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Dendritic flux penetration in Pb films with a periodic array of antidots
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We explore the flux-jump regime in type-Il Pb thin films with a periodic array of antidots by means of
magneto-optical measurements. A direct visualization of the magnetic flux distribution allows us to identify a
rich morphology of flux penetration patterns. We determine the phase bouRd&Fy between dendritic
penetration at low temperatures and a smooth flux invasion at high temperatures and fields. For the whole
range of fields and temperatures studied, guided vortex motion along the principal axes of the square pinning
array is clearly observed. In particular, the branching process of the dendrite expansion is fully governed by the
underlying pinning topology. A comparative study between macroscopic techniques and direct local visualiza-
tion sheds light onto the puzzlinf andH-independent magnetic response observed at low temperatures and
fields. Finally, we find that the distribution of avalanche sizes at low temperatures can be described by a power
law with exponentr~0.9(1).
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I. INTRODUCTION served flux penetration patterns in thin films giving support
L . . to a thermomagnetic origin for these type of instabilities.
Flux penetration in a type-Il superconductor in the mixed 5 the other hand, the influence of the pinning landscape
state is usually described by the Bean critical state model. Igp, the morphology and local characteristics of dendritic flux
this approximation it is assumed that a balance between thgenetration has not been yet fully addressed. A model system
pinning force and the external magnetic pressure leads to @ investigate this effect can be realized by tailoring a peri-
constant flux gradierit.Similarly to a sand pile, this vortex odic pinning array in superconducting samples. Vortex ava-
distribution is metastable and therefore it is bound to decayanches have been previously deteéfetf in thin films
to a lower energy configuration. The dynamic evolution to-with periodic pinning arrays. Global magnetization
wards the equilibrium state is generally described as flumeasurements™3in samples with arrays of antidots have
creep where thermal or quantum fluctuations are needed thown that the region in thie-T phase diagram dominated
overcome a current dependent pinning bartiéf).? If this by flux jumps is more extended as compared to the case of
process takes place under isothermal conditions the creep jgain films. Besides that, commensurability of flux jumps
logarithmic in time and the field penetration is smooth with awith the matching field of the pinning lattice and invariance
flat flux front34 In contrast, if the process is perfectly adia- of the magnetization and flux-jump size distribution at low
batic, the heat dissipatiofQ produced by the vortex motion temperatures and fields were observed. Moreover, magneto-
will give rise to a local increase of the temperatuf&  optical(MO) imaging®in Nb patterned films has shown that
=dQ/C, whereC is the specific heat of the superconductingvortex avalanches along the principal directions of the pin-
material. Since typicallydJ./dT<O0, this local rise of tem- ning lattice take place in zero-field coolin@FC) experi-
perature implies a reduction of the critical current which inments. From the theoretical point of view, Aransenal®
turn promotes further vortex motion thus yielding a vortexhave shown that a periodic spatial modulation of the critical
avalanche. In this scenario, the field penetration is abrupturrent gives rise to a branching pattern of local temperature
giving rise to jumps in the magnetization, and developsfollowing the symmetry of the underlying pinning array.
much faster than the creep relaxation process. These ava- In this work we study the flux-jump regime in Pb thin
lanches(or flux jumps occur at low temperatures where films with periodic pinning by means of MO. In order to
critical currents are high and the specific heat is small thuseparate and clearly identify the effects of the engineered
severely undermining the potential technological applicapinning potential similar experiments were performed on
tions of superconducting materi&ls. plain Pb films. The characteristics of the samples and the
In most cases, flux penetration experiments are performelO technique are described in the following section. Subse-
in thin superconducting materials of strip geometry exposedjuently, the different types of flux penetration in ZFC experi-
to a field perpendicular to the sample plane. It has been olments at different temperatures are described. Additionally,
served for many samples that in this configuration the fieldhe phase boundary separating dendritic from smooth pen-
penetrates via highly branched expansions giving rise to atration was determined. Finally, we present an analysis of
dendritic pattern of flux channefs. Theoretical studies as the evolution of dendrites with field and we study the ava-
well as numerical simulation’s? have reproduced the ob- lanche size distribution as a function of temperature.
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TABLE |I. Lateral dimensiongw; and w,), thickness(t) (see d
Fig. 1), and critical temperatured,) for all the films studied. AD 7
indicates a square array of antidots and PF a plain film. V' XY 4
# V o & & /4
Sample wy(mm) wy(mm) t(nm) Te(K) V4 & & & 4
-~ -5~
AD75 1.6 2.9 75 7.21 /' Py
AD65 2.3 25 65 7.21 y— — — — — w,
AD15 1.9 2.0 135 7.10 t$’ //
PF15 2.2 3.1 13.5 7.10
< >

Wy
IIl. SAMPLES AND EXPERIMENTAL PROCEDURE
FIG. 1. Schematic drawingnot to scalg of a Pb thin film with
The experiments were conducted on Pb thin films with aateral dimensionsv; andw, and thickness. The black squares
square array of antidots. The dimensions and critical temrepresent the array of antidots with lateral dimendioand lattice
perature for each sample are summarized in Table I. In alparameted.
patterned samples the square antidot array consists of square
holes with lateral dimensiorb=0.8 um and periodd o approximately 1/4 of the sample widtfx,H~ 1.5 mT)
=1.5 um which corresponds to a first matching figlgH,  and then suddenly a highly branched dendrite is formed. An
=0.92 mT; see Fig. 1. Simultaneously with each patterne@xample of this behavior, previously observed in other types
film we deposited also an unpatterned reference film on @f superconductofsand also predicted theoreticall§, is
SiO, substrate which allows us to perform a direct compari-shown in Fig. 2c). In the present sample we found highly
son in order to ascertain the effects of the pinning afeme  branched(treelikg dendrites for applied fields up to 3 mT,
Table ). Due to geometrical characteristics these Pb thirfor higher fields the penetration becomes uniform. It is note-
films are type-ll superconductot1® From the temperature worthy that in the fingerlike regime the maximum length of
dependence of the upper critical fiel,(T) of the plain  dendrites is limited by the half-width of the sample whereas
films we have estimated a superconducting coherence length the region of highly-branched or treelike dendrites, vorti-
&0)=33+3 nm. A more detailed description of the sampleces can extend much further into the sample. Finally,Tfor
preparation can be found in Ref. 16. >6 K a smooth flux penetration is observgeig. 2(d)] in
The local magnetic inductiorﬁ, just above the surface of the whole range of fields inVGStigated and a Bean-like pattern
the sample was measured using a magneto-optical imagéVvelops.
lock-in amplifier technique as described in Ref. 17. The mag- Within the regime dominated by avalanches it is found
netic induction was sensed using an indicator with in_p|anéhat the main core of the dendrites and their ramifications are
magnetization and large Faraday effect mounted on top o?riented along the principal directions of the square array of
the sample. The sample together with the indicator weréntidots. However, the influence of the underlying periodic
mounted in a specially designed cryogenic polarization mi{inning array is not constrained to the flux-jump regime but
Croscope. The experiments were performed in a commerci&an also be seen in the smooth Bean-like penetration pattern.
Oxford Instruments 7 T vector magnet System_ |ndeed, a closer look at the flux front for>6 K shows clear
streaks aligned with the pinning array as a result of prefer-
ential or guided motion of vortice’$.This result is consistent
Ill. RESULTS AND DISCUSSION with previous reports in low temperature as well as high
temperature superconductor thin films with periodic
pinning18-2° On the other hand, it has been theoretically
Magneto-optical imaging of Pb films with a square arrayshown that, in samples with random disorder, during the ini-
of antidots shows a rich variety of magnetic flux penetrationtial ramping of the field hot magnetic filaments propagate
in ZFC experiments as a function of temperature. Figure From the border of the sample. This, could eventually also
summarizes the different morphologies of flux penetrationead to streaks in the field penetratkiowever, since we
observed in these samples. The brighter regions corresporiithve observed a filamentary penetration only in the patterned
to high magnetic fields while the dark ones indicate zerasample and not in the plain film, we can rule out this possi-
field. In the bottom part of Figs.(8)—2(d) magnetic domains bility and attribute the observed effect to the periodic pinning
from the magneto optical garnet show up as a saw-tooth-lik@otential.
boundary between regions with different contrast. These do- The influence of the square lattice of antidots on the flux
mains do not seem to influence the flux pattern inside th@enetration becomes more evident when comparing the pre-
sample and are irrelevant for the discussion below. At Tow vious results with those obtained in Pb plain filtR¥) [Figs.
andH fingerlike dendrites elongated in the direction perpen-2(e) and 2f)]. In this case, ZFC MO experiments show that
dicular to the sample’s border are formidtlg. 2(@)]. As the  the vortex avalanche regime is constrained to a smaller re-
temperature increases to 5.5 K the dendrites become consigion of theH-T phase diagrarhsee Fig. 8)]. Besides that,
erably larger and more branchiske Fig. 20)]. In the range, as can be clearly seen in the flux patterns formed at low
5.5<T=6 K, the magnetic field first penetrates smoothly uptemperaturesFig. 2€)], the morphology of the dendrites is

A. Dendrite morphology

104506-2



DENDRITIC FLUX PENETRATION IN Pb FILMS WITH..

PHYSICAL REVIEW B 71, 104506(2005

30 T T T T T )
25E O AD65 (ac-susc.) .
[ H AD75 (MO)
20 Um ]
E 45l Hom smooth
o I m penetration
= qof 1
dendritic Eh‘:h u
5| . 05 |
penetration
35 40 45 50 55 60 65
@ TIK]
3.o_l L} L) L} T T L} T ]
[ O AD15 (ac-susc.)
2-5-. ® PF15(MO) .

0‘0 Il " 1 PR | PR | N 1 " 1 " [
25 3.0 35 40 45 50 55 60 65
TIK]

(b)

FIG. 3. Phase boundary lineld; (T), separating dendritic from
smooth penetration for different samples. Open symbols correspond
to ac-susceptibility measuremenr(Ref. 13, while filled symbols
are values obtained by MO imagin@) Results for samples with
antidots AD65 and AD75(h) Comparison between a plain film
(PF15 and a sample with antidoff&\D15) (see Table)l

In all cases, we have observed that the dendrites develop
rather abruptlyp >10 m/s, according to the limit imposed
by our experimental temporal resolution. Previously, it was
shown that this velocity can indeed be much higheBe-
sides this, dendrites nucleate at the edge of the sample in
random positions which do not reproduce if the experiment
is repeated. This indicates that their appearance is an intrinsic
Jroperty of the system rather than due to imperfections in the
sample’s bordet?

FIG. 2. MO images of the Pb sample AD75 with antidots show-
ing different types of flux penetratioita) fingerlike dendritic pen-
etration atugH=1.2 mT andT=4.5 K and(b) ugH=1.2 mT and
T=5.5 K, (c) treelike dendritic outburst coexisting with smooth flux
penetration ajugH=1.5 mT andT=6 K, and(d) smooth profile at
moH=1.5 mT andT=6.5 K. A saw-tooth-like magnetic wall do-
main artifact from the magneto-optical garnet is observed in th
bottom part of the imagese) and(f) MO images of a Pb plain film
at T=2.5 K for ugH=0.4 mT andugH=1.2 mT, respectively. The

scale bar in each figure corresponds to 0.5 mm. B. Phase diagram

The transition lineH"(T) from avalanche to smooth flux
quite different from the one described above for antidotpenetration regimes in Pb films with antidots was previously
samples. In PF we observe that the magnetic field bursts idetermined from dc-magnetization and ac-susceptibility
highly disordered dendrites with no particular orientationmeasurements:3In the former case, the vortex avalanche
(other than the average imposed by the screening cujrentsegime manifests itself as a jumpy response of the magneti-
and with no characteristic size. These features are similar teation, whereas in ac-susceptibility measurements the signa-
those previously reported for Nb and MgBlain films®”  ture of the transition between the different flux penetration
Finally, a smooth penetration is found at high temperaturesegimes is a local paramagnetic reentrance in the ac
and fields, as in the case of the patterned sample. screening?3
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In Fig. 3 we plot theH"(T) lines previously reported using
ac susceptibility together with those determined by ZFC MO
measurements. Figure(é@ shows the phase boundary ob-
tained for samples with the same antidot array and a slightly
(15%) different thickness. The remarkable agreement be-_, }
tween these two type of experiments reinforces the interpre-'g 4y
tation of the reentrance in the ac screening as the onset c— , ]
dendritic vortex avalanches. For comparison, the boundar)m 0
lines corresponding to samples with and without antidots are
shown in Fig. 8b). In this case both samples were deposited
simultaneously and have the same thickness. AH#) line
for the nonpatterned sample was determined by MO imaging
whereas the boundary for the antidot sample was obtained b (@)
ac susceptibility and is the same as already shown in Ref. 13
In Fig. 3(b) we can clearly see that the flux-jump regime
covers a larger portion of the phase diagram for the patternet
sample than for the plain film, in agreement with previous
reportst?13 -

Hébertet all? proposed that the larger extension of the E
avalanche regime in presence of antidots can be related to thm
formation of a multiterrace critical st&f&?*in this kind of
samples. Within this model, the main precursor of avalanches

—

is the abrupt local changéB(x) in between terraces of con- 23 12 e ae os G 0.2
stantB. However, the direct observation of vortex dendrites (b) xlw

indicates that this scenario is not appropriate to describe the B B
observed extension of the flux-jump regime. 12 - - -

mT ]

uoH =22 mT

Q-W

C. Dendrite field evolution ’/J\/\/\/\/

In order to gain more insight into the dynamics of the — G'M

avalanches we studied the magnetic induction profile inside™ 3_w
the dendrites in ZFC experiments where the external field is

increased in discrete steps. In Figada 3D image of the

field distribution near one edge of the sample with antidots at
T=4 K and ugH=1.8 mT is given. Figure @) shows the

magnetic field profile inside the dendrite along the line indi- FIG. 4. (a) Three-dimensional plot of magnetic field near the

cated byA.-Ar in Fig. 4(a) for different applied fieIds._During %dge of the sampléAD75) with antidots atT=4 K and segH
the_expenment J.[he .externl?l fleild.was mﬁreasedl In steps afy g . (b) Profiles of magnetic field along a dendrite indicated
5H_0_'2 mT but in Fig. (I_b) or clarity We Show only CUTVES 1, A a7 in (a) for different applied fields(c) Sequence of magnetic
atoH=0.4 mT._ In both figures a maximum & at th_e e_dge_ field profiles along the lin®-B’ in (a) (transverse to the dendrijes

of the sample is clearly seen as expected for a thin film in &g clarity the curves are displaced by 1.5 mT along the vertical

transverse magnetic field due to demagnetization effects. axis. The difference in external field between each consecutive pro-
In general, we observe that once a dendrite develops, it§e is 0.2 mT.

shaperemains practically unchanged as the field is further

increased. Additionally, as can be seen in Figh)4the in- Before the avalanche event occurs, the field penetrates
ternal fieldB along a dendrité A-A’ line) increases as one following a Bean-like profildH <1.2 mT in Fig. 4b)]. In-
moves from the edge towards the center of the samplaerestingly, right after the avalanche develops, this slope re-
Moreover, the magnitude of the magnetic induction insidelaxes, as expected for a field-cooling process, and for higher
the dendrite can be even higher than the field at the edge aipplied fields it recovers again. A similar effect was previ-
the sample. After a dendrite has formed, the initial deficiencyously observed in Nb film&

of vortices near the edge of the sample is progressively filled The evolution of the shape of the dendrites in their trans-
by new avalanches as the external field is rampeflsap for  verse direction is shown in Fig(d. These profiles are cal-
example the field profiles foH=2.4 mT in Fig. 4b)]. As  culated along the line defined iB¢B’ in Fig. 4a) where no
already pointed out by Barkost al,?® the initial inhomoge-  side branches of the dendrites are crossed. For the sake of
neous distribution of vortices along the dendrites can be atelarity the curves have been displaced vertically. Naturally,
tributed to the field induced by the screening currents thathe appearance of new peaks as the field is increased corre-
flow around the dendrite. The field lines associated withsponds to the formation of new dendrites. The average width
these currents are more dense near the front of the dendrite the core of the dendrites 8~ 45 um~ 30d, thus involv-
giving rise to higher local field at that point. ing many unit cells of the periodic pinning array. From this
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' ' ' @) stabilities of field penetration in thin films with random
disorder®

In Fig. 5@ we observe a noisy behavior df as H
increases, in agreement with the observed jumpy
magnetizatiort? Figure §b) shows the area of the sample
invaded by vortex avalanches for each stepgugfl. Within
the inherent noise due to avalanche behavior, the data in both
figures collapse onto a single curve for all temperatures.
From the data shown in these figures, we can roughly esti-
mate the internal field incremerdB at each externabH
=0.4 mT step. Indeed, from Fig.(& we have &;~8
X 10719 Tm? and from Fig. %b), A;~ 0.3 mn?, thus we ob-
tain SBB=®; X A;~2.6 mT within the avalanches which is
approximately 6 times larger than the change in the applied
field. This difference, of course, is a consequence of the in-
homogeneous distribution of vortices in the avalanche re-
gime leading to a strongly focussed flux penetration. Averag-
ing over the whole sample givesB~ 6H. The observation
of a 5B independent oH andT is consistent with the previ-
ously reported temperature independent flux jumps in similar

-10 + 2
<DT [1077" Tm<]

N W hRoe N A O @

AT[mm2]
e o o

. ) ' sampleg?13
0 5 10 15 20 We have pointed out in Sec. Il A that dendrites Tt
noHImT] =5.5 K exhibit more branching than at lower temperatures

(see Fig. 2 This effect becomes evident in Fig(ch where

FIG. 5. Avalanches as a function of applied field for samplethe average avalanche size), is plotted as a function of
AD75. (a) Total magnetic flux®+, (b) area of the sample covered uoH for the same three temperatures asdanhand (b). The
by avalanchesAr, and(c) average size of avalanchéd), at each  average is calculated for each applied field@s=>®;/N,
field step as a function dff for different temperatures. whereN is the number of avalanches that takes place at that
field. From the figure it is evident that @=3.5 K and 4.5 K

sequence of profiles it can be seen tiet width of the peaks the average avalanche sizes are similar whereds-&t5 K
does not change with fiel&lso, no clear temperature depen- there is a substantial increase(fh). This result is consistent
dence of the dendrite width has been observed. with a scenario where fingerlike dendrites of a well-defined
size dominate at low whereas large, highly branched tree-
like dendrites, with no characteristic size, dominate at high
D. Avalanche size distribution T. The present analysis of avalanche sizes shows that even
though the average size of the dendrites depends on tempera-
Since MO imaging maps the spatial distribution®fin-  ture, the total flux involved in all avalanches remains ap-
side the sample we can calculate not only the total magnetigroximately constant.
flux involved in all avalanches but also the number of vorti-  In addition to the analysis of magnetic flux and area of
ces involved in a single avalanche. In order to do that, weavalanches presented above, similar to a bulk magnetization
subtract two consecutive MO images such that only relativeneasurement, the identification of each avalanche event al-
changes are recorded. Then we identify all avalanches thagws us to analyze thdistribution of individual avalanche
took place at a given change in magnetic field and calculatgizes in the whole dendritic penetration regime. Presently,
the area,A;, and the magnetic flux@; involved in each there is controversy on whether the critical state in supercon-
single avalanche event. Also we sum all the events for @uctors is a self organized critic80Q system or not’-28
given field step. The resulting valuds;=X®; andAr=XA;  In the first case the size distribution will be described by a
for all fields and at three different temperatures are shown ipower law since avalanches of all sizes are expected. In our
Figs. 5a) and Zh). samples we find that the avalanche size distributiwe de-
Since avalanches stop at a temperature dependent fiefghe the size by the total amount of moved fius consistent
H"(T) the analysis is significant up to a certain field that iswith power law behavior folT<5.5 K (see Fig. 6. How-
smaller for higher temperatures as can be seen from Fig. 3. éiver, at large avalanche sizes the data departs from a linear
is interesting to note that the avalanches start at a fielthehavior in the log-log plot. This is due to a finite size effect
moH~0.7 mT (see vertical dotted line in Fig.)5In contrast  since the length of the dendrites is limited by the size of the
to previous report§no clear temperature dependence of thissample?® Clearly we observe power-law behavior over one
minimum magnetic field was observed in our experimentsand a half decade consistently with SOC behavior. TAt
The existence of a minimum field for the development of the=5.5 K a reliable fitting is not possible since the small
first avalanche or the first flux jump, was predicted theoreti-amount of avalanches results in a very poor statigtic¢his
cally and observed in many experimeftShis feature was case there are of the order of 80 avalanches while at 4.5 K
also found in recent numerical and analytical studies of inthe number is 200 The power-law exponent extracted from
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' ' with the results obtained from ac-susceptibility measure-
4 ments in similar samples; see Fig. 3. We have also corrobo-
rated that in the film with antidots the vortex avalanche re-
gime is extended to higher temperatures and fields as
compared to the case of unpatterned films. The detection of
dendritic penetration in the flux-jump regime shows that the
T proposed modét!3 of multiterrace formation for flux pen-
. etration is not applicable at low temperatures for Pb films
<@=T =Ha K 5 with antidots. Magnetic field profiles inside the dendrites in-
a dicate that the field at the tip of the dendrite is of the order or
. ! even higher than the field at the edge of the sample. This is
01 6 21 due to the high field induced by the screening currents,
0 (107 T which make a hairpin bend at the end of the dendrite. A
FIG. 6. Log-log plot of the distribution of avalanche sizes for relaxation of the magnetic f'?'d slope at the edge of the
sample AD75 at different temperatures. The size of an avalanche Eample due to _the gva_lan(?he IS Obs_erved.
given by the moved fluxb. The straight solid lines are linear fits, Avalanche size distribution anaIySIS shows tha_t the sum of
yielding a power-law exponent=0.9(1). the flux.over all avalanches remains constant W|t_h tempera-
ture. This accounts for the observed temperature independent
- . magnetization at lonH and T. However, we find that the
the'flttmg of the data at low temperaturesﬂs 0.941). A ave%age size of the dendrites depends on temperature. Thus,
similar value(r=1.09 has been obtained recently by Rado- 5 etajled knowledge of the morphology of avalanches is
van and Z"?Vé'” Pb plain films by analyzing the size of the necessary for a complete description of flux penetration in
magnetization jumps using Iocglol Hall probe measurementgpege superconducting thin films. Besides this global analysis
For YB&Cu;0; Aegerteret al,™ found a slightly larger ot \ortex avalanches we study the size distribution of indi-
valuer=1.292). Itis important to mention that the different ;4,5 avalanches taking profit of the local character of our
behavior of avalanche size distribution, as reported in othefachnique. We find that the size distribution of individual
systems;"¥? could be due to the characteristics of the ayajanches is consistent with a power law behavior over
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quenched disorder potential present in each case. more than a decade of avalanche sizes at low temperatures.
However, the absence of finite size scaling anafysi®es
IV. CONCLUSIONS not allow to make a definite conclusion on whether the sys-

tem is SOC or not.

Recently, it was demonstrated that the coupling between
nonlocal flux diffusion with local thermal diffusion can ac-
€ount for dendritic penetration in plain films. We believe that

We have studied magnetic flux penetration in Pb thin
films with antidots by means of MO imaging. At low tem-
peratures and fields the penetration is dominated by vorte

;’;I\val?nche_s ngle at zigcvé-r a;]ndH ? ratgeLsm(?]oth anld ﬂart] a similar analysis for the case of samples with periodic pin-
ux front is observed. We have found that the avalancheg;,q \ijl pe very helpful for a complete understanding of

de\(elop.in the form OT dendritgs s_imilar.Iy to previous Obser'magnetic flux instabilities in superconducting samples.
vations in Nb films with a periodic antidot array. The mor-
phology of the dendrites changes with temperature, from fin-
gerlike at lowT to treelike at highr. For allH-T we observe ACKNOWLEDGMENTS
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