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1. INTRODUCTION 
 

 
Researches have been conducted on superconducting 

spintronics over the past several decades using basic 
properties of proximity effect where superconductivity and 
magnetism have antagonizing physical properties [1-6]. 
The proximity effect was mostly investigated in 
superconductor (S)/ ferromagnet (F) bilayer and trilayer 
structure by measuring a superconducting transition 
temperature (Tc) variation with increasing magnetic layer 
thickness. The Tc showed a non-monotonic decrease or 
re-entrant behavior depending on combination of the S and 
F layer [1-3]. In the spin-valve structure where the 
magnetic moment direction of the adjacent magnetic layer 
is pinned by the antiferromagnetic (AF) layer through 
exchange bias, for example, in AF/F/S/F structure the Tc is 
higher when the magnetization directions of the two 
magnetic layers are antiparallel [4-5].  

On the other hand, the magnetic domain with 
magnetization perpendicular to the film surface induces 
domain-wall superconductivity in the S/F multi-layered 
film [6-8]. The magnetization of the magnetic layer helps 
the superconductivity when the sum of the total 
perpendicular magnetic energy becomes zero in the region 
near the magnetization reversal. Superconductivity in the 
two-layer structure of Nb grown on BaFe12O19 single 
crystals with perpendicular magnetization axis and large 
magnetic domain was enhanced on the magnetic domain 
wall during the magnetization reversal [8]. In a 
Co/Pd-based multilayer structure, superconductivity is 
increased when the magnetizations of the two magnetic 
layers are in opposite directions [6, 7]. Also, in the Py or 
Ni-based bilayer films with horizontal magnetic anisotropy 
and large magnetic domains, superconductivity is 
increased by the magnetic domain walls. In contrast to the 

previous results, when the sum of the vertical magnetic 
energies is not zero, the swirling field of the magnetic layer 
suppresses the superconductivity [9].  

It is also conceivable that the superconductivity can 
affect the magnetism vice versa. Superconductivity could 
control magnetic switching when the Zeeman energy and 
superconducting condensation energy difference between 
two magnetic ordering states are similar [10, 11].  

In this study, magnetoresistance characteristics were 
reported in superconducting spin-valve structure of 
AF/F/N/F/S, with the S layer in the outmost layer. Here the 
N layer denotes the normal metal layer. The reason why 
the superconducting layer is placed on the outside is that it 
is less influenced by the stray field than using the 
superconducting layer as the middle layer. NbN with Tc of 
10 K or higher was selected for the S layer and FeN for the 
magnetic layer to reduce the reaction with NbN at the 
interface. FeMn was used for the AF layer to pin the 
magnetic moment of the neighboring FeN layer and Cu for 
the spacer layer. 
 
 

2. EXPERIMENTAL 
 

The FeN [12] and NbN [13] layers were prepared using 
RF and DC magnetron sputtering, respectively, on 
thermally oxidized Si substrates. The size of the specimen 
used for measuring the magnetoresistance and 
superconducting transition temperature was 2 mm × 8 mm 
and the specimen for measuring the magnetic hysteresis 
curves was 5 mm × 10 mm. The structure of the studied 
specimen is FeMn(5)/FeN(4.5)/Cu(3.2)/FeN(3)/NbN(14), 
where the numbers are the layer thickness in nm. The 
current transport and magnetic characteristics of the 
fabricated specimens were measured at low temperature 
using physical property measurement system. 
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Fig. 1. (a) Major and (b) minor magnetization hysteresis 
loops of FeMn(5)/FeN(4.5)/Cu(3.2)/FeN(3)/NbN(14) 
measured at 20 K. The inset denotes the magnetization 
vector direction.  
 

In order to align the magnetization of the magnetic layer 
in a parallel state, the magnetoresistance (MR) and Tc were 
measured after applying a magnetic field of 2,000 Oe. The 
magnetic field direction was always parallel to the thin 
film surface when measuring the magnetic hysteresis and 
transport properties. 
 
 

3. RESULTS AND DISCUSSION 
 

Figure 1(a) shows the magnetic hysteresis curve of the 
major loop measured at 20 K of the multilayer film of 
FeMn(5)/FeN(4.5)/Cu(3.2)/FeN(3)/NbN(14). The inset in 
Fig. 1 (a) shows the magnetization directions of the two 
magnetic layers in parallel (P) state and antiparallel (AP) 
state. In the inset, the direction of magnetization always 
lies on the thin film plane because of the demagnetization 
energy. Due to the exchange bias provided by 
antiferromagnetic FeMn layer, the AF spins at the interface 
exert a microscopic torque on the F spins, to keep them in 
their original position. Thus, an extra field is needed to 
overcome the microscopic torque. This extra field, 
exchange bias field, of our sample is about 220 Oe.  

When the magnetic field is swept from 3,000 Oe to 
-3,000 Oe, the magnetization reversal occurs first in the 
free F layer followed by magnetization reversal in the 
pinned F layer. At the positive saturation field of 3,000 Oe, 
the magnetization direction of the free F layer is aligned in 
parallel with the magnetization of the fixed layer, which is 
the P state. As the magnetic field is swept from the P state, 
small magnetic domains are formed from the edge of the 

sample and this magnetic configuration named the parallel 
domain (PD) state in which magnetization is not fully 
saturated [14]. As the magnetic field becomes negative, the 
first magnetization reversal of the free F layer occurs in the 
PD state. Right after the reversal, magnetic state will be in 
an antiparallel domain state (AD) state. With further sweep 
of field to negative saturation, the magnetization of the free 
F layer keeps rotating until -450 Oe to align to enter a fully 
antiparallel (AP) state with zero total magnetic moment. 
The magnetization direction of the pinned layer abruptly 
rotates between -450 Oe and -500 Oe, and the 
magnetization of the sample becomes P state above -1,000 
Oe. Under the reverse field sweep, the magnetization 
reversal occurs first in the free F layer again. This state also 
becomes the AD state before the AP state at 150 Oe. The 
magnetization of the pinned F layer rapidly rotates to the 
positive field direction between 150 Oe and 200 Oe, and 
the magnetization of the sample is saturated at 1,000 Oe, 
returning to the P state.  

Figure 1 (b) shows the minor loop of the same 
multilayer film. Minor loop has a magnetic field sweep 
from 100 Oe to -100 Oe and has reversible magnetic 
hysteresis characteristics. In Figure 1 (a), the free F layer 
and the pinned layer are required to have at least an applied 
magnetic field of -500 Oe to be antiparallel, so the 
magnetization state of the free F layer at -100 Oe is in the 
AD state. Therefore, the minor loop starts from the PD 
state, goes to the AD state, and then returns to the PD state. 
Most of the magnetization reversal of the free F layer 
occurs between -13 Oe and -24 Oe, and between 12 Oe and 
32 Oe in each field sweep, respectively.  

Figure 2(a) shows the MR measured at 3.5 K for a 
sample of the same structure with the major-loop field 
sweep of ±1,000 Oe span. When the magnetic field is 
swept to the negative direction, the MR decreases in a 
parabolic shape between 1,000 Oe and 0 Oe, and then 
increases steeply between 0 Oe and around -60 Oe. After 
that, the increase in the MR relative to the parabolic 
background diminishes gradually in the field sweep from 
-60 Oe to -500 Oe, and finally it returns to the background 
parabolic form in the magnetic field above -500 Oe. The 
MR in the positive direction is almost mirror symmetric; 
the MR is not fully restored to the initial value when the 
field is returned to 1,000 Oe.  

The two sudden increases in MR in the low magnetic 
field region correspond to magnetic reversal of the free F 
layer in the magnetic hysteresis curve of Fig. 1(a). 
According to the proximity effect theory, a resistance 
decrease is predicted in the process of transition from the 
PD state to the AD state. The opposite change in the 
experiment indicates that a mechanism other than the 
proximity effect is dominant. It has been shown that 
vertical component of the stray field generated from the 
magnetic domain walls of the magnetic domains oriented 
in different directions during the magnetization reversal 
process is considered to be the cause of the opposite 
change in the MR [14]. This phenomenon of peculiar MR 
in the superconducting transition region occurs during a 
large change of magnetization rather than in a stable 
magnetization state. 
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Fig. 2. (a) Major and (b) minor magnetoresistance 
hysteresis loops of AF/F/N/F/S measured at 3.5 K. 
 

The [Co/Pt]n/Nb/[Co/Pt]n multi-layered films with 
perpendicular magnetic anisotropy showed a similar type 
of MR as in Fig. 2 (a) [6]. That result was interpreted as the 
phenomenon of the domain wall superconductivity in the 
bilayer structure when a magnetic field was applied 
parallel to the layers.  

Figure 2(b) shows the MR with a minor-loop magnetic 
field sweep between 100 Oe to -100 Oe. During the sweep 
in the negative direction, the MR is a constant between 100 
Oe and 0 Oe, followed by a steep increase between 0 Oe 
and -43 Oe. When the magnetic field is swept in the 
positive direction, the MR shows a gradual decrease, but it 
shows an irreversible shape such that the MR does not 
return to the initial state. On the other hand, the magnetic 
hysteresis curve at 20 K in Fig. 1(b) exhibits reversible 
characteristics and has a stable magnetization state at -30 
Oe. The irreversible MR characteristic of Fig. 2(b) seems 
to be somewhat inconsistent with this minor-loop magnetic 
hysteresis curve in the normal state. So we measured the 
magnetic hysteresis curve of the superconducting state at 3 
K. 

Figure 3(a) shows the major-loop hysteresis curve for 
AF/F/N/F/S specimen. The hysteresis curve in the 
superconducting state is much different from that in the 
normal state. In a field sweep from positive to negative 
saturation, the magnetization reversal of the free F layer 
occurs first but at slightly higher fields of -50 Oe (Fig. 3(b)) 
than in the normal state, but the most notable difference is 
with the magnetization reversal of the pinned F layer at 
-500 Oe. This reversal is far from complete in the 
superconducting state. With further increase of field, the 
magnetic moment changed gradually or stepwise to 
become the P state at around -3,000 Oe.  

The only reason one can think of the clear difference in 
the magnetization characteristics in the superconducting 
state would be the change in the exchange coupling 
between the AF layer and pinned F layer. It is conjectured 
that the superconducting electron pair penetrating into the 
pinned F layer and beyond influences the exchange bias 
between the two layers, thereby interrupting or weakening 
the role of the pinned F layer. By this effect, the 
magnetization state of the pinned layer reaches an 
unsaturated state, which will lead to an increase in the 
numbers of magnetic domain walls. The Zeeman energy 
associated with the magnetization reversal in the 
steady-state magnetic hysteresis curve can be obtained 
using the relationship ∆𝐸𝑧 = 2𝜇0𝐻𝑐𝑡𝐹𝑀 [10]. Here 𝐻𝑐  is 
the magnetization inversion magnetic field, 𝑡𝐹  is the 
thickness of the magnetic layer, and 𝑀  is the 
magnetization. If we put, 𝑡𝐹 = 3.8 nm as the mean value of 
the upper and lower F layers, and 𝐻𝑐  = 50 Oe, the Zeeman 
energy becomes ∆𝐸𝑧 = 0.28 × 10−5 Jm-2 . On the other 
hand, when the ideal spin valve has a higher 
superconducting transition temperature 𝑇𝑐0 in the AP state 
than in the P state by ∆𝑇𝑐 , the difference in 
superconducting condensation energy per unit area 
between the two states,  ∆𝐸𝑠, would be approximated as: 
∆𝐸𝑠  ≅ 1.5𝛾𝑡𝑠𝑇𝑐0∆𝑇𝑐  [10]. Here 𝛾  is the electron heat 
capacity and 𝑡𝑠 is the thickness of the S layer. For the NbN 
layer, 𝑡𝑠 = 14 nm, 𝑇𝑐0 = 3.8 K, and 𝛾 = 28 mJ mol-1 K-2. 
When ∆𝑇𝑐  is 20 mK [5], ∆𝐸𝑠  becomes similar in size to 
∆𝐸𝑧 . In other words, if ∆𝑇𝑐  were greater than 20 mK, 
superconductivity could affect the magnetization state of 
the F layers. This phenomenon that superconducting 
condensate can affect the coupling between magnetic 
layers is reported in GdN/Nb/GdN multilayer [10]. 
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Fig. 3. (a) Major and (b) minor magnetization hysteresis 
loops of AF/F/N/F/S measured at 3 K.  
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Fig. 4. The resistance versus temperature curves of 
AF/F/N/F/S at different magnetic fields (80 Oe, -80 Oe, 80 
Oe), which correspond to different states; PD, AD, and PD' 
state.  
 

The minor loop in Fig. 3(b) is very similar to Fig. 1(b) 
except increased 𝐻𝑐  from around 20 Oe to 55 Oe and the 
irreversible behavior in 100 Oe sweep. This irreversibility 
of the minor-loop magnetic hysteresis curve in the 
superconducting state is thought to be the origin of the 
irreversible hysteresis of the minor-loop MR in Fig. 2(b) 
since the MR is a transport probe of magnetic properties 

Figure 4 shows the resistance versus temperature curves 
measured sequentially by changing the field in the order of 
80 Oe (PD state), -80 Oe (AD state) and 80 Oe (PD' state) 
after initial application of 2,000 Oe. In this case, the final 
80 Oe magnetization state is expressed as the PD' state 
because it is different from the initial PD state. The ∆𝑇𝑐  
between 80 Oe (PD state) and -80 Oe (AD state) is around 
60 mK at the tail region and the Tc of the PD state is higher 
than that of the AD state, which is consistent with the MR 
results in Fig. 2, but inconsistent with the prediction of the 
proximity effect theory or the result obtained in more 
ideally operating superconducting spin-valve [5]. It means 
that the main factor hindering the spin-valve operation of 
the AF/F/N/F/S structure fabricated in this study is the 
suppression of the superconductivity due to the stray field 
originated from the magnetic domain walls in the unstable 
magnetic states rather than the proximity effect.  

As mentioned above, penetration of the superconducting 
electron pairs into the pinned F and the AF layer can 
disturb the magnetic exchange bias between two layers. 
NbN has shorter coherence length than commonly used Nb 
or Pb, which means NbN has the smaller Cooper pairs. Our 
conjecture is that pair interaction inside the F layer would 
be less screened for NbN because of smaller size, and this 
facilitates deeper penetration of the pairs. The F layers 
affected by superconductivity will have unstable magnetic 
states and then stray fields from magnetic domain walls 
can dominate the MR characteristics. 
 
 

4. SUMMARY 
 

AF/F/N/F/S multilayer was fabricated to investigate the 
proximity effect between the S layer and the F layer. In this 
work, we observed an anomalous magnetic effect of the 
influence of superconductivity on ferromagnetism. As a 

result, the magnetoresistance exhibited an anomalous 
behavior, which could only be interpreted by disturbance 
of the magnetic exchange bias due to the penetrating 
Cooper pairs into the F layers. 
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