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Inhomogeneous magnetic fields generated by the BaFe12O19 ferromagnetic substrate create a magnetic
template for superconducting condensate in the Nb/BaFe12O19 hybrids. Depending on the field and tempera-
ture, the magnetic template guides superconductivity to nucleate in different areas: above the magnetic domain
walls of the BaFe12O19 forming the domain-wall superconductivity �DWS�, above the reversed magnetic
domains �RDS�, and above the positive magnetic domains forming bulk superconductivity. The DWS, behav-
ing as a superconducting wire network, survives in a broad field range. The RDS, existing in the form of
isolated superconducting islands near the saturation field Hs of BaFe12O19, can be described as a two-
dimensional two-component random conductor mixture. Being related to the hysteretic domain evolution,
superconducting condensate above the reversed domains shows pronounced switching behavior.
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Intensive research efforts have been devoted recently to
the enhancement of the superconducting critical parameters
�critical temperature Tc, field Hc2, and current Ic� aimed at a
broader spectrum of applications of superconductors.1

One way to control the critical parameters is to confine
the superconducting condensate through nanostructuring.2

When the size of the superconducting material becomes of
the same order as the coherence length � or the magnetic
penetration depth �, the electrical and magnetic properties
of the used materials are strongly influenced by the bound-
ary conditions. In this case the nanostructured materials can
exhibit different superconducting properties. Another way
to tailor the critical parameters can be achieved by introduc-
ing a magnetic template created by a ferromagnetic
subsystem.3–11 Although superconductivity and magnetism
are often thought to be a antagonistic phenomena, recent
studies on superconductor-ferromagnet �S /F� hybrids re-
vealed that the interaction between superconducting and
magnetic order parameters at the micro- and nanometer
length scale can lead to a number of new physical phenom-
ena like the spin switch superconductivity,10 or magnetic-
field-induced superconductivity.11

Recently, we presented the experimental observation of
the domain-wall superconductivity �DWS� in Nb/BaFe12O19
hybrids.12 With the decrease of temperature in zero applied
magnetic field, we found that the superconductivity in the Nb
film first appears just above the domain walls of BaFe12O19.
In this paper, we focus on the nucleation of superconductiv-
ity in the areas above reversed domains �RDS� of the
BaFe12O19, and systemically study the evolution of DWS
and RDS with temperature and field. We found that the
DWS, behaving as a superconducting wire network, survives
in a broad field range. The RDS, induced by reversed do-
mains �RD�, exists in the form of isolated superconducting
islands near the saturation field Hs of BaFe12O19. The critical
temperature Tc�H� of the RDS is enhanced compared to that
of a reference Nb sample. By switching between different
magnetic states, the superconducting critical parameters can
be effectively controlled.

The Nb/BaFe12O19 sample has been prepared by deposit-
ing 50 nm Nb film on the single crystal BaFe12O19 �0001�
substrate �420�420�90 �m3� by molecular beam epitaxy.
A 10 nm Si layer was used as a buffer between Nb and
BaFe12O19. Hexagonal BaFe12O19 is a well-known ferrimag-
net with a uniaxial anisotropy along its �0001� direction. The
magnetization loop measured at 5 K with the field applied
perpendicular to �0001� shows that the saturation field Hs of
the BaFe12O19 is about 6 kOe, the nucleation field Hn is
about 4.75 kOe, and the saturation magnetization is about
491 G s.12 The domain structure of the BaFe12O19�0001�
substrate has been investigated by magnetic force micros-
copy �MFM� at room temperature by ramping the field from
remanent state towards saturation and back again along the
major hysteresis loop. The evolution of the domain structure
is shown in Fig. 1. At low fields �panel �b��, the MFM image
displays a branched domain pattern with the domain wall
width of about 200 nm. With increasing field, the branched
domains transform into isolated bubble domains at fields
near Hs �panel �e��. Above Hs �panel �c��, the contrast is
almost homogeneous. When the field is ramped down from
the saturation, reversed domains �panel �d�� start to nucleate
at Hn. The evolution of the domain structure displays clear
hysteresis due to the difference between Hs and Hn. No evi-
dent hysteresis is observed at low fields, i.e., the domain
walls move freely in response to the variation of the external
field.

The magnetic stray field above the BaFe12O19 substrate
surface has been recorded directly by scanning Hall probe
microscopy �SHPM� at room temperature and in zero applied
magnetic field. The size of the Hall sensor is 0.8 �m. The
image �Fig. 2�a�� covers an area of 35 �m�40 �m. The
gray scale of the image runs from −60 Gauss �black areas,
where magnetic field goes into the sample� to +74 Gauss
�white areas, where magnetic field comes out of the sample�.
Branched stripe domains, with a width varying roughly be-
tween 5 �m and 10 �m, are visible. In the middle of the
stripe domains, localized domains with reversed magnetiza-
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tion �darker spots in white domains and brighter spots in
dark domains� exist due to the domain branching. Taking a
cross section of the image �Fig. 2�a�� allows us to quantify
the magnetic field variations �Fig. 2�b��. Across different do-
mains, the stray field changes smoothly. In the SHPM tech-
nique the magnetic field is measured at about 1 �m above
the sample. Closer to the surface much higher magnetic
fields and better resolution can thus be expected.

The resistance R of the Nb film deposited on BaFe12O19
was measured in a Physical Properties Measurement System
�Quantum Design� applying a four-probe ac technique with
an ac current of 10 �A at a frequency of 19 Hz. The main
panel of Fig. 1 shows the resistance as a function of field at
various fixed temperatures. The magnetic field H is applied
perpendicular to the sample surface in the sequence from
−10 kOe to 10 kOe. At T0=8.1 K, the resistance R�H ,T0�
displays a single dip only near the saturation field +Hs of
BaFe12O19, and no traces of superconductivity are present at
−Hs. As the temperature is decreased, the dip broadens, the
resistance at low fields decreases, and another dip develops
in the negative field region corresponding to the nucleation
of reversed domain in BaFe12O19 at −Hn. Clearly, the onset
of superconductivity is magnetic field polarity dependent.
The dips and the decrease of resistance in low fields can be
attributed to the existence of RDS and DWS, respectively.
Between 7.8 K and 7.6 K, the resistance at low fields de-
creases drastically with temperature. As a result, the dips in
resistance disappear below 7.6 K.

To understand the evolution of DWS and RDS, we shall
first have a closer look at the domain structure of BaFe12O19
�Fig. 1�. For DWS, because of the nature of filamentary con-
duction, superconducting current flows along the branched
domain walls and forms a superconducting wire network13

�see blue �white� lines in panel �b��. In contrast to that, RDS
appears above the reversed domains and forms isolated su-
perconducting islands �see blue �white� areas in panels �d�
and �e��. The DWS forms more easily percolative conducting
path and reaches the zero resistance state, in comparison to
RDS. As the temperature is decreased, the resistance at low
fields drops abruptly �Fig. 1�. Consequently, the S /F struc-
ture shows a relatively sharp resistive superconducting tran-
sition at zero field and two-steps superconducting transition
at 5.25 kOe �Fig. 3�.

With increasing field from zero, the domain walls move
freely, and so do the superconducting paths. Therefore, the
conducting paths between the voltage contacts change with
field because of the shift of the domain walls. Due to the
rearrangement of the conducting paths in response to the

FIG. 1. �Color online� Field dependence of resistance R for
Nb/BaFe12O19 at different temperatures: 8.1 K, 8.0 K, 7.9 K,
7.8 K, 7.6 K, 7.3 K, 7.1 K, 6.7 K, 6.5 K �from top to bottom�. With
increasing field from −10 kOe to 10 kOe, the domain pattern of
BaFe12O19 evolves as follows: saturation �a�; nucleation of reversed
domains �d�; branched domains �b�; isolated reversed domains be-
fore saturation �e�; saturation �c�.

FIG. 2. �Color online� �a� SHPM image of a BaFe12O19 surface
at room temperature. �b� Cross section of the SHPM image along
the line shown in Fig. 2�a�.

FIG. 3. Temperature dependence of resistance R for
Nb/BaFe12O19 at different H. H is ramped as follows: 0 kOe �open
circles� →2.5 kOe �filled circles� →5.25 kOe �open triangles� →
saturation →5.25 kOe �filled triangles�.
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variation of magnetic field, the measured resistance fluctu-
ates. The superconducting areas can be compared to a ran-
dom superconducting network below the percolation
threshold.14,15 As seen from Fig. 1, no dip is observed at zero
field and the resistance changes in a broad field range. As the
field is swept from −2.5 kOe to 3.1 kOe, the system enters
the zero field state almost at the same temperature of 7.1 K.
The superconducting network seems to be only weakly in-
fluenced by the applied magnetic field of this magnitude.
From Fig. 3 we can see that the resistance measured at
2.5 kOe has almost the same behavior as the zero field resis-
tance, i.e., the DWS survives in a broad field range.

Is is interesting to note that in the DWS theory of
Aladyshkin et al., the width of the domain wall has been
considered to be zero.16 With this assumption, the applied
magnetic field is believed to suppress the localized supercon-
ducting nucleus and the DWS exists only at a relatively weak
applied field. For the BaFe12O19 single crystal, however, the
domain wall width is about 200 nm, which is much larger
than the superconducting coherence length in our Nb films,
��0��6.67 nm.12 Across the domain wall, the stray field de-
creases gradually from +Hd to −Hd, here Hd is the stray field
above the magnetic domains �Fig. 2�b��. In this case, with the
decrease of temperature, superconductivity in zero applied
field Ha=0 must first appear just above the middle of the
domain wall because in that area the stray fields are the low-
est. An application of an external magnetic field results in a
partial or complete compensation of the stray field above the
domain wall, and favors the superconductivity to nucleate in
the place corresponding to the minimum of the total mag-
netic field. As a result, the superconducting area will shift
away from the middle to the boundary of the domain wall,
provided that the latter has a polarity opposite to that of the
applied field.

Keeping in mind that the applied field compensates not
only in the stray field above the domain wall, but also in the
stray field above the reversed domain, by further increasing
the field to a certain magnitude, the area with the lowest total
magnetic field �Ha−Hd� will shift from the domain wall to
the reversed domain. Consequently, the superconductivity
can no longer be confined by the domain walls and will start
to occupy the areas above the reversed domains. In
Nb/BaFe12O19, the stray field Hd above the reversed do-
mains is about 5.4 kOe.12 At 5.25 kOe, because of the field
compensation effect between Ha and Hd, the onset of the
superconducting transition temperature Tc �8.2 K� is higher
than that measured at zero field �Fig. 3�. In contrast to that, a
reference sample �50 nm Nb deposited on Si/SiO2 substrate
with 10 nm Si as buffer layer between Nb and Si/SiO2� has
a much lower onset temperature of superconducting transi-
tion at 5.25 kOe �7.4 K�. Clearly, due to the field compensa-
tion by the reversed domains, the superconducting critical
temperature Tc�H� is enhanced at large applied fields.

The presence of the isolated RDS islands �Fig. 1�e�� is
revealed by the shape of the R�T� curve at 5.25 kOe �Fig. 3�,
which displays two steps in the superconducting transition.
This is in contrast to the R�T� curve measured when the same
field 5.25 kOe is attained from saturation �the typical MFM
pattern is like panel �a� in Fig. 1�. In that case, the onset

temperature of the superconducting transition is almost equal
to the onset temperature of the second step. In both magnetic
states zero resistance is reached almost at the same tempera-
ture. Therefore, the second step in the resistive transition in
the reversed domain state can be attributed to the appearance
of superconductivity above positive magnetic domains,
which forms bulk superconductivity.

For pure RDS, the measured global resistance depends
not only on the field compensation effect but also on the total
area of available reversed domains.12 Being related to the
hysteretic domain evolution, the resistive R�H� transition
depends on the magnetic field history �Fig. 4�. At 8.1 K, the
resistance shows a sharp dip at fields near +Hs as the field
is swept from −10 kOe to 10 kOe. The dip can be seen at
a negative field −Hs if the field is swept from 10 kOe

FIG. 4. Evolution of hysteretic resistive transitions with tem-
perature in Nb/BaFe12O19. The field is first swept from −10 kOe
to +10 kOe �filled circles� and then back from +10 kOe to −10 kOe
�open circles�. The insets in �d� are enlarged views of R�H� curves
around the saturation field of BaFe12O19.
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to −10 kOe. When the field is ramped down from 10 kOe
�or −10 kOe�, the dip near +Hs �or −Hs� is erased, suggesting
the suppression of the RDS. As we further increase the field
again from zero, the dip recovers again exactly in the same
field region. Depending on the field history, the superconduc-
tivity can be switched either on or off. With decreasing tem-
perature, the dip broadens. At 7.6 K, although no dips can be
found due to the evolution of DWS in low field region, the
RDS is almost completely suppressed above Hn. Below Hn,
the resistance decreases abruptly, signaling the onset of su-
perconductivity above the reversed domains. With further de-
creasing temperature, accompanying the appearance of bulk
superconductivity near Hs, the hysteresis becomes less pro-
nounced. Before the disappearance of the hysteresis, an op-
posite hysteretic behavior is observed at 6.8 K in comparison
to T=7.6 K �see Fig. 4�d��.

Figure 5 schematically illustrates the typical magnetic
field distribution in the superconducting film at fields near
Hs.

17 For the magnetic state with reversed domains, the
maximum total magnetic field is located around them. Far
away from the boundary of the reversed domains, the total
field decays and displays a minimum at the center of the
positive domains. To induce the superconductivity above the
reversed domains, the applied field should comply with the
constraint �Ha−Hd � �Hc2, which limits the field range for

the RDS appearance. At T�8.1 K, the Hc2 is so small that
the constraint is fulfilled only in a narrow field region around
Hd �see the red �dark gray� solid line in Fig. 5�a��, leading to
the sharp magnetoresistance dip in Fig. 4�a�. As the field is
deviated from Hd by ±Hc2, the RDS is suppressed, see the
red �dark gray� dotted line in Fig. 5�a�. This is the reason
why no traces of superconductivity are present at negative
fields in Fig. 4�a�. With decreasing temperature, the Hc2 in-
creases, the field range for the appearance of RDS expands,
therefore the dip broadens. At T�6.8 K, because of the large
value of Hc2, the superconductivity not only exists above
reversed domains, but also in the areas above the center of
the positive domains forming the bulk superconductivity �see
blue �dark gray� areas in Fig. 5�b��. In this case, the super-
conductivity is mainly suppressed around the reversed do-
mains due to the maximum total field there. The system can
therefore be viewed as consisting of RDS, bulk superconduc-
tivity, and normal state metal. Because of the isolated nature
of RDS, the onset of the zero resistance state is determined
by the percolation through superconducting areas. In contrast
to that, the field distribution is more homogeneous when the
field is ramped down from saturation to Hn. As a result of the
homogenous field distribution, the measured resistance is
lower as displayed in Fig. 4�d�. Below Hn, both have a com-
parable domain structure �panels �d� and �e� of Fig. 1�, and
no evident hysteresis is observed.

At low fields, superconductivity survives only above the
domain walls which form a superconducting wire network.
At T�7.6 K, superconductivity spreads from the domain
wall to the reversed domain areas as the field is ramped up
towards Hs. At lower temperatures, the superconducting ar-
eas spread not only to reversed domains, but also to the
center of the positive domains. For both cases, the supercon-
ducting wire network transforms into a binary composite
consisting of superconducting islands and normal metal. Fig-
ure 6 shows conductance as a function of the area of the
reversed domains at 7.6 K. The RD area p was derived by
image processing of the MFM data presented in Ref. 12. At
temperatures above 7.6 K, we found that the conductance

FIG. 5. �Color online� Schematic illustrations of the magnetic
field distribution in the superconducting layer in the reversed do-
main state. Dashed lines indicate the upper critical field Hc2 and the
applied field Ha. Red �dark gray� lines show the total magnetic field
Ha+Hd. �a� For high temperatures with small Hc2; �b� for low tem-
peratures with large Hc2.

FIG. 6. Conductance G as a function of the reversed domain
area p at 7.6 K. p was derived from the MFM data in Ref. 12 by
dividing the red area �reversed domain� by the total area. Solid line
is fit according to the scaling formula G−G0=a�pc− p�−s.
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increases with the area of the reversed domains at low p
value. For higher p value or lower temperatures, the conduc-
tance is dominated by DWS or bulk superconductivity,
and the correlation between conductance and the RD area is
not applicable. For two-dimensional two-component
random-conductor mixture, below the percolation threshold
pc ��0.5�, the conductance is believed to exhibit a power-
law behavior,18 G��pc− p�−s. Using this scaling formula,
with the critical exponent s=4.23 and pc=0.5, the experi-
mentally observed conductance can be reasonably well de-
scribed �see Fig. 6�.

In conclusion, the effects of magnetic template on the
superconducting state in Nb/BaFe12O19 hybrids have been
studied. At low fields, the DWS, confined in domain wall

area, forms a superconducting wire network. At fields near
Hs, the superconductivity, induced by the reversed domains,
has higher onset critical temperature of the superconducting
transition compared to a reference Nb sample. By switching
between different magnetic states, the superconducting criti-
cal parameters can be effectively controlled.
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