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We report an extensive study of the formation of normal-state domains in type-I superconductors. Domain
patterns are first considered theoretically. The magnetic interaction between domains is described in the frame-
work of the “current-loop” model: the intermediate state is modeled by a set of loops of screening current
encircling the domains and interacting as in the free space. This system is shown to be formally equivalent to
a set of uniformly magnetized domains. An extension of the current-loop model is proposed to take into
account the constraint of the magnetic shielding by the superconducting regions. We determine the free energy
of a hexagonal array of cylindrical domains (bubbles) and of a lattice of infinitely long and parallel stripes. The
equilibrium values of both the volume fraction of the normal phase and the domain size are calculated as
functions of the magnetic field. A bubble-to-stripe transition is predicted to occur for a volume fraction of the
normal phase about 0.3. Experimentally, normal-state domains are studied with the high-resolution magneto-
optical imaging technique. The observed patterns consist in coexisting bubbles and disordered labyrinthine
lamellae structures. We show evidence of the contribution of pinning on the position of domain interfaces. The
average width of the lamellae is then analyzed as a function of the applied magnetic field and found to increase
in good agreement with the predictions. In contrast, the average diameter of bubbles remains constant: it is
almost independent of the magnetic interaction between domains. A very good agreement, over three decades
of the magnetic Bond number, is found with the equilibrium diameter of an isolated bubble. The proposed
constrained current-loop model is shown to provide significantly more accurate predictions than the current-
loop model, in particular for small magnetic Bond numbers. Additionally, increasing the volume fraction of the

normal phase results in a bubble-to-lamella transition, as predicted theoretically.
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I. INTRODUCTION

Self-organization in domains is observed in many quasi-
two-dimensional systems where two phases coexist: polar-
ized Langmuir monolayers confined at air-water interfaces, '
ferrofluids,>® ferro- and ferrimagnetic thin films,”!° the in-
termediate state (IS) in type-I superconductors,''~!3 adsor-
bates on a metal substrate,'* and in different nonequilibrium
systems, for example, those described by reaction-diffusion
equations.'>!® Pattern formation essentially results from the
competition between long-range (electrostatic, magneto-
static, or elastic) forces between domains and short-range
forces described by an interfacial tension between the two
phases. A review of these pattern formation processes is
given in Ref. 17. The static and dynamic properties of those
structures are actively studied theoretically.*!%1°

IS patterns in type-I superconductors consist of fully dia-
magnetic, superconducting (SC) domains coexisting with
normal-state (NS), flux-bearing domains of complex shape.!?
They are observed in samples with large demagnetizing fac-
tor such as thin films placed in a perpendicular magnetic
field. At very low applied field the sample is in the Meissner
state: the magnetic flux is totally expelled. Due to the demag-
netizing factor, the local magnetic field on the sharp edges of
the sample is larger than the applied field. The magnetic flux
starts to penetrate into the sample when this local field
reaches the thermodynamic critical field. The sample exhibits
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coexisting NS and SC regions up to the complete transition
to the NS. The most frequently encountered structures con-
sist of cylindrically shaped domains (bubbles or flux tubes)
and of branched and intricate fingered domains (lamellae).
The lamellar structure has been extensively studied since the
first calculation of the free energy of a lattice of infinitely
long and parallel stripes by Landau.?’ This two-dimensional
problem was solved by the conformal mapping technique.
The field-dependent predicted and measured periods were
found to be in good agreement,>?? thus suggesting that
lamellar structures correspond to a quasiground state. In con-
trast, little is known about the static properties of bubble
patterns. The main difficulty for modeling the magnetic in-
teraction of a hexagonal array of cylindrical domains origi-
nates in the three-dimensional nature of the problem. A pre-
vious calculation uses an approximate expression of the
magnetic energy?® and leads to predicted field-dependent
bubble spacings different from the measured ones.?>2° As a
result, it is not established whether the observed bubble pat-
terns also correspond to quasiground states. Moreover, the
origin of the coexistence between bubbles and lamellar ob-
served experimentally is not well understood. In particular,
whether bubble or lamellae structures constitute the ground
state of the IS remains an open theoretical question.

A promising approach to the pattern formation in type-I
superconductors arises due to the current-loop (CL) model.
This model, proposed in Refs. 19 and 26, is adapted from
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formalisms developed for pattern formation in thin ferromag-
netic films and ferrofluids.>” It is based on the analogy which
exists between the interaction of the superconducting cur-
rents screening the magnetic field in the normal phase and
interaction between domains in thin films of ferromagnetics
or ferrofluids. This analogy comes from magnetostatics when
the magnetic fields created by a solenoid of finite height and
a magnetized body with the same shape are considered.
Since in type-I superconductors the penetration length \ is
less than the coherence length & determining the thickness of
the transition layer between the SC and normal phases and &
usually is much smaller than other characteristic lengths in
the system27 (distance between the domains, thickness of the
film) then, in the sharp interface limit, it is possible to con-
sider the phase interface as a current loop of finite height.
The current loops are then assumed to interact as in free
space. For a lattice of stripes, predicted field-dependent pe-
riods are close to those calculated by Landau and in good
agreement with the experimental findings.”® This suggests
that the CL model reasonably well describes the magnetic
interactions between domains. Moreover, as the CL model is
formulated for arbitrary domain shape, it can be applied to
the bubble pattern.? It should also allow us to determine the
ground state of the IS bubble or stripe phase as a function of
the volume fraction of the normal phase, which is impossible
to solve by the existing approaches, and to compare it to the
structures experimentally observed. However, the CL model
does not take into account a specific feature of superconduct-
ors: the existence of screening currents on the top and bot-
tom surfaces of the films. The importance of this effect on
the domain structure of the IS state and on the period and
size of the IS patterns needs to be considered. We propose to
modify the CL model in order to include this screening ef-
fect.

IS models assume that the system reaches equilibrium
conditions for any variation of the external parameters. How-
ever, it is well known experimentally that the formation of
the IS depends on the magnetic history of the samples due to
irreversible processes. An important issue is to determine
how far from equilibrium the system is brought by these
processes. First, domains can be pinned by defects. Pinning
may induce disorder in the IS structures and limit the free
motion and the growth of domains. Second, the variation of
the volume fraction of the NS phase can only result from
penetration of magnetic flux on the edges of samples.*’ This
penetration is known to be irreversible and controlled by an
energy barrier of geometrical nature.’!*> The mechanism of
flux penetration probably drives the early stage of the forma-
tion of domains. The respective contributions of the nucle-
ation of flux domains on the edges of the sample and of the
competition between short-range and long-range forces in
the observed patterns need to be studied. Moreover, in con-
trast to other physical systems that exhibit self-organized
structures, the growth of NS domains with an applied mag-
netic field may depend on whether the NS domains are iso-
lated or not in the SC phase.3® This consequence of the spe-
cific properties of the SC phase has not been thoroughly
investigated yet. In the experimental part of this paper, we
analyze the respective contributions of the sources of irre-
versibility mentioned above and of the competition between
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short-range and long-range interactions in the formation of
domains.

The outline of this paper is as follows. Sections II and III
are devoted to theory. In Sec. II we analyze the CL model
and the approximations involved. Interface dynamics is dis-
cussed. As an improvement of the CL model we propose the
constrained current-loop (CCL) model in order to account
for the magnetic screening by the superconducting surface
currents. We discuss its validity for thin films. In Sec. III the
energies of the periodic stripe phase and bubble hexagonal
phase are calculated. We obtain the dependence of the den-
sity of the normal phase and of the size of domains on the
applied magnetic field. Section IV describes the experimental
setup and presents qualitative features of IS patterns. The
importance of pinning is investigated. We also discuss the
validity of the usual approximation that consists in taking the
magnetic field in NS domains equal to the critical field. Sec-
tion V is devoted to the study of the growth of lamellae. The
field dependence of the lamellar width is compared to theo-
retical predictions. Section VI presents a very important re-
sult of this paper: we show that the mean diameter of bubbles
is independent of the magnetic interaction between them. An
interpretation that takes into account the specific properties
of the SC phase is proposed. The CCL model is found to
provide a much better agreement with experimental results
than the CL model. Section VII presents results on the tran-
sition from flux tubes to flux lamellae. A summary of the
results and perspectives for future studies are given in the
conclusion.

II. CURRENT-LOOP MODEL
A. General relations

To calculate the magnetic field energy of the intermediate
state (1/ 8m) [ hde accountmg for the Meissner effect, we

take h =0 and h H,l (the indices s and n denote the super-
conductmg and normal phases, respectively). In the sharp
interface limit the jump of the magnetic field strength on the
phase boundary is

Ah=-H,.

The magnetic field strength h can be written as a sum of the
magnetic field created by the external coils H, and the mag-
netic field H created by the superconducting currents:

h=Hy+H. As a result the expression for the magnetic energy
is

1 -
E,=— | h7dV
8

——f dv+—fH0HdV+—fH2dv (1)

The magnetic field of the intermediate state created by the

superconducting currents on the border of film is H., and that
of the superconductmg currents around the domains of the

normal phase H'. Thus H=H,+H'. The magnetic energy
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terms in relation (1) are transformed as follows (}; =rot 1&):

1 >
- — | H%aVv. (2)

In the sharp interface limit, since A <<§, the first term in

relation (2) reads (i, is the surface density of the supercon-
ducting currents, and summation over i means the sum with
respect to all domains of the normal phase)

1 == 1 -
—f AiSdS+—2f AidS. (3)
Se C i Js

c

The integral in the first term of relation (3) is around the
border of the superconductor film, but the second term takes
into account all inclusions of the normal phase. The bound-
ary condition for the surface current density on the interface
of the domain of the normal phase is

-

c . .. -~
iy=——[nxXh,]. 4)
4ar

Here n is the external normal to the surface of the domain,
but ﬁn is the magnetic field strength in the normal phase. In
the mean-field approximation [ LX di= ®,=H,S;, the second
term in relation (3) can be written as

- 1 - o
—E f AidS=—2, J J AdlH,dz
4 L

= 2 —S Hd = nan

Here H,e. is the mean value of l;n across the film with thick-
ness d and p,=S,/S is the density of the normal phase.

The expression for the magnetic energy of the supercon-
ducting currents (1/87)fH?dV can be transformed as fol-
lows:

1 72 712 52
o HdV:— H +— HHdV+— H2dVv.
a

(5)

The second term in the relation (5) can be transformed as
follows:

1 - - 1 > -
— HxH’dV=—f A'idS.
4 cJs,

Finally for the magnetic energy of the intermediate state we
have
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1 = 1 >, 1 -,
— | h"'dV=—| HydV-—| H,dV
8 8 8

1 .. 1
+ —f (Ag+AL)idS +V—H:p,
cls, 4ar

H'dV. (6)
877
The last two terms in relation (6) are relevant for the descrip-
tion of the transitions between the different patterns of the
intermediate state. We introduce the notation

1 » 1 f 712
Em = V_ann -5 _ H'“dV.
4 8
E,, can be put in an equivalent form using the analogy which
exists between the magnetic field created by a solenoid with
finite height and a magnetized body with the shape of a
solenoid. The convenience of this transformation is in the
fact that it allows us to obtain in explicit form the terms
determining the density of the normal phase in the case of
thick films when the magnetic interactions between the do-
mains of normal phase are not important. To do this we put

H =H,:é0(V,)+H. (7)

Here the Heaviside function O is equal to 1 in the domains
of the normal phase and to zero outside. H, according to
relation (4) is determined by the superconducting currents
circulating on the interface of the normal phase,

Due to Eq. (7) H is continuous on the part of the interface
normal to the boundaries of the film and can be expressed as

the gradient of a potential (H=V ). The normal component
of H on the part of the boundary of the film belonging to the

normal phase is discontinuous. Its jump there is equal to

¢(H - H)=H,. (8)

Thus
1V (-, HV, 1 [ - =
— | H"dV=——+—| HHAV+-— | HdV.
8w 8w mly, 8w
9)

The second term in relation (9) is transformed as follows:

1 Y 9 1 (=
—f H’H,ldV——f ( v_ "”)ds———flﬁdv.
A on 4

Thus for E,, we have

| S 1 =)
E,=V—H,p,+— | H4V.
8w 8

The first term in this relation corresponds to the magnetic
field energy of the normal phase of an infinitely thick
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sample; the second describes the demagnetizing field energy
correction due to the finite thickness of the sample. Accord-
ing to the relation (8) # can be expressed by the sum of two
single-layer potentials created by surface charges with den-
sities = (1/4m)H,, at z=d and 0, respectively,

Y= H, ds’ N H, ds’
4ar \,r’(5_51)2+ (Z_d)z Aqr \(5—5’)24-12.
Due to the symmetry, one has i, =i(z=d)=—i(z=0)=—¢_.
As a result
J J
—fHZdV_ fw( ‘/f "lf)ds_ Mf .ds;
an

(10)

here

() =M f -5 d)ds’

1 1
P
J V(p=p") Np-p)+d

(11)

where M=(1/4m)H, is the effective magnetization of the
normal phase. The first and second terms in the expression
for J correspond to the interaction of fictitious magnetic
charges located on the same and on the opposite side of the
sample. Depending on the way they are taken into account
different models (CL and CCL) are obtained. The full free
energy of the problem accounting for the condensation en-
ergy of the superconducting phase (1 /SW)H? and the surface
energy of the interfaces between the normal and supercon-
ducting phases [the surface tension o of the interface be-
tween the normal and superconducting phases is usually rep-
resented as (Hg/ 8m)A, introducing the wall energy parameter
A] reads

F=F V( ! —H? ! H? )
+ Pp+ —
supra 877' Lp}’l 87T npl’l

+ > od| di+ L[ Fav. (12)
; L 8
The term in parentheses contains the condensation energy
and the bulk magnetic energy of a uniformly magnetized
sample; the next term is the surface energy. The last term
describes the correction due to the finite thickness of the
sample.

B. Constrained current-loop model

The representation of the magnetic field created by the
superconducting currents on the boundaries of the domains
of the normal phase given by Egs. (7) and (11) allows us to
account for screening superconducting currents on the top
and bottom surfaces of the film, at least for thin samples,
which are neglected in the existing version of the CL
model'*2¢ (see discussion on this in Refs. 34 and 35). Here
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we give the argument that accounting for the screening su-
perconducting surface currents corresponds to the kernel J in
relation (11) at d—o°. Indeed, considering the domain of the
normal phase the boundary conditions on its top and bottom
surfaces are

W _ W

=H,. 13
02 " gz M (13)

On the top and bottom surfaces of the surrounding supercon-
ducting regions we have

W _
oz

For a thin film of superconductor the mixed boundary value
problem arises for the harmonic magnetostatic potential
satisfying the condition 4(p,z)=—y(p,—z), whose solution
can be obtained from the integral equation®® (p € S,

Hn=f p.p ) Y(p',0M)dS; (14)
s

n

The expression for the kernel K(p,p’) follows from the
Greens function of the Dirichlet problem for the semispace.
The solution of Eq. (14) is known for the circular shape of
the domain3®

This allows us to calculate the last term in relation (12):
2

szv=—f¢ s B s

877 3

This is just the expression of the magnetic energy of the
circular domain of the normal phase obtained in the limit
d— o from the general relations for the hexagonal lattice of
the domains of normal phase given in Appendix B. In this
limit for small volume fractions of the normal phase when
the interactions between different domains can be neglected
we have

L
E,=N +V—H,p,.
3 8

This corresponds to the magnetic energy with the correction
term given by the relation (15). The last relation when put in
an equivalent form

~ NTrdeH§<l 8R )
" 8 37d

coincides with the one given by the correction to the self-
induction of a solenoid L of finite length derived in Ref. 33

for small R/d,
=L, |1-—].
3md

Our argument shows that due to the screening superconduct-
ing surface currents this correction term works even for
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small d when the approximate expression for the correction
term should not be valid anymore. Moreover, as illustrated
below in the limit of small volume fractions of the domains
of the normal phase the minimization of the energy of the
hexagonal phase with respect to the period of the structure is
equivalent to the minimization of the energy per unit area of
the domain with respect to its radius.”> Accounting for the
surface energy of the domain 27oRd, the energy per unit
area of the domain is

HR 20d
+—.
37 R
Taking into account that H,=H, for small volume fractions
of the normal phase, minimization with respect to R leads to

2R [ 3
— =/ (16)
d 2Bm

Here the magnetic Bond number Bm=M?d/cr
=d/27wA(M =H_./4) characterizing the ratio of the mag-
netic and surface forces is introduced. The relation (16), as
shown in Sec. VI, is in very good agreement with the exist-
ing experimental data. It is important that relation (16) works
even for small thicknesses of the film when the asymptotics
d— o of the CL model is not supposed to be valid. Accord-
ing to the above discussion we could expect such behavior
since the CL model in the limit d—o¢ takes into account
screening superconducting currents on the top and bottom
surfaces of the film. We name this limit of current-loop
model the constrained current-loop model.

The validity of the CCL model is further demonstrated by
considering the instabilities of the stripe pattern. An analysis
of the serpentine instability of the stripe phase of the inter-
mediate state taking into account the screening supercon-
ducting currents was recently carried out in Ref. 28. The
general expression for the magnetic energy of slightly buck-
led periodic system of stripes in the frame of CL model is
derived in Ref. 37. The magnetic energy per stripe e,, in the

buckled state can be expressed as follows:?’

€m=2ijdq|§(q)|2[F(q)—F(0)]- (17)
T

Here (a is the period of the structure, 2w is the stripe width)

167M?>

Flg)= > —————
(@) za\r(Z'sz/a)2+q2

e 27wk
X[1 —exp(— V(2mkla)? + ¢*d)] sin2< L )
a

(18)

L(y)=(1/2m) [ {(q)exp(igy)dq is periodic along the y axis
stripe boundary displacement. Transforming the expression
of the energy variation to discrete Fourier modes considered
in Ref. 28, {,=(1/L,){(q), g=2mp/L,, where L, is the size
of the system in the y axis direction in the limit d— o0 and
=€ cos(v,y), the relation (17) for the variation of the mag-
netic energy per unit surface area gives
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oo

Hf sin*(2mwkla) 1 1
Zes _ +— - .
8o 4 k2mla - \[(2mk)la) + v

(19)

This is just the relation derived in Ref. 28 taking into account
screening superconducting currents. On the basis of the rela-
tion (19) the experimentally observed development of the
serpentine instability has been described. This illustrates the
usefulness of the CCL model for the description of the ser-
pentine instability of the intermediate state. It should be re-
marked that on transformation of the relation (17)-(19) also
a multiplier of 1/2 has been accounted for since in Ref. 28
only one interface of the film is considered.

The above discussion illustrates the versatility of the ap-
proach connected with the consideration of the analogy be-
tween a magnetized body and a solenoid of finite height with
the same shape. This allows us in a simple way to obtain the
expressions for the magnetic energy of thin samples taking
into account the screening by the superconducting currents.

On the basis of the general expression for the energy of
the intermediate state (12) different problems can be consid-
ered. One of them is the long-standing problem of the tran-
sition between hexagonal and stripe phases considered al-
ready in Ref. 23. Nevertheless the approximate expressions
for the energies of the hexagonal and the stripe phases given
in Ref. 23 show that they are close but do not indicate a
hexagon-stripe transition, which is observed in experiments
(see Ref. 29 and below). Here this problem will be consid-
ered based on the general CL model (12).

C. Interface dynamics

Finishing the general part of this work let us consider the
interface dynamics as described by the CL model. The law of
the interface motion can be derived by considering the free
energy variation at the motion of the interface. Considering

the interface position variation p’=p+¢ and taking into ac-
count the relations (v,, is the normal to the interface velocity
component of the domain boundary, k is the curvature of the
interface taken constant across the film, S is the surface area
of the sample, and [ is the countour L arclength)

1
==, f v,dl dt,
S L;

&TdJ dl= O'df kv,dl dt,
L L

1 1

1
S—

Pav=2m2S f v,dl dt f s J(G-p'.d),
81 i Jr, s,

the free energy variation is expressed as follows:
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dF H> H}
=d, (—C— 02) f vdl+ 0d Y, J kvl
i L; i L;

dr 8w  8mp,

+2M2D, f vl f as'J(p-p'.d). (20)
i JL; S,

Since dF/dt=-TdS,/dr (S, is the total entropy) this gives the
following kinetic law for the interface motion:

1(H2 H?
4

Upi=—

+0'k+—f ds'J(p-p' d))

(21)

8 87Tpn

Here { is the kinetic coefficient. At equilibrium when the
interface does not move the right side of Eq. (21) is equal to
zero. This condition is equivalent to the condition of the
absence of pressure in a system of domains of the normal
phase with equal size:

JF l or

="y, " vap,

Thus one of the conditions determining the structure of the
intermediate state is dF/dp,=0. This condition was not con-
sidered in the previous papers describing the intermediate
state in the framework of the CL model.'>? The equivalent
form for the law of interface motion allowing a physical
interpretation in terms of the Lorentz force on the supercon-
ducting currents is given in Appendix A. Another condition
for the determination of the pattern of the intermediate state
comes from the minimization of the free energy with respect
to the period of the structure. Necessary relations and the
results of numerical calculations are given in Sec. III.

II1. STRIPE AND HEXAGONAL PHASES

In this section we will determine the free energy, the pe-
riod, and the domain sizes of the bubble hexagonal phase and
the stripe phase.

A. Stripe phase

Let us first consider the case of the stripe phase, which is
simpler. Resolving the magnetostatic problem of the mag-
netic field distribution created by the periodic system of the
magnetized stripes with width 2w and period a for the mag-
netic energy we obtain

1 2 HO a
HdV=2moS Bm—
87T pn H, d

=, sin?(2mwla)[ 1 — exp(~ 2mndla)]
X2 P
n=1

1 2w
+;np.m(Hc) () ] )

The magnetic field strength H, in the normal phase is
fixed by flux conservation: Hy,=p,H,, where p,=2w/a. Us-
ing the relation in Ref. 38,
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1 — (- 1)*cos(mkz)]

E[ - (-

xp(— kx)]
RS 0052(71/2)> xm (1 =7
T f (- t)l( nh2(xt/2) 4
(23)

it is convenient to rewrite the expression for the free energy
of the stripe phase in the following form:

HO 2Bm d
Fy=Fp,+2m0S\Bmp,+| — | — +—
H.) p, ma
Hy\* 1 d (!
(28 Lonl L [0
H(‘ Py maJ
-2
sin“(p,,) )
XIn{ 1+ ———P2" g | t. 24
n( sinh?(wdt/a) ” (24)

Before considering the results following from the general
expression of the magnetic energy of the stripe phase (24) let
us consider the limiting case d — < of the CCL model. Tak-
ing into account the relations

p.(1=p,) le (1 Sinz(”p"))d
—p) = nl+——
pI‘L pn 0 Slnhz(y)

and

sin*(mp,,)
——> . |d
sinh*(y)

=, sin?(mkp,) *

P
k

k=1

0

we obtain for the energy of the stripe phase
HO 2Bm d HO 2
Fy=Fgppg+2m0oS| Bmp, +| — | — +— +Bm| —
H.)] p, ma H.

1 H, 2 © -2 X
+p_n( O) Bmﬁf yln<l+w)dy} (25)

sinh?(y)
In this case minimization with respect to the period can be
carried out directly, which gives the relation

(&) =) oyl

This relation gives the result, which is close to that obtained
in Landau’s classical paper,?’ as shown in Refs. 19 and 26.

Minimization of the free energy with respect to the two
variables p, and a is carried out by the downhill simplex
method. The dependence of the width of the stripes on the
magnetic field strength is shown in Fig. 1 (Bm=5 and 300).
In the limit of vanishing field strength the thickness of the
stripes has a limiting value which can be determined as fol-
lows. Differentiating the free energy expression with respect
to the period the following equation is obtained:

sin*(p,) )
sinh?(y) ay.
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FIG. 1. Relative width of the stripe of the normal phase in
dependence on the magnetic field strength: Bm=5 (solid curve, left
scale) and 300 (dashed curve, right scale).

H, 21 1 22
<—°> —zBrnf t1n(1+,smz(—77p”)>dt=1. (26)
H.] p, 0 sinh“(7rdt/a)

In the limit Hy— 0, when Hy=p,H, and a— < relation (26)
gives the following equation for the limiting value of the
relative width of the stripes of normal phase 6=2w/d:

Bm%{&zln(l +§>+ln(l +52)] =1. (27)

This is exactly the equation for the relative width of stripes
arising at magnetic-field-induced phase separation of mag-
netic colloids found from thermodynamic arguments in Ref.
39. At this particular value of the stripe width its effective
surface tension as shown in Ref. 37 is exactly equal to zero.
This is correlated with the fact that arising stripes of the
normal phase are usually buckled. The value of the relative
stripe width as shown by the black dots in Fig. 1 coincides
well with the width of the stripes in the limit of low field
found from the numerical minimization of the free energy
given by the relation (24). The comparison of the calculated
dependence of the stripe width with experiment is carried out
in Sec. V. The volume fraction of the stripe phase in depen-
dence on the external magnetic field strength is shown in Fig.
2 (Bm=5 and 300). For the small value of the magnetic
Bond number Bm=5 the dependence of the volume fraction
deviates from the simple linear law p,,=H/H,. corresponding
to the case when the interactions between the domains of the
normal phase can be neglected. As shown in Sec. IVD it
corresponds to the experimental results quite well.

B. Hexagonal phase

According to relations (10)—(12) the energy of the hex-
agonal lattice of the cylindrical domains of the normal phase
is expressed as follows:
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FIG. 2. Volume fraction of the stripes of the normal phase in
dependence on the magnetic field strength: Bm=5 (solid curve) and
300 (dashed curve).

1 1
Fy=Fopra+ VS—ﬂ_H?pn + VS—WH,fpn + N27odR

+NM2dede’J(ﬁ—ﬁ’,d)

+NM? D dedS’J(ﬁ—ﬁ’—ﬁn,d). (28)

np,ny#0

Here N is the number of domains, and p,=a(n,é,+n,e,),
where ¢; and ¢, are basic vectors of the elementary cell of
the hexagonal lattice with period a. The number of domains
N is expressed using the period of the structure as N
=25/3a?, where S is the area of the film. As a result the free
energy of the hexagonal pattern can be written as follows

H,\*Bm xy
thFsupra+ 2moS| | = _2Ndm(xsy) +=+Bmp,
Hc n \1“’3
H,\’Bm
+(—°) —}; (29)
H.) p,

here p,=27R%/\3a*. The effective demagnetizing field co-
efficient Ny, (x,y) as function of parameters x=d/a and y
=2R/a is given in Appendix B. For its calculation the rela-
tion

1 2 12\7 1
—-= ?f exp(— 2p?)dt + —erfc( Lr)
P Nwlo p 2N T

is used and the sums are calculated according to the Evald
summation technique. Minimization of the free energy with
respect to the variables p, and a is carried out by the down-
hill simplex method. The radius of the domain of the normal
phase in dependence on the magnetic field is shown in Fig. 3
(Bm=5 and 300). Looking at these curves we pay attention
to the limiting value of the radius when the applied magnetic
field H, goes to zero. In this limit the density of the normal
phase is small and interactions between domains can be ne-
glected. In this case the free energy has the following func-
tional dependence:
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FIG. 3. Relative diameter of the cylindrical domain of the nor-
mal phase in dependence on the magnetic field strength: Bm=5
(solid curve, left scale) and 300 (dashed curve, right scale).

Z\Ep,, 24 H,
Fy=Fgppg+2m0SG\\ —— | —.p,,Bm,— ).
T d H

c

From the last expression it follows that in the limit of
the vanishing density of the normal phase the minimization
with respect to the period is equivalent to the minimization
of the free energy with respect to the radius of the
domain of the normal phase. This gives the equation?
(K*=(2R)?*/[d*>+(2R)?)):

~ 3(1-K)
T2k 1+ (K2 =2)E(k)/K +2(1 = KDK(K)IK]

Bm (30)

The relation (30) in the limit k— 0 fairly well describes the
existing experimental data.”

An important issue for understanding the morphology of
the intermediate state concerns the comparison of the ener-
gies of the hexagonal and stripe phases. The energy differ-
ence between the stripe and the hexagonal phases for the two
values of the magnetic Bond number is given in Fig. 4
(Bm=35 and 300). Although the energies are very near each
other (the difference does not exceed 1%) there exists a tran-
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FIG. 4. The energy difference between the stripe and the hex-
agonal phases: Bm=35 (solid curve, left scale) and 300 (dashed
curve, right scale).
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sition from the hexagonal to the stripe phase. Already with
the illustrations shown in Fig. 4, a few comments can be
made: (i) the transition field only slightly varies with the
magnetic Bond number; (ii) for large magnetic Bond num-
bers the free energies of the stripe and hexagonal phase are
much closer than for small Bond numbers.

In the next sections we report experimental results con-
cerning the growth of bubbles and lamellae and discuss them
in view of the theoretical predictions of Secs. II and III.

IV. IMAGING THE INTERMEDIATE-STATE
STRUCTURES

A. Experimental setup and samples

The IS flux pattern in SC films was studied with the high-
resolution Faraday microscopy imaging technique. A
magneto-optic layer (MOL) is placed against the SC film,
which allows one to map the normal component of the mag-
netic induction at the surface of the slab. The SC samples
consisted of lead and indium films. Lead samples were cut
out from 25 and 120+ 1 um thick foils of Goodfellow 99.9%
purity annealed lead. The thinnest indium samples were
grown by Joule evaporation directly onto the MOL. The
thicknesses of evaporated indium samples were 0.6, 1.1, 1.5,
2.2, and 10.0+£0.1 wm. Other indium samples were cut out
from 33+ 3 um and 112+ 3 um thick foils of Goodfellow
99.8% purity indium. Investigating samples of various thick-
nesses d from materials with different interface energy pa-
rameters A aimed at exploring the full range of magnetic
Bond numbers Bm=d/2A(T) over which the nonbranching
IS pattern is expected to be observed.”?4 As A(0)=0.056
and 0.33 um, for Pb (Ref. 13) and In*', respectively, the
corresponding range of magnetic Bond numbers extends
from 0.3 to 350.

The MOL used to study the lead slabs was made of EuS.
It was fabricated by Joule-effect evaporation on a 0.4 mm
glass substrate and had a thickness of 1500 A. A 600 A thick
Al mirror was evaporated on top of it. The lead slabs were
compressed against the mirror. Generally EuS presents self-
magnetic ordering. However, we did not observe magnetic
domains, presumably due to a rather high content of oxygen.
For the indium slabs, the MOL consisted of a
CdMnTe/CdMgTe quantum well structure grown by mo-
lecular beam epitaxy.*> CdMnTe is well known to exhibit a
large Faraday rotation due to the giant Zeeman splitting of
the excitonic transition. The advantageous point of these
MOLs is that there is no self-magnetic ordering due to the
paramagnetic behavior of the Mn ions. Furthermore it is easy
to increase Faraday rotation by designing the MOL as an
optical cavity (metal/semiconductor/vacuum) and by placing
the quantum wells at antinodes of the electric field.** Here
indium serves as both the SC layer and the cavity back mir-
ror. The peak Faraday angle was found to vary linearly with
the applied magnetic field with a slope of 54.4 deg T~! at the
quantum well lowest excitonic transition.

The samples were placed in an immersion-type cryostat in
pumped liquid helium. The microscope objective with nu-
merical aperture 0.4 is placed in the vacuum part of the cry-
ostat and can be controlled from outside. The optical setup is
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similar to a reflection polarizing microscope. The indium
samples were illuminated with linearly polarized light from a
Ti-sapphire laser, through a rotating diffuser in order to re-
move laser speckle. In the case of lead samples a tungsten
lamp with an interference filter centered at 700 nm was used
as a light source. Reflected light from the sample passes
through an analyzer uncrossed by =~15° and is focused onto
a charge-coupled device camera. The spatial resolution of
1 um is limited by the numerical aperture of the microscope.
The magnetic resolution is 8 mT.*> The samples were first
zero-field cooled; then they were subjected to a perpendicu-
lar magnetic field H, whose maximum value is 60 mT. After
cycling the field, some trapped flux is observed at zero field.

B. Normal-state bubbles and lamellae

Figure 5 shows typical IS structures observed in the
10 um indium sample at three values of the reduced applied
magnetic field Hy/H,.. Raw images were corrected in order to
remove reflectivity fluctuations of the MOL using a reference
image taken at Hy=0.*> The flux-bearing NS domains and
SC areas appear in black and in gray, respectively. The few
white spots correspond to NS domains that remain trapped in
the sample at Hy,=0. At very low H only the movement of
trapped flux consisting of very few bubbles is observed [Fig.
5(a)]. Increasing H, results in an increase of the density of
the NS phase due to the penetration of magnetic flux from
the edges of the slab. At low applied field [Fig. 5(b)], the NS
domains mainly consist of circular bubbles. For all the
samples studied NS bubble domains were systematically ob-
served to form the early stage of the IS. At higher applied
field, lamella-shaped domains appear and form labyrinthine
structures [Fig. 5(c)]. The coexistence of bubbles and lamel-
lae as observed in Fig. 5(b) makes difficult a separate deter-
mination of their respective quasiperiods. In order to inves-
tigate the field dependence of these patterns, as developed
below, it is more convenient to measure the diameter of
bubbles and the width of lamellae.

C. Flux inhomogeneities and pinning

Whereas the IS model developed above assumes regular
domain structures, the observed flux distributions are disor-
dered and a global flux inhomogeneity is observed on the
scale of the image at low field value [Fig. 5(b)]. The contri-
bution of the pinning of the domains to the disorder can be
evidenced by substracting the IS images obtained for two
successive values of the field. Thus one can follow the move-
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FIG. 5. IS pattern in a 10 um
indium sample for values of the
reduced magnetic field Hy/H,
=0.056 (a), 0.132 (b), and 0.378
(c) at T=2K (Bm=3.1). The edge
of the sample is along the right
edge of the images.

ment of flux-bearing structures. Flux tubes very often move
by a distance equal to their diameter. This suggests that do-
main walls are pinned by point centers. By locating those
centers for successive values of the applied field, we obtain a
map of the pinning centers. The measured concentration is
about 9 X 10~*um™. A comparison of this map with the flux
structure in the lamella regime, at higher field (Fig. 6), shows
that about 60% of the pinning centers are found on one in-
terface of a lamella. Thus pinning is found to contribute to
the positioning of bubbles and to the labyrinthine structure of
the lamellae in addition to shape instabilities.’®?® Hysteresis
or at least a modification of the field dependence of the do-
main period and size is also likely to occur.

At low field values, as observed in Fig. 5(b), the magnetic
flux is globally not homogeneous. A full diamagnetic band,
about 50 um wide, separates the IS structure present on the
slab edge from the IS structure present in the interior. This
diamagnetic band results from the existence of an energy
barrier of geometrical origin.>>3!32 The NS domains origi-
nate from the IS structure on the edges of the sample. They
have to cross the diamagnetic band to penetrate into the
sample. This is no longer the case at higher field value [Fig.
5(c)]. The diamagnetic band has disappeared and NS lamel-
lae are connected to the edge of the sample. This suggest that

FIG. 6. Pinning sites (white spots) overlaying the IS pattern at
Hy/H,=0.416.
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FIG. 7. Area fraction of NS domains p,, for the 2.2 um indium
sample at 1.8 K as a function of the reduced applied magnetic field.
The black circles are the experimental values obtained from the
analysis of images of the magnetic flux. The full line is the calcu-
lated area fraction for a stripe lattice in the CL model with Bm
=0.73. The dashed line corresponds to p,=Hy/H.,.

the formation and penetration mechanisms of NS domains
are different at low field values where bubbles are mainly
observed and at high field values where lamellae form the
dominant pattern.

D. Area fraction of NS domains

Previous IS models usually assume that the magnetic field
h, in the NS domains is equal to the thermodynamical criti-
cal field H,.2*?° This is an approximate result obtained by
neglecting interface energy and stray field energy terms,
which are much smaller than bulk energy terms [see Eg.
(12)], in the minimization of the free energy. When all terms
are properly taken into account, A, is found to be smaller
than H, as discussed in Sec. III. In order to determine the
importance of this effect we measured the area fraction p,, of
NS domains as a function of the applied field. Figure 7 pre-
sents the result obtained for the 2.2 um indium sample
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(Bm=0.73). Owing to the large demagnetizing factor in our
film samples, p, increases as soon as H, reaches a few per-
cent of H.. At low field, p, is equal to Hy/H,, i.e. h,=H, in
NS domains. Then p, progressively deviates from the linear
behavior: s, becomes smaller than H,.. The transition to the
NS (p,=1) occurs at an effective critical field lower than
H.(=0.7H.). Figure 7 also shows the variation of p, calcu-
lated in the CL model for stripes (the curve for bubbles, not
shown here, is very similar). The experimental findings are
qualitatively reproduced by the theoretical results. In agree-
ment with the predictions we found that the effective critical
field increases toward H, for increasing sample thickness.
For the 112 wm indium sample (Bm=37) the effective criti-
cal field was found equal to =0.9H_. This indicates that, for
finding the equilibrium condition of the system, the interface
energy and the stray field energy cannot be neglected at large
applied field and for a magnetic Bond number up to a few
tens. A detailed study of this effect, which is beyond the
scope of this paper, will be presented in a forthcoming
publication.**

V. THE GROWTH OF LAMELLAE
A. Field-dependent width of lamellae

In order to determine how accurately the CL. and CCL
models describe the magnetic interaction between domains,
let us first analyze the growth of lamellae. Figure 8 shows
the mean width of lamellaec as a function of the reduced
applied magnetic field Hy/H.(T) for the 10 wm indium
sample (left figure) and the 120 wm lead sample (right fig-
ure). Error bars represent the full width at half maximum of
the size distribution. The dashed (solid) line is the prediction
of the CL (CCL) model for a one-dimensional lattice of in-
finitely long stripes. H,(T) is assumed to follow a Bardeen-
Cooper-Schrieffer temperature variation: H.(T)=H_.(0)[1
—(T/T,)*]. H.(0) equals 28.2 and 80.3 mT for indium and
lead, respectively. T, is 3.4 K for indium and 7.2 K for lead.
The variation of A(7) with temperature is assumed to follow
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FIG. 8. Mean lamella reduced width 2w/d as a function of the reduced magnetic field Hy/H.(T) for a 10 pum thick In slab (left) and a
120 wm thick Pb slab (right) at 7=2 K. The error bars represent the full width at half maximum of the distributions of lamella width. The
dashed (solid) curve represents the calculated equilibrium width using the CL (CCL) model with A(7)=0.51(Bm=3.1) and 0.066 (Bm
=290) for In and Pb, respectively. The two curves coincide for Bm=290.
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FIG. 9. (a) Image of the IS pattern in the 10 wm indium sample
at Hy/H,=0.41 and T=2 K(Bm=3.1). (b) Image (a) is subtracted
from the one taken at H,/H.=0.45 in order to reveal flux
movement.

the empirical law A(T)=A(0)/+1-(T/T,) proposed in Ref.
41. We use A(0)=0.056 um for Pb,'* and A(0)=0.33 um for
In.*! For the lowest Hy/H, values (Hy/H.<0.4 for indium
and H,/H.<0.65 for lead), the predicted and the measured
widths present a reasonable agreement. It is important to
notice that the magnetic Bond number is varied by two or-
ders of magnitude (Bm=3.1 for indium and 290 for lead) and
that there is no adjustable parameter. The predictions of the
CL and the CCL models are identical for Bm=290. For
Bm=3.1, the predicted width is smaller for the CCL than for
the CL model. Given the experimental error bars, both mod-
els provide a reasonable description. The mean width of the
lamellae increases with H,/H, almost as predicted. This in-
dicates that the observed lamellae patterns can be described
by a succession of equilibrium states, the growth of the
lamellae being essentially the result of the competition be-
tween long-range and short-range interactions. This most
likely results from the fact that a large number of lamellae
are connected to the edges of the slab, thus allowing the
magnetic flux to penetrate continuously from the exterior.
For the highest Hy/H,_ values, the width of the lamellae
continues to grow. However, the measured values are smaller
than the predictions. Indeed, in this regime, for indium the IS
pattern consists of a disordered network of SC lamellae sepa-
rated by large NS domains whose width is not well defined
(the distribution of width values is represented by the error
bars) and for lead there is also a non-negligible fraction of
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bubbles in the NS phase. Therefore we cannot expect very
good agreement with theoretical predictions made for a per-
fect stripe lattice.

B. Growth and jumps

The evolution of the lamellae pattern can be put in evi-
dence by comparing successive images taken for increasing
field values. Figure 9(a) shows the maze pattern of lamellae
at a reduced applied field Hy/ H.=0.41 for the 10 um indium
sample. Figure 9(b) shows the result of the subtraction of this
image from the one recorded at H,/H.=0.45. White areas
show places from which magnetic flux has moved away and
black areas places where it has arrived. The increase of the
width of lamellae which are connected to the edge is re-
vealed by very thin black filaments on the center and right
parts of Fig 9(b). The jumps of lamellae appear as adjacent
black and white structures on the left part of Fig. 9(b).

At large field most lamellae are connected to the edges.
Therefore it is easy to understand that their growth can be
continuous due to the reversible penetration of magnetic flux
from the exterior. At low field, lamellae have to cross the
diamagnetic band to penetrate far into the interior of the
sample. They are often no longer connected to the edge.
However, their mean width also increases with the field.
Since lamellae have several degrees of freedom (width,
length, and buckling), the length and buckling very likely
become adjusted in such a way that the width is nearly equal
to the equilibrium one. This is reasonable since the energy of
an isolated lamella is governed mainly by its width and al-
most does not depend on its length or buckling.?

VI. THE IMPEDED GROWTH OF BUBBLES
A. Field-independent diameter

The growth of bubbles presents different characteristics as
compared to the growth of lamellae. Figure 10 shows the
mean diameter of bubbles for the 10 wm indium slab (left)
and the 120 um lead slab (right) as a function of the applied
magnetic field. The dashed (solid) curve represents the equi-
librium diameter calculated using the CL (CCL) model.
Again the CL and CCL models give identical curves for the
lead sample with a large magnetic Bond number. Contrary to

FIG. 10. Mean bubble reduced
diameter 2R/d as a function of the
reduced magnetic field Hy/H.(T)
for the 10 pwm thick In slab (left)
and the 120 wm thick Pb slab
(right) at 7=2 K. The dashed
(solid) line represents the equilib-
rium diameter calculated using the
CL (CCL) model with Bm=3.1
for indium and 290 for lead. The
two curves coincide for Bm=290.
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FIG. 11. Log-log plot of the reduced bubble diameter 2R/d as a
function of the magnetic Bond number d/(27A). The filled circles
and squares were obtained with In and Pb slabs, respectively. The
empty lozenges, squares, and circles are reported from Ref. 22, 24,
and 25 for Hg, Pb, and In, respectively. The shaded region corre-
sponds to type-II superconductivity for very thin slabs. The theoret-
ical curves represent the equilibrium bubble diameter in the limit
Hy— 0, i.e., neglecting interbubble interactions: the dashed curve is
obtained using the CL model, the solid curve using the CCL model
(see text).

the lamella width, the bubble diameter stays almost constant
as the field increases, i.e., as the volume fraction of the nor-
mal phase increases. This indicates that the mean diameter is
independent of the magnetic interactions between NS do-
mains. Indeed the measured diameter tends to the equilib-
rium value predicted by the CCL model for Hy— 0, that is, in
a situation where interbubble interaction can be neglected.
This suggests that the CCL model might correctly describe
the bubble mean diameter, provided that it is used in the
zero-field limit.

B. The master curve

Since the lack of dependence of the bubble mean diameter
on the interdomain magnetic interaction is demonstrated for
two samples that differ much in their thicknesses and inter-
face parameters, one may suspect that this behavior has a
general character. In order to clarify this point we investi-
gated lead and indium samples of various thicknesses and we
collected earlier data on Pb, Hg, and In from the
literature.?>2%234 In Fig. 11 we plot the mean bubble diam-
eter in units of the sample thickness d as a function of the
magnetic Bond number Bm=d/(27A). All the data gather on
a single master curve. This proves that (i) the mean diameter
does not depend on the specificities (shape of the edges,
pinning properties) of the samples studied and (ii) the thick-
ness d and the interface width A are the only parameters that
control the bubble system. The shaded area below a critical
Bond number Bm,=d,./(27A) represents the region where
samples become type-II superconductors. Our thinnest in-
dium sample (d=0.6 uwm) falls in this range. Indeed we did
not observe NS domains in this sample although their calcu-
lated size is larger than the spatial resolution. The interface
energy should drop to zero and become negative in a very
narrow range of thickness around d..
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Let us compare the master curve with the theoretical pre-
dictions for the equilibrium radius in the limit Hy,—0, i.e.,
neglecting interbubble magnetic interaction. The dashed
curve of Fig. 11 represents the diameter calculated in the
framework of the CL model using Eq. (30). A good quanti-
tative agreement is found for Bm>10. On the contrary, for
Bm <10 the predicted diameter is larger than the measured
one. The discrepancy increases when Bm decreases (for
Bm=0.5 the predicted and measured diameters differ by a
factor of =4). The CL model is unable to describe accurately
the bubble pattern for small Bond numbers. The solid curve
of Fig. 11 represents the equilibrium diameter calculated us-
ing the CCL model [Eq. (16)]. This prediction is in good
agreement with the measurements over three orders of mag-
nitude of the magnetic Bond number (Bm=0.5-500). This
demonstrates that the CCL model accurately describes the
bubble pattern. We can conclude that the bubble mean diam-
eter is solely determined by the competition between the
interface energy and the energy of the stray field created by
the screening current flowing around the bubble. Moreover,
the CCL model, which takes into account the shielding of
field lines by surface currents, describes experimental results
much better than the CL model, for which current loops are
interacting as in the free space.

The impeded growth of bubbles most likely results from
the nature of the SC phase. Let us consider the time variation
of the magnetic flux ® in a bubble isolated in the SC matrix.

The Maxwell-Faraday equation gives us dCID/dtz—gﬁEjl

with E the electric field. The contour of the line integral is
taken as a closed loop encircling the bubble in the SC matrix
at a distance larger than the penetration depth. As the electric

field E is zero in the SC phase the magnetic flux ® within the
NS bubble must remain constant.3* Since the field 4, in the
NS areas is equal to the critical field in the limit of small
density of the normal phase (Sec. IIT) the area of the isolated
NS bubble must remain constant. Consequently, flux varia-
tion in an isolated bubble and therefore size variation can
only result from the movement of an incoming NS domain.

For the bubble size to grow, not only has another NS
domain to reach the bubble, it has to merge with it. However,
the fusion of two NS domains is impeded by their repulsive
interaction.*® Moreover, the formation of bubbles of size
much smaller than the equilibrium one is very unlikely due
to the positive interface energy. As a consequence the con-
tinuous growth of isolated NS domains with the applied field
is hindered.

The fact that isolated bubbles cannot grow in size as the
field increases is not sufficient to explain that the mean di-
ameter of the bubble distribution also does not increase with
the applied field. We would expect that, the higher the field
value at which the bubbles penetrate into the sample, the
larger their diameter. Then the average diameter should in-
crease with the field, though at a smaller rate than predicted.
Actually, as will be discussed below, it is often observed that
a large fraction of the observed bubbles penetrates into the
sample in a single burst at low field and that further flux
penetration is dominated by lamellae. Furthermore, bubble
shape instabilities, which are theoretically and experimen-
tally actively studied in various systems,>>!820 very likely
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FIG. 12. Mean diameter 2R (filled circles) and mean distance a
(filled squares) between bubbles in the 120 wm Pb sample at 2 K
(Bm=290). The solid line represents the mean distance calculated
with a constant diameter (dotted line), assuming global flux conser-
vation p,=H,/H,.

play a major role in the fast transformation of large-diameter
bubbles into lamellae therefore making large-size bubbles
unobservable.**

C. Close-to-equilibrium system

Let us examine how far from equilibrium the bubble sys-
tem is. Figure 12 shows the mean diameter and mean dis-
tance between bubbles as a function of the field for the
120 pm lead sample. The full line represents the period of a
hexagonal lattice built from bubbles with their constant di-
ameter assuming flux conservation, i.e., the volume fraction
of NS domains p, is equal to Hy/H,. One can see that the
mean distance between bubbles varies with the field in good
agreement with the calculated period. This means that inter-
action between bubbles, which is unimportant for fixing their
size, serves to adjust their distance in such a way that the
constraint of global flux conservation is satisfied. The energy
calculated for such a lattice [Eq. (12)] is at most only 0.5%
larger than the energy of the equilibrium lattice. The reason
is that bulk energy terms that depend on p, but not on the
period are much larger than the interface and stray-field en-
ergy terms that depend on both p, and the period. Therefore,
although bubbles keep their zero-field diameter, the bubble
system is only slightly out of equilibrium.

VII. TRANSITION FROM BUBBLE TO STRIPE PATTERN

After having investigated the size variations of lamellae
and bubbles, it is interesting to study their respective concen-
trations and to determine whether there is some experimental
evidence of a bubble-to-lamella transition as predicted in
Sec. III of this paper. Bubble patterns are systematically ob-
served to form in the early stage of the IS whereas the lamel-
lae pattern dominates when H,/H, increases (see Fig. 5).
Typical variations of the area fraction of bubbles p,, and
lamellae p,,(p,=pp+p.) are shown in Fig. 13 for the
10 um indium sample. The formation of domains starts for
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FIG. 13. Area fraction of NS bubbles (black circles) and NS
lamellae (black squares) as functions of the reduced applied field
for the 10 um thick indium sample at 2 K.

Hy/H.>0, due to the finite width of the slab. Lamellae ap-
pear at Hy/H.=0.075 while bubbles are already present in
the sample. The fraction of lamellae p,,; then increases mono-
tonically with the field. In contrast, the fraction of bubbles
pnp only increases over a reduced range of H,/H, values and
reaches a plateau. Within the plateau bubbles neither are
created nor disappear. At the end of the plateau
(Hy/H,.=0.26+0.04),p,, starts to decrease. Bubbles are
surrounded by other NS domains and cannot escape; they
disappear by fusion with those domains. The fact that
pnp tends to zero when Hy increases is experimental evidence
of the bubble-to-lamella transition. The decreasing rate
of p,, was observed to vary systematically with the slab
thickness d (i.e., the magnetic Bond number Bm). For
the 2.2 um (Bm=0.73) and the 10 um thick In slabs
(Bm=3.1),p,,—0 for Hy/H,~0.45 and =0.65, respec-
tively. For the 112 wm thick In slab (Bm=37), p,,, decreases
but bubbles are observed to remain present up to the end of
the transition to the NS. These variations may be associated
with the decrease of energy difference between the bubbles
and the lamellae as Bm increases, as shown in Fig. 4. In
order to get more insight into the bubble-to-lamella transi-
tion, it is important to determine the respective contributions
of equilibrium state processes and of irreversible processes
(such as the pinning of interfaces, the energy barrier against
the fusion of domains,*® and the geometrical barrier) on the
variation of the bubble and lamellae concentrations. Since
the bubble-to-stripe transition is predicted to be of first order,
one expects a coexistence of the two types of patterns and
continuous variations of p,;, and p,;. Experimentally the co-
existence of bubbles and lamellar patterns is effectively ob-
served. After the plateau, the bubbles start to disappear for a
well-defined value H,/H.=0.26+0.04, close to the predicted
value Hy/H.=0.32, for which the free energies of the bubble
and lamellar lattices become equal. However, within the pla-
teau bubbles are trapped and their growth is impeded. More-
over the penetration of bubbles occurs only when the dia-
magnetic band is present. Therefore p,;, and p,; may differ
from the equilibrium values and should depend on the
mechanism of flux penetration on the edges of the sample.
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These mechanisms may drive the early stage of the forma-
tion of bubbles and lamellae at low field and are not well
understood.3¢

VIII. SUMMARY AND CONCLUSION

We have presented an extensive theoretical as well as ex-
perimental study of the formation of NS domains in the IS of
type-I superconductors. The expression of the free energy of
the intermediate state of the type-I superconductor derived in
the current-loop approximation allows one to describe quali-
tatively and quantitatively the peculiarities of the morphol-
ogy of the intermediate state observed in the experiments.
Among the features studied in this paper we should mention
the dependence of the domain size on the magnetic field, the
nonlinear dependence of the volume fraction of the normal
phase on the external field, and the existence of a transition
between the hexagonal and the stripe phases. Different SC
materials and slab thicknesses were used in order to cover
more than three orders of magnitude of the magnetic Bond
number (Bm=0.3-500), i.e., the full range over which non-
branching IS patterns are expected to occur. Experimentally
we first analyzed the variation of the area fraction of the
normal phase with the magnetic field and its spatial distribu-
tion within the SC slabs. At low field values, the magnetic
field within the NS domains is shown to be equal to the
thermodynamic critical magnetic field. Its value is reduced
when the applied magnetic field increases because of the
interface energy and the mutual interaction between do-
mains. The contributions of the pinning of domain walls and
of the geometrical barrier, which exists at low applied mag-
netic field values, have been shown to play a role in the
inhomogeneity of the magnetic flux distribution at the early
stage of flux penetration.

In order to determine to what extent the observed patterns
correspond to equilibrium states, we have then analyzed the
size variation of lamellae and bubbles. For lamellae, the field
variation of their average width is found in reasonable agree-
ment with the theoretical predictions. We show in addition
that the evolution of the lamellar pattern results from both an
increase of lamellae width and domain jumps, in order to
satisfy the condition of flux conservation. The continuous
growth of lamellae is ensured by the reversible flux penetra-
tion from the edges of the slab.

The case of bubbles is different. Their average diameter is
found to be almost independent of the applied magnetic field,
i.e., independent of the long-range magnetic interactions be-
tween domains. Under appropriate scaling the measured di-
ameters are shown to gather onto a single master curve and
to correspond to the equilibrium diameter of an isolated
bubble. This diameter results solely from the competition
between the Biot-Savart interaction of the screening current
encircling the bubble and the SC-normal interface energy. A
significantly better agreement is found with the CCL model
than with the CL model, in particular for the thinnest SC
slabs. This demonstrates that the NS domains cannot be sim-
ply modeled as current loops interacting as in the free space.
The shielding of the magnetic field lines by surface screening
currents has to be taken into account to accurately describe
the stray-field magnetic energy.

PHYSICAL REVIEW B 72, 014513 (2005)

Furthermore, the impeded growth of NS domains isolated
in the SC matrix is shown to result from the nature of the SC
phase. As long as the NS domains are completely surrounded
by the SC phase, they cannot undergo flux variations. The
growth of an isolated NS domain has to result from the
merging with another NS domain. The combined effect of
the repulsive magnetic interaction between domains and of
the positive interface tension precludes the continuous
growth of bubbles. The peculiar properties of the SC phase
set a limit to the analogy between type-I superconductors and
other two-phase, quasi-two-dimensional systems. In ferro- or
ferrimagnetic thin films, like bubble garnets for instance,
there is no similar constraint for flux variation. The up-
magnetized isolated bubble domains can grow at the expense
of the down-magnetized surrounding phase.

Finally, we found some experimental evidence for a
bubble-to-lamella transition, as predicted theoretically. How-
ever, at low applied field, the concentrations of lamellae and
of bubbles are shown to differ from equilibrium values. This
sets a limit for the comparison between the experimental data
and the predictions of the mean-field current-loop model.
Indeed the respective concentrations of the bubbles and of
the lamellae are likely to depend on the mechanism of flux
penetration on the edges of the sample when the diamagnetic
band is present.

Future studies will in particular aim at understanding the
role of bubble shape instabilities in the observed distribu-
tions of bubbles and lamellae sizes at the early stage of flux
penetration. On the opposite side, in the large field limit,
work is in progress to study the transition from the IS to the
NS as a function of the magnetic Bond number and compare
the predictions of the CL and CCL models with experimental
results.

APPENDIX A

The vector potential of the magnetic field created by su-
perconducting currents circulating around the domain of the
normal phase is expressed as follows:

-

!

1 r'dl'dz’
=_lsf = - VR (A1)
¢ S Np-p)+(z-2")

The component of the magnetic field strength in the direction
normal to the layer is

1 [[(G-F) X P ledrdz
sz__ls - -3
C |r—r|

(A2)

For the magnetic field strength averaged across the film we

have
2~ > > XE’! "dlr >
Gwzjjﬂpg)ﬂh @ﬂppg.ma
cd p=p'l d
Here ®(&)=In(1/&+V1+1/E)+E-1+& and P’ (=1
1+1/&.

The kinetic law for the interface motion (21) can be trans-
formed as follows. The mean accross the film magnetic field

(ﬁ;) is expressed as
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o e M
(H)— J&ZZ il dde](p p'.d).

On the interface the following relation according to (7) is
valid:

(H)=—-=H,+(H.)

where (H) is found according to relation (A3) where the
principal Cauchy value of the integral should be taken. Thus
the law of the interface motion can be transformed as fol-
lows:
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1( H?
vn=—z 8—+0'k M(H!)
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(H2 H 1
=— + ok -
87T7Td
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The law of interface motion (A4) has a simple physical
interpretation for the long cylindrical tube. In this case the
Lorentz force per unit surface acting on the superconducting
currents around the domain of the normal phase is
i,/2cH,n= (H /8)n. If the surface tension of the interface is
neglected the interface motion according to the law v,=
~1/{(H?*/87—H?>/87) stops at H,=H, as it should.

APPENDIX B

Applying the Evald summation technique the effective de-
magnetizing field coefficient is expressed as follows:

2 4 22— 1)E(k)  (1-Kk)K(k) X
Ndm<x,y>=ﬂ,—[1 +—y<1—( A0 _(=ORO) |, 0 (S0 [ i el i
243 3mx k k 3243 nlnz#) i<l yr Pn|
[23, 2
1 = 16 1 / +
- ,—erfc[\' yr+pn)2+x2/\’7']) f dr Vf(")l_erf< ) 5 Zerf( 2 rF - ):|
VOT+p,)* + 27 x? v \Wr) e NT

87’ Ji(k ny)

. 87 f( X ) \/7{1 ( xz)]
—\xert|] = |- —| 1—-exp|——
\Exz \’; m P T

- x
+exp(— Zxk,l)erfc<k,, NT— _F)]
NT

[x.2.2
N3xY im0 Ky

[2 erfe(k,\ 7') —exp(2xk, )erfc(k T+ ,—)
N7

(B1)

Here kn=27'r\e"n%+n%—n1n2/\e“’g,ni are natural numbers, f(r)=2(arccos r—r\1—r?),p,=n,é,+n,¢,. 7 in relation (23) is the
Evald number for which the value 0.6 is taken in numerical calculations.
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