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More realistic simulations of the magnetic field and electron optical phase shift associated to pancake
vortices in layered highi~ superconducting specimen require a number of layers larger than 7, the practical
upper limit set by the discrete algebraic approach followed so far. This goal can be achieved by resorting to a
continuum approximation of the screening layers above and below the one containing the pancake vortex. It is
thus possible to increase the number of layers and to investigate more exotic vortex core structures than those
represented by the pancakes pinned at tilted columnar defects. In particular it will be shown how recently
observed dumbbell-like contrast features in the out-of-focus images of superconducting vortices forming a
large angle with the specimen surfaces can be interpreted as due to a kinked structure of the pancakes.
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[. INTRODUCTION calculated for vortex cores pinned at tilted columnar defects
showed no significant differencés.
Transmission electron microscopyEM) techniques, like Further experiments carried out with applied magnetic

Lorentz microscopyand electron holograpHyallow direct  field tilted at a very large angle with respect to the specimen
observation of individual vortices inside superconductingsurface®® showed new interesting features in the out-of-
thin films. Like other methods, e.qg., Bitter decoratfosgan- ~ focus images. By increasing the angle the vortex cores be-
ning tunnel* and scanning electrérmicroscopy, scanning come first elongated as if they were following the direction
Hall probesS SQUID, magneto-optical techniquésscan- of the field and then, at the largest angle, sometimes exhibit
ning tunnel spectroscofyand magnetic force microscopy, @ dumbbell-like appearance. These observations indicate that
vortices are imaged under a wide range of experimental corfomething new is happening to the vortex structure. Unfor-
ditions. However, while the signal in most of the cited tech-tunately these features cannot be interpreted on the basis of
niques depends on the magnetic field on the surface and fi€¢ @vailable models. In fact, in the continuous-anisotropic
the half-space surrounding the specimen, the contrast of tH@Odel.the vortex core is straight and aligned with the field,
TEM images depends also on the core structure, especialfd With the pancake model at such large angles the small
when experiments are carried out with the newly develope umber of layers can be detected in the image, introducing

1 MV field emission electron microscopk,where speci- nwanted artifacts.
’ P In order to develop a more flexible model, two options are

mens thicker than 400 nm can be analyzed. available: deforming the core in the continuous-anisotropic

This has been clearly demonstrated in recent TEM obsers, o e or giving suitable coordinates for the location of each

vations of vortices interacting with columnar defects in high'pancake in the stack. While the first turns out to be very
T, superconductors; where peculiar contrast features have cymbersome, the second is more practicable, provided the
been observed. In particular, the images of pinned vorticegumber of layers is increased. For this purpose, we follow
displayed less contrast than the unpinned ones and this effegie approach proposed by CI&m7and further developed by
has been attributed to the anisotropy of the superconductingoffey and Phipp$® who replaced all the screening layers
material by comparing the experimental results with the theabove and below the layer containing the vortex with a su-
oretical ones, calculated by using both an anisotropic and perconducting continuum that carries supercurrents parallel
layered modet3'4 However, in this latter case, the number to the layers. In this way the algebric troubles linked to the
of layers dictated by the algebraic approach followed wasncreasing number of unknowns arising in the former ap-
limited to seven, a rather small number to be truly represenproach are circumvented and an analytical expression for the
tative of the actual specimen where the layers are about 10feld and phase shift for the single pancake can be obtained.
to 200. Nonetheless, the contour line maps of the projecte@hen, from the solution, more representative or exotic vortex
magnetic field showed a strong overall similarity with the structures can be investigated by adding suitably placed pan-
continuous anisotropic case and also the out-of-focus imagesakes over a larger number of layers.
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After recalling the main conventions for the various ref- Zst y}(
erence systems necessary for describing the experimental
setup, we show how to find the solution for the vector po- és= !
tential for the case of a pancake vortex embedded in the
superconductor slab by Fourier methods. As proposed by
Pearl?° the boundary condition at the layer containing the surfaces
pancake vortex can be found by averaging the London equa-
tion across the layer. In this way, a relation between the core 4
London singularity and the normal derivatives of the poten- z5=-d X
tial above and below the layer is obtaingdt can be ascer- T
tained that our solution coincides with that found by Coffey
and Phippg® when the leading terms with respect to the
layer thickness are retained. This result can also be co
firmed by a more conventional approach, where the solutio
of the vector potential for a vortex lying in a thin slice em-
bedded in the superconductor is found and the limit for van- 2me T
ishing thickness of the slice taken afterwards. exy)=- TJ A-de=- o Alxy.z)dz, (1)
Once the solution of the vector potential in the whole ¢ -

space has been found, the electron optical phase shift is Cavl\fhereA is the vector potentiale and h are the absolute

culated by integrating it along a straight trajectory suitably
chosen in order to take correctly into account the overalt’.alue of the electron charge and the Planck constant, respec-

geometry of the experimental setup, including a tilt of thef:ng’sﬁoc:ehv/v zeec'gng:gefrlu;nqelfggtt%?’trzngc%?dy;’;l;e:rt] din
specimen with respect to the electron bedrf. The aver- the same direction as theaxis J yp
aged field in other directions, useful for displaying its main '

features, is calculated according to the same recipe. FinalI)éngrgzlgﬁ]tehcéosrye%?;?ns :rr]];(;ugrgstzii retlglrzgss:bg;/:t’e\évghlgce
the Kirchhoff-Fresnel diffraction integral is used for the cal- P ' g P P

culations of the out-of-focus images assuming various Congomalns. For the calculation of the phase shift by means of

figurations for the pancake cores, showing that the dumbbeclfrgr.n'[(c}&,rI?ngdfarlstooivgr:g légﬁi?;egoixggz:erri?sisag:;negn;r;r?o
contrast is in agreement with a kinked structure of the vortex, 9 ; . aary,
choose a vector potential continuous in its components par-
Il. GENERAL CONSIDERATIONS allel to the boundarie%"
, . . . In the specimen system, the above trajectory is character-
Let us first recall the main conventions regarding the co-

: . - .~ ~1zed by the parametric equation
ordinate systems and the basic formulas describing the inter- y P d

action of the electron beam with the magnetic field associ-
ated to a pancake vortex centered (Ro,Yp,Zp). TWO
coordinate systems have been introduced and descdfiiéd, (2
namely, (i) the microscope coordinate system having the

axis parallel to the electron beam and aligned in the sam@herew ranges betwee(to,—») due to the fact thats and
direction, with (x,y) being the coordinates in the object k point in opposite directions. The correspondence between
plane, perpendicular to the optical axisand(ii) the speci- the coordinates of the intersection of the trajectory with the
men reference systefixs,Ys,zg), having itszg axis, of unit  object plangx,y) and with the specimen midplares,ys) is
vector kg, coincident with the specimen normaland ori-  given by

ented in the opposite direction asthexs axis, of unit vector

FIG. 1. Scheme of the reference system and of the pancake layer
of small thicknessr) positioned atzg=zp and surrounded by a
rsfuperconducting continuum.

+oo

{=(Xxg—wtana cosp)ig+ (ys— wtana sin 8)j s+ wkg,

is, having initially the same direction as and theyg axis cosp3 ) sing
determined by the requirement of left handedness, i.e., oppo- Xs= XCOSa +tysing, ys= XCOSa -ycosg. (3
site toy.

The specimen, assumed of constant thickrniesxd, can Therefore, the phase shift E(.) can be calculated in the

be inclined on an angle with respect to the electron beam, specimen system according to the relation
around the tilt axis coincident with the (andyg) axis. The

specimen can be also rotated on an azimuth aggieound e (™
its normaln, coincident with the tiltedzs axis. A sketch of P(XsYs) = %f A(xs—wtana cosp,
the specimen reference system, with the pancake layer em- oo
bedded in the continuum superconducting slab is shown in tana cosp
Fig. 1. . .
gIn order to describe the interaction between the electron ys-wtanasingw) -| anasing jdw. (4)
beam and the magnetic field associated to the vortex, the -1

standard high-energy or phase object approximation is used,
according to which the vortex is a pure phase objéét, and converted finally in the microscope reference system
with the magnetic phase shift given by through the indicated coordinate transformations.
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Once the object phasg(x,y) is calculated for a specimen TABLE I. Simplified structure of the solutions for vector poten-
tilted at an anglex, and rotated by an azimuth angi it tial (middle column in the different regions of the specimen. Each
may be displayed by means of amplified contour mapsfegion is labeled on the left-hand si¢8C stands for supercon-

where the intensity(x,y) is given by ducton and corresponds to the intervals of thexis indicated on
the right-hand side. The pancake vortex is located in the layer at
[(x,y) =1+ cos$ne(x,y)] (5)  z=2zp, between regions, and As.
with n the amplification factor. These phase maps mimic the
result of an ideal holographic reconstruction. A4: Upper vacuum a,ee z>d
As regards the Fresnel phase contrast method, starting;: Upper SC azet?+aze 2 zp<z<d
from the object phase the out-of-focus images in the obser,: | ower SC a2+ aye -d<z<z

vation plane, located at a distanZefrom the object plane, 4 - | gwer vacuum aled 7<—d
can be calculated by means of the Kirchhoff-Fresnel
integral?*

1 _ _ ) , 2 of flat boundaries parallel to thes,ys) plane(see Refs. 14,
1(X,Y,2) = —ffe'*"(wie('”’xezm‘x) =T dx dy| 18, and 21 In this way, since both the Londoffor the
NeZ superconductorand the Laplacgfor the external spage
(6) equations are of the second order, the dependence on the
third z coordinate contains simple exponential functions.
Following the arguments developed and explained in
Refs. 14 and 21 we can express the general solutions for the
IIl. PANCAKE VORTEX IN A THIN SLAB vector potential in the specimen regions, each satisfying the
appropriate differential equation, by
In this section we basically follow the approach intro-
duced by Clertf1” and Coffey and Phipp¥ with the differ- ;\j(kx, ky2) = (afekiz+ aj‘e-ij)@L, (12)
ence that the emphasis is put on the vector potential, which is 5
the basic quantity for the calculation of the electron opticalwhere®, is the Fourier transform of the London vector for
phase shift, and not on the magnetic field. Let us consider Rg=(0,0, 1),
London vortex with its core and its magnetic flux aligned
along kg lying in a thin slice, of negligible thickness lo-
cated az=z, (see Fig. 1 Within the slice the vector poten-
tial satisfies the modified London equation

whereX andY are the coordinates in the out-of-focus plane,
andX. is the de Broglie wavelength of the incident electrons.

- i
‘I)L:kz O2
ol

[y, = Ky, 0] (12

K which keeps the information on the purely angular depen-
A = \2V2A = — @izs =@, 7) de_nce of th(_e vector potenti@vhich, if expressed in cylin-
27 rg drical coordinates, would possess only theomponent as
well as the correct dimensionality, in such a way thatdhe

where A=Ay i the. penef[ratlon depth in theb pIane,rS are dimensionless coefficients. Moreover, we hzkyek
represents a two-dimensional position vector perpendicular -

to the directionks of the core and®, is defined as the =\K;+kJ for the vacuum regions anki=g= A\ +k2+kJ
London vector. for the superconducting regions. Incidentally, we note that
By averaging the modified London equation over thethe fingerprint of vacuum region is an infinite penetration
layer thickness the following “jump” condition resufd®  depth(q—k for A — o).
Once this general description is given, all is left is the

oA 9A _ determination of the unknown coefficients corresponding to
AlsYszp) A{ { aZS]ZE LZSL_D} =P ® each region. The structure of the vector potential in this for-

0, ) ) . malism, where the common facto®, is removed, is
where A=\*/ris the Pearl film penetration depth. Equation gyatched in Table |.

(8) relates the normal derivatives of the vector potential at e problem is then reduced to the algebraic determina-
— St —— Hh i
the upper(z=zp) and lower(z=2;) surfaces with its average jon of the coefficients, of these exponentials. This can be

value and the London vector. _ achieved solving the system obtained by imposing the fol-

~ In the rest of the superconducting slab, the vector potenpwing boundary conditions(i) continuity of the vector po-

tial satisfies the homogeneous London equation, tential and of its normal derivative at the specimen surfaces
A -\2V2A =0, (9) z==d, (ii) continuity of the vector potential and “jump” con-

dition, i.e., the Fourier-space equivalent of K§), at the
whereas in the vacuum regions above and below the spegpancake layer=z. As a result of the procedure outlined, we

men the Laplace equation, obtain the following expression for the vector potential in the
V2A =0, (10) various regions,
. This. problem can be analyzed and solved by two- aZ:Iekd{q coshiq(d+ zp)] + ksinHq(d +zp)]}, (13)
dimensional Fourier methods, as suggested by the presence A
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L dFKk ) ¢
=T e"9%q coshq(d +zp)] + k sint{q(d + zp) ]},

a) \ / ®) \ /
20A %ﬁ?ﬁﬁg ?Wff/ ol

(14)

+_ 9% K +qd _ . _ FIG. 2. Contour line plots representing the phase shift calculated
&= 20A e**q cosfiq(d - zp)] + ksinf{q(d - zo) ]}, with the pancakga) and semicontinuoug) models in theyg di-

rection. The contour lines represent phase shifts of 200 mrad. Simu-
lation parameters, plot region 21 um, specimen thickness
=400 nm and\=200 nm. The dots mark the positions of the pan-
cake vortices.

(15)

al= i kdiq costiq(d - zp)] + k sinHq(d - z5) ]}, (16)

the trend of the magnetic flux lines piercing the specimen. In
the case of a phase map calculated alongyhaxis the
A = (1 + 2k®\?)sinh(qt) + 2kg\? coshqt) + Br  (17)  following expression will be employed:

where the common factak is

with

| ~
B= ﬁ[(l + 21%3)coshigt) + 2kgh? sinh(g) Hxsze= JO Ak 0.zg)sin(xgkddk,.  (19)
+cosh29z,)]. (18) Figure 2 shows the comparison between the calculations
carried out for three pancake laygmhose core is marked
by a thick doj in the case of a finite layered structure com-
05osed of five layerga) and within the new semicontinuous
model (b). The overall similarity between the two cases is
clearly displayed, with small differences detectable in the
curvature of the projected field lines between the layers, due
) ) . ‘ 4% the higher magnetic screening power of the superconduct-
thin as a few angstroms. However, in our simulations W&, regions. Such differences, however, are hardly detectable

have to limit the numbe_r of _Iayers to a finite valugof the .in the out-of-focus images due to the feature-broadening ef-
order of 10 or 20. Also in this case, where for a given SPeCitect typical of the Fresnel technigée.

men thickness we define the pancake layer thicknessras The differences between the two models are even less

:t/InL’ Vl'je can oyerlook the a:cdo?ltlonal terrrr]m ified th appreciable in the case of a pancake vortices stack pinned at
n order to gain more confidence, we have veriied thesq, oo 4ngles to some columnar defects. A 75° tilted stack of

results employing a different procedure, i.e., solving the,,n aye vortices, aligned to a row of pinning centers pierc-

problem for a slice of finite thickness. In this approach Wejg the specimen at the same angle, is reported in Fig. 3.

have afsyte”? Of. Eig?t Lﬁnknowns, with thel bogndary condli— Whereas the relative distance between the dots is not in-
tlons 0 continuity o t € vector potent|'a an |.ts.norma fluential on the phase maps, it is possible to appreciate the
derivative at the various interfaces. Taking the limit of the 5ifa ot introduced by the small number of layers when the
resulting solution for vanishing thickness of the slice con- hase shift is calculated for a specimen tiltedrat30°. Fig-
taining the pancake vortex, we recover the former result re 4a) reports the holographic contour map>3amplified

with BT neglepted. This c.onfirms the soundness and the Uind the out-of-focus image calculated for seven layers, a
derlying physical foundation of the procedure employed. stack tilt angle of 85° and three values of the defocus param-

Having the solution for a single pancake vortex located akq ¢ can be seen that both in the contour line map and in

(0,0zp), we can describe another vortex, located atne outof-focus images, especially at the lowest defocus

(Xp,Yp,2p), by multiplying its Fourier transform by the factor  5,67=300 mm(c), the single pancakes can be clearly dis-
e ixekeyrky) By superposition, we can finally find the vector tinguished.
potential and the phase shift for an arbitrary arrangement of

pancakes.

Even though obtained with different methods and nota
tions, it can be ascertained that the results for the vect
potential in Eqs(13)«16) coincide with those reported by
Coffey and Phipp$ at the first order inr, i.e., provided the
term containing the slice thickne®r in Eq. (17) is ne-
glected. This is justified since the pancake layer can be

It is worthwhile to compare the results obtained by this // ’ \\\

semicontinuous approach with those of the previouséne. Fig. 3. Contour line plots representing the phase shift along
First we present the phase maps corresponding to an ideghjculated with the pancake) and semicontinuougb) models

experiment where the beam direction is parallel to one of then =5 |ayerg. The contour lines represent phase shifts of 200 mrad.
coordinate system axis and the infinite thickness of the specsimulation parameters, tilt angle of the stack of pancake?5°,

men is overlooked. Such maps are interpretable as projectefibt region 2<1 um, specimen thickness=400 nm and A\
magnetic induction maps and give a vivid representation 0£200 nm. The dots mark the positions of the pancake vortices.

IV. COMPARISON BETWEEN THE MODELS
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NN

Z=1000 mm FIG. 5. Comparison between the semicontinudeg column)

and the continuous-anisotropidght column models.(a) and (b)

FIG. 4. (a) Phase contour line plot over a region 0K2 um,  phase contour line plot over a region o&k&.5 um; (c) and (d)

where each contour line represents a phase variation/6; (b)  nolographic contour maps 32amplified; (e) and (f) out-of-focus
holographic contour maps 32amplified; (c})<(e) out-of-focus im-  jmages(defocus valuez=300 mm). Simulation parameters, pan-
ages. The image size ifb)~(e) is 6 um. Simulation parameters, ake stack/vortex core tilt angle=85°, specimen tilt and rotation
stack tilt anglef=85°, specimen tilie=30°, specimen rotatioB @«=30°, $=0°, number of layersn =15, specimen thickness
=0°, number of layersn =7, specimen thickness=400 nm,\ 400 nm, anisotropy factofy=200, A=200 nm. Each contour line

=200 nm. Each contour line superimposed to the out-of-focus imsyperimposed to the out-of-focus images represents a contrast varia-
ages represents a contrast variation of 3%. tion of 3%.

If we increase the number of pancakes to 15, somethinghe optical axisz. A magnetic field of 0—-10 mT was applied
possible only if the semicontinuous model is adopted, thi®bliquely to the surface of the samples at incidence angles
artifact becomes undetetectable and the calculated image ® 70°—90°, and vortices in arrangements reflecting the an-
undistinguishable from the one calculated by the continuougsotropic layered structure of the materials were observed as
anisotropic model* as shown in Fig. 5. This example clearly Lorentz micrographs. The experimental results, taken at a
shows the usefulness of the new approach in order to avoidefocus of 300 mm and at a temperature of 30 K are shown

this kind of artifacts. in Fig. 6, reproduced at large magnification so that contrast
features of each single vortices are better visible. The angle
V. EXPERIMENTAL RESULTS between the magnetic field and the surface normal was var-

ied betweerg,=75° and6,=85°.

Let us briefly recall some of the experimental results re- We note that each vortex has a circular shape édgr
ported in the paper by Tonomurt al.'® whose main pur- <75°, as shown in Fig.(@), and gradually elongates in the
pose was to investigate the formation mechanism of uncondirection of the field when the angle is above 80°, as shown
ventional arrangements of vortices in  high- in Fig. §b), where the field was applied at,=82°. At
superconducting thin films with an inclined applied magneticslightly higher angles, the shape changes dramatically, be-
field with respect to the layer plane. The observations wergoming dumbbell-like[Fig. 6(c), §,=83°] and even some-
carried out by means of the Lorentz-Frespelit-of-focug  what splitted in some cases, as emphasized by white arrows
method in the newly developed 1 MV electron microscépe, in Fig. 6d), where ,=84°. For the largest angl#,,=85°,
equipped with a special magnetic stage able to provide aghe vortices appear very elongated, with low contrast. At
plied fields up to 10 mT with an arbitrary direction. least one of them, indicated by an arrom @), show a clear

Film samples, 300—400 nm thick, of single-crystalline contrast splitting.

YBCO (T.=92 K) were prepared by thinning a region It will be shown in the following that this behavior cannot
30 um X100 um, of a YBCO single crystal with a focused be reproduced by simulations computed assuming a straight
ion beam machineHitachi FB-2000. These samples, whose vortex core(or aligned stack in the layered models fact,
surfaces were parallel to tiab plane, were tilted around the for straight configurations such as those previously reported,
y axis of 30° whereas the electron beam was incident alonghe vortex should appear more elongated than observed, and
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FIG. 6. Lorentz micrographs of vortices in YBCO film sample at tilted magnetic fi@lés80 K, |H,,]=0.3 mT, angles indicated in the
figure). When the tilt angle becomes larger than 80°, the vortex images start elon¢atiaigd (c). For the applied field angle of 84° we
observe dumbbell features, and apparent splitting of the vortex contrast, as indicated by white ar@w$an the largest angle, 85°,
vortices appear very elongated, with remaining indication of stack splitting.

no dumbbell-like or splitted contrast features are ever The experimental results of Sec. V correspond to the in-
present. This discrepancy prompted us to consider mor&ermediate casé=2\, so that for their simulation we fol-

complicated distributions of pancake vortices on the layerslowed two complementary approaches. First we consider an
something possible only within the framework of the semi-aligned stack of pancake vortices tilted at various angles,

continuous model. thus having a shorter projected length. Figure 7 reports simu-
lations computed with the anisotropic model, owing to the
VI. INTERPRETATION OF THE EXPERIMENTAL similarit_y of results vv_ith t_he semicontinuous one demon-
RESULTS strated in Fig. 5. The first line reports the phase contour plot,

with the core evidenced by a bold line, followed by the ho-

The theoretical framework for interpreting our results haslographic contour mapgsecond ling and the out-of-focus
not been thoroughly investigated in literature, where only thémages atZ=300 mm, third line. All these data have been
cases of very thin filnft<\) and of a thick slalit>\) have  calculated for the high anisotropic cage 200 (the param-
been consideretf:?’ These results show that in thin films the eter y is defined as the ratio between the penetration depths
vortex lines are nearly straight and perpendicular to the suralong thec-axis and theab plane, i.e.,y=\./\4p),** while
face, whereas in thick slabs each vortex is directed near thie last line reports the out-of-focus imagesZat300 mm
surface along the normal to the surface itself and inside ifor y=5, a value which better correspond to the investigated
aligned with the applied field. material(YBCO). It can be ascertained that the out-of-focus

u NNRI//
))) ((( ))/ /(( WM

b4

FIG. 7. Simulation series for
increasing core tilt angles from
left to right, =45°, 60°, 70°, 80°.
From top to bottom, phase contour
line plot over a region of 2.5
X1 um, where each contour line
represents a phase variation of
7/16; holographic cosine map,
32x amplified; out-of-focus im-
age for y=200; out-of-focus im-
age for y=5. Simulation param-
eters, specimen tilt and rotation
a=30°,3=0°, core tilt angled in-
dicated in each figure, specimen
thickness 400 nnmy=200 nm, de-
focus distancez=300 mm. Each
contour line superimposed to the
out-of-focus images represents a
contrast variation of 3%.
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FIG. 8. Simulation series for exoti&inked) core structures, where the pancakes are distributed according to the dots in the phase contour
line plots. From top to bottom, phase contour line plot over a region ok 2..um, where each contour line represents a phase variation of
7/ 16; holographic cosine map, 32amplified; out-of-focus images witA=300 mm. Simulation parameters, specimen tilt and rotation
a=30°, B=0°, specimen thickness 400 nm, number of laygrs15, A\=200 nm.

31

images for differenty differ only by a variation of the con- tive at an angle of~52°, so that a kinked structure is ener-

trast (higher for lower+y) but have the same appearance, ingetically favored. The difference between the angle values

particular the same projected fluxon length and do not dismay be attributed to a stronger Josephson coupling between

play any dumbbell-like feature. the layers and, perhaps, to the effect of the surfaces and finite
We have then considered the thick slab case result. ThePecimen thickness, two factors not taken into account in the

complicated core structures analyzed in Refs. 17 and 18heoretical analysis.

have_been _mod_eled by consu_derlng a core aligned with the VIl. CONCLUSIONS

field in the interior of the specimen, at an angle of 85°, and ) )

kinked near the surfaces and aligned perpendicularly to In this work we have improved the layered model for

them. As remarked before, this fluxon core structure can b&uperconducting vortices in highs: materials. The number

analyzed only within the realm of the semicontinuous model°f layers where to locate pancake vortices has been increased

The results are shown in Fig. 8, where the kinked structur&onsiderably. With the new semicontinuous models, the

has been chosen in such a way that the fluxon has the Saiﬁgnulatlon artéfacl\:/tls due to ,;[rr:e sm?ll U“”}ber of Iayet_rs htave
projected fluxon length as in Fig. 7. een removed. Moreover, the analysis of more exotic struc-

. N ures can be implemented in order to improve image inter-
The comparison between Figs. 7 and 8 shows that tr%retation of experimental results. In particular it has been

out-of-focu_s image of the kinked structure presents hown that the shorter projected length of the fluxon visible
dumbbell-like feature, where the stack of pancake appears i ye experiments can be attributed to a kinked structure of
be divided into two. The separation is not visible @, he core, whose characteristic feature is a dumbbell-like con-
while the two half-stacks are progressively more separated ifast in the out-of-focus image for large applied field angles.
(b)~(d). These simulations show a better agreement with Figas our experiments are in a thickness range not yet theoreti-
6 than those reported in Fig. 7. cally investigated we hope to stimulate work in this direc-
Finally, we may wonder about the seemingly rather abruption. The unique opportunity offered by transmission elec-
transition from an elongated to a dumbbell contrast occuringron microscopy to observe directly vortices in
at about 82°. Considering that the inner part of the vortex issuperconductors will hopefully result in a better understand-
almost negligible, and that the net result is the transitioning of the core structure as related to applied field and ma-
from a straight to a kinked vortex structure, we note theterial properties.
similarity of this behaviour with the instability of a tilted
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