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Paramagnetic reentrance of ac screening: Evidence of vortex avalanches in Pb thin films
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We have studied the influence of a square array of pinning centers on the dynamics of vortex avalanches in
Pb thin films by means of ac- and dc-magnetization measurements. Close to the superconducting ffgnsition
the commensurability between the vortex lattice and the pinning array leads to the well known local increments
of the critical current. As temperatufe decreases, matching features progressively fade out and eventually
disappear. Further down in temperature, vortex avalanches develop and dominate the magnetic response. These
avalanches manifest themselves as jumps in the dc magnetization and produce a lower ac shielding, giving rise
to a paramagnetic reentrance in the ac screegliig). Within the flux-jump regime, two subregimes can be
identified. Close to the boundary where vortex avalanches develop, the field separation between consecutive
jumps follows the periodicity of the pinning array and a field- and temperature-dependent screening is ob-
served. In this regime, the response also depends on freqdeincggreement with theoretical models for
magnetothermal instabilities. At low enough temperatures and fields, the screening saturates to a constant value
independent oT, H, andf, where jumps are randomly distributed. We have also found that vortex instabilities
occupy a larger portion of thd-T diagram in patterned samples than in films without nanoengineered pinning
sites. Finally, we discuss the possible origin of the vortex avalanches and compare our results with previous
experimental and theoretical studies.
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I. INTRODUCTION batic heating? In both cases, the stability criterion for the
critical state reads
If a type-1l superconductor is cooled down in a zero ap-

plied field [zero-field-cooled ZFC) experiment and subse- 2| a3
quently an external fieltH larger than the first critical field —J—=| <1, (1)
H¢, is applied, flux-bearing vortices enter through the sam- e| “dT

ple’s borders until they are captured by pinning centers. As a
consequence, the system achieves an inhomogeneous flukeres is the characteristic sample dimensi@xC/ ug in
distribution with a higher density of vortices near the bordershe adiabatic approximation, ane=«/p in the dynamic
that progressively decreases toward the center of the sampl@pproximatior?
The spatial variation of the locally averaged fi@¢r) gives At high temperatures and fields, where the critical current
rise to supercurrentd in the sample that, in the stationary is small, vortex avalanches are usually not seen. As tempera-
state, accommodate to be exactly the critical curtkreév-  ture and field decrease, critical current increases and below a
erywhere. The resultant inhomogeneous flux distribution otertain boundaryH™(T), vortex avalanches develop. In prin-
this so-calledcritical state represents a self-organized state ciple, this scenario should apply with minor differences for
that under small perturbatioriéike local temperature fluc- both bulk samples and thin films. However, recent magneto-
tuationsdT;) can lead to vortex avalanches in order to main-optical imagegMO) have shown that in thin films, withi
tain J=J.(H,T) in that region. Because of the dissipation applied perpendicular to the plane of the film, the flux pattern
produced when flux lines move, each avalanche gives rise tim the sample exhibits a richer morphology than the smooth
a heat pulse and therefore a local increment of the tempergrogressive flux penetration observed in the bulk. For this
ture 8Ty. If 6T;<ST;, the critical state remains stable under particular geometry, flux invasion occurs via dendritic struc-
these perturbations, otherwise avalanches of vortices dratres which cover a substantial portion of the sample’s area
the sample to a highly resistive state. and grow very fasti.e., under adiabatic condition$ The

The way in which the vortex lattice reacts to the local thermal origin of the observed instabilities has been recently
overheating is crucial to determine the subsequent dynamiatemonstrated by strongly suppressing the dendrite instabili-
of the system. If the diffusivity of the magnetic flygiven ties as the thermal contact is improved.
by the resistivityp) is smaller than the thermal diffusion Typically, the observed sudden penetrations of the flux
coefficient(given by x/C, wherex is the heat conductivity front into the sample are accompanied by sharp jumps in the
and C is the heat capacijy the hot spot propagates in a dc magnetizatiod:>~’ These jumps generate a noisy response
frozen magnetic and current distributigdynamic approxi-  which can undermine the technological applicability and per-
mation). On the other hand, if thermal diffusivity is smaller spectives of superconducting devices at low temperatures.
than magnetic diffusivity, there is not enough time to removeHowever, recent promising experimental results have shown
or distribute the heat produced by the vortex mot{adia-  that this noise can be substantially reduced by introducing an
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TABLE I. Lateral dimensiongw; andw,), thickness(t), and  patterned samples, the square antidot array consists of square
critical temperaturegT,) for all the films studied. AD stems from a pinning sites with lateral dimensiob=0.8 um and period
square array of antidots and BH from a square array of blind holesg=1.5 um which corresponds to a first matching fiettj
=9.2 G. Simultaneously with each patterned film we depos-
Sample wi (mm) w (mm) t (nm) Te (K) ited a plain reference film on SiGubstrate which allows us
to perform a direct and reliable comparison in order to dis-

AD15 1.9 2.0 135 710 tinguish the effects of the pinning array. From the tempera-
ADG5 2.3 . 65 721 ture dependence of the upper critical figlid,(T), we have
BH100 3.2 3.3 100 7.22

estimated a superconducting coherence lengitD)
=33+3 nm for all samples.
The details of the sample preparation can be found in Ref.
. T | , 15. Briefly, the predefined resist-dot patterns were prepared
S|deraltl)Iy the region in théi-T diagram where flux jJumps . ejectron-beam lithography in a polymethyl metacrylate/
oceur . methyl metacrylatg PMMA/MMA) resist bilayer covering
Addmonall.y, in a recent work, Aransoet al.%2 h.ave theo- the Si0, substrate. A G0 A)/Pb/G&200 A) film was then
" . . "Llectron-beam evaporated onto this mask while keeping the
of the _cr|t|cal current would give rise to a g_rowth .Of the substrate at liquid nitrogen temperature. Finally, the resist
branching process of the dendrites in comparison with a ho- as removed in a lift-off procedure in warm acetone. The
mogeneous pinning distribution. Evidence supporting thisBH100 blind hole array was fabricated by depositing an ad-

i 13
picture was reported by Viasko-Viaset al. = who ana- giiiona 25.nm-thick Pb film on top of a 75-nm-thick Pb film
lyzed the MO images of Nb films patterned with a square,itn an array of antidots

lattice of holes. The authors show that as the field is progres- 4 ac-susceptibility measurementg(H,T)=y' +iy”

siyely ramped up, fi.rst the flux enters from the edges .ir\/vere carried out in a commercial Quantum Design-PPMS
stripes with boundaries along the principal axes of the pin-

ning array and then new stripes jump between previous| device with drive field amplitudek ranging from 2 mOe to

. ; . . 0 Oe, and the frequendyfrom 10 Hz to 15 kHz. The data
developed stripes. The width of these stripes involves severdl. o normalized to have a total sté’ =1, with H=0 at
unit cells of the pinning array. '

On top of that, magnetization measurements performed OIow temperatures and ac drives. This system provides a tem-

) ) Berature stability better than 0.5 mK, which is crucial for
Nb (Ref. 14 and Pb(Ref. 11 films with a square array of measurements near the critical temperature. The dc-

holes show that the field separation between Consecu“v%agnetization measurements were obtained using a QD-

jumps commensurate with the period of the underlying pin'MPMS SQUID magnetometer equipped with a 5 T magnet
ning array. This is a surprising result since matching features '

are typically seen only very close T, where intrinsic pin-
ning and self-field effects are not relevant. Clearly, the influ-
ence of the vortex pinning in the morphology and dynamics

array of pinning center%;10 at expenses of increasing con-

Ill. RESULTS AND DISCUSSION

of the flux penetration on these kind of systems is an issue A. dc magnetization
fthat hgs not been fully addressed so far and deserves further In order to identify the temperature range where flux
investigations.

jumps occur, we have measured zero-field-cog&eC) and

. In th_is work, we study. th? flgx-j_ump regime in Pb thin field-cooled(FC) dc magnetization for a fixed fieldl. The
films with and without periodic pinning by means of ac- and result of these measurements is shown in the main panel of

dc—§usceptlblllty measurements. In the. samlp.IeS with a squ.arﬁ-g_ 1 for the AD15 sample a1=5 G. A reversible response
antidot array, several regimes can be identified as a functio

; [ obtained forT.—-T<0.7 K, a temperature range higher
of temperature. For temper_atur§§TC, matching f_eatures . than that expected for the irreversible line at this fi€ld,
appear when the vortex lattice commensurates with the pi orobably due to the presence of an undesirable remanent
ning array. As temperature decreases, these effects progr 51d in the initial cooling procedure
sively fade out. At a certain field-dependent temperature, the The AD15 sample is the same as; that used in our previous
shielding power of the sample is dramatically reduced and gy yjedl? | that work, we show that commensurability ef-
reentrance n tzebac scre:nwg_T)l IS observe(;l. ;I;hlzleff.ect . fects between the flux line lattice and the pinning array mani-
s accompanied by a substantial increase of the dissipaliofyst themselves as a peak in the critical current or as a higher
x'. We demonstrate that the observed reentrance is related §%reening in the ac response. In this particular sample, well-

the appearance of flux jumps in the sample. Finally, we disyafineq matching features appear only Tor T< 0.6 K. For

cuss the or_igin of the quasiperiodic jumps in terms of a mu"lower temperature§T < 6.5 K), the decrease of the penetra-
titerrace critical state. tion depth\(T), the growth of the intrinsic pinning strength,
and self-field effect$ lead to less pronounced matching fea-
tures, which eventually disappear. Decreasing further the
temperature, there is a clear transition to a regime where
The experiments were conducted on Pb thin films withmagnetization becomes notably noisy. This transition occurs
different pinning arrays. The dimensions and critical tem-for both ZFC and FC curves arouii¢=5.7 K, indicating that
perature for each sample are summarized in Table I. In allhe onset of the crossover to a smooth behavior at high tem-

Il. EXPERIMENTAL DETAILS
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FIG. 1. Main panel: Zero-field coolindilled circles and field- . .
cooling(open circleydc magnetization as a function of temperature 5.0 55 6.0 6.5 7.0
for the AD15 sample ati=5 G. The vertical black arrows indicate T(K)
the temperature where the loops shown in the insets were recorded.
FIG. 2. Temperature dependence of the ac susceptikikty’

eratures is highlv reproducible. Of course the nois re_+iX” at several ac drivels for a plain film (upper pangland a film
P ghly rep y with a square array of holgéower panel. In the lower panel, the

sponse(dm~ 0.1 m) is not related to the experimental reso- " ’ : i
. . . . . . . transition to a flux-jump regime appears as a reentrance signaled by
lution of the used device since in this regime the signal-to-
. e . the featuresTy, and Tyea (SEE Arrows
noise ratio is higher than nedg, where a smooth curve is
obtalne.d. _Instgad, we argue thafl'a15._7 K, a transition to a .served a weak influence of the amplitudeon the position
more dissipative state owing to flux jumps takes place. Evi-

) S S : where jumps first develop. This is shown in the inset of Fig.
dence corroborating this interpretation is obtained by meas | Lore we can see that at low amplitudes, both the local
suring hysteresis loops @t=4.8 K deep in the noisy regime '

. . - S2007 minimum Ty, and the local maximunT e, remain almost
;ubps%?]rt(lglv?/eetr %fsgggdf)}:%ndl ?:E;r?tlfe \;Vgsrr]ethtgtea?:oéseK 'S constant a:hpincreases. Frorhzé} G up,")the transi'gion tem-
jumps in the dc magnet'ization never occur. In contra’st t erature -SIOWW de_,-creases with increasing\s we WI-” shoyv

_ 4 A i elow, this effect is a consequence of g, decreasing with
that, atT=4.8 K, flux jumps are present in the Iow-fle_ld re- increasing the total fieldH+h. There is a systematic small
gion up to ~100 G, where the average magnetization

reaches a maximum. Eet> 100 G, the ireversible magne- discrepancy between the onset of the flux-jump regime de-

A ) . . rmin magnetization an ibility. This ef-
tization decreases smoothly as the field increases, in agretee— ed by dc magnetization and ac susceptibility s €

ment with a critical state scenario. As has been pointed out —— T . T . . - T

AD15

previously, the magnetization peak at 100 G indicates the h (Oe)
onset of vortex avalanches in the sanfple. - H=5G| |
| —=—1.63
0.20 | —o—2.56 .
B. ac susceptibility I :‘_‘;;2;
The appearance of flux jumps should also be reflected as  0.15} 100

lower efficiency to screen out an external ac field. This effect™
can be seen in the lower panel of Fig. 2, where the screening 4oL
x' and the dissipatiory” as a function of temperature are
shown for the AD15 sample &a1=5 G and several ac exci-
tations.

At low ac drives, no features indicating the transition to a
flux-jump regime are observed. Fbe 1 G, a paramagnetic 0.00
reentrance in the screening Bt- 6.3 K signals the onset of
the flux-jump regime. It should be noted that the ac drive at
which the reentrance i’ (T) first appearsh~1 G, is the FIG. 3. Main panel:y” vs x' obtained fromy(T) curves at
same order as the average distance between the jHNPS several ac amplituddsfor the AD15 samplgsome of these curves
~3 G. This result suggests that as longhasH;, new vortex  are shown in the lower panel of Fig).Zrhe small arrows indicate
avalanches are not triggered and the transition to the fluxthe evolution of the curve a¥ decreases. The inset shows the
jump regime is not detectable. Consistently, we have obtransition temperatureBy, and Tpeqc(see Fig. 2as a function oh.

0.05 -

-0.80 -0.60 -0.40 -0.20 0.00
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fect can be attributed to a faster onset of vortex avalanche: - : ———— 300 o

due to the ac shaking. 00F| | © ADe5 @ e is

It is worth noting that the temperature evolution of the I ‘.oo ® ADIS 8] H,. ——30G

’ c ——60G| £

curves at temperatures abovVg, and belowT ¢, follows a e} + J200 | _goclf
quite different trend. Similar behavior has been recently re- 021 % : £if
ported by Passost al1® for MgB, samples and attributed to X o.
a possible field-induced granularity. The origin of the reen- . .
trant behavior in the screening can be understood from the 04T Vortex ctqb ’ g
upper inset of Fig. 1. In this figure, we can see that the™ - | Avalanches o, 5 ;
development of avalanches leads to a reduction of the aver ,¢1 Q 3 & |
age critical current and therefore also to a reduction in the a 5 6 P2
screening properties. In other words, when the systerr I TK) % T
crosses from a “non-jumpy” regime to a “jumpy” regime, _ggl| |ADP65 L=
either by sweeping field or temperature, a strong suppressiol =300 ggesss s e H
of the screening power occurs. As a rule, every peak in the d¢ ]
magnetization(either in field or temperatuyewill manifest -1.0 é é "‘ é é ;

itself as a dip in the ac screenif®?!

For comparison, in the upper panel of Fig. 2 we show
similar measurements performed on a plain f'(l_nithout a FIG. 4. Main panel:y'(T) for the AD65 sample ab=3 G and
r?anoenglneer_ed pinning arnafpr the same ac drives and dc several fields. The vertical dashed line indicates the lowest tempera-
field. In the window of temperatures shown here, no featuregre where matching features are still barely defined. The inset
indicating the flux-jump transition are found. However, a re-ghows the different observed regimes inkT phase diagram for
entrance appears a,~ 3.8 K for H=5 G. This reduction  he AD15 (square symbojsand AD65 (circle symbols samples.

of Tgip in the unpatterned sample is in agreement with recenthe boundaryH"(T) represents the position of the local minimum
magnetization measurements performed in samples with ang the y'(T) curves shown in the main panel.

without a periodic pinning array.

It should be noted that performing ac-susceptibility mea-
surements, the “noise” produced by the flux jumps is re-As we will discuss below, the higher dissipative state is ac-
moved. This is so because the measurements here presentgfinpanied by & dependence susceptibility analogous to a
were obtained at a relatively high frequenfcy3837 Hz and  ¢reep regime where the frequency dependence of the mag-
with an integration time of 1 s, therefore the resultane-  atic response appears as a consequence of the dynamic evo-

flects an average after cycling 3837 times a minor 100p. BYjion of the systentnot considered in a conventional critical

reducing the number of cycles, one may approach the case gfate model

dc-magnetization measurements and jumps become more Once we have identified the temperatiiig, (Or Tpea as

apparent. o b . )
The transition to the flux-jump regime becomes more Ob_the transition temperature to a flux-jump regime, we can de

. : . ; termine the portion of thel-T diagram where these instabili-
vious by plotting the imaginary versus the real part of the ac. . . . - .
susceptibility:y” X ' as shown in the main panel of Fig. 3. c[|es dominate by tracking the dip position as a function of the

The advantages of this so-called Cole-Cole plot is twofold:dC fi€ld- Some of these curves are shown in the main panel of
first, it makes possible a comparison among different 19- 4 for the AD65 sample dt=3 G. In this figure, it can be
samples without knowing the specific value of the criticalS€€N that the transitiofy;, shifts to lower temperatures &
current2? secondly, it allows one to identify clearly different increases. This result is a consequence of a critical cudgent
vortex dynamics regimes. In Fig. 3, we show this represendecreasing with increasirtg and in agreement with previous
tation with y obtained by sweeping temperature at several €xperimental reports. It is also interesting to notice that at
(parts of these data were already shown in FigAll these  low temperatures and fields, all these curves merge into a
curves show a similar general behavior. Starting from higtsingle universal behavior. This field-independent curve indi-
temperaturegright side, we first observe an increase in both cates that the average irreversible magnetization in this re-
dissipation and screening @sdecreases, until the transition gion is also field-independent. This is confirmed by the dc-
temperatureTy, is reached, at which point a sudden reduc-magnetization measurements shown in the main panel of Fig.
tion of the screening together with an increase of the dissié for the BH100 sample and by recent experiments per-
pation occurs down tdl,e Below this temperature, the formed on plain Pb filmé? Another important observation is
curves continue with a smooth evolution. Remarkably, thghat at low temperatures the universal magnetization seems
whole family of curves merges in two well-distinguished to saturate to a valug’ ~-0.91, and hence it also becomes
evolvents, one folf > Ty, and the other folT <T,.q, the temperature-independent. Of course, at higher fields
latter being more dissipative than the former. Additionally, (H>100 G this field-independent behavior is progressively
the peak of maximum dissipation is shifted frogf = lost as the system approaches the boundi).

—0.365 for T>Ty, to x'=-0.408 for T<Tpeqe This in- This striking T- and H-independent average magnetiza-
crease in magnitude of the maximugi together with the tion at low temperatures might be attributed to the coexist-
shift towards xy'=-1 is commonly observed in high- ence of two different species of vortices. Indeed, it has been
temperature superconductors and attributed to creep effectshown that in this regime dendrites have a fingerlike struc-
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ture with a size which remains unaltered with a further o p———— — m-0.5 ADGS P
changing of the field. This very stable pattern of flux- gL AD65 —=—65K ]
penetrated regions is a consequence of the tendency of der ' [ [[h=36 e BV h=3G ]

drites to avoid each other. Once the field is reduced, already -0.2|
developed dendrites may help to remove flux from the 3l
sample and also channel incoming vortices when the field is I
again increased. In this picture, the ac response would bey”
dominated by the easy motion of vortices inside the den- -0.5f
drites, thus leading to a lower saturation vaje~—0.91. 06| b= : .

In the inset of Fig. 4, we show the resultant phase diagran (200 <100 o 100 200
obtained following the procedure described above for the H(G)
ADG65 (open circley and AD15(filled squarey samples to-

gether with the upper critical field,(T) for both sample$? 0.9 ke 1
An almost linear temperature dependence of the boundan .4 . : A——
H*(T) is observed in the whole range of temperatures. Note 2 3 4 5 6 7

that the observed different slopes of the bounddfyT) (a T (K)

factor of 3 steeper for the AD65 sampleannot be ascribed

to a different temperature dependenceHgj since the upper FIG. 5. Main panel:y’(T) for the AD65 sample at zero field,

critical field is roughly sample-independent. As a conse-h=3 G, and two extreme frequencies. The inset shows the field
quence, theH-T region of flux instabilities for the AD15 dependence of the screenigg for several temperatures. At loW
Samp'e turns out to be smaller than for the AD65 Samp|e.and H, the ﬂUX-ijp regime manifests itself as a reduction of the
This reduction of the flux instability region with decreasing Screening.

the film’s thickness is in agreement with previous observa-

tions in Nb thin films® Indeed, ifH is applied perpendicular
to the sample’s surface, the effective siz@hich determines
the _stability criterion in Eq(1) can be approximated as

o i i il16:25 Usi . . ) .
\wt/2, wherew is the width of the filnf:*> Using the Let us now discuss what kind of instability corresponds to
sample dimensions shown in Table |, we obtaim3.8 um  he ohserved behavior. An estimation of the ratioxa/C

and s=8.9 um for the AD15 and AD65 samples, respec- poqyeen thermal and magnetic diffusivities, ugfig C
tively. Fro[n Eq.(1), we have that for dimensiorsssuch that  _ g7 J/Kg K andk=3.4 W/cm K, and considering that
&> =[3€(dX/dT)|, vortex instabilities appear. In other _ . \herepy=p,H/Hg, is the flux-flow resistivity andp,
agreement with our observation. and H=100 G. Therefore, within this context neither the
As we pOinted out preViOUSly, the transition to the VorteX'adiabatic nor the dynami@)r isotherma] approxima’[ions
instability regime manifests itself as a peak in the dc-seem to be appropriate. However, in the estimate we made,
magnetization loops such as that shown in the upper inset @feveral important points are not included, nan@lghe heat
Fig. 1. Similarly, we can determine this transition field by removal through the substrate which results in a lower local
performingy’(H) measurements at several temperatures as igcrease of the temperature, afiid the field and temperature
shown in the inset of Fig. 5 for the AD65 sample. In this dependence of the specific heat and the thermal conductivity.
figure, the data recorded &t6.5 K fall, for all fields, in the  All these effects tend to reduce the value of the effective
stable regime where no jumps are observed, and therefokgus approaching the adiabatic limit. In addition, our esti-
they exhibit the standard maximum screening at zero fieldmate is based on a critical-state model where the dendritic
For the rest of the explored temperatufies 6 K, the maxi-  penetration observed in these samples is not considéred.
mum screening is no longer located at zero field bl @t, ~ Moreover, it is important to note that flux jumps are not
which roughly coincides with the boundak/ (T) shown in  mounted on a continuous prolongation of the curve observed
the inset of Fig. 4. We observe that at low temperatures, at high field(see Fig. 6, thus suggesting that the observed
plateau iny’(H) appears aroundl =0 in agreement with our vortex avalanches cannot be described within a critical-state
previous remark. This constancy gf(H) implies a fixed scenario. It is believed that in thin films, the long-range
size of the flux avalanches and a field- and temperaturevortex-vortex interaction and the nonlocal current-field rela-
independent magnetization. This is consistent with the retion are key ingredients which should eventually be incorpo-
cently reported avalanche distribution performed in similarrated in order to describe the branching process of the flux
sample$' and magnetization measurements on plain Plpenetratior?:?8
films.2® According to Ref. 11, foT<5 K the size distribu- On the other hand, the similarity between the measure-
tion of flux jumps does not depend strongly on temperaturements presented in this work and those previously reported
and in particular the maximum jump remains almost con-n several other material®1gB,,” Nb,>'3Pb23 and NSr?®)
stant. This effect is not inherent in samples with a periodigpoints to magnetothermal instabilities as the origin of the
pinning array since similar results were found in unpatternedlux jumps at low temperatures. As we mentioned in the In-
Pb filmsZ3 At lower temperatureéT <3 K), a peak iny’(H) troduction, there is a rich zoology of possible vortex ava-
aroundH=0 reappears, although its maximum screening atanches such as smooth flux fronts, fingerlike penetration,

H=0 is always smaller thag’'=—-0.91. So, still this satura-
tion value imposes an upper bound for the maximum pos-
sible screening in the flux-jump regime.
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s25x] [mio0] i | C. Influence of the periodic pinning
l | We now turn to the analysis of a possible matching be-
tween the periodicity of the jumps and that imposed by the
pinning landscape. It has been recently shown, first by Ter-
entievet al1*in Nb films and later on by Hébeet all!in Pb
films, that within the flux-jump regime and at high enough
6 temperatures and fields, the distance between consecutive
jumps H; coincides with a multiple of the matching field
nH;, with n an integer. We have confirmed that this effect
seems to be also present in the BH100 sample. Indeed, the
upper right inset of Fig. 6 shows a magnification of the de-
creasing branch in the flux-jump region for the BH100
sample atT=5.25 K. A Fourier spectrum analysis of these
data shows that there are three maxima corresponding to
0 ol S " H;=12.8 G, 9.9 G, and 4.3 G, which are relatively close to
-600 -300 0 300 600 the matching conditionsl;/H,=1.5, 1, and 1/2, respectively.
H(G) Appa*rently these periodic jumps appear close to the bound-
ary H (T) with a jump size larger than that observed at lower
FIG. 6. The main panel shows the decreasing branches of ddemperatures and fields.
magnetization loops recorded at three different temperatures for the Thesea priori unexpected commensurability effects at
BH100 sample. In the flux-jump regime, the average magnetizatiofow temperatures represent a striking observation since just
tends to a common value. A full hysteresis loop is shown in the lefighgve the transitioﬁdip(H) there are no special features in-
inset. The right inset shows a magnification of the flux-jump regimedicating the commensurability effects. The absence of
where quas?periodic jumps appear. The units usgd in the_vertic%atching features aboVQ,ip(H) is an indication that vortices
axes of the insets are the same as the one used in the main pang}o 1\, |onger regularly distributed. However, the influence of
the periodic pinning array might still play an important role
, i i i , as it favors an easier motion of vortices along the rows of the
or highly branched treelike flux invasion. In MgBMO im- 513y than at any other orientati®hThis picture is consis-
ages indicate that quasiunidimensional fingers occur at IoWant with the MO measurements of Ref. 13 showing prefer-
temperatures, whereas at intermediate temperatures gig] penetration along the principal axes of the pinning
branched structure dominaté§im”ar|y, Vlasko-Vlasovet array. Moreover, recent MO imag‘@s performed on
al.'® showed that in Nb films patterned with an array of YBa,Cu;0-_, thin films with a square array of holes at very
holes, flux penetrates as stripes at low figigsembling the  |ow temperature$T=4.5 K) whereno matching effects are
fingers observed in MgB, whereas at higher fields a branch- observed showed that the penetration of the flux front is
ing process produced by “magnetic discharging” connectsighly anisotropic as a consequence of a strong guidance of
the original stripes. This fast flux penetration Strongly SUg-vortices by the under|ying pinning structure.
gests that our results can be described within the adiabatic Currently it is still a puzzling question why the period of
approximation. the jumps coincides with multiples dfi;. In Ref. 14, the
Another interesting result comes from the analysis of theauthors postulate that at low temperatures, regular vortex
frequency dependence of the screening. According to thetructures may appear in a flux depleted region near the bor-
commonly used theoretical models, in both dynaie-1)  der of the sample as a result of geometric barri&@B). As
and adiabatio7<1) limits, the size and the distance be- the field is increased, this vortex-poor contour region is pro-
tween jumps should decrease with increasing the field sweegressively filled with vortices which form a highly stable
ratedH/dt.23° It has also been experimentally shothat  vortex pattern similar to those normally observed clos&to
the mean value of the magnetization, which is in fact whatAbove a certain threshold.e., H;=nH,), the vortex distri-
we are able to determine with ac susceptibility, decreasefution in the border becomes unstable and is pushed towards
with increasingdH/dt. In order to study this effect, we have the center of the sample by the screening currents, thus trig-
measured the/(T) at h=3 G for two extreme frequencies gering a flux avalanche. A first step in order to elucidate the
f=56 Hz andf=10 kHz, as shown in the main panel of Fig. origin of the observed quasiperiodic jumps is to discern
5. These frequencies correspond to a field-sweeping rate efhether GB are actually present in these samples.
0.05 T/s and 12 T/s, respectively, thus widely covering the Some evidence of the presence of GB comes from the fact
range wheref dependence has been observed in othethat matching features obtained at high temperatures are sys-
materials®® Surprisingly, there is almost no frequency depen-tematically better resolved when decreasing field than in-
dence unless in a narrow temperature window right belowereasing field as a consequence of a delayed entrance of vor-
Taip, Where a smaller screening is detected for the highetices in the sample but without affecting their exit. However,
frequency, as expectéf.On the other hand, the lack of in most cases the observed difference is almost impercep-
dH/dt dependence in the low-temperature regime has alstible, thus suggesting that the ubiquitous GB are not relevant.
been reported in Refs. 6 and 11, although in these publicaFhis result is consistent with the highly symmetric dc-
tions the usedlH/dt covered a much smaller range. magnetization loops observddr all temperaturesstudied,

6f :
" I Y G § i
21012345
H/H,

800 400 0 400 800
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o A N Cole-Cole plot of the third harmonic using the same data
shown in the main panel is presented together with the the-
oretical curve for the critical state in a disk-shaped sample
within the Bean model scenario. We also included in this
figure the curve for a ring rescaled by a facjgrto fit with
the experimental data and accounting for the expected am-
plitude dependence in the case of G@&rictly this is not
valid but it rescues the basic heart-shaped curve obtained
in the case of GB, which allows one to make a fast
comparison
In the inset, we clearly see that as for the disk geometry,
the measured curve occupies the quadrants II, lll, and IV. In
gl ] contrast to that, in the case of GB-dominating behavior, the
50 52 54 56 58 60 62 64 66 68 70 first quadrant(corresponding to low temperatuyeshould
T(K) also be covered. This feature remains for all amplitudes and
dc fields studied, thus suggesting that the contribution of GB
circles and imaginary(open circleg components of the third- o the total.response IS Very )Neak. On the other hand, the
harmonic susceptibility for the AD65 sample =500 G andh observed differencgmainly in x5(T)] between the Bean pre-
=0.3 G. The theoretical expectations for a disk in a critical statediction and our experimental results might be accounted for
described by the Bean model are shown. In the inset, the theoreticBly assuming the more realistic case of field-dependent criti-
curve (solid line) and experimental datgfilled circles already  cal current, as in the Kim modé¥:3®
shown in the main panel are represented in a Cole-Cole plot to- An alternative explanation for the observed periodicity in
gether with the curve for a ring-shaped samgletted ling. the flux jumps was recently proposed by Héketral ! Ac-
cording to these authors, at low temperatures the flux profile
as shown for example in the left upper inset of Fig. 6. Incorresponds to a multiterrace critical state composed by steps
other words, if GB were indeed responsible for the observe@f constantB and zero critical current connected by abrupt
periodic jumps, this periodicity would be absent in the de-changes in the flux density where the current is higher than
creasing branch of the loop, in contrast to the general obsethat obtained from the average slope of the flux prdfiln
vation. Additionally, in a recent work we have shown that thethjs scenario, the sudden penetration of a new terrace induces
ac-susceptibility response can be accurately described withifhe movement of the internal terraces, giving rise to jumps in
the simple Bean critical state model for the perpendiculaghe magnetization. At very low temperatures, the concept of
geometry W't.hOUt invoking the existence of GB. Ipdeed, N 85 terraced state is lost as a more disordered flux distribution
system dominated by GB, currents are constrained to rovg‘ pears. On the other hand, since the avalanches are trig-

2(')()“?3 tg(e; S;rgg:: dedégse ?r?zgt th?ged‘sézéh%sargplrier’]s -rser?apogg red by the local slope rather than the average slope of the
P y 9 Peux profile, this model satisfactorily accounts for the ob-

A . . .
sample?? This particular geometry will lead to a domelike served increase of the-T region where flux jumps are de-

Cole-Cole plot more symmetric aroung =0.5 than that .
shown, for example, in Fig. 3. tec'Fed in the_ patterngd samples..However_, a complete expla-
nation of this puzzling observation remains elusive at the

We can gain further insight into this particular issue by . .
measuring the third-harmonic susceptibiligy(T,H,h). The moment, and clearly further experimental and theoretical

advantage of measuring this component lies in the asymmétudies are needed. _ . .

try of the penetration-exit process, which leads to a different !N the final stage of preparing this manuscript, we learned
shape of the minor loops traced out during an ac cycle for th@bout a recent report by Zhukast al* showing several
case of GB and bulk pinnint Figure 7 shows one of these results in agreement with the present work.

measurements for the AD65 sample =500 G andh

=0.3 G. Although we have also collectgd(T) data in the

temperature range 5KT<7.5K, at several dc fields IV. CONCLUSION

(0 GKH<1 kG) and ac driveg0.03 G<H<3 G), for all

these conditions the curves are very much alike. In the same We have shown that the low-temperature magnetic behav-
figure we have included the temperature dependence of ther of Pb films is dominated by vortex avalanches regardless
third-harmonic componentgl(T) andx5(T) calculated using of the details of the pinning array. Although the size of the
the Bean model for a disk-shaped sample with field appliedlux jumps is strongly reduced by introducing a periodic pin-
perpendicular to the plane of the di&ké*As we can see, the ning array, the region of thél-T plane where flux jumps
theoretical curves reproduce qualitatively the main featuresccur is enlarged for patterned samples. This drawback can
of the measured third harmonic. In contrast to that, theséimit at low temeratures the applicability of these arrays to
features cannot be accounted for by using the expression foeeduce the noise in SQUID systems as proposed rec€ntly.
a ring (similar to that obtained for edge barrigrdhis be- At low temperatures and fields, an almosdt and
havior becomes more evident in the inset of Fig. 7, where dl-independent magnetization is found. Although there is no

FIG. 7. Main panel: Temperature dependence of the (fékld
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