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1. INTRODUCTION

Josephson junctions with ferromagnetic barrier 
(superconductor-ferromagnet-superconductor, 
SFS) are very important for the development of 
superconducting electronics. One of the most 
important properties is the negative (actually, 
shifted by half a period) current-phase relation [1], 
which allows shifting the operating point of logic 
elements to the region of zero bias signals, thus 
reducing the size and power consumption of logic 
elements [2, 3]. Using SFS junctions, it is possible 
to implement Josephson elements with π-periodic 
current-phase relation [4, 5], which have been 
recently used for developing an adiabatic family 
of digital superconducting electronics [6]. Equally 
important is the creation of Josephson magnetic 
memory devices [7–9], the absence of which hinders 
the development of a full-fledged superconducting 
computer [10].

The origin of the negative current-phase relation 
is the spin antagonism between ferromagnetism and 
superconductivity, leading to spatial oscillations 
of the superconducting order parameter [11–13],  
induced in the F-layer due to the proximity effect 
[14, 15]. With increasing thickness of the F-layer, 
the amplitude of the current-phase relation 
periodically decreases to zero, and then begins to 
increase with the opposite sign (0–π-transition, 
or transition between 0- and π-states). Josephson 
junctions with a negative sign of the current-phase 
relation are called π-junctions (also π-state), since 
positive and negative current-phase relations are 
shifted relative to each other by π. Experimental 
observation of this effect is carried out by fabricating 
a series of samples with different thicknesses dF of 
the F-layer and subsequent measurement of the 
critical current density dependence on thickness, 

( )c Fj d  [16, 17]. The temperature dependence of the 
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oscillation period of the induced order parameter, 
ξ 22 ( )F Tπ , allows verification of the 0–π-transition 

through measurement of the reentrant temperature 
dependence of the critical current [18, 19].

The demonstration of oscillations of the 
superconducting order parameter in the F-layer 
can be conveniently conducted using dilute 
ferromagnetic alloys with low Curie temperatures 

CT  and exchange interaction energy exE , since the 
oscillation period is inversely proportional to exE  
for the case of a diffusive Josephson barrier [15]. With 
a small value of exE  the oscillation period becomes 
sufficiently large, which allows for experimental 
investigation with adequate detail. The presence 
of other "unpaired factors" (i.e., processes causing 
the destruction of Cooper pairs in the Josephson 
barrier) further increases the oscillation period, 
although it leads to a faster decrease in critical 
current with increasing Fd  [16]. The most popular 
alloys are Cu1 x- Nix , 0.5x »  (see, for example, 
works [16, 19, 20]), whose components are widely 
available in nature, inexpensive, and well-suited for 
mechanical processing. Their opposites are alloys 
based on palladium or platinum, which become 
ferromagnetic at extremely low concentrations of 
magnetic atoms [21]. Therefore, the value of exE  in 
them can be tuned over wide ranges by changing the 
concentration of, for example, iron, nickel, or cobalt 
(see review [22]).

At the Laboratory of Superconductivity of ISSP 
RAS, research on layered structures based on the 
alloy Pd0.99Fe0.01 has been conducted for a long 
time with the aim of developing superconducting 
memory elements. The Curie temperature for thin-
film layers of this composition increases from 2 to 
42 K when the F-layer thickness changes from 12 to  
180 nm [7]. Despite the low content of magnetic atoms, 
layered structures PdFe–Nb–PdFe demonstrate  
spin valve effect with a voltage range up to 700 μV, 
which corresponds to a characteristic frequency 
of 340 GHz when using this element in rapid 
single quantum logic devices [23]. Multilayer 
Nb–PdFe–Nb Josephson junctions can also be 
used as memory elements due to the in-plane 
anisotropy of PdFe thin film layers [7]. The use 
of multilayer Josephson IsF barriers (insulator (I)-
superconductor (s)-ferromagnet (F) tunnel layer) 
allows the implementation of Josephson elements 
that are frequency-compatible with rapid single-
flux quantum logic (RSFQ) elements [8]. However, 

the question of the possibility of implementing 
the π-state in Josephson junctions based on PdFe 
has not been previously considered. This work 
demonstrates the reentrant nature of the critical 
current dependencies of junctions PdFe–Nb–PdFe 

Fig. 1. Schematic representation of the manufacturing stages of the 
SFS Josephson junction Nb-Pd0.99 Fe0.01–Nb
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ты Джозефсона Nb–PdFe–Nb также могут быть ис-
пользованы в качестве элементов памяти благодаря
планарной (in-plane) анизотропии тонкопленочных
слоев PdFe [7]. Использование многослойных джо-
зефсоновских IsF-барьеров (туннельный слой изоля-
тор (I)–сверхпроводник (s)–ферромагнетик (F)) поз-
воляет реализовать джозефсоновские элементы, ча-
стотно совместимые с элементами быстрой одно-
квантовой логики (БОК, RSFQ) [8]. Однако вопрос
о возможности реализации π-состояния в джозефсо-
новских переходах на основе PdFe ранее не рассмат-
ривался. В данной работе продемонстрирован воз-
вратный характер зависимостей критического тока
переходов Nb–PdFe–Nb от толщины F-слоя и тем-
пературы, что является признаком изменения зна-
ка ток-фазового соотношения образца (перехода в
π-состояние).

2. ЭКСПЕРИМЕНТАЛЬНЫЕ МЕТОДИКИ

Мы исследовали многослойные контакты Джо-
зефсона, изготовленные в ходе четырехстадийного
технологического процесса (рис. 1). На первом эта-
пе проводилось осаждение трехслойной заготовки
Nb–Pd0.99Fe0.01–Nb с использованием магнетронно-
го осаждения ниобия и катодного ВЧ-осаждения
Pd0.99Fe0.01. Осаждение ниобия проводилось при
давлении аргона 8 мкбар, токе разряда 2 А и мощ-
ности 0.9 кВт со скоростью около 7 нм/с. Осажде-
ние Pd0.99Fe0.01 проводилось при давлении аргона
21 мкбар и напряжении смещения 1 кВ. Содержание
железа в осажденных слоях PdFe составляло 1.1–
1.5 ат. % по данным рентгеновской фотоэлектрон-
ной спектроскопии и примерно 1.25 ат. % согласно
измерениям при помощи сканирующего электрон-
ного микроскопа Центра коллективного пользова-
ния ИФТТ РАН. Толщины слоев ниобия составля-
ли 150 нм, а толщина слоя PdFe варьировалась в
пределах 30–50 нм. На втором этапе формирова-
лись верхний электрод и барьер джозефсоновско-
го контакта (меза) с использованием плазмохими-
ческого травления ниобия (см. параметры в рабо-
те [24]) с фоторезистивной маской, а также ионно-
плазменного травления слоя PdFe при давлении ар-
гона 12 мбар, напряжении смещения 1 кВ со скоро-
стью около 1 нм/с. Меза имела квадратную форму
с размером стороны 10 мкм. На третьем этапе про-
водилось термическое осаждение слоя изоляции SiO
толщиной 350 нм с последующей взрывной фотоли-
тографией (lift-off). Размер окна в слое изоляции,
открытого для доступа к верхнему электроду кон-
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Рис. 2. Типичная вольт-амперная характеристика иссле-

дованных образцов. Черные точки � экспериментальные

данные, красной линией показана аппроксимация джозеф-

соновской гиперболой U = RN

√
I2 − I2c . Температура экс-

перимента 4.2 K, сопротивление образца RN=220 мкОм.

На вставке проиллюстрирован метод автоматического

определения критического тока при превышении напряже-

ния отсечки Uthr в ходе измерения зависимости Ic(H)

такта Джозефсона, составлял около 4 мкм. На по-
следнем этапе проводилось осаждение сверхпрово-
дящего замыкания (wiring) с последующей взрыв-
ной фотолитографией. На данном этапе формиро-
вались контактные площадки, а также их подклю-
чение к образцу.

Измерения проводились в заливном криоста-
те 4He с использованием пиковольтметра на ос-
нове СКВИДа. Конструкция криостата и криоген-
ных вставок допускала измерения при температуре
T < 4.2 K путем откачки паров гелия, а также ра-
боту при T > 4.2 K, предполагающую размещение
образца в вакуумированном объеме, изменение тем-
пературы с помощью резистивного нагревателя и ее
контроль с помощью калиброванного термометра.
Экранировка магнитного поля Земли и паразитных
внешних сигналов при охлаждении и исследовании
образца проводилась системой магнитных экранов,
включающих внешний экран из пермаллоя марки
81HMA, защищающий криостат в целом; внутрен-
ний трехслойный экран из криопермалоя, защища-
ющий внутреннюю оснастку криостата; сверхпро-
водящий ниобиевый экран, защищающий непосред-
ственно держатель образца. Магнитное поле при-
кладывалось параллельно плоскости слоев вдоль од-
ной из сторон SFS-мезы с использованием сверхпро-
водящего соленоида, размещенного внутри ниобие-
вого экрана.
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on the F-layer thickness and temperature, which is 
an indicator of the change in sign of the current-
phase relation of the sample (transition to π-state).

2. EXPERIMENTAL METHODS

We studied multilayer Josephson junctions 
fabricated in a four-stage technological process 
(Fig. 1). In the first stage, Nb–Pd0.99Fe0.01–Nb  
trilayer was deposited using magnetron deposition 
of niobium and RF-sputtering of Pd0.99Fe0.01. 
Niobium deposition was carried out at an argon 
pressure of 8 μbar, discharge current of 2 A, and 
power of 0.9 kW with a rate of about 7 nm/s. The 
deposition of Pd0.99Fe0.01 was performed at an 
argon pressure of 21 μbar and bias voltage of  
1 kV. The iron content in the deposited PdFe layers 
was 1.1–1.5 at.% according to X-ray photoelectron 
spectroscopy data and approximately 1.25 at.% 
according to measurements using a scanning 
electron microscope at the Shared Research Center 
of ISSP RAS. The thickness of niobium layers was 
150 nm, and the thickness of the PdFe layer varied 
within  30–50  nm. In the second stage, the top 
electrode and the Josephson junction barrier (mesa) 
were formed using plasma-chemical etching of 
niobium (see parameters in [24]) with a photoresist 
mask, as well as ion-plasma etching of the PdFe 
layer at an argon pressure of 12 mbar, bias voltage 
of 1 kV with a rate of about 1 nm/s. The mesa had 
a square shape with a side size of 10 μm. In the 
third stage, thermal deposition of a 350 nm thick 
SiO insulation layer was performed, followed by 
lift-off photolithography. The window size in the 
insulation layer, open for access to the top electrode 
of the Josephson junction, was about 4 μm. In the 
final stage, superconducting wiring was deposited 
followed by liftoff photolithography. At this stage, 
contact pads and their connection to the sample 
were formed.

Measurements were performed in a liquid helium 
4He cryostat using a SQUID-based picovoltmeter. 
The design of the cryostat and cryogenic inserts 
allowed measurements at temperature < 4.2T  K 
by pumping helium vapor, as well as operation at 

> 4.2 T K, involving sample placement in a vacuum 
volume, temperature control using a resistive heater, 
and its monitoring using a calibrated thermometer. 
Shielding from the Earth's magnetic field and 
parasitic external signals during sample cooling and 
investigation was provided by a system of magnetic 

shields, including an outer shield made of 81HMA 
permalloy protecting the entire cryostat; an inner 
three-layer shield made of cryopermalloy protecting 
the internal cryostat equipment; a superconducting 
niobium shield directly protecting the sample holder. 
The magnetic field was applied parallel to the 
layer plane along one of the sides of the SFS mesa 
using a superconducting solenoid placed inside the  
niobium shield.

Current-voltage characteristics were measured 
using a 4-point scheme with a JeSEFF SQUID 
picovoltmeter. Current was supplied by remotely 
controlled Keithley 224 sources via a filter system 
to reduce the introduced noise. The Keithley 182 
digital voltmeter was used to measure voltage 
on the SQUID amplifier. The gain factor was  
106–108 and was determined by observing Shapiro 
steps on the control sample. The field dependence 
of critical current was measured using the so-
called threshold method: for each value of applied 
magnetic field, the current-voltage characteristic 
was measured, and the critical current value was 
recorded when exceeding a preset "threshold voltage." 
The threshold voltage was selected empirically 
(see inset in Fig. 2): this value should significantly 
exceed the noise level of measuring equipment to 
exclude erroneous readings; but it should be small 
enough to ensure critical current measurement with 
a relative error not exceeding 5%. When studying 

Fig. 2. Typical current-voltage characteristic of the studied 
samples. Black dots represent experimental data, red line shows 
the approximation by Josephson hyperbola 2 2= N cU R I I- .  
Experiment temperature 4.2 K, sample resistance NR =220 μΩ. 
The inset illustrates the method of automatic determination of 
critical current when exceeding the threshold voltage thrU  during 

measurement of dependence ( )cI H
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temperature dependencies of critical current density 
cj  a series of measurements of critical current 

field dependencies ( )cI H , was conducted for each 
selected temperature, since simple current-voltage 
characteristics measurements were insufficient (see 
discussion below). Temperature was stabilized using 
Shavrin's membrane manostat at < 4.2 T К, and at 

> 4.2T  K using a heater with temperature feedback. 
Temperature stabilization accuracy was not worse 
than 0.05 K during one measurement.

3. EXPERIMENT AND DISCUSSION

The main objective of the experiment is to 
measure the dependence of critical current density 

cj  on ferromagnet thickness Fd  and temperature. 
However, the measurement of cj  itself involves 
certain difficulties when using PdFe alloys as a 
Josephson barrier, since the latter possess in-plane 
magnetic anisotropy and can create magnetic flux 
through the SFS sandwich. This property is the 
basis for the Josephson magnetometry method [7] 
(absolute fluxometry [25]), as well as the application 
of such junctions as Josephson magnetic memory  
[7–9]. The problem is that during transport experiments, 
the critical current cI  is measured, which represents 
an integral function of magnetic induction ( , )x yB  in 
the Josephson barrier of the form

	 Φ
Φ

æ ö÷ç ÷+ç ÷ç ÷çè øò
0

0
0

2 ( , )= ( , )sin ,maxc c F
S

x yI j d T dxdy
φ

π φ 	

where 0Φ  is the magnetic flux quantum, and the flux
( , )x yΦ  is expressed as 

	
0 0

( , ) = ( , ) ( , ) ,
yx

y m x mx y B x y d dx B x y d dyΦ -ò ò 	

where = 2m Fd dλ +  is magnetic length, λ is London 
length, 0φ   is the phase difference at the origin of 
coordinates. The spatial distribution of magnetic 
induction B(x,y) in the Josephson barrier (including 
the spatial distribution of magnetization M(x,y)) is 
not known in advance and may depend on mesa 
dimensions and magnetic history of the sample. In 
this sense, more convenient materials are alloys 
Cu1 x- Nix , which possess fine-domain magnetic 
structure with out-of-plane magnetic anisotropy [26]. 
When using such alloys, domain magnetizations 
and scattering fields are well averaged and do not 

Fig. 3. Examples of critical current cI  dependencies on applied 
magnetic field H, used to determine the critical current density 

cj  using the method of "large" (a) and "small" (b, c) fields (see 
discussion in text). In all panels, black dots show field dependencies 
of critical current obtained after cooling the sample in zero 
magnetic field; red dots show "continuations" of black curves 
obtained after changing the sweep direction of field H. Blue dots 
in panels b, c show "continuations" of red curves obtained after 
repeated change in sweep direction. Experimental temperature 

4.2 K (a, b) and 1.22 K (c)
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create significant magnetic flux through the SFS 
sandwich. The latter is confirmed by the observation 
of Fraunhofer field dependence of critical current, 
independent of magnetic history [16,18]. Josephson 
junctions based on PdNi alloy possess similar 
properties [17]. This makes it possible to determine 
the value cj  as the ratio of critical current at = 0H  
(determined from currentvoltage characteristic) to 
the mesa area. Using PdFe alloys requires a more 
complex research procedure.

Each experiment began with cooling the 
sample in zero magnetic f ield followed by 
measuring the field dependence of the critical 
current within one magnetic f lux quantum 0Φ .  
The magnetic field measurement limits varied 
within up to 3 Oe depending on the experiment 
temperature or F-layer thickness (see Figs. 3b, c). 
With such magnetic field variation, a insignificant 
magnetic hysteresis was observed, which did not 
interfere with determining the maximum value cI . 
The critical current density is defined as the ratio of 
the maximum critical current value to the junction 
area. Magnetic field was varied in positive and 
negative directions, which allowed demagnetizing 
the Josephson barrier before the next measurement. 
It was preliminarily verified that during sample 
cooling, the magnetic structure of the sample is 
disordered: the shape of the field dependence of 
the critical current is close to Fraunhofer, and the 
maximum occurs near = 0H  (see black curve  
in Fig. 3a).

An alternative method is measuring the 
dependence of ( )cI H  within wide limits, clearly 
exceeding the saturation field of the F-layer (see red 
curve in Fig. 3a). Due to the high labor intensity 
and duration of the conducted experiments, this 
method was used only for some samples to provide 
additional confirmation of the observed effects. The 
duration of the experiment significantly increased 
in cases of irreproducible changes in the field 
characteristic shape during measurement, which is 
typically interpreted as the entry of an Abrikosov 
vortex into one or several junction electrodes 
[27 –32]. In such cases, the sample was warmed up 
and the experiment was started anew. Both methods 
used provide similar results (see Fig. 5), indicating 
sufficiently reliable determination of critical current 
density in the conducted experiments.

The formation of Josephson vortices (more 
precisely, the observation of "long Josephson 

junction" effects [33]) is unlikely for most of the 
studied samples. Indeed, a Josephson junction can 
be considered "long" if the mesa size L is sufficiently 
large compared to the characteristic Josephson length 

( )λ Φ
1/2

0 0= /2J c mj dπµ , where �0  is the vacuum  
magnetic permeabi l ity and λ = 80  nm for 
superconducting electrodes [34]. At least, the 
condition λ/2 > 1JL , must be satisfied, which for 
a square junction reduces to a limitation on the 
minimum critical current: 

	
Φ0

0
0

2
> = .c

m
I I

dπµ 	 (1)

Here 0 = 5I  мА for the chosen sample design. Since 
condition (1) is not satisfied for most of the studied 
junctions at all experimental temperatures, they can 
be considered "short".

Fig. 4. a — Dependence of the critical current density of samples 
on the Pd0.99Fe0.01 layer thickness (black dots). The black line shows 
approximation according to equations (3) and (4). Symbols "0" and 

"π" mark the regions of 0- and π-states for the calculated curve. 
Experiment temperature 4.2 K. b  — Dependencies calculated 
according to equation (3) for 1( )F Fdξ  (solid lines) and  2( )F Fdξ  
(dashed lines) for three temperatures: 1.2 K (blue), 4.2 K (black), 
8.0 K (red). The inset shows a graph corresponding to equation (2)
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Figure 4a shows the dependence ( )c Fj d  in the 
thickness range of 30–50  nm. In general, the 
critical current density decreases exponentially 
with increasing Fd , however, near the thickness of 
43 nm, a reentrant behavior of the experimental 
curve is observed, which is one of the signs of 
transition between 0- and π-states. The temperature 
dependencies ( )cj T  for samples with 42 nm  
< PdFed <45 nm are also reentrant (see Fig. 5), although 
the critical current for other samples increases 
monotonically with decreasing temperature. This 
effect is related to the temperature dependence 
of the oscillation period of the superconducting 
order parameter and is an additional indication 
of the change in the current-phase relation sign, 
as mentioned above (see also [5, 16, 18, 35]). The 
reentrant temperature dependence of the critical 
current is observed when using both methods of 
measuring the critical current density described 
above (compare black and red experimental  
points in Fig. 5).

Currently, it is impossible to definitively indicate 
the direction of the 0–π-transition, i.e., the sign 
of the current-phase relation at thicknesses less 
than 42 nm and greater than 45 nm. For this, it is 
necessary to expand the studied thickness range to 
detect another 0–π-transition and determine the 
oscillation period of the superconducting order 
parameter [16]. However, this involves certain 
technological and fundamental difficulties. In 
particular, to study thicknesses less than 35 nm, 
it is necessary to reduce the contact dimensions 
to  2–5  μm to limit the magnitude of measured 
critical currents during exponential growth cj . This 
is especially important since a large bias current 
can affect the magnetic state of the barrier (through 
the created magnetic field) and the measured 
critical current [8]. Manufacturing small-sized 
samples, in turn, requires the use of advanced 
lithography methods and subsequent processing 
of deposited layers. The exponential decrease in 
critical current density when studying the range of 

 > 45Fd  nm requires increasing the mesa dimensions 
above 10 μm, however, this disrupts the magnetic 
homogeneity of the sample [7]. A promising 
method is direct measurement of the current-
phase relation of samples in the vicinity of the  
0–π-transition [35, 5].

Some assumptions about the direction of the 
0–π-transition can be made using numerical 

calculations based on the data presented in work 
[36]. In it the dependence of the critical temperature 
of FS-bilayers Pd0.99Fe0.01-Nb  was investigated 
when changing Fd  in the range up to 75 nm. 
When approximating the experimental curve, it 

Fig. 5. Temperature dependence of the critical current density of 
samples for different thicknesses of the Pd0.99Fe0.01 layer. Black 
points are determined in small fields (see Figs. 3 b,c). Red dots 

correspond to large fields (see red curve in Fig. 3a)
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was shown that the effective exchange interaction 
energy increases with increasing Fd  according to  
a linear law, 

	 α 0 0( )/ = ( ), > ,ex F B F FE d k d d d d- 	 (2)

with growth coeff icient = 1.26 α K/nm and 
threshold thickness 0 = 10 d nm (see inset to Fig. 4 b). 
The coherence lengths 1,2Fξ  in the F-layer can be 
calculated [18] as 

	 ξ ξ
+ ±

*
1,2 2 2

2
= ,

( )
B c

F F
B ex B

k T

k T E k T

π

π π
	 (3)

where = 4.2 T К is the experimental temperature and 
ξ 

* = 2 = 5.6F F B cD k Tπ  nm is the characteristic 
length in Pd0.99Fe0.01, acting as a fitting parameter. 
The resulting dependencies 1,2( )F Fdξ  are shown 
in Fig.  4b  for three temperatures corresponding 
(approximately) to the middle and edges of the 
experimentally accessible temperature range. When 
substituting the obtained values into the expression 
for ( )c Fj d  [16], 

	 ξ
ξ ξ ξ ξ

1 1
0

1 2 2 2
= exp cos sin ,F F F F

c
F F F F

d d d
j j

æ ö é ù÷ç ê ú÷- +ç ÷ç ê ú÷÷çè ø ê úë û
	 (4)

we get the black curve in Fig. 4a. It can be seen that 
the theory predicts the second order number of the 
detected 0–π-transition, while the first one should 
be observed at 26Fd »  nm. Assumptions about the 
first or third order number of the 0–π-transition at

= 42 Fd nm either give unrealistic values of fitting 
parameters or disagree with experimental data. 
Verification of this prediction will be the subject of 
our further research.

4.  CONCLUSIONS

Thus, in this work, we conducted a study of 
multilayer Josephson superconductor-ferromagnet-
superconductor contacts based on superconducting 
niobium and weakly ferromagnetic alloy Pd0.99Fe0.01. 
A reentrant dependence of the critical current density 
on the Pd0.99Fe0.01 layer thickness was discovered at 
thicknesses around 43 nm, which is one of the signs 
of the implementation of π-state with a negative 
sign of the current-phase relation. This effect is 
confirmed by the observation of the reentrant 
temperature dependence of the critical current at 
these thicknesses. Numerical estimates predict 

the second order number of the 0–π-transition, 
i.e., transition from π- to 0-state with increasing 
ferromagnet thickness.
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