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Experimental determination of the number of flux lines trapped by microholes
in superconducting samples
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The influence of a periodic landscape of pinning sites on the vortex dynamics in Pb thin films is explored by
ac susceptibility measurements. For different amplitudes the ac drive, the ac susceptibility=x'+ix”
exhibits a complex field dependence associated with different dynamic regimes. At very low ac drives where
both multiquanta vortices trapped by the antidots and interstitial vortices oscillate inside the pinning potential
(intravalley motion, a small kink iny’ (H) together with a very low dissipation is observed. At intermediate ac
excitations such that vortices in the antidots remain pinned, whereas interstices are driven out of the pinning
well, a more pronounced kink in the screening coinciding with the onset of dissidatiod) # 0] indicates
the entrance of interstitial vortices. Eventually, at high enough amplitudes all vortices are set in motion and the
penetration of interstitial vortices appears as a sudden reduction of the shielding power. We show that these
distinctive features allow us to identify clearly the maximum number of flux quanta per hole, regardless of the
vortex dynamic regime.
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l. INTRODUCTION been the ac response of these syst€r&:15ac susceptibil-

An increasing effort has been devoted in the last yeargy ?HOWS one to rea_\d|ly_cover a_W|de range_of dyna_m‘_u_c
to study the interactions of the flux line lattice with a peri- 'égimes from a passive linear regime, preserving the initial
OdiC pinning |andscap%‘_3This prob'em represents a particu_ vortex Conf|gurat|on, to the h|gh|y d|StUrb|ng Cr|t|Ca| state
lar case of a periodic elastic medium interacting with anfégime, by simply sweeping the amplitude of the ac
array of obstacles which appears in many other physicaﬁifive-lG
systemg 6 In the present work we study the field and temperature

It has been showfrthat the introduction of a regular array dependence of the vortex pinning in Pb thin films with a
of pinning centers leads to strong commensurability effectsquare array of microholes by means of ac susceptibylity
of the vortex lattice at matching fieldd=nH,, whereH; =x’ +iy” measurements. We found thgiH) exhibits a com-
~®do/d?, @ is the superconducting flux quantum adds  plex behavior associated with a rich variety of vortex dynam-
the period of the pinning array. These effects manifest themics phases. The possibility to access different regimes by
selves in different ways depending on the degree of stabilityuning the amplitude of the drive field enables us to deter-
Of the vortex Conﬁguration a.nd the nature Of the vortex pin'mine the Saturation numbeg for Severa' temperaturé’sand

ning. For fieldsH <H=nH,, wherens is the maximum  qc fieldsH, which is difficult to achieve by other techniques.
number of flux quanta that a pinning center can t(dpe

saturation numbey every multiquantad, vortex (n<ny) is
Strongly pinned by an individual defect. A partiCUIar case 1I. EXPERIMENTAL DETAILS
arises atH=ngH,;, commonly described as a Mott insulator
phase with a large compressional elastic mod@yswhich The experiments were conducted on two Pb thin films
may give rise to a fixed density of vortices over a finite rangewith a square antidot array of periat-1.5 um, which cor-
of H.89 responds to a first matching field;=9.2 G. The antidots

A different situation occurs foH >ngH,; where fully oc- have a square shape with a slze0.8 um. The tag, thick-
cupied pinning centers are no longer attractive potentials butess 6, and critical temperature of the used samples are
interact repulsively with the incoming vortices. In contrast toAD100 (6=100 nm, T.=7.22 K) and AD65 (6=65 nm, T,
the localized Mott or insulating like phase, in this field range,=7.21 K), respectively. From th&.(H) slope we have esti-
a metallic like behavior is observed due to the weakly pinnednated, for both samples, a superconducting coherence length
interstitial ®, vortices. The peculiar transition al=nH,;  &0)~33+1 nm.
from localized to delocalized particles is characterized by a It is important to mention that even though bulk Pb is a
sudden reduction of the depinning force density togetheifype-l superconductor with a Ginzburg-Landau paraméter
with a substantial increase in the average vortex mobilityx=0.45<1/+2, thin films of this material become Type-l|
For H>ngH;, commensurability effects between the intersti- superconductors below a certain crititcal thickngss8 In
tial vortex configuration and the pinning array give rise tothe particular case of Pb filfs?° §,~ 250 nm and therefore
local increments of the critical curred.10-12 both samples used in the present work exhibit a clear mixed

Although these effects have been mainly studied by transstate characteristic of the Type-Il superconductors. In addi-
port and dc magnetization measurements, less explored h#en, it has been recently shown that this effect becomes
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. 02F7 "I = At low H, a smooth decrease of the screening together
= 0.0 b ] with a very low dissipationy” ~0 is observed a$l is in-
- : creased. AH=3H;, a well-defined kink iny’(H) coinciding
0.2 i ] with the onset of dissipation occurs. This behavior indicates
e 04T . that atH=3H; a substantial change in the pinning nature
061 ] takes place. We argue that at this field it is no longer ener-
- ] getically convenient for incoming vortices to sit into the an-
'0-8_' E y tidots and consequently, interstitial vortices appear. Accord-
et ?21;’89,(_ ing to this scenario, although foH<3H; the current
6 E t=0.980 ] induced by the ac drive is not large enough to move out of
5L h =90 mG]] the potential well vortices pinned by the antidots, for
< 4 i ] H>3H, the same force can easily set in motion the weaker
S pinned interstitial vortices giving rise to a clear change in the
o ar ] screening properties. This behavior is consistent with recent
= 2t . transport measurements conducted on similar samiples.
“ gL ] brief, the sudden reduction of the effective pinning force
ol as e density atH=3H; allows for the used ac amplitude to con-

8 6 4 2 0 2 4 6 8 nect the ascending and descending branches of the dc hys-
H/H teresis loop giving rise to a detectable dissipafibror
! lower dc fields, the minor loops built with the ac cycle do not
FIG. 1. () Field dependence of the real (open symbols ~ Pridge the magnetization branches and the dissipation is neg-
and imaginaryy” (closed symbolscomponents of the ac suscepti- l1gible. . _ .
bility for the AD100 sample ah=90 mG. (b) Field dependence For fields 34; <H <6H; a series of peaks in the screen-
of the critical current extracted from the (H) curve shown in@  INg are seen at each matching field, in agreement with the
(see text The shadowed area indicates the multiquanta vortexexperimentally observed local enhancement of the critical
regime. current!®-*2These maxima in the screening are accompanied
by local dips in the dissipation. Interestingly, aHg the

more pronounced in patterned samples where the effectivic’€ening undergoes a dramatic reduction, which coincides
penetration depth is further increased due to the presence Yfith the maximum dissipation. For higher fields, small peaks
the nanostructuring: are still visible at H, and &84, before the system enters the

The predefined resist-dot patterns were prepared bQormaI state. prz th_ese small peaks correspond to local
electron-beam lithography in a polymethyl metacrylate/maxima in the dissipation.
methyl metacrylatgPMMA/MMA ) resist bilayer covering As we will demonstrate below, the observed sudden re-
the SiQ substrate. A G0 A)/Pb/G&200 A) film was then duction at 61, can be an artifact owing to the higher sensi-

electron-beam evaporated onto this mask while keeping th{éwity of the screeni.ng in that particqlar range Of. ac penetra-
substrate at liquid nitrogen temperature. Finally, the resistOn depths(A) and it is not necessarily related with a change

was removed in a lift-off procedure in warm acetone. In the vortex dynamic regime. Indeed, for the sake of clarity
The ac measurements were carried out in a commercigiCnSider, for instance, that we can approximate our sample
Quantum Design-PPMS device with drive field amplitutles S"2P€ by @ strip with bothl andh applied perpendicular to
ranging from 2 mOe to 10 Oe, and the frequerfc§rom th_e_ plane of the strip. In this case, according to the Bgan
10 Hz to 15 kHz. In this frequency window we have found critical state model, the components of the ac susceptibility

that y depends only weakly off and therefore we report &€ given by®

results obtained at the same frequerfey3837 Hz. In all tanh(s)
cases, the data were normalized to have a total Sjgp 1, X =- , (1)
with H=0 atT<5 K. 5
Il. RESULTS AND DISCUSSION Y= tank(s) | tants'2) 2
s §2

As it has been demonstrated in previous theorefiaid
experimental studie¥;'? rearrangements of the vortex lat- wheres= A/« ng. The derivative of Eql) and therefore
tice at the matching fieldsH,; have a profound effect on the the sensitivity ofy’ to small changes i\, maximizes afs
critical current. Accordingly, these changes in the pinning=1, i.e., when the Bean penetration depth coincides with the
properties of the flux line lattice should be also reflected insample thickness. On the other hand, the situations is
changes of the efficiency to screen out a perturbative externaichieved at the maximum of the dissipatigh?® thus natu-
ac field!* In order to corroborate this effect we have mea-rally accounting for the systematic coincidence of the field
sured y as a function ofH at fixed T and h. Figure 1a) position of the maximum dissipation and the jump in the
shows they’(H) (open circleg and y”’(H) (closed circles  screening. Furthermore, using the strip geometry approxima-
dependencies for the AD100 sample Bt7.09 K andh tion we can estimate fromy(H) the field dependence of
=90 mG% the critical currentl.. The result of this analysis is shown in
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other hand, the difference observedHatiH is due to the
fact that forh=90 mG the used Bean critical state is no
longer valid and therefore th&(H) curve so determined is
ill-defined.

Another feature shown in Fig. 2 is that fer<H,, where
the antidots act as attractive centers, commensurability
effects manifest themselves as small reductions in the
08l g, screening asH increases. In this field range, the vortex-
Lttt T=700K antidot interaction dominates over vortex-vortex interaction

% 0.2 [
0.0

-0.2
= -04
-0.6

18 and thus the decrease in the effective pinning potential
151 strength atnH,; will result in a reduction in the shielding
T 12] power. ForH>H, filled antidots become repulsive centers

& | and an opposite behavior is obserfédAt these high

ug 9 fields, vortex-vortex interactions are more relevant and

= 6 consequently, collective effects give rise to local increments

gl in the screening properties at every commensurability
ol field. We have verified that these features signaling the

transition from attractive to repulsive vortex-pin site interac-
tions which allow one to identify the saturation number
ng were present in six other samples with periodic pinning

H/H,

FIG. 2. (a) Field dependence of the reg! (open symbolsand ~ &/fay- . ,
imaginaryx” (closed symbolscomponents of the ac susceptibility ~ L€t us now analyze the experimentally obtaineg:3
for the AD100 sample foh=500 mG, at=0.980.(b) Critical cur-  value. According to the theoretical estimation of Mkrtchyan
rent as a functionof field, obtained from thé(H) curves forh  and Schmidt(MS),? the number of trapped vortices by a
=90 mG anch=500 mG, at=0.980(see text The shadowed area hole is ng=b/4&(T) which in our particular case gives;
indicates the multiquanta vortex regime. ~ 1. Although this value is smaller than that experimentally

determined above, it is important to note that this model
Fig. 1(b). In this figure we observe that the height of the underestimates the real value since it considers a single
jump at 64, has now no particularities and is similar to that cylindrical cavity with radiuso<\. Clearly, this hypothesis
observed at ;. In contrast to that, the distinct feature sig- is not fulfilled in our system wherd>2\(T). A more
naling the entrance of interstitial vortices aHg3 is still detailed analysis of the validity of this model could be
clearly seen. obtained from the temperature dependengd). However,

It is important to note that the kink i’(H) at H=3H;  matching effects reported here are restricted to a very narrow
allows us to determine the saturation numbg(T,b,§),  temperature rang@ close to T, where n, remains almost
which is an intrinsic property of the pinning array and there-constant and no evident temperature dependence is observed.
fore it is independent ofi. In contrast to that, the big jump Additionally, it is also expected thang increases as
associated with the peak in the dissipation should occur at the applied dc field is increasé#3! An extension of
field H such thatl(H) =~h/é and thus should depend on the the original work of Mkrtchyan and Schmidt to an arbitrary
strength of the ac drivé. This is in fact confirmed by the large cavity radius has been recently done by Nordborg
x(H) measurements performed on the same sample at thend VinokuP? using the London approximation. Addition-
same temperature, with a higher excitation500 mG[see ally, by simple energetic considerations BuZdirshowed
Fig. 2a)]. In this case, we observe that the largest reductiorthat in a triangular vortex lattice, the two-quanta vortex
of the screening is shifted down td,=3H; following the = becomes energetically favorable for temperatures such
position of the maximum dissipation. that b3< &T)N(T)?, a condition that, in our sample, is satis-

Performing the same procedure described above, we esfied for t<0.995. The experimental evidence on this point
mate the critical curreni,(H) obtained from the'(H) curve  also suggests that a higher filling than that predicted by
at h=500 mG[see closed circles in Fig(l®]. Now we can MS has to be considered. Indeed, Bitter decoration experi-
see that after this transformation the sharp changélat ments performed by Bezryadiet al3 on a Nb film with
=3H, persists and is not an artifact due to the amplificationa triangular array(period d=6.1 um) of blind holes(size
in the screening sensitivity. Since, according to the Bear=0.8 um) showed thatns=3 very close to the critical
model,J; is independent of the used ac excitation, the criticaltemperature forH=6.37 G. More recently, Grigorenko
currents obtained fon=90 and 500 mG should coincide in et al®* using scanning Hall probe microscopy in a Pb film
the field range where this approximation holds. This behavwith a square array of antidots of period JuBh and hole
ior becomes apparent in Fig( where we superimpose sizeb=0.66 um showed thahs=2 att=0.77. Although this
the J.(H) curve forh=90 mG, already shown in Fig.() number is somehow smaller than our estimate, it should be
(open circles The remarkable coincidence of the datanoted that in those experiments, the measurements are per-
for fields H>H, indicates that in this particular field range formed in a field-cooled metastable state which corresponds
the simple Bean model is a very robust approximationto a frozen vortex configuration at a higher temperature. On
and correctly accounts for the observed behavior. On théop of that, since thengb) is a stepwise increasing
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! ! ' ' ' critical current, are accompanied by local dips in the dissi-
Z pation. In contrast, for higher fields, peaks|ji| give rise
= to local increments of”. This effect is more clearly seen in

’ the inset of Fig. 3, where we show(H) for the AD100
sample att=0.97 andh=500 mG. The observed behavior
can be easily understood within a critical state scenario.
Indeed, in the simplest case of a Bean critical state model for
a thin sample with applied fieldd perpendicular to the
plane of the film[see Eggl) and(2)], the maximum dissi-
pation occurs wherh reaches the full penetration field
Hy(T,H)=J.6.2526 According to this model, the asymptotic
limits of the real and imaginary ac susceptibility components
are related by

AD100 .
T=701K |]

t=0.97 :
h=500mG|:

3
T=7.12K || A/’zz(l—|x’|), h<J.4,

H/H X' =X, h>Jsé. (3

FIG. 3. Main panely(H/H,) for the AD65 sample foh=3 and From these equations we can see 'that for low dc fields
6.4 mG, att=0.988. The dotted line indicates the onset of dissipa-(N<Jcd) an enhancement of the screening leads to a suppres-
tion. Inset: y(H/H,) for the AD100 sample ah=500 mG andt sion of the dissipation, whereas an opposite behavior is pre-
=0.97. dicted for high fieldgh>J.é), in agreement with our experi-

mental observation. It is interesting to note that in this case
function® even though the holes used in their work arethe commensurability effects have the benefit of acting as
slightly smaller than ours, this small difference can easilymarkers inJ(H) which eventually help to study and identify
lead to an extra vortex trapped per hole. Thus, in general, ouhe different dynamic regimes.
determination of the saturation number by means of ac sus- Finally we would like to note that no clear indications
ceptibility is consistent with the previously reported resultsof the depinning of vortices trapped by the antidots have
using alternative techniques. been observed. This depinning process of multiquanta vorti-

So far we have shown that at lowamplitudes, the cur- ces atH, represents a peculiar transition from a state where
rent induced by the ac drive is not large enough to movesupercurrents flow around an antidéfor H<H,) with
vortices trapped by antidots out of the pinning potential butthe nd, vortex to an depinnedD, vortices statefor H> H,).
can set in motion the weakly pinned interstitial vortices. Ac-This metamorphosis of single to multiple entities is a very
cording to this picture, it should be possible to reach a situinteresting issue that has not been addressed so far and
ation where interstitial vortices perform intravalley oscilla- clearly deserves further theoretical and experimental investi-
tions as well, by further decreasing the ac drive. To checkyations.
this possibility we have measured the ac response of the
sample AD65 at very low amplitudeh=3 mG andh
=6.4 mG, as shown in the main panel of Fig. 3. The dotted IV. CONCLUSION
line indicates the upper limit of the field randgel <4H,)
where the detected dissipation lies below our experimental In summary we have shown that the field dependence of
resolution(y” ~0) and therefore where vortices oscillate in- the ac response of samples with a periodic pinning array
side the pinning potential. Within this regime the ac respons€xhibits a rich behavior associated with different dynamic
is independent oh, confirming that the system is in the regimes. In particular, we show that for low drive fields two
linear regime. We also note that a clear kinkHst 3H, sig-  distinctive features emerge. First, at low dc fieldsa kink
nals the transition from an intravalley motion of multiquantain the screeningy’(H) indicates the entrance of interstitial
vortices trapped by the antidots, to an intravalley motion ofvortices in the sample. This provides a reliable determination
interstitial vortices inside the potential produced by theof the saturation number; of the pinning structure which is
strongly pinned neighbors and vortices trapped by the holediard to find by other indirect methods. Second, at a higher
For fieldsH >4H, a finite dissipation together with an am- the enhanced sensitivity of the ac screening, when the pen-
plitude dependent response indicate the onset of intervallegtration depthA ~t, accents the drop on the critical current
motion of interstitial vortices, whereas vortices in the anti-leading to a dramatic reduction ¢gf (H). In general, this
dots remain pinned. analysis represents a powerful method to study the strength

We turn now to the analysis of the field dependence off different pinning centers arranged periodically and in par-
dissipationy”. As we noticed previously, for fields smaller ticular, provides an alternative way for determining the maxi-
than that where the maximum dissipation takes placemum number of flux lines trapped per pinning site as a func-
the local maxima in the screening, and therefore in thdion of temperature.
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