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Regimes of flux transport at microwave frequencies in nanostructured high-7; films
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We report on combined dc and microwave electronic measurements of magnetic flux transport in micron
and submicron-patterned high-7, films. In a given temperature regime below the superconducting transition
temperature 7., the current-driven flux transport is restricted to flux motion guided by the submicron patterns.
Via frequency-dependent measurements of the forward transmission coefficient S,; it is demonstrated that the
mechanism of the guided flux transport depends on the microwave frequency and the geometrical size of the
superconducting structures. At low frequencies, flux is transported via Abrikosov vortices leading to additional
microwave losses. Above a geometrically defined frequency, a different mechanism seems to be responsible
for flux transport that does not contribute to the microwave losses and most likely represents a phase-slip type
mechanism. The limiting vortex velocity obtained from the frequency dependence of the microwave properties
agrees with the Larking-Ovchinnikov critical vortex velocity that is determined via dc pulse measurements. In
spite of the change of mechanism, guidance of flux persists in these nanopatterns up to high frequencies of several

GHz.
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I. INTRODUCTION

The understanding of flux transport in mesoscopic or
even nanostructured superconducting systems that are exposed
to microwave electric fields is not only of relevance for
microwave fluxonic applications, it is also of interest for
the general understanding of vortex matter and thus, high
velocities. It has been demonstrated that vortex matter can
be manipulated very efficiently via modification of the super-
conducting properties on a micrometer or nanometer scale. For
instance, non-simply-connected micro- or nanostructures will
cause long-range electronic or magnetic interactions between
vortices and artificial structures. Various arrangements of
possible micro- and nano-objects ranging from magnetic to
nonmagnetic dots,' completely etched holes (antidots),>!!
to partially etched holes (blind holes)'? are feasible and can
lead to vortex pinning, trapping, annihilation, or guidance.

Especially the use of (arrays of) micron- or nanosize
antidots has been proven to be a very effective way to
manipulate flux in superconducting films and devices. In
contrast to other pinning defects, which have to be of the size
of the superconducting coherence length &, antidots with sizes
much larger than & will trap magnetic flux very effectively.’
The advances in lithography techniques and the possible use of
antidots in applications (e.g., SQUIDs,'>!* vortex diodes,'>”
fluxonic microwave devices!®) have led to a renewed interest
in the research of superconducting films containing antidots or
antidot lattices.

First indications for guidance of vortices by rows of
antidots have been obtained from magneto-optic imaging
of flux penetration in patterned, high-7, films."” This was
followed by a quantitative analysis of the guided motion
measured via Hall-type experiments and explained by a vortex
channel model.'! Recently it was demonstrated that magnetic
flux can be guided by micrometer-size antidots structures in
YBa,CusO7_s (YBCO) even up to frequencies of at least
8 GHz.?® This demonstration is based on the vortex ratchet
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effect. Since this demonstration is important for the discussion
below and represents a motivation for the research given in
this paper, the main result and the schematic setup of the
experiment are summarized in Fig. 1. In the temperature
regime of high vortex mobility (reversible regime below T,),
vortex motion is stimulated by a microwave current and guided
by rows of antidots. Due to the anisotropic (triangular) shape
of the antidots the guided motion is rectified resulting in a dc
voltage signal that is shown in the contour plot of Fig. 1.
It was very surprising that in spite of the large distance
(4.3 um) between adjacent antidots, rectified guidance of
vortices persisted up to such high frequencies. It automatically
led to the question of the mechanism of flux transport at high
frequencies.

According to Larkin and Ovchinnikov the normal core of
an Abrikosov vortex is expected to collapse at high vortex
velocities.?! As a consequence microwave-driven Abrikosov
vortex transport across a typical microwave-suitable structure
(e.g., impedance matched stripline) with subcritical vortex
velocity is expected to be limited to frequencies clearly below
the GHz regime. Moreover, based on theoretical considera-
tions (e.g., time-dependent Ginzburg-Landau theory) vortices
moving in micron- or nanosize constrictions are expected to
be modified. For instance, the vortex core of a vortex in the
vicinity of the antidot will be deformed®>?* and, finally, a
phase-slip type mechanism for flux transport is expected for
flux transport in superconducting microbridges.’* Therefore
these questions arise: (i) Which type of vortex is responsible for
the guided flux transport at elevated frequencies (>>1 GHz) and
(ii) can we identify a transition from the classical flux transport
via Abrikosov vortices at low frequencies to an alternative,
perhaps novel type of flux transport at elevated frequencies?

In this paper, we experimentally demonstrate a change of
the mechanism of flux transport at a geometrically defined
frequency in the GHz frequency regime. The data are discussed
in terms of theoretical predictions>’ and compared with
experimental data 2> obtained for the critical vortex velocity.
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FIG. 1. (Color online) Demonstration of vortex manipulation up
to 8 GHz based on the ratchet effect in micropatterned high-7,
microwave devices (Ref. 20). The inset shows a schematic drawing
of a YBCO ratchet based on rows of triangular-shaped antidots. The
microwave current is applied via ports 1 and 2, the vortex flow
is rectified by the rows of triangular antidots, and the resulting dc
voltage signal is recorded at the dc voltage contacts V. The contour
plot shows the dc voltage signal AVy = Vy4(-10 dBm)—Vy.(-50
dBm) as function of temperature and applied microwave frequency.
The arrows I;, Fi, and GM in the inset indicate the direction of
microwave current, resulting Lorentz force acting on the vortices,
and the rectified guided motion of vortices.

II. SAMPLE PREPARATION AND EXPERIMENTAL SETUP

YBa,Cu3z0;_s (YBCO) thin films (film thickness of d ~
50-120 nm) are deposited via pulsed laser deposition or mag-
netron cathode sputtering on microwave-suitable substrates,
i.e., LaAlO3 and r-cut sapphire with a 30-nm-thick CeO,
buffer. The films are patterned via e-beam lithography and
ion-beam etching at 500 eV. Microwave striplines with a
width of 400 um are patterned resulting in an microwave
impedance of 50 Q2. Furthermore, an array consisting of rows
of circular-shaped holes (antidots) is patterned into the stripline
(see Fig. 2). In order to be able to distinguish between vortex
motion along the Lorentz force and guided motion within the
rows, the rows are tilted by 35° with respect to the nominal
direction of the Lorentz force. Furthermore, the experimental
setup allows to simultaneously apply dc and microwave (0.4—
6 GHz) currents.

In this paper, data of a reference sample (without antidots)
and two samples (AA1 and AA2) with antidots are discussed.
Sample AAl is equipped with smaller antidots (nominal
antidot radius r, = 250 nm) and antidot spacing (antidot
separation within the rows d,, = 1 um), whereas sample AA2
has larger antidots (r, = 1 wm) and antidot separation within
the rows (dy, = 4 um). In both samples the distance between
adjacent rows is 10 um.

III. EXPERIMENTAL RESULTS

In general, microwave currents are relatively small. There-
fore, the resulting Lorentz force is not capable of moving
Abrikosov vortices over larger distances. In order to enable
vortices to move over larger distance (e.g., throughout the
sample or between antidots with larger antidot separation),
a dc bias current is added to the microwave current. In our
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FIG. 2. Sketch of the YBCO stripline with antidots and current
ports (inset) and microscopic image of sample AA1 (r, = 250 nm,
d,, = 1 pm). About 400 rows are positioned on a microwave stripline.
The nominal directions of current (rf and dc), resulting Lorentz force,
and guiding force are indicated by the arrows.

experiments the dc-bias current is typically five to ten times
larger than the microwave current. We apply a microwave
power of approximately —10 dBm at the sample resulting
in a total microwave current of ~1-2 mA, whereas the dc
bias is typically 5-10 mA. Since the microwave current is
mainly restricted to the edge of the stripline,”’ it can locally
approximate or even exceed the dc current density.

The aim of our experiments is to determine the microwave
losses that are caused by vortex or flux motion in the
superconducting regime, especially for the case of guided
vortex or flux motion. This is achieved by comparing the
microwave transmission at given frequency and microwave
power (—10 dBm) with and without additional dc bias current.
The modification (namely the reduction) of the microwave
forward transmission coefficient S,; due to the dc bias provides
a measure for the microwave loss due to current-driven vortex
motion in the sample. S;; = P,/ P; describes the microwave
response P, at the output (port 2) due to an input microwave
signal P; at the input (port 1) at a given frequency (see, for
instance, inset of Fig. 2). In the following, we mainly discuss
the temperature and frequency dependence of the difference of
microwave forward transmission coefficient A S| = 51 (Jyc #
0)-5,1(J4ec = 0), where Jy. defines the dc bias current density.
Different temperature regimes (R1-R4; see Figs. 3 and 4) can
be identified for which different types of flux transport are
present. Finally, we focus on the temperature regime R3 of
guided flux motion. In this temperature regime, vortices or
flux are moving from antidot to antidot within the rows, i.e.,
only in this temperature regime can vortices or flux motion in
micron or submicron structures be studied.

Figure 3 shows the temperature dependence of P,
(with and without dc current) and the resulting difference
ASy = S$21(Jae # 0)-521(Jgc = 0) for the reference sample.
Neglecting the behavior in the normal state (here additional
quasiparticle scattering leads to additional losses caused by the
dc current), S, only differs in a small temperature regime (R1)
just below the superconducting transition temperature 7, =
90.1 K. This is best visualized by considering the temperature
dependence of AS,; [Fig. 3(b)] that displays a pronounced
minimum in the temperature regime R1. We can exclude
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FIG. 3. (Color online) Temperature dependence of the output
microwave power P, with and without dc bias (a) and the resulting
ASy = $1(Jae # 0)-851(Jge = 0) of the reference sample without
antidots. The film thickness is 120 nm, the microwave power at the
sample is —10 dBm, and a magnetic field of 1 mT is applied normal
to the film’s surface. The transition temperature (7, = 90.1 K), dc
bias (0 and 5x 108 Am~2), and the frequency (900 MHz) are given
in the figure. Furthermore, a temperature regime (R1) is marked that
will be discussed in the context of the regimes R1-R4 given in Fig. 4.

experimental artifacts (e.g., self-heating induced by the dc
current close to 7.) to cause the minimum. Furthermore,
from microwave transmission experiments on YBCO coplanar
resonators in magnetic fields®® we conclude that the additional
microwave loss is mainly caused by flux motion. Close to
T, flux pinning is negligible (reversible regime) and flux lines
can be moved throughout the stripline. Due to the additional dc
current additional loss occurs since vortices are moved into the
regime of large microwave current (edge of the stripline) where
they are exposed to large microwave driving forces.'® With
reducing temperature flux pinning increases, finally vortices
will be pinned and only oscillate within their potential well.
Consequently, A S| shows only a pronounced minimum below
T, and is zero for all temperatures below regime R1.

The temperature dependence of A S,; obtained for striplines
with antidots is more complex. We will discuss the behavior
in terms of the different temperature regimes R1-R4 given in
Fig. 3:

Regime RI. For both samples a pronounced minimum is
observed for the temperature regime R1 just below 7,. Due
to the sub-um patterning this regime is more extended and
the minimum is less pronounced for the smaller antidot array
[sample AA1, Fig. 4(a)]. In the case of the larger array [sample
AA2, Fig. 4(b)] the width and depth of this minimum are
similar to that of the reference sample [Fig. 3(a)]. Since the
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FIG. 4. (Color online) Temperature dependence of the difference
of the forward transmission coefficient ASy; = Sp;(Jge # 0)—S21(Jge
= 0) for two striplines with rows of antidots: (a) sample AA1(r, =
250 nm, d,, = 1 um) and (b) sample AA2 (r, = 1 um, d,, = 4 pum).
The film thicknesses are 50 nm (AA1l) and 120 nm (AA2), the T,
values are indicated (right limit of regime R1), the microwave power
at the sample is —10 dBm, a magnetic field of 1 mT is applied normal
to the film’s surface, and the dc bias is zero, 5x 108 Am—2 (AAl),
and 8x 103 Am~2 (AA2), respectively. Different temperature regimes
R1-R4 characterizing different types of vortex motion are indicated in
the figures. The inset in (b) shows the original transmission coefficient
S>1 (with and without dc bias) as function of temperature for sample
AA2.

vortex-defect interaction (including vortex-antidot interaction)
is small close to T, vortices move freely in the stripline.
Moreover, since the rows of antidots are tilted, the vortices are
not guided by the antidots. Both effects have, for instance, been
demonstrated by Hall-type measurements.'' Therefore, in this
temperature regime the origin of the additional microwave
loss is identical to that observed for the reference sample, i.e.,
microwave-generated and dc-current-assisted vortex motion in
the superconducting stripline (not guided by antidots) leads to
the additional loss that is visible in AS,; below T.

Regime R2. In this regime flux pinning sets in. With
decreasing temperature it increases and ASy; tends to zero.
This again is identical to the behavior observed for the
reference sample at temperatures just below R1.

Regime R3. In this regime a behavior different to that of
the reference sample is observed. A second minimum in A Sy,
is present for our samples with rows of antidots. The width
and depth of the second minimum strongly depend on the
separation of the antidots. The minimum is more pronounced
for the sample AA1 [antidot array with smaller periodicity,
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Fig. 4(a)]. Itis barely visible for sample AA2 [array with larger
periodicity, Fig. 4(b)]. From Hall measurements we know that
this second minimum is caused by guided motion of flux, i.e.,
vortex or flux motion within the rows of antidots.'"*° At lower
temperatures the vortex-antidot interaction becomes larger. If
the spacing between adjacent antidots is small enough, vortices
will move from antidot to antidot even if the directing of motion
is not identical to the direction of the driving Lorentz force.

Regime R4. Finally, at very low temperatures the vortex-
antidot interaction is too large and flux is trapped in the
antidots. As a result AS,; is zero. Additional measurements
for lower temperatures that are not shown in Fig. 4 demonstrate
that AS,; =~ 0 for sample AA1 at 4.2 and 10 K.

Obviously it is most interesting to analyze the guided vortex
or flux motion of regime R3 in more detail since it represents
the regime of vortex or flux transport in micron or even
submicron superconducting structures. For this we recorded
the frequency dependence of A S, for the different samples in
the frequency regime 0.4—6 GHz.

Excluding the transition regime R1, AS,; ~ 0 for the
all frequencies for the reference sample. The samples with
antidots (AA1 and AA2) show no or very little frequency-
dependent additional losses in the temperature regimes R2
and R4, respectively [see Fig. 4(b)]. However, a significant
frequency dependence of AS; is observed for the regime R3
of guided flux motion [Fig. 4(b)]. Figure 5 shows the frequency
dependence of AS;; for the two different samples with antidots
in the regime of guided flux motion (R3) in more detail. At
low frequencies AS,; is clearly nonzero and negative, i.e.,
additional microwave losses due to vortex motion are present.
These losses decrease with increasing frequency and finally
vanish at high frequencies. Neglecting resonance effects in
the experimental setup, the maximum frequency up to which
losses are observed are fm.x~2.9 GHz and ~1.0 GHz for
sample AA1 and AA2, respectively.

IV. DISCUSSION

In general, the interpretation of microwave losses due
to vortex motion has proven to be quite complex. It has
been demonstrated that vortex-generated microwave losses
occur only when vortices are present in areas of the sample
that carry large microwave current densities.'® Obviously the
interpretation becomes even more complicated in the case
of vortex motion in patterned superconducting systems, e.g.,
superconducting films with an antidot lattice.

On the one hand, modifications of the vortex properties due
to their vicinity to antidots have to be considered. For larger
antidot distances this might lead to a deformation of the vortex
core of an Abrikosov vortex.?%2* However, for smaller antidot
distances the superconductor between two adjacent antidots
can be considered to act like a microbridge !! and a phase-slip
type of flux transport is expected.?*? Since a phase slip would
exclude the generation of a normal core (i.e., no Abrikosov
vortex) flux pinning would be absent for the flux transport
across the microbridge and, moreover, it is expected to lead to
a flux transport that does not generate additional microwave
loss.'® The latter is what we observe in our experiment at high
frequencies.
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FIG. 5. (Color online) Frequency dependence of AS,, for the
sample AA1 (a) and AA2 (b). The microwave power at the sample is
—10dBm, dc biasis 5 x 103 Am~2 (AA1) and 8 x 108 Am~2 (AA2),
a magnetic field of 1 mT is applied normal to the films surface, and
the temperatures are given in the figures.

On the other hand, flux transport between antidots and at
microwave frequencies implies large vortex velocities. One
should note that flux motion guided by an antidot lattice
automatically implies a motion of flux quanta between adjacent
antidots. The impact of the velocity on the Abrikosov vortex
is described by Larkin and Ovchinnikov.”! Since we have
to assume that at low frequencies the flux transport takes
place in form of the motion of Abrikosov vortices (which
leads to additional microwave loss), it is feasible that at the
maximum frequency fn.y the critical velocity is reached (at
which the normal core of the vortex collapses) and a transition
to phase-slip-type flux transport takes place.

Combining these different aspects of vortex matter and
our experimental results, we can devise the following model
that describes the guided flux transport in our micron-
and submicron-patterned superconductor at microwave
frequencies:

(i) Guided vortex or flux transport (regime R3) implies
motion of flux quanta between adjacent antidots. The flux
transport does not necessarily have to take place in the form
of Abrikosov vortices. Guided flux motion is demonstrated for
frequencies up to 8 GHz (see Fig. 1). However, this limitation
might be caused by the experimental setup that was designed
for measurements up to a maximum frequency of 10 GHz.

(i) The driving force for the guided flux transport is
provided by the Lorentz force that is caused by the
combined action of the dc and microwave currents. Al-
though the current oscillates between the minimum current
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Imin = ldcmax—lacmax and maximum current I, =
Lic.max+Tac,max, the time-averaged Lorentz force is indepen-
dent of the frequency for given dc-bias and microwave currents
(small variations due to resonances in the measurement circuit
can be neglected).

(iii)) Atlow frequencies the transport takes place in the form
of Abrikosov vortices. The current-time profile resembles a
current ramp from I, to I, followed by a drop to the
minimum current. As a consequence the Lorentz force is
slowly ramped up, and magnetic flux is pushed out of the
antidots and Abrikosov vortices with a normal core nucleate.
The dc-bias-assisted vortex transport leads to the accelerated
vortex transport (current ramp) between adjacent antidots and
is afflicted with an additional microwave loss.'®

(iv) With increasing frequency the angle of the current ramp
becomes steeper which leads to an increased acceleration
of the nucleated Abrikosov vortices. As a consequence and
according to the Larkin-Ovchinnikov theory,?! the shrinkage
of the normal core increases with increasing frequency. This
automatically implies a reduction of the viscous damping
coefficient for vortex motion and an increase of the vortex
velocity.?! It is most likely that the additional microwave losses
are also decreasing with decreasing normal core,'8 i.e., with
increasing frequency (see also Fig. 5).

(v) Finally, at a high enough frequency the critical velocity
v* might be reached.”’ The normal core of the vortex would
collapse and the flux would be transferred in a phase-slip-type
mechanism without causing any additional microwave loss
(see Fig. 5). This would have a number of consequences; for
instance, flux pinning would not be applicable anymore and
flux transfer at velocities exceeding the critical velocity would
be possible. As a consequence, flux transfer between adjacent
antidots would be feasible even at very high frequencies as
demonstrated in the experiment (see Fig. 1).

In order to test this model and especially assumption
(v), we analyze the transition from the lossy mechanism
(Abrikosov vortices) to a loss-free mechanism (phase-slip-type
mechanism) in terms of the Larkin-Ovchinnikov theory. If we
assume that the limiting frequency f, defines a limit of
the mobility of Abrikosov vortices in these nanostructured
systems, we can estimate a maximum velocity vmax for
Abrikosov vortices to be on the order of

Vmax = 2 fmax * daas (D

where d,, (distance between adjacent antidots) defines the
distance the vortex travels in case of guided vortex motion.
Inserting the values for fi,x and d,, for samples AA1 and
AA2, a maximum velocity of vy.x & 5.8-8 km/s is obtained
for Abricosov vortices motion in our nanostructured samples.
This value is on the order of experimental data obtained
for the critical velocity v* that is determined via dc pulse
measurements on YBCO films.2>2° Thus, our values for
the maximum velocity vm,x seem to agree with the vortex
critical velocity v* obtained by other experimental techniques.
Moreover, based on Eliashberg’s ideas on nonequilibrium
effects in superconductors, Larkin and Ovchinnikov predicted
that a nonequilibrium distribution and relaxation rate of the
normal charge carriers (quasiparticles) develops during the
motion of vortices at high velocities. According to the theory,
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FIG. 6. (Color online) Temperature dependence of the inelastic
quasiparticle scattering time t;, obtained for guided vortex motion in
nanostructured YBCO striplines AA1 (open circles) and AA2 (solid
circle). For comparison zero-field microwave experiments (squares)
(Refs. 30 and 31) and dc pulse measurements (triangles) (Refs. 25
and 26) on YBCO thin films are included.

the viscous damping coefficient at a vortex velocity v is given
by21

vi2T!
1(v) = 0(0) [1 +() ] : @)
resulting in an inelastic quasiparticle scattering time:
D- YT —T/T) (1Y
Tin = = F ) (3)

with ¢(x) denoting the Riemann-zeta function, D = vgl,/3
the quasiparticle diffusion coefficient, vy the Fermi velocity,
and /, the electron mean free path. Inserting reasonable values
for vp (=200-500 km/s) and [, (=4-8 nm) (Ref. 31), the
inelastic quasiparticle scattering time can be estimated for our
experiment by inserting vpa into Eq. (3). Figure 6 represents
the resulting inelastic quasiparticle scattering time obtained
for our samples. Please note that we can only determine data
for the temperature regime of guided flux motion. For compar-
ison, experimental data obtained via pulse measurements?>-2°
and microwave experiments’>?? are added. At temperatures
between 40 and 70 K, inelastic quasiparticle scattering times
of T, &~ 107! s are obtained; 7;, decreases slightly with
temperature. These values range between those obtained from
dc pulse measurements and zero-field microwave experiments.

V. SUMMARY

It has been demonstrated that guided flux motion in high-T7,
films with rows of antidots persists up to frequencies of several
GHz (here 8 GHz). However, considering the antidot-antidot
distance a flux transport via Abrikosov vortices is very unlikely
for these high frequencies. With the analysis of the frequency
dependence of the guided vortex motion we could demonstrate
that there exist two different regimes of flux transport in micro-
and submicron-structured superconductors. Flux transport via
Abrikosov vortices is only present up to a geometrically
defined maximum frequency fi.x that most likely represents
the critical velocity predicted by Larkin and Ovchinnikov.?!
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This type of flux transport leads to additional microwave
losses. At the characteristic frequency fn.x the additional
microwave losses vanish and the mechanism of flux transport
cannot be described by the classical transport of Abrikosov
vortices any more. Most likely a phase-slip type of flux
transport that is known to take place in microbridges and
that does not cause additional microwave losses takes over.
Nevertheless, flux manipulation in nanostructured high-7,
films persists to high frequencies at which the vortex velocity
clearly exceeds the critical velocity. Thus, in spite of the change
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of the mechanism of flux transport, nanostructured high-7,
films might have the potential to be excellent candidates for
fluxonic devices working in the GHz regime.
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