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Practical vortex diodes from pinning enhanced YBa,Cu;0,_s

S. A. Harringtorit J. L. MacManus-Driscoll, and J. H. Durreld

!Department of Materials Science and Metallurgy, University of Cambridge, Pembroke Street, Cambridge, CB2 3QZ, UK.
We identify a scalable, practical route to fabricating aesapnducting diode. The device relies for its
function on the barrier to flux vortex entry being reducechatsubstrate interface of a superconducting pinning

enhanced YB#&Cu; O;_s nano-composite film. We show that these composite systeowidpra practical route
to fabricating a useful superconducting diode and dematgsthe rectification of an alternating current.
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A Type-ll superconducting system where vortices can move
more easily forward than backwards constitutes a vortex
diode. Such a system will give rise to a superconducting
diode when a transport current is applied [1]. This type of
device exhibits no voltage drop across it until a criticarent
is reached and the magnitude of this critical current will _
depend on the direction of current flow, this is the oppositeii
of the behaviour of a semiconductor diode. A practical g,
implementation of such a device could find applications in%’
AC-DC conversion, fault current limiters and superconthggt =~
electronics.

Vortex diodes have been demonstrated utilising ratchet
effects from asymmetric pinning potentials [2, |3, [4,l5, 6]
and asymmetric driving potentials[7]. These studies have
concentrated on the fundamental interest in these model . .
physical systems and the effects demonstrated have not Time (s)
been compatible with large scale fabrication methods or
high currents. Additionally, several workers[3, 9./ 10], FIG. 1: Voltage measured across the measurement track wéén a
notably Jianget al., have reported superconducting diode-like MA (peak-peak) 0.5 Hz sine wave was applied in a 0.5 T in-plane
characteristics in low, superconducting thin films due to field.
surface pinning effects.

In this letter, we describe the superconducting
diode behaviour of the cuprate-superconductor/nonfYBa;CusO7 s + BaZrQ;, YBa,CwO7 s + RETaO;
superconducting oxide nano-composites which have rgcentend RERE,Ba;Cu;O;_;], that where the magnetic field
driven order of magnitude increases in the current carryingngular dependence of. was measured, maxima arising
capacity of YBaCu;O,_s[11, |12, |13](YBCO). Figurd]1l from opposite magnetic field directions can be significantly
shows the rectification of a low-frequency AC signal usingdifferent. One peak characteristically exhibits a reduced
a sample investigated in this paper, a ¥Ba;O;_s + maximum, as shown in figuld 2; a flattened maximum; or
RE;TaO; film, a standard pinning enhanced cuprate materialeven a local minimum superimposed on the ‘intrinsic peak’.

From the experimental geometry we have determined that the

In YBa,Cu;O;_s one of the most prominent features in Suppressed. maximum corresponds to entry of vortices at
the dependence of, on the orientation of magnetic field the film-substrate interface, conversely the larger pealesr
is the maximum found when the field is applied parallel tofrom entry of vortices at the free surface.
the a-b planes. This maximum, often termed the ‘intrinsic’  This effect arises for in-plane fields because the strong
pinning peak, was discovered early in the exploitation ofdemagnetising factor associated with the large anisotobpy
the cuprate superconductors[14]. The peak is a result of ¢hin film is eliminated when magnetic field is applied padalle
complex mixture of contributions including surface pinmin  to the film. In this geometry the difference between the s@rfa
the Ginzburg-Landau anisotropy of the materigl[15], thebarriers at the two interfaces becomes apparent. Wherever
layered structure of the materlal[16, 17] and in-planerdgd  there is an abrupt change in superconducting propertias ove
pinning centres[18]. The importance of surface pinning isa short distance[20] a barrier to vortex motion arises. The
often neglected although prior work on vicinal films, in wiic barriers to vortex motion at the surface of a superconductor
geometrical effects are separated from intrinsic effettews  are described by the Bean-Livingston model[21]. Of the
that it can be of a magnitude equal to the intrinsic pinningentry and escape barriers the entry barrier is larger[B2) t
[1€]. are differently affected by surface imperfections. Vodola

We have experimentally observed, in severalet al.[23] note that an asymmetry in critical current for
different types of pinning-enhanced YBausO;_s reversed Lorentz force will arise wherever surface pinrigng
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FIG. 2: Variation of J; with angle of applied field at +ve and -ve
0.25 Tina YBaCusO7_5 + 5 mol % Yk TaO; film. The striking
difference between the in-plane maxima when the Lorentzefor
direction is reversed is clearly apparent. The afgkethat between
the applied magnetic field and theaxis with #=4+90° representing
a field laying in the plane of the film. The field was rotated inanp
perpendicular to the current direction.
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FIG. 3: Comparison of the change iR , scaled with respect to
the self-fieldJ; s, with reversed Lorentz force in pure and yMaO;
containing YBaCusO;_s at various fields. Closed symbols show
behaviour when vortices enter at the free surface and opele<i
when vortices enter at the film-substrate interface.
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FIG. 4: Variation with field of the magnitude of the differenc
between theJ. of the two intrinsic peaks4.J:) normalised to the
self-field Jsr. This dependence is shown at various temperatures.

conditions were chosen so as to encourage disorder at the
film-substrate interface. This involved using fast deposit
rates and low growth temperatures to slow the assembly
of the pinning enhanced phase. The resulting films had
normal transition temperatures>(91 K) but due to the
non-optimum growth conditions somewhat reduced self-
field critical currents compared to that of standard RTO
+ YBa,Cu;O7_s thin films. YBaCuwO;_s + 5 mol %
YbsTaO; composition films were found to give the largest
anisotropy and it is data from such a film that we present
in this letter. Measurements were performed using a two-
axis goniometer mounted in an 8 T magnet[25], on a 1
mm long 500 nm x 9Qum track patterned using standard
photolithographic techniques. A four terminal measureimen
was used to obtaidV characteristics from which critical
current values were determined using a voltage criterion of
0.75uV.

Figure[2 clearly shows the large difference in critical
current when the Lorentz force is reversed, for an in-
plane magnetic field. It was also found that a reversal of
the measurement current direction produced the equivalent
anisotropy.

In figure [3 we show the striking difference between
the behaviour of the interface engineered ¥8e;0;_s5 +
YbsTaO; film and a reference YB&u;O;_s sample grown
under standard conditions. It is apparent, that while the

significant. The asymmetry is most significant at small fieldspure YBaCu; Oz film does exhibit some surface pinning

where the surface pinning barrier is large compared to th@nisotropy the effect is opposite to, and much smaller than,
pinning force density on the vortex lattice. Kunehml. have
experimentally demonstrated that the surface barrier @an bthe small effect seen in the pure YB2u;O; s film is due to
greatly reduced by grading the superconductor interfa}e[2

On the assumption that the effect seen in our films wadnterface.

due to a graded interface reducing surface pinning at the In figure[4 the magnitude of the difference in the surface
film-substrate interface, a number of rare earth tantalatpinning at the two interfaces increases with decreasing

(RTO) doped films were prepared[11] in which growth measurement temperature.

that seen in the interface engineered film. We conclude that

the free surface being slightly rougher than the film-sattstr

The figure also highlights
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