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Superconductivity and magnetism are two antagonistic 

cooperative phenomena, and the intriguing problem of 

their coexistence has been studied for several decades. 

Recently, artifi cial hybrid superconductor–ferromagnet 

systems have been commonly used as model systems to 

reveal the interplay between competing superconducting 

and magnetic order parameters, and to verify the existence 

of new physical phenomena, including the predicted 

domain-wall superconductivity (DWS). Here we report 

the experimental observation of DWS in superconductor–

ferromagnet hybrids using a niobium fi lm on a BaFe12O19 

single crystal. We found that the critical temperature Tc 

of the superconductivity nucleation in niobium increases 

with increasing fi eld until it reaches the saturation fi eld 

of BaFe12O19. In accordance with the fi eld-shift of the 

maximum value of Tc, pronounced hysteresis effects have 

been found in resistive transitions. We argue that the 

compensation of the applied fi eld by the stray fi elds of the 

magnetic domains as well as the change in the domain 

structure is responsible for the appearance of the DWS and 

the coexistence of superconductivity and magnetism in the 

superconductor–ferromagnet hybrids.

The interaction between superconductivity and magnetism has 
been intensively studied1,2. Recently, hybrid superconductor–
ferromagnet (S/F) systems have attracted considerable attention 

because it is believed that the interaction between superconducting 
and magnetic-order parameters at the mesoscopic length scale 
may lead to new physical phenomena3–15. In the S/F hybrids, an 
inhomogeneous distribution of magnetic fi eld produced by the 
ferromagnet can lead to a signifi cant change in the superconducting 
properties of the S-layer, including its critical temperature Tc. 
Different ferromagnetic systems can be used in the S/F hybrids: 
individual magnetic dots12,13 or arrays of these14, and non-patterned 
ferromagnetic thin fi lms with bubble domains15. Depending on the 
domain structure of the ferromagnet, theory3,4 predicts a non-trivial 
T–H phase diagram for the nucleation of superconductivity in an 
external applied magnetic fi eld H. Here we study superconductivity 
in S/F hybrids by using well-characterized single-crystal BaFe12O19 
as a ferromagnetic sub-system. The basic idea is illustrated in 
the right-hand panels of Fig. 1: a superconducting Nb fi lm (S) is 
placed on top of the ferromagnetic substrate (F) with the easy axis 
of magnetization in the z direction. In this case the stray fi elds in 
the thin S-fi lm can be considered as almost homogeneous over the 
domain. On decreasing the temperature, superconductivity in zero 
applied fi eld, Ha = 0, must fi rst appear in the thin fi lm just above the 
domain wall of the substrate (dark blue colour in Fig. 1b) because in 
that area the stray fi elds are the lowest16. An application of an external 
magnetic fi eld results in a partial or complete compensation of the 
stray fi eld above the reversed domains and makes it favourable for 
the superconductivity to nucleate in the place corresponding to the 
minimum of the total magnetic fi eld. In other words, it is highly 
favourable for superconductivity to nucleate above domains of the 
opposite polarity in this case (see dark blue areas in Fig. 1a,c).

To implement this idea, we deposited a 50 nm Nb fi lm by 
molecular beam epitaxy on a single-crystal BaFe12O19 (0001) 
substrate (420 × 420 × 90 µm3) with 10-nm Si as a buffer layer 
between Nb and BaFe12O19. X-ray diffraction studies show that Nb 
fi lm on Si has the (110) texture. Analysis by atomic force microscopy 
reveals that the r.m.s. roughness of the Nb fi lm is about 2 nm over 
an area of 1 µm2.

Hexagonal BaFe12O19 is a well-known ferrimagnet with a 
uniaxial anisotropy lying along its [0001] direction. Figure 2 
shows normalized magnetization loops of the BaFe12O19 (0001) 
substrate (measured in a Physical Properties Measurement System; 
Quantum Design). The normalized M(H) curve taken at 5 K 
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almost coincides with that taken at 300 K. Both have very similar 
behaviour. From zero fi eld up to almost the saturation fi eld, these 
loops are closed. Around the saturation fi eld, however, hysteresis is 
clearly visible for both temperatures, as shown in the insets to Fig. 2. 
From the similarity between these two curves, we can expect that the 
domain structure of BaFe12O19 is very similar at 5 K and at 300 K.

The microscopic domain structure of the BaFe12O19 (0001) 
substrate has been investigated by magnetic force microscopy 
(MFM) at room temperature using a commercial Autoprobe M5 
scanning probe microscope (VEECO Instruments) in ‘fl ying’ mode. 
A mechanically adjusted permanent magnet providing uniform 

fi elds up to 5 kOe was mounted to study the evolution of the domain 
structure with fi eld. The MFM images (Fig. 3) were recorded by 
ramping the fi eld from remanent state towards saturation and back 
again along the major hysteresis loop. In the remanent state, the MFM 
image displays a branched domain pattern with a domain width of 
about 1.9 µm. Very similar patterns for BaFe12O19 have been reported 
previously17. This kind of domain pattern exists because of domain 
branching and is typical for materials with uniaxial anisotropy18,19. 
In the fi rst approximation, dark yellow and red regions can be 
attributed to magnetic domains with up and down magnetization, 
respectively. The width of the domain walls is about 200 nm. 
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Figure 1 Schematic illustrations of domain-wall superconductivity (DWS) in superconductor–ferromagnet hybrids. Left, the magnetic fi eld distribution in the 
superconducting layer at different applied magnetic fi elds Ha: a, Ha ≈ +Hs, b, Ha ≈ 0, and c, Ha ≈ –Hs, where Hs is the saturation fi eld. DS denotes domain superconductivity, 
and L is distance in the plane of the thin fi lm. Black dashed horizontal lines indicate the applied fi eld Ha. Green dashed lines indicate the upper critical fi eld Hc2. Red solid 
lines show the total magnetic fi eld, H

→

a + H
→

d. Right, schematic images of the superconducting areas (dark blue) in the superconductor–ferromagnet hybrid structure. 
F denotes ferromagnet with easy axis in the z direction and with thickness much larger than the distance between domain walls. S stands for the superconducting Nb thin 
fi lm. Dark arrows show the orientation of the magnetic moment in the magnetic domains.
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With increasing fi eld, the dark yellow area increase is accompanied by 
the growth of domains with positive magnetization, and the domain 
pattern becomes less branched. At 1.88 kOe elongated domains coexist 
with interstitial, isolated domains. The domain structure disappears 
completely at a saturation fi eld of about 3.54 kOe. When the fi eld is 
ramped down after the saturation, reversed domains start to nucleate at 
2.99 kOe. The evolution of the domain structure displays clear hysteresis 
around the saturation fi eld, in agreement with the magnetization 
loop, M(H) (Fig. 2, inset). No evident hysteresis is observed at low 
fi elds, suggesting that the domain walls move freely in response to the 
variation of the external fi eld20.

We measured the resistance R of the Nb fi lm deposited on 
BaFe12O19 in a Physical Properties Measurement System (Quantum 
Design) applying a four-probe a.c. technique with an alternating 
current of 10 µA at a frequency of 19 Hz (Fig. 4). The distance 
between the voltage contacts amounts to 250 µm. The magnetic fi eld 
H is applied perpendicular to the sample surface from –15 kOe to 
+15 kOe. As seen from Fig. 4, the S/F structure shows a substantial 
broadening of the resistive superconducting transition even at zero 
fi eld. At fi elds below 6 kOe, R(T) curves cross each other. In contrast, 
the R(T) curve for a reference sample has a sharp superconducting 
transition, and as expected, Tc shifts monotonically to lower 
temperature as H is increased (Fig. 4, inset). By defi ning Tc with 
three different resistance criteria, we constructed magnetic-fi eld–
temperature (H–T) phase diagrams for Nb/BaFe12O19, as shown in 
Fig. 5. For the resistance criterion Rcri = 0.9Rn, where Rn is the normal 
state resistance, Tc increases with increasing fi eld until H ≈ 5.25 kOe, 
and the phase boundary is almost symmetric with respect to H 
except near the saturation fi eld. On increasing the fi eld further, Tc 

decreases abruptly, and the Tc(H) phase boundary crosses over into 
a conventional linear regime when |H| is above 6 kOe.

This very unusual effect—the increase of Tc with increasing 
magnetic fi eld—is in accordance with theoretical predictions of the 
Tc(H) behaviour for domain-wall superconductivity3,4. To apply this 
model to the present system, the domain structure and its changes 
with H should be further considered. In our case, the domain-wall 
width (around 200 nm) is much larger than the coherence length 
of the Nb thin fi lm ξ(T) at T = 7.84 K (about 40.4 nm; see below). 
As the temperature is decreased at zero applied fi eld, it is more 
favourable for superconductivity to nucleate above the domain 
wall owing to the lower stray fi elds at that location16. The overlap 
of the superconducting areas above different domain walls can be 
excluded in our experiments, because of the much larger domain size 
(w ≈ 1.9 µm is much greater than ξ). The present system corresponds 
well to the limit of isolated domain-wall superconductivity (the 
critical parameter πHdw2/Φ0 ≈ 3,000 >> 1, where Hd is the maximum 
absolute value of the stray fi eld above the magnetic domain, in our 
case ~5.4 kOe, w is the domain size, and Φ0 is the superconducting 
fl ux quantum; see ref. 3).

The phase boundary for isolated domain-wall superconductivity 
is predicted to behave as3:

Tc(h) = ∆Tc
orb(½ – Emin)h4 + ∆Tc

orb(2Emin – ½)h2 + Tc(0) (1)

where h = Ha/Hd (with Ha an external applied magnetic fi eld and 
Hd ≈ 4π × saturation magnetization, Ms; superscript ‘orb’ stands 
for orbital supression of Tc). To deduce this formula, the authors 
assumed that the width of a domain wall is much less than the 
superconducting coherence length. Thus the distribution of magnetic 
fi eld near the surface was taken as H = 4πMs sgn(x) + Ha. With this 
assumption, the nucleation of superconductivity at zero fi eld is 
analogous to surface superconductivity below the surface critical fi eld 
Hc3, which gives a parameter Emin = 0.59. In the case of the BaFe12O19 
single crystal, the stray fi eld changes smoothly over the domain wall, 
so that the assumption of infi nitely thin domain walls is no longer 
justifi ed and the comparison with surface superconductivity is no 
longer valid. As a result, we can expect that Emin will deviate from 
0.59. Fitting the experimental phase boundary by using equation (1) 
with Emin as the only variable parameter, we fi nd that with Emin = 0.37 
the experimental data are in good agreement with the theoretical 
model. Although equation (1), strictly speaking, was derived for 
domain-wall width less than ξ(T), the good fi t displayed in the inset 
of Fig. 5 suggests that DWS in Nb/BaFe12O19 can still be described by 
that model. We therefore hope that our results will stimulate further 
theoretical investigation in this fi eld, in particular addressing the 
issue of the behaviour of Tc(H) in the case of a broader domain wall.

The appearance of these localized superconducting nuclei results 
in a broadening of the superconducting transition as observed in 
the R(T) curves (Fig. 4). The onset of the resistance decrease with 
temperature corresponds to the appearance of the DWS, and the 
crossover to the linear Tc(H) behaviour signals the presence of 
the bulk superconductivity. As we increase the applied fi eld the 
superconducting areas shift away from the domain walls towards 
the regions where the absolute value of the total magnetic fi eld is 
minimal because of the compensation effects3. On the other hand, 
with increasing fi eld, the domains with positive magnetization grow, 
accompanying the motion of the domain walls.

To understand the evolution of superconductivity with magnetic 
fi eld at different fi xed temperatures (Fig. 6), we shall fi rst have a 
closer look at the variation of the local fi eld across different magnetic 
domains (left panels in Fig. 1). After a magnetic fi eld H > +Hs 
has been applied, all domains are magnetized along the fi eld H

→

a. 
At fi elds slightly below +Hs, the fi rst domains of negative polarity 
will appear (if the difference between the nucleation fi eld and Hs 
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Figure 2 Magnetization versus applied magnetic fi eld for the BaFe12O19 single-
crystal substrate. The curves are normalized to the saturation fi eld Hs and the 
saturation magnetization Ms. The main panel shows the normalized magnetization 
loops for the BaFe12O19 substrate with magnetic fi eld along [0001] at 5 K and 
300 K (fi lled and open circles, respectively). The insets are enlarged views of the 
magnetization loops around the saturation fi eld at 5 K and 300 K.
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is ignored). Their local fi elds Hd are opposite to the applied fi eld, 
and the |Hd| value is close to +Hs. These domains will practically 
completely compensate the applied fi eld, |Ha – Hd| ≈ 0. As a result, 
superconductivity will appear in the areas just above domains of the 
opposite polarity in the ferromagnet (see domain superconductivity 

areas in Fig. 1a; the red solid line shows the variation of the total 
fi eld H

→
t = H

→
a + H

→
d).

As the fi eld is ramped down towards zero, the difference in 
amplitudes between |Hd| ≈ |Hs| and |Ha| grows and the compensation 
effect becomes less effi cient above the domains themselves. 
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Figure 3 A series of MFM images for the BaFe12O19 (0001) substrate measured at room temperature with magnetic fi eld applied perpendicular to the basal plane. 
The images cover 60 × 60 µm2. In the remanent state (a), the MFM image displays a branched domain pattern. When a fi eld is applied, the dark yellow area increases, 
signalling the growth of domains with up magnetization. At the same time, the domain pattern becomes less branched. At 1.24 kOe (c), one can clearly see three branched 
stripe domains as well as several disjunct dendritic domains. As a consequence of a weaker branching with increasing fi eld, the branched stripe domains and disjunct 
dendritic domains transform into straight lines and isolated bubbles (f), respectively. At 3.12 kOe (g), only the bubble domains can be observed. Above 3.54 kOe (i), the 
contrast is almost homogeneous, signalling the magnetic saturation of the sample. The line and dots displayed in i and j are due to the topography and dust particles. 
When the fi eld is reduced from saturation, the evolution of the domain structure displays hysteresis around the saturation fi eld Hs, which is in agreement with the 
M(H) loop shown in Fig. 2. Line-shaped reversed domains begin to nucleate at 2.99 kOe (k). After the fi eld is ramped further down, disjunct dendritic domains nucleate 
and domain patterns display the branched structure again. At low fi elds, the domain pattern is almost identical to that taken by ramping the fi eld from the remnant state 
towards saturation.
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Remarkably, in the area of the domain wall the stray fi elds are 
substantially lower and there a weak fi eld compensation effect is still 
possible (Fig. 1b, Ha ≈ 0).

For negative applied fi elds the domain superconductivity will 
appear again near Ha ≈ –Hs (Fig. 1c). On the way from Ha ≈ 0 to 
Ha ≈ –Hs the superconducting area, which was fi rst located only at 
the domain walls, progressively captures the whole of domains with 
polarity opposite to that of the applied fi eld. In other words, at Ha ≈ 0 
superconductivity survives only above the domain walls which defi ne 
the boundaries of magnetic domains (see Fig. 1b, right). As the fi eld 
is ramped up towards +Hs, or down towards –Hs, superconductivity 
spreads from the circumference of the domain to the whole domain 
area, provided that the latter has polarity opposite to that of the applied 
fi eld (Fig. 1a and c, right panels). This remarkable transformation 
of the superconducting area with the applied fi eld is responsible 
for the appearance of the two minima in the R(H,T0) curves—at 
H ≈ –Hs and H ≈ +Hs (see Fig. 6b). When temperature T0 increases, 
the upper critical fi eld Hc2 of the superconducting fi lm becomes so 
low that only the full fi eld compensation above magnetic domains 
fulfi ls the constraint ||Ha| – |Hd|| < Hc2. Because of that, the DWS is 
almost completely suppressed and superconductivity is still present 
only around H ≈ ±Hs (see Fig. 6a). From the R(H) curve measured 
at 8.15 K (not shown here), the value of Hd can be estimated to be 
about 5.4 kOe, where the resistance displays a minimum. This value 
is close to Hs for this temperature.

For a better understanding of the R(H,T0) curves, we have 
investigated the evolution of the domain structure of the BaFe12O19 
substrate. Following the hysteretic domain evolution, when the 
fi eld is swept up and down, a hysteresis also appears in the R(H) 
curves, and the magnitude of the resistance depends strongly on 
the direction of the fi eld sweep. For instance, as the fi eld is ramped 
down from saturation, domain superconductivity is suppressed at 
fi elds above the nucleation fi eld of reversed domains (Fig. 6, red 
fi lled circles). At H/Hs = 0.83, the superconducting transition of the 
fi lm consistently occurs at lower temperature if the fi eld is coming 
from saturation (Fig. 4, dashed line). A direct correlation between 

hysteretic resistive transition and hysteretic domain evolution can 
be seen in Fig. 7. Here we compare the difference in the resistance 
for both fi eld-sweep directions, ∆R = R(H↓) – R(H↑) (where H↓
and H↑ are the fi elds for a sweep down and up, respectively), with 
the difference in the reverse domain area at corresponding fi elds 
∆f = f(H↓) – f(H↑). The area of reversed domains f was derived by 
image processing of the MFM data in Fig. 3. The good correlation 
between ∆R and ∆f suggests that the hysteretic resistive transition 
does indeed result from the hysteretic domain evolution. Clearly the 
measured resistance not only depends on the compensation effect 
but also refl ects the total area of the available reversed domains.

Our discovery of domain-wall superconductivity in Nb/BaFe12O19 
hybrids, together with hysteretic resistive transitions and fi eld 
compensation effects, makes it possible to control the superconducting 
order parameter at the nanoscale by tuning the domain structure in 
the ferromagnetic substrate. Using these systems is also promising 
for achieving vortex manipulation, with the help of controlled 
domain-wall motion, which will be important for the operation of 
fl uxonics devices.
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The coherence length at 7.84 K is about 40.4 nm.
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a, At 8 K; b, at 7.8 K. The fi eld is applied in the z direction. The fi eld is fi rst swept 
from 10 kOe to –10 kOe (red fi lled circles) and then back from –10 kOe to 10 kOe 
(dark green fi lled circles). The arrows indicate the fi eld sweep direction. DS (domain 
superconductivity) and DWS (domain-wall superconductivity) indicate the different 
regimes for the nucleation of superconductivity.

Figure 7 Comparison of hysteretic resistive transitions and hysteretic domain 
evolution. The data ∆R (open circles) show the difference in resistance (at T = 7.8 K) at 
corresponding fi elds, ∆R = R(H↓) – R(H↑), and ∆f (solid circles) denotes the difference 
in the reverse domain area at corresponding fi elds, ∆f = f (H↓) – f (H↑). The parameter f 
was derived from the MFM data (Fig.3) by dividing the red area (reversed domain) by the 
total area.
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