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Nonlinear flux-line dynamics in vanadium films with square lattices of submicron holes
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Commensurability effects between the superconducting flux-line lattice and a square lattice~period d
51 mm! of submicron holes~diameterD50.4mm! in 1500 Å vanadium films were studied by atomic-force
microscopy, dc magnetization, ac susceptibility, magnetoresistivity, andI -V measurements. Peaks in the sus-
ceptibility and critical current at matching fields are found to depend nonlinearly upon the value of external ac
field or current, as well as the inferred symmetry of the flux-line lattice.@S0163-1829~99!04201-0#
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The introduction of periodic arrays of artificial pinnin
centers into superconducting samples has been shown to
rise to different kinds of vortex behavior1–4 that is not ob-
served in the presence of random pinning, e.g., due to m
rial disorder or irradiation damage. Commensurability effe
between the pin array and the vortex lattice lead to gre
enhanced pinning and critical currents at a ‘‘matchin
value of the magnetic induction,B15m0H1 , for which the
intervortex distanceav equals the period of the pin arrayd.
At this value ofB, exactly one vortex resides on each p
site. Any additional vortex generated by increasing the
plied field will be accommodated either as a multiple fl
quantum on a pin site or as an interstitial vortex residing
the superconducting material between the periodic pin s
For a square array,H15F0 /d2. The stability of various in-
terstitial vortex arrangements,5 noise patterns and hysteres
in the I -V characteristics, finite transverse critical currents
the moving vortex system, and characteristic narrow-b
noise spectra have been predicted in recent nume
studies.6

Several types of periodic pinning centers have been s
ied including microholes,1,2 thickness modulations,4 and
magnetic dots.3 Here we investigate the effect of lattices
microholes on the vortex dynamics of vanadium films. T
characteristic size of microholes should be of the same o
as the superconducting coherence lengthj(T)5j0 /(1
2T/Tc)

1/2 ~'100 nm for vanadium at temperatures close
Tc! to provide effective flux-line~FL! pinning. This imposes
limitations on the fabrication technique used to make s
pinning centers, and up to now, only electron beam lithog
phy ~EBL! has been employed to perform this task.1–4 The
main drawback to EBL is that it is too slow and expensive
pattern areas large enough necessary for useful sample
rication. An attractive alternative method for patterning film
developed in the present study is based on laser interfero
ric lithography~IL !.7–12
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The main principle of IL is shown in Fig. 1. A silicon
wafer with a 100-nm thick, thermally grown SiO2 insulating
layer is spin coated with a;0.8 mm thick novolak-based
I-line photoresist~Shipley-510!. The wafer is exposed to th
interference pattern created by two coherent, equal-inten
plane waves derived from a single laser source (l5364 nm
from a TEM00 Ar-ion laser!. The plane waves are symmetr
cally incident about the wafer normal with the separati
angle of 2u. A simple 90° Fresnel mirror arrangement pr
vides stability for these exposures without requiring an
tive control loop and also ensures equal intensities. The
riod is selected by rotating the entire assembly. The resul
aerial image is sinusoidal with a period ofl/2 sinu. Two
exposures with the wafer rotated by 90 yield a square a
of photoresist dots. A triangular array could be formed
three exposures with 60° rotations. A post-exposure b
~hotplate, 110 °C for 60 s! is used to strengthen the resist
avoid surface-tension induced collapse on developing th
high aspect ratio structures.10 Nonlinearities in the exposure
and development processes transform the sinusoidal e
sure profile into nearly vertical sidewalls for the final deve

FIG. 1. Schematic layout of interferometric lithography.
603 ©1999 The American Physical Society
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604 PRB 59V. METLUSHKO et al.
oped photoresist profile. Before development, the sam
are soaked in chlorobenzene for 60 s to retard the deve
ment of the pillar tops and create an undercut photore
structure suitable for the subsequent liftoff process. The s
of the sample fabrication are shown schematically in Fig
Usinge-beam evaporation a vanadium film is deposited o
the array of photoresist pillars, in this case a 1mm31 mm
square array with 0.4mm pillar diameter, Fig. 2~b!. After
liftoff a vanadium film containing the square array of holes
obtained @Fig. 2~c!#. This film is patterned into the fina
structure using standart optical lithography and wet chem
or reactive ion etching@Figs. 2~d!–2~g!#. 232 mm2 square
samples for magnetization measurements and bridges
transport measurements as shown in Fig. 3 were prepa
Au wires were attached using silver epoxy and postbak
Part of the same substrate without photoresist pillars
used to fabricate a nonperforated reference film. dc mag
tization and ac susceptibility of the sample were determi
using a commercial superconducting quantum interfere
device magnetometer. The transport characteristics w
measured on bridges such as shown in Fig. 3~c! employing
dc and ac currents.

Figure 4~a! shows the temperature dependence of the
sistivity and susceptibilityx5x81 ix9 in a static field of 1 G
for a 1500 Å thick vanadium film containing a 131 mm2

square lattice of holes with diameterD50.4mm indicating a

FIG. 2. Steps of the sample fabrication:~a! photoresist pillars
0.8 mm high, 1mm apart on Si/SiO2 substrate;~b! e-beam deposi-
tion of 1500 Å vanadium film;~c! liftoff of photoresist pillars. This
step produces the square lattice of holes in vanadium film;~d! va-
nadium film with lattice of holes covered with 1.8mm thick 1818
Microposit photoresist and prebaked;~e! photoresist layer is pat
terned by UV lithography;~f! using the patterned photoresist lay
as a mask the final structures are produced: squares for magn
tion and bridges for transport measurements@Fig. 3~c!#; ~g! strip-
ping of photoresist.
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superconducting transition temperatureTc'4.1 K. This
value is lower thanTc55.43 K for a vanadium single
crystal13 and close to those reported for thin vanadiu
films.14–16 The resistivityr at T.Tc is 28 mV cm and close
to the values reported in the literature.17 The maxima inx9 at
T54.02 K shows that forT.4.02 K the ac field with ampli-
tudeh050.2 G penetrates to the center of the sample dur
each cycle. The introduction of the hole array causes a la
increase of the magnetic response as shown in a compa
of the susceptibility of an unperforated reference sample
a perforated sample of similar size@Fig. 4~b!#. In order to
facilitate the comparison between both data sets the data
the nonperforated sample have been multiplied by 20.
addition, structure in the field dependence of the suscept
ity develops which will be discussed in detail below.

The two components of the complex ac susceptibilityx
5x81 ix9 reflect the screening current in the sample (x8)
and losses (x9), respectively. The dependences of the s
ceptibility on the applied dc field and on ac drive at 4.06
are shown in Fig. 5. A sequence of sharp minima inx8 at
applied fieldsHn5nH1 is observed, wheren561, 62, and
63, andH1520.7 G is the matching field for ad51 mm
square lattice. These minima inx8 are caused by pronounce
maxima in the field dependence of the critical current den
occurring at the matching fields. This behavior is typica
observed in samples containing periodic arrays of pinn
sites.2,3,18For small ac-drive amplitudesh0 (h050.01 G!, the
minima in x8 correspond tominima in x9, wheren561;
62 ~the case ofn63 will be discussed below!. This implies
that a maximum in the critical current corresponds to a m

iza-

FIG. 3. ~a! SEM image of 1500 Å vanadium film with squar
lattice of holes~period d51 mm and diameterD50.4mm! pat-
terned in the bridge configuration for transport measurements.~b!
Central part of the vanadium bridge. Rows of holes parallel to
bridge sides are clearly visible.~c! Optical image of patterned va
nadium film with attached Au contacts.
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FIG. 5. ac susceptibilityxh0 for vanadium film with square
lattice of holes for various ac drive amplitudes,v510 Hz, T
54.06 K.

FIG. 4. ~a! Temperature dependences of the susceptibilityx
5x81 ix9 plotted asxh0 whereh050.02 G is the amplitude of the
ac drive,v510 Hz, and temperature dependence of the resistivir
in a static fieldH51 G for a vanadium film containing a squa
lattice of holes. ~b! Field dependences of susceptibilityxh0 for
vanadium film with and without square lattice of holes atT
54.05 K, h050.2 G, v510 Hz. The dramatic effect of the hol
lattice is evident.
mum in the ac losses, as may be expected. However,
increasing drive (h0>0.02 G) the minima in x9 at Hn
5nH1 transform intomaxima. This behavior can be under
stood by realizing that the ac losses are determined by
area ofMH-hysteresis loops that are traced out in each cy
of the ac drive.19 At low drives the strong-pinning materia
effectively screens the ac field, resulting in linear respo
and a very narrow hysteresis loop. In contrast, sizable
penetration occurs in the weak-pinning material, caus
hysteretic losses and nonlinear response. If the ac driv
increased to such a level that flux penetration also occur
the strong pinning then a larger hysteresis loop accompa
by higher ac losses occurs due to stronger pinning. Thi
indeed observed, as shown in Fig. 5. The onset of nonlin
ity and enhanced ac losses in a fixed dc field of magnit
H1 is apparent for ac amplitudesh050.01 G, as shown in
Fig. 6. It can be expected that with increasingH5nH1 this

FIG. 6. Drive dependence ofxh0 at the matching fieldH1 , T
54.06 K, v510 Hz. The arrow separates linear regime:x8}h0 ,
x950 for h0,0.01 G from the nonlinear regime for higher drive
Inset showsxh0 vs h0 for higher drives.

FIG. 7. Field dependence of susceptibilityx5x81 ix9 for a
vanadium film with square lattice of holes at different temperatur
h050.2 G, v510 Hz. Inset: x vs v, H5H1 , H53/2H1 , T
54.06 K.
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onset field decreases, due to the field dependence ofj c . This
suggests that the absence of dips inx9 for n563 ~see Fig.
5 for h050.01 G! is caused by a crossover into the strong
nonlinear regime at this applied field.

The magnitudes of the anomalies inx(H) at Hn5nH1
exhibit only a weak logarithmic frequency dependence
served over five decades of frequency~see inset in Fig. 7!.
This frequency dependence is characteristic for thermally
tivated creep. In an ac experiment the electric field inside
sample is largely determined by the time varying appl
field. In this case the normalized flux-creep rate can
approximated18 as S'd(ln x8)/d(ln v), resulting in S
50.026 forH5H1 , andS50.028 forH51.5H1 . These re-
sults agree well with those previously obtained in@Pb/Ge#n
multilayers2 and WGe films18 with a square lattices of holes

The prominence of the observed matching fieldsHn
5nH1 is temperature dependent. In Fig. 7, we plot the
susceptibilityx(H) for different temperatures. The anom
lies in x(H) at H5Hn become less and less pronounc
with decreasing temperature. AtT54.04 K @Fig. 8~b!# we

FIG. 8. ~a! Field dependences of the susceptibilityxh0 and dc
magnetizationM for a vanadium film containing a square lattice
holes atT54.04 K, h050.2 G, v510 Hz. ~b! Field dependences
of the dc critical currentI c(H) ~filled symbols! and magnetoresis
tivity r(H) for different currents atT54.04 K.
-
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e

d
e
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observe a well-defined anomaly only atH5H2 , and much
weaker anomalies atH1 andH3 . This result is supported by
our dc magnetization@Fig. 8~a!# and transport measuremen
@Fig. 8~b!#, where the resistivityr(H) and the j c data ex-
tracted fromI -V curves show a similar behavior.

The disappearance of the anomaly atH1 can be explained
in the following way. The maximum number of vorticesns
which can be trapped in a hole as a multiquantum fluxoid
determined by a simple relation between the hole diameteD
and the temperature-dependent coherence lengthj(T): ns
'D/4j(T).20 For our V film, j0'100– 440 Å,13,16,17 Tc
54.1 K, andD50.4mm, yielding ns,2 in the interval of
temperatureDT5T2Tc50.1 K, over which all our mea-
surements were performed. This suggests that we takens
51, and assume that only one FL can occupy a hole and
a second FL will be repelled into the interstices. Based
this, we can identify the anomaly inx at H5H1 as corre-
sponding to a configuration for which each hole has exa
one single-F0 fluxoid. H5H2 corresponds to the situation i
which one vortex is in the hole and one vortex resides in
interstices@Fig. 9~a!#; and forH5H3 , we have two intersti-
tial vortices per unit cell of the hole lattice@Fig. 9~b!#. How-
ever, the interstitial vortices are not independent from th
trapped in the holes. The effective magnetic penetrat
depth for thin film sample of a thicknesst is given by
L(T)52l(T)2/t.21 For the temperature range explored he
L(T).10mm which is much larger than the separation b
tween holes indicating a strong overlap of flux lines lead
to strong collective behavior. A consequence of this coll
tive behavior is that at low temperatures the interstitial v
tices are effectively ‘‘caged’’ by repulsion from vortices si
ting in the holes.22

FIG. 9. Vortex configurations for:~a! H1.H>H2 ; ~b! H2

.H.H3 ; ~c! H3.H>H4 . Only ‘‘interstitial’’ vortices ~open
circles! are shown superimposed on the antiferromagnetic imag
the sample.
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The temperature dependence of the ‘‘cage potential’’ w
numerically calculated by Khalfin and Shapiro.23 They pre-
dict that at lower temperatures, a pronounced minimum
free energyF(x) appears at the interstitial site23 causing
strong interstitial pinning forH'H2 . However, forH2,H
,H3 a second vortex enters the interstitial region giving r
to two possible orientations of the interstitial vortex pair
shown Fig. 9~b!. The activation energy for rotation betwee
these two states is rather weak leading to an unstable vo
arrangement and suppression of the critical current forH2
,H,H3 ~Fig. 8!. For H3,H,H4 interstitial vortices form
a slightly distorted triangular lattice around holes. This co
figuration is relatively stable and changes inI c(H) andr(H)
at H5H3 are not as pronounced as forH5H2 . Recently,
these vortex configurations have been directly imaged u
e-beam holography.24

In conclusion, we present a fabrication technique for
production of superconducting thin films containing a pe
odic array of pinning sites in the form of submicron hole
This technique is based on laser interferometric lithograp
It allows for the fast production of large area samples wi
out the need of joining individually written blocks as is ne
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essary in electron beam lithography. We apply this techni
to the fabrication of vanadium thin films containing a squa
lattice of holes with period of 1mm and diameter of 0.4mm.
Sharp anomalies in the ac susceptibility, magnetization,
magnetoresistivity are observed at magnetic fields that
respond to the matching of the vortex lattice to the h
lattice. With increasing ac drive a characteristic change
sharp minima in the field dependence ofx9 ~that is, the dis-
sipation! to pronounced maxima is found. This transform
tion is explained as the crossover from linear to nonlin
vortex response. The magnitude of the anomalies inx at the
matching fields reflect the difference in stability of vario
vortex configurations. The sharp decrease in susceptib
and transport critical current forH.H2 confirms that vortex
configurations with two interstitial vortices are less stab
than configurations with one or three interstitial vortices.
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