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Influence of magnet size on magnetically engineered field-induced superconductivity
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We investigate experimentally and theoretically the superconducting properties of an Al thin film covering a
periodic array of Co/Pt magnetic disks with out-of-plane magnetization for different radii of the magnetic
disks and constant period of the magnetic lattice. The presence of the arrays of magnetic dots leads to a
quantized displacement of the normal/superconducting phase boundary along the magnetic field axis, with each
step corresponding to a flux-quantum per unit cell of the magnetic lattice. We demonstrate that this so-called
field-induced superconductivity is strongly dependent not only on the chosen magnetic material and its mag-
netization M but also on the radius R of the constructed magnetic disks. Since field-induced superconductivity
is directly linked to the nucleation of vortex-antivortex (V-AV) pairs, a theoretical M-R equilibrium phase
boundary is presented, delimiting regions of different numbers of induced V-AV pairs per magnet. A good

qualitative and quantitative agreement is found between theory and experiment.
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I. INTRODUCTION

It is a well established fact that the properties of a super-
conductor (S) can be modified by the interaction with a
nearby ferromagnet (F), either through the electron exchange
when in direct contact (i.e., proximity effect)! or by the pres-
ence of the stray fields emanating from the ferromagnet.” By
electrically insulating the ferromagnet from the supercon-
ductor, the latter mechanism dominates and the electromag-
netic interaction determines the properties of the hybrid sys-
tem. As a result, the typical linear decrease of the critical
temperature 7, with increasing uniform magnetic field H for
a single S layer can be strongly modified in S/F heterostruc-
tures. In these hybrid systems, the superconducting order pa-
rameter is spatially modulated, leading to regions of local-
ized superconductivity where the effective magnetic field is
minimal,>* i.e., where the stray fields of the ferromagnets
and the external magnetic field compensate each other. These
compensation effects give rise to exotic 7.(H) phase bound-
aries in S/F bilayers, as recently reported in Refs. 5 and 6.
However, in the case of particularly large local magnetic
stray fields, screening effects become insufficient and vorti-
ces are generated in the superconductor in order to lower the
total energy of the system.”® Due to the properties of the
magnetic field of a ferromagnet and flux conservation, an
isolated vortex cannot exist; each vortex is accompanied by
an antivortex, and both nucleate together as a vortex-
antivortex (V-AV) pair.’

In the case that a superconductor is covered with an array
of magnetic dots with out-of-plane magnetization, regular
vortex-antivortex lattices are created.”'3 It was found that
the resulting inhomogeneous field profile leads to a more
robust superconducting condensate at nonzero fields, leading
to field-induced superconductivity. Indeed, by applying an
external magnetic field, either the antivortices, located inter-
stitially between the magnets, or the vortices on top of the
dots can be compensated.'* As a consequence, regions with
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small local effective field will appear for nonzero external
fields at the expense of having high effective field in other
regions. This effect manifests itself as a maximal critical
temperature shifted away from H=0. It has recently been
demonstrated that the number of nucleated V-AV pairs and
accordingly the shift of the phase boundary can be tuned by
controlling the magnetization of the dots.!>!3!5 Unfortu-
nately, the maximal shift of the phase boundary is limited by
the saturation magnetization of the magnetic dots. A way to
overcome this limitation is to increase the magnetic flux
from each magnet by increasing the size of the dots. How-
ever, by doing so, less space becomes available for the nucle-
ation of antivortices between the dots, possibly conspiring
against their stabilization in the superconducting condensate.

In this paper, we investigate the combinatorial effect of
changing both the magnetization M and the radius R of the
magnetic dots on the superconducting properties of an Al
film deposited on top of a periodic array of such dots. In
particular, we study the normal/superconducting phase
boundary experimentally, which is also supported by a theo-
retical study of the creation of V-AV pairs. The agreement
between simulations and experiment supports the interpreta-
tion that field-induced superconductivity is mainly a conse-
quence of the spontaneous V-AV generation as a result of the
magnetic array.

II. SAMPLE CHARACTERIZATION

The samples consist of Al films covering a square array of
magnetic dots of radius R spanning from 300 to 680 nm. The
lattice parameter W=2 um of the array is kept constant for
all samples (see the inset of Fig. 1). Standard electron beam
lithography is used to laterally define the dots in a resist
mask. A multilayer of Co and Pt is subsequently evaporated
by molecular beam epitaxy (MBE) with the following struc-
ture: Pt (2.5 nm)+[Co (0.4 nm)/Pt (1.0 nm)],,. This multi-
layered composite exhibits out-of-plane magnetization.'® Af-
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FIG. 1. (Color online) Magnetization loops M(H) of arrays of
Co/Pt dots with different radii. The inset shows an atomic force
microscopy image of a typical dot array.

ter lift-off, the array of Co/Pt dots is covered by a Si film of
5 nm to suppress proximity effect, followed by an Al film
with a thickness of 50 nm. Both the Si and the Al are evapo-
rated in a MBE system and patterned in a transport bridge.

The magnetic properties of the dots are characterized by
measuring the out-of-plane magnetization loops of the dots
in a superconducting quantum interference device magneto-
meter. The hysteresis loops for different dot sizes are dis-
played in Fig. 1 after normalization by the magnetization M
at 1.0 T. The deviation from the square shaped hysteresis
loops for the reference plain film of Co/Pt (not shown) is a
result of the patterning of the Co/Pt into the dots.

Starting from a demagnetized state, the magnetization of
the dots can be increased in arbitrary steps by applying a
certain excursion field and returning back to zero field (i.e.,
by constructing minor hysteresis loops). In this way, the
magnetization M can be controlled from M ~0 (demagne-
tized) to M=M,,,, by choosing the correct excursion field.
This procedure, described in detail in Ref. 15, allows us to
tune the magnetization and hence the electromagnetic influ-
ence of the dots on the Al films. The typical excursion field
needed to change the magnetization of the Co/Pt dots is
higher than the upper critical field of the superconductor, and
we can assume a constant magnetization during measure-
ments of the superconducting state.

We investigate the influence of the magnetic dots on the
superconducting layer by means of transport measurements.
From the obtained normal/superconducting phase boundaries
of different samples, we determined the critical temperature
T, of approximately 1.35 K and a coherence length &(0)
~115 nm.

III. RESULTS AND DISCUSSION

Let us first briefly review the effects of changing the mag-
netization M of the dots on the superconducting state.!> The
evolution of the magnetoresistance p(H) for a sample with an
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FIG. 2. Normalized magnetoresistance p(H)/ p,, with p, the nor-
mal state resistance, of R=400 nm sample for increasing magneti-
zation values and temperatures close to 7. The curves are shifted
by 0.5 for clarity.

array of dots with radius R=400 nm as M is progressively
increased is summarized in Fig. 2. These p(H) curves are
normalized by the normal state resistance and are shifted
vertically for clarity. It can be seen that for small magnetiza-
tion values (M<1.69X10° A/m) the lowest resistance
[and accordingly the highest critical temperature 7.
=maxy{T.(H)}] is obtained at zero field. As M increases, an
incipient local minimum develops at the first matching field

H,, where ann% corresponds to a magnetic field at which
on average n flux quanta ¢, occupy one unit cell. The result-
ing asymmetric phase boundary is a consequence of the in-
duced screening currents in the superconducting film due to
the magnetized dots. These supercurrents give rise to a field
polarity dependent pinning landscape. Strong pinning is
found if the magnetization of the dot and the polarity of the
vortex are parallel (vortices are attracted by the magnets),
whereas weak pinning occurs for an antiparallel alignment
(vortices are repelled and caged at interstitial sites).!”!® For a
magnetization of approximately M=2.42X 10> A/m, T, is
practically the same at H,, and H, (see Fig. 2). The magne-
tization at which this crossover of 70" occurs is defined as
the critical magnetization necessary to shift the phase bound-
ary by one matching field. For larger magnetic moments, the
maximum critical temperature 7" is uniquely defined at H,.
Essentially, this means that superconductivity in the studied
hybrid structure has been enhanced in the presence of an
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FIG. 3. (Color online) Experimental M-R phase boundary for an
array of magnetic dots with periodicity of 2 wm delimiting the re-
gions for which T0'** is displaced by no, one, and two matching
fields. For small magnetization and small radius, no shift is present.
By increasing the radius and/or the magnetization, the supercon-
ducting phase boundary moves toward higher field values. Solid
lines represent the theoretical prediction (see below).

applied magnetic field, contrary to the conventional behavior.

The main mechanism behind this field-induced supercon-
ductivity is the compensation between the uniform applied
field and the inhomogeneous stray field generated by the
magnetic array. For positively magnetized dots, a positive z
component of the magnetic field will be present above the
dots, while a negative component is located in between the
dots. By applying a positive external magnetic field, the field
in between the dots will be compensated, hence leading to a
maximum 7, at nonzero field. By increasing the magnetiza-
tion, the optimal compensation shifts to higher applied fields,
and we found a maximal field shift of 2H, for this dot size.
This maximum is basically determined by the material de-
pendent saturation magnetization of the dots and the geo-
metrical details of the S/F hybrid. It is precisely the influence
of the geometrical parameters that we investigate in this pa-
per. We restrict ourselves to changing only the radius of the
magnetic dots while keeping their thickness and shape un-
changed.

We investigate the applied field values at which 7' is
reached as a function of the magnetization M for five differ-
ent radii of the dots, namely, R=300, 400, 500, 600, and
680 nm. For each size of the dots, we measured the magne-
toresistance while sweeping up their magnetization (similar
to the data shown in Fig. 2). In this way, for each dot size R,
we determined the critical magnetization needed to displace
T from H, to H,;. Gathering all data through this proce-
dure enables us to build a complete M-R phase boundary, as
shown in Fig. 3. Here, the symbols indicate the magnetiza-
tion at which equal values of 70" are found at two consecu-
tive matching fields. The regions in between correspond to
parameters for which the field position of 70 is fixed at a
particular matching field. The theoretically calculated solid
lines represent the parameters at which an extra V-AV pair is
generated (see below). For the smallest dots, a maximal shift

PHYSICAL REVIEW B 76, 184516 (2007)

of H, can be reached before reaching saturation, whereas
T can be displaced up to Hg=6H, for the largest dots. It is
important to note that the temperature at which the magne-
toresistance is measured is lowered as the magnetization is
increased, since the absolute value of 70" decreases while
the magnetization is increased. This follows from the fact
that inhomogeneous stray field of the dots can never be per-
fectly compensated by the applied field, and remaining
screening currents in the sample roughly scale with the mag-
netization of the dots.!® As a result, there is an intrinsic limit
at which 7""'=0, and hence no further shift in the critical
field can be achieved.

We complement our experimental study with a theoretical
approach in the framework of the nonlinear Ginzburg-
Landau (GL) theory. The dots are modeled as disks magne-
tized in the positive z direction lying on top of a thin film
superconductor (xy plane), which is equivalent to having the
superconductor on top of the dots as in the experiment. It is
assumed that the magnetic disks are made of a hard magnet
whose uniform magnetic moment is not affected by nearby
circulating supercurrents. Additionally, we assume a thin in-
sulating layer in between the dots and the superconducting
film.

If the superconductor thickness d is smaller than the co-
herence length ¢ and the penetration depth A\, the GL equa-
tions may be averaged over the film thickness:

(— iV_)ZD—X)Z"I':\I,(l_P]”Z), (1)
- d -
- A3DA = _25(2)]2D, (2)
K
where
- 1 o~ = 3 >
Jop =5 (W VoW = WVop W) — WA (3)

is the density of superconducting currents, W is the super-
conducting order parameter, k=\/§ is the GL parameter,

d(x) is the Dirac delta function, and A is the total vector
potential resulting from both the magnetic dots and the in-
duced supercurrents. In the above equations, the distance is
measured in units of the coherence length, the vector poten-
tial in cfi/2eé, and the magnetic field in H=ch/2e&
=kV2H,, where H. is the thermodynamic critical field. The
indices 2D and 3D refer to two- and three-dimensional op-
erators, respectively. Equations (1)—(3) are accompanied by
standard periodic boundary conditions.?

The M-R phase boundary is then calculated by looking
for stable vortex-antivortex states for each size of the dots
and their magnetization. To find these different vortex con-
figurations including the metastable states, we search for the
steady-state solutions of Egs. (1) and (2) starting from dif-
ferent randomly generated initial configurations. Then, we
slowly increase or decrease the magnetization of the mag-
netic disks M and recalculate each time the exact vortex
structure. We do this for each vortex configuration in a mag-
netization range where the number of vortices remains con-
stant and repeat the whole process when the size of the mag-
nets is changed. By comparing the Gibbs free energies of the

184516-3



GILLIINS et al.

L —
[ W=2pum 1
Normal %97

FooN O xk=1.2 J
[N=8 _ ]
20K ‘\§%®@@// state 08T 1

Meissner state
oL v vy

300 400 500 600 700
R (nm)

FIG. 4. (Color online) Ground-state vortex-antivortex phase dia-
gram at a temperature of 7=0.8T, as a function of the radius of the
magnetic dots and their magnetization, for a fixed period of the
magnetic lattice W=2 um. N denotes the number of induced V-AV
pairs per dot.

different vortex configurations, we obtain the ground state
(G=V'[2(A-Ay)-j—|W|*]dV, where V is the volume of
the simulation region and A, stands for the vector potential
of the magnetic dots only).

Our theoretical calculations, in general, show that the
crossing of '™ from H, to H, ., is always linked to the
number of magnet-induced V-AV pairs. Intuitively, 70 is
reached when the number of externally added flux quanta n
per unit cell (thus, H=H,) matches the number of antivorti-
ces induced by the magnet with given magnetization M. In
that case, optimal compensation in between the dots is
reached, since added vortices annihilate with the present
antivortices.'® However, the threshold M for the transition of
T from H, to H,,, is not exactly the one at which the
magnetic dot generates an extra V-AV pair. Having an equal
critical temperature at two neighboring matching fields
implies that the total sum of supercurrents in the
superconductor is equal at both fields; this equality
depends on all parameters of the system and can only be
proven if calculated numerically. Therefore, although the
T (H,)— Tr*(H,,,) crossing is not exactly following the
generation of an extra V-AV pair in the system, both occur-
rences are related, and our calculations have shown that the
magnetization needed to generate the extra V-AV pair is only
~10% higher than the one needed for the 70 transition.
Therefore, in the remainder of this work, we will neglect this
difference and attribute the shift of the phase boundary to the
generation of an extra V-AV pair.

The results of our simulations are shown in Fig. 4 for an
array of magnetic disks where the radius R of the disks is
varied between 300 and 700 nm, while the period of the
lattice is kept at 2 um. Earlier calculations have shown that
the generation of V-AV structures in superconductors under
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FIG. 5. (Color online) Vortex-antivortex patterns found for mag-
nets with radii R=300 nm (left panel) and R=600 nm (right panel).
The presented Cooper-pair density plots (low or high density—dark
or light color) show vortex-antivortex configurations for (a) N=3,
(b) N=4, (c) N=5, and (d) N=6. White circles represent the posi-
tion of the central dot.

magnetic lattices is dependent on the lattice constant as
well.'> The presented M-R phase boundary in Fig. 4, delim-
iting regions of constant number of nucleated V-AV pairs per
magnetic dot, was calculated for parameters corresponding
to the experimentally determined ones. The simulation was
performed at a constant temperature 7=0.80T,, where T.. is
the critical temperature of the plain superconducting film
(thus without dots or for M=0), and in the absence of any
applied uniform field (H=0).

A direct comparison between the magnetization values of
the experimental (Fig. 3) and theoretical (Fig. 4) M-R phase
boundaries reveals a good qualitative agreement. The main
result is that the threshold magnetization for the nucleation
of the first and subsequent vortex-antivortex pairs decreases
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FIG. 6. (Color online) Cooper-pair density contour plots illustrating states with locally destroyed superconductivity around the magnets,
with (a) N=0 (obtained for R=300 nm), (b) N=1 (obtained for R=600 nm), and (c) N=0 (R=600 nm). White circles represent the position

of the central dot.

as the dots are made larger (see Fig. 4), since the positive
flux above each disk increases. This behavior perfectly
corresponds to the behavior of critical M for the
T (H,)—Tr'*(H,,,) transition, as shown in Fig. 3. This
finding indicates that the shift of the phase boundary can be
further increased by increasing the size of the magnetic dots.
In the theoretical phase boundary in Fig. 4, one can also see
that the superconducting state is suppressed at sufficiently
high magnetization of the dots. This is due to the fact that the
stray field and density of induced (anti)vortices may become
sufficiently large to destroy the superconducting state. In the
experimental M-R phase boundary, the normal state is not
reached since the temperature is lowered as M is increased.
In between the vortex-antivortex states and the normal state,
there also exists an intermediate state of localized supercon-
ductivity (discussed below).

Although the idea of generating more V-AV pairs by mak-
ing bigger dots at a constant magnetization is appealing, we
cannot neglect the influence of the simultaneously diminish-
ing distance between the dots. It has been shown that reduc-
ing the period of the lattice (thus reducing the space in
between the dots) can lead to the destruction of superconduc-
tivity with increasing magnetization of the dots, without any
V-AV pairs appearing.'? In what follows, we will address the
influence of decreasing effectively the dot interdistance. For
a fixed period of the magnetic lattice, we show in Fig. 5 the
contour plots of the Cooper-pair density of representative
V-AV states found with increasing magnetization for a choice
of small and big dots. Each column in Fig. 5 shows the
evolution of the order parameter as the magnetization is in-
creased in order to generate three to six V-AV pairs. For the
smaller dots (left panel of Fig. 5), the stray fields of the dots
do not overlap and there exist regions virtually without any
field at interstitial sites. This results in vortex configurations
in which antivortices remain bound to the magnet. In con-
trast to that, larger magnetic disks share antivortices in a
lattice due to the enhanced superposition of the stray fields
between the disks (right panel of Fig. 5).

Neglecting the detailed structure of the Cooper-pair den-
sity and just considering the number of present V-AV pairs,
Fig. 5 shows no difference between the two dot sizes. This
can actually be seen better from Fig. 4 where at the consid-
ered temperature, all dot sizes generate eight V-AV pairs

(N=8) before going to the normal state. Thus, although the
surface available for the AV in interstitial positions becomes
smaller, no influence is seen on the maximum number of
V-AV pairs. Still, for larger dot radii, more complex phenom-
ena due to particularly small dot interspacing can be ex-
pected. We should also emphasize here the structural differ-
ences between vortex states under the magnets when R
increases. In the case of small magnetic disks, multiquanta
vortices are located under the dots, which split into an ar-
rangement of individual vortices under larger disks. How-
ever, we found no evidence of this last phenomenon in our
experiment, most likely due to the multidomain state of the
dots in the demagnetized state, which tends to suppress the
superconducting state above the dots.!*

As a last point, we would like to discuss the intermediate
state of localized superconductivity which appears just be-
fore transiting to the normal state, as shown in the M-R
phase boundary in Fig. 4. The |¢{? distribution of this pecu-
liar state is shown in Fig. 6 for two different dot sizes. The
localization of superconductivity is a direct consequence of
the peaked field profile at the edge of the dots. Since, here,
the field first exceeds H,, when the magnetization rises, the
Cooper pairs will be suppressed under and around the mag-
nets. This suppression is thus localized in the vicinity of the
magnets, particularly for small radii, while superconductivity
survives at interstitial sites. Strictly speaking, with increasing
magnetization of the disks with, e.g., R=300 nm, the number
of vortex-antivortex pairs per disk changes as
1-2-3-4-5-6-7-8 — 0, as all vortices and antivortices eventu-
ally collapse into a normal region around each magnetic disk
[see Fig. 6(a)]. A similar phenomenon can be found for larger
disks, although it is more difficult to achieve because of the
weaker localization of the stray field. Nevertheless, once the
field at the disk edges exceeds the critical field, the order
parameter eventually becomes fully suppressed. However,
antivortices that were shared in the lattice prior to this effect
may remain at interstitial sites. Therefore, the reentrant vor-
ticity will not be zero, as shown in Fig. 6(b), where one
antivortex is trapped in each unit cell (N=1 state). For even
higher magnetization, it becomes energetically favorable for
this previously trapped antivortex to eventually collapse in
the normal region as well [Fig. 6(c)].
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IV. CONCLUSION

We showed that the number of V-AV pairs generated in a
superconducting thin film covering an array of magnetic dots
depends on both the magnetization M and the radius R of the
magnetic dots. We further relate the existence of the vortex-
antivortex pairs in the superconductor to the experimentally
observed shift in maximal critical temperature as a function
of the applied homogeneous field H. This enables tuning of
the shift of the H-T phase boundary by adjusting either M or
R (or both). An experimental M-R phase boundary for a pe-
riod of 2 um is determined, delimiting the regions where
maximal 7 is found at different matching fields. This phase
boundary is in agreement with a theoretically predicted M-R
phase boundary for n induced V-AV pairs per magnetic dot.
At large dot magnetization, our theoretical modeling predicts
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the existence of a state with locally suppressed superconduc-
tivity, which is characteristic for spatially distant (i.e., small)
dots. It is also concluded that the reduced spacing between
the larger dots does not hamper nucleation of V-AV pairs for
considered dot sizes (up to R=680 nm).
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