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Low temperature Magnetic Force Microscopy has been used to visualize spontaneous formation
of vortex-antivortex pairs in hybrid ferromagnet/superconductor systems. Vortex-antivortex pairs
are induced by the periodic stray field of the ferromagnet. We find general equilibrium conditions
for which spontaneous vortex-antivortex pairs are formed during zero-field cooling of the hybrid
ferromagnet/superconductor bilayers. Vortices can be generated by the ferromagnet domains in
absence of an external field and they are thermodynamically stable for values of the stray field and
the period of the stripe magnetic domains that exceed a certain threshold.

PACS numbers: 74.78.-w, 74.25.Ha, 74.25.Uv

Vortices play important role in many systems such as
superconductors, superfluid Fermi systems, and neutron
stars to name a few. Very recently vortex dipoles in
a Bose-Einstein condensate have been created by using
a laser beam1, in analogy to vortex-antivortex (V-AV)
pairs formed in a superconducting thin film deposited on
the top of ferromagnetic Co dots2,3. Theoretically, it has
been shown that V-AV pairs can be stabilized in a Bose-
Einstein condensate under confinement potential4 similar
to streets of vortices-antivortices in classical viscous flu-
ids5. Moreover, the possibility to control the generation
rate and the trajectories of V-AV pairs by an in-plane
magnetic dipole on the top of a superconducting film has
also been demonstrated theoretically6. The insight into
the basic mechanisms of formation, annihilation and dy-
namics of V-AV pairs is still lacking. The ability to con-
trol their behavior in each of the above-mentioned sys-
tems depends on establishing correlation of the behavior
of vortex dipole structures across different systems.
We focus on the behavior of vortex dipoles in hy-

brid planar superconducting/ferromagnetic (S/F) het-
erostructures. We tuned the experimental parameters
of the superconductor and the ferromagnet that make
favorable the formation of V-AV pairs in these systems.
The stray field of the ferromagnet plays the role of a con-
finement potential for vortices, induces spontaneous gen-
eration of V-AV pairs and determines vortex dynamics.
Several studies have focused on the confinement of vor-
tices by magnetic domains in bulk S/F bilayers7–9 or by
magnetic nanoparticles or ferromagnetic dots deposited
above the superconducting layer 10–16. The planar struc-
ture of the samples used in this study compared to struc-
tures where the superconducting layer is deposited on
the top of magnetic dots, allows us to eliminate the ef-
fects on vortices due to the change in topography of the
superconductor at the edge of the magnetic dots.
STM measurements performed on magnetically cou-

pled Permalloy(Py)/NbSe2 (single crystal) bilayers17 re-
vealed that magnetic stripe domains induce vortex chain
configurations that are quite different from the ones ob-
served in superconductor/normal metal (S/N) hybrids
18. At low fields vortices form chain structure spaced
by d = 2w, where w is the magnetic stripe width of the
Py domains. No spontaneous V-AV pairs were observed
in zero applied magnetic field. It has been predicted the-
oretically that V-AV pairs could be induced by the out-
of-plane ferromagnet magnetization19,20 when certain ge-
ometrical conditions between the ferromagnet stripe do-
main width, superconducting penetration depth and su-
perconductor thickness are met. However, spontaneous
V-AV pairs in planar S/F systems were not observed so
far. We carried out low temperature magnetic force mi-
croscopy (MFM) investigation on a set of Py/Nb bilayers
with different Py as well as Nb thicknesses. The two lay-
ers S and F are only magnetically coupled since a thin
oxide layer is placed in between. Low temperature MFM
allows direct visualization of vortices in superconductors
in the regime of low applied magnetic fields with relative
insensitivity to surface conditions. Moreover, this tech-
nique has the advantage over the STM technique21 to be
sensitive to the vortex polarity and magnetic domains in
Py.

Py films were grown by dc sputtering on a Si substrate
from a Fe19Ni21 target at a base pressure of 1.5 × 10−7

Torr, followed by a 10 nm SiO2 layer. For some of
the samples a SiN was used instead of a SiO2 layer.
SiN was deposited from Si target in Ar/N2 mixture
1 : 6. The Nb films were grown by dc sputtering in
a dedicated system at room temperature in high vac-
uum (P = 5.8× 10−9 Torr) at a deposition rate of 0.116
nm/sec. The superconducting critical temperature was
determined by superconducting quantum interference de-
vice (SQUID) magnetometry and measured in a small
applied field (H=1 Oe). Some of the bilayers were pre-
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pared for electrical transport measurements using pho-
tolithography to produce microbridge patterns 2.0 mm
long and 5µm wide. From transport measurements we
obtained −µ0

dHc2

dT |Tc
= 0.27 T/K which yields a value of

the coherence length ξ0 ≈ 12 nm. The value of the pen-
etration depth has been estimated using the dirty limit
expressions as derived by Gor’kov22:

λ(0) = 1.63κξ(0) = 1.05× 10−3
√

ρ0/Tc ≈ 61nm (1)

where κ is the Ginsburg-Landau parameter, ρ0 = 3 ×
10−8Ω m is the residual resistivity and Tc = 8.95 K. This
yields a value of the penetration depth at T = 6K of

λ(6K) = λ(0)√
1−(T/Tc)4

≈ 68 nm and a coherence length

ξ(6K) = ξ0(
Tc

Tc−T )
1/2 ≈ 21 nm.

In this work we studied Py/Nb bilayer focusing our
attention on Nb films that are not thinner than 100 nm.
Niobium has a very high solubility and binding energy
for oxygen and thus the structure and morphology of Nb
surface is affected by this stage of oxidation. Scanning
tunneling microscopy characterization of 100 nm thick
films of Nb revealed that the films form grains with typ-
ical size 20 ÷ 30 nm. Several types of oxides that form
on the surface film and penetrate the film through the
grains, weaken locally the superconductivity and serve
as easy flux entry points. Deposition of capping overlay-
ers do not change this morphology. The size of the Nb
grains grows only by annealing the Nb film at very high
temperature23. This procedure, however, cannot be used
in the case of bilayers Py/Nb due to the presence of the
magnetic layer that cannot be heated during fabrication
and processing of the Nb layer. For this reason we lim-
ited our study to Nb films thicker than 100 nm without
any capping layer.
Permalloy is a ferromagnetic material in which the

magnetic domain configuration can be controlled by
the thickness. At thicknesses above a critical thickness
tc = 2π A

Ku

, where A = 1 × 10−6 erg/cm is the exchange
potential and Ku is the perpendicular anisotropy, has
well ordered stripe domain structure24,25. The stripe
width w ∝

√
t, where t is the Py film thickness. For

our samples, magnetization hysteresis loops reveal a
perpendicular anisotropy of Ku ≈ 6 × 104 erg/cm3 at
T = 10 K, that yield a critical thickness of about 200
nm. The stray field of the periodic domains decays as a
function of the distance from the Py surface as H(z) =
∑n=∞

n=0 An
(−1)n

2n+1 sin
(

π
w (2n+ 1)x

)

exp
(

− π
w (2n+ 1)z

)

where w is the stripe’s width and z is the distance from
the Py surface25. Since the Curie temperature of the
Py is higher than the superconducting temperature Tc

of the Nb films, when the temperature is decreased
below Tc the superconductor is field-cooled in a spatially
nonuniform field.
MFM measurements have been performed with an

Omicron CryoSFM in Frequency Modulation MFM (FM-
MFM) mode. The system uses fiber-optic interferome-
try to detect the cantilever deflection. The scanner is
equipped with x-y positioning system to allow to scan

different portions of the sample surface. During experi-
ments the pressure in the measurement chamber is bet-
ter than 10−10 Torr. We used commercial low moment
(< 1×10−13 emu) magnetic cantilevers (MESP-LM) from
Veeco, with resonant frequency of 85kHz and elastic con-
stant of 2.8 N/m. In FM-MFM the tip is oscillated at its
resonant frequency, while tip-sample interaction forces
cause the resonant frequency to shift. MFM maps are
maps of the shifts in the cantilever resonant frequency
df , recorded as a function of the position, while scan-
ning the tip at a constant height from the sample’s sur-
face. All measurements presented here have been per-
formed by cooling through the superconducting Tc with
the tip-sample distance of several tens of microns. This
assures that the stray field of the tip does not influence
the vortex distribution in the Nb films.

In Figure 1 we report frequency shift maps recorded
on the surface of three different Py/Nb samples above
and below the superconducting critical temperature of
the samples. The three samples have the same thickness
of Py (1µm), and therefore the same domain width of
470 nm, as shown in Figure 1. The oxide layer is 10 nm
thick, while the Nb thicknesses are 100 nm, 150 nm and
360 nm respectively. Above the superconducting critical
temperature Tc the stripe domains of the Py are observed
through the Nb layer in the normal state. Below Tc, in
zero applied magnetic field, the stripe domains of the Py
are still clearly visible in samples with Nb thicknesses of
100 nm and 150 nm (Figure 1(d), (e)), but not visible in
the sample with thicker Nb film (Figure 1(f)). Quanti-
tative analysis of the MFM frequency shift maps could
provide an estimate of the penetration depth of the Nb
films, but the procedure is not straightforward and crit-
ically depends upon the tip model used26. A qualitative
estimate of λ from the df maps in MFM images above
and below Tc yields values that are consistent with those
inferred from transport measurements. Below Tc, in zero
applied magnetic field, no spontaneous V-AV pairs have
been observed for these samples (Figure 1(d), (e), (f)).

We performed MFM measurements on reference Nb
films deposited on Si substrate and having the same
thickness of the films in the F/S structures. Vortices
could be induced in our reference Nb films in applied ex-
ternal fields as low as 5 Oe (much smaller than the stray
field of the Py). This suggests that if the Py stray field is
not sufficient to induce vortices in the same thickness Nb
film, then the inhomogeneous field distribution in the su-
perconductor is playing a major role in determining the
flux quantization in S/F structures. Moreover, vortices
can be induced in Py/Nb samples by field cooling in an
external applied magnetic field. In Figure 2, two MFM
images acquired at 5.7 K on the bilayer with 200 nm of
Nb in applied field of H = −22 Oe and H = +18 Oe are
reported. In Figure 2(a) the field in vortices is parallel to
the tip magnetization and thus it exhibits an attractive
force, therefore vortices appear as darker region in the
image. Conversely, the vortices in Figure 2(b) appear as
brighter regions since the force is now repulsive being the
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field of the vortices and that of the tip antiparallel. The
vortex density is not homogeneous. The vortices created
by the external field are preferentially pinned at stripes
with the same polarity, as expected theoretically28 and
confirmed by STM experiments17. Moreover, vortices
form a chain structure in the middle of the Py stripe do-
mains. The distance between vortices is consistent with
the applied magnetic field with local deviations due to
the Nb intrinsic pinning. Similar images have been ob-
served in Py/Nb samples with 150 nm and 360 nm thick
Nb films and 1µm thick Py film.

The above experimental results demonstrate the key
role played by the local field distribution in the supercon-
ducting film, determined by the superconducting thick-
ness ds, the penetration depth λ and the Py stray field
H(x, y, z). Experimentally the parameters that can be
tuned are the superconducting thickness ds and the stripe
domain width of the magnetic material. For the rea-
sons discussed above related to the morphology of thin-
ner Nb films and the effect on the flux penetration we
chose to tune the magnetic domain size. The Py offers
the opportunity to easily tune the stripe domain width,
and therefore the z dependence of the stray field, by
changing its thickness. We fabricated and characterized
Py/Nb bilayers with 4µm thick Py and 200 nm thick Nb.
For these samples we measured stripe domain width of
w = 1.1µm and we did observe spontaneous formation
of V-AV chains (Figure 3(a)) occupying the center of the
stripes with the same polarity. The average vortex (or
antivortex) density in Figure 3(a) corresponds to a field
of H = 35 Oe. V-AV pairs are stable at temperatures
up to very close to Tc. The force between tip and sam-
ple is function of the distance tip-sample. The in-plane
component of this force can be used to push or pull vor-
tices27. By bringing the tip closer to the surface (to a
distance at about z = 10 nm) we can estimate that the
lateral force between tip and sample is about 4 pN. To
move a vortex we bring the tip at a distance of about
10 nm and then scan parallel to the surface even several
times, then we bring the tip back at z > 100 nm and
scan again to see whether or not this induced changes
in the vortex configuration. Forces of 4 pN, when nor-
malized to Nb thickness of 200 nm, correspond to 20pN/
µm.We could neither depin nor annihilate V-AV pairs by
applying forces up to 20 pN/µm at T = 8.7K along and
perpendicular to the stripe domains.

If an external magnetic field is applied during the cool-
ing process one type of magnetic domain is partially com-
pensated and the relative density of vortices and antivor-
tices is changed as shown in Figure 3(b). In the regions
with higher vortex density we can clearly see the switch-
ing from one to two chains in a zig-zag configuration.

The theoretical description of S/F hybrid structure has
to take into account the stray field H(x, y, z) produced
by the ferromagnet. The condition for spontaneous for-
mation of V-AV pairs in S/F hybrids has been consid-
ered theoretically in Ref.19,20 in the case of a ferromagnet
with out-of-plane magnetization forming alternating up

and down domains ±M0 along one of the in-plane axis.
This simplified model is sufficient to describe the effect of
the out-of-plane component of Py stray field on the vor-
tices in the superconducting Nb film. Indeed, since the
Nb is a 3D superconductor any in-plane component of
the Py magnetization is not expected to affect the vor-
tex lattice. In such S/F systems the spontaneous for-
mation of V-AV pairs in the superconductor becomes
advantageous when the energy of the system with vor-
tices becomes smaller than that of the vortex-free sys-
tem. The total energy of the S/F system is given by
ETOT = ESV +EV V +EV M +EMM +EDW where ESV

is the self-energy of the single vortex, EV V is vortex-
vortex interaction energy, EVM is the interaction energy
between vortices and magnetic field of the ferromagnet,
EMM is the self-energy of the ferromagnet, EDW is the
surface energy of the domain walls. The energy term
EV V can be neglected in the approximation of low vor-
tex density. The ferromagnet self-energy EMM and the
domain wall surface energy EDW are relevant to deter-
mine the magnetic domain structure at the equilibrium
and therefore they can be neglected. This brings to
the condition for spontaneous formation of V-AV pairs
ETOT ≈ ESV +EV M < 0. The general expression of the
minimization of the total energy of the system has been
obtained and can be solved numerically. The limit cases
of thick and thin superconducting films (compared to the
penetration depth λ) have been obtained in20 and 19, re-
spectively. Additional contributions to the total energy
in the general formula are at least one order of mag-
nitude smaller than the contributions considered in the
limit cases. The final expressions depend strongly on the
ratio of the domain width to the thickness of the super-
conducting layer. In the limit of thick superconducting
films ds > λ (where ds is the superconducting film thick-
ness) and stripe domains width bigger than λ (w >> λ)

the self-energy of the single vortex is ESV = Φ0
2ds

16π2λ2 ln
λ
ξ

and EV M ≈ −4M0Φ0w
0.916
π2 . Therefore, vortices will be

energetically favorable only if M0 is larger than a critical
value:

M0 >
Φ0

64λ2

ds
0.916w

ln
λ

ξ
≈ 0.2

ds
w
Hc1 (2)

where Hc1 = Φ0

4πλ2 ln
λ
ξ is the lower critical field of the

superconductor. The local out-of-plane magnetization of
the Py cannot be easily measured directly. From the mea-
surements of the upper critical field of S/Py bilayers and
Py/S/Py trilayers30 we can estimate the stray field to be
on the order of 80 Oe at 50 nm from the Py surface, which
corresponds to a value ofM0 ≈ 16 G. Micromagnetic sim-
ulation of the 1µm and 4µm thick Py film, using satura-
tion magnetization and uniaxial anisotropy derived from
magnetization hysteresis measurements, yield to similar
2D magnetization and stray field profile and values. Ac-
cording to the above criterion the samples with stripe
width w ≈ 470nm do not satisfy the condition for spon-
taneous formation of V-AV pairs if ds > 90 nm. In the
samples with wider stripe domains w = 1100nm, instead,



4

V-AV pairs should be formed at thicknesses ds < 210 nm,
in agreement with the observation of spontaneous forma-
tion of V-AV pair only in the samples Py/Nb with 4µm
thick Py and 200nm thick Nb.
It is important to note that in the presence of an exter-

nal magnetic field H there is an additional energy con-
tribution ±HdsΦ0/4π with the sign depending on the
mutual orientation of the applied field and vorticity. As
a result, inside the domains, where external magnetic
field compensates the field of the domain, the number of
vortices will decrease and eventually they will disappear
at H ≃ 4π|Etot|/(dsΦ0). We imaged the vortex config-
uration at different values of the applied magnetic field,
at low values of the field, in field cooling process. We
observe clearly that the relative population of vortices
and antivortices changes gradually according to the ap-
plied field. However this does not allow us to draw exact
quantitative conclusions since the number of vortices in
the scanning area is too low. When vortices are too far
apart we do not have any statistically reliable informa-
tion about the average distance between vortices. Also,
we should note that the density of spontaneously gener-
ated V-AV pairs (Figure 3(a)) is slightly smaller than the
one expected for a given value of the stray field above the
stripe domains. This is due to the growing relevance of
the neglected vortex-vortex interaction term EV V when
the distance between the vortices is on the order of λ
as well as the partial screening of the magnetic field by
the Meissner currents flowing above the magnetic domain
walls.
In conclusion, we have confirmed experimentally the

criterion for spontaneous formation of V-AV pairs in
planar F/S hybrids by tuning of the magnetic domain
stripes width. The spontaneously generated V-AV pairs
are thermodynamically stable and strongly pinned. The
key role for formation of V-AV is played by the out-of-
plane magnetization of the ferromagnet and by the ratio
of the magnetic domain width to the superconducting
film thickness.
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FIG. 1: (Color online) MFM frequency shift maps for three
bilayers Py/Nb. The thickness of the Py film is 1µm for all
samples. The Nb thicknesses are: 100 nm in (a) and (d); 150
nm in (b) and (e); and 360 nm in (c) and (f). The maps have
been acquired at T = 12 K in (a), (b), (c) (above Tc) and
T = 6 K in (d), (e),(f) (below Tc). The frequency span is
0.56 Hz in (a) and (d), 0.41 Hz in (b) and (e) and 0.16 Hz in
(c) and (f). The images have been obtained by scanning at
the height z = 100nm ((a),(b),(d),(e)) and z = 50 nm ((c),
(f)). The scanning area is 3.5µm × 3.5µm in all images. For
increasing Nb thickness, the distance between the tip and the
Py increases and consequently the stripes’ magnetic contrast
is consistently weaker even at temperatures higher than Tc.

FIG. 2: (Color online) MFM images acquired at T = 5.7 K,
at height z = 60nm from the Py/Nb(200 nm) bilayer for field
cooling in an applied field of (a) H=-22 Oe, (b) H=+18 Oe.
The scanning area is 3.5µm x 3.5µm in both cases.
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FIG. 3: (Color online) MFM images acquired on a Py/Nb
bilayer magnetically coupled through a 10 nm layer of SiN.
The thickness of Py is 4µm, the thickness of the Nb thin film
is 200 nm, the stripe’s width is 1.1µm. (a) Zero-field cooled
image showing V-AV pairs spontaneously created by the stray
field of the Py. (b) Field cooled image obtained in an external
applied field of H = +9.4Oe. The images have been obtained
by scanning at constant height z = 60 nm, at a temperature
T = 5.7 K. The scanning area for both images is 11.4 ×8.7
µm2.


