VOLUME 79, NUMBER 10 PHYSICAL REVIEW LETTERS 8 BPTEMBER 1997

Flux Pinning in a Superconductor by an Array of Submicrometer Magnetic Dots
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Triangular arrays of submicrometer magnetic dots, with typical spacing of 400—600 nm and diameters
close to 200 nm, have been fabricated by electron beam lithography to study pinning effects on Nb thin
films. The resistivity versus magnetic field curves exhibit regular structure. Minima appear at constant
field intervals, given by the lattice parameter of the dot array. The angular, current, and temperature
dependencies of the resistivity imply synchronized pinning by the magnetic array which is relevant at
high vortex velocities, when the order in the vortex lattice increases. [S0031-9007(97)03979-3]

PACS numbers: 74.60.Ge, 85.40.Ux

Flux pinning has been the subject of much interest botltates a collective locking of the flux lattice to the mag-
in high and low temperature superconductors because ofetic dot array. The detailed vortex arrangement has not
their relevance for applications as well as from the fun-been uniquely identified. Comparison with available theo-
damental point of view [1,2]. A rich variety of phenom- retical models indicates a synchronized pinning by the
ena in vortex dynamics can be found depending on thenagnetic dot array at high vortex velocities.
type, strength, and correlation of the defects present in Magnetic dots approximately 200 nm in diameter and
the superconducting material. A very useful tool to un-40 nm in thickness were prepared on oxidized Si(100) sub-
derstand the interaction between vortices and material instrates using the electron beam lithography. The desired
perfections, and in this way enhance the critical currentpattern was defined onVMA resist layer; then the mag-
consists in the introduction of controlled artificial pinning netic (Fe or Ni) layer was sputtered on top. This was fol-
centers in the superconductor. Many types of random imlowed by a lift-off process to obtain the triangular array
perfections such as secondary-phase precipitates [3], co{d0 um X 50 uwm) of magnetic dots. The lattice constant
work induced dislocations and strain [4], several kinds of(d) of the triangular array was varied in the range 400—
radiation induced defects like heavy-ion columnar track600 nm. Figure 1 shows a scanning electron microscopy
[5], etc. can be used to address this problem. (SEM) image of a triangular Fe array with= 600 nm.

A different approach is the fabrication of ordered defectAfter this, a 100 nm thick Nb film was sputtered on top.
arrays of well defined size and geometry, as, for exampleQptical lithography and reactive ion etching were used to
spatially modulated superconducting alloys [6], thicknesslefine a40 uwm wide bridge with a distance between the
modulation [7], holes in superconducting networks [8],voltage contacts df0 wm for transport measurements [see
arrays of holes [9], or magnetic particles [10]. In this way,Fig. 1(b)]. Note that in this geometry the Nb film is con-
a whole range of new phenomena may appear associatdduous so the pinning dots are not embedded within the
with the matching of the vortex lattice and the artificial Nb, but are outside.
structure. However, only recently submicrometer litho- The dc measurements were performed in a helium cryo-
graphic techniques have been developed that allow redustat with an 80 kG superconducting magnet and a rotatable
ing the size of pinning centers to a scale comparable tsample holder with a precision of.1 The magnetic field
coherence lengths of conventional superconductors. Sonig always applied perpendicular to the transport current,
possibilities that have been explored include regular latwhile the anglé between the field and the film normal was
tices of holes on lowTc superconducting films [11] varied to study the angular dependence. The lithographed
or spatially modulatede-beam irradiation damage in Nb film on top of the magnetic array of dots exhibits
YBa,Cuw;0; [12]. In all these cases normal regions aremetallic behavior from room temperature to the onset of
created throughout the material. superconductivity a’ = 8.3 K.

In this Letter, for the first time the pinning interac- Figure 2 shows(B) for a sample with an array of Ni
tion between the vortex lattice and ordered arrays of subdots @ = 410 nm,J = 2.5 X 10* A/cm?) atT = 8.2 K.
micrometer magnetic dots has been studied. Therefordn the mixed state§(1 < T < 8.3 K), the resistivity ver-
the superconducting thin film is continuous and pinningsus magnetic field shows a set of minima regularly spaced
arises from the interaction with a periodic array of pin-at values B,) of field. The intervals between two con-
ning centers not from the multiply connected geometry ofsecutive minima £ B,) are constant, as shown in the in-
the system. In this case, in a narrow temperature rangset of Fig. 2, withABy = 141 += 4 G. This value may be
an evenly spaced regular array of minima appears in theelated with the lattice parametérof the triangular mag-
resistivity versugperpendiculammagnetic field. The peri- netic array through the well known relatiary = 1.075
odicity of the minima is given by the field corresponding (®,/B)'/? [13], between the magnetic inductioB)( and
to the spacing of the array of magnetic dots. This indi-the corresponding triangular vortex lattice constany) (
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FIG. 2. Field dependence of the resistivity of a Nb thin film
with a triangular array of Ni dotsd(= 410 nm), measured
at 7 = 82 K and with J = 2.5 X 10* A/cn?. Inset shows
the position of the minimaB, versus the index numbes.
The solid line is a fit to the expressioB, = nAB, with
ABy = 141 = 4 G.

Figure 3 shows the field dependence of the resistivity
of the same Nb film as in Fig. 2, for different anglés
between the sample normal and the field direction. Sharp
EAY minima are observed in the whole angular range but the
FIG. 1. (a) SEM image of a triangular array of Fe rnagnetinleId intervals increase as.the magnetic f|e'lc'l is tll_ted away
dots fabricated by-beam lithography on a Si substrate. The from the perpendicular direction. The critical field.,
lattice constant is? = 600 nm and the Fe dots have a radius shows an angular dependence that is in good agreement
r =100 nm. (b) Micrograph of the Nb bridge defined by with Tinkham’s model for a superconducting thin film
optical lithography in the array region. The width 46 um [33]. The angular dependence of the distance between
and the distance between the voltage contacts used for transport - . - o
measurements &0 xm. minima is well described bYABy(8) = AB((0)/ cog0)
with ABy(0) = 138 = 3 G (Fig. 3 inset). Note that the

with &, the quantum of flux. Thus, the intervaB corre-
sponds tazy = 413 = 6 nm, in good agreement with the
spacing of the array = 410 = 10 nm. This implies that

a minimum appears when there is an integer number of
vortices per unit cell of the array of magnetic dots. We
find that this structure in the dissipation is independent of
the magnetic history of the dot array, i.e., thermally de-
magnetized or exposed to a magnetic field up to 10 kG,
parallel or perpendicular to the sample plane. This lack
of hysteresis in the interaction of the magnetic array and
the superconducting film indicates that the stray field from
the Ni dots does not play a crucial role. Therefore, the
pinning interaction between the vortices and the magnetic
dots is principally dett_armined_by the flux concentration in l]/COS(Ze)
or around the magnetic material and/or the spatial modula- 107 ' ' : : ‘ ‘
tion of the order parameter due to the ferromagnetic prox- L A0 0500 03101 20

imity effect, in a similar way to the effect of ferromagnetic B (kG)

pinning centers in bulk superconductors [14]. No indica-F|G. 3. Resistivity versus magnetic field curves for different
tion of periodic pinning has been found in arrays of non-anglesé between the field and the sample normal of a Nb thin
magnetic dots measured at similar temperatures, currerftim with a triangular array of Ni dotsd = 410 nm), measured

and field ranges, suggesting that pinning due to the ord@t 7 = 8:2 K with J = 2.5 X 10* A/en?. The curves have
imity effect is too weak to be observed Thisbeen vertically displaced for clarity. Inset shows the angular
nary proximity : dependence of the distance between consecutive minima. The

confirms that the pinning produced by the array of Ni dotssolid line is a fit to the expressionBy(8) = ABy(0)/ cod6)
is mainly of magnetic origin. with ABy(0) = 138 + 3 G.
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two independent measurements B, agree within the around2.5 X 10* A/cn?. However, when the current
experimental error. This implies that the relevant quantitydensity is further decreased (curi@ the periodic struc-
is the perpendicular magnetic field componédht), sothat ture in the dissipation begins to be smeared out. Finally,
only the number of vortices per unit cell of the periodic for the lowest currents (curvé’), the typical uniform
array is important. superconducting film behavior is found, with a sharp onset
The reduction in dissipation, at well defined valuesof the resistivity for a magnetic field close to a matching
of the magnetic field, is present only for a limited rangevalue, but without any well defined features at the other
of currents and temperatures. Figure 4(a) sh@wB)  matching positions. This reduction in the dissipation can
taken at different current densities in the range=  also be observed in theV characteristics [see Fig. 4(b)
103-10° A/cm?. At the highest current (curvd) the inset]. Thel-V curve measured at each matching field
resistivity is similar to that of the normal state and weaklyB,, (filled symbols) crosses with the one obtained at lower
field dependent. As the current density is reduced a peield (hollow symbols) for high enough currents. These
riodic structure appears: first, two small features< 1)  crossovers indicate a change in the dominant pinning
around zero field (curve), then (curvesC and D); the  mechanism as a function of the current.
minima become deeper and the matching effect can be We have observed that the current range where pin-
observed for higher orders, up to= 4, for J values ning by the magnetic array is more effective is also tem-
perature dependent, and it is displaced to higher values
as the temperature is reduced. This is shown [Fig. 4(b)]

107 on a logarithmic plot of the resistivity, measured with
J = 2.5 X 10* A/cn?, in the presence of a constant mag-
10! netic field, for two different fields. The open and filled
- symbols correspond t8 = 70 and 140 G, respectively,
§ 109 that is,B,/2 and B, whereB; is the first matching field.
g At low temperatures, the ordinary monotonic behavior is
= found and the resistivity increases with the magnetic field;
10" however, at temperatures very close to the transition a dis-
tinct crossover is observed andB;) becomes smaller
102 L thanp (B /2), corresponding to the minima in the dissipa-
| tion shown in Fig. 4(a). In a similar way, Gureviet al.
-1.0 -08 06 -04 02 00 02 04 06 08 10 [15] have recently reported resistivity oscillations as a
B (kGauss) function of a parallel magnetic field in a limited current
range in Nb-Tf/Cu multilayers. However, on these mul-
102 tilayers the oscillation period is dependent on the total
10! sample thickness, is current dependent, and disappears at
100 high temperatures.
The experimental data clearly show an enhanced pin-
’é‘ 10" ning by the magnetic dots and a definite relationship be-
é’ 102 tween the vortex lattice and the magnetic dot array. There
3 103 are, however, two major issues which need further re-
a search and must be addressed: (a) the pinning mechanism
104 and (b) the details of the vortex lattice arrangement.
10 The magnetic moment of an individual dot lies paral-
10 lel to the substrate [16] due to their aspect ratio =~ 5
8.0 8.1 82 83 84 8.5 (wherec = 200 nm is the diameter and= 40 nm is the

T (K) thickness). Therefore, as the perpendicular field compo-
nent is the relevant one, the pinning mechanism must be
FIG. 4. (a) Field dependence of the resistivity of a Nbrelated to the higher magnetic permeability in the region
film with a triangular lattice of Ni magnetic dotsd (=  of the dot. The perturbation created in a superconductor
gllj(t’)rgrr:t]? éﬁrﬁ %-2:K7_‘;°rxdl'g4et§;‘ér;’]f;"‘éﬁfveofB,“}e:”?ngO” in the neighborhood of an embedded magnetic particle of
10* A/cn?; curve C, J =5 x 10° A/cm?; curve D, J = radius comparable to the coherence length and magnetic
2.5 X 10* A/cm?; curveE, J = 1.25 X 10* A/cn?; curve F, ~ momentm has recently been calculated [17]. Depending
J =25X 10> A/cn?. (b) Resistive transition in a loga- on the value ofn, it may be energetically favorable for
rithmic scale of the same sample as in (a), measured withhe superconductor to create a vortex state with multiple
J =25 x 10° A/ and an applied perpendicular magnetic q,anta of flux around the magnetic particle. However, the

ggltds(r)]fojvg ?hg)_ ﬁ)/er::l;sry\//rgg O;f% aj%}ﬁ? ge(ggﬁgegygr) (gﬁ@ér_m' r/ £ ratio and the current dependence seem to rule out trap-

ent fields: triangle, 0 G; open square, 110 G; filled squareping of multiple vortices in each dot. Ne#y, £ becomes
140 G = By; open circle, 250 G; filled circle280 G = B,. similar to the dot radiug = 100 nm [18]; £ = 60 nm at
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