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The magnetoresistance of a planar microbridge based on a three layer Pd0.99Fe0.01–Nb–Pd0.99Fe0.01 FSF
sandwich near its superconducting transition is studied. We previously showed that the magnetoresistance
curve of such samples is hysteretic and contains dips (negative peaks of the resistance) in the coercive fields.
In this work, it is found that the low-resistance state has a memory effect. Functioning of such a sample as a
superconducting memory element is demonstrated. The effect of the ferromagnetic Pd0.99Fe0.01 layer on the
superconducting transition temperature of the proposed memory element is studied by measuring the
dependence of the critical temperature of bilayer Pd0.99Fe0.01–Nb FS structures on the thickness of the
Pd0.99Fe0.01 layer.
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Layered ferromagnet–superconductor (FS) hybrid
structures are very promising for developing memory
elements for superconducting logic (see, e.g., [1, 2]
and references therein). Unusual properties of FS
hybrids are due to the spin antagonism of supercon-
ductivity and ferromagnetism leading to a number of
peculiar phenomena. In particular, the dependence of
the critical temperature Tc of FS structures on the
thickness of the F layer can be nonmonotonic [3] or
even reentrant [4, 5]. Similar dependences were
observed in FSF structures (see, e.g., [6]), as well as in
structures of a larger number of periodically alternat-
ing F and S layers [7–11]. If a layered FS structure
contains several ferromagnetic layers, its critical tem-
perature can differ for parallel and antiparallel orienta-
tions of their magnetizations [10–14]. This allows the
implementation of “spin-valve effects” (see review
[15]). The use of strong ferromagnets or half-metals
with high spin polarization makes it possible to signifi-
cantly change the critical temperature of such samples
due to spin-triplet superconducting correlations (see
review [16]). The maximum change in the critical
temperature caused by the spin-valve effect was 1.6 K
[17, 18].

Our group studies the opposite limit of extremely
weak ferromagnets based on a dilute Pd0.99Fe0.01 alloy.
A low exchange energy in the F layer and planar mag-
netic anisotropy allowed the implementation of
Josephson magnetic memory elements based on
Nb‒Pd0.99Fe0.01–Nb SFS sandwiches [2, 19–21],
which are technologically and frequency compatible
with superconducting rapid single-flux quantum
(RSFQ) logic [22]. In [2, 23], the possibility of minia-
turization of the proposed elements by using rectan-
gular SIsFS (superconductor–insulator–thin super-
conducting spacer–ferromagnet–superconductor)
Josephson junctions was studied. It was shown that the
area reduction for a Josephson memory element based
on a Pd0.99Fe0.01 alloy is limited to about 2 μm2 [2]. The
fundamental origin of the emerging limitation is
related to using the dependence of the critical current
of the SFS sandwich on the magnetization f lux
through the cross section of the Pd0.99Fe0.01 layer for
encoding the digital state. Further miniaturization can
be achieved by using planar FSF microbridges, where
the critical current and resistance depend on the mag-
nitude and mutual orientation of the magnetizations
of F layers (see, e.g., review [24]). Our previous study
110
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Fig. 1. (Color online) (а) Schematic of the Pd0.99Fe0.01–
Nb–Pd0.99Fe0.01 FSF microbridge connecting niobium
pads. The arrow shows the direction of the magnetic field
and the bias current. (b) Schematic cross section of the
same microbridge.
[1] of the magnetoresistance of rectangular
Pd0.99Fe0.01−Nb–Pd0.99Fe0.01 microbridges with planar
sizes of 5−100 μm at temperatures within the super-
conducting transition already revealed a noticeable
magnetoresistance effect. The effect is manifested in
hysteresis magnetoresistance dips (negative, low-
resistance peaks), which are most clearly observed in
the smallest microbridges (5–20 μm). In this work, we
demonstrate that the low-resistance state has a mem-
ory effect, and therefore, Pd0.99Fe0.01−Nb–Pd0.99Fe0.01
FSF microbridges can be used as superconducting
logic elements.

The main object of the study is a 6 × 20-μm planar
Pd0.99Fe0.01−Nb–Pd0.99Fe0.01 FSF microbridge placed
between the superconducting niobium pads (Fig. 1a).
The fabrication technology is described in detail in [1].
The thicknesses of the upper and lower F layers are 45
and 22 nm, respectively, and the thickness of the
superconducting layer is 13 nm. The coercive field of
the upper F layer is 2–3 times larger than that of the
lower one [25], which makes it possible to implement
the superconducting spin valve proposed in [12, 13].
The measurements were carried out in a 4He cryostat
equipped with a superconducting solenoid, a helium
vapor evacuation system, and a Sharvin membrane
manostat for helium vapor pressure stabilization. The
temperature stabilization accuracy was no worse than
0.002 K. The magnetic field was applied parallel to the
plane of the FSF-sandwich layers along the current
flow direction (Fig. 1a).

Series of magnetoresistance curves for different
temperatures were measured in the range of 2.48 K ≤
T ≤ 2.55 K near the superconducting transition
(Fig. 2a). As an example, Fig. 2b shows the complete
magnetoresistance curve at a temperature of 2.48 K,
close to the lower edge of the superconducting transi-
tion. At high fields, when both F layers are magnetized
to saturation, the resistance does not depend on the
history: black and red branches in Fig. 2b, corre-
sponding to opposite sweep directions, almost coin-
cide at |H| ≈ 20–30 Oe. The increase in the resistance
in this field range qualitatively corresponds to the qua-
dratic suppression law of the superconducting order
parameter for a thin film in a parallel magnetic field
according to the Ginzburg–Landau theory [26] (see
the dotted line in Fig. 2b). The change in the magne-
toresistance in the range |H| < 20 Oe is in agreement
with the measurements of the magnetization reversal
curves M(H) of separate Pd0.99Fe0.01 layers with similar
thicknesses (25 and 40 nm) [25]. When H varies from
–10 Oe to 0 Oe, the initially negative magnetization of
the 25-nm-thick layer decreases in absolute value
owing to the disorientation of the magnetic moments
of the clusters [27]. Under the same variation of the
field H, the magnetoresistance curve of the FSF
microbridge (see the black line in Fig. 2b) goes below
the quadratic envelope and then reaches a local mini-
mum at the field H = +2.3 Oe corresponding to the
JETP LETTERS  Vol. 116  No. 2  2022
coercive field of the thin F layer in accordance with
[25]. The micromagnetic simulation [2] showed that
the magnetization reversal of the cluster ferromagnet
occurs through the formation of a vortex magnetic
state (see also [23]). Therefore, a small increase in the
resistance (decrease in the critical temperature) in the
range from +2.3 Oe to +4.8 Oe may be associated with
the effect of triplet superconducting correlations [28]
caused by the appearance of noncollinear magnetic
configurations with respect to the magnetization of
the magnetically harder upper F layer. With a further
increase in H, the magnetically softer lower F layer is
magnetized in the positive direction with the appear-
ance of an antiparallel state, since the magnetization
of the upper F layer remains negative and changes
slightly in the field range of |H| < 7–8 Oe according to
[25]. Therefore, a drop in the resistance occurs in the
field range of 4.8−8 Oe due to the direct spin-valve
effect [12]. Upon increasing H above the coercive field
of the upper layer (about 9 Oe according to [25]), the
magnetization of the latter also becomes positive and
the microbridge goes into the parallel state. Therefore,
a sharp increase in the resistance with a gradual return
to the quadratic envelope occurs in the field range of
9−25 Oe.

We study the possibility of storing the low-resis-
tance state achieved in fields of about 9 Oe (Fig. 2b).
The result is presented in Fig. 2c, which shows a par-
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Fig. 2. (Color online) (а) Temperature dependence of the resistance of the 6 × 20-μm Pd0.99Fe0.01–Nb–Pd0.99Fe0.01 FSF micro-
bridge near the superconducting transition. The thicknesses of the upper and lower F layers are 45 and 22 nm, respectively, and
the thickness of the superconducting layer is 13 nm. (b) Magnetoresistance curves for the same microbridge at a temperature of
2.48 K. The arrows show the direction of the magnetic field sweep. The dashed line schematically shows the parabolic envelope
of the magnetoresistance curve (see discussion in the main text). (c) Partial magnetoresistance loop of the same microbridge at
the same temperature (see discussion in the main text). The arrows show the direction of the magnetic field sweep. The dashed
line shows the complete magnetoresistance loop shown in panel (b). The bias current is 20 μA.
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tial magnetoresistance curve of the studied micro-
bridge. The initial state of the sample corresponded to
a large negative magnetic field (–32 Oe), in which
both layers were magnetized to saturation in the nega-
tive direction. When the field was swept in the positive
direction, the minimum of the negative magnetoresis-
tance peak was reached in the field of +9 Oe (black
line). At this point, the direction of the magnetic field
sweep was reversed (red line). It can be seen that the
low-resistance state is retained in this case down to
‒5 Oe. With a further increase in the magnitude of the
negative magnetic field, the magnetoresistance returns
gradually to the initial section of the loop (in fields
from −15 to −20 Oe). Such a process can be carried
out in a cyclic manner, thereby switching the sample
from a high- to a low-resistance state and vice versa.

For practical applications, it is important that both
low- and high-resistance states are stable. This allows
the use of the FSF microbridge as a superconducting
memory element. Figure 3a shows that a pulse with an
amplitude of −16 Oe is sufficient to switch the sample
into a magnetized (high-resistance) state with a high
voltage level. It is reasonable to denote this state as the
digital state 1. The application of an opposite pulse
with an amplitude of +9 Oe should switch the sample
to the low-resistance state 0 with a low voltage. Fig-
ure 3b shows that the sequential application of such
pulses results in a reproducible switching of the imple-
mented memory element between states 0 and 1.
According to Fig. 3b, the stability of the digital states is
observed at times of at least several tens of seconds.

The operating temperature of the studied memory
element corresponds to the lower edge of the supercon-
ducting transition (Fig. 2a), which is determined by the
influence of the Pd0.99Fe0.01 F layers on the supercon-
ducting order parameter in the niobium S layer. Until
recently, the proximity effect in Nb/Pd0.99Fe0.01 bilayers
was studied insufficiently. In the only experimental
work [29], the dependence of the critical temperature
on the ferromagnet thickness for unstructured Nb–
Pd1 – xFex–Nb samples is given for seven different iron
concentrations ranging from 0 to 100%. The thickness
of the Pd1 – xFex layer for all compositions varied in the
range of 0–10 nm. The nonmonotonic dependence of
the critical temperature Tc(dF) was observed for con-
centrations of 13 and 20%. For the Pd0.99Fe0.01 alloy,
such an effect was not observed earlier (as well as in
this work): the critical temperature of the samples
decreased monotonically with increasing thickness of
the F layer. This result is in agreement with the cluster
nature of magnetism in Pd0.99Fe0.01 presented in [25,
30, 31]. According to it, thin-film layers of such an
alloy can be represented as a set of 10-nm magnetic
clusters with an intercluster distance of about 100 nm.
Therefore, the films with thickness less than d0 =
10 nm are nonmagnetic. In fact, the approximation of
the TCurie(dPdFe) dependence presented in our work
[19] gives a threshold thickness of 5–10 nm.1 The
increase in the thickness of the Pd0.99Fe0.01 film above
10 nm (at least up to about 200 nm) leads to a mono-
tonic increase in the Curie temperature. This is the

1 Below, the threshold thickness d0 is taken as 10 nm for certainty.
In this work, the Pd0.99Fe0.01 films can be considered as non-
magnetic because their Curie temperature is below the operating
temperature of the sample.
JETP LETTERS  Vol. 116  No. 2  2022
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Fig. 3. (Color online) (а) Magnetic field dependence of the voltage across the FSF microbridge obtained at a bias current of 20 μA
and a temperature of 2.48 K. The arrows indicate the amplitudes of the pulses used to switch digital states in Fig. 3b. The digital
states 0 and 1 are schematically marked by red circles. (b) Time dependence of (top line) the voltage across the FSF microbridge
illustrating its switching between two digital states under the action of (bottom line) a sequence of magnetic field pulses at a tem-
perature of T = 2.50 K and a bias current of 15 μA.
thickness range (dPdFe > 10 nm) that is practically
important for the use of the Pd0.99Fe0.01 alloy as a weak
ferromagnet in the devices under discussion. In this
work, we study the Tc(dPdFe) dependence for Nb–
Pd0.99Fe0.01 bilayer samples in a wide range of thick-
nesses of the F layer up to dPdFe = 75 nm, which is
approximately two times higher than the maximum
thickness of the F layer, which we used in the previ-
ously studied elements of the Josephson magnetic
memory [19].

To fabricate FS bilayers, the wedge method was
applied (see, e.g., [32]), in which the thickness of the
superconducting layer (see Fig. 4b) was approximately
constant all over the long substrate (60 mm in length),
and the thickness of the ferromagnet at the thick and
thin ends differed by a factor of about 4 (see Fig. 4c).
The technological parameters of the thin film deposi-
tion process were similar to those given in [1]. To study
the wide range of F layer thicknesses (0–75 nm), three
FS wedges were fabricated covering different parts of
this range. The chosen thickness of the niobium layer
dS ≈ 11 nm is rather large compared to the niobium
superconducting coherence length of ξS ≈ 7 nm [5]. In
this work, the increased thickness of the S layer pro-
vided a fairly high critical temperature for all samples,
which can be experimentally measured using a 4He
cryostat, up to maximum thicknesses of the
Pd0.99Fe0.01 layer. Each FS wedge was cut across the
long side into the experimentally studied stripes 2 mm
in width. The thickness of the Pd0.99Fe0.01 layer was
determined on the basis of a previously studied profile
(see Fig. 4c). The results of the performed experi-
ments are presented in Fig. 4a. In the thickness range
of 0 < dPdFe < 7 nm, the critical temperature Tc of the
JETP LETTERS  Vol. 116  No. 2  2022
bilayer decreases sharply from 7.0 to 4.2 K. In the dPdFe
range of 7–10 nm, the critical temperature is almost
constant. In the practically important dPdFe range of
10–75 nm, the critical temperature decreases by 2 K
more in a linear manner on average. Wavelike devia-
tions of the experimental points are most likely associ-
ated with a spatial change in the thickness of the super-
conducting layer along the wedge within 0.4 nm
(about 3.5% with respect to the average value of
11.2 nm)2 as shown in Fig. 4b.

An unexpected result of the experiment presented
in Fig. 4a is the decrease in Tc in a very wide range of
thicknesses (up to 75 nm). In previous experiments
(see, e.g., [3–5, 23]), a significant change in the criti-
cal temperature of FS bilayers was observed only at suf-
ficiently small F layer thicknesses (less than 10 nm),
which was due to a small depth of the Cooper pair pen-
etration into a ferromagnet ξF1 (see the definition in
[33]). For example, the ξF1 value in a weakly ferromag-
netic Cu0.47Ni0.53 alloy is only 1.3 nm [33]. Note that
the critical temperature in our case (in the “non-
magnetic” range of thicknesses dPdFe < 10 nm) also
decreases abruptly with a plateau in the range of
7 nm < dPdFe < 10 nm (see Fig. 4a). This indicates the
smallness of even the “normal” (“thermal”) coher-
ence length for our thin-film Pd0.99Fe0.01 layers ξPdFe =

, where DPdFe is the diffusion coeffi-
cient of electrons. A further decrease in Tc of bilayers
in the range of 10 nm < dPdFe < 75 nm is most likely due
to the previously noted [19, 27] enhancement of ferro-

2 The spatial distribution of the niobium layer thickness was mea-
sured with a Talystep profilometer (Taylor Hobson) using a spe-
cial sample made with ten deposition rotations.

π� PdFe c/2D kT
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Fig. 4. (Color online) (а) Critical temperature of
Nb‒Pd0.99Fe0.01 FS bilayers versus the thickness of the
ferromagnet layer at a superconductor thickness of about
11 nm. Points of different shapes correspond to three dif-
ferent FS bilayers fabricated using the wedge deposition
method. The data for the beginning, middle, and end of
the superconducting transition are given. The red line
shows the approximation of the experimental data based
on the microscopic theory (see discussion in the main
text). The inset shows the exchange energy (exchange
field) versus the thickness of the ferromagnet, which was
used in the calculation shown by the red line. (b, c) Thick-
nesses of niobium, dS, and Pd0.99Fe0.01, dPdFe, layers ver-
sus the position on the substrate. The profile of the
Pd0.99Fe0.01 layer (see panel (с)) is normalized to its max-
imum thickness in the corresponding FS bilayer.

ex

c

PdFe

S

magnetism in the Pd0.99Fe0.01 layer caused by an
increase in the intercluster exchange interaction with
increasing dPdFe.

To test this hypothesis, numerical simulations were
performed by solving the equations of the microscopic
theory developed for hybrid Pd0.99Fe0.01FS structures
in [21, 34]. The result is presented by the solid line in
Fig. 4a. It is seen that satisfactory agreement with the
experiment can be obtained even with a linear depen-
dence of the exchange energy Eex in the Pd0.99Fe0.01
layer on its thickness at dPdFe > d0:

(see the inset in Fig. 4a). The fitting parameters were
the transparencies of the FS interface γ ≈ 0.35 and
γBFS ≈ 0.2 (see the definition in [21]), the characteris-
tic length ξ* =  = 0.44ξS, and the
phenomenological parameter α = 1.26 K/nm charac-
terizing the rate of increase in the exchange energy
with the thickness of the Pd0.99Fe0.01 layer. Here,
Tc(0) = 7.0 K is the critical temperature of a single nio-
bium layer3 with a thickness of dS ≈ 11 nm, and ξS ≈
6.68 nm is the coherence length in the niobium S layer
according to [5]. The characteristic spatial scale ξ* ≈
2.9 nm corresponds to the minimum of the thermal
coherence length ξPdFe for the Pd0.99Fe0.01 layer in the
nonmagnetic range (dPdFe < 10 nm). At large thick-
nesses (dPdFe > 10 nm), ξ* is a parameter of the micro-
scopic theory and has no explicit physical meaning4

since the coherence length in the ferromagnetic layer
is determined by the effective exchange interaction
energy Eex and, possibly, by other depairing processes
[33]. The exchange energy Eex in temperature units
increases to 80 K (see the inset of Fig. 4a), which qual-
itatively corresponds to a change in the Curie tempera-
ture of single Pd0.99Fe0.01 layers according to [19]. A
more detailed analysis of the Tc(dPdFe) dependence for
Nb–Pd0.99Fe0.01 FS bilayers, taking into account the
refined material parameters and the nonuniform pro-
file of the superconducting film, will be presented in
our future publications.

Returning to the practical result of the research
performed, it can be noted that a superconducting
logic element with the voltage distinction ΔU of about
1 μV between logic states 0 and 1 was implemented
(Fig. 3b). This value corresponds to the characteristic
Josephson frequency fc = ΔU/Φ0 of about 0.5 GHz (Φ0
is the magnetic f lux quantum). The inverse value
1/fc ≈ 2 ns determines the readout time of the digital
state [20] when using such memory elements in rapid
single-flux quantum (RSFQ) logic devices [22]. The

3 See the point dF = 0 in Fig. 4а.
4 In fact, the parameter ξ* characterizes the diffusive motion of

electrons in the Pd0.99Fe0.01 layer over the entire range of thick-
nesses within the microscopic theory [21, 34].

= α −ex PdFe PdFe 0( )/ ( )BE d k d d

π� PdFe c/2 (0)D kT
characteristic frequency obtained is close to the lower
frequency limit of RSFQ circuits, which makes it pos-
sible, in principle, to rely on the practical use of
Pd0.99Fe0.01–Nb–Pd0.99Fe0.01 bridges in digital super-
JETP LETTERS  Vol. 116  No. 2  2022
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conducting electronics. The power consumption in
the resistive state is about 15 pW, which is 3000 times
less than that obtained in our previous work [2] and
2‒4 orders of magnitude less than the power con-
sumption of CMOS memory elements discussed
recently in [35, 36]. However, the operating speed of
the presented element is still not high enough for wide
use in the entire frequency range of RSFQ devices.
Therefore, studies aimed at increasing the voltage dis-
tinction of the memory element based on Pd0.99Fe0.01–
Nb–Pd0.99Fe0.01 structures will continue. The subject
of future research is, first of all, the nature of the low-
resistance state, as well as the possibility of using mul-
tilayer Pd0.99Fe0.01–Nb–Pd0.99Fe0.01 FSF structures as
a Josephson barrier in multilayer sandwich junctions
[37].

Thus, in the present work, we have studied the neg-
ative magnetoresistance effect in the FSF microbridge
consisting of superconducting niobium and a weakly
ferromagnetic Pd0.99Fe0.01 alloy. The effect of storing
the low-resistance state of the bridge has been found.
Its operation as a memory element switched by pulses
of an external magnetic field has been demonstrated.
The dependence of the critical temperature of the
Nb–Pd0.99Fe0.01 FS bilayer structures on the thickness
of the ferromagnet in an unexpectedly wide range of
thicknesses has been revealed. It has been shown that
this phenomenon can be described using a micro-
scopic theory that takes into account the enhancement
of the exchange interaction with increasing thickness
of the Pd0.99Fe0.01 layer.
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