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In this study the role oénisotropyon flux penetration irc-axis epitaxial TJBaCuQ; ., and YBgaCusO7_
films is investigated by magneto-optics. We study thin films gB&CuG; ;. on substrates with vicinal angles
of 0° (well-oriented, 0.5°, 2.5°, and 4° and YB&u;O,_, films as a function of chain-conduction-induced
anisotropy. A crossover from fractal to nonfractal flux penetration is observed with increasing anisotropy.
Numerical simulations of anisotropic flux motion are compared with experiri801.63-18208)05742-1

[. INTRODUCTION simplicity of their structure: tetragonal symmetry with only
one CuQ plane per unit cell and no CuO ché&i.° This
Magneto-optical(MO) investigations of magnetic flux property suggested JBa,CuQ;,, to be an ideal candidate
penetration in highF; superconducting thin films show often for an unambiguous determination of the pairing symmetry
a flux front with a very irregular fractal shape even in high-in copper oxide superconductors, as was done in the tricrys-
quality films~° This behavior is in contrast with the smooth tal experiment by Tsuei and co-workéfs* Other experi-
and well-defined flux penetration observed in singlements for determining the pairing symmetry were done by
crystald29-17 and in some thin film$:181° That the flux Rosselet al”” and Willeminet al* using a high-sensitivity
penetration in thin films is often more fractal-like than in capacitive torque magnetometer technique gBaICuG; .. x
single crystals is rather surprising since the stability of théhln films. Another reason of interest is the continuously ad-
flux front should increase for decreasing thickness, andUStableT. over alarge range of temperature,rfr@ K up to
hence be very stable in the thin-film case. From a technica$® K by varyingx _ o
point of view, fractal flux penetration is undesirable in, e.g., 1S paper is organized as follows: a short description of
thin-film devices since it may lead to increased electricalthe high-resolution magneto—optlcal expe_rlmerjtal setup and
noise due to the irregular motion of the flux. Although ob- of the sample preparathn procedure IS given In Sec. Il. Re-
served beforé;® the irregular behavior of the flux front in SUIt.S on UB‘?ZCUOG” thin f|lms are presented n S?C' i,
S ) . . beginning with the well-oriented films and increasing the
thin films has not been studied from a fractal point of view. ."> | I bserving the crossover from isotropic fractal
However, a fractal analysis of the superconducting clusterglcma. ange, o 9 : : opic
. A . 0 anisotropic nonfractal behavior. Anisotropy in circular
nearT, was done in YBgCu;0;_ films. 'I_'he notion of samples is determined by comparison with the simulations
fractal was introduced by B.B. Mandelb?ﬁtm 1967, who  giscussed in Sec. IV. Guiding of the vortex motion by the
showed that it can be a useful Csoncept in studying varioug;cinal steps is discussed in Sec. V and a comparison with
phenomena appearing in natdfe. In this paper we study  the anisotropic flux penetration in YBAUO,_ thin films is
(i) the origin of the fractal behavior an@) means to de- made in Sec. VI. In Sec. VIl the various experimental results
crease the irregularity of the flux front. In particular, we gre compared with numerical simulations exhibiting also a
present a study of the crossover from fractal to nonfractajyansition from fractal to nonfractal behavior.
flux penetration in thin films as a function of anisotropy in
the critical current density. This crossover is realized in two
ways; (i) by intr.oducing anisotropy in. intrinsically isotropic Il. EXPERIMENT AND SAMPLE PREPARATION
TI,Ba,CuG;, « films by means of a vicinalsteppedl sub-
strate; (i) by introducing isotropic behavior in intrinsically Epitaxial ThbBa,CuQ;,  thin films are made by RF mag-
anisotropic ab-oriented YBaCu;O;_, films by means of netron sputtering, followed by a two-step postdeposition
blocking the chain conduction. To our knowledge, all previ-annealing®® The sputtering source is prepared by pressing
ous studie¥ on anisotropi@b-oriented thin films were done and sintering an intimate mixture of ;M;+ 2Ba0,+ CuO
on YBaCu;O;_, on vicinal substrates. with twice preheating and an intermediate regriding. The
The interest in TBa,CuQ;, « films was raised by the precursor films are deposited by rf magnetron sputtering at
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room temperature. The as-deposited films are then annealed
in two steps, the last one in flowing argon, in order to get
high-temperature superconducting epitaxial films. ThQeof

the samples is about 83 K as determined resistively.

SrTiO; platelets of typically 110X 1 mn? are used as
substrates. The normal to the platelet is either alongab&)
direction or at a small angle, which is called the vicinal
angle. Films are sputtered on substrates with the following
vicinal angles: 0°, 0.5°,2.5°, and 4°. The patterning into
shapes of disks and squares is done using conventional pho-
tolithography.

o YEACUCr s i fin ac row by ke 4561 11 gt ve s T, s
’ are determined from Laue diffraction images and the real vicinal

SFrateS_ and patterned by standard photolithography. X.'raé{ngleﬁ is calculated fromp andy according to Eq(1). The lines
diffraction shows that the NdGaCsubstrates are well ori- |apeled withs indicate the direction of the vicinal steps.

ented (0° with an accuracy of 0.1°). In these ¥88,0;_,
films, thec axis is perpendicular to the substrate while ¢he

andb axis have the same orientation over the whole film, as 5= L 1)
verified by Rutherford backscattering and x-ray texture V1+sirfy+sirfe '

analysis®* These films will be denoted henceforth as
ab-oriented YBaCu,0;_, films. The chemical composition Wherey and ¢ are the vicinal angles from the Laue diffrac-
of the films was investigated with secondary ion mass spedion image.
trometry (SIMS).%®

As indicator for the local magnetic field in the magneto- lll. RESULTS ON Tl ,Ba,CuOg.,, THIN FILMS
optical experiments we use Bi-doped YIG filliith in-
plane anisotropy, which exhibit a large Faraday effegpi-
cally 0.03°/mT) and can be used for a large range of The well-oriented (0° vicinal angle with an accuracy of
temperatures, from 1.5 K up to 300 K. The magnetic resolu0.1°) ThBa,CuQ;_ film has a thickness of 500 nm and is
tion is better than 0.1 mT. The indicator is placed on top ofpatterned into three disk-shaped samples. In the magneto-
the sample and the assembly is mounted in our home-buiRptical experiment the samples are cooled in zero field to 4.2
cryogenic polarization microscope, which is in the variableK; then the external field is increased. The inset in Fig. 2
temperature insert of an Oxford Instruments 1-T Magnet sysPresents one of the disk samples at 11 mT. In the MO im-
tem. The applied magnetic field is parallel with thexis of ~ 29€S; the dark regions are the field-free region, while brighter
the sample and perpendicular to the indicator. After the ana-
lyzer of the microscope, the spatial variation of the perpen-
dicular component of the local inductidd, at the sample is
given as an intensity pattern. The local fiéld is determined
from the pattern using the calibratiors ,Bf(Hi), wherel is
the intensity and3 is a proportionality constant. The func-
tion f is determined in a separate calibration experiment,
while 8 can be found by relating the intensity with the field
at a certain location in the image where the field is known,
e.g., far away from the sample, where the local magnetic
field is equal to the applied external fiefilmages were
taken using a liquid-nitrogen-cooled ST-138 CCD Camera
(Princeton Instrumenys 1.004

The temperature of the sample is measured with a cali-
brated RhFe thermometer. The light used for the magneto-
optical experiment causes a heating of the sample of about 1
mK. . . : . .

- - . FIG. 2. Fractal dimensioridetermined as described in Sec.

The wc_mal_angle of the substrates and the orientation of”A) vs H, contour value for(r 0° vicinal angle film, at 11 mT
thea,b ax'$ with respect to, the ?dges of the SUbStrat(_as WETE, ternal field,T=4.2 K. The maximum value 1.22 is taken the
checked W'th x-ray Laue diffraction. Fr_om the Laue p'c_turesfractal dimensiorD; (inse) Magneto-optical image of one of the
we get two vicinal angley and ¢, referring to the deviation yjsks patterned from a 0° vicinal angle,BB,CuO;. 5 thin film,
in two perpendicular planes, and one anglewhich indi-  showing fractal flux penetration. The other disks patterned from the
cates the misorientation of theeb axis with respect to the same film exhibit very similar patterns. The image is recorded at 4.2
edges of the substrates. Figure 1 depicts the angles, as well after zero-field cooling and application of an external field
as the total vicinal anglé, which can be calculated using the uoH.=11 mT. The arrows point to small defects at the edge of
formula the sample.

A. 0° vicinal angle (well oriented)
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FIG. 3. Fractal dimension vs applied external field for the 0°
vicinal angle T4Ba,CuQ;, s film, T=4.2 K (the line is a guide to
the eyg. The square symbols represent the calculated fractal dimen- o )
sionD. The corresponding Meissner regions, as measured magneto- F/G- 4. Magneto-optical image of three squares and one circle
optically, are indicated near the symbolinsed Flux fronts (as Patterned from a 0.5° vicinal angle ;BaCuG;. ;s thin fim,
defined in the testin the disk patterned from a 0° vicinal angle “oHex=56 mT, T=4.2 K. Note that the flux penetration is still
TI,Ba,CuO;. , film, at several values of the external applied field: 3 irregular althou.gh in the disk the pattern is slightly .e!ongated. The
mT (inner boundary of light gray arga5 mT, 11 mT, and 14 mT black_ da_shed _Ilne indicates the only long defect visible under the
(inner boundary of dark gray ared =4.2 K. polarization microscope.

. d to hiaher local fields. As for the B decreases toward3 =1, the value for nonfractal behavior.
regions correspond to higher local Tields. AS 1or the Beéanr,q st yortices entering the superconducting sample are

model the vortex density and hence the local field are highe%uideol by randomly distributed weak links; the flux penetra-

?r: the S"?‘Tlplti eggek andt dfefr:ease tC)IW"?‘rdst_l'lt_S Tr;[er;\(zr UN¥on has a strong fractal character. While the flux advances
€y vanish. the dark part of tn€ sampie IS St In the MEISSy,qiqe the sample, the density of vortices increases and the
ner state. The fractal flux penetration is not only eviden

N tflux front becomes smoother, with a lower fractal dimension,
from the flux front, but also from the flux density in the

. . .possibly because the interaction between vortices and weak
region between the sample perimeter and the flux front. Thlsg

. . . inning tends to relax the induction profile.
“flux scape” can be characterized by the fractal dimension g b

f i K diff lues it To find th The irregular penetration as shown in the inset of Fig. 2 is
of contour lines taken at different vajues E: ofindthe only due to the fractal penetration process. It is also
fractal dimension of a contour line, its perimeter is deter-

mined using various yardstické The perimeter lengths are partly caused by three defects at the sample perintistdr

h lotted f ; £ th dstick val ieldi cated by arrowsthat give rise to enhanced penetration of
then plotted as a function of the yardstick values, yielding &, gjnce there are only three such defects there is not much

Eea(;lyf-st_rglghthlln? In a llo(jg-log p_Iot. Thr? slolpe of th:js !lne 'S influence on the fractal dimension. It is important to note that
y definition the fractal dimension. This slope and it8 1 5551 from the disturbance by these defects, the overall flux

- . . .
Frrorlbar are detirmlneg u_srg a Ier?st—_sqular.e fit to da stral?(a netration is isotropic, although fractal. Below, samples
Ine. In our case the yardstick was the pixel size, and we takgih anisotropic flux penetration will be discussed.

different yardsticks by reducing the number of pixels in the
image. If these fractal dimensions are plotted versus fixed
values of the local fieldH,, a Lorentzian curve is obtained.
An example at an external field of 11 mT is shown in the The 0.5° vicinal angle TBaCuG;s. thin film has a
graph in Fig. 2. The width of the Lorentzian curve in this thickness of 500 nm. The film was patterned into a disk, into
particular case is 1 mT. The maximum of this Lorentzian istwo squares with the sides oriented parallel to the edges of
used below ashe fractal dimensiorD, while the contour in  the substrate, and into one square tilted with respect to the
the image corresponding to th¢, value at the maximum edges at 45°. Figure 4 shows an image taken at 56 mT ex-
will be called flux front below. ternal field after zero-field cooling to 4.2 K. There are three
In the remaining part of this section, we discuss the defeatures that can be observe@). The flux penetration is
pendence of the fractal dimensi@nfor the 0°-sample as a again fractal with a strong influence of defects. Small defects
function of external field. The dependence of the fractal di-at the edges cause the magnetic flux to penetrate the sample
mension on vicinal angle will be discussed in Sec. VII. due to enhanced local fiefd. These defects can be seen at
The inset in Fig. 3 shows the flux fronts for the same diskthe edges of all samples shown. The black dashed line indi-
patterned on the 0° vicinal angle film. Border lines betweercates the only long defect visible under a polarization micro-
regions with different gray values represent the flux fronts ascope.(ii) The flux front's behavior is the same in all the
different values of the applied field. The edge of the samplesamples shown, regardless of the shape of the samples. It can
is indicated by the thick white line. Figure 3 presents the plote seen that the shape or the position of the sample on the
of D, calculated for these flux fronts, versus external field.substrate does not influence the fractal-like behawiiir)
With increasing field, the fractal dimension of the flux front Because of the very high irregularity of the flux penetration,

B. 0.5° vicinal angle
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experiment comes from the well-defined anisotropy in the
flux penetration. This can be related to the anisotropy in the
critical currents. In one direction the magnetic flux penetra-
tion is easier, which gives a lower current density in the
perpendicular direction. We have to take into account that
the current always flows parallel to the edges of the sample.
From the continuity equation, for the current flgthhe same
current flows through the sections defineddyyandd,, see

Fig. 5], we can determine the ratio between the current
densitiegflowing in the two perpendicular directions parallel
to the edges as beingj,/j,=tana, wherej,; andj, are the
superconducting currents densities flowing in the indicated
directions. For the two squares in the left half of Figa)5

the apparent anisotropy value is 1.48, while for the tilted
square it is 3.6. This “apparent anisotropy”,4), is depen-
dent upon the orientation of the sample edge with respect to
the direction of lowest current density, which we call the
anisotropy axis. By contrast, the real value of the anisotropy
Aca is defined as the ratio between the maximal and the
minimal critical current densities. The anisotropy axis can be
determined experimentally by the black line in the dighe
disk does not impose a preferred direction of the flux pen-
etratio and makes an anglé with respect to the sides of
the square samplsee Fig. 5a)]. The smaller the anglg,

the larger the apparent anisotropy. From the apparent anisot-
ropy Aqpp=1i1/j» the “real anisotropy” A, can be calcu-
lated (see the Appendijxby the formula

FIG. 5. (a) Magneto-optical image of three squares and one
circle patterned from a 2.5° vicinal angle,Bla,CuQ;, s thin film,

moHex=28 mT, T=4.2 K. Note that the flux penetration is very _ tanzB_Agpp

regular, if anisotropic. Angleg between the “apparent anisotropy real™ A2 tarfB— )
. : e 2partB—1

axis” and the “real anisotropy” direction are also indicated. Sym- pp

bols are explained in the text) Magneto-optical image of the two

squares shown in the lower half of Figia after scratching the ) "\ hare the situation is more complicated due to the fact
edges of the lower-left-hand side squareugte, =28 mT and —yo'vne orrent density that would flow perpendicular to the

T=4.2 K. The arrows indicate the locations where the scratches _called discontinuity lin wceeds the critical current den-
were made. The difference in contrast between the images of th%.0 calle SC.O .u y E’Ts exceeds the critical cu .e . e
ty for that direction. Taking the anglesx and 8 as indi-

scratched and unscratched square is due to a different gray scafd L . ; . .
which was adapted to show more clearly that the direction of the‘:ated in Fig. ), we obtain the following anisotropy values:

vortex motion(black dashed lineis perpendicular to the real an- Arealoz 4.8 for the upright squares, wit=33° a?d @
isotropy axis(white dashed ling =56°, and A.4=>5.0 for the tilted square, witp=11° and
a=74.5°. Clearly there is a very good agreement between

the determination of the so-called discontinuity lines for thethese two results: the value of the real anisotropy should be
square samples, or of a preferential direction for the supeithe same regardless of the square taken for calculation. Note
conducting current is hard to make. There can only be a ver§hat, in contrast to the result of Haagetal®* on
rough estimate of the critical currerjt,, anisotropy in this YBaCwO;_ films, the anisotropy of our FBa,CuGs,
case. However, a close comparison between the flux fronts gamples is independent upon the external field.

the disk samples at 0° and 0.5° shows that the latter is some- A striking feature that appears in the 2.5° vicinal angle
what more elongatetsee the insets of Fig. 12which is an  sample is that the effect of defects on the flux front is washed
indication of anisotropy of the critical currents. out by the anisotropic flux penetration. The flux front in this
case is smooth and uniform, as in the single-crystal case and
no fractal behavior is observed by increasing the external
applied field from zero. The fractal dimension of the flux

The 2.5° vicinal angle film has a thickness of 200 nm. Wef,qnt is thenD=1. A possible reason for this behavior will
used the same shapes for patterning as for the previous file discussed later.

The edges of two of the squares are parallel to the edges of
the substrate. Figure® depicts the magneto-optic image at
28 mT on ramping up the field, after a zero-field cooling
down to 4.2 K. Clearly, the image is very different from that In Fig. 6 a typical result is shown for a ;Ba,CuQs . 4

of the 0.5° vicinal angle film. We consider now the samesample of 500 nm thickness with 4° vicinal angle. The im-
features of interest as in the previous subsection, but startirgge was taken at 28 mT upon increasing field, after a zero-
with the last twociii ) the current flow anisotropy ard) the  field cooling down to 4.2 K. Magnetic domains in the garnet
shape dependence. The striking difference with the previougdicator film are visible as zigzag patterns, especially in

(Note that we are not in the case described in Ref. 39, Fig.

C. 2.5° vicinal angle

D. 4° vicinal angle
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o . FIG. 7. Simulations for anisotropic disks. Shown is the square
FIG. 6. Magneto-optical image of four circles patterned from a¢ yhe |ocal field, {,)2, for disks of the same aspect ratio as in the
4° vicinal angle TBa,CuQs, s thin film, uoHex=28 MT, T oyhariment, to simulate the magneto-optical images. The numbers

=4.2 K. Note the very high anisotropy in the flux penetrat(se_e 2,5, 10, and 20 indicate the anisotropy value. Fhehape at the
also Fig. 7 for comparisgn The zigzag patterns in the regions gnqs of the anisotropy line in the case of anisotropy 2 is an artifact

between the samples are magnetic domains in the gamet indicatg(e 1o the square pixels in the simulation. Note that the typical high

film, visible due to nonoptimal experimental conditions. Perpen-fig|gs at the edges for the flat samples are nicely reproduced by the
dicular to the anisotropy lines are some brighter features that argjn,ations.

shadows of small holes in the film.

area, both containing a common square grid of sites. On each

regions between the samples due to nonoptimal experimentaite a “height” h is defined(which will correspond to the
conditions(usually these domains can be made invisible byvortex density. First this height is set to zero everywhere.
an appropriate setting of the polarization vector of the inci-Then an iteration starts, whendn the outer area is increased
dent light with respect to the magnetization vegtdte an- by 1, followed by relaxation of the inner area. Relaxation is
isotropy lines in the four disk-shaped samples are parallel tperformed by considering each site of the inner area plus a
each other, indicating clearly that the direction of the realregion of one pixel wide around this area. If the valufor
anisotropy is the same for all the samples patterned on thsuch a site exceeds the valuef any of its four nondiagonal
same substrate. In this case, with disks only, we cannot caheighbors by a certain threshold value, thermf the site
culate A, using Eq.(2). A value of A, for this film can  under consideration is decreased by 1, whilgf that neigh-
be given only by comparison with numerical simulations, tobor is increased by {if there are more such neighbors, one
be discussed in the next section. Note that perpendicular 8 chosen randomjy This relaxation continues until there is
the black anisotropy lines there are some brighter featureso more change. The whole algorithm ends when there is no
that are “shadows” of small holes in the films. The holesinner site left withh=0. Anisotropy is introduced in the
can be clearly seen with a standard microscope. Althougmodel by setting the ratio between the horizontal thresholds
these shadows are present, the anisotropy lines are hardiyd vertical thresholds equal to the anisotropy vaue
influenced by them. From these shadows the direction of flux The algorithm just described is justified for infinitely thick
motion during penetration is found to be perpendicular to thesamples only, where there are only local interactions be-
anisotropy line, as expected. Clearly the flux penetration inween vortices. To be able to compare the simulations with
this case, as in the 2.5° case is not fractal and the fractalur measurements on thin films, we extract the local value of
dimension of the flux front i =1. Brandt's functiong (Ref. 41 from our infinitely thick
sample simulatiofapart from a constant factgyit is equal
to H,), and then thig is used to calculate the local magnetic
field H, using the kernel introduced by Brarfttin this way
taking the proper thin-film geometry of the experiment into

To determine the anisotropy of the critical current from account.
the flux penetration in disk-shaped samples, one cannot use a Results of the simulations for various anisotropy values
procedure that exploits the discontinuity lines as we did forare shown in Fig. 7. The pictures show the square of the
Fig. 5a). In fact flux penetration in anisotropic circular magnetic field, H,)?, simulating thus the magneto-optical
samples is to some extent equivalent to flux penetration imtensity images. Note that the typical high fields at the
isotropic elliptical samples. The latter case was discussed fdsoundary for the flat samples are nicely reproduced by the
the first time by Campbell and Evefts. simulations. The lines perpendicular to the anisotropy line

To derive an anisotropy value from our experiments weand theY profile in the case of anisotropy 2 are due to the
use a numerical simulation model that works as follows.square pixels in the calculation.
There is a sample ardgaken here as a cirglend an outer We verified that the flux profile obtained from a math-

IV. SIMULATIONS OF ANISOTROPIC FLUX
PENETRATION
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ematical funnel with anisotropic slopé@nisotropic Bean On the lower-left-hand square shown in Figajssome
mode) (Ref. 40 is the same as from our simulation. scratches at the sample edge were made. Figimeshows
From comparison with Fig. 6 we estimate the anisotropythe MO image taken in 28 mT external field after a zero-field
value for the 4° samples to be %. It is, of course, illus- cooling. The location of the scratches is indicated by arrows.
trative to use this same method for the 2.5° sample. ClearlyThe striking feature is that the vortices entering the super-
by comparing the circle in Fig.(8) with Fig. 7 for that case conductor at the defects are not moving perpendicular to the
a value 5+ 2 is found, in good agreement with the determi- current(which flows parallel to the sample edge®©n the
nation from the discontinuity lines of the squares samplescontrary, their movemeriits direction is indicated by the
The values for anisotropy for circular samples, which areblack dotted line in the Fig.(6)] is perpendicular to the real
found by comparison with the results in Fig. 7, are of courseanisotropy axis indicated by the white dotted line. This is a
leading to a rather large uncertainty for the anisotropy valuelear indication of guidance of the penetrating flux by the
as indicated above. vicinal steps. When applying an external field, fast penetra-
tion of vortices at edge defects occurs, followed by the
movement along vicinal steps. Note that this flux penetration
along the steps is very similar to the flux penetration along
We now address the question of why films with highertwin planes in YBaCuO;_, at low temperature as dis-
vicinal angle are less fractal. First of all one might think Cussed by Wijngaardeet al."” This suggests that a similar
that films on vicinal substrates are mesoscopically mordhicroscopic mechanism is playing a role. In the left-upper
homogeneous than films on well-oriented substrates. An incOrner we can still observe treéline, which has the same
dication for this phenomenon was obtained by Haeigel?* ~ direction as thed line in the same square in the “un-
for YBa,CuO, , films on SrTiQ. However, in our Scratched” experlmerﬁsge Fig. 8a)]. The behavior of the
TI,Ba,CuO;., films on SrTiG an investigation by atomic Q|sks with small ho_Ies, d|spussed apove and shov_vn in Fig. 6,
force microscopy showed that the sample microstructure it completely consistent with these ideas. The white shadows
not significantly affected by the steps. A possible reason i&f the defects represent the flux movement from those de-
the postannealing step that is used for theB&CUO;. , fects. Clearly, this movement has _the same direction as the
films, but not for the YBaCu,0,_, films. Secondly, the flux other vortlcgs(respon5|ble for the mductlon profjleagam
penetration might be influenced by the steps in such a waflong the vicinal steps and perpendicular to the anisotropy
that fractal behavior is suppressed. Indeed, in this section wxiS: One might now be let to believe that the guidance of
show that the vortex movement is guided by the Stepé/ortex motion by the \{lcmal ;teps causes the disappearance
present on the vicinal substratéselow we will address the _of fractal flux pe_ngtranon. This p055|b!llty wlll_be ruled out
question of whether this is the reason for the disappearand8 Sec. VII, but it is important to consider firgin the next
of fractal flux penetration or nntWe proceed in two steps. S€ction another sample where no such guiding takes place,
(i) First we compare the direction of the steps in the subbut which show; nevertheless a transition from fractal to
strate, as determined by x-ray Laue photography, with th&@onfractal behavior as a function of anisotropy.
anisotropy axis determined magneto-optically) then we
present an especia_llly designed MQ experiment to unambigu- VI. RESULTS ON YBa,CusO,_, THIN FILMS
ously show the guiding of the vortices by vicinal steps.
The geometry is shown in Fig. 1. The true vicinal angle ~ For comparison with the JBa,CuG;., , thin films results,
is the angle formed by the vicinal plane and the horizontalve now present MO experiments on Y8ak0,_, epitaxial
basal plane. These two planes intersect each other on a litein films deposited on well-oriented NdGaQubstrates.
that is parallel to the vicinal steps indicated ®yn Fig. 1.  The film thickness is only 80 nm to prevent strain in the
The perpendicular line to the steps makes an afigiéth the  film.3*#2The YBaCu0;_ films are grown with the axis
edges of the substrate. The anglean be calculated by perpendicular to the substrate and due to crystallographic
anisotropy of the substrate surface, thandb axes of the
siny YBa,Cw,0;_, film have the same orientation over the whole
tang= —-. 3 substrate surface. This is verified using Rutherford back-
Sine scattering and x-ray texture analy3tsDue to the so-called
Cu-O chains of YBgCu0;_,, which run along thé axis,
For the 2.5° vicinal angle film discussed abowes; 2.5°  the electronic structure is anisotropic, leading to, e.g., anisot-
and ¢=37.5°. Taking into account the angle=—3°, we  ropy in the resistivity abovea . .%%2 Anisotropy of j. can
find the perpendicular to the vicinal steps at 34.5° with re-thus be expected. However, isotropic ;Ba;O;_, films on
spect to the edge of the substrate. From the magneto-optichldGaQ, substrates have been also obtaiffed. magneto-
measurement it is found that the anisotropy axis makes aaptical image of a disk patterned from such a film is shown
angle of 34.5° with respect to the edge of the substraten Fig. 8. The image was taken in 28 mT applied field after a
Hence, the anisotropy axiglirection of steepest flux gradi- zero-field cooling to 4.2 K. The flux pattern in the sample
end is identified with the perpendicular to the steps in thehas an isotropic, fractal character, resembling the result for
substrate. Equivalently the direction of easy flux penetratiorthe 0° vicinal angleg(well-oriented TI,Ba,CuGs,, sample.
is along the steps. Since in most parts of the sample thigVe will discuss further results obtained on an ¥88,0,_
direction in crudely perpendicular to the current, this doedilm with anisotropy in the resistivity abové,, patterned
not yet prove guidance of vortex motion by the steps. Foiinto 2 squares with the edges parallel to the edges of the
that purpose an other experiment was performed. substrate. Figure 9 shows the MO image taken in 28 mT

V. GUIDING OF VORTEX MOTION
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As discussed by Daret al,® the anisotropy in resistivity
above T, depends on the exact growth conditions. SIMS
analysis of the Ga content of the films shows no relation
between the anisotropy and the purity of the filthe Ga
diffuses from the substrate into the YRaLO,_, film).
Nevertheless the amount of Ga in ttleainsmay be the key
property instead of the total amount of Ga in the film. Alter-
natively, the oxygenation of the chains may be the dominant
factor for the anisotropy. In any case Daghal®® derive
from a simple Drude model

\/ézj.—b. (4)
P Ja

Experimentally we find from resistivity measurements for

FIG. 8. Magneto-optical image of a circle patterned from ani,o fiim investigated /—Pa/pb:1-26: while the MO experi-
isotropic YBaCu0;_ 4 thir.1 film. The image is recorded af ment gives,/j=1.3+0.1, in good agreement with E64).
=4.2 K and an external fielgioHe,=28 mT. This result is also in good agreement with similar observa-

tions on high-quality single crystals by Tamegaial 3

after a zero-field cooling. Without any vicinal angle of the  Clearly, in the case of YB&uO;_, the anisotropy is
substrate this sample exhibits an intrinsic anisotropic behauntrinsic, due to an anisotropy in the electronic structure of
ior. Since from other experiments we know that the anisotthe superconductor, while in the case o§B@,CuQy. , the
ropy axes are parallel with the edges of the substrate, we caghisotropy is induced by the vicinal steps in the substrate,
deduce the value for the anisotropy using the same methddading to easy flux penetration along these lines. Immedi-
as in Fig. %a). Itis found that A¢a=ja/jpb=1.3=0.1. This  ately two questions aris¢i) Why is the flux penetration at
value is much lower compared to 4, =5.1, found in the all fractal in the isotropic films?ii) Why does this fractal
TI,Ba;,CuQ; .  thin film with 2.5° vicinal angle, where there behavior disappear as a function of anisotropy? These ques-
was a uniform, nonfractal, anisotropic flux pattern. In thetions will be addressed in the next section.
YBa,Cu;0,_, experiment, at a closer look, we can observe
that at this small anisotropy value, although the flux pattern

is reasonably regular, it has still a somewhat fractal behavior. VIl. DISCUSSION AND SIMULATIONS
OF FRACTAL FLUX PENETRATION

First, we discuss why the flux penetration can be fractal in
these films. Flux penetration in high-quality single crystals is
very regular and textbooklikeSince the thermal stability of
vortex motion is inversely proportion to the sample
thickness!* one would expect very stable behavior for thin
films and regular, nonfractal flux penetration. This is indeed
occasionally observet:213but the more common behavior
is very irregular. Thermally unstable behavior may occur in
thin films only if there are processes that greatly enhance the
effect of thermal fluctuations. A possible clue is in the
sample microstructure as shown in an Atomic Force Micros-
copy image for a typical YB&£u0;_, sample in Fig. 10.
AFM images obtained for the IBa,CuG;, , thin films are
similar. There are islands separated by trenches with possibly
reduced superconducting order parameter and stronger pin-
ning than in the islands. In this scenario, during the flux
penetration process, the overall gradient in vortex density is
determined by the pinning in the trenches. If one vortex in
the trench would depiftby a thermal fluctuationthen due to
this motion local heating occurs and the pinning at that point
in the trench is reduced, leading to an avalanche process. The
analogous vortex picture is shown schematically in Fig. 11.

We just described an amplification mechanism where a
fluctuation in the position of one vortex leads to the flow of
many vortices, of the order of the number of vortices in one

FIG. 9. Magneto-optical image of two squares patterned from arsland. This amplification factor is in fact not very high at the
anisotropic YBaCuO;_ 5 thin film. The image is recorded &  fields used, if for the island size 100—200 nm is taken. How-
=4.2 K and an external fielghogH ¢ =28 mT. ever, not all trenches are of the same ddptearly visible in
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FIG. 10. AFM picture of a typical YB#u;0;_ 5 thin film.
Fig. 10 and we believe that this idea is at least qualitatively 0 1 s 3 4
correct. . " Vicinal angle
Secondly, we discuss the transition from fractal to non-

fractal behavior. In Fig. 12 the fractal_dimt_ansi(:determined FIG. 12. Fractal dimension vs vicinal angle in,BB,CuQ;, ,

from the flux scapeof TI,Ba,CuQ;. . films is presented as @ fjjms. The square symbols represent the calculated fractal dimen-
function of vicinal angle. For all the vicinal angles the fractal sjonp. The corresponding Meissner regions, as measured magneto-
dimension was calculated at the same applied field of 11 mTgptically, as well as the anisotropy values for the critical current,
Also indicated is the anisotropy in critical current. It is evi- are indicated near the symbols. For all vicinal angles the fractal
dent that for increasing vicinal angle the anisotropy rapidlydimension was calculated for the applied field of 11 mT. The error

increasegnote that the 0°, 0.5°, and 4° samples are 50(ars are found from the least-squares-fit procedure as described in
nm thick while the 2.5° film is 200 nm thigkand the fractal Sec. Il A.

behavior disappears. To understand the disappearance of

fractal penetration note that in the case of very strong anisofiot need to be straight. To explore these ideas in more detail,

ropy all vortices(close to the same edge of the sampi®ve  simulations were performed in a similar way to the model

in the same direction and any branching of flux penetration isliscussed above in Sec. IV.

heavily suppressed. Due to the anisotropy, the number of In these simulations the sample area is a square. The

spatial dimensions for flux penetration is reduced from 2 to 1sample edge is parallel to the grid of cells. Random pinning

leading to nonfractal behavior, although the flux front doess realized by drawing the threshold valuefrom the log-
normal distribution function

— 14y 2
Outside _ /28 p[_ ( l)
P(t) \[77 & exg — vl In

to

; ©)

hereP(t) is the probability for the occurrence of the valye
the width of the distribution is proportional to+,/ and the
center of the distribution is d&p. As previously, relaxation is
performed by considering each pixel of the inner area plus a
region of one pixel wide around this area. If the vahutor
such a site exceeds the valuef any of its four nondiagonal
neighboré® by a certain threshold valug then in the ther-
mally stable case thie of the site is decreased by 1 and the
of the neighbor is increased by 1. In the thermally unstable
case, both heights are made equal to their avenagaisot-
ropy is introduced by taking the thresholdsbetween pixels
that are horizontal neighbors from a different distribution
function as the vertical threshold¥. In practice this was
Inside done by using one distribution function and dividing all hori-
zontal thresholds by the anisotropy valae

Results are shown in Fig. 13, on the right-hand side for

FIG. 11. Schematic picture for vortex motiqeee text The  the thermally stable case on the left-hand side for the ther-
arrow indicates the direction of flux penetration. mally unstable case; also indicated is the fractal dimension of




PRB 58 CROSSOVER BETWEEN FRACTAL AND NONFRACTA. . . 12 475

thermally instable thermally stable etration. Apparently the conditions for Gurevich’s instabili-
ties are not easily met and anisotropy does not induce irregu-
lar or fractal flux penetration. However, it does reduce the
effective dimensionality for flux penetration and thus sup-
presses fractal penetration.

isotropic

D=1819) VIIl. CONCLUSIONS

Various ThBa,CuGQ;, , thin flms grown on vicinal sub-
strates with angles of 0°, 0.5°, 2.5°, and 4°, patterned in
anisotropic shapes of disks, squares and tilted squares were investigated.
For increasing vicinal angle a dramatic change in the flux
penetration behavior, from a fractal, very irregular one, to a
smooth and uniform penetration is found. The crossover is
related to the remarkable increase in the critical current an-
isotropy in the interval 0.5°—2.5° for the vicinal angle. Clear
evidence is presented that, in the case ofB&CuQ;, .
isotropic films grown on vicinal substrates, the anisotropy is related to
with steps the vicinal steps. A method to calculate the numerical value
of the real anisotropy using the MO data for the squares is
given. The circular samples are used to determine the real
anisotropy axis that we find to be systematic for one sub-
strate. From the direction of this axis and the flux pattern in
FIG. 13. Simulations with random pinning in the case of ther-rectangular samples the real anisotropy valug.dat deter-
mally stable(right-hand sidgand thermally instable cagieft-hand ~ mined.
side). The anisotropy used =5, while y=1 (see text The cor- For comparison with the 7BaCuQ;,, samples,
responding fractal dimension is indicated in the figures. We haverBa,Cu;O;_,/NdGaG thin films are investigated. Also in
used the same gray scale for all the images. Due to lower slopes hese YBaCu,O,_, films a crossover from fractal to non-
the lower four figures, these span a smaller contrast range. To allofractal flux penetration is observed. However, due to the
clear visibility_and a fair comparison between the pictur(_es, we havéower anisotropy the flux front is not completely regular yet.
allowed a whiteout to occur in parts of the upper two pictures.  The anisotropy in the YB&uw0,_, films is due the elec-
tronic structure of the sample and is intrinsic. Experimentally
the relation between the anisotropyjinand in the resistivity
the image as defined above. Clearly, this model leads to fragboveT, is in agreement with a simple Drude model.
tal flux penetration in the isotropic case. As expected, the In both systems the same transition from fractal to non-
fractal dimension in the thermally unstable case is highefractal behavior is found, although anisotropy is induced by
than in the thermally stable case. Interestingly, the fractaflifferent means. Because of this and of our simulations, we
dimension of the magneto-optical images of the isotropicconclude that in general fractal flux penetration can be sup-
TI,Ba,CuQ;. , and YBaCu,0;_, films are intermediate be- Pressed by inducing anisotropy. Although anisotropy may
tween these simulation values. In both the thermally stabl@ot always be desirable, it may be exploited to reduce elec-
and the unstable case the flux penetration becomes moféC noise in superconducting devices.
regular if anisotropy is introduce@n this casea=5). To
compare with the TBa,CuG;, . films, which are isotropic
except for the presence of steps along which easy flow of APPENDIX: ANISOTROPIC CRITICAL CURRENT
flux is possible, in the bottom frames the isotropic case is ) )
shown where along each fifth row of pixels the thresholds In this appendix we address the angular dependence of the
were divided by 5. The fractal dimensions were calculatecfritical current in the_ case of anisotropy. Previously, for the
after such coarse graining that the lines were no longer vist@se of anisotropy induced by columnar defects Schuster,
ible, since also in the magneto-optical experiment the indiKuhn, and Indenborfi have given the formulaj?
vidual steps are not visible. It is found that the anisotropic=j minCOSa+jraSiPa. When « is interpreted as a polar
case as well as the isotropic one with steps lead to about trngle, this formula isncorrect. It is derived from the well-
same fractal dimension, which is much lower than that forknown parametrization for the ellipse=acod, y=bsirt,
the isotropic case. In these simulations we find, as in ouwhich leads ta?=a’cost+b?sir‘t, where the parameteiis
experiment, a crossover from fractal to nonfractal flux penot the polar angle¢ (it is easily verified thate
etration with increasing anisotropy. =arctang/x)=arctanb/a)tart). A parametrization in terms
Our results may seem contradictory to the theoretical preef the polar anglee is easily found by substituting
diction of Gurevich'®*” who predicted that anisotropy of =rcosp, y=rsing in the Cartesian equation x{/a?)
critical currents could lead to a fragmentation of magnetic+ (y?/b%)=1, wherer =r(¢) is the actual radius, which is
flux. Experimentally it is found that many anisotropic found to ber =[(cog¢/a?)+(sirfe/b?)]” M. In anisotropic
sample$1%2*show a regular, although anisotropic, flux pen- superconductors, the simple assumption that the angular de-
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pendence of the pinning force per lengtl, is given by an
ellipse, combined with a critical current density given jpy
=f,/®y whered, is the flux quantum, leads to the follow-
ing equation for the critical current as a function of angle:

1

()= :
[code sirfe
+
s it

a b

(A1)

R. SURDEANUEet al.
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formula for the anisotropyEg. (1)] in the same paper is
correct.

ACKNOWLEDGMENTS

This work is part of the research program of the Stichting
voor Fundamenteel Onderzoek der MatéB®©M), which is
financially supported by the Nederlandse Organisatie voor
Wetenschappelijk OnderzodlNWO). The work performed
at the State University of New York at BuffallBUNY at
Buffalo) was sponsored in part by New York State Energy

Finally we note that although the equation for the critical Research and Development AuthorityY SERDA) and Oak
current as a function of angle in Ref. 38 is incorrect, theRidge National Laborator¢fORNL).

1Th. Schuster, H. Kuhn, E.H. Brandt, M.V. Indenbom, M.R. Kob-
lischka, and M. Konczykowski, Phys. Rev. 3B, 16 684(1994).

Khrebtov, V.N. Leonov, D.V. Shantsev, and R.A. Suris, J. Phys.
IV 6, C3-259(1996.

2M.R. Koblischka and R.J. Wijngaarden, Semicond. Sci. Technol?'B.B. Mandelbrot, Sciencé55, 636 (1967).

8, 199(1995.

SM.V. Indenbom, Th. Schuster, M.R. Koblischka, A. Forkl, H.
Kronmtuler, L.A. Dorosinskii, V.K. Vlasko-Vlasov, A.A. Poly-
anskii, R.L. Prozorov, and V.I. Nikitenko, Physica2D9, 259
(1993.

4p. Brill, D. Kirchgassner, and P. Leiderer, Physical®2 339
(1991.

SA. Forkl, H.U. Habermeier, B. Leibold, T. Dragon, and H. Kro-
nmuler, Physica C180, 155(199J).

5H.U. Habermeier and R. Zaiss, Cryogen&s; 535 (1980.

"M.R. Koblischka, Supercond. Sci. Techn®].271(1996.

8Th. Schuster, M.R. Koblischka, H. Kuhn, B. Ludescher, M.
Leghissa, M. Lippert, and H. Kronriiar, Physica C196, 373
(1992.

9Th. Schuster, H. Kuhn, M.R. Koblischka, H. Theuss, H. Kron-
muller, M. Leghissa, M. Kraus, and G. Saemann-Ischenko
Phys. Rev. B47, 373 (1993.

0R.J. Wijngaarden, R. Griessen, J. Fendrich, and W.K. Kwok,

Phys. Rev. B55, 3268(1997).

IM.V. Indenbom, A. Forkl, B. Ludescher, H. Kronither, H.U.
Habermeier, B. Leibold, G. D’Anna, T.W. Li, P.H. Kes, and
A.A. Menovsky, Physica @26, 325 (1994).

12Th. schuster, H. Kuhn, M.V. Indenbom, M. Leghissa, M. Kraus,
and M. Konczykowski, Phys. Rev. B1, 16 358(1995.

13Th. Schuster, M.V. Indenbom, H. Kuhn, E.H. Brandt, and M.
Konczykowski, Phys. Rev. Let?3, 1424(1994).

Y¥R. Potratz, W. Klein, H.U. Habermeier, and H. Kroflfer, Phys.
Status Solidi A60, 417 (1980.

1w, Klein and H. Kronmiller, Phys. Status Solidi A67, 109
(1987.

16M.V. Indenbom, Th. Schuster, H. Kuhn, H. Kronter, T.W. Li,
and A.A. Menovsky, Phys. Rev. B1, 15 484(1995.

M. Turchinskaya, D.L. Kaiser, F.W. Gayle, A.J. Shapiro, A.
Roytburd, V.K. Vlasko-Vlasov, A.A. Polyanskii, and V.l. Ni-
kitenko, Physica 216, 205(1993.

18 A. Dorosinskii, M.V. Indenbom, V.I. Nikitenko, Yu.A.
Ossip’yan, A.A. Polyanskii, and V.K. Vlasko-Vlasov, Physica C
203 149(1992.

19M. Baziljevich, Appl. Phys. Lett69, 3590(1996.

20\, Baziljevich, A.V. Bobyl, H. Bratsberg, R. Deltour, M.E. Gae-
vski, Yu.M. Galperin, V. Gasumyants, T.H. Johansen, |.A.

22B.B. Mandelbrot, The Fractal Geometry of NaturéFreeman,
New York, 1984,

23A.-L. Barabasi and H.E. Stanlefractal Concepts In Surface
Growth (Cambridge University Press, New York, 1995

24T, Haage, J.Q. Li, B. Leibold, M. Cardona, J. Zegenhagen, H.-U.
Habermeier, A. Forkl, Ch. Jooss, R. Warthmann, and H. Kron-
muller, Solid State Commurf9, 553 (1996; T. Haage, J. Ze-
genhagen, J.Q. Li, H.-U. Habermeier, M. Cardona, Ch. Jooss, R.
Warthmann, A. Forkl, and H. Kronntler, Phys. Rev. B56,
8404 (1997).

C.A. Wang, Z.F. Ren, J.H. Wang, D.K. Petrov, M.J. Naughton,
W.Y. Yu, and A. Petrou, Physica 262, 98 (1996.

26C.C Tsuei, J.R. Kirtley, M. Rupp, J.Z. Sun, A. Gupta, M.B.
Ketchen, C.A. Wang, Z.F. Ren, J.H. Wang, and M. Bhushan,
Science271, 329(1996.

27C. Rossel, M. Willemin, J. Hofer, H. Keller, Z.F. Ren, and J.H.

' Wang, Physica @87, 136(1997).

283.D. Jorgensen, O. Chmaissem, J.L. Wagner, W.R. Jensen, B.
Dabrowski, D.G. Hinks, and J.F. Mitchell, Physica282-287
97 (1997.

297 F. Ren, J.H. Wang, and D.J. Miller, Appl. Phys. L&®, 1798
(1996.

307 F. Ren, J.H. Wang, and D.J. Miller, Appl. Phys. L&tL, 1706
(1997.

81C.C. Tsuei, J.R. Kirtley, Z.F. Ren, J.H. Wang, H. Raffy, and Z.Z.
Li, Nature (London 387, 481 (1997.

32\vjillemin, C. Rossel, J. Hofer, H. Keller, Z. F. Ren, and J. H.
Wang, Phys. Rev. B7, 6137(1998.

33B. Dam, J. Rector, M.F. Chang, S. Kars, D.G. de Groot, and R.
Griessen, Appl. Phys. Let65, 1581(1994).

%43 H. Rector, P. Koster, F. Peerdeman, D.G. de Groot, and B.
Dam, J. Alloys Compd251, 114(1997).

5B, Dam, J. Rector, R. Surdeanu, R.J. Wijngaarden, P. Koster, F.
Peerdeman, J. van Berkum, D.G. de Groot, and R. Griessen,
Physica C282-287 665 (1997).

%R.J. Wijngaarden, H.J.W. Spoelder, R. Surdeanu, and R. Gries-
sen, Phys. Rev. B4, 6742(1996.

87C.A. Duran, P.L. Gammel, R. Wolfe, V.J. Fratello, D.J. Bishop,
J.P. Rice, and D.M. Ginsberg, Natuiteondon 357, 474(1992.

38Th. Schuster, H. Kuhn, and M.V. Indenbom, Phys. ReGB15
621(1995.

39Th. Schuster, M.V. Indenbom, H. Kuhn, H. Krontas, M.



PRB 58 CROSSOVER BETWEEN FRACTAL AND NONFRACTA. . . 12 477

Leghissa, and G. Kreiselmeyer, Phys. Rev6® 9499(1994. 1996, p. 125.
4OA.M. Campbell and J.E. Evetts, Adv. Phyl, 199 (1972. “M. Tinkham, Introduction to Superconductivity 2nd ed.
41E.H. Brandt, Phys. Rev. B6, 8628(1992. (McGraw-Hill, Inc., 1996, Sec. 5.7.2.
42T, Scherer, P. Marienhoff, R. Herwig, M. Neuhaus, and W. Jutzi,**We found that to be able to generate fractal patterns only four of
Physica C197, 79 (1992. the closest neighbors must be considered. Otherwise the vortices

437, Tamegai, R. Yamada, T. Yasuhira, and T. Shibauchi, in will move around high thresholds and no fractal behavior re-
Proceedings of the 8th International Workshop on Critical  sults.
Currents in SuperconductrdWCC), Kitakyushu, 1996, edited “®A. Gurevich, Phys. Rev. Let65, 3197(1990.
by T. Matsushita and K. Yamafu{World Scientific, Singapore, “4’A. Gurevich, Phys. Rev. B6, 3638(1992.



