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1. INTRODUCTION  
 

The interplay between a superconducting (S) and a 
ferromagnetic (F) material when they are in contact with 
each other has been one of the most widely studied topics 
because of their opposite spin alignment [1-15]. At the 
interface between S and F layer, pair-breaking spin 
polarization by the F layer can strongly suppress 
superconducting order parameter in the S layer. Thus, in 
F/S/F tri-layer structure of sufficiently thin S layer, the 
resistance or superconducting transition temperature (TC) 
would be strongly influenced by the magnetization states of 
two F layers [2]. There are two limiting cases; the magnetic 
vectors of two F layers are in a parallel (P) state or in an 
antiparallel (AP) state. In the AP state, the pair-breaking 
spin polarizations are of opposite sign and cancel each 
other whereas in the P state, the same-sign spin 
polarizations enhance pair breaking. This results in a higher 
TC in the AP state than in the P state [2]. Let’s consider a 
temperature between two TC’s of the AP state and P state. 
At this temperature, resistance will be zero if two F layers 
are in the AP state (ON state) and finite if in the P state 
(OFF state) [3]. Thus, supercurrents flow through the S 
layer can be switched on and off by adjusting mutual 
magnetization orientation by using an external field.  This 
effect is known as the spin-switch effect [2,3]. Those two 
states can be realized in a spin-valve structure of F/S/F/AF 
where AF is an insulating antiferromagnetic layer to pin the 
magnetic state of the neighboring F layer. Because of the 
pinning, the magnetic vector of the exchange-biased F layer 
will be fixed during a small-field sweep while the magnetic 
vector of the other F layer is free to rotate. Thus control of 
the mutual magnetization orientation is possible by 
applying small external magnetic fields. 

Spin-switch effect, higher TC in the AP state, has been 
observed in many spin-valve structures of F/S/F tri-layers 

[3-6]. However, the resistance change between the ON and 
OFF state, ∆RON-OFF, had been only a fraction of the normal 
state resistance [3-6], which has limited this device to be 
used as an ideal superconducting spin switch. A main 
reason has been much smaller TC difference between the P 
and AP states than the superconducting transition widths. 
In such, there is no temperature window where ON state is 
superconducting and OFF state in the normal state. 

A derivative from the spin-valve is a pseudo spin-valve 
in which an antiferromagnetic pinning layer is missing. 
Different from the spin valve, the magnetic vectors of both 
F layers are free to rotate by a small field. In this case, true 
AP state is not possible because both magnetic vectors 
rotate together due to magnetostatic coupling between two 
F layers [7]. Rather, an antiparallel domain (AD) state is 
formed in a field range of the order of coercive fields of F 
layers. In the AD state, each F layer is composed of 
multiple magnetic domains while keeping total 
magnetization of pseudo spin-valve being zero [9]. In the 
AD state, stray fields originating from domain walls have 
out-of-plane component [10]. Existence of out-of-plane 
component of stray fields in the AD state has been observed 
in the magnetic measurements [9,11]. This out-of-plane 
component of stray fields can easily penetrate into the S 
layer because the lower critical field of thin planar S layer is 
extremely small [12]. The main difference between the AP 
and the AD state whether out-of-plane component of stray 
fields exists or not. Inside the S layer in the AD state, 
out-of-plane component of stray fields will form flux line 
array. 

When a current is applied, Lorentz force will be exerted 
on flux line array. If Lorentz force is stronger than 
motion-resisting pinning force, extra dissipation occurs due 
to flux motion. Because of this extra dissipation, the 
resistance in the AD state is higher than that in the P state. 
Hence, in pseudo spin-valves, the AD state corresponds to 
the OFF state and the P state corresponds to the ON state, 
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different from the case of the original spin-valves where the 
AP state is the ON state and the P state is the OFF state. 
This is why the spin switch effect in pseudo spin-valves has 
been renamed inverse spin-switch (ISS) effect. 

Similar to the case of spin-valves, the ∆RON-OFF of pseudo 
spin-valves has been so far still a fraction of the normal 
state resistance [8, 9, 11, 13] because of the wider 
superconducting transition width of the S layer than the TC 
difference between the P and the AD state, ∆TC. To 
overcome this problem, either enhancing ∆TC, or reducing 
transition widths, or both is necessary. However, enhancing 
∆TC is rather difficult because it is more intrinsic to the 
material properties [14]. Thus, as an alternative, reducing 
transition width by increasing bias current has been 
attempted, and this attempt has been successful to achieve 
an almost ideal ISS effect between the superconducting 
(ON) and the normal (OFF) state [15]. In this work, we 
report on the investigation of the stability of the ISS effect 
in pseudo spin-valves as a continuing effort to realize 
operable spin switches. 

 
 

2. EXPERIMENT 
 

We used Permalloy (Py) for the F layer and Nb for the S 
layer. Py/Nb/Py pseudo spin-valves were sequentially 
deposited on thermally oxidized Si substrates by using a dc 
magnetron sputtering. The Ar gas pressure during the 
sputtering was 3 mTorr and the deposition was made at 
ambient temperature. A dc magnetic field of 500 Oe was 
applied parallel to the substrate planes during the 
deposition in order to set up the direction of the easy axis of 
magnetization. The thicknesses of two Py layers were 25 
nm, respectively, and the thickness of Nb was 45 nm. For 
25-nm thick Py layers, the magnetic moments are known to 
be confined in planes [10]. To prevent the top Py layer from 
oxidation, a capping layer of 5 nm-thick Nb layer was 
deposited.  

The deposited samples were patterned to form a 
rectangular-shaped bar of 5 µm wide and 120 µm long by 
using a conventional lithography and lift-off method. The 
bar axis was set to be parallel to the pre-defined 
magnetization easy axis. The optical image of the specimen 
is shown in Fig. 1. The tri-layered bar has an asymmetrical 
shape with rectangular head and tapered tail in order to 
facilitate an easier domain nucleation in the head region.  
On top of the tri-layer bar, Au electrodes were formed by 
sputter deposition followed by lift-off process. A 
four-terminal dc method was used to measure the resistance 
of the specimen. Two electrodes near the center of the bar 
were mostly used for voltage electrodes as indicated in Fig. 
1. In this set-up, bias current, magnetization easy axis, and 
magnetic field are all in parallel. 

 
 

3. RESULTS AND DISCUSSION 
 

First, resistive transitions were measured as a function of 
bias current not only to determine TC but to observe the 

  
 
Fig. 1. The optical image of the specimen. The horizontal 
bar near the center of the image is the Py/Nb/Py pseudo 
spin-valve structure. Four gold electrodes for the 
measurement are marked. 
 
narrowing of the transition with increasing bias current. Fig. 
2 shows three transition curves measured at bias currents 50, 
190, and 250 µA at an applied field of 100 Oe. The reason 
for applying a saturation field was to make sure the pseudo 
spin-valve being in its P state and the Py layers being of a 
single domain to ensure no stray field from domain walls. 
In Fig. 2, one can clearly observe a decrease of TC as well as 
narrowing of transition widths with increasing bias current. 
If we assume that all the currents flow through the S layer, 
the corresponding current densities are 0.22, 0.84 and 
1.1×105 A/cm2, respectively. Higher the bias current 
density is, higher possibility to cause an avalanche-like flux 
flow in the S layer, resulting in a sharper resistive transition 
[15]. 

Next step is to check the magnetization states of two Py 
layers by using an electrical transport measurement. Fig. 
3(a) shows the magnetoresistance (MR) measured at the 
normal state, 7.50 K, as a function of an applied magnetic 
field with bias current 190 µA. 

 
Fig. 2. Resistance versus temperature curves of Py/Nb/Py 
tri-layer measured at different bias currents, 50, 190, and 
250 µA at an applied field of 100 Oe. Not only decrease of 
TC but narrowing of the transition width with increasing 
bias current was observed. 
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In the following, we mainly discuss about the results 
obtained at 190 µA. The arrows indicate the field-sweep 
directions. The shape of the MR is roughly symmetric with 
respect to a zero field. Two broad dips, one between around 
0 and -15 Oe and the other between 0 and +15Oe, are 
noticeable. This MR behavior can be explained by the 
anisotropic magnetoresistance (AMR) of two Py layers 
[16]. The AMR depends on the angle between the current 
and the magnetization such that it is lowest when the 
current and the magnetization are perpendicular and 
highest when they are parallel or antiparallel to each other. 
At highest applied fields where two Py layers are in the P 
state, the current and the magnetic vectors are in parallel, so 
the MR is highest. A dip in the MR indicates that there 
exists a magnetization component perpendicular to the 
current. The sources for perpendicular components are 
magnetic domains and domain walls that separate domains. 
Therefore, the corresponding field ranges with resistance 
dips can be mapped to the AD state. A sketch of magnetic 
vectors at each state is shown in the inset of Fig. 3(b). 

In the superconducting transition region, the shape of the 
MR completely changes because of the occurrence of the 
flux flow resistance in the Nb layer. Fig. 3(b) shows the MR 
measured at 6.142 K, inside superconducting transition. 
The increase of MR in the AD state is due to the extra 
dissipation caused by flux motion inside the Nb layer. Now 
the MR in the P state is almost zero (ON state) and that in 
the AD state is close to the normal state resistance (OFF 
state), which is a typical behavior of the ISS effect.  
 

 
Fig. 3. (a) The magnetic field dependence of the normal 
state resistance measured at 7.50 K shows characteristic of 
the anisotropic magnetoresistance. (b) The MR near the 
foot of the transition at 6.142 K shows the inverse 
spin-switch effect, that is, higher resistance in the AD state.  

 
 

Fig. 4. Two 300-sec switching results between the ON (P 
state; 80 Oe) and the OFF state (AD state; -8 Oe) measured 
at (a) 6.142 K and (b) 6.130 K with bias current 190 µA. 
The solid symbols denote resistances of tri-layer and open 
symbols denote magnetic fields. 
 

The ∆RON-OFF at 6.142 K reaches about 80% of the 
normal state resistance. In order to check stability of the 
ISS effect, we have measured the MR changes for more 
than 30 min while alternating magnetic fields between 80 
Oe (ON; P state;) and -8 Oe (OFF; AD state;). The same 
measurement has been repeated at several bias currents and 
temperatures.  

Fig. 4 shows two 300-sec snap shots of 7 repetitions 
measured at 6.142 K and 6.130 K with bias current 190 µA. 
The open symbols with dashed lines in Fig. 4 indicate the 
magnetic field changes. Two results at different 
temperatures are vastly different. The time-scan results 
were also dependent on bias current. The ON-state 
resistances at 6.142 K in Fig. 4 (a) are close to zero and the 
OFF-state resistances are around 5 Ω, consistent with the 
results in Fig. 3(b). However, the resistances of both ON 
and OFF states are not steady but fluctuating. For 6.130 K 
in Fig. 4 (b), the ON-state resistances are zero except one 
and the OFF-state resistances around 0.8 Ω, but with much 
larger fluctuations. 

Fig. 5 summaries the time-scan results (large symbols) 
measured at five fixed temperatures and compares the 
averaged ON- and OFF-state resistances with the two 
resistance-temperature curves measured at 80 Oe (P state) 
and -8 Oe (AD state), respectively. The error bars denote 
standard deviations of the ON- and OFF-state resistances. 
Beside a slight temperature mismatch between the time 
scan and the resistive transition measurement, two separate 
results agree well to each other. The ON- and OFF-state 
resistance fluctuations are larger in the superconducting 
transition region. The main cause seems to be thermal 
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Fig. 5. The averaged ON- and OFF-state resistances at five 
different temperatures measured with bias current 190 µA 
are shown as large symbols. Their standard deviations are 
shown as error bars. The small circle symbols are the 
resistance-temperature data measured in the AD state (-8 
Oe) and the crosses are in the P state (80 Oe). The lines are 
guide to the eyes.  

 
fluctuations in the specimen. The transition width is very 
narrow, of the order of a few mK, so even a small thermal 
fluctuation can cause a large resistance fluctuation if the 
measurement temperature is inside the transition region as 
the case of the ON-state resistance for the P state at 6.145 K. 
Since thermal fluctuations become smaller as temperature 
moves away from the middle of the transition, the ON-state 
resistance fluctuations decrease very rapidly as temperature 
is decreased from 6.145 K.  

The same is true for the OFF-state; resistance fluctuations 
are relatively small at 6.145 K, but become larger at 6.142 
K as the temperature approaches the middle of the 
transition of the AD state. Below this temperature, 
resistance fluctuations decrease. However, somewhat away 
from the main transition region, for instance at 6.120 K, 
considerable OFF-state resistance fluctuations were still 
observed. These surviving resistance fluctuations seem to 
be caused by unstable magnetic domain structure in the AD 
state. In a repeated sweep between the P and the AD state, 
the domain structure in the AD state may not return to the 
same configuration. If this is the case, the strength of stray 
fields inside the Nb layer may vary from one cycle to 
another, resulting in unstable OFF-state resistances. 

The results in Figs. 4 and 5 indicate that for an ideal 
operation of the ISS effect, the P state must be in the 
zero-resistance state and the AD state should be located at 
the normal state to avoid effects from thermal fluctuations 
as well as inconsistent stray fields. However, as can be seen 
in Fig. 5, the ∆TC for this pseudo spin-valve is still not large 
enough compared to the transition width to give a rise to an 
ideal switch operation. Increasing ∆TC is an important 
future task.  
 
 

4. SUMMARY 
 

The stability of an inverse spin-switch effect in Py/Nb/Py 

pseudo spin-valve has been investigated. The performance 
of the switching has been checked by measuring time scans 
of resistance changes between the ON and OFF states at 
several bias currents and temperatures. We found that 
enhancing a resistance change between the ON and the 
OFF state is a key factor to achieve successful operation of 
the inverse spin-switch.  
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