PRL 99, 207003 (2007)

PHYSICAL REVIEW LETTERS

week ending
16 NOVEMBER 2007

Nonlinear Nanodevices Using Magnetic Flux Quanta
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All devices realized so far that control the motion of magnetic flux quanta employ either samples with
nanofabricated spatially-asymmetric potentials (which strongly limit controllability), or pristine super-
conductors rectifying with low-efficiency time-asymmetric oscillations of an external magnetic field.
Using layered Bi,Sr,CaCu,Q0g.s materials, here we fabricate and simulate two efficient nonlinear
superconducting devices with no spatial asymmetry. These devices can rectify with high-efficiency a
two-harmonic external current dragging vortices in target directions by changing either the relative phase

or the frequency ratio of the two harmonics.
DOI: 10.1103/PhysRevLett.99.207003

The dynamics of magnetic flux quanta in superconduc-
tors (i.e., vortices) share similarities [1] with quanta of
electrical charge (i.e., electrons) in solids. Exploring novel
ways [2—15] to control the motion of vortices could be
useful for fluxtronic devices, i.e., new ‘“‘electronic’’ devices
employing vortices instead of electrons. These vortex de-
vices [2—-15] could be used, e.g., to remove unwanted flux
from either SQUIDs or qubits, to sculpt magnetic profiles
on submicron scales, or to control the spin polarization in
spintronic systems.

Recently, vortex ratchets have been built using spatially-
asymmetric pinning arrays in order to control vortex mo-
tion. Vortex pumps and diodes employing samples with
spatial asymmetry to rectify ac drives have been recently
proposed [3—6] and realized [7-15]. However, spatially-
asymmetric potentials are fixed and cannot be changed
after fabrication. Thus, even though these devices some-
times allow one to reverse (e.g., [8,14,15]) the net vortex
motion by changing the applied magnetic field, their con-
trollability is limited. For instance, there is no way to
change the direction of the vortex motion for fixed vortex
density and current.

These problems can be solved by using nonlinear flux
quanta devices (e.g., Ref. [16,17]) and applying a time-
asymmetric zero-averaged ac current or magnetic field.
Because of the absence of fixed spatial asymmetry, the
vortex motion is fully controlled by changing the shape
of the input signal, which is very easy to manipulate. The
first attempts to realize this approach [18,19] were done for
samples with no pinning potential. Unfortunately, this
often produces a weak nonlinearity, resulting in a small
efficiency of these nonlinear rectifiers.

Here, we experimentally prove and numerically show
that combining a spatially-symmetric nanofabricated po-
tential substrate with a drive having two harmonics [20]
allows one to conveniently manipulate vortex motion with
high efficiency, e.g., pushing magnetic quanta either to the
right or to the left by changing either the relative phase of
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the harmonics in the drive or their frequency ratio.
Moreover, the nonlinearity responsible for this rectification
can be controlled by an applied magnetic field.

Using entirely different types of samples, we also ex-
perimentally show that nonlinear rectifiers of Josephson
vortex (JV) oscillations, which are induced by a two-
harmonic out-of-plane electrical current, become very ef-
ficient when increasing a c-axis magnetic field H . The
physical origin of this enhancement of the rectification
effect is related to the increase of the density of c-axis-
aligned magnetic flux quanta [i.e., pancake vortices (PVs)]
which pin [21] the JVs located between planes. This mu-
tual interaction between JVs and PVs allows controlling
the motion of JVs, e.g., by varying the frequency ratio of
the two harmonic drives.

Sample fabrication and experimental setup.—High-
quality Bi,Sr,CaCu,0Og, 4 single crystals were grown by
the travelling-solvent floating-zone technique [22]. These
crystals were used to fabricate two very different types of
nonlinear nanodevices (Figs. 1 and 2) to manipulate the
motion of either PVs or JVs.

When making the structure shown in the micrograph in
Fig. 1(b), thin Bi,Sr,CaCu,0g,s single-crystal films
(thickness between 100 and 300 nm) for the four-terminal
measurements [Fig. 1(b), inset] were fabricated using a
photolithographic and Ar-ion milling processes. Holes
patterned as a triangular lattice, to efficiently pin vortices,
were milled by a focused ion beam (FIB). The diameter of
each hole was about 300 nm, while the interhole distance
ag was 1 um. The superconducting transition temperature
T, was 87.8 K. The magnetoresistance of the sample
showed clear matching peaks when the number of vortices
was a multiple of the number of pinning centers, i.e., for
magnetic fields HP*" = 2n®,/+/3a?, where n is an inte-
ger and @ is the flux quantum. This indicates that the fab-
ricated pinning potential efficiently pins pancake vortices.

Figure 2 shows results from a different type of device
(from the one discussed above) controlling the motion of
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FIG. 1 (color online). Out-of-plane flux quanta rectifier.—
Panel (a): Rectified dc voltage (which is proportional to the drift
vortex velocity) as a function of the out-of-plane magnetic field
H, at different temperatures. Inset in Panel (a): Nonlinear
voltage-current characteristics of the device shown in panel
(a) at the second matching field H‘z’flalCh (red line), and at two
other fields shifted =5 Oe with respect to HF". Micrograph in
(b): Scanning ion microscopy (SIM) image of a nanofabricated
Bi,Sr,CaCu,0g4. 5 single-crystal film which has a triangular
lattice of holes, which were milled by FIB. The holes have a
diameter of about 300 nm and are separated by a; = 1 um.
Holes trap out-of-plane flux quanta resulting in the very non-
linear vortex dynamics needed for nonlinear rectifiers. Panel
(b): Measured rectified dc voltage V. (red symbols for H‘lnmCh
and blue symbols for Hg”‘“h, both pointed by arrows labeled
“experiment’’) versus relative phase ¢ between the two har-
monics of the driving current I4,.(v1, v, = 2, ¢). The output
dc voltage Vg, is normalized by its value V* = Vy.(p =
0, HPa™) at zero phase shift ¢ = 0 between the harmonics and
for the first matching field, Hj"amh (i.e., when the number of
vortices coincides with the number of holes). The frequency of
the second harmonic is chosen here to be twice the frequency of
the first harmonic (v, = 2v; = 20 Hz); the amplitude of each
harmonic is I, = 10 mA, and the temperature 86.8 K. Simulated
dc voltages are shown by black symbols for HP'*" and by the
green line for HY" both pointed by arrows labeled *“theory.”
Normalized simulation parameters are v; = 0.01, P = 0.2,
max(|f.]) = 0.2, max(|f,,|) = 0.3. Note that by changing ¢
we can: (i) easily tune the output dc voltage from negative
Vil = ) to positive V4.(¢ = 0) values and (ii) obtain a
very smooth and predictable dependence for Vy.(¢). Note that
the V4.(¢) dependence is similar to the I(¢) behavior of a
Josephson current between two superconductors as a function
of the phase difference of the order parameter. Bottom inset in
(b): geometry of the problem.

the JVs. This device was fabricated in the central part of a
crystal bar which was milled using an FIB to form a bridge
[23]. When manipulating JVs, we use a split magnet to
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FIG. 2 (color online). [In-plane flux quanta rectifier. —Panel
(a): The blue curve (also pointed by arrow labeled ‘““voltage at
a fixed current””) shows the flux-flow voltage, measured at a
fixed time-independent current of 100 wA, versus an externally
applied magnetic field H, which is almost parallel to the CuO,
layers (H; << H))). When increasing the field H, two regimes
are clearly distinguished: (1) the “JV only” regime corresponds
to the absence of out-of-plane magnetic flux quanta—only JVs
are in the system; (2) the “JV + PV’ regime, when H | ( < H)is
strong enough to create PVs, which act as pinning centers (traps)
for JVs—resulting in strongly nonlinear dynamics. The rectified
dc voltage (red curve, also pointed by arrow labeled “‘rectified
voltage”), measured when a two-harmonic ac current,
Lyive(v; = 100 Hz, v, = 2v, ¢ = 0), with amplitude I, =
1 mA was applied, is low for the weakly nonlinear “JV only”
regime, and strongly enhanced in the “JV + PV’ regime. Micro-
graph in (b): SIM image of the fabricated Bi,Sr,CaCu,0Og, s
single-crystal bar for the measurements of Josephson-vortex
flow. The device is shaped as a narrow bridge joining large parts
of the superconducting bar. The 14.8 X 24.5 X 0.6 uwm? bridge
was fabricated by FIB. Panel (b): Red squares are the measured
rectified dc voltage Vg(v,, v;), normalized by V' =
Va1, v, = 2v)), versus v,, for a fixed v; = 100 Hz when
the two-harmonic driving current Iy (v1, ¥2, ¢ = 0), with am-
plitude I, = 1 mA, is applied. The green line with sharp peaks
corresponds to a simulation of Vg (v,, v1)/V* versus v, using
the following normalized parameters A. = 2, Ap; = 0.5, f9, =
0.5, fp; = 0.5, max(|f.]) = 3, np/m; =5, v = 0.01. All the
measured peaks of the rectified voltage are perfectly reproduced
in our simulations. Right inset in panel (b): Experimental
Vae(v, = 2y, v; = 100 Hz), normalized by V* = Vy.(¢ = 0),
versus relative phase ¢ between the two harmonics. The Vg (¢)
Josephson-type dependence shown is very similar to the one
[Fig. 1(b)] obtained for our out-of-plane quanta rectifier. The
temperature was 10 K for all measurements. Left inset in
(b): geometry of the problem.

vary the in-plane H| and the c-axis H; magnetic fields
[left inset in Fig. 2(b)]. This allows us to precisely change
the density of the JVs and PVs.
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When the devices shown in Figs. 1 and 2 operate, vor-
tices are driven by an external current having two harmon-
ics, liive(V1, V2, @) = Io[cos(Qmyv 1) + cosQRmyvyt + @)],
with frequencies »;, v,, and a relative phase ¢. The
parameters v,/v,, and ¢ can be used as two independent
control knobs to easily tune the net vortex drift (the output
of these devices). Note that a two-harmonics ac current
provides a much more controllable way of manipulating
vortex motion than, say, a dc current which, if weak
enough, produces no vortex motion. A current having
two harmonics was generated by a programmable function
generator with a current-voltage converter.

Our experimental setup allows us to test the two differ-
ent classes of nonlinear devices (shown in Figs. 1 and 2) by
changing either (i) the applied magnetic field [Figs. 1(a)
and 2(a)], (ii) the relative phase ¢ of the two harmonics of
the driving current [Fig. 1(b), inset in Fig. 2(b)], or (iii) the
ratio v,/ v, of the two driving frequencies [Fig. 2(b)].

When applying an ac current Iy, (¥, ¥, ¢) having rwo
harmonics, an average dc voltage was observed for both
types of vortex devices (Figs. 1 and 2) for frequencies v,
and v, taking certain commensurate values (e.g., v, =
0.5vy, v, = 1.5v{, v, = 2v;). In contrast to spatially-
asymmetric vortex devices [7-14], the rectification ob-
served here is zero if only one-harmonic input current is
applied, e.g., when v; = v, [Fig. 2(b)].

Vortices moving on a spatially-symmetric potential. —
Our device shown in Fig. 1, with a nanofabricated array of
holes, can rectify the motion of PVs when driven by a two-
harmonic current Iy, (¥}, 75, ¢). A set of representative
data is shown in Fig. 1(a) and 1(b). Choosing the frequency
ratio v, = 2v; and the relative phase ¢ = 0, we investi-
gate [Fig. 1(a)] how the rectified dc voltage V. depends on
the out-of-plane magnetic field H | . At the matching fields
H™<h we observed clear maxima in the rectified voltage
V4. (H). This increase of rectification at the matching fields
is related to the enhancement of vortex pinning which re-
sults in more nonlinear VI curves. The measurements [in-
set in Fig. 1(a)] of the dc voltage-current curves confirm
this.

When intervortex interactions are comparable with pin-
ning interactions, the VI nonlinearity is strongest. The
spatial scale responsible for intervortex interactions is
Aan(T) = Ao (T =0)/(1 —T%/T?)'/2, while scales respon-
sible for pinning interactions near the matching fields are
ay/~/n. A simple estimate, A, (T,) = ay/+/n, defines the
temperatures 7,, when the nonlinearity at the nth matching
is dominant. Using the standard value A, (7T=0)=
200 nm, we obtain that the strongest VI nonlinearity occurs
at the 1st matching field when T = T| = 86 K, while at
T = T, =~ 84 K the strongest nonlinearity shifts to the sec-
ond matching field, in perfect agreement with our experi-
ments [compare the T=86.3 and 84.8 K curves in
Fig. 1(a)].

Even though varying H, and/or [, partly allow us to
tune the dc output, our main goal now is to show how to

manipulate the vortex motion by only modifying the time-
dependence of the driving current Iy;,.(v;, V2, @) since,
e.g., H| and I, can be naturally fixed by external condi-
tions. To demonstrate an unprecedented level of controll-
ability of our devices, we present here [Fig. 1(b)] the
dependence of the dc voltage V4. (< the drift vortex
velocity) on the relative phase shift ¢ of the two-current
harmonics. The measured cosine-type dependence of
Vic (@) allows us to precisely fune the output of the vortex
device to any desirable value V . between V(¢ = 7),
which is negative, and V4 (¢ = 0), which is positive. In
particular, the current inversion (which for other systems
[3—15] can require a peculiar hard-to-realize condition on
either H,, I, or frequency) can be achieved here by
varying ¢.

Another remarkable feature of the obtained output char-
acteristic Vy.(¢) is its smooth and predictable dependence
on the control parameter ¢, which cannot be usually
achieved (e.g., Ref. [24]) in the regime where the net drift
changes its direction. To simulate the experimentally-
obtained results, we use standard equations of overdamped
dynamics (see., e.g., Ref. [3,5,6]): nv; = > .f,, (r; — r;) +
Sifpu(r; — rip ) + £, with viscosity coefficient 5, 2D vor-
tex velocities v;, and positions r;. This equation describes
the balance between viscous forces nv;, intervortex inter-
actions f\,, interactions f,, with pinning centers located in
r;cp ), and driving Lorentz force f; controlled by the driving
current Iy, o |f.]. We use parabolic-potential pinning
traps with a radius 7(?), and a logarithmic intervortex
potential, which is appropriate for the thin superconducting
slabs used in our experiments. We normalize the time by a
relaxation time proportional to the viscosity, all forces by
the characteristic intervortex force f, and all distances by
the London penetration depth A, = 200 nm. We obtain
excellent agreement between simulations and experiments,
as presented, e.g., in Fig. 1(b).

Motion control of in-plane vortices.—The operation of
our second class of devices (Fig. 2), rectifying motion of ac
driven Josephson vortices forced by a two-harmonic input
current Igive(¥y, ¥2, @), is shown on Figs. 2(a) and 2(b).
When changing H, which is almost parallel (H; < H| =
H) to the superconducting layers of Bi,Sr,CaCu,0Og 5, we
clearly distinguish two working regimes. At relatively low
field H, its out-of-plane component H, « H is so weak
that it cannot create PVs. In this regime, the nonlinearity of
our device is relatively weak, producing weak rectification.
Also, this rectification shows oscillations [red curve (also
pointed by arrow labeled “rectified voltage”) in the “JV
only” regime in Fig. 2(a)] due to the matching between the
length of the sample and the spatial period of the JV lattice.
At higher H, PVs enter the sample producing strong pin-
ning for JVs, which results in the abrupt drop of the voltage
versus magnetic field at a fixed time-independent current
[blue curve (also pointed by arrow labeled “voltage at a
fixed current”) in Fig. 2(a)]. This PV-JV pinning, as was
predicted in Ref. [16], results in an efficient rectification
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[red curve (also pointed by arrow labeled ‘‘rectified volt-
age’’) in the “JV + PV’ regime in Fig. 2(a)] of the time-
asymmetric two-harmonic ac-current Iy (vy, vy =
2y, ¢ = 0). The rectification grows with field. As a result,
the dc voltage V4. reaches to ~10% of the maximum
output voltage at the highest measured H =~ 27 kOe. The
origin of this rectification is related to the strong enhance-
ment of the nonlinearity due to the dragging of PVs by JVs
at slow velocities and the almost-decoupled vortex motion
at high JV velocities. Note that the JV-PV interactions
responsible for strong nonlinearity are suppressed for 7' >
70 K, limiting the working temperatures of our device.

Even if H = (H, H,) and I, are fixed, the nonlinear
rectifier (Fig. 2) of JV motion has two important additional
control “knobs”’: the relative phase ¢ of the two harmonics
and the frequency ratio v,/v,. The dependence [right inset
in Fig. 2(b)] of the rectified voltage versus phase for the
JV-motion rectifier (Fig. 2) is very similar to the cosine-
like dependence of the pancake vortex drift versus ¢
[Fig. 1(b)] in our rectifier having nanoholes (Fig. 1). This
behavior is very general and could be called a “Josephson
rectification effect,” based on the remarkable similarity
between the dependence of the rectified current versus
the relative phase of the two harmonics with the usual
dependence of the Josephson current versus the relative
phase of the order parameters across a Josephson junction.
We also measured the resonance-like behavior of Vy.(v,)
at a fixed v, [see Fig. 2(b)]. For several ratios of v,/v,, the
rectification shows either negative or positive peaks. By
changing this ratio, we can easily push vortices forward or
backward at will. Even though rectification shows narrow
peaks, the behavior is still very predictable, which is
important for potential applications. In order to show
this, we simulated the dynamics of two vortex species
[18,25] (PVs and JVs) by using the coupled set of differ-
ential equations: npvy =3 fpp(xf — x7) + Yo fpy(x] —
xp) and myvl =3 f 000 — %))+ X fpsx! = ) + fi
with an exponential repulsion of vortex rows of the same
species [frp = xexp(=Ix] —xf)  and  f;, =
*=f9, exp(—|x] — xF|/A.) for interactions among only
PVs, and for interactions among only JVs] and an expo-
nential attraction for rows of different species [fp; =
19, exp(—|xf — x{|/Ap,;) for IV-PV interactions]. Here,
all force prefactors, f9, and f9,, are normalized by the
amplitude of the interpancake interactions, while all inter-
action distances, A. and Ap;, by the in-plane London
penetration length. The Josephson and pancake vortex
viscosities are i, and np, while v/, x’ (v", x¥) are the
velocity and position of the JV (PV) rows. The normalized
experimental data and simulations are in very good agree-
ment, indicating the efficient control and tuning obtained
with this nonlinear device by just changing the ratio of
frequencies v,/v;.

Conclusions.—Here, we experimentally realized two
different classes of nonlinear rectifiers of vortex motion
driven by two-harmonic currents. In contrast to the vortex
ratchets employing fixed spatial asymmetry, our rectifiers
can be easily controlled by changing either the frequency
ratio or the relative phase of the two harmonics of the drive.
The realization of these (high-temperature) devices should
help the growing field of superconducting vortex elec-
tronics (fluxtronics). Further extensions of these devices
could allow the possibility of making novel nanoscales
stepmotors driven by either periodic ac oscillations or
nonequilibrium random fluctuations in magnetic fields or
currents.
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