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Onset of flux penetration into a type-l superconductor disk
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Virgin magnetization of a superconducting disk in a transverse magnetic field is discussed. A field in which
a metastable state arises in samples due to the geometrical barrier is calculated on the base of both the Landau
theory of the intermediate state and the Hao-Clem description of the mixed state. It was found that this field
agrees well with the penetration field measured for thin flat samples of type-l superconductors with weak
pinning.[S0163-182€08)02906-3

[. INTRODUCTION penetration field, part of the normal domains separate from
the edge in the form of flux tubes, migrate towards the cen-
It is well known that a uniform intermediate state is ter, and accumulate thefé,as shown in Fig. 1. Surrounded
formed in an infinite plate of a type-I superconductor in-by the Meissner phase a region of the intermediate phase is
serted in an uniform magnetic field applied normally to formed in the inner part of the sample. If the field decreases,
the plate! The intermediate state consists of alternating northe Meissner phase prevents an exit of the normal domains
mal and superconducting domains. The surface separatirfgom the inner part, therefore the magnetization becomes
them, the so-called domain wall, is characterized by a posikreversible®!%*2The inner region of the intermediate phase
tive energy described by the parametehaving dimension expands in increasing field. In some fields the magnetization
of length. The contribution of the energy of the domain wallsagain becomes reversitié:'%*2
(or surface energyinto the free energy of the intermediate ~ The magnetization described above is determined by the
state can be neglected whdnis small in comparison with following thermodynamic processes. In low field the main
the plate thickness, JA/d<1. In this case the plate mag- part of the sample is in the Meissner state and the interme-

netization linearly decreases with field: diate phase occupies only the sample corners. In some fields
the formation of an intermediate phase in the inner part of
m=H-H;. (1)  the sample becomes favorable from a thermodynamic point

However, the surface energy affects the thermodynamic Ian_f view, but the transition into the intermediate state is im-

rameters of thin samples. For example, the field correspon(ﬁedtedtbgla ptottentla_l bar(lertr?r|5|ng alt the sample I(Ig?r?a

ing to the suppression of superconductivity in foils and films,Metastablé state arises in the samp e,lfo we call the corre-

is lower than the critical fieldH of a bulk superconductdr. Spl(l)ngl?r? field thet meltabstat?lllty_flelkldm. bSUCh 3 _ba:tr:_er,ﬂ t
Due to demagnetization the intermediate state arises in arfie | efgect)me ?Ica arrler(,j |sta So.t?] servlia .'rr'ﬁ?]_ég a

infinite plate in an infinitesimally weak applied field, but this ?’;mp es o f‘ YFI’eb' Supercon ‘;C t‘;]r Wi Wteat. pin i

field is finite for samples of finite lateral size. The question € geometrical barrier prevents the penetration of the nor-

of how the intermediate state is formed in such sample§na| domains into the inner part of the sample when the field

arises.

Let us consider the observed magnetizatidhtaking as
an example a disk-shaped sample with large diameter-to-
thickness ratica which is called the aspect ratio. When the
field increases, the sample corners come into the intermedi-
ate state in a very weak applied field due to a strong field
enhancement at the corners. Being separated at the equator
by the Meissner phase, the opposite normal domains in the
corners expand with fielti®*! This corresponds to a revers-
ible magnetizatioh®*3described by the dependefce

m=-2H/3(1-e)=—-vH, (2
) 32 FIG. 1. Sketch of a flux distribution in a type-1 superconductor
1 _ (a°—1) disk. The bottom picture represents the cross section along the
1-e a2arctan/a?—1—+aZ—1' dashed line. Grey regions correspond to the normal domains and

_ o _blank ones to the diamagnetic phaga. “fringe” of the normal
wheree is the demagnetization factor of an oblate spheroiddomains at the edgéb) central region of the intermediate state),
with the axes ratio equal ta. In some fieldH,, called the a domain tube migrating towards the center.
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T TABLE |. Parameters of the lead samplesTat 4.2 K.
. D mm dum a=D/d soHe MT  woH, mT
0.10 : | 2.10+0.05 145:5 14.5£0.3 53.0 13.0
o J 2.08+0.05 505 42+4 53.0 5.0
% -5 1.55+0.05 3.5:0.5 440+ 50 43.07 1.1
: Field of superconductivity suppression.
> 4 paper we investigate the magnetization of lead samples and
. \‘ | recalculateH(a) assuming that a uniform intermediate
0.01 el s NN state is equilibrium in high field.

10 100 This paper is organized as follows. The penetration field

a=D/d is considered in Sec. Il. Analyzing the magnetization we
FIG. 2. Characteristic fields of a type-I flat superconductor vsconclude that the metastable state arises when the energy of
the aspect ratio of sample. Open symbols are experimental data di€ Meissner state becomes equal to the energy of the uni-

the penetration field of bulk samples, closed symbols are those fdorm intermediate state. We calculdtg, for bulk samples
films with h,~0.8: A A (Ref. 3; V (Ref. 4; B (Ref. 7); ¢ (Ref.  and films. In Sec. Il we consider a flux tube nucleation in a
13); O @ (present work Dash-dotted curves represent tig(a)  field lower thanHy and the influence of pinning on the pen-
calculated by Fortini and Paumi¢Ref. 11 (bottom) and Hy(a) etration field. We also briefly discuss$, of a type-Il super-
calculated by ugRef. 18 (top). Other curves correspond to the conductor disk. In Sec. IV we present a brief summary of our
metastability field calculated in the present work for bulk samplesresults. In the Appendik, is calculated for a type-Il super-
[solid: Eq.(3)] and films withh,=0.8 [dashed: Eq(9), dotted: Eq. ~ conductor disk.
1D)].
1. PENETRATION FIELD

increases up to some fieldy called the penetration field of
the geometrical barrié Below Hy a local field at the ) )
sample equator is lower than the critical field, therefore the The measurements were performed using a home-built su-
normal domains cannot cross the equatdf Above Hy the ~ Perconducting = quantum interference  devicSQUID)
equatorial field reachesl,. Flux tubes nucleating at the susceptometet. The details of a low-field experimental pro-
edge migrate towards the center since their energy is ming€dure have been described glsewﬁ%rdjlsk—shgped
mal there®! Formation of the intermediate phase in the cen-S@mples were cut from a lead foil of 99.99% purity and
tral part of the sample gradually depresses the geometricQItChEd ina water sol_utlon of nitric acid to remove surface
barrier and completely destroys it in some field called thecontamination. The film was thermally deposited at 10
irreversibility field of the geometrical barrigf:’ Torr pressure from the lead target of the same purity onto a

It has been assumed that the metastable state arises wHgigSs substrate. The parameters of the samples are shown in
the energy of the Meissner state exceeds the minimal energ-glable . o i
of state containing one flux tube in the inner part of the 1he magnetization curves of zero-field-cooled samples
samplet! This energy is minimal when a flux tube is placed were_measured at liquid _hehu_m temperature upon a step by
in the sample center. However, according to the fluxiod theoStep increase of the applied field. The magnetic morhent
rem, the normal domain cannot be spontaneously nucleated'd the remanence stored by a sample after a decrease of the
there. The flux tube should at first be nucleated at the edg@PpPlied field to zero, were registered for eath
and only then can it migrate towards an equilibrium position. L€t us consider the magnetization curves. In Fig. 3 they
Therefore, it has been concluded that flux penetration is im- 5
possible until in fieldH, the Meissner energy reaches an a=42
energy of state in which a flux tube is placed at the etide.
Nevertheless, if flux tubes can in some manner overcome the
barrier, the metastable state decays. In principle, such a de-
cay may start as soon as the metastability arises. Fhys
can be assumed as a lower limit for the penetration field and
Hgy as an upper limit. o

The metastability fieldd,~1/a (Refs. 9 and 1jland the l
penetration field of the geometrical barrid5~1/\/5 (Refs.
9, 11, and 18strongly differ for samples with a large aspect
ratio. In Fig. 2, the dependencek,(a) andHy(a) are pre- . . LI
sented as well as experimental data on the penetration field 0.00 0.02 0.04 0.06
tabulated by Andrew and LockDe Sorbo and Heal§Hue-

wH (D)

bener and co-workers’and Kunchur and Poot.As found
in the above referencesi,, is more thanH, but less than FIG. 3. Magnetization curves of a lead disk. The inset shows
Hgy. The latter means that flux tubes surmount the geometriremanent momeri, with expanded scales. Arrow marks the pen-
cal barrier. To clarify the reason of flux penetration, in thisetration field.

A. Disk magnetization

(105 Am2)

M, M,
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Figure 5 represents the magnetization of the sample with
a relatively small aspect ratia=14.5. The area under the
magnetization curve is equal to the condensation energy with
an accuracy of a few per cent. The linear increast¢H)
is observed only for very weak field since an expansion of
the intermediate phase in the sample corners results in a de-
crease of the slope of the magnetization curve with field. The
magnetization is reversible before its maximum is reached.
At H>0.5H . the magnetization linearly decreases with field.

When the geometrical barrier is absent, a phase transition
into the intermediate state must occur in fielg,. Therefore
H ., can be obtained from an equilibrium magnetization curve
0.00 0.02 0.04 at the condition that the area under the curve should be equal

wH (D) to the condensation energy densityH?2/2. As follows from

the results described above, the magnetization of our samples
is not entirely equilibrium. The area under the magnetization
curve for both the disk witta=42 and the film noticeably
exceeds the condensation energy. The presence of the rema-
nence indicates the presence of flux pinning. However, when
the magnetization is reversible, the samples are in an equi-
ftbrium state. In low field this state corresponds to the Meiss-
ner phase occupying the whole sample except small regions
of the intermediate phase in the corners. In high field, when

begins to penetrate into the sample. In figlgH,—5 mT the *he geometrical barrier is destroyed, it is the uniform inter-

| IM(H) starts to d th toation b mediate state. One can expect that in the field range in which
Slope ot (H) starts to decrease, the magnetiza lon bECOMEw, geometrical barrier results in the metastable state, the
irreversible, and the remanence appears. In high field th

magnetization becomes reversible again. The decrease finiform intermediate state is also equilibrium. Taking Egs.
magnetization with field is described by the dependdige ) and(1) as an equilibrium magnetization, one obtains

(10 Am?)

M, M,

FIG. 4. Magnetization curves of a lead film. The inset shows
remanent momeri¥ ., with expanded scales. Arrows mark the pen-
etration field.

are shown for the disk witta=42. The M(H) curve in-
cludes two linear parts separated by a sharp asymmetr
maximum. Such a shape was observed eat&t>The low-
field magnetization is well described by the dependdige
Long before the magnetization maximum is reached, the flu

The measured field of superconductivity suppression is in Ho=2H:/(1+v). 3
good agreement with the value of the critical field of bulk ) i
lead at liquid helium temperatufe. Following from the expressiof3), the dependenckl (a)

Depicted in Fig. 4 the magnetization curve of the film is Presented in Fig. 2 is in good agreement with the experimen-
similar to that of the disk, but strong pinning leads to atal data on the penetration field of bulk samples but disagrees
prevalence of an irreversible central part on the curve. Thdvith that of films. To obtairH, for foils and films a contri-
well. The remanence appears in the figigH,=1.1 mT  State should be accounted for.
which is five times less than the field corresponding to the . . .
magnetization maximum. In high field the magnetization is B. Surface energy and domain structure of foils and films
reversible again. As seen from Fig. 5, its decrease with field consider the free energy density of a type-l supercon-
is close to linear. The measured field of superconductivityyyctor disk taking the energy of the normal state as a refer-
suppression is consistent with the experimental data on leagce. In the Meissner state it includes condensation energy

1 2
films. F.=— uoH2/2 and the magnetic energy of shielding current
Fo=—uomH/2. The formation of the intermediate phase in
. R the disk corners leads to the correction of the energy on an
o g}slli aj‘z‘j addition of the order of H which we neglect. Let us express
2 P energy in units of condensation enertyy F/|F¢| and field
in units of the critical fieldh=H/H_. Using expressioi(2)
] one can write for the energy of the Meissner state
fu=—1+vh 4
In the uniform intermediate state the energy, accounting
{ﬂ@% i for the contribution due to expansion of the normal domains
oa, S at the surface of a flat sample, can be writtef? as
* %0 @%
PR fi=—(1—h)2+2(Alp+pyy /d), 5)
h=H/H, where
FIG. 5. Magnetization curves of lead disks and film. Magneti- p=dA/ Y, (6)

zation and field unit iswgH,=53 mT. Dotted lines correspond to
Egs.(1), (2), and(3). is a period of the domain structure and
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4’7Tlﬂ'|_:[(1+ h)4|n(1+ h)+(l_h)4|n(1_h) 4,/wL(hc)wL(ﬁ)_(l_hc)Z(l_F])ZOI

2\2 2 2 A
—(1+h9)%In(1+h%)—4h%In(8h)], (78  \whenh>h expressior(6) describes the field dependence of
the period since the width of the superconducting domain is

~Th2 ~
Y=[n"In(0.56M) )/, h=0.2, (7b) smaller than the film thickness. Whér<h the equation for
g =[In2h(1—h)2)/7, h=0.75 (70 h,,, following from Egs.(4), (5), (8), and(10) can be written
as
IJ}L$0023, c<h=<1 (7d) . h2 - 2¢L(hm) (1_hc)4(1_hm) o
is the Landau functioh?* (1 v)hy=2hy = 1-h, 8y (hg

Superconductivity is suppressed in figldwhich for thin (12)
samples is less than the critical fiel,<<1. The supercon-
ductivity suppression is described by the equatfoth.)
=0 relatingh,. to the usually unknown ratia/d. Using Egs.
(5), (6), and(7c) one obtains

For h,>0.75 and smalh,,, the following solution can be
obtained using asymptotégb) and (7¢):

m(1+v) (1—hy)?
. hp=-—— 1+ \/1+ .
Ald=(1—h¢)"/16¢ (hc), (8) 1+v 8In2 h,

For a large aspect rati@>6In2h./(1—h)? one can see
from this solution that the metastability field is inversely
n proportional to the square root of the aspect ratio:

Ald=m(1—hy)?/16In2h,, h.=0.75.

A metastable state is formed whép becomes more tha

fi. If f\y<<f; the Meissner state is stable.flf;>f; the uni- — _ YCIPCT.
form intermediate state is favorable but cannot be achieved him=(m/4)(1=hc) y3/2In2ahe.
because of the geometrical barrier. The field, correspond- The dotted curve plotted in Fig. 2 represehtg(a) cal-

ing to the arising of the metastable state, is calculated fro
fm="i. Using Eqs(4), (5), (6), and(8) one writes this equa-
tion as

Rulated from Eq(11) ath.=0.81 corresponding th=0.15.
The calculated field agrees well with our experimental data
on the penetratiok3n field but it is slightly less than that by
2 (1= h )2 (hy T (he) = Andrew and Lock: We suppose that these data, obtained as
(14 w)hi = 20hm = (1= o)V (hm)/ () =0. - (9) a field corresponding to the kink of the magnetization curve,
When the contribution of the surface energy is small in com-Overestimate the penetration field because some remanence
parison with the condensation enerdy, is close to unity. (and, consequently, pinnipgvas observed in samples. For
Using the asymptote&c) for ¢, (h.) and(7d) for ¢ (h), our samples with nonzero pinning the field in which maximal
one estimates the third term in E@) to be 0.3(+h,)<1. magnetization is reached exceedis.
Therefore, in the case of a bulk superconductor &X.is The calculations are restricted by a minimal film
reduced to the expressid8). thicknes$ d.=A/(1-2k)2, where « is the Ginzburg-

Figure 2 represents dependerttg(a) calculated from Landau parameter. In thinner films the vortical state arises
Eq. (9) for h.=0.81 measured for our film. The data on the instead of the intermediate ofie.
penetration field for films witlA/d=10"2 (corresponding to
this h;) are also shown for comparison. As seen, the calcu- IIl. DISCUSSION
lated h,,(a) is consistent with the experimental data for
<100 but is less than those far-100. The reason is a small
value of field.

As follows from Egs.(6) and (7b), in a weak field the
ratio d/p is proportional toh with logarithmic accuracy.
Thus the period of the domain structure should be great
than the film thickness wheh<1. At the same time, the
width of the superconducting domaip$l—h) is of the or-

der of p. Hence, the width of the superconducting domainm"’I\ITInee:u‘;1 fllgéélébﬁ‘ésggrr{t?ﬁit'ig;hg fr?esen.ormal domains to
should be greater than its thickness. This is impossible be; 9

cause of a strong surface tension of the domain walisa the energy of the Meissner state. This contribution consists

weak field the width of the superconducting domain shouluo.f an addition to the condensation energy due to the suppres-

be of the order of its thickness, therefore one can estimate thséon of _sup_erco_ndgctlwty inside the domains, the energy 9f
period as magnetic field inside them, and the energy of the domain

walls. One can write the energy per domainsas,uoHﬁ(v
p=d/(1—h). (10) +5sA/2), wherev is the domain volume anslis the area of
the domain wall. For a fixed sum+sA/2 the energye is
The period described by E(LO) increases with field due to independent of domain shape. Therefore an equilibrium
the expansion of the normal domains. In some fibldt shape, determined by a local field at the edge, can be
reaches the value given by the express@nComparing the changed due to thermal fluctuations.
right-hand sides of Eq410) and (6) and using Eq(8) one The change of the radial length of the domains leads to a
easily calculates this field from the equation change of the shielding current distributfrand the mag-

As follows from results obtained in the previous section
the normal domains surmount the geometrical barrier, i.e.,
flux tubes nucleate at the edge in an applied field lower than
Hgy. To nucleate a flux tube, two opposite normal domains in

et'he sample corners must come into contact. WHenH,,
the opposite domains are separated by the diamagnetic phase
at the equator as shown in Fig. 1. Let us consider in what
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lated the metastability field for a disk-shaped superconductor
with k>1. The following equation has been obtained:

(v—1)hy,+[In(1+ Bh,)]/B—2=0, (12

where 8=Ink+0.519 and the field is taken in units of the
lower critical fieldh,=H,/H;.

To nucleate a vortex which is able to migrate into the
inner part of the sample in the field rangle,<H<Hy, an
energy 6G=¢,dl is required. Heresq= (Ink/ uodm)(do/\)?
is the vortex line tensiony is the penetration depth, anrf
is the flux quantum. A distance between the opposite regions
of the mixed state in the sample cornellsdecreases with
applied field down to a zero value Ht=H,,. In the vicinity
of Hy when 8l=\ one estimates’G~10°—10° K for
=1000-5000 A andkx=50—100. Thus the surmounting of
the geometrical barrier due to thermal fluctuations can be

FIG. 6. Sketch of a flux tube nucleation. Part of a sample at theneglected. FieldH , corresponds to the penetration fidhq.

edge is depicted in the top pictures, the bottom ones present cross L L :
sections along the dashed line. Grey regions correspond to the nor- Note that, similarly to the Bean-Livingston barrﬁ?rone

mal domains and blank ones to the diamagnetic phé@eThe MY €Xpect the aValanChe—t%e;urm(')untmg of the geo-
opposite normal domains are separated by the diamagnetic phaé@?tr'cal barrier by pancake vortl_c_es ina _Iayered supercon-
(b) two domains coming into conta¢t) begin to spread towards ducftor. To calculate the probability of this process is the
the inner part of the sampl@); (c) the diamagnetic phase restoring Subject of further study.

at the equato(l) expands towards the inner p&2); a domain tube

separates from the normal domains at the edge. IV. SUMMARY

netic energy related to this current. Hence the radial length of In this paper we have considered the virgin magnetization
the domains cannot vary due to fluctuations but their widthof a thin flat type-I superconductor in a magnetic field ap-
and thickness vary as illustrated in Fig. 6. Some oppositglied normally to the sample plane. The following phenom-
domains can come into contact due to the increase of the&na affect the magnetization. Due to the demagnetizing ef-
thickness at the equator. H=H,, the intermediate phase is fect the magnetic energy related to the shielding current
favorable in the inner part of the sample, therefore contactedrows rapidly with field. A superconductor tends to lower
domains begin to spread from the edge. That lowers théhe energy by means of a phase transition from the Meissner
equatorial field belowH. so the diamagnetic phase restoresstate into the uniform intermediate state. However, such a
at the equator locking up a part of the normal domain. Theransition is prevented by the geometrical barrier. Therefore
locked flux, interacting with the shielding current via the a metastable state is formed. In the case of weak pinning this
Lorentz force, separates from the edge in the form of a flubarrier is surmounted by domain tubes as soon as the meta-
tube and migrates towards the inner part. stability arises. When pinning is strong, the flux enters the

The pinning of the domain walls depresses fluctuations ofample at the penetration field of the geometrical barrier.
the normal domain shape. Therefore strong pinning, leadin@his field also corresponds to an onset of flux penetration
to a complete suppression of the fluctuations, should result imto a thin flat type-Il superconductor.
an increase of the penetration field upHg. Indeed, the In conclusion we point out the main results obtained in
data presented in Fig. 2 by DeSorbo and Héaly Hp of  the present work.
strongly defective samples punched from a cold-rolled tin (1) A simple model based on the Landau theory of inter-
sheet are of the order dfiy. Thus we conclude that the mediate state has been developed to calculate the metastabil-
penetration field of a thin flat type-l superconductor varies inity field for thin flat samples of bulk superconductors and
the rangeH ,<H <H, with pinning strength. films.

The magnetization described by Eq$)—(3) changes at (2) The magnetization of lead disks and films has been
dm=H,, at the metastability fiel§see Fig. 5. Since the pen- investigated in a wide range of the aspect ratio. A good
etration of each flux tube in fixed applied field decreases agreement between the measured penetration field and the
local field at the edg&! the probability of further nucleation calculated metastability field has been found.
of flux tubes lowers. The more flux that enters the sample the (3) On the basis of the mixed state description by Hao and
lower the probability. Both this negative feedback and theClen?® the metastability field has been calculated for a
pinning of flux tubes depress the jumpwise decrease of thtype-ll superconductor disk.
magnetization when the flux begins to enter the sample. To
obtain the magnetization in the field range abd¥g one
should calculate the activation energy of the geometrical bar-
rier, as was done, for instance, for the Bean-Livingston The authors are indebted to Professor V. A. Kashurnikov,
barrier?® This is beyond the scope of the present work. Dr. A. A. Sinchenko, Dr. A. A. lvanov, and K. V. Klementev

In conclusion we briefly discuss flux penetration into afor helpful discussions. We are grateful to Professor A. P.
thin flat type-Il superconductor. In the Appendix we calcu- Menushenkov for his support of the present investigation.
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APPENDIX Because of demagnetizatidi,, is less than the lower

Consider a disk-shaped pinning-free type-|I supercon—q”tlcal field and much less than the thermodynamic critical

NG < Lo . field h,,<1/k<1 . Due to the continuity of the normal com-
23?;?62”\;\"12 I;h>el d?snkd Elznlé Tzﬁor:vaggfjtlfhge(lﬁs:f igﬂﬂ“?ﬁe ponent of the field on the disk flat surface one has the sample

Meissner state except for small regions in the corners whicl$_h inside. Therefore in the vicinity (_#Im one can e_xpand
contribute to the free energy we neglect. The geometrical ™* N POWErS Osz' Taking on2Iy the first t'errjns, Wh'c.h are
barrier causes the metastable state of the sample when enBf° por‘FlonaI toB”, B/«, and 1k” and substituting consistent
gies of the Meissner and the uniform mixed stée, be-  With this accuracy,=1 andg§, = £,0= \2/x (Eqsz.{24} and
come equal. Thus the corresponding fiéld, can be ob- 129 respectively —one calculates Fegfg:B +(B/k)
tained from the equatiOﬁM — fmiX ) [ln(K/\ 1/2+ BK) - ’y] from Eq {14}, FCZ B/2k
f.. was calculated by Hao and Cléfhwe keep their T0M EQ. {15}, and Fyy=B/4«x from Eq. {16}, where y
original notation and units. The numerated equations froni-0-2772% - - is the Euler constant.
Ref. 28 are referred to as EfN}. The energy is expressed in _ Comparing the right-hand sides of E¢A.1) and (A2) at

units H2 and the magnetic field in unité2H . whereH, is B=h, we obtain by elementary calculus the equation for the

the thermodynamic critical field. In these units one rewritesmmastablllty field:

Bq. (4) as (v—1)«h,+InJ1+2xh — B=0, (A3)
__ 2
fu=—1/2+ vh%, (A1) where 8=In(y/2«) + 3/4— y=Ink+0.519.
whereh=H/\/2H.. The energy of the mixed state, It is more convenient to use the lower critical fi¢ld; as
a field unit. Equatioq22},
fmix=—12+F.+Fg,t+ Fig (A2)
includes the condensation enefglye first term on the right- Hep K§50+i+ Ko(wod) | B
hand side of Eq(A2)],?° an addition to the condensation J2H. | 8 8k 2ké,Ki(&0)) 2«

energy related to the arising of vorticeg, the electromag-

netic energyF.,, and the kinetic energy,,. All these allows one to change the normalizin§, and K, are the
terms depend or, the averaged flux density inside a super-modified Bessel's functions of zero and first ord&?! For
conductorB, the radius of the vortex corg,, and parameter h,=2h,,x/8 Eg. (A3) can be rewritten as

f.., which represents the depression of the order parameter

due to overlapping of vortices. (v—L)hy,+[In(1+ Bhy)]/B8—2=0. (A4)
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