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Effect of surface defects on the first field for vortex entry in type-II superconductors
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Department of Physics, Nizhny Novgorod University, 603600 Nizhny Novgorod, Russia

~Received 7 April 2000!

The effect of arbitrary-size surface defects on conditions for vortex entry in bulk type-II superconductors is
studied by numerically solving the time-dependent Ginzburg-Landau equations. It is found out that the field
Hen for a vortex entry in a sample decreases with a larger size of defects, yet, beginning from a certain size, it
practically stops varying and sets at a minimum possible valueHen

min ~which is larger than the first critical field
Hc1). An interpolation expression is found to describe fieldHen

min as a function of Ginzburg-Landau parameter
k, which fits the numerical results with a high degree of accuracy.
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The effect of a surface~edge, geometrical! barrier on
magnetic characteristics of type-II superconductors has b
an issue of considerable interest recently.1–6 A closely re-
lated problem is the onset of a magnetic flux~vortices! in
superconducting samples. The influence of an ideal~defect-
free! surface on the conditions for the first vortex entry w
studied in detail in a number of works~see, for example
Refs. 7–9! for bulk superconductors. It was shown that vo
tices start penetrating in bulk type-II superconductors
some critical fieldHs ~nearly the value of thermodynamica
field Hc) which is larger thanHc1, i.e., the first critical field.
It is obvious that surface defects will decrease fieldHen for
the first vortex entry in a superconductor:Hen,Hs . In Refs.
10–13 the influence of small-size10,11(!l which is the Lon-
don penetration depth! and large-size12,13 (@l) surface de-
fects on the value ofHen for bulk type-II superconductors
was studied within the London model. In Ref. 12~see also
Ref. 13! an analytical expressionHen

min5HcAp/k was derived
in the limit k@1 for a minimum possible fieldHen

min ~feasible
for thin deep@l cracks!. The effect of surface roughness o
the conditions providing stability of a vortex-free superflo
of liquid helium 4He was considered in Ref. 14. It was e
tablished that surface defects are responsible for a decr
in the critical rate of a vortex-free superflow,qc , nearly
;( l /j)n-fold ~wherel is the defect length,j is the coherence
length, indexn.0 depends on the defect widthw).

The objective of this work was to study the effect
rectangular-shaped surface defects on the first field for
tices entry in bulk type-II superconductors, based on num
cal solution of the time-dependent Ginzburg-Land
equations15
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@~2 i¹2A!2C1C~ uCu221!#1x, ~1!
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]t
5Re@C* ~2 i¹2A!C#2k2 rot rotA. ~2!

The length here is scaled in unitsj(T), the time is in units
t54psnl2(T)/c2, the vector potentialA is in units
F0 /(2pj), whereF05ch/2e is a magnetic flux quantum
sn the normal-state conductivity of a superconductor,C the
coefficient of proportionality,16,17x is the dimensionless ran
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dom ‘‘force’’ simulating fluctuations of the orde
parameter,18 and Re stands for ‘‘real part of.’’ The magnet
field is measured in unitsHc25F0/2pj2 which is the second
critical field.

Consider a bulk superconductor (2`,y,`,2`,z
,`) of width D in an external magnetic fieldH5(0,0,H)
~see Fig. 1!. Further we will focus on the influence produce
by a chain of identical surface defects~measuringl 3w) with
a periodS@l on the first field for flux penetration. There
fore, we can choose a lengthSof this superconductor, which
has a surface defect, and set periodic boundary condit
C(2S/2)5C(S/2), A(2S/2)5A(S/2) along they direc-
tion. Since the selected periodS is large and the width of the
defects under study are small,w,2l, it may be assumed
that here we study the influence of one isolated defect on
value of fieldHen ~as numerical calculations show, the valu
of Hen reached for an isolated defect is less than the
corresponding to the chain of the identical surface defects19!.
The boundary conditions for Eqs.~1! and ~2! at the
superconductor-vacuum interface have a standard form¹
3Auz5H and (2 i¹2A)Cun50. Calculations within the
London model show that the current density tends to infin
when approaching the interior corners of the defect~points
A,B in Fig. 1! ~see, for example, Refs. 12 and 13!. As a

FIG. 1. The bulk superconductor (2`,y,`,2`,z,`)
with surface defect~chain of defects—see text! in an external mag-
netic fieldH5(0,0,H).
8691 ©2000 The American Physical Society
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result, the order parameter in these points within
Ginzburg-Landau model will be zero. This circumstance h
been accounted for in our numerical calculations by set
C50 in the interior defect corners.

Equations~1! and ~2! were solved numerically by the
method described in detail in Ref. 18. Specifically, we use
new variableU j5exp(2i*Ajdxj) (xj5x,y), which allows to
satisfy the condition of gauge invariance for Eqs.~1! and~2!
on the computational mesh.

The superconductor parameters were chosen as follo
width D510l, periodS510l. The value of the constantC,
coordinate (Dx,Dy) and time (Dt) step was chosen so as
minimize the count time; it turned out that the obtained
sults were practically independent of a value ofC ~we chose
C50.5), Dx ~if Dx5Dy<1.0) andDt @if Dt<1/(2kDx)2#.
Note that the values forHc1 and Hs obtained in this work
agreed to within the numerical accuracy (;2%) with the
results reported in Ref. 20 and Ref. 9 for fieldsHc1 andHs ,
respectively.

Let us define the value of the fieldHen. By Hen here we
denote the value of a magnetic field, at which the timeten of
the first vortex entry in a surface-defect superconductor d
not exceed 100t ~the magnetic field instantly is increase
from zero toHen). In Fig. 2 the vortex entry time is show
versus the value of the applied magnetic field~for three dif-
ferent values of Ginzburg-Landau parameterk52,5,7). The
mistake inherent in such a finding of theHen value is, as can
be easily seen from Fig. 2, not more than 1%.

Let us first consider the value of fieldHen as a function of
length and width of defect for a superconductor withk55.
In Fig. 3 it is clearly seen that starting from the lengthl
.10j, the field Hen reaches its minimum and practical
does not vary with a further increase in the defect leng
Defect widthw determines the minimum possible value
field Hen: the narrower the defect, the lower is fieldHen; the
most sudden change in its value being in the range 0,w
,2j ~see Fig. 4!. It should be noted that in real samples,
a defect width is decreasing to dimensions of the order
coherence lengthj, an increasing influence is produced o

FIG. 2. Vortex entry timeten as a function of an applied mag
netic field H. Circles are fork57, dots fork55, and stars fork
52. The results were obtained for a defect with size:l 52l; w
5j.
e
s
g

a

s:

-

es

.

f

the situation by the Josephson currents flowing throug
defect. This factor is responsible for a lower current dens
near a interior defect corner and, hence, a higherHen. There-
fore, a change in the value ofHen in the range of small
widths w;j of a defect should be less abrupt, than th
shown in Fig. 4~because we neglected the effect of the J
sephson currents in our calculations!.

The dependencesHen( l ) and Hen(w) were analyzed for
other values of the Ginzburg-Landau parameterk
52,3,7,10), which yielded the following results~similar to
the above!: ~i! at l>2l the fieldHen practically stops to vary
and reaches its minimum value~for the givenk and defect
width w); ~ii ! the most sharp change~decrease! in the value
of Hen occurs in the range of defect widths 0,w,2j.

FIG. 3. Dependence of fieldHen on a defect length atw
5const for type-II bulk superconductor (k55), obtained from the
results of numerical calculation of Eqs.~1! and ~2!. Curve 1~dots!
is for a defect withw51j, curve 2~stars! is for w52j, and curve
3 ~circles! is for w53j.

FIG. 4. Dependence of fieldHen on a defect width atl 5const
for a type-II bulk superconductor (k55), obtained from the results
of numerical calculation of Eqs.~1! and~2!. Curve 1~circles! is for
a defect withl 515j, curve 2 ~stars! is for l 510j, and curve 3
~dots! is for l 55j.
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Note that unlike the results in Ref. 14, we have sho
field Hen to have a minimum possible value~for a given
defect width! different from zero, whereas in Ref. 14 th
quantityqc characterizing stability of a vortex-free superflo
in 4He proved to be proportional to (j/ l )n(n.0) and for an
infinite-length defect it reduces to zero. It can be shown t
for type-II superconductors having large values ofk and
surface defects meeting the conditionw, l !l the fieldHen
will also be proportional to (j/ l )n ~where, same as in th
liquid 4He case, the power indexn.0). Such similarity be-
tween superconductors and4He can be accounted for by th
fact that formally it may be assumed thatl5` in 4He.

The obtained data led us to a conclusion that the e
field Hen( l 52l,w51j) slightly ~by about a few percent fo
k@1) exceeds the minimum attainable fieldHen

min for vorti-
ces entry in a superconductor with surface defects for a g
value of k. Based on this conclusion we plotted a depe
dence of fieldHen

min.Hen( l 52l,w51j) on the Ginzburg-
Landau parameterk, as shown in Fig. 5~for k<1 the length
of a defect was 3l, the width was 0.5j). In the same figure
we provide the dependencesHs(k) andHc1(k). It is easily
seen that in the entire range of values in question: 1/A2<k
<20 the fieldHen

min exceedsHc1. Note that atk51/A2 also
the first field for vortex entry, even in the presence of surfa
defects, is larger than the first critical fieldHc1 which in this
case is equal to fieldHc2. Figure 6 shows the dependen
Hs /Hen

min and Hen
min/Hc1 on the Ginzburg-Landau paramete

One can see that both these quantities are, essentially
monotonically increasing functions of parameterk.

For the dependencesHen
min(k) andHc1(k) we derived in-

terpolation expressions that satisfy the numerical results w
a high degree of accuracy~the error is not more than 2%)

FIG. 5. FieldsHs ~circles!, Hen
min ~dots!, andHc1 ~stars! versus

the value of the Ginzburg-Landau parameterk. All fields have been
found by numerical solution of Eqs.~1! and ~2!. Curve 1 corre-
sponds to expression~4!, curve 2 is for Eq.~3!, and curve 3 for the
dependenceHs(k) taken from Ref. 9. In the inset are the sam
quantities~curves 3a, 2a, and 1a, respectively!. Curve 3b is for
thermodynamical fieldHc51/A2k, curve 2b is for the dependenc
Hen

min5Ap/2/k3/2 obtained in Ref. 12, and curve 1b corresponds
the ‘‘classic’’ expression for the first critical fieldHc15 ln(k)/2k2.
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min.5

1

~4k/3!4/3
1/A2<k<5,

1.03

k3/2
~120.63/k! 5<k<20,

~3!

Hc1.5
1

~A2k!8/5
1/A2<k<5,

ln~k!10.55

2k2
5<k<20.

~4!

When seeking an approximation expression~3! we as-
sumed that in the limit of large values ofk it should ap-
proach the asymptotics obtained in Refs. 12 and 13,Hen

min

;1/k3/2. Similarly, field Hc1 was sought for on the assump
tion that in the limit k@1 expression~4! should coincide
with the ‘‘classic’’ expressionHc15 ln(k)/2k2 ~see, for ex-
ample, Ref. 21!. In the limit of smallk the best dependence
~in terms of agreement with the numerical results and s
plicity of expression! were Eqs.~3! and ~4! ~at 1/A2<k
<5) obtained for the fieldsHen

min andHc1, respectively. Note
that even fork5100 the difference of the above interpol
tion expression for field Hc1 from dependenceHc1
5 ln(k)/2k2 makes to a 13%.

In conclusion, the effect of surface defects on the fi
field for vortex entry was investigated based on numeri
solution of the time-dependent Ginzburg-Landau equatio
The study was carried out for isotropic bulk type-II supe
conductors, neglecting the effects arising due to the temp
ture being nonzero. It is shown that the fieldHen decreases
monotonically with a growing length and a decreasing wid
of a defect. Physically, variation of the vortex entry field f

FIG. 6. The ratiosHs /Hen
min ~circles! and Hen

min/Hc1 ~stars! as
functions of the Ginzburg-Landau parameter. The solid line w
obtained from expressions~3! and ~4! and dotted line from Eq.~3!
and dependenceHs(k)5A5/2(11A1/2k)/3k @which is valid for
k>1.1 ~Ref. 9!#. The small discontinuity of the solid curve is con
nected with the mistake of approximate expressions~3! and ~4!,
which are discontinuous functions atk55. The solid curve jump at
k55 is less than the accuracy(2%) of these expressions.
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a superconductor with surface defects, as compared
defect-free superconductor, is accounted for by the fact
in the former case the current density near the interior c
ners of defects will largely exceed that on a supercondu
surface. Therefore, first vortices will nucleate~due to the
depairing current density which sets somewhere in a su
conductor in the absence of weak coupling effects! in these
places. It was found out that fieldHen practically reaches a
minimum possible valueHen

min for defects with a lengthl
>2l and a widthw.j. It is shown that fieldHen

min lies in the
rangeHc1,Hen

min,Hs, and in the considered range of valu
for k it will be larger than fieldHc1. It should be expected
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that in superconductors of other geometries~for example,
superconducting films in a perpendicular magnetic field! the
presence of surface/edge defects would be unable to re
the field for vortex penetration down to the valueHc1. Ap-
parently, a particular geometry would only quantitatively a
fect the dependence of the ratiosHs /Hen

min and Hen
min/Hc1 on

the parameters of superconducting samples.
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