50mT with rms flux noise S2, < 250n®,/Hz"/? in the white noise regime
and spin sensitivity S}/2 <29 ug /Hz'/ 2. Furthermore, we demonstrate operation in B=0.5T
with high sensitivity in flux Sq/,, ~ 680n®o/Hz'/? and in electron spin S/2 ~ 79 iy /Hz'/%. We
discuss strategies to further improve the nanoSQUID performance. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4804673]

Recent developments in miniaturized submicron-sized
direct current (dc) superconducting quantum interference
devices (SQUIDs) are motivated by the need of sensitive
detectors for small spin systems such as molecular
magnets' > and magnetic nanoparticles,* cold atom clouds,’
or single electrons and atoms® and improved resolution in
scanning SQUID microscopy.” ' As a common approach,
nanoSQUIDs based on constriction Josephson junctions (JJs)
have been used,'* ™' achieving root mean square (rms) flux
noise power S(lp/ % down to a few 100n®y/Hz"/2 (@ is the
magnetic flux quantum) in magnetically shielded environ-
ment.>’ However, constriction JJs, even if resistively
shunted, often show hysteretic current-voltage-characteris-
tics (IVCs). This hampers continuous SQUID operation as
required for the investigation of magnetization dynamics of
magnetic particles and the use of common SQUID electron-
ics, developed for readout of very sensitive dc SQUIDs with
nonhysteretic JJs. Furthermore, the noise properties of con-
striction JJs are not well understood, which makes SQUID
optimization difficult.

An alternative approach is the use of submicron
superconductor-normal  conductor-superconductor  (SNS)
sandwich-type JJs, which offer large critical current densities
in the 10> A /cm? range and which are intrinsically shunted,
providing nonhysteretic IVCs without the need of bulky
external shunt resistors.>' In a standard thin film SQUID ge-
ometry, the SQUID loop and the JJ barrier are in the plane of
the thin films. For detection of magnetization reversal of a
small magnetic particle, one applies an external magnetic
field in the plane of the SQUID loop and detects the change
of the stray field coupled to the SQUID upon magnetization
reversal, without coupling the external field to the SQUID.
However, in this case, the applied field also couples mag-
netic flux into the JJ barrier and reduces its critical current,
which in turn reduces the SQUID sensitivity. In order to
avoid this problem, in this letter we present results on a

0003-6951/2013/102(19)/192601/4/$30.00
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modified SQUID design, which takes advantage of the multi-
layer technology used for SNS JJ fabrication. This approach
allows for a further reduction of the SQUID inductance and
hence improved SQUID sensitivity and at the same time
operation in higher magnetic fields.

The Nb thin film dc SQUIDs have a microstrip geome-
try, i.e., the two 250nm wide arms of the SQUID loop lie
directly on top of each other. The 200 nm thick bottom and
160 nm thick top Nb layers are separated by a 225 nm thick
insulating SiO, layer and are connected via two JJs with
areas 200 x 200nm? and a nominally 24 nm thick HfTi bar-
rier (see Fig. 1). HfTi was chosen as a barrier material as,
among other binary materials, it provides a relatively high
resistivity, does not become superconducting at 4.2 K, and is
compatible with our fabrication technology. For details on
sample fabrication and JJ properties we refer to Refs. 21-23.
The size of the SQUID loop is defined by the 1.6 um spacing
between the JJs and by the SiO, interlayer thickness. In con-
trast to earlier work,?" for this geometry a sufficiently large
magnetic field B can be applied perpendicular to the sub-
strate plane without inducing a significant magnetic flux pen-
etrating either the SQUID loop or the junction barrier.
Furthermore, this design provides a very small area of the
SQUID loop and hence a very small SQUID inductance L of
a few pH or even lower. This is essential for reaching ultra-
low values for the spectral density of flux noise power S¢.>*

For current and flux biasing, additional 250 nm wide Nb
lines are connecting the SQUID in a cross-shape geometry,
and a bias current /,,, flowing from the top Nb layer through
the JJs to the bottom Nb layer, can be applied either in a
symmetric or asymmetric configuration (see Fig. 1). For sim-
plified readout we use asymmetric current bias in the follow-
ing. A magnetic flux ® can be coupled into the SQUID loop
by applying a modulation current /;;,,q across the bottom Nb
layer (“flux bias line”). This enables flux biasing the
SQUIDs at the optimum working point without the need of

© 2013 AIP Publishing LLC
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FIG. 1. Scanning electron microscopy (SEM) image of SQUID 2. Open
(yellow) squares indicate positions of JJs. Arrows indicate current paths for
bias current 7, (dashed: symmetric bias; solid: asymmetric bias) and modula-
tion current /g (dotted).

an external coil. Furthermore, the flux bias line can also be
used to provide a feedback flux for SQUID operation in a
flux locked loop. However, in this work, the SQUIDs were
always read out open loop.

We investigated various SQUIDs which were fabricated
in two different runs on separate wafers. Below we present
results for two devices, SQUID 1 from wafer 1 and SQUID 2
from wafer 2. The main difference in the design of these
devices is the different lengths ~2.5 um (SQUID 1) and
~5 um (SQUID 2) of the narrow bias lines, running from the
center of the SQUID to the 4 um wide connection lines fur-
ther away from the SQUID (cf., Fig. 1). This variation has a
strong impact on the SQUID performance in applied mag-
netic fields, as will be shown below.

All data were taken at temperature T=4.2 K. We first
present results of transport and noise measurements of the
two SQUIDs in an electrically and magnetically shielded
environment. Since both devices showed qualitatively the
same behavior, we only give a detailed analysis of SQUID
2 and summarize the main parameters extracted for both
devices in Table 1. Regarding absolute values, a major differ-
ence between both devices are the values for maximum criti-
cal current /. and normal resistance Ry, which probably is
due to variations in the HfTi barrier thickness for the devices
fabricated in different runs. Devices fabricated from the
same run showed a spread in /; and Ry values of =10 %.

Figure 2(a) shows IVCs of SQUID 2 for ®/®, = 0, 1/4,
and 1/2. The IVCs are nonhysteretic with /. = 227 uA and
RNy =250mQ, yielding a characteristic voltage V. = I.RN
=57 uV. The IVC at ®/®; = 1/2 exhibits a small bump
for low voltages. This bump appears in all our devices and is
presumably a property of the quasiparticle current rather than
a LC resonance of the SQUID. The inset of Fig. 2(a) shows
the modulation /. (1;,0q) for positive and negative bias current.

TABLE I. Parameters of SQUID 1 and SQUID 2.

I. Ry IR« p L M Ve ST

i

(tA)  (mQ)  (uV) (pH) (%A) (gbl) (];;7?2)

SQUID1 129 385 50 019 3.0 2.63 154 260
SQUID2 227 250 57 025 23 2.73 164 200

Appl. Phys. Lett. 102, 192601 (2013)

From the modulation period we obtain the inverse mutual in-
ductance M;! =2.73mA/®,. From the modulation depth
we find a screening parameter f; = 2I,L/®; = 0.25. By
assuming that both JJs are identical, i.e., I = 2[y, we deter-
mine the SQUID inductance L =2.3 pH.

The V(I 1noq) modulation for different bias currents, plot-
ted in the inset of Fig. 2(b), yields a maximum transfer func-
tion Vo = 0V/0® = 164 uV/® for I, = 230 uA. The shift
in I, (Imoa) and V(I0q) for positive and negative bias currents
can be attributed to the asymmetric current bias, which leads
to an inductance asymmetry oy, = (L, — Ly) /(L + L;); here
L, and L, are the inductances of the two SQUID arms. The
measured /. (I0q)-characteristics are fitted well by numerical
simulations based on coupled Langevin equations® with a
noise parameter I' = 27mkgT /[y®y = 1.55 - 1073 (kg is the
Boltzmann constant) and ¢, = —0.35 (see inset of Fig. 2(a),
dotted lines).

Using a commercial SQUID amplifier with a voltage

noise Si,/ 2~ 40 pv/ Hz'”> and a —3dB cutoff frequency
fe = 30kHz, we measured the spectral density of the rms flux
noise S(ID/ X(f) = Si,/ *(f)/|Vo| at the optimum working point
(see solid line in Fig. 2(b)). Here the SQUID amplifier contri-
bution was subtracted. We observe a significant low-
frequency excess noise, which we assign to [, fluctuations in
the JJs. Since the low-frequency excess noise extends to well

(a) 700 T T T T T T
600} —— /@, =0 i
o oo, =1/4
S00r . oo =12 i
T 400 o (MA) —
3 6 4 2 0 2 4 6
= 300+ 200 .
—~ 100
200F e Ll '
» ooo°°:' - :’Q
100} -100 /V\/\/\ i
-200|

75 100 125 150 175
V (uV)
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------- 200 nd)o/Hz

O
10 10

10° 10" 10°

FIG. 2. Transport and noise characteristics of SQUID 2. (a) IVCs for different
flux @; inset shows measurement (solid black lines) and numerical simulation
(dotted red lines) of I.(Imod)- (b) Solid black line: Spectral density of rms flux
noise Sfl,/ 2 (f) at optimum working point (/, = 230 uA, Imea = 243 ptA). Dotted
(red) line: fitted spectrum; dashed (red) line indicates white noise level for fit-
ted curve. Inset shows V (Ieq) for Iy = *(150...300) nA (in 10 pA steps).
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above 1 kHz and due to the limited bandwidth of the SQUID
amplifier, we do not see a clear white noise region in the
spectrum. By fitting the experimental data (dotted line in
Fig. 2(b)), we derive a low-frequency noise contribution
Syy oc 1/f* with o =05 and Sg;(f = 1Hz) = 3.7 u®o/
Hz'/? and a white noise contribution Sy = 200 nd,/Hz'/2
(dashed line in Fig. 2(b)).

In order to determine the spin sensitivity SL/ 2= Szp/ ) i
of our SQUIDs, we calculated the coupling factor ¢,, using
a routine based on the numerical solution of the London
equations for the given SQUID geometry.” Here, ¢ W =0/u
is the magnetic flux @ per magnetic moment |i| = u coupled
by a magnetic particle to the SQUID loop. Very recently, the
validity of this approach has been verified experimentally by
measuring the magnetic coupling of a Ni nanotube to a Nb
nanoSQUID which had the same geometry as SQUID 2.%7
For a point-like magnetic particle with zi perpendicular to
the substrate plane, placed at a lateral distance of 10 nm from
the lower edge of the upper Nb SQUID arm at the center of
the loop, we obtain ¢, = 8.6n®q /5 (g is the Bohr magne-
ton). Along with the obtained value of the rms flux noise
Sy/2 = 200nd,/Hz"/? we calculate the spin sensitivity to
$1/2 =23 g /Hz'/2.

To investigate the SQUID performance in a magnetic
field B applied perpendicular to the substrate plane we
mounted SQUID 1 on a high-precision alignment system
(one rotator, two goniometers). B is generated by a supercon-
ducting split coil running in persistent mode to suppress field
noise.”® Figure 3(a) shows I.(B) for SQUID 1 after the

(a)150.-.v.v.-.-.v.

125

~
[$))
—

1

B0 40 20 0 20 40 60
B (mT)

FIG. 3. I.(B) data of SQUID 1 for field sweep sequence 0-6 (a) and 1-3
(b) after removing Nb areas by FIB milling as indicated by hatched (yellow)
rectangles in the inset (SEM image).
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alignment process for a field sweep sequence as indicated by
labels 0-6. The observed hysteresis for |[B] < 45mT is
ascribed to entry and trapping of Abrikosov vortices in the
4 ym wide connection lines, cf., inset of Fig. 3(b). The steep
jump in I, at B = 45mT can be assigned to a vortex entering
the narrow Nb leads very close to the SQUID loop, as con-
firmed recently by magnetic force microscopy on a similar
Nb nanoSQUID (with layout of SQUID 2).%’ Subsequently,
we reduced the linewidth of the connection lines of SQUID
1 from 4 ym to ~500nm by focused ion beam (FIB) mill-
ing28 (see inset of Fig. 3(b)). For the repatterned device, the
maximum /. was reduced by ~10%, probably due to a slight
degradation of the JJs during FIB milling. More importantly,
1. became almost independent of B, and within B ~ =50 mT
the magnetic hysteresis disappeared, cf., Fig. 3(b). At
B ~ 50mT we still observed the jump in /. due to vortex
entry in the narrow Nb line close to the SQUID. This indi-
cates that the linewidth of the Nb wiring close to the SQUID
may limit the range of operation to |B| < 50 mT. However,
as will be shown below, even after vortex entry, by proper
realignment of the applied magnetic field direction, which
compensates the stray magnetic flux induced by trapped vor-
tices, /. can be restored and low flux noise can be retained.

We now turn to SQUID 2, which has much longer nar-
row bias lines. Figure 4(a) shows I.(B) for a field sweep
46 mT — —46 mT — 55mT (1-3). Again /. is almost inde-
pendent of B for |[B| < 50mT and, as before, we find a jump
in I, at B =~ 50mT due to a vortex entering the narrow bias
lines. The vortex can be removed by sweeping back the field
as indicated by the curve (3—4) in Fig. 4(a).

For SQUID 2 we performed noise measurements as
described above to determine S(lb/ \ZV at several values of B from
0 to 50 mT, without any jump in 710 (see inset of Fig. 4(a)). For
B=0, Sy, ~220n®/Hz"/?, which is slightly higher than
the value obtained in the low-field setup. We attribute this to
external disturbances from the unshielded environment in the
high-field setup (cf., noise spectrum in Fig. 4(b), black line).
As indicated in the inset of Fig. 4(a), the white noise level
increases only slightly with B to S(lb/ fv ~ 250 0D, /Hzl/ 2 at
B =50mT (cf., noise spectrum in Figf 4(b)), still correspond-
ing to a very small spin sensitivity S}/ 2229 ug/ Hz'/? (in the
white noise regime). We assign this behavior to a minor
decrease of /. due to an imperfect alignment of the device rela-
tive to B. At B=55mT, i.e., after the jump in /. occurred and
after realigning the SQUID by maximizing /., we obtain a sim-
ilar value S(ll){ i ~ 240 n®/Hz'/? as for B = 50 mT. Following
the same procedure of realignment, we were able to operate
the SQUID in magnetic fields up to B=0.5T, yieldin;
the noise spectrum as shown in Fig. 4(b), with Sclb/ w
~ 680n®,/Hz!/%, corresponding to S}/2 ~ 79 g /Hz' /2.
Note that all spectra feature excess low-frequency noise peaks,
which are presumably due to mechanical vibrations of the
setup.

In conclusion, we fabricated and investigated Nb
nanoSQUIDs based on a trilayer geometry which were
optimized for stable operation in comparatively large mag-
netic fields. Very low white flux noise values down to
Stll,{ i ~ 200n®,/Hz'/> have been achieved in a shielded
environment yielding a spin sensitivity S}/ 2~ 23 g/ Hz!/2.
Concerning the suitability to applied magnetic fields, we
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FIG. 4. (a) I.(B) data of SQUID 2 for field sweep sequence 1-3 (black solid
line) and 3—4 (red line plus symbols). Inset: S@/ w(B) at optimum workmg
point; dashed line is a linear fit. (b) Spectral density of rms flux noise S (f )
for B=0mT, 50mT, and 500 mT.

redesigned the layout of SQUID 1 via FIB milling and
implemented these findings into the design of SQUID 2.
We demonstrated stable operation in a field range of
B ~ £50mT with a marginal increase in white flux noise
and spin sensitivity with B (Sip/ 2 < 250n®,/Hz'/* and
S}/% < 29 g /Hz'/?). Moreover it was shown that SQUID 2
can mamtam high sensitivity in large fields up to B=0.5T
with Sy» ~ 680n®/Hz'/? and SY? ~ 79 uy/Hz'%. An
0bv10us way to further decrease Sq,/ and S}/ is to lower the
SQUID inductance L, which can be done easily by decreas-
ing the lateral distance between the JJs and by reducing the
thickness of the SiO, layer separating the top and bottom Nb
layers. In addition, the width of the Nb lines can be reduced
further to increase ¢, and to extend the range of magnetic
fields where the SQUID can be operated without vortices
entering the wiring. All in all, we consider a spin sensitivity
down to a few ug /Hz'/2, for a field range exceeding 100 mT,
to be achievable for this type of device.
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