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We report the development of niobium nitride (NbN)-based ferromagnetic 7z Josephson junctions. For
fabricated NbN/copper-nickel (CuNi)/NbN junctions, we measure the ferromagnetic CuNi thickness and
temperature dependences of the Josephson critical current and find the cusp structure indicating the

transition between the 0 and 7 states. We also observe the characteristic temperature dependences for the
junctions with CuNi thicknesses near the O-z transition thickness, which originate from the interplay
between superconductivity and magnetism. The experimental results are consistently explained by the

microscopic theory with reasonable physical parameters. The developed NbN-based z junctions are
compatible with and provide advantages for superconducting logic circuits and/or quantum computers

based on nitride superconductors.
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I. INTRODUCTION

In recent years, the phenomena caused by an interplay
between superconductivity and magnetism, such as the z
state and long-range Josephson coupling, have been
actively studied [1,2]. The 7 state is an interesting quantum
state that emerges in ferromagnetic Josephson junctions
(superconductor-ferromagnet-superconductor; SFS junc-
tions) and originates from the spatial oscillation of the
superconducting order parameter penetrating the ferromag-
netic layer [3—11]. In the 7 state, the difference between the
superconducting phases in the two superconductors is 7 in
the ground state, which contrasts with the O state in the
conventional Josephson junction, where the phase differ-
ence is zero in the ground state. Although the possibility of
the 7 state was theoretically predicted many years ago [3,4],
experimental demonstrations of SFS junctions in the 7 state
(7 junctions) have been reported during the past 15 years or
so [6-10]. Experimentally, at the transition between the 0
and 7 states, the Josephson critical current drops to zero,
and a cusp structure appears in the temperature or ferro-
magnetic layer’s thickness dependences, because the “sign”
of the critical current is changed at the transition and its
absolute values are measured experimentally.

From a device-application point of view, z junctions
provide advantages in superconducting logic circuits and/or
quantum-computing devices [12—-19]. In logic circuits
based on a single-flux quantum (SFQ) [20], an introduction
of a 7 junction leads to an enhancement of the operation
margin and/or a reduction of the cell size in the SFQ circuits
[13,14]. Recently, O-z state controllable Josephson junc-
tions are expected to be a candidate for the cryogenic
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memory demanded for superconducting computers [15,16].
In these structures, the bit states O and 1 are saved in the
magnetization of the ferromagnetic layer. As an alternative
approach to realize the cryogenic memory, the “¢ bit” with
the O0- and z-state segments, in which the bit state is
recorded in the superconducting phase, has been demon-
strated [17]. The z junction also provides an advantage for
the superconducting flux quantum bit (qubit); the external
magnetic field which is required to introduce the half flux
quantum in the superconducting loop can be removed by
replacing a conventional Josephson junction with a =z
junction [18,19]. Thus, it is likely that the coherence of
the flux qubits can be improved and a scalability toward
large-scale qubits can be improved further.

We adopt niobium nitride (NbN) as an electrode material
alternative to niobium (Nb) and aluminum (Al), which are
widely used in superconducting logic circuits and qubits.
NbN enables high-frequency operation of up to 1.2 THz,
and/or operation at around 10 K, because of its super-
conducting critical temperature (7 ¢) of around 16 K, which
cannot be achieved in superconducting devices made of Nb
[21]. We have previously developed superconducting trans-
mon qubits based on fully epitaxial NbN/AIN/NbN tunnel
junctions grown on a magnesium oxide (MgO) substrate, to
improve the coherence time of the superconducting qubit
[22,23]. Although the 7z junctions have thus far been
fabricated by using Nb as an electrode [6-10], a (100)
NbN film grown on a MgO substrate has a very smooth
surface, unlike a polycrystalline Nb film. This is a big
advantage in realizing a clean superconducting-ferromag-
net interface and improving the controllability and repro-
ducibility of junction characteristics, but an advanced
interfacial control is required because of the relatively
short coherence length of NbN of around 4-5 nm.
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In this paper, we present NbN-based z junctions and
show the dependences of the Josephson critical current on a
ferromagnetic copper-nickel (CuNi) barrier thickness and
temperature. We demonstrate the distinctive temperature
dependence of the junctions with CuNi thicknesses close to
the 0-z transition thickness, which is originated from the
essential physics of the interaction of the superconductivity
and magnetism. It is revealed that all experimental results
are consistently explained by the microscopic theory with
reasonable physical parameters.

II. DEVICE FABRICATION AND
EXPERIMENTAL SETUP

In the present work, NbN and CuNi are deposited by the
dc magnetron sputtering of a Nb target in Ar and N, gases
and a CugyyNigs; target in Ar gas, respectively, at a
pressure of 5 mTorr at room temperature. The NbN and
CuNi thicknesses are controlled by the sputtering time,
using the estimated sputtering rate by Dektak profiler
measurements beforehand. The deposited 200-nm-thick
NbN shows a T, of 151 K and a resistivity of
75 p2cem at 20 K. By the x-ray diffraction measurements,
it is confirmed that the NbN layer is epitaxially grown on a
MgO substrate with (100) orientation, and, thus, a much
smoother surface is achieved when compared to the
polycrystalline Nb electrodes, which is one of the advan-
tages of a NbN/CuNi interface. In contrast, the NbN on the
CuNi layer in a NbN/CuNi/NbN trilayer will be poly-
crystalline, unlike the fully epitaxial NbN/AIN/NbN
junctions [22], and the actual roughness of the upper
CuNi/NbN interface will be investigated by using trans-
mission electron microscopy in the future. To check the
magnetic property of the CuNi, we measure the temper-
ature dependence of the in-plane and out-of-plane magne-
tizations for 30-nm-thick CuNi film deposited on the MgO
substrate by a commercial superconducting quantum inter-
ference device magnetometry system. Our film shows in-
plane anisotropy with a Curie temperature (7'c,.) of about
200 K. It is known that there is a linear relationship between
Tcuic and the Ni concentration x of Cu;_,Ni, [24], and,
from this relationship, we expect that x < 0.59 for the
deposited CuNi film, which is higher than x = 0.53 of the
sputtering target [24]. The resistivity of the CuNi film is
50 pQ2cm at 4.2 K, which shows good agreement with
typical values [8,10].

We fabricate NbN/CuNi/NbN ferromagnetic Josephson
junctions by the following process. First, we deposit
trilayers on a MgO substrate in situ without breaking the
vacuum in the same chamber to obtain clean interfaces.
The thicknesses of the NbN and CuNi layers are 200 and
5.0-11.0 nm, respectively. Next, the patterning is made by
an i-line stepper system, and the trilayers are etched by CF,
and Ar gases for the NbN and CuNi layers, respectively.
Then, the junction part is patterned, and the upper NbN and
CuNi layers are etched to define the junction area. After
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FIG. 1. (a) Picture of the 10 ym x 10 um SFS junction and
schematics of the cross section of the device. (b) Current-voltage
characteristics of NbN/CuNi/NbN junction with a CuNi thick-
ness of 10.5 nm at 4.2 K.

evaporating a SiO layer as an insulating layer, we make the
contact window at the junction by a lift-off process and
finally deposit and pattern a wiring NbN layer. The junction
area of the samples in the present work is 10 gm x 10 gm.
Figure 1(a) indicates a picture of the fabricated 10 um X
10 pm SFS junction and schematics of the cross section of
the device.

For the cryogenic measurements of the SFS junctions,
we use liquid helium for the CuNi thickness dependence of
the Josephson critical current (I) at 4.2 K and the *He
cryocooler system for the temperature dependences of /- at
0.3-13.0 K. To evaluate I, we measure the current-voltage
(I-V) characteristics by the standard four-terminal meas-
urement. In SFS junctions, the voltage generated above /.
is very small as sub-uV, because the normal resistance of
the junction (R,,) is comparable with the resistance of the
metallic ferromagnet layer if there is no large additional
interfacial resistance. Thus, we adopt the commercial
nanovoltmeter (Keysight 34420A) to measure the sub-
1V resistance in the present work.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the typical /-V characteristics of the
SFES junction with a CuNi thickness of 10.5 nm at 4.2 K.
As shown in Fig. 1(b), aJosephson current with overdamped
characteristics is observed, and /- is estimated to be 2.0 mA.
As expected, the generated voltage is very small (sub-uV),
and the obtained R, is 254 uf). Although the value of R, is
larger than the resistance of 10.5-nm-thick CuNi estimated
from the resistivity of the single 30-nm-thick CuNi film,
there seem to be no large interfacial resistances.

To investigate the ground state of the fabricated SFS
junctions, we measure /- for the junctions with CuNi
thicknesses (dr) of 5.0-11.0 nm at 4.2 K. Figure 2 indicates
the dependence of /- on the CuNi thicknesses (black
symbols). Although /- decreases with increasing dr, a
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FIG. 2. CuNi thickness dependence of the Josephson critical
current of the NbN/CuNi/NbN junctions at 4.2 K. Black
symbols indicate the experimental results, and the blue curve
indicates the theoretical curve of Eq. (1).

nonmonotonic cusp structure that may indicate the 0-z
transition is observed around 5.6 nm. A theoretical expres-
sion of /- in the SFS junctions derived from the Usadel
equations can be written as functions of dr and the
temperature (7)) [11]:

TT> Re <°° F(n q)qu( n)exp(— q‘HdF))

Ie(dp.T) = zco<

(1)

where /- is a constant prefactor, & is the coherence length
in the ferromagnetic layer, n is an integer, ¢;(n)=

l+a+wn QZ(n _(l+0)n) (l+a+af)\r/l> and
F(n) = AX(T)/[w, + v/@d + AP [11). Here A(T)
is  the superconducting  gap, ®,=w,/Ey =

7n(2n + 1)kgT/E., and a = h/(z,E.y) with the exchange
energy E., and the spin-flip scattering time 7, in the
ferromagnetic layer, the Boltzmann constant kg, and the
Plank constant 7. The parameter « indicates the degree of
the spin-flip scattering effect. The theoretical curve fitted to
the experimental result is shown as a blue solid line in
Fig. 2. Here we assume that E,,/kz = 1000 K from the
value of CuNi with a close T'cyy [25]. To fit the curve to the
data, we take the parameters @ = 0.8, £ = 1.92 nm, and
Ico = 6.5 x 10" mA. The decay (oscillation) length of

the order parameter is expressed as &pyp)(T) =

§F/\/ 1+ (@, +a)?+ (@, +a) [25], and from the
obtained parameters we derive & (0) = 1.33 nm and
Erp(0) =2.77 nm.

Here, we discuss the validity of the obtained fitting
parameters @, £, and I-y. When compared to previous
work on SFS junctions with a more diluted Cuy4;Ni 53
barrier [9], a weaker spin-flip scattering effect is obtained:
a=0.8 (in this work) <1.33 (in Ref. [9]). This is

physically reasonable for our case with x <0.59 in
Cu;_,Ni,, because it is known that the spin-flip scattering
effect becomes stronger for smaller Ni concentrations [10].
It is also consistent with another work in which a small
value of a = 0.58 is derived for the relatively stronger
ferromagnetic Cug 4Nig ¢ (Tcuie = 225 K) [10]. Regarding
the coherence length & of 1.92 nm, the value is inter-
mediate between 1.03 and 2.16 nm for the stronger and
weaker ferromagnetic CuNi, respectively [9,10]. Finally,
the prefactor I is also reasonable, because the fitted value
of 6.5 x 107 mA is comparable to that estimated from the
actual physical parameters such as 7T in the present
experiment. Regarding the spread of the experimental data
around the theoretical curve in Fig. 2, we expect that a
slight run-to-run and in-plane variations of the CuNi
thickness are a cause as well as the roughness of the upper
CuNi/NbN interface.

To confirm the existence of the 0-z transition at around
5.6 nm, we measure the temperature dependences of /. at
0.3—-13.0 K for the junctions with CuNi thicknesses around
the cusp: dp = 5.0, 5.6, 6.0, and 7.0 nm. The symbols and
curves shown in Fig. 3(a) indicate the measured /- and the
theoretical curves, respectively. As we expected from
the CuNi thickness dependence, for the junction with a
CuNi thickness of 5.6 nm (red symbol), we find a clear
temperature-induced O-7 transition with a cusp structure at
around 8.5 K. When the CuNi thickness is close to the
critical thickness of the O-z transition, the quantum state
changes from the z state at lower temperatures to the O state
at higher temperatures, caused by the increase of the
oscillation length &p,(T) as the temperature increases.
Owing to the high 7T'¢ of NbN, we could observe the 0-z
transition at the relatively high temperature of 8.5 K,
whereas the temperature-induced O-7 transitions at the lower
temperatures of around 2—4 K are reported for conventional

(2 ey (B
2F | N CuNi thickness - R T=75K
— 0909009, | -
<E( ) o, @ 50nm H
T 10fe, N o 56nm 4 Zo
] Nl"},} o ® @ 6.0nm 3
£ »9\‘ 9y 1
3 8 Zsf*&‘ N \\‘ N @ 70nm A
3 cp\o\w"ﬁx\ AN “0\ 03 03 01 00 01 03 03 04
j:-«:_ 6 <N\‘ ‘3} N . Voltage (V)
g k\‘, A ‘l“ 05| T=11.0K
2 4r Ro "g.l\ a T =
oy N LRI . Lo
2 2t N9 LSS £ 00
8 Q ° LN S0
¥ 9 2 o= 3 \\t o
0
012 3 456 7 8 9 1011 12 13 14 *°

Temperature (K) g Voha”g"e W) o
FIG. 3. (a) Temperature dependences of the Josephson critical
current of NbN/CuNi/NbN junctions with CuNi thicknesses of
5.0, 5.6, 6.0, and 7.0 nm. The symbols indicate the experimental
data, and the solid (dashed) curves indicate theoretical curves of
Eq. (1) with T = 15.1 (14.0) K. (b) Current-voltage character-
istics of the junction with a CuNi thickness of 5.6 nm at 7.5 K in
the 7 state and 11.0 K in the O state.
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Nb-based SFS junctions [6,8—10]. Figure 3(b) shows I-V
characteristics at 7.5 K in the z state and 11.0 K in the O state.
Furthermore, we observe the characteristic temperature
dependences for junctions with neighboring CuNi thick-
nesses of 5.0, 6.0, and 7.0 nm. In the junction with 5.0-nm-
thick CuNi (black symbol), the O state remains throughout
the whole temperature range, and /. shows a flat temper-
ature dependence for a wide temperature range of
0.3-5.0 K. This distinctive flat /- dependence originates
from the competition between the increase of the oscillation
period (increase of /) and the decrease of the Cooper pair
density (decrease of /) as the temperature increases [10].
In contrast, both junctions with CuNi thicknesses of 6.0
(green symbol) and 7.0 nm (blue symbol) are in the 7 state
at all temperatures. It is striking that the temperature
dependence for the 6.0-nm CuNi shows a steeper slope
than that for the 7.0-nm CuNi, and the crossover of /-
appears at around 7 K. This is because the junction with
6.0-nm CuN:i is located close to the 0-z transition thickness
(approximately 5.6 nm), and thus /. decreases rapidly
when the oscillation period increases with the temperature
increases. Conversely, the 7.0-nm CuNi junction is far from
the transition thickness, and so /- changes relatively slowly
compared to that for the 6.0-nm CuNi junction.

These characteristic behaviors can be reproduced quan-
titatively by using the microscopic theory [11]. The solid
lines shown in Fig. 3(a) indicate the curves of Eq. (1) with
E./kpg =1000 K, a =0.8, & =1923 nm, and T, =
15.1 K as common parameters for all CuNi thicknesses
and with I~y = 4.5 x 10’=13.4 x 10’ mA as the one free
parameter. Here we assume a temperature-independent £,
because Ty 1S much larger than T in the present
experiment [26]. As shown in the figure, the theoretical
curves follow the experimental results well, although there
are some deviations at the high-temperature region, and the
curves show the characteristic temperature dependences
discussed above. It should be noted that both the CuNi
thickness dependence (Fig. 2) and the temperature depend-
ence for all CuNi thicknesses can be consistently explained
by one parameter set of E., a, and {r. Regarding the
deviation of the theoretical curves from the experimental
data at higher temperatures, we find that 7 of the top
wiring NbN on the SiO layer is reduced to 13.4 K in the
samples, and thus /. drops to zero before reaching 15.1 K.
Although it is difficult to evaluate the actual T- of the
counter and base NbN layers of the junction, the theoretical
curves from the assumption of a reduced 7' of 14.0 K are
shown in the dashed lines in Fig. 3(a). The calculated
curves follow the experimental results well even at the
higher-temperature region.

From the above experimental results and theoretical
analysis, we are convinced that NbN-based 7 junctions
are obtained for CuNi thicknesses of above 5.6 nm. As
shown in Fig. 3(a), the NbN-based junctions can work as a
z phase shifter by setting the CuNi thickness, not only for

superconducting qubits operated at sub-Kelvin temper-
atures but also for superconducting logic circuits operated
at high temperatures of around 10 K. Furthermore, it is
noteworthy that the developed NbN-based junction shows a
high critical current density (j.) of around 10000 A/cm?
in the 7 state for the junctions with a 6.0- and 6.5-nm-thick
CuNi barrier (see also Fig. 2). The obtained j is 10 times
larger than that reported for a Nb-based z junction [9].
This feature will provide advantages to the various super-
conducting device applications such as the SFQ circuit. In
the application of the cryogenic memory based on the
Josephson ¢ junction, the NbN-based z junctions are
expected to provide various merits such as a reduction
of the memory element size because of their small
Josephson penetration length [17]. From the point of view
of the superconducting z qubit [18,19], the NbN-based #
junction has a good compatibility with nitride-based qubits,
which is expected to be a good-coherence qubit (e.g.,
Ref. [23]). Even though the z junction itself is not fully
epitaxial, a fabrication process and a device structure
become simpler by adopting the NbN-based 7 junction
as a phase shifter.

IV. CONCLUSION

In conclusion, we succeed in fabricating a NbN-based =
junction and precisely measure and analyze the dependence
of the Josephson critical current on the ferromagnetic CulNi
thickness and temperature. We observe a distinctive tem-
perature dependence of the CuNi thickness close to the 0-z
transition thickness, as well as the temperature-induced 0-z
transition, reflecting the oscillation of the order parameter
in the CuNi due to the interaction of superconductivity
and magnetism. The experimental results are consistently
explained by the microscopic theory, with reasonable
physical parameters. The results presented in this paper
not only provide a deeper understanding of the physics of
superconducting spintronics, but reveal a material choice
for realizing high-performance superconducting classical
or quantum devices.
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