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Abstract
Several Josephson ratchets designed as asymmetrically struetured parallel-series arrays of

Josephson junctions made of YBa,Cu;O7.s5 have been fabricated. From the current-voltage
characteristics measured for various values of applied magnetic field, B, in the temperature
range (10-89) K we demonstrate that the deviees wprk as magnetic field-tunable highly
reversible vortex diodes. Thus, at 89 K the ratchet efficiency 1 could be reversed from +60%
to -60% with a change in B as small as 3uT. By decreasing the operation temperature n
improves up to -95% at 10K while thewdynamiics in the B-tunability degrades. The ratchet
designs we propose here can be {used to“control unidirectional vortex flow vortices in
superconducting devices, as well as,“bullding integrated nano-magnetic sensors. Numerical
simulations qualitatively confirmyour experimental findings and also provide insight into the
related and more general prgblem of the control of the transport of nano/quantum objects in
thin films.

Introduction

In the fastgdeveloping field of nanoscience the question as to how to control
nanoparticle trangport en the fianoscale is very important [1-5]. The role of particles drifting
in nanodevices £an‘bg played not only by tiny bits of materials (say metallic or ferromagnetic
spheres) but alseby different excitations (quasi-particles), including those of electromagnetic,
electronic, sand acoustic origin. For example, an applied magnetic field B penetrates a
superconductor as an ensemble of magnetic flux quanta @,, known as vortices [6] whose
dynamics can_be controlled by applied alternating, direct or even fluctuating electrical
currefits. @ontrolling the motion of vortices in superconducting meso- and nanostructures
(which are often called fluxtronic devices) has several crucial technological applications.
These inglude the removal of noisy vortices from sensitive parts of superconducting
eleetronics (without the inconvenience of warming—up the devices above the superconducting
transition” temperature) or creating a specific micro-magnetic profile in mesoscopic
supereonductors [7]. Purpose-built devices that show a preferential direction of vortex motion
are.called vortex ratchet devices. Different types of vortex ratchet devices employing
meso/nano-scopic superconductors with asymmetric pinning sites have been proposed (see
for example Refs. [7-12]) and realized [13-19]. It is important to stress that a significant
feature of the fluxtronic devices is their great tuneability as compared to their electronic
counterparts, for instance, the vortex diode fabricated and tested in Ref. [13] allows the
direction of rectification to be reversed simply by tuning the applied B. Another type of
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fluxtronic devices based on utilizing the temporal asymmetry of applied drives to guide
magnetic flux quanta [20, 21] has also been successfully implemented [22-24] for both
Abrikosov vortices (formed in bulk superconducting materials) and Josephson vortices
(trapped in a Josephson junction-JJ- formed in a proximity region between two
superconductors). Josephson ratchets based on asymmetric current bias configurations have
also been fabricated [25-27]. Josephson vortices are very mobile objects and can play a
crucial role in both classical and quantum ratchets (see for example Refs. [28-30]), where
current reversal effects can be observed at the transition from quantdm to classical regimes
[28, 31]. Another interesting type of ratchet is based on asymmetric JJ/=airays [15, 32] or
asymmetric superconducting quantum interferometer devicesd (SQUIDs) *{33-35]. Such
ratchets are based on a device’s structural/fabrication asymmetry and have the advantage of
being more robust against unwanted environmental electromagnetic, €lectrical, or magnetic
interference than other types of ratchets that have been fabricated so«far. Indeed, in ratchets
based on asymmetric current bias configurations “the/ “emvironmental noise (of
electrical/magnetic nature) can interfere destructively fwith the“eurrent bias and decrease its
efficiency. Ratchets based on a device’s structural/fabrication ‘@asymmetry have been recently
fabricated and they showed remarkable features sueh aswa récord current amplification at
temperatures above 77K [36], a dual flux-to-voltage résponse [37] and an ability to amplify
the self-induced electromagnetic radiation [38]*owever,.due to their complexity (the design
consisted of a parallel-array of 22x20 JJs cennected by variable areas of SQUID-like holes)
such devices have not been simulated numegrically, and consequently the physics behind their
behaviour could not be fully understood. To%achiéve a better understanding of such ratchets
based on asymmetric JJ-structures, in thig paper.we report the fabrication, measurement and
numerical simulation of three less cgmplex designs.

Experimental results

The JJ-arrays were fabricatediby‘depositing high quality epitaxial, 100 nm thick c-
axis oriented YBa,CuzO7.5 (¥ BEQ): films on 10x10 mmz, 24° symmetric [001] tilt SrTiO;
bicrystals by pulsed laser depositign. A 200nm thick Au layer was deposited in situ on top of
the YBCO film to facilitate fabrication of high quality electrical contacts for electric transport
measurements. The films, with a critical temperature of 7. of 92K, were subsequently
patterned by optigal lithegraphy and etched by an Ar ion beam to form either a single
asymmetric parallel artay of“10 JJs (see Fig. 1a), 2 (see Fig. 1b), or 9 identical such arrays
connected in g€ries (Fig.1€). Within each such parallel array all 10 JJs are 3um wide. The
junctions are sepatated by superconducting loops of identical width of 3pm but variable
length. The logps’ length increases linearly from 8um to 16pum in steps of lum. Since the
individdal SQUID inductances, L,, are proportional to the SQUID loop perimeter (1um
corresponds to approximately 1pH) fS;,, = 2rL, I./@, also increases monotonically by 58%
within the 10/Js-array, with n=1, 2, ...,9 where /. is the JJs critical current. One can
therefore define an average value f=(f5,,) for the array. fcan be estimated from both the
modulation of /. with B or direct calculations. At 89 K, we estimated that 5, varies from 0.27
to 0.54“within the array, while at 10 K it varies from 50 to 100. The bias current / is applied
symmetrically via the central top and bottom electrodes and V is measured across the array. B
iscapplied perpendicular to the planar array’s structure via a control current /.,; through an
mductively coupled coil. Consequently, an external magnetic flux, @,,, is coupled into the
array. We fabricated two devices for each of the three designs considered here and for each of
the designs both devices showed a qualitatively similar behaviour. Since there is no visible
hysteresis in the current-voltage characteristics (/V'Cs) measured, the capacitance of our JJs


http://dx.doi.org/10.1063/1.4997741

AllP

Publishing

| This manuscript was accepted by Appl. Phys. Lett. Click to see the version of record. |

can be considered to be negligible. Therefore each JJ-array can be modelled as an array of
resistively shunted junctions connected via superconducting inductances.

Families of /V'C’s were measured by a 4 point-contact method at various temperatures
T between 10K and 92K and for different values of /., in the range (-8SmA, 8mA). I.,; was
changed in small steps of 15nA. Such families of consecutive /V'C’s measured at different
temperatures are plotted in the left hand side insets of Figs. 2 and 3. From such families of
1IVC'’s scanned over I.,; (or equivalently, B or @,) V(B) for both positive and negative bias
currents have been constructed (see Figs. 2, 3 and 4). The corresponding /.(B) curves look
qualitatively similar to the V(B) plots. At temperatures close to T« f,/7 1Swegligibly small.
In this limit V(@,) and I.(®,) for a symmetrical parallel 10 Jds-array (i.e., an array with
identical SQUID holes) should have a periodic pattern consigting“Qf a series of maxima
(shown by a dashed line in Fig. 2) similar to the diffraction.pattern of asmultiple slit optical
grating [39]. The flux periodicity corresponds to one @dditional @ in each loop. It is
remarkable that although the arrays we measured are asymmetrie, qualitatively the flux
periodicity expected for a symmetric design is still visible to some degree in the experiments
carried out at 89K (see Figs. 2 and 4). As expected, with decreasing temperature /. and the
average [, both increase and consequently any trace of<periodicity in the V(B) vanish
quickly (see measurements taken at 10K shown inFig. 3). From the V(B) curves the ratchet

%l X00%.The n(B) dependencies for various

values of / are shown in Figs. 2, 3 and 4.

To be able to interpret the 7(B),dependencies one has to first understand the physics
involved. When B is applied perpendiculatly to-a.//-array plane some flux quanta are trapped
in the array loops. / flowing acrossdthe arraysproduces a Lorentz force which drives the flux
quanta unidirectionally, forming a lattice ef vortices moving with a speed, v. This vortex
motion produces a dc voltage 4 agrossithe array which can be measured. In a symmetrical
array (i.e. an array with identical awrayJoop areas and junctions) the intensity of the flux flow
(and consequently V) is identieal*for both positive and negative /. As a result, as confirmed by
our simulations, 7(B) is always“gero, independent of the value of B (see Fig. 5a). In our
experiments, howevers foramost values of B, n(B) is very different from zero with values
above 40% at all measured temperatures and reaching almost 100% at 10K for particular
values of B. This stiggests‘that'the vortex flux flow is highly preferential in one direction, i.e.,
the device operates_a$S a vortex diode. Moreover, as we change B, 7(B) changes its sign
repeatedly suggesting“that the device works as a B-tunable (highly reversible) Josephson
vortex diode, Thussat 89K, 7(B) could be reversed from +60% to -60% (sample B) and from
+40% to 440% (sample A) with a change in B as small as 3uT (see Fig. 2). The dynamics in
the B-tunability is significantly supressed with decreasing temperature. Thus for a single 10JJ
parallel arpay 77 Switches from positive to negative values 8 times within a 80uT range at 89K
(seeFig."2), but it does so only once or twice within a 40uT range at 10K (see Fig. 3). Such
B-tunabiljty ‘ean find application in electronic devices based on multiple JJs such as rapid
single flux quantum (RSFQ) [40], SQUIDs [41], or superconducting quantum interference
filters (SQIFs) [42, 43] when a tunable preferential direction of flux flow is required. In order
to qualitatively understand why efficiency changes sign when B is varied, it is important to
understand that usually, during the device’s operation, there are many @,per array loop
myolved in the ratchet’s dynamics. Therefore instead of analysing the vortex motion of all
the vortices, one can instead look at the dynamics of flux interstitials only; that is an extra
vortex quanta or one missed vortex relative to a perfect matching configuration of integer
@y per array loop at a given applied B. Since the extra @) and the vortex holes (i.e., a missing
vortex) have opposite preferred direction of motion (since they have opposite "‘magnetic

efficiency can be calculated as: n = |
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charge’) and the transition from an extra vortex dominated picture to a hole dominated
picture occurs when magnetic flux varies by one flux quanta per smallest array loop area in
the array the efficiency will change sign when B is varied. This is in agreement with our
measurements.

Self-induced magnetic fields of the order Lgyerqgel are generated by the carrying lines.
Here Luyerage =30pH is the average array loop inductance and / is the bias current, typically
slightly larger than the Josephson critical current (about 100pA at 89K4and 18 mA at 10 K).
Laveragel takes therefore values between (6x10_7, 3x10_9) puT as we change temperature in the
range (10, 89)K. These values are negligible small relative toa fews pT required to
significantly modulate 7(B) (see Figs. 2, 3 and 4). This also suggests that our ratchets are
quite robust against unwanted environmental electromagneti€_noise which typically will
induce currents in the range of nA. Such small currents will be_insufficient to produce
magnetic fields that will affect the ratchet point of operation.

At 89K, n(B)maxima of single parallel 10 JJ-arrays (Fig. a) are significantly larger
(see right-hand side graphs in Fig.2) than a maximum of about30% reached for a design
consisting of 2 such arrays connected in series (Fig.1b)'%and mugh larger than about 10% (see
inset in Fig. 4) reached for a design consisting off9 such arrays in series (Fig. 1c). A similar
behaviour has been observed at all temperatures . the tange (10-89)K: 7(B)is highest for
parallel 10JJ-arrays, is significantly lower fom2 serially-connected 10JJ-arrays, and is
smallest for the 9 serially-connected 10JJ-aggays. These observations suggest that when N
parallel-arrays are connected in series thé'watchet efficiency decreases rapidly with N. This
effect can be easily understood if conSidering, the spread of /. of the individual JJ-arrays
connected [41]. Indeed, since the resulting voltage of N parallel 10 JJ-arrays connected in
series is the sum of all individual oltages fer all bias currents taking values in the range
(minimum /., maximum /.) some 108/J4arrays will be in the voltage state showing some
ratchet efficiency and some will\be in the zero-voltage state showing no ratchet efficiency.
Consequently the overall efféct on‘theentire device’s ratchet efficiency will be diluted when
connecting N parallel 10 JJ/-arrays‘ i series relative to a single 10 JJ-array.

Theoretical model and simulations

The design asymmetry; of the JJ-arrays can be implemented in three different ways
using the asymmefry in theJesephson critical currents of nth junction j., or/and in the array
loop areas A,,: (#) syanfmetrig j., and asymmetric 4,,; (if) asymmetric j., and symmetric A4,,; (iif)
asymmetric j4 and 4,;"Simulations show (see Fig. 5a) that in order to maximise efficiency 7
the best way.to implement asymmetry is by keeping j., of all junctions the same and varying
A, (symmgtric j., and ‘asymmetric 4,). It is for this reason that this case has been realized in
practicg’

The' asymmetric Josephson transmission line can be described by a set of coupled
ordinary‘differéntial equations [44]:

dog P1— Po

—— == o(14+ A))si +a|————h|++V2D
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(D

In order to match the experimentally implemented design, » runs from 1 to 8 in the middle
equation of set (1), while nmax = 9 in the last equation of the set. We denote the dimensionless
applied current j = 1/{l.), with (I.) being the array’s average I., ¢, (with n=0,..,9) is the
gauge invariant phase difference across the nth junction, dimensionless time ¢ is measured in
the units of the characteristic relaxation time t = ®¢/2ncRl, with the flux quantum @, the
speed of light ¢, and the junction resistance R (assumed the same/for all junctions). The
detailed consideration of two dimensional boundary conditions of.the problem suggests the
same j in all junctions of the line. We also introduce parametet o= TcR/(41aS,;) with the
inter-junction distance a and the smallest area S), of the array, loopibetween junctions with
n=0 and n=1. The array loop area linearly increases with junction number and area ratio
Ant10= Sar12/S12 = 1+n/8, with nt+1/2 refers to the array/loop between nth and (n + 1)th
junctions. The dimensionless magnetic flux h = HS; /5 /Py, % Measured in units of magnetic
flux quantum per smallest array loop area of the array/In the simuylations we also considered
the effect of two types of structural fluctuations related to they./J—-arrays: (i) critical current
fluctuations from junction to junction 4;, withfthe average"<A;>=0, i.e., I, of the nth
junction can vary randomly from the designed yalug (ducto inhomogeneities of the bicrystal
line [41]) resulting in fluctuations of j.,, = I.,/{F); (ii)fluctuations in the array loop areas Ay,
with the average <A,>=0, due to the 1 wm finite resglution of photolithography used in the
fabrication process. Finally, thermal flugtuatigns shave been considered too: temporal
unbiased  O-correlations  Gaussian{ whités noise &, with intensity D, i.e.,
(&) = 0,(&,(0)&,(t)) = 6(t), which cam occur, for instance, due to thermal noise or
temporal current fluctuations of the\eéxternal “eircuit. In order to estimate 77 we average the
time derivative of the gauge ifivariant/phase difference over time and junctions @(j) =

((dg,/dt),); and use the dimensjonlessiratchet efficiency, n = |%| X 100%. The
effect on 77 of all these three types ofifluctuations is shown in Fig. 5b. It is important to notice
that while large thermal fluctuatigns (D>0.5) or critical current fluctuations significantly
supress 77, moderate fldctuations in the array loop areas ((A%)'/2 in the range (0, 0.5)) have an
insignificant effect @n 7. The corresponding experimental points (indicated by vertical arrows)
are shown in the ifisets of Fig.’5b.

To comparethe simulation results with the experimental data, we consider 7(B) at a
fixed value of % The red curve in Fig. 6 represents results without structural fluctuations
(4;=0 and A4=0) and temporal noise D=0. In this case, it is possible to show that any solution
of Egs. (IYxshould be periodic as a function of 4 with period Ah = 16m, which is clearly seen
in thefupper 9nset of Fig. 6 (red curve). Spatial fluctuations of I, eliminate such fragile
periodigity’ (uppér inset in Fig. 6, blue curve), making it very difficult to observe
experimentally (no experimental evidence has been found in our data). In order to make a
qualitative comparison with the experiment results we plot an enlarged part of the upper inset
in the main panel of Fig. 6. Comparing the simulated result with, say, experimental data
shown in Figs. 2, 3 and 4, we conclude that the model captures the main experimental
features well: the order of magnitude of the ratchet effect, the variation of 7 with B and the
change of rectification directions (reversible rectification tuned by B). Comparing the
simulated rectification with and without spatial fluctuations of the critical current, we also
expect that each sample (where such fluctuations are unavoidable and uncontrollable) should
have its individual fingerprint, thus requiring individual calibration for practical usage. Also,
the presence of the Earth’s magnetic field Bz generates a shift in the magnetic field axis,
resulting in some additional uncertainty for quantitative comparison of experimental data and

5
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simulations. The amount of flux coupled into the array due to By is also difficult to estimate
considering the well-know large flux focusing effects in bicrystal Josephson junctions [41,
42]. For these reasons, here we restrict ourselves with only a qualitative comparison between
the model and the experimental data and this indicates good agreement between them.

Taking advantage of the ability to explore a large temperature range in detail within
our simulations, we vary temperature from very low values to 7; at fixed values for / and B.
n(T) is shown in the lower inset of Fig. 6. In contrast to the quite unpredictable dependence
of n(B) (Fig. 6), n(T) exhibits a clear peak (lower inset of Fig. 6) the applied current
reaches the critical current of the sample j = j.,,(T§,,) (or its minimu Men fluctuates)
that occurs at a certain well-defined temperature, T, . This ulu(;)be used to design a

temperature switch which changes its state when the temperauﬁeké%\ses the value, Ty, (h).

Importantly, the switching temperature can be tuned by the.applied B.“This effect is robust
with respect to a certain amount of white noise (lower ins ig. 6)wwhich further justifies
the potential of the discussed effect for temperature switchingapplieations.

—

Conclusions Kﬂ

The operation of magnetically tunable Josephgon ratchets’ designed as asymmetrically
structured parallel or parallel-series JJ arrays maZthY Cu307.5 has been demonstrated in
a wide temperature range (10-89)K. The ratehet ef&:'ency n could be very efficiently
controlled by B: at 10K mn drops from -95%,.to 0%when B changes by 12uT (see Fig. 3),
while at 89K n could be reversed from +% -60% (in sample B) or from +40% to -40%
(sample A) with a change in B as small (see Fig. 2). Arrays connected in parallel
have a significantly improved ratchet efficiency m in comparison to parallel-series arrays.
Such vortex diodes are excellent tial “¢andidates in applications where controlling
unidirectional vortex flow is ess{ial as*SQUIDs, SQIFs, or RSFQ.
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Fig. 1. Optical micrographs showing three devices consisting of (a) a single parallel array of
10 Josephson junctions, (b) 2 and (c) 9 such identical parallel arrays connected in series. The
bicrystal grain boundary (GB) is shown by the dotted line in (a). The Josephson junctions are
formed across the GB and can be seen as bridges, grey in colour, crossing the GB. Within
each parallel array the rectangular holes separating the junctions have an identical width of 3
pm and increasing lengths from 8 to 16 um;

Fig. 2. Electrical transport properties of parallel 10JJ-arrays at 89K (samples*A and B). On
the left-hand side V(B) is shown for two different values of ¢he bias current, /. The V(B)
characteristics were obtained from families of /V'C’s taken at multiple Bfield values (shown
in the insets: a single /VC and 221 [VCs). With dashed line iny(a) the periodical theoretical
curve of V(B) is shown calculated using the approach deweglopedwin [39]. From V(B) the
ratchet efficiency (%) has been calculated (right-handfside figures).

Fig. 3. Electrical transport properties of a parallel40JJ-array at 10K (sample A). On the left-
hand side V(B) is shown for two different values-ef the bias current, /. The V(B)
characteristics were obtained from families of W/C’s taken at multiple B field values. From
V(B) the ratchet efficiency n(%) has been calgulated«(right-hand side figures).

Fig. 4. Electrical transport properties at %=89K-ef a parallel-series device consisting of nine
10JJ parallel arrays connected in s€rigs. V(B is shown for two different values of the bias
current, /. From V(B) the ratchet efficiency (%) has been calculated (right-hand side figures).

Fig. 5. (a) n(%) versus B for three possible ways of ratchet asymmetry implementation:
symmetric j., and asymmetricid, (tep-left design); asymmetric j., and symmetric 4, (bottom-
right design); asymmetric j., and'4,; the case of symmetric j., and 4, when no ratchet effect
is observed is shown#£00;(b) The effect of fluctuations on n calculated for a ratchet with
symmetric j., and asymmetri¢ 4, and a bias current of 10% above the Josephson critical
current. Three typés of fluctyations are considered: thermal noise, J. fluctuations (lower inset),
and fluctuationsfin‘the‘array loop area (upper inset).

Fig. 6. Electrigal transport properties simulated by using Eq. (1). The ratchet efficiency

_LeUh)+o(-jh
DY Frass Ty
a = 0.15D=0,4; = 1 (for all n for red curve) and one realization of random jj , which is
homogengously distributed in the interval [0.5, 1.5] (for blue curve). The curves in the upper
inset are the same as in the main panel but for larger magnetic field range where periodicity is
clearly s€en for (red) but not for the blue curve. Lower inset: the temperature dependence of
PG +P(=j.T)
eUD-¢(=JT)
in«the curves reaching 100% efficiency (i.e., D=0): j; = (1 —T/T,) (for all n); and the
applied current j=0.9 (red curve), j=0.5 (blue curve), and j=0.3 (green curve). The ratchet
efficiency for #=1, a = 0.1, j; = (1 —T/T,), and j=0.5 in the presence of temporal noise
(D=D¢T/T,, Dy=0.05), shown again in blue, is drastically reduced to about 25% in accordance
to typical values observed in the experiments at high temperatures.

8

as a function of the applied magnetic field / for applied current j=I,

the ratchet efficiency n(T) = for i=1, @ = 0.1; no temporal noise is included
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(b) 9x10 JJ array
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