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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 (j¢ticed d
=1 um) of submicron holegdiameterD =0.4 um) in 1500 A vanadium films were studied by atomic-force
microscopy, dc magnetization, ac susceptibility, magnetoresistivity] avidneasurements. 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 lat{i&©163-18209)04201-0

The introduction of periodic arrays of artificial pinning ~ The main principle of IL is shown in Fig. 1. A silicon
centers into superconducting samples has been shown to giwefer with a 100-nm thick, thermally grown Sj@nsulating
rise to different kinds of vortex behaviof that is not ob- layer is spin coated with a-0.8 um thick novolak-based
served in the presence of random pinning, e.g., due to maté-line photoresistShipley-510. The wafer is exposed to the
rial disorder or irradiation damage. Commensurability effectgnterference pattern created by two coherent, equal-intensity
between the pin array and the vortex lattice lead to greatlyplane waves derived from a single laser source 64 nm
enhanced pinning and critical currents at a “matching” from a TEMy, Ar-ion lase). The plane waves are symmetri-
value of the magnetic inductiom®, = uoH,, for which the  cally incident about the wafer normal with the separation
intervortex distance, equals the period of the pin arraly ~ angle of @. A simple 90° Fresnel mirror arrangement pro-
At this value of B, exactly one vortex resides on each pin Vides stability for these exposures without requiring an ac-
site. Any additional vortex generated by increasing the aptive control loop and also ensures equal intensities. The pe-
plied field will be accommodated either as a multiple flux fiod is selected by rotating the entire assembly. The resulting
guantum on a pin site or as an interstitial vortex residing inerial image is sinusoidal with a period Af2 siné. Two
the superconducting material between the periodic pin sitegxposures with the wafer rotated by 90 yield a square array
For a square arrayy;=®,/d2. The stability of various in- of photoresist dots. A triangular array could be formed by
terstitial vortex arrangementspoise patterns and hysteresis three exposures with 60° rotations. A post-exposure bake
in thel-V characteristics, finite transverse critical currents of(hotplate, 110 °C for 60)sis used to strengthen the resist to
the moving vortex system, and characteristic narrow-ban@Vvoid surface-tension induced collapse on developing these
noise Spectra have been predicted in recent numericé‘igh aSpeCt ratio Structuré%NonlinearitieS in the eXpOSUre
studies and development processes transform the sinusoidal expo-

Several types of periodic pinning centers have been stuciure profile into nearly vertical sidewalls for the final devel-
ied including microholed? thickness modulatiorfs,and
magnetic dot$.Here we investigate the effect of lattices of
microholes on the vortex dynamics of vanadium films. The
characteristic size of microholes should be of the same order
as the superconducting coherence lengtfil)=¢&,/(1
—T/T.)Y? (=100 nm for vanadium at temperatures close to
T.) to provide effective flux-lingFL) pinning. This imposes
limitations on the fabrication technique used to make such
pinning centers, and up to now, only electron beam lithogra-
phy (EBL) has been employed to perform this taskThe
main drawback to EBL is that it is too slow and expensive to
pattern areas large enough necessary for useful sample fab-
rication. An attractive alternative method for patterning films
developed in the present study is based on laser interferomet-
ric lithography (IL)."~12

FIG. 1. Schematic layout of interferometric lithography.
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FIG. 3. (8 SEM image of 1500 A vanadium film with square
lattice of holes(period d=1 um and diameteD =0.4 um) pat-
terned in the bridge configuration for transport measuremerbs.
Central part of the vanadium bridge. Rows of holes parallel to the
bridge sides are clearly visibldc) Optical image of patterned va-
nadium film with attached Au contacts.

FIG. 2. Steps of the sample fabricatiof@ photoresist pillars
0.8 um high, 1 um apart on Si/SiQsubstrate{b) e-beam deposi-
tion of 1500 A vanadium film(c) liftoff of photoresist pillars. This
step produces the square lattice of holes in vanadium fitinya-
nadium film with lattice of holes covered with 1/8m thick 1818
Microposit photoresist and prebake@) photoresist layer is pat-
terned by UV Iithography(f) using the patterned photoresist Iayer. superconducting transition temperatuie,~4.1K. This
as a mask the final structures are produced: squares for magnetiza-

tion and bridges for transport measuremeifiiig. 3(c)]; (g) strip- ‘éf";faig alr?éilveglotsheant-(lj-ct:h%s‘ls Pr<e fg:te?j \]fgpig!ﬁm asrlggl'em
ping of photoresist. Yy p in v iu

films.14~1® The resistivityp at T>T, is 28 uQ) cm and close
oped photoresist profile. Before development, the samplet® the values reported in the literatureThe maxima iny” at
are soaked in chlorobenzene for 60 s to retard the develop-=4.02 K shows that fof >4.02 K the ac field with ampli-
ment of the pillar tops and create an undercut photoresidtidehy=0.2 G penetrates to the center of the sample during
structure suitable for the subsequent liftoff process. The stepgach cycle. The introduction of the hole array causes a large
of the sample fabrication are shown schematically in Fig. 2increase of the magnetic response as shown in a comparison
Using e-beam evaporation a vanadium film is deposited ontof the susceptibility of an unperforated reference sample and
the array of photoresist pillars, in this case arhix1 um  a perforated sample of similar sif€ig. 4(b)]. In order to
square array with 0.4m pillar diameter, Fig. &). After  facilitate the comparison between both data sets the data for
liftoff a vanadium film containing the square array of holes isthe nonperforated sample have been multiplied by 20. In
obtained[Fig. 2(c)]. This film is patterned into the final addition, structure in the field dependence of the susceptibil-
structure using standart optical lithography and wet chemicaly develops which will be discussed in detail below.
or reactive ion etchingFigs. 2d)—2(g)]. 2X2 mn? square The two components of the complex ac susceptibility
samples for magnetization measurements and bridges for x' +ix"” reflect the screening current in the sampie )(
transport measurements as shown in Fig. 3 were preparednd losses X”), respectively. The dependences of the sus-
Au wires were attached using silver epoxy and postbakingceptibility on the applied dc field and on ac drive at 4.06 K
Part of the same substrate without photoresist pillars waare shown in Fig. 5. A sequence of sharp minimayinat
used to fabricate a nonperforated reference film. dc magneapplied fieldsH,=nH, is observed, whera==*=1, £2, and
tization and ac susceptibility of the sample were determined-3, andH,=20.7 G is the matching field for d=1 um
using a commercial superconducting quantum interferencequare lattice. These minima yi are caused by pronounced
device magnetometer. The transport characteristics wenmmaxima in the field dependence of the critical current density
measured on bridges such as shown in Fig) 8mploying  occurring at the matching fields. This behavior is typically
dc and ac currents. observed in samples containing periodic arrays of pinning
Figure 4a) shows the temperature dependence of the resites?>>®For small ac-drive amplitudds, (ho=0.01 G, the
sistivity and susceptibility = x' +ix” in a static field of L G minimain y’ correspond taminimain x”, wheren==*1;
for a 1500 A thick vanadium film containing axi1 um? +2 (the case oh =3 will be discussed belowThis implies
square lattice of holes with diametér=0.4 um indicating a that a maximum in the critical current corresponds to a mini-



PRB 59 NONLINEAR FLUX-LINE DYNAMICS IN VANADIU M. .. 605

0.0002 T T T T T 30
0.0001 | 15
—_ 420
: = 5
° £ <
=2 115 8 =
= =) -110°®
110
1s 0=10Hz, H=20G
T=4.06K
2103} ‘ R
L 0
. 42 0 0.005 0.01 0.015
(@) hy(G)
" without (x20) FIG. 6. Drive dependence gfh, at the m_atching fi_eld-ll, T
", w_ithhc:]utI (x20) =4.06 K, «=10 Hz. The arrow separates linear reginy=hg,
< it e x"=0 for hy<<0.01 G from the nonlinear regime for higher drives.
%% ; Inset showsyhg vs hq for higher drives.

mum in the ac losses, as may be expected. However, with

m%iﬁ increasing drive Ii;=0.02 G) the minima in x" at H,

=nH, transform intomaxima This behavior can be under-
stood by realizing that the ac losses are determined by the
area ofMH-hysteresis loops that are traced out in each cycle

of the ac drivet? At low drives the strong-pinning material
effectively screens the ac field, resulting in linear response
s -1z - and a very narrow hysteresis loop. In contrast, sizable flux
8 10-100-30 260 -40 -20 0 20 40 60 80 100 penetration occurs in the weak-pinning material, causing
hysteretic losses and nonlinear response. If the ac drive is
(b) H(G) increased to such a level that flux penetration also occurs in
FIG. 4. (a) Temperature dependences of the susceptibjity the strong pinning then a larger hysteresis loop accompanied
=x'+ix" plotted asyho wherehy=0.02 G is the amplitude of the by higher ac losses occurs due to stronger pinning. This is
ac drive,w =10 Hz, and temperature dependence of the resisiivity indeed observed, as shown in Fig. 5. The onset of nonlinear-
in a static fieldH=1 G for a vanadium film containing a square ity and enhanced ac losses in a fixed dc field of magnitude

lattice of holes. (b) Field dependences of susceptibiligh, for H, is apparent for ac amplitudds,=0.01 G, as shown in

vanadium film with and without square lattice of holes ht . e .
—4.05K, hy—0.2 G, w—10 Hz. The dramatic effect of the hole Fig. 6. It can be expected that with increasidg-nH, this

lattice is evident.
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FIG. 7. Field dependence of susceptibilip=x'+ix" for a
FIG. 5. ac susceptibilityyhy for vanadium film with square vanadium film with square lattice of holes at different temperatures,
lattice of holes for various ac drive amplitudes,=10Hz, T hy=0.2G, w=10Hz. Inset: y vs w, H=H,;, H=3/2H,, T
=4.06 K. =4.06 K.
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observe a well-defined anomaly only ldt=H,, and much
“”'n-. 10.01 weaker anomglies_ aﬂlllanst. This result is supported by
010° ad our dc magnetizatiofFig. 8a)] and transport measurements
1 2 3 4 5 [Fig. 8b)], where the resistivityp(H) and thej. data ex-
(b) H/H tracted froml-V curves show a similar behavior.

m The disappearance of the anomaly-atcan be explained

FIG. 8. (a) Field dependences of the susceptibiliti, and dc N the following way. The maximum number of vortices
magnetizatiorM for a vanadium film containing a square lattice of Which can be trapped in a hole as a multiquantum fluxoid is
holes atT=4.04 K, hy=0.2 G, w=10 Hz. (b) Field dependences determined by a simple relation between the hole dianmgter
of the dc critical current (H) (filled symbol3 and magnetoresis- and the temperature-dependent coherence le&@il: ng
tivity p(H) for different currents al =4.04 K. ~D/4£(T).%° For our V film, &~100-440A31617 T,

=4.1K, andD=0.4um, yieldingng<2 in the interval of
onset field decreases, due to the field dependenge afhis  temperatureAT=T—T,=0.1 K, over which all our mea-
suggests that the absence of dipsyfhfor n=+3 (see Fig. surements were performed. This suggests that we make
5 for hy=0.01 G is caused by a crossover into the strongly =1, and assume that only one FL can occupy a hole and that
nonlinear regime at this applied field. a second FL will be repelled into the interstices. Based on

The magnitudes of the anomalies yfH) at H,=nH;  this, we can identify the anomaly i at H=H, as corre-
exhibit only a weak logarithmic frequency dependence obsponding to a configuration for which each hole has exactly
served over five decades of frequer(sge inset in Fig. )7 one singled,, fluxoid. H=H, corresponds to the situation in
This frequency dependence is characteristic for thermally acwhich one vortex is in the hole and one vortex resides in the
tivated creep. In an ac experiment the electric field inside thentersticed Fig. 9a)]; and forH=Hj, we have two intersti-
sample is largely determined by the time varying appliediial vortices per unit cell of the hole lattid€ig. 9(b)]. How-
field. In this case the normalized flux-creep rate can bewver, the interstitial vortices are not independent from those
approximate® as S~d(In x')/d(In w), resulting in S trapped in the holes. The effective magnetic penetration
=0.026 forH=H;, andS=0.028 forH=1.8H,. These re- depth for thin film sample of a thicknessis given by
sults agree well with those previously obtained Rb/Gd,,  A(T)=2\(T)?t.?! For the temperature range explored here
multilayer$ and WGe films® with a square lattices of holes. A (T)>10 xm which is much larger than the separation be-

The prominence of the observed matching fields tween holes indicating a strong overlap of flux lines leading
=nH, is temperature dependent. In Fig. 7, we plot the ato strong collective behavior. A consequence of this collec-
susceptibility y(H) for different temperatures. The anoma- tive behavior is that at low temperatures the interstitial vor-
lies in y(H) at H=H, become less and less pronouncedtices are effectively “caged” by repulsion from vortices sit-
with decreasing temperature. At=4.04 K [Fig. 8b)] we  ting in the holes?
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The temperature dependence of the “cage potential” wagssary in electron beam lithography. We apply this technique
numerically calculated by Khalfin and ShapffoThey pre-  to the fabrication of vanadium thin films containing a square
dict that at lower temperatures, a pronounced minimum irattice of holes with period of m and diameter of 0.4&m.
free energyF(x) appears at the interstitial sffecausing Sharp anomalies in the ac susceptibility, magnetization, and
strong interstitial pinning foH~H,. However, forH,<H  magnetoresistivity are observed at magnetic fields that cor-
<H3 a second vortex enters the interstitial region giving riserespond to the matching of the vortex lattice to the hole
to two possible orientations of the interstitial vortex pair asjattice. With increasing ac drive a characteristic change of
shown Fig. 9b). The activation energy for rotation between gharp minima in the field dependence)df (that is, the dis-
these two states is rather weak leading to an unstable Vort%fpatioo to pronounced maxima is found. This transforma-
arrangement and suppression of the critical currentHer o s explained as the crossover from linear to nonlinear
<H<H; (Fig. 8). ForHz<H<H, interstitial vortices form ,5rtex response. The magnitude of the anomalieg &t the
a slightly distorted triangular lattice around holes. This con-maiching fields reflect the difference in stability of various
figuration is relatively stable and changed i(H) andp(H)  yortex configurations. The sharp decrease in susceptibility
at H=H; are not as pronounced as for=H,. Recently, and transport critical current fad>H, confirms that vortex
these vortex configurations have been directly imaged usingonfigurations with two interstitial vortices are less stable

e-beam holograph% o . than configurations with one or three interstitial vortices.
In conclusion, we present a fabrication technique for the

production of superconducting thin films containing a peri- This work was supported by the U.S. DOE, BES-
odic array of pinning sites in the form of submicron holes.Materials Sciences, under Contract No. W-31-109-ENG-38
This technique is based on laser interferometric lithography(V.M., UW., G.C), by DARPA (Z.Z., S.R.J.B, by U.S.

It allows for the fast production of large area samples with-DOE BES-Materials Sciences, Grant No. DE-FGO02-
out the need of joining individually written blocks as is nec- 97ER45653B.W., L.E.D)).
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