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Symmetry-breaking effects and spontaneous generation of vortices in hybrid superconductor-
ferromagnet nanostructures
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By using the nonlinear Ginzburg-Landau equations, we investigate symmetry-breaking effects at tempera-
tures well below the normal-superconducting phase boundary, 7.(H), in a superconducting microsquare with a
magnetic dot on top under a perpendicular magnetic field. Vorticity values forbidden by the inhomogeneous
field of the dot at 7.(H) are progressively recovered deep inside the superconducting state. This restoration of
the increase of the fluxoid quantum number by 1 with decreasing temperature is achieved both by the conven-
tional flux expulsion and by the spontaneous generation of additional vortices. The associated transitions
between vortex states can be detected experimentally by measuring the temperature dependence of the

magnetization.
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I. INTRODUCTION

Quantization effects associated with the confinement of
superconducting condensate at length scales of the order of
the superconducting coherence length, &(T), have been stud-
ied since more than three decades ago.' The interest in this
issue has been considerably enhanced in the last years by
advances in micro- and nanofabrication techniques that make
possible the design of submicron superconducting structures
with adhoc shape. In these superconductors both the critical
parameters and the vortex matter change substantially with
respect to the reference behavior of the bulk materials.*® A
good example here is the normal-superconducting phase
boundary [T.(H)] of a submicron structure that shows a
cusplike behavior superimposed with a linear background.
Close to T.(H) the vortices do not order themselves in a
triangular vortex lattice. Instead, they form vortex patterns
consistent with the geometry of the sample, so that supercon-
ductivity nucleates in the form of a giant vortex at the center
of mesoscopic disks>® and vortex-antivortex pairs can be
spontaneously generated in structures with discrete
symmetry.’!!

However, these symmetry-induced effects are expected to
disappear deep inside the superconducting phase, where the
nonlinear effects related to the nonlinear term of the
Ginzburg-Landau (GL) equations cannot be ignored. There-
fore the stability of the symmetric vortex patterns at T.(H) is
a crucial issue both from the experimental and technological
point of view that has been already addressed for
different geometries of individual superconducting
microstructures.'>2% It has been found that the nucleated or-
der parameter, including the vortex-antivortex patterns in tri-
angles and squares, is stable in broad field-temperature re-
gions that can be enlarged by decreasing the sample size,'0~2!
and enforced by artificial pinning.”> However, deep inside
the superconducting phase it undergoes different symmetry-
switching and symmetry-breaking transitions that lead to a
progressive recovery of the Abrikosov vortex lattice.
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Recently, we have applied the linearized GL (LGL) theory
to study the hybrid superconducting-ferromagnet (SF) nano-
structure consisting of a magnetic dot on top of a supercon-
ducting microsquare.”> We have found that the dot induces
an expansion of the symmetry consistent vortex-antivortex
patterns and multiquanta vortex entries along T.(H), two
findings which are well beyond the expected behavior of the
superconducting square itself. The aim of this work is to
investigate, by using the full nonlinear GL functional, the
symmetry breaking effects induced by decreasing tempera-
ture in the same SF nanostructure. We show that the behavior
of the SF-system inside the superconducting phase also
strongly differs from that of an individual microsquare. In
particular, we observe that the usual increment of the fluxoid
quantum number (also called vorticity, L) by 1, broken close
to T.(H) due to the multiquanta vortex entries, is restored
deeper in the superconducting state. One of the mechanisms
of this recovery of L-values is the flux expulsion at low
temperatures already observed in individual
microsuperconductors,!>!3:1921 byt we have also found that
in this SF nanostructure vortices can be spontaneously gen-
erated by decreasing temperature. These changes in the vor-
ticity are associated with transitions between vortex patterns
that may give rise to measurable effects in the increment of
the magnetization with varying the temperature.

II. METHOD OF SOLUTION

The linearized Ginzburg-Landau theory has been probed
as an adequate tool to describe the properties of microsuper-
conductors close to T.(H);'-71021.23 3 region of the phase-
diagram where the amplitude of the superconducting order
parameter, |W|, may be considered small. However, this as-
sumption is no longer valid deeper in the superconducting
state and, subsequently, the fourth power term in |¥| has to
be included in the free energy expansion. The resulting non-
linear GL-functional may be written as>*
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(h - H)*

F=Fn+f |:\I’*I:\I’+a|‘lf|2+,8|\lf|4+ dr, (1)
where F, is the energy of the normal state, i:(—iﬁﬁ
—%:X)zl 2m* is the linearized GL operator, ¢, is the mag-
netic flux quantum, f{ is the vector potential, « and S are the

GL parameters, and /2 and ITI are, respectively, the local and
applied magnetic fields. In the case of a microsquare with a
magnetic dot on top, Eq. (1) has to be solved by taking into

account both the superconductor-vacuum boundary
condition,?*
ﬁV 27 -
————A|V],=0 2)
! ¢’0

(here n holds for the normal to the boundary line) and the dot
contribution to the external magnetic field. For a disk-shaped
dot, magnetized parallel to the z-direction, the latter can be
obtained from magnetostatic calculations as®

Ad0t—4Mdot\/7f dzy . (3

k

with A‘f“’:AfU’:O. In Eq. (3) K and E are, respectively, the
elliptic integrals of the first and second kind and r is the
radial coordinate. The magnetization, radius, and length of
the dot are denoted by, respectively, M,,,, R, and [, while the
dimensionless variable k>=4Rr/[(R+r)*+(z—z,)*] includes
the z-dependence of Ai”’. For simplicity and better compari-
son with our previous results on the nucleated properties of
the same system, in our present calculations we have em-
ployed the same dot parameters as in Ref. 23, namely, M,
=18¢y, R=0.4a, [=0.033a, and z=-0.0025a (here a stands
for the length of the microsquare). The latter accounts for the
thickness of a substrate separating the superconductor from
the magnetic dot in order to avoid proximity effects. Note
also that these parameters are similar to those of the mag-
netic dots used in different hybrid SF nanostructures already
studied experimentally.?® The presence of an external homo-
geneous field is taken into account by adding Afp’”=Hr/ 2 to
Eq. (3).

To simplify the minimization of Eq. (1) under both Egs.
(2) and (3), in what follows we will assume the case of a
microsquare with dimensions, thickness d and size a, satis-
fying both d<&T) and d, a<<\(T) [here \(T) is the super-
conducting penetration depth]. The first condition warrants
that the order parameter will be constant across the thickness
of the square and, subsequently, Eq. (1) can be solved in two
dimensions. Under the second assumption the distortion of
the magnetic field inside the superconductor due to the pres-
ence of screening currents may be discarded. The local field
will then coincide with the external field, and the magnetic
energy term in Eq. (1) can be neglected. At the same time,
the vector potential will not be coupled to the superconduct-
ing order parameter, so that the minimization of the free
energy functional has to be performed only with respect to
V. It is then convenient to perform an expansion of the su-
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perconducting order parameter by using the eigenfunctions

of the linear problem, i(ﬁi: €;¢; (€ being the eigenvalue cor-
responding to the eigenfunction ¢,), as a basis set. If we
write this expansion as W=2,c;¢;, where c; are complex co-
efficients, Eq. (1) is transformed into!3!8:19.21

(F-F,)B= E(a+e)c'*’ EAi‘,’ T C))

i ]kl

In the above expression ¢, = VBe; and AM = &) b} brpidr are
the coefficients that, together with ¢;, govern the admixture
between the different solutions of the LGL equation. 3181921
Note that the renormalization of the ¢; coefficients removes
any B-dependence from the right-hand side of Eq. (4). There-
fore its solutions will be independent of the choice of « and
applicable for both type-I and type-II superconductors.

Provided that the solutions of the linear part are obtained
while taking into account Egs. (2) and (3), the problem of
solving the full GL-functional for a microsquare with a mag-
netic dot on top is reduced to find the ¢/-coefficients that
minimize Eq. (4). Therefore we have solved the LGL equa-
tion following the procedure described previously for indi-
vidual superconducting micropolygons under a homoge-
neous applied field,!%?127 that is based on a gauge
transformation of the vector potential that converts Eq. (2)
into the Neumann boundary condition, VW|,=0. The field-
dependent ¢;-eigenvalues may be then calculated by using
an analytic basis set, and they can be classified within the
irreducible representations (irreps) of the symmetry group of
the problem. For a fourfold symmetry, these irreps are de-
noted as A, B, E+, and E— and they are characterized by
having, respectively, no vortex (L=0), a giant vortex (L=
+2), one vortex (L=+1), and one antivortex (L=-1) at the
center of the sample. The same approach can be adapted to
take into account the presence of the inhomogeneous field
produced by a cylindrically symmetric magnetic dot on top
of the microsuperconductor.23 However, the relative com-
plexity of Eq. (3) makes difficult the integration of the dif-
ferential equations required to perform the gauge transforma-
tion of the vector potential (see Refs. 21 and 27). To avoid
these complications, we have approximated Ai”’ by rational
functions, using as many terms as necessary to reproduce
well the field profile resulting from Eq. (3) for a given set of
dot parameters.

The present calculations have been performed by using 24
functions in the W-expansion that correspond to the six low-
est energy levels of each irrep. Nevertheless, we have
checked that, in the range of studied temperatures and fields,
no difference is observed in the final results by using larger
sets of functions. For the minimization of Eq. (4) we have
chosen a Monte Carlo method with a Mersenne algorithm for
the generation of random numbers. We have also used the
continuity of the free energy as a function of the temperature
and the magnetic field to discard metastable solutions.

III. RESULTS AND DISCUSSION

The positive values of the vorticity (calculated from
$V-di=27L, where ¢ is the phase of the order parameter
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FIG. 1. (Color online) Applied magnetic flux dependence of the
positive values of the vorticity of the sample at two different tem-
peratures. Close to T.(H), at S/&(T)=40, L changes by +2 from 1
to 3 and from 3 to 5, but deeper in the superconducting phase, for
§/&(T)=200, the increment of the vorticity by 1 is restored. How-
ever, L=4 is recovered by expelling a flux quantum from the
sample, while to obtain L=2 a vortex is spontaneously nucleated at
decreasing temperature.

and the integration is carried out along the sample’s
boundary?*) at two different temperatures [given in units of
S/E(T), S=a® being the square’s area] are presented in Fig.
1 as a function of ¢/ ¢y, where p=H-S is the applied mag-
netic flux. Close to the normal-superconducting transition, at
S/&(T)=40 (red dotted line), the same multiquanta vortex
entries, found at T.(H) in Ref. 23, are seen. In particular, this
curve reveals jumps in L from 1 to 3 at ¢/ ¢py=-5 and from
3 to 5 at ¢/¢py=-3.25, both indicating the simultaneous
entry of two flux quanta in the sample. However, when the
temperature is lowered down to S/&(T)=200 (black line) the
states with L=2 and L=4 are restored. This effect may be
intuitively understood in terms of the decrease of &(7T), which

a) S/E*(T)=40, Irrep E+

b) S/E*(T)=100, LLL all irreps
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allows faster spatial variations of the order parameter (in-
cluding smaller vortex cores) that may overcome the inho-
mogeneity of the field of the dot. Figure 1 also suggests two
different mechanisms for the recovery of these L values.
Note that at a magnetic field of the order of ¢/¢py=-2.5 the
vorticity changes from 5 to 4 when going from S/&(T)=40
to §/&(T)=200, a decrease of the fluxoid quantum number
with lowering the temperature already observed in individual
microsuperconductors.!>!310-21 Instead, for ¢/ p,=-5.5 the
L value unexpectedly increases from 1 to 2 with decreasing
the temperature, which corresponds to a counterintuitive
spontaneous generation of a vortex.

The nucleation of a vortex with decreasing temperature
observed in Fig. 1 is schematically depicted in Fig. 2, where
in panels (a)—(c) the spatial distribution of |W| in the square
(higher values in red) is presented for three different tem-
peratures under a magnetic field of ¢/ ¢y=-5.25. The dotted
circumference indicates the region below the dot. For com-
pleteness, panel (d) shows a zoom around ¢/¢py=—5.25 of
the magnetic field dependence of the energy [in S/&(T)
units] of the three first Landau levels of each irrep involved
in the W-expansion. When compared with the energy spec-
trum of an individual microsquare,'®?! this figure illustrates
that the presence of the dot leads to much smaller differences
between the lowest Landau levels (LLL) of the irreps. Thus
close to T.(H) [panel (a)] the vortex pattern is still deter-
mined by the irrep with lowest energy, E+, and it consists of
a single vortex placed at the center of the square. However,
with decreasing temperature this solution is being admixed
with the LLL of the other three irreps, which leads to the
nucleation of a second vortex in one side of the square that is
attracted to the center by the dot [panel (b)]. This type of

FIG. 2. (Color online) (a)—(c) Sequence of the
1—2—2 transition between vortex states at
¢/ py=-5.25, which involves the nucleation of
an extra vortex with decreasing temperature.
Panel (d) presents a zoom around this flux-value
of the field dependence of the three first energy

180 T
Irrep A .
160 Irrep B Solid:LLL
st
140 Irrep E+ Di:lS]led:lml Level |
Irrep E- Dotted:2" Level
120} ]

levels of each irrep in the W expansion. The gen-
. eration of the second vortex arises from the ad-
mixture of the nucleated order parameter (LLL of
irrep E+) with the ground state of the other three
irreps which, as shown by (d), have similar
energy.

¢) S/&°(T)=190, Irrep B+A
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a) S/E%(T)=20, Irrep A

¢) S/E*(T)=75, Irrep A+E+

b) S/&*(T)=60, Irrep A

d) S/E¥(T)=130, Irrep A+E-
180
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FIG. 3. (Color online) (a)—(e) Sequence of the
0—-4—-3—-2—-1 transitions between vor-
tex states at ¢/¢py=—12.8. Panel (f) shows a
zoom around this flux value of the field depen-
dence of the energy of the three first Landau lev-
els of each irrep. When the temperature decreases
L first changes from 0 to —4 (a—b) by sponta-
neously nucleating four antivortices at the corners
of the square. Deeper in the superconducting
phase, these antivortices are progressively ex-
pelled from the sample, leading to the recovery of
the L-values =3, =2, and —1 (c—¢) absent at the
boundary. However, due to the small energy dif-
ferences between the levels involved in this pro-
cess (LLL of irrep B and first excited levels of
irreps E+ and E-), this restoration of the negative

Irrel; A

160 Irrep B

Irrep E-

Solid:LLL ]
Irrep E+ Dashed:1% Level
Dotted:2™ Level |

L-values will be very sensitive to small
perturbations.

e) S/E’(T)=230, Irrep A+B

admixture has not been found in the microsquare itself,
where symmetry-breaking transitions between vortex states
arise from the admixture of the ground state of one irrep with
one or more excited levels of the others.'®?! This last situa-
tion is recovered deeper in the superconducting phase [panel
(c)], where the two vortices arrange themselves along one of
the diagonals of the square. This configuration results, analo-
gously to the breaking of the giant vortex state of an indi-
vidual microsquare,l&21 from the admixture of the LLL of
irrep B with the first excited level of irrep A.

The spontaneous nucleation of vortices when cooling
down also occurs for negative L-values and it can involve
more than one single flux quantum. To illustrate these points,
in Fig. 3 the evolution of the W-distribution in the square
with decreasing temperature is presented at ¢/¢py=—12.8
[panels (a)—(e)] together with a zoom around this flux value
of the magnetic field dependence of the energy of the three
first Landau levels of each irrep [panel (f)]. The nucleated
order parameter [Fig. 3(a)] corresponds to a solution with

L=0; but when the temperature decreases four antivortices
(that we define as flux lines antiparallel to the magnetization
of the dot) are simultaneously nucleated at the corners of the
square [Fig. 3(b)], where they stay as a consequence of the
dot repulsion. Deeper into the superconducting phase these
antivortices are progressively expelled from the square, an
effect already observed in individual microsquares'32! that in
this hybrid SF structure results in a recovery of the L-values
-3, =2, and —1 absent at T.(H).>> We have found that the
spontaneous nucleation of the four antivortices arises from
an admixture of the LLL of irrep A with the two first excited
levels of the same irrep. When the temperature is further
decreased, this combination admixes with the LLL of irrep B
and the first excited states of irreps E+ and E—. The resulting
nonsymmetric vortex pattern is then determined by the level
among these three with the highest |c/| in the W-expansion,
namely, irrep E+ first excited level for L=-3 [Fig. 3(c)],
irrep E- first excited level for L=-2 [Fig. 3(d)], and irrep B
LLL for L=-1 [Fig. 3(e)]. However, these coefficients are
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FIG. 4. (Color online) Temperature dependence of the differen-
tial magnetization for ¢/ ¢py=4 and the two magnetic fields studied
in Figs. 2 and 3. For both ¢/ ¢y=-5.25 and —12.8 the curves show
peaks around the transition points between different vortex states
[S/&(T) =42 and 170 and, respectively, S/ &(T) =72, 79, and 220].
Instead, for ¢/ ¢y=4 we have observed a stable vortex pattern with
L=9 and the differential magnetization shows no critical behavior.

very similar since, as shown by Fig. 3(f), the levels also have
similar energies. As a consequence, in contrast to the spon-
taneous generation of the four vortices, the progressive ex-
pulsion of flux lines at low temperatures seems to be an
unstable process that will be very sensitive to small pertur-
bations. This instability affects broad field regions corre-
sponding to negative vorticities. Therefore only the recovery
of positive L-values is presented in Fig. 1.

The transitions between vortex states with decreasing
temperature can be related with either a jump or a smooth
increase of the c/-coefficients of the admixed states.!31%2! In
the first case, such critical behavior may give rise to measur-
able effects in different observables, such as the magnetiza-
tion, thus providing new possibilities to investigate the su-
perconducting phase of mesoscopic superconductors. This is
illustrated by Fig. 4, where the temperature dependence of
the differential magnetization, AM X S/A[S/&(T)] is pre-
sented for ¢/ ¢y=4 and the two magnetic fields studied in
Figs. 2 and 3. To obtain these curves we have used M

= zz_s [sr Xf (here f is the supercurrent) for the averaged mag-
netization. It is clearly seen that for ¢/ ¢y=-5.25 the differ-
ential magnetization shows jumps at the temperatures at
which the vortex induced by decreasing temperature is gen-
erated [S/&(T)=42] and, also, when the two vortices rotate
and arrange themselves along the diagonal of the square
[S/&(T)=170]. Similar effects can be observed in the curve
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corresponding to ¢/ ¢y=—12.8 at the temperatures where one
antivortex is expelled from the sample [S/&(T) =72, 79, and
220], but not when the four antivortices are generated. The
reason is that the latter is related to a smooth admixture of
the LLL of irrep A with excited levels of the same irrep
which, as shown in previous work on individual microstruc-
tures, does not correspond to a true phase transition between
vortex states.!” The differential magnetization curves for
@/ py=—5.25 and —12.8 are to be compared with the one at
¢/ py=4, which does not present any critical behavior and
where we have observed a stable vortex pattern with L=9.
Note also that in a superconducting microsquare with 20nm
thickness the AM X S/A[S/&(T)]-amplitude in Fig. 4 will
lead to magnetic moments around 107'3A m?. Therefore
these effects in the differential magnetization could be mea-
sured in arrays of 10° microsquares by using conventional
superconducting interference device magnetometers, with a
typical resolution of the order of 107'°A m2.

IV. CONCLUSIONS

To summarize, the symmetry breaking effects in a super-
conducting microsquare with a magnetic dot on top strongly
differ from those found in the square itself. Vorticity values
forbidden at T.(H) are restored with decreasing temperature,
a process which, eventually, leads to the spontaneous nucle-
ation of vortices when cooling down the sample. This recov-
ery of L values is associated with transitions between vortex
states that can be observed experimentally in the magnetiza-
tion vs temperature curves, thus opening possibilities for
their study beyond those provided by local vortex imaging
techniques. Other interesting aspects for the development of
applications based on these properties, as their dependence
on the field of the dot, deserve further studies.
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