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Field-dependent vortex pinning strength in a periodic array of antidots
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We explore the dynamic response of vortex lines in a Pb thin film with a periodic array of antidots by means
of ac-susceptibility measurements. For low drive field amplitudes, within the Campbell regime, vortex motion
is of intravalley type and the penetration depth is related to the curvature of the pinning potential well
dc fields below the first matching field,, « reaches its highest value associated with a Mott insulator like
phase where vortex lines are strongly localized at the pinning sitedd FoH 4.<H,, the response is mainly
due to the interstitial vortices and drops to smaller values as expected for this metallic like regime. Strik-
ingly, for H,<H4.<Hj, we observe tha reduces further down. However, fét;<Hy.<H,, a reentrance
in the pinning strength is observed, due to a specific configuration of the flux-line lattice which strongly
restricts the mobility of vortices. We present a possible explanation for the meas{gg) dependence based
on the different flux-line lattice configurations.
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Aligned linear defects strongly influence the static andwithout modifying the vortex distributipnhus making pos-
dynamic behavior of vortex lines in the mixed state. It hassible a direct correlation between FLL images and the ob-
been extensively demonstrated that the introduction of coserved dynamical response.
lumnar defects by heavy-ions irradiation gives rise to several Indeed, several theoretical and experimental wbths-
vortex phases and a considerable enhancement of the criticdicate that the ac response of a system with unidirectional
current™? Theoretically, the expected vortex behavior shoulddefects exhibits, for small values of the alternating field drive
change significantly when the number of vortices exceed8ac. @ linear behavior characterized by an ac-susceptibylity
the number of columnar defects. However, the disorder in thé'dependent of,. and a very small %lssmauon. In this re-
randomly distributed pinning sites together with the pinning9iMme, known as the&&ampbell reglm.é' where vortices 0s-
energy dispersion of the tracks lead to the appearance llate inside the pinning centers, it is possible to estimate

matching effects as washed out transitions or just barely dequantitat_ively the strength of the pinning pot_er_1_tial by analyz-

fined crossoverdIn contrast to that, the introduction of na- mglrghtiifsle\:\(/jo(rjlfpv(\algdergginotfé]h:agﬁrzl;fgﬁtztlgyIttr):é a6 SUSCED-
noengineered periodic arrays of artificial pinning centers ibility = ’+'i " oFf)a Pb thin film with a sauare periodic P
where both topological and energetic disorder are absen Y X=X 71X N P

. . . rray of holegantidots. We mainly concentrate on the linear
provides an ideal model system to explore the matching trar}'egime where vortex displacement never surpasses the pin-
sitions and study the “zoology” of the vortex lattice

) X ning range and the technique can be thought of as a passive
configurations. _ o , nondestructive method to measure the pinning potential.
In superconductors with periodic pinning armra®PAs)  £rom the field dependence of the ac-penetration depifie
the pinning properties are considerably improved at the apgetermine the curvature of the pinning potential welfor
plied fieldHy.=H;, where the density of vortices equals the gitferent matching fields. This allows us to estimate quanti-
density of pins’ This behavior is also present at higher com-tatively the pinning potential for each specific vortex con-
mensurability fieldsH,=nH;, with n an integer number. figuration. In particular, we show that the strength of the
However, the enhanced pinning progressively diminishegffective pinning potential exhibits a reentrant behavior for
with increasing field since the vortex-vortex interaction be-H,;<H,.<H,, where vortex mobility is strongly restricted.
comes more relevant. An additional field dependence of the The studied sample was a 50-nm-thick Pb film of rectan-
critical current arises due to rearrangements of the vortegular shape (1.83 mm), with a square antidot lattice of
lattice configuration itself. period d=1 um, which corresponds to the first matching
Most of these vortex configurations have been directlyfield H;=®,/d?=20.7 Oe, with®, the superconducting
imaged by Lorentz and scanning Hall probe microscopfes, flux quantum. The antidots have a square shape with a size
and Bitter decoratioh.However, none of these techniques b=0.25um. The maximum numbeng of flux quanta that
allow one to extract the pinning potential depth. In order toan antidot can hold is approximately given byg
do that, it is necessary to use indirect techniques like trans= b/4&(T), where £(T) is the superconducting coherence
port, dc magnetization or ac susceptibility. In transport andength. For most of our samples we have estimagéd)
dc-magnetization measurements, the system is driven out 6¢38 nm and considering the usual Ginzburg-Landau tem-
equilibrium, thus allowing the determination of critical cur- perature dependence we obtaip=0.6 forT=6 K, the low-
rents and pinning strength of a moving flux-line lattice est temperature studied. Thus we rule out the possibility of
(FLL), distinct of that observed by means of vortex imagingmultiquanta occupation in a single hole.
techniques. In contrast, low amplitude ac-susceptibility mea- The film was electron beam evaporated in a molecular-
surements permit orn® probe the effective pinning potential beam epitaxy apparatus onto liquid-nitrogen-cooled ,SiO
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FIG. 1. Drive dependence afM= yh,. at the first matching "2
field H,, T=6.4 K, andf =3837 Hz. The arrows indicate the onset
of the nonlinear regime. The inset shows the normalized magneti- 0.6
zation derived from several harmonigg for two extreme ampli-
tudes h,.=0.09 Oe (filled symbols and h,.=3 Oe (open sym-
bolg), atT=7 K. -0.9

substrates with a predefined resist-dot pattern and after the
resist was removed in a lift-off procedure, the sample was
covered with a protective Ge layer of 20 inThe sample
hasT,=7.2 K with a transition width of 0.2 K, foHdCZO . FIG. 2. Field dependence of the ac susceptibijty x' +ix”
andhg.= Q‘5 Oe. The ac m_easurements were C_arrle(_j OUF n @omponents foh,.=0.09 Oe(filled circles andh,.=1 Oe (open
commercial Quantum Design PPMS device with drive f'eldcircles) at T=7 K. In the upper panel is also showg’ for T
amplitudesh, ranging from 88 mOe to 10 Oe, and the fre- —g 5 and 6.8 K, ah,.=0.09 Oe.
quencyf from 10 Hz to 15 kHz. In all cases, the data were
normalized by the same factor corresponding to a total steBean critical state model and the losses, given by the area of
Ax'=1, with Hyq=0. the loop, are no longer small. According to the Bean model
In order to identify the linear regime, we performed afor a disk of radiusR and thickness, the saturation magne-
series of measurements gf= x' +ix” as a function of the tization M, is related to the characteristic penetration field
ac excitation h,. for several temperatures at fixedl Hp, throuthp:?’Msat5/2R-12 For the data showed in the
=3837 Hz andHc=20.7 Oe. In Fig. 1 we show one of inset of Fig. 1, 4rMg,~ 1400 Oe and thusk2,~ 1.6 Oe, in
these measurements for=6.4 K. The Campbell regime is good agreement with the field needed to invert the critical
characterized by a change in the magnetizatidth= yh, state profile.
proportional toh,. together with a scarce dissipation. We  Since the limits of the linear regime are determined
observe thatyh,. departs from a linear response .  mainly by the strength of the pinning sites, it is expected that
~1 Oe. We also note that while in the linear regime thethe range in which this regime exists decreases with both
dissipation is negligible, an increase in the ac losses appeafigld and temperature for a fixdt,.. This behavior becomes
at the onset of nonlinearity. As we will show below, the evident in Fig. 2, where the out-of-phase compongnhtup-
range of ac fields wherg”~0, is a reliable criteria to de- per panel and the in-phase componept (lower panel are

H,/H,

termine the range of the validity of the linear regime. shown as a function of the scaled figtg./H, for two val-
An alternative way for determining the Campbell regime yes ofh,, at T=7 K.
comes from the study of higher componentsyofindeed, For small amplitudes H,,=0.09 Oe), and for &Hg,

nonlinearities should manifest themselves as higher harmon<H, a high screening and very small losses are observed.
ics xm with m being an odd numbéf. We confirm this by  However, forHy.>H;, the screening exhibits an overall de-
measuring up to nine componentsaf We find that for the  crease together with a sequence of minimaHat=H,
lowesth,e, xm=~0 for m>1, while forh,:>1 Oe, xz#0  caused by local depressions in the losses. This behavior can
form=3, 5, 7, and 9. The acquisition of these componentsge understood within a scenario based on the picture of vor-
allows us to build the magnetization curve as a function oftices oscillating inside their pinning sites, without large ex-
h,c for two extreme excitation$,. at T=7 K and Hy.  cursions. Indeed, at the commensurability fields, where the
=10 Oe, as is shown in the inset of Fig. 1. We clearly ob-effective pinning is maximum, a higher screening and a re-
serve that foh,.=0.09 Oe the response is Meissner-like andduction of dissipation due to the more confined movement of
almost free of dissipation )('~0). In contrast, forh,.  vortices, is expected.

=3 Oe the response can be satisfactorily described using the On the other hand, dt,.=1 Oe, deep within the critical
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state, the response is remarkably different. Although the local 25 - - T T -
dips atH4.=H,, in the screening curve are still present, now | of |15 T=65K

these minima are accompanied by a corresponding peak in 20} ° h,=0090e [
the losses. This is a fingerprint of the critical state regtfe. | |

in small pinning valleys, but instead they can travel larger
distancedintervalley motion. As we pointed out above, in =
this regime, losses are given by the area of the &
Mh,-hysteresis loofsee inset of Fig. lwhose width is
determined by the critical current of the system. A},

=H,, the critical current reaches a maximum and therefore
also the losses are maximized, as is indeed observed in our
experiments. Based on the previous analysis we will adopt as

a conservative and safe criterion to ensure a linear regime,

the limit of the usedH,. range, to the zone wherg” FIG. 3. Field dependence af3 at T=6.5 K (main panel and
<0.01. ) ) T=6.8 K (upper left inset, for h,.=0.09 Oe. The lower right inset

In the upper panel of Fig. 2 we have also includedshows a low field zoom of the main panel data. The horizontal and
X"(Hgc) curves forT=6.8 K and 6.5 K, ath,,=0.09 Oe. vertical units in the insets are the same used in the main panel. The
As expected, we find that with decreasifighe range where lines are guide to the eye.
the system is free of dissipation, becomes broader. In particu-
lar, atT=6.5 K, the losses are negligible for the whole field the antidots array from the sample border. As soon as a new
range studied. vortex configuration develops right after a commensurability

From now on, we will concentrate on the field depen-field H,, with a consequent change in the average pinning
dence ofy in the linear regime foth,.=0.09 Oe, at two Strength, it will be simultaneously detected in the ac-
different temperatured,= 6.5 and 6.8 K. In this regime, the Susceptibility response. Since our field step is 1 Oe, the den-
ac magnetic response is determined by the complex penetréity of the new developing FLL configuration is high enough
tion depth A(B~Hg.,T,f)=Ag+i\,. For ideal systems to record a sharp change Ht,. _ _ _
without dissipation) is real andy”=0. However, dissipa-  How actually the new vortex configuration penetrate in a
tion leads to a”#0 and a ratice=\, /\g, although small, Sample W|t7hlSPPA has been a matter of controversy du_rmg the
is finite. According to Ref. 14y’ is solely determined by last years."'® Cooley and Grishilf have shown that in a
and the sample geometry througp~—1+329c,/(A, one-dimensional system with PPA, a terraced flux profiles
+¢)], wherep=C/\2, C is a constant depending on the should be _esta_bllshed. In our systé_ﬂmn films), due_ t_o the
sample shape, anti, andc,, are real numbers. We can invert small gradient in the flux profile, a single terrace critical state

this equation in order to compute from our y data, as is expected. According to this model, increasing the field
described in Ref. 15. ’ beyondH,,, leads to the motion of the new vortex configu-

ration towards the center of the sample. Since we are sensing
the magnetic response at the sample border, the s&me

_ . should be measured &8, increases and therefore no field
= VB®y/4ma are the London and Campbell penetration 4o nendence should be observed. This is in sharp contrast

depths, respectively. The Labusch constarepresents the with our observations. Instead of that, we argue that for each

curvature of the pinning well assumed to be parabolic forapplied field a mixture of the patterns corresponding to the
small displacements.

X 5 , , nearby matching fields distributes in the whole sanmple.
Figure 3 shows\g as a function of the reduced field \yjitin this scenariop so obtained results from an average
Hgc/Hy for T=6.5 K. The most evident feature of this fig- ot the different pinning potentials associated with each exist-
ure is that for well defined field ranges €M, <Hg. ing vortex configurations.
<Hp=<Hs), \% follows a linear field dependence\f In the lower inset of Fig. 3 we show a zoom of the same
*B/ay, in agreement with the Campbell regime scenariodata as in the main panel, féry.<H,. We observe that for
with a Labusch parameter, clearly depending on the field H, <H, where vortices are strongly pinned by the antidots,
range. Th_is is one of the main results of this_ work. Th_e samey s larger than foHy.>H, where caged interstitial vorti-
behavior is observed at=6.8 K (see upper inset of Fig)3 ces, much weaker pinned and with higher mobility, dominate
although, as we previously noticed, the linear regime is, inhe ac response. The Labusch parameter obtained from these
this case, constrained tdy.<Hs. slopes is summarized in Fig. 4 for all fields studied. The
Since atHg.=0, Nz=A{(T)=A{(0)/(1-t), wheret  sketches of different stable vortex configuration according to
=T/T., using the data of Fig. 3 we can easily estimate theprevious vortex imaging experimeniand simulations? are
London penetration depth af=0. The absolute value also shown.
A (0)~52 nm so obtained, turns out to be relatively close to  Since forH,.>H, the entity which responds to the exter-
the accepted valug, (0)~47 nm1® nal ac excitation is no longer a well identified single vortex,
In all casesh<1um, and therefore the penetration of the but a complex movement involving all interstitial vortices in
compressional vortex waves involves just a few units cells ot unit cell, the interpretation of the ac susceptibility for these

At this high amplitude value, vortices are no longer localized <
(=
o

For our experimental conditions<1 and\?~\3(B,T)
=\3(T)+A2(B,T), where \(T) and \c(B,T)
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field for Hy.>H, is a highly nontrivial result. Clearly, the
complex mechanisms involved during the ac excitation de-
serves further experimental and theoretical investigation.

In general, the main trends shown in Fig. 4 are similar to
those reported in simulation studies made recently by Reich-
hardtet al In that work, the authors determine the depen-
dence of the critical depinning force, as a function of
wl : | Hqc./H, for a system with a square pinning array. In agree-

' : ' ment with our experimental observations they find a series of

] roughly constant plateaus of decreasing value. However, un-

like the Labusch constant, the depinning force density and

. ‘ : . .\_( T=6.5-K| the critical currer_wt depend on the depth of the pinnin_g poten-
5 1 = 3 y, = tial (rather than its curvatuyeas well as the FLL configura-

H _/H tion, and therefore this analogy should not be pushed too far.

Essentially transport and ac-measurements in the linear re-

FIG. 4. Field dependence of the Labusch parameterunits of ~ gime are not directly comparable.
its maximum valuea™® at T=6.5 K. The sketches represent the  Finally, it is worth noting that in similar studies performed
different stable vortex configurations where empty antidots argp high-temperature superconductors with columnar defects
drawn as open circles, occupied antidots as big filled circles anghtroduced by irradiatiofi the change in the slope at the first
interstitial vortices as small filled circles. matching condition turned out to be a blur crossover with an
higher fields becomes more puzzling. For instancetigt ~ ©Onset aroundH,/2, presumably due to the topological and
= H2, vortices start to form interstitial dimers which can energetic disorder of these dEfe%m those studies a field-
adopt two different orientations separated by a small enerdependent Labusch parameter was foundHgg>H,/2, as
getic barrier. When the drive field is applied, a librational a result of both, a disordered state where a single unit cell
motion of the vortex pairs is excited. Since the observednotif cannot be identified, and the lattice interactions when
Labusch parameter is even smaller than Fay.<H, we  the system approaches to the collective regime. In our sys-
argue that this motion permitin average larger excursions tem with PPA where vortices of same species have the same
of the vortex lines than the movement of single interstitialsurrounding, the regimes are connected by abrupt transitions
vortices at the sami.. and « remains constant for the low fields studied.

For fields higher thaiti3, the unit-cell motif consisting of In summary, we have used the ac-susceptibility technique
a rhombic configuration, loses the rotational degree of freeas a nondisturbing tool for determining the influence of the
dom and consequently, a reentrancengHqc) is observed. yortex lattice arrangement in the averaged pinning strength.
On top of that, because of the system is now changing fronjye have estimated quantitatively the value of these effective
a phase with higher mobility to another phase with lowerpinning potentials for several stable vortex configurations.
rr_10b_|l_|ty, the density of the new unit-cell motif needed for g powerful method has the main advantage of an easy
significantly change the measuredshould be larger. As a  oytansjon to different systems with periodic pinning array
consequence, the transition does not occur exactysdiut 5y the possibility of a direct comparison of the pinning

a field slightly higher, as we indeed observe. energies found from different experiments.
For fieldsH4.>H,, vortices in a unit cell distribute form-

ing a square arrangement where the rotational degree of free- We would like to thank M. J. Van Bael for helpful discus-
dom is recovered, thus giving rise to an easy librationakions and R. Jonckheere for fabrication of the resist pattern.
movement and a lower average pinning potential. At fieldsThis work was supported by the Belgian Interuniversity At-
higher than the fifth matching condition nonlinearities de-traction PolegIUAP), Flemish Concerted Action Programs
velop and no reliable Labusch constants can be determined@GOA), the Fund for Scientific Research Fland¢FWO),

It is important to stress that the linear dependenceZofith  and ESF “VORTEX” program.

0.8

o
06 |

max
[ L
[ ]
Q
[}
®
.

o /o

02

1G. Blatter, M.V. Feigel'man, V.B. Geshkenbein, A.l. Larkin, and “M. Baert, V.V. Metlushko, R. Jonckheere, V.V. Moshchalkov, and

V.M. Vinokur, Rev. Mod. Phys66, 1125(1994). Y. Bruynseraede, Phys. Rev. Lef4, 3269(1995; V.V. Mosh-
2L. Civale, A.D. Marwick, T.K. Worthington, M.A. Kirk, J.R. chalkov, V. Bruyndocx, L. Van Look, M.J. Van Bael, Y.
Thompson, L. Krusin-Elbaum, Y. Sun, J.R. Clem, and F. Bruynseraede, and A. Tonomurdandbook of Nanostructured
Holtzberg, Phys. Rev. Lett67, 648 (1991); A. Silhanek, L. Materials and Nanotechnologedited by H.S. Nalwa, Electrical
Civale, S. Candia, G. Nieva, G. Pasquini, and H. Lanza, Phys. Properties Vol. 3Academic, San Diego, 2000
Rev. B59, 13 620(1999. 5K. Harada, O. Kamumura, H. Kasai, T. Matsuda, A. Tonomura,
3D. Niebieskikwiat, A. Silhanek, L. Civale, G. Nieva, P. Levy, and and V.V. Moshchalkov, Scienc271, 1393(1996.
L. Krusin-Elbaum, Phys. Rev. B3, 144504(2002. 6S.B. Field, S.S. James, J. Barentine, V. Metlushko, G. Crabtree,

064502-4



FIELD-DEPENDENT VORTEX PINNING STRENGTH IN . .. PHYSICAL REVIEW B7, 064502 (2003

H. Shtrikman, B. llic, and S.R.J. Brueck, Phys. Rev. L8R8, Hesketh, Phys. Rev. B9, 603 (1999.
067003(2002; A.N. Grigorenko, G.D. Howells, S.J. Bending, J. *E.H. Brandt, Phys. Rev. B9, 9024(1994); 50, 4034(1994); 50,
Bekaert, M.J. Van Bael, L. Van Look, V.V. Moshchalkoy, Y. 13 833(1994).

Bruynseraede, G. Borghs, I.I. Kaya, and R.A. Stradling, Phys15G. Pasquini, P. Levy, L. Civale, G. Nieva, and H. Lanza, Physica
Rev. B63, 052504(2001). C 274, 165(1997).

A, Bezryadin, Yu.N. Ovchinnikov, and B. Pannetier, Phys. Rev. B16| \/3n Look, Ph.D. thesis, K.U. Leuven University, 2001.
;. 03 8553(1996. _ 7LD Cooley and A.M. Grishin, Phys. Rev. Leit4, 2788(1995;
L. Krusin-Elbaum, G. Blatter, and L. Civale, Phys. Rev. L&, V.V. Moshchalkov, M. Baert, V.V. Metlushko, E. Rosseel, M.J.

0 187 (199_5_- ) ] Van Bael, K. Temst, Y. Bruynseraede, and R. Jonckheere, Phys.
G. Pasquini, L. Civale, H. Lanza, and G. Nieva, Phys. Re59B Rev. B57, 3615(1999
" 9627(1999; 65, 214517(2002. 18¢C. Reichhardt, J. Groth, C.J. Olson, Stuart B. Field, and Franco
A.M. Campbell and J.E. Evetts, Adv. Phy&l, 199 (1972. Nori. Phvs. Rev. B54. 16 108(199
11G.S. Mkrtchyan and V.V. Schmidt, Zh. Eksp. Teor. Féd, 367 or, FIys. Rev. £o% (1996.
> y s T P. ‘ 19C. Reichhardt, C.J. Olson, and F. Nori, Phys. Re\6B 7937
(1979 [Sov. Phys. JETB4, 195(1972)]. 199 ' ' '
12JR. Clem and A. Sanchez, Phys. Re\6® 9355(1994. 20 (1998. _ _ .
13\, Metlushko, U. Welp, G.W. Crabtree, Zhao Zhang, S.R.J. C. Reichhardt, G.T. Zimanyi, and Niels Gronbech-Jensen, Phys.

Brueck, B. Watkins, L.E. DelLong, B. llic, K. Chung, and P.J. Rev. B64, 014501(2002.

064502-5



