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Magnetic properties of superconductors coated with metals of arbitrary resigtiydtse calculated using the
time-dependent Ginzburg-Landau equations in which Bgthnd py vary. As py in the coating is reduced, the
initial vortex penetration fieldd(py) does not decrease monotonically from the insulatiatricon) limit to
the extreme metalli¢Bean-Livingston limit, but has a minimum valuéd,mr below the extreme metallic
value. The minimum occurs because the barrier is weakened by proximity-effect penetration of superelectrons
into the coating which only occurs at finite resistivity. In an applied magnetic field, local depressigns in
nucleate in the coating which do not have the well-known quantum of magneti¢hfl@e) until they have
crossed the coating and entered the interior of the superconductor. WH@rand T, of the normal metal
coating is zero, the minimum vortex penetration fielg(min)xOJGK'l'”ch which occurs for a coating
resistivity py=1.1x"%8ps. For T>0 the minimum is attenuated. Adding a thick weakly superconduding
layer between the superconductor and normal metal coating reduces the irreversibility markedly.
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[. INTRODUCTION surface critical fieldH.; has been determined by using lin-
earized equations to obtaiH.; as a function of coating
Within the past decade, the CPU clock speed of PCs hagsistivity!® The question of initial vortex penetration into a
increased by about 100 times, and the use of parallel processeated superconductor was first posed by Bean and
ing has increased supercomputer speed by up to 3 orders bivingston!* and solved in the higl- limit using London
magnitude, making many problems accessible to solution byheory, and using 1-D Ginzburg-Landau thebrfhe Bean-
computational techniques. In addition, a Crank-Nicolsaln  Livingston model is based on the competition between the
gorithm established for solving the superfluid Gross-attraction from an “image force” and repulsion due to the
Pitaevskii equatiorfshas been adapted for solving the time- screening currents, and predicts an initial vortex penetration
dependent Ginzburg-Landau equatidnhich provides a field Hp~H; ~Much later, it was confirmed
further improvement in efficiency of one or two orders of computationally® that their result is valid for the extreme
magnitude. These improvements permit the use of TDGLlmetallic limit irrespective ofx. The case of the supercon-
computation to model superconductors with high fisiteal-  ductor with an insulating surface was solved by Matricon
ues in contact with nonsuperconducting materials. and Saint-James using the 1-D Ginzburg-Landau equations,
The phenomenological TDGL equations provide a way ofshowing thatH, was noticeably higher than the Bean-
modeling superconductivity more complete than simple mactivingston value, due to the need to force the material nor-
roscopic modelé;® but without the extreme complexity of mal at the insulating edge before fluxons can enter. This has
microscopic theory which makes such calculations impractimore recently been followed by computational W§rké
cal for the mixed state. The TDGL equations have been usedhich confirmed the Matricon result.
to calculate |-V characteristics for superconductors with  This paper extends our understanding of coated supercon-
insulating-boundary surface pinnfhgnd with bulk pinning  ductors from the insulating and extreme metallic limits to the
by point pinning sites.The initial vortex penetration field of case of superconductors coated with metals of arbitrary re-
a superconductor with a nottinas also been investigated sistivity. These systems involve spatial variation of b®th
using TDGL theory, along with the current flow in a 3D and normal-state resistivify. The generalization of the com-
layered superconductdt® Some of the systems considered putation to include spatially-dependgnnecessitates imple-
in the literature consider spatially varying material propertiesnentation of internal boundary conditions, but enables the
by invoking a variation in the critical temperatufg.®-*2 direct computational simulation of new classes of systems.
The effect of surface barriers on superconductors is a pheHence coated superconductors, polycrystalline bulk materi-
nomenon which has been researched in detail for most of thals (where the grain boundaries may be nonsupercondycting
history of superconductivity. The effect of coatings on theand superconducting composite conductariich may in-

1098-0121/2005/714)/1445079)/$23.00 144507-1 ©2005 The American Physical Society



CARTY, MACHIDA, AND HAMPSHIRE PHYSICAL REVIEW B 71, 144507(2005

clude normal metal matrix materigl€an all begin to be 7hpl(3)

addressed computationally. Our aim in this work is to deter- A= m (4)
mine the effect of the surface barrier on the hysteretic mag- T Hofelle

netic response to an applied magnetic field. As part of ouwhereT, is critical temperatureD(=3v27) is diffusivity, p is
long-standing interest in bulk superconducting properties, wéhe normal-state resistivity anglis the Riemann zeta func-
have also considered how best to eliminate the surface bafion [/(3)~1.202. Similarly there are two characteristic
rier from a superconductor. For this reason the properties gime constants—éf’l) and 731)5

bilayer coatings, which consist of a weakly superconducting

S' layer interposed between the superconductor and normal §(21)

coating are calculated. This bilayer structure was chosen in szl) = D.. %)
light of the experimental finding%2° that the creation of a @

diffusion layer between a superconductor and its normal

metal coating reduces the superconductor’s magnetic irre- 3 Mo)\<21)
versibility. =0 6)
In Sec. Il an overview of the time-dependent Ginzburg-
Landau model is given, and the appropriate parameters baséd is the ratio of the two time constants, given by
on normal-state material properties are determined. In Sec. " 4
[Il we discuss the general impact of symmetry considerations = T—J — , (7)
on TDGL computation, the numerical method itself, and how ™ 144(3)
the calculations were optimized. which is material-independent, unlike the Ginzburg-Landau

In Sec. IV we consider a superconductor coated with Sarameter=\/£.
normal metal. The magnetization characteristics themselves gq; the equations to refer to both superconducting and

are calculated along with the_in_itial vortex.penetration fieldhormal states the temperature dependence must be explicitly
H, and the hysteresis. The minimum possiblgand corre-  jncjyded. Calculations from the Usadel thedr}p gives the
spondingpy/ps are also found(pn/ps is the ratio of the  4)16wing boundary conditions at a material interfatéhe
coating resistivity to the normal-state resistivity of the super+; st boundary condition corresponds to the continuity of pair

conducton ) _ _ conservation amplitude, while the second corresponds to su-
In Sec. V we consider the effect of introducing a weakly percurrent conservation

superconducting region between the superconductor and the

normal metal coating. As for the single normal metal coating, [E(Z)]Boundary: [Z(l)]Boundary (8)
complete magnetization loops akht} values are calculated.
The implications of all the results obtained are discussed A Jie \—
further in Sec. VI. Finally, in Sec. VII we give a summary of — -\ V=—Alp
the results and conclusions. P@) Boundary
4] 2ie
= —\V-—"A¢y : 9
II. BACKGROUND THEORY P@) h Boundary
A. The TDGL equations where
The work described in this paper involves Ginzburg- |—|2_ lc—l 2 (10)
Landau computations on systems containing both supercon- o= T o

ductors and normal metals. As given in the literature the o ) )
standard form of the TDGL equation$ig2 By substituting(10) into (1) and(2) we can obtain a form of
the TDGL equations appropriate for both superconducting

and normal states:

1, 5 V 2 \2 1({9 2\ B
?(|¢/f| ~Dyr| oA eS| i e |w=0, 1/ [P IV 2e \o 1[4 2 \
S|\ -1\ -TA| Y| HiTe|y
@©  F\(T/M-1 bon DAt 4
= 0’ (11)
h LV 2e 1 dA
Je= R —=-—A -—\Vo+—1]. (2 h —(V 2 Y-\ 1
¢ 2euoh? e(¢< i )lﬂ) p( ¢ at) @ Je:—Re<¢/ (T__A)l/f>__<V(p
2ep\3(T,/T)- 1 ih P
The values ofé and \, which are the characteristic lengths JA
for the order parameter and supercurrent, respectively, can be + at ) (12

deduced from microscopic theory in the dirty lindd: _
The first of these boundary conditions implies tijatan be

hD replaced by an alternative normalizatifm:; CE whereC has
&= m (3)  the same value everywhere. Making the substitution
Blic™
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[ = ( = 1>|§/f|2, (13)
T
restores Eqs(1) and(2) for material 1(in material 1::0: )
while giving
1 (T~ V 2 \%-
I@!fl2 )w(———A) ¥
f(z ( c(2 _T h
i(i i2_e )A_O (14)
Dpl\at 4% #=0.
o T~ T_ [~V 2e \-
e e
1 0A
- —(V + —) (15
P(2) at

for material 2. Using the identities(Dy/&5)((Teu)
~N/(Te)=D)=Dw)/ & and (pe/\)(Tey=T)/ (Tegz)
—T))=p(1)/)\(21), Egs. (14) and (15) can be rewritten in the
¢=0 gauge as

ay_ | Py T.-T vV 2 \2-
i (l Ut - )¢ D(.———A) at
at &, Ton - T i 4

(16)
dA h ~[V 2e \-
. 2 e(«p(f——eA)lp)—ﬁvxva.
at Ze,u,o)\(l) | ﬁ Mo

(17)

Here, D, T, and p, without subscripts, represent thacal
values of diffusivity, critical temperature and resistivity. The
equations can then be rewritten throughout the entire syste
(i.e., materials 1 and)2n dimensionless units based on the
properties of material 1, using
v=' Zp=t
56 ho &

The unit of normalized length is the coherence length

while normalized time is in units of the supercurrent time
constantrfl). The normalized magnetic field unit is the upper

critical field:

i pPa

—_— 2 _,
T pohd o’

(18)

h

S (19)
23#05(21)

Heo) =

We can now apply the following normalization to get the
dimensionless equations used in the rest in this paper:

-5 25

D

a1

o

T.-T ;,

TC(l) - T

(20)
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where the boundary conditions are E). and (9) with 4://
substituted fory.

'
at’

:Re<{/,*<vi—'—A —K(l—(v XV XA,

P(1)
(21)

B. Varying coating resistivity

The Ginzburg and Landau original papedescribed a
superconductor in terms of the two free parameteend 3,
which can be expressed in terms of the coherence leaigth
and penetration depth. Both ¢ and A are temperature de-
pendent, and so together with the critical temperalyrde-
fine the thermodynamic properties of any homogeneous iso-
tropic superconductor as a function of field and temperature.
The time-dependent Ginzburg-Landau equations add the dif-
fusivity D and the normal-resistivity to the equations, but
D can be obtained frord and T, via Eq.(3), while thep can
be obtained from\ and T, using Eq.(4), thus showing that
introducing time dependence does not introduce any new
free parameters. Henge D, and T, also provide a complete
set of variables.

In this paper we consider both simple normal metal coat-
ings and bilayer coatings which include an additional weakly
superconducting layer to represent a diffusion layer. Chang-
ing the resistivity of the normal metal coating leaves com-
plete freedom in setting its diffusivity. In this paper the
Fermi-level density of stateg(eg), given by

1

9(er) 2D, (22
was held constant throughout the grid, whilgand p were
used to define material properties. This is appropriate if
changes in resistivity are determined mainly by impurity

oncentratiorfand therefore by changes . In the bilayer

'/N) coating simulationsT. and p were varied linearly
across theS' layer. Since the core superconductor in the
computation is the critical part of the system, and in most
relevant experiments is far larger than the coatings, the mag-
netization data were obtained from a sum over the core su-
perconductor alondi.e., not including theS' layern. The
approach excludes the possibility that the data are dispropor-
tionally representative of the coatings.

11l. COMPUTATIONAL METHOD
A. Symmetry problems

If a local energy minimum in a physical system can be-
come a local maximum while equilibrium is maintained
throughout, changes in the system cannot be described cor-
rectly without explicit consideration of symmetry breaking.
Whereas an analytic calculation can check for the point at
which a minimum becomes a maximum and then identify the
correct minimum-energy equilibrium state, a time-dependent
computation can get stuck at an energy maximum unless
symmetry breaking is introduced. In a superconductor, both
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a E o i o )
= | [ I FIG. 1. Time evolution ofy{2 showing vortex
3 ‘ 3 entry into ax=2 superconductor of dimensions
80£X 70¢ with an insulating surface and with a
2 pPN=ps 20¢ thick metal coatingpartly shown for
2 clarity) and insulating outer surface. The applied
5 ’OE_ magnetic field is increased above the initial vor-
8 = tex penetration fieldi.e., to H,+0.0H.,) at t
g =0. Time frames at 20§}, 500r7;, and 20067,
= 8 are shown|y{? contours are at intervals of 0.1.

50 0 50

t = 5007, t = 30007,

»

Time Increasing

the Meissner state and the normal state may be erroneousfyethod, even fok=2, and at highk values even smallet
preserved if symmetry breaking is absent. values would have been needed, scaling ag.1lh this pa-

In the Meissner state of an infinitely long superconductorper we used a semi-implicit algoritfmvhich considers the
every point along the edge is equivalent to every other pointeffect of the entire grid on any given location, thus allowing
which may mean that the superconductor remains trapped ia &t of up to O-ETi(l)' although forpy/ ps values far from 1,
this state even abovd,. We have addressed this symmetry st values as low as 07, ;) were needed for accuracy and
problem by considering f|n.|te rectangulavhere the corners stability. We note that to successfully use these much larger
break the symmet?yand C|.rcular'(where roughness is im- time steps, one of the link variables must be calculated first,
posed by the rectilinear discretizaiosuperconductors. If and the new results used in calculating the second link vari-

:h_e sgrfface gatrrrller '? not ;/veakeéjne_d b?/ the corntlelqg'_sob- _“able. When the two link variables were calculated in parallel,
ained from both rectanguiar and circular computations willg oy the semi-implicit algorithm became unstable. The order

agréa_e \.’lv't? a?atl:]ytlc values '3 thte Iabrge—gnd limit. letel of link-variable calculation is switched on alternate iterations
imiiarly, IT the superconductor becomes completely nory,, preservex/y symmetry as much as possible.
mal it is impossible for superconductivity to renucleate even

if this is energetically favorable. Whe}nis zero everywhere,

ol at' =0 [cf. Eq. (20)] and the normal state is erroneousl e - . .
plrpeserved[ wha?e\(/er)]the shape of the superconductor )FIZe- In Schmid’s dirty-limit TDGL theory, the ratio of the time

. Y " constants’ =7*/14{(3)=5.78, while in TDGL theory as ob-
nucleation of superconductivity can be enabled by adding . . .
random Gaussian noise to both real and imaginary comp ained for superconductors dominated by paramagnetic

~ , _ , o impurities?® /' =12. In Fig. 1, where the time evolution is of
nents ofys after every 50 iterations. This noise is of mean

> e i explicit interest, our calculation usés=5.78. The remaining
zero and standard deviationPOWithin the superconducting work in this paper considers equilibrium properties, where

regime this noise has a negligible effect on the results, ag,q time-dependent terms ultimately tend to zero. As a result,
noise 10 times more intense was found to have a negllglbleg, was set to 1 to reduce computational expense. We have

effect on the result§ except for the time scale—more noise confirmed that this setting af’ does not affect the results,

leads to faster equilibration. while reducing computation times considerably—this is con-
sistent with work in the literaturg.In order to obtain the

B. Numerical method equilibrated magnetic properties, the applied magnetic field

was ramped from one value to the next, and then held con-
stant. The field increment was typically 05, ramped
over 1OO-,J(1), although when obtaining precide, values

C. Optimizing the computation

Much of the existing TDGL computational work has been
done using the simple explicit-¢ method®818 An explicit
algorithm for solving partial differential equations involves
calculating the time-derivatives based on existing data, anftuch smaller increments were used. The equilibration time
then advancing in time by a simple Euler step. Unfortunately(typically 400r,,), although this varied depending on the
this method is very computationally expensive for diffusionsystem was determined by confirming the convergenc&lof
equations such as the TDGL equations—as the explicit algao 3 significant figures.
rithm only considers nearest neighbors, the timestepe- In all computations included in this paper, a grid spacing
tween iterations must be shorter than the diffusion timeof 0.5¢ in bothx andy directions was used, is dependent
across a cell of widthox for the algorithm to be stabf. on grid size—it is higher for small superconductors, as the
Many of the calculations presented here would have requiredcreening current on the near side of the superconductor
a §t<0.00]5';1(1) had they been calculated using theys  which induces flux entry is partially cancelled by the oppo-
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site screening current at the far side. This meant it was nec-
essary to check that the grid size was large enough to obtain
Hp results consistent with results in the literature for the
insulating and extreme metallic limits. For the rectangular
grid, for k=2 the grid size was F0x 40¢, with a 1 thick
coating. Fork=5 calculations, a 100 80¢ grid with a 1&
thick coating was used, 2%& 200¢ with a 2 coating for
xk=10 and 623X 500¢ for k=20 with a 2 coating. For the
circular superconductors referred to in Fig. 3, the diameters
used were 58 for k=2, 10 for k=5, 25 for k=10 and
500¢ for k=20, with the same coating. The large grid sizes
for k=10 and«x=20 use up to 1 GB of RAM—to reduce the
computational expense the superconductor was divided into
symmetric quarters, and the computation was restricted to a
single quarter. The sanf@grid sizes and\ thicknesses are
used in the bilayer coating calculations.

FIG. 2. Contour plot of logy|¢{?) for a k=2 superconductor of
dimensions 88X 70¢ coated with gon=ps, 20¢ thick normal metal
IV. RESULTS and bounded by an insulating outer surface. The applied magnetic
A. Flux entry behavior field was increased to above the initial vortex penetration ﬁ'pekj,
to Hy+0.01H,,) att=0 and data obtained &&500r(). log;of|#1?)

i i ion bi2 : .
Figure 1 shows the time evolution pf” as flux enters @ contours are at intervals of 1—the outer region has random
superconductor with an insulating surface and a SUPErcofls (|442) due to noise

ductor with apy=ps normal metal coatingthe outer surface
of the coating was set to be insulatjn§or each system, the
superconductor was equilibrated in the Meissner state wit
an applied field ofH,—-0.01H, (whereH, is the minimum

,rpetal layer, which have associated vortex currents. These
proto-fluxons do not have quantized flux @f associated

field at which flux entry occujsthen the field was increased with Fhem. We havg found that unlike the two e_xtreme limits
considered analytically, the proto-fluxons first nucleate

to Hy+0.01H,. The mechanism of flux entry is quite differ- >~ ™ W GO :
jvithin the “noisy” region in the normal coating, then cross

ent in the two cases—in the insulating surface case a co . S h d
tinuous normal region forms at the edges which then breakg1e screening current region into the superconductor.

up into fluxons, while in the metal-coated superconductor
individual fluxons enter the superconductor from the edge of B. Normal metal coatings

the material wheréy|? has been depleted by the proximity
effect. When the magnetization response was calculated for
superconductor with normal metgl coatings of various thiCk'various resistivities. The sample magnetizatidrwas calcu-
hesses, it was found that any thickness abak(g ave the lated by subtracting the applied magnetic fi¢ldfrom the
same result forH,. This shows that the order parameterniernal magnetic field (calculated byVXA), and then
within the coating becomes negligible withirgg for H  5yeraging over th& region only(the demagnetization factor
~H,, and so the normal metal coatings used here can bgan be ignored for a 2D systémAdding a metal coating
considered to be infinitely thick. A metal coating slows thereduces the surface critical field.; from its insulating-
diffusion of fluxons into the superconductor compared to arsyrface value of 1.69., to H., when py=<ps, consistent
insulating surface becaust, and therefore the driving force with the Hurault result?® (Note that superconductivity can
on the fluxons, is lower for the metal-coated superconductopersist in corners even abovel as noted in the

In the analytic work on initial vortex penetration, the non- jiterature®) The magnitude of the magnetic hysteresis de-
Superconducting side of the barrier is not eXp||C|tIy COHSid-CreaseS aSN/pS decreases, or asincreases. However, the
ered. In both the insulatitgand extreme metalli¢ limits,  field dependence of the hysteresis is a property not only of
=0 outside the superconductor, and the fluxons first nuclethe coating itself but also of the shape of the superconductor
ate just inside the superconductor. For a superconduct®ecause in superconductors with small dimensions, fluxons
coated with a normal metal this leads to the question as tghich have already entered the superconductor impede the
where current vortices first form. Figure 2 is a logarithmicentry of further fluxond® In contrast to the hysteresis, the
contour plot for such a system. It consists of three mainnitial vortex penetration fieltH, is characteristic of the coat-
regions: an outer region in the normal coating dominated byng alone, and is considered in more detail below.
noise where}fp|2< 10719 a second region containing screen-  Figure 4 shows the results &f, calculations for coating
ing currents which circulate near the superconductor-normatesistivity values ranging fronpy=0.1ps to py=10pg at «
interface and exists in both regions and an inner regiorvalues of 2, 5, 10, and 2@, was calculated for both rect-
which contain a few fluxons, but where the order parameteangular(open symbolsand circular superconductofslosed
is in most regions close to unitfMeissner state It can be  symbols. It is clear thatHy(pn/ps) has a minimum value
seen that there are small depressiong efithin the normal  (Hpmin) that is lower than the extreme metallic limit

Figure 3 shows the complete magnetization characteristics
for superconductors coated with insulator and with metals of
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0.03 FIG. 5. Initial vortex penetration fieltl, as a function opy/ps
for k=2, 5, 10, and 20 for rectangular superconductors where
0.00 N Teny=—2T¢s. They-axes are scaled so that the asymptotic values
< of H, in both the insulating and extreme metallic limits are at the
:5;4).03 same position for alk values.
S
S 006! * :‘sf‘fggg notche8 reduceH, and the observation in Fig. 1 that fluxons
|53 = .
S —e— =30, 0005 do not enter directly at corners suggest that convex features
2 0090} -°—P~=gssp 1 increaseH,, and in particular that corners do not weaken the
—d—p = 0. . . A L . 1. . . )
s surface barrier, and so that the computtggvalues in Fig. 4
01 e e 0 are equivalent to values determined by the Bean-Livingston

and Matricon calculations.

To confirm that the minimum in Fig. 4 is not specific to
FIG. 3. Magnetization of a superconductor with an insulatingthe conditionsT=T; =0, Fig. 5 shows the effect of pair
surface and of superconductors with normal metal coatings of varibreaking orH The same system is considered as in Fig. 4,

ous resistivitiega) k=2, (b) k=5 with an inset forx=20. but atT= Tc(l and T, =0 (this is also equivalent td=0
and Tgp=—2Ty). In this system the minimum is attentu-
ated considerably, as the pair-breaking fora,:lesapidly to
zero in the normal metal, reinforcing the surface barrier for

pn<ps While weakening it forpy > ps, However, the mini-
mum is not suppressed completely. The convergence of the

Applied Field (H_)

(Hp(0)), and that the resistivity ratio at which the minimum
occurs (pn/ ps)opn decreases ag increases. The axes in
Fig. 4 have been scaled so that the extreme metghlic
=0) and insulating(py=2) limits are at the same positions
for all values ofk (theH, values at these two limits converge - P ;
h nF 4 an hat in

in the extreme highe I|m|t17) The rectangular and circular iatalﬁ;n I%Ep'\(‘/p? IS) ES(O)][a[Hd (i sugg(eos)t]sdtei;eletjr:dstkzﬁl_
H, results agree to within a reasonable accuracy. We there Ps pIPNTP P P P

marily on py/ps andT, not «.
fore conclude that the corners are not responsible for deter- L

Figure 6 focuses on the minima in thi,(py/ps) charac-
mining Hy in the rectangular superconductor and that the tenstlcs in Fig. 4with some additionak values, and dem-
grid size is sufficiently large. The existing result that 9.

onstrates thatHymin, and (pn/psopt have approximate

power-law dependences. Figure 7 shows phéps depen-
dence of the hysteresis energy, which is calculated from the

2 .
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FIG. 4. Initial vortex penetration fieltl, as a function opy/ps
for k=2, 5, 10, and 20 for rectangulémpen symbolsand circular
(closed symbolssuperconductors. Theaxes are scaled so that the FIG. 6. Minimum initial vortex penetration fieltH i, (left

asymptotic values dfi, in both the insulating and extreme metallic axis) and required resistivity ratipy/ps (right axig as a function
limits are at the same position for allvalues. of k.
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FIG. 7. Hysteretic energy density as a functionggfl ps at « .
0.0 K¢
=2, 5, and 20.

] =
area enclosed by thiel-H loop. Forpy> ps, the hysteresis T 01 x=2,p,=10p,
energy increases withy/ ps, While for py<ps it is approxi- 2 e Zero
mately independent gfy/ps. The minimum observed in the = o2} —x—2¢
H, characteristic does not appear in the hysteresis energy ) —=—5¢
characteristic because hysteresis energy depends on both flux = ——_:—_;g& '
entry and flux exit, and the barrier for flux exit drops mono- S 03 e %
tonically aspy/ps decreases in the important low field re- 00 oa o8 12 15 20

gion. This cancels out the effect of th, minimum on the - Applied Field (H_) -
hysteresis energy.

FIG. 8. Magnetization of a=2 superconductor coated with
weakly superconducting' layers of thicknesses up to 2@nd an
outer normal layer with@) pn=ps and(b) py=10ps.

It is clear from the results presented so far that single
normal metal coatings cannot destroy the surface barrier igition in high fields. ForS' thicknesses of 2§ AM eventu-
any significant field range. The effect of a weakly superconally becomes less than that resulting from a single fluxon for
ducting S’ layer between th& and N layers was therefore H=0.35H,. A limited set of calculations for a much larger
investigated with the intention of reducing the magnetic hysgrid of 250X 200¢, where one fluxon would make a much
teresis further and obtaining reversible magnetic behaviogmaller contribution tdM, still showed a nonzeraM, thus

C. Bilayer (S'/N) coatings

over the widest possible field range. confirming that the apparent irreversibility field in Figa
Figure 8 shows examples of magnetization curves calcuis not the result of any phase transition.
lated for k=2, bilayer coated superconductors. For ldn Figure 1@a) showsH, as a function of the thickness &f

layer with py=ps, adding a Z -thick S’ layer has a minimal  for k=2 andpy, values of 0.ps, ps and 1ps. The anomalous

effect, while anS' layer at least 19thick makes the magne- increase irH,, first noted in Fig. &) (py=10ps) is found for
tization essentially reversible above B4. For anN layer

with py=10ps adding arS’ layer results in a less pronounced

reduction of the hysteresis, and for &thick S' layer there —~ j
is an anomalous increase in bdify and hysteresis energy, T 10'§% 000 k=2, Py = Ps
which is discussed below. It may be noted that the calcula- = 1° : e, o Xk ]
tions in Fig. 8b) are more computationally expensive—not Z "? ’_'__,_;; o -, SingleFluxon_ _ TtttaEx
only does the largey require the simulation time step to be % 10°4 TxTv LS ° R
reduced, but the equilibration itself is slower—taking up to 3 , . * : DA $Tv e
10 times longer in normalized time than for a system with a ‘—;‘ 10* Zszm . ot .. A
simple normal metal coating. £ ¢] ¢ 06 = o v .l
In Fig. 8(@ the magnetization characteristics ®rthick- o 3 §3§ v .
nesses of 1€or more appear to be reversible for fields above ?5.’, 10°; S 1
0.3Hg,, which opens the possibility of the existence of an £ 02 03 04 05 068 07 08

irreversibility field. Since the irreversibility field marks the Applied Field (H_)

point at which critical current density, becomes zero, it is

an important issue both experimentd?y’? and theoret- FIG. 9. Magnetization irreversibility on a logarithmic scale for
ically.2%3! The magnetization irreversibiliyAM obtained  x=2 superconductors withy=ps normal metal coatings ang’

from the data in Fig. &) is plotted on a logarithmic scale in layers of various thicknesseéNegative values are indicated by
Fig. 9. It is clear that there is no evidence for a phase tranepen symbols.
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gradient explains the existence of the minimum. Both very
low and very highpy/ps have highH, as the interface
boundary conditions force a steep gradient: onNh&de of

the interface for higtpy/ ps and on theS side for lowpy/ ps.

This means that in both of these cases the Bean-Livingston
“image force” is close to full strength. Close P/ pn)ops

the screening supercurrent extends somewhat into the normal
metal, weakening the image force and loweriHg. This

dependence dfi, on pr also explains why adding a weakly

superconducting' layer reducedd,, as¢’ is gradually re-
duced to zero over the width of tt# layer. The decrease in

Lower critical field H_|

Initial vortex penetration field Hp (H,)

20 30 i i -

@ S1'?ayer thickness () (on! P9 opt @S x increases results from the se_cond Ginzburg
Landau equation—at higk values the screening current can

%) 0.124 T T T penetrate farther into the normal metal, meaning gradients at
T | . . .. .
o3} the interface are optimized at a lowgy/ ps value. The first
e Ginzburg-Landau equation only plays a minor role—it was
‘f_:" 0.08 _ 1 022 found that changing the relation betweBg/Dg and py/ ps
S o2} oM. S T 8 changedH ,min but not(pn/ ps)opt
L~ o " . . . .. .
Bt M. (c=5) X The second consideration in determiniHg is the value
a 0: _ 0‘04."",;4(; ey LT 001 of ¢ itself at the interface. In the extreme metallic limit,
E: -"J"-F-),;/-i;—:_(;’—,\,./;)—i """""""" =0 at the interface while in the insulating limit at zero
K| S S’opt field is the Meissner state valug.must be reduced to zero
£ 00% 000 . 0 5 2000 near the edge of the superconductor before any fluxons can
(b) S’ layer thickness (&) enter, which results in a greater energy penalty for fluxon

entry in the insulating limit, and thus a highidf than for the
FIG. 10. Initial vortex penetration fielt, as function ofS ~ extreme metallic limit® This “condensation energy” consid-
thickness for(a) k=2 superconductors witpy=ps and py=10pg  €ration also explains the anomalous increasH jrobserved
normal metal coatings, anth) k=2, 5, and 20 superconductors in Fig. 8(b).
with coating resistivity given bypy/pg)op: They axes are normal- Finally we consider the general issue of the field depen-
ized toH, for a 1G-thick S layer. dence of the hysteretic magnetization data. Clearly, the re-
versible magnetization of a superconductor does not depend
S thicknesses of 8or less and confirmed to exist even for ON its shape or size, provided that the separation between the
much finer grid spacings. In EqR0) for py=10pg, diffusiv-  Parallel surface size is much larger tha20\ (\= the pen-
ity D is decreased within th&' layer, which lowers the etration depth The surface barrier contribution to the irre-
kinetic energy term and thus increasksat theS'/S inter- versible magnetization can be interpreted as a critical current

face, increasing the energy penalty associated with movin long the surface of the superconductor per unit length in the

floxons into the superconductor. FA thickness of 2 or 7 STAR IE 5 0S80 PEERREET 8 Rt resented
less this effect dominates, resulting in the anomaldysn- 9 P

crease, while for thicke§' layers,H, decreases because the In Figs. 3 and 8 are completely general for a givenalue

Bean-Livingston image force begins to dominate again. Thé;‘ir;i Slfrrrl:zcsi’ gﬂiﬁ;g::sbﬁg‘\?eSz&%ﬁ%ézfﬁnggéeqhzr;aﬁﬁcﬁr
initial vortex penetration field never reaches the lower criti- '

cal field valu@® of 0.19%,, but instead tends asymptoti- smoothS' layers cannot completely destroy the surface bar-
cally to a somewhat. high(cazr’ value of 0.265,. This differ rier, to achieve complete reversibility surface defects such as
. 2. =

. : : notches or surface roughness are requfirtidmay also be
ence and hysteretic behaviour is found even for &thick ; .
S layer [cf.yFig. 8a)] and is discussed in the nexét: section. noted that the magnitude &M for the superconductors with

Figure 1@b) demonstrates the effect of changikgn theH, insulating coatings can be approximated by
characteristic as a function & thickness—for all values of

i ! thi 0.35
K t_here is a general tre_nd of decrea_sﬂ}ga_s theS thlc_kness AM ~ 222 (1~ Hy22, (23)
is increased, but again full reversibility is not achieved for K>\ Hg

thicknesses up to Z0

If we consider a thin film conductor of thickness\, for
V. DISCUSSION example, of a high-temperature superconducting RABITS
conductor?? the surface contribution to the average current
density (J.) is AM/N which can be rewritten as].
The value ofH, is determined principally by two consid- ~0.64)5/ k (WhereJp=H,/\ is the theoretical upper limit
erations. The first is the gradient of the order parameter at thknown as the depairing current dendfly Such high current
interface of the superconductor. The dependend¢,afn the  densities are clearly of technological interest.

A. The effects of coatings orH,
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B. Comparison with experimental results teresis(compare Fig. 3 with Fig. 8 This result has been
In many superconducting samples, the effect of the barriepbserved experimentally in metallic interdiffusion experi-
is complicated by a combination of suppression of the superments on a lead-thallium alléy and in oxide-coated
conductivity near the surfadelue for example to oxidation ~ niobium?2°
by roughness of the surfa¢the effect of notches o, has
been investigated computation&)lyor by the presence of
twin boundaries or other defects. In such samples the effect
of the surface barrier is most apparent in the immediate vi- This paper has considered the issue of coating supercon-
cinity of Hgy, but obscured in higher fields by the effects of ductors with finite size single layer and bilayer coatings. The
bulk pinning. Surface barriers strong enough for the characproperties of superconductors of differentand coated with
teristic asymmetric irreversibility shown in Fig. 3, with the materials with a range of resistivity afg have been calcu-
almost-zero magnetization of the descending branch, hdgted using the TDGL equations and discussed. Flux nucle-
been observed in materials with surfaces which are flat o@tion and penetration into a superconductor have been de-
the scale of the coherence length, for example, in single crysscribed, and the values fét,, including conditions for it to
tals of YBCO(Ref. 35 and Bi-2212(Ref. 36 as well as thin  be a minimum, have been reported. General characteristics
well-annealed samples of elemental niobfisnd powdered for the hysteretic magnetization of large samples have been
MgB, (Ref. 37. presented, which can be applied to coated materials of arbi-
There has been relatively little experimental work on thetrary shape.
effect of plating normal metals onto a superconductor with
flat surfaces, although measurements reported on cylindrical
samples of a niobium-zirconium all$fshowed a small de-
crease in magnetization irreversibility on plating with silver.  We express our gratitude to Lydia Heck, Duncan Rand,
The computational work presented in Sec. IV C of this papeand Gerry Fuller for IT assistance. We also thank the CSAR

VI. CONCLUSIONS
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