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Flux penetration, matching effect, and hysteresis in homogeneous superconducting films
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The vortex dynamics in homogeneous superconducting films of arbitrary thickness under parallel magnetic
field is studied. The strong surface effects in these systems are correctly taken into account by expressing the
energy of the in-plane vortices in London background. A Langevin algorithm simulates the flux penetration
and dynamical evolution of the vortices as the external field is slowly cycled. The numerical results show that
the vortex lattice consists of linear chains of vortices parallel to the film surfaces and undergoes transitions
involving formation or destruction of one chain, even for films with thickness greater than the penetration
depth. In addition, the magnetization curve is irreversible and presents some similarities with Clem’s model for
surface pinning.
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[. INTRODUCTION in-plane VL in superconducting films of arbitrary thickness.
We numerically simulate the penetration and dynamical evo-
In a type-ll superconducting specimen the magnetic fluxution of the vortices as an external magnetic fielgharallel
penetrates in the form of flux tubes generated by supercuito the film is slowly cycled at constant sweep rate. The key
rent vortices. For finite samples, the vortices nucleate at thdifferences from this work to previous studies on this
surfaces and are pulled to the interior by the shielding supeigeometr§~'®are that our simulations are dynamical, follow-
currents. Conversely, close to the sample edges, a vortex i8g a Langevin dynamics algorithm, and films with thickness
strongly attracted by the superconductor-vacuum interfacd? >\ are also considered. Two main results arise from the
These two competing interactions give rise to a surface baisimulations. First, rearrangements in the vortex lattice lead-
rier in the potential energy that delays the incursion of vor-ing to a change in the number of linear chains by one unity
tices towards the sample interibf.When the external mag- are present in all films studied, independently of their thick-
netic field is applied parallel to the surfaces, this energyness. These rearrangements are seen as peaks in the irrevers-
barrier traps the vortices in such a way to result in an irreible M(H) curves and in the VL ordering. Second, the mag-
versible field-dependent magnetization cum¢H), leading  netization of thick films is close to zero all over the
to finite critical currents even for homogeneous sampfes. descending branch dfl(H) curve. This provides evidence
Many aspects of vortex dynamics in superconducting crysfor Clem’s macroscopic model for surface pinringhere
tals and films, such as creep phenomémayrent induced the vortices were predicted to exit the sample whenever the
ordering®® dynamic instabilites and memory effeétgre  external field satisfiet (B)~B.
strongly influenced by the surface barriers.
Additional features of the magnetization curves come up

when at least one of the sample dimensions is comparable to ll. LONDON THEORY

its characteristic penetration depth For films with thick- We model a transversal sectiory( plane of an infinite
ness D=\ it was observed, both theoreticdlly° and  type-II superconducting film of arbitrary thicknes (inset
experimentally,®~*? that the M(H) curves under parallel in Fig. 1). Periodic boundary conditions are considered in the
magnetic field exhibit peaks corresponding to sudden reaw girection, with periodicity large enougfup to L,=80\) to
rangements in the vortex lattig¥/L ). Numerical minimiza-  gyarantee vanishing size effects. An external magnetic field
tion of the Gibbs free ener§y'has shown that the vortices | js applied parallel to the film surfacéen thez axis) and
form a linear chain in the equatorial plane of the film whenthe yortices are assumed to be straight and aligned with the
the external field is increased just above the correspondinge|d direction. Accordingly, we use two-dimensional Lon-

lower critical fieldH (D). For a higher field value the com- qon theory to determine the energy per unit length of an
petition between the repulsive vortex-vortex and vorteX-grpitrary distribution of stiff vortices:

surface interactions results in a buckling of the chain. As the

field is further increased, new chains, one by one, are added N
in the VL. These transitions from to n+1 chains occur in

specific field values and are visible as peaks in the equilib- gv:E#
rium M(H) curve. The resulting equilibrium VL, as pre-

dicted in Ref. 13, is very close to a triangular lattice.

Recently? we have found that when the surface barrier to + oH.
vortex entry is considered the resulting metastable VL is dis-
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In the present paper we investigate the behavior of the i=1m=1 Q&
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In the high« limit (small), Eq. (3) provides a good ap-

7 proximation for films with thicknes® =\ (see Fig. 1 An-
other important feature of this expression is that in the bulk
limit (D>\) the entry field is close to the thermodynamic
critical field H, (as was also obtained by de Germés a
semi-infinite specimen using a similar entrance critereumd

()

---- H (aprox.) ' S is attained for films as thin as a few. For €=0.05 (value

—-eeH, T ) adopted in all simulationsH,, is essentially constaras-
014 T . suming the value 1.315or films with D=8\.

ol ! DY 0 To include the effect of the vortex core and the deprecia-

tion of the order parameter, de Gennes used one-dimensional
FIG. 1. Thickness dependence of the penetration fitlg(D) Ginzburg-Landau theot and found an integral expression

as calculated by Eq2) (solid line) and Eq.(3) (dash, Hgy(D),  for the entry fieldHS' of a film with arbitrary thicknes§Eq.
numerically calculated from Eq11) of Ref. 13(dot), and the first  (11) of Ref. 14 for which the bulk limit is exactlyH,.
critical field H;,(D) as calculated by the global minimum condition However, for films withD> ¢, H,, (calculated in London
(dash-dok, for £=0.05\. Inset: film geometry and coordinate sys- packground has a similar thickness dependence and differs
tem. from HS: by a numerical factofsee Fig. 1 Furthermore, as
5 , we shall discuss later, the true value for the entry field is
where ap=V1+(mmA/D)", €=¢o/2uohD, ¢o=h/2e IS gmaared out by surface imperfections, vortex deformation
the fluxoid quantumy, is the vacuum permeability arilis  anq every kind of fluctuations. For this reason, we will con-
the coherence length. The tilde above length quantitiegentrate on the qualitative behavior of the macroscopic quan-
means normalization by. The above equation was obtained tities and the effect of the surface barrier on the vortex dy-
in the spirit of Sardelleet al. calculations’ i.e., using the  amics rather than numerical values.
Green's-function method to solve the two-dimensiof2i) In contrast with the above dynamical process, for thermo-
London equation for the local magnetic inductibx,y).  dynamic equilibrium calculations a vortex is allowed to enter
The first term of Eq(1) stands for the interaction between the sample as soon as a global minimum in the Gibbs free
every pair of vortices inside the sample. The second one ignergy appears, i.e., the vortices do not have to overcome the
the repulsive interaction energy between each vortex witlrface barrier. As it is well known, this condition defines
the Meissner screening currerii®., with the homogeneous ihe first thermodynamic critical fieldH,(D), which is
solution of London equatign The condition that transverse gmaller than Ho(D). As shown by Pethukov and
currents are forbidden on the film surfaces and a SUitab'@:hechetkiriEE’ the activation energy for the nucleation and
cutoff in the vortex self-interaction leads to the self-energyrtner penetration of vortices in the field regidt,,<H
of the vortices(third term. This term is attractive and, to- <H,, is five orders of magnitude greater thiai. Namely
gether with the second one, forms the surface barrier. yenetration of vortices bellovH,, is almost impossibie.

. In our r_nodel, thg vortices are considered to nucleate INNevertheless, in real samplek,, may be strongly affected
side the film at a distancg from one of the surfacesAt g rface imperfections, which produces leaks for the pas-
smaller distances, London theory fails because of the depr%-age of vortices through the surface barrier, leadinghg,a
ciation of the superconducting order parameter near the su(i,| e betweerH ,(D) and the perfect-surface value. We
face) The criterion for the vortex entrance is a force-balanceoe”eve, howevecr, that this suppression tf, would not

condition, i.e., the first vortex enters the film when the Lor'sir?niﬁcantly affect the field dependence of the VL dynamics.
entz force due to the screening currents becomes greater tha

the self-force. The field value for which this balance is
achieved is called the first entry field,,. In the London lil. LANGEVIN DYNAMICS AND NUMERICAL DETAILS

background, using the above described entrance criterion, the T 3 good approximation, vortices in most of classic and
normalized value of the entry fieldH,= uoA®Hen/ do) for  high-T, superconductors move as massless particles embed-

stiff vortices is expressed by ded in a dissipative background. For this reason, we simulate
5 . _ the dynamical evolution of a vortex that has fulfilled the
5 7  coshD/2) > m s (Zmﬂ-g force balance condition by solving its overdamped Lanvegin
=— —— —e “mtginl — . ; ;
e B2 sinD/2— ) =1 am 5 equations of motion,
) dx,
For small¢/D values, the series in the above expression can 749t — Vi€, —Ry(1). 4

be suitably replaced by an integral, which represents the
modified Bessel function of the first kind,. In this case, Here,# is the friction coefficienty, is the position of vortex
Eq. (2) can be expressed in the closed form: kin thexy plane andV, is the gradient operator with respect
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to vortex k position. Ry (t) is a stochastic force which is
related to the temperature by the fluctuation-dissipation theo-
rem. In our simulations we assume this temperature to be
very low (as compared to the VL melting temperajuaad

to have been attained after a zero-field cooling process. In
this way we can neglect relaxation through the surface bar-
riers towards equilibrium and concentrate on stationary
metastable states.

We simulate a magnetization measurement as an external
field H is slowly looped. Every time step a vortex is placed at
each film surface in random positions and attempted to
enter the sample. Interactions with other vortices already ac- 031
cepted in the system, if any, are incorporated into the force- % 024
balance condition. Equatio@) is then solved at each time =
step for every vortex inside the sample. Past a fixed number % 0.1
At of time steps the external field is increaged decreased
by a small amounfAH. The sweep ratdH/At is carefully
chosen to permit a considerably stable VL configuration
spending minimum computing time. Snapshots of the VL
configurations are periodically recorded all over the magne-
tization curves. For each VL record we use an algorithm
based on Delauney triangulation to find the natural neighbors
of each vortex and compute the sixfold coordination number ‘:§O-4-
probability, Pg(H). For the systems studied, this quantity is =
a measure of the VL ordering.

0.0

IV. RESULTS AND DISCUSSION

The as calculate® (H) for films with thickness ranging
from \ to 8\ are plotted in Fig. 2. All of them are charac-
terized by hysteresis with the presence of extra peaks at both
ascendant and descendant curve branches. Records of the VL
configuration(some of them screened in Fig) Show that
these peaks correspond to rearrangements in the VL in which
the number of chains change by one unity to perfectly match
the energy profile. The field valudd,, where these rear-
rangements take place are usually called matching fiefds, (
is the number of vortex chairadter rearrangementin Fig. 4
we plot the thickness dependence of some matching fields of
the ascendant branch. These curves represents the transitions
between neighbors metastable states. Each transition is pre-
ceded by a disorder on the VL and followed by an ordered
state. This fact is pointed up in the inset of Fig. 4 where we 00 05 10 Ls 20 25
plot Pg(H), in ascendant field, for the\gfilm. (Note that H(/1))
only transitions resulting in three or more chains are observ-
able because the vortices closer to the film surfaces have FIG. 2. Magnetization curveghick solid lines calculated for
only three neighbors. thin homogeneous films with thickne§s=\ (a), 2\ (b), 4\ (0),
Another important feature of this matching effect is its and 8 (d). The dashed straight lines are just guides for better
history dependent behavior. As the field is increasing a newisualization of the transitions between successive chain arrange-
chain is formed after each matching field. In the descendarients and the numbers between them indicate the number of chains
branch, instead, a vortex chain is completely destroyed as tH# the VL. The thin solid lines correspond to the magnetization
field is decreased below the correspondihgvalue. Never- 100ps as obtained by the macroscopic model of Ref. 3.
theless, as it is well illustrated by the dashed lines in Fig. 2,
the values oH,, for the ascendant and descendant branches The asymmetry of the magnetization curve is a result of
are quite different. Moreover, we may have the peculiar situthe different circumstances in which a vortex enters or exits
ation depicted in Fig. @), where a transition from 10 to 11 the sample. In increasing field the surface barrier develops a
vortex chains, which would be expected to occur only in thevortex free region within a distance,; from the film sur-
ascendant branch, take place as the field is decreasing frofaces. This length is considerably greater than the lattice pa-
its maximum value. rametera of the VL (see Fig. 3 and its field dependence
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y () y ()
penetrates the sample diminishing the magnetization re-
sponse. For this reason, E(h) does not hold unless the
condition D>\ is satisfied. However, the descendant
branch, even for the thinnest film studield € \), oscillates
about the value 0.02. Namely, the entrance of a vortex line
when other vortices are present is strongly thickness depen-

o ._dent whereas its exit is not.
strongly affects the magnetization. In contrast, for decreasing

field, x,+ will monotonically decrease until it reaches a small
value (smaller thara) from which vortices dramatically ap-
proach the film surfaces and start to leave the sample. At this In summary, we have simulated a magnetization loop ex-
moment, the macroscopic magnetic induction comes close tperiment for an infinite homogeneous superconducting film
the external field. In the interval of the decreasing branchunder a parallel magnetic field. We have shown that the in
where no flux exits, the effective area of the VL in the film plane VL goes through transitions with the formation or de-
cross section enlarges, which makes possible the formatiostruction of a vortex chain. These rearrangements are irre-
of a new vortex chain without any change in the number ofversible and are visible as a series of extra peaks in the
vortices[e.qg., Fig. 3d)]. Clem has formerly described these magnetization curve. The suppression of the sixfold coordi-
vortex free regions and its implications to th(H) curve  nation probability near the matching fields is also a striking
by using locally averaged fields and currents in a bulksignature of the VL transitions. We also demonstrated that
sample? Nevertheless, his model does not predict the structhe overall magnetization loop for thick films draws near the
tural transitions in the VL. Actually, the shape of thg(H) bulk limit obtained by usually adopted macroscopic motlels
loops we derive for the thicker films, disregarding the extrafor surface pinning. We would like to stress that the main
peaks, is quite similar to the curves obtained by the macrofeatures of the magnetization curves obtained here should be
scopic model where the ascendant branch has the simpexperimentally accessible for typical values of the interest
form of a hyperbola, parameters.

FIG. 3. Snapshots of the vortex lattice in a slice of thef8m
for the points A, B, C, D, E, and F indicated in Fig(dL The
external field values, in units @b, /w2, are, respectively: 1.6),
2.2 (b), and 2.4(c) in ascendant field, and 2(4), 1.8 (e), and 1.52
(f) in descendant field.

V. CONCLUSIONS

M(H)=H— VH2—H

en

5

and the descendent branch assumes the constant valueThe authors acknowledge G. M. Carneiro for stimulating
1/167=0.020(see Fig. 2 For films with thickness compa- discussions. This work was sponsored by the Brazilian
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