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We test the effect of an external RF field on the switching processes of magnetic Josephson junctions
(MJJs) suitable for the realization of fast, scalable cryogenic memories compatible with Single Flux
Quantum logic. We show that the combined application of microwaves and magnetic field pulses
can improve the performances of the device, increasing the separation between the critical current
levels corresponding to logical “0” and “1.” The enhancement of the current level separation can be
as high as 80% using an optimal set of parameters. We demonstrate that external RF fields can be
used as an additional tool to manipulate the memory states, and we expect that this approach may
lead to the development of new methods of selecting MJJs and manipulating their states in memory

arrays for various applications. Published by AIP Publishing. https://doi.org/10.1063/1.5018854

I. INTRODUCTION

Further progress in computing systems demands a sig-
nificant improvement in energy-efficiency of digital data
processing. Cryogenic superconducting single flux quantum
(SFQ) technology by virtue of its high speed and low power
dissipation attracts a significant attention for the realization
of the next generation classical computing system with high
energy efficiency.' For progress in scalable fault-tolerant
quantum computing, a cryogenic classical digital and mem-
ory technology is sought to provide supporting functions for
qubit circuits such as readout, control, and error-correction.
The realization of these functions with energy-efficient SFQ
cryogenic technology provides an opportunity to locate these
circuits in a close proximity to the superconducting qubit cir-
cuits.>* While digital SFQ circuits have reached a relative
maturity of a practical significance,””’ the matching low
power dissipation, high density memory that could be inte-
grated naturally with superconducting digital SFQ circuits
remains elusive and still needs to be demonstrated. One of
the problems is that despite significant efforts, the supercon-
ducting SFQ-based memories remain low density with rela-
tively large size memory cells (tens of square microns)
determined by large geometric inductances and transform-
ers.*” This stimulates various hybrid memory approaches
from the incorporation of entire semiconducting memory
cell arrays'® to the integration of spintronic memory ele-
ments'"'? and the development of memory devices based on
magnetic Josephson junctions (MJJs) with ferromagnetic
barriers.'>”"” While achieving relative success in the mem-
ory device development, the overall designed memory cells
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remain large with their size dominated by elements such as
nTrons,"® readout SQUIDs, transformers required for
enabling memory cell addressing within memory arrays, and
performing write and read operations. Therefore, the devel-
opment of alternative addressing approaches which would
allow to decrease memory cell size and increase memory
cell density will have a considerable impact on the cryogenic
memory development.

In this paper, we study the effects of microwave fields on
MJJ critical current levels in an attempt to find an alternative
addressing approach which would minimize the memory cell
dimensions. The RF-assisted magnetization switching is a
rather well known phenomenon for a wide range of systems
such as magnetic clusters, single-domain magnetic particles,
and magnetic tunnel junctions,'®” but it has never been
investigated on MJJs, although spin wave resonances have
been observed in conventional ferromagnetic Josephson
junctions.?® Here, we show how this effect of remagnetiza-
tion boost by RF fields can be used to improve discernibility
of two logical states of a superconducting memory element
based on Pdg goFeq o magnetic barrier.

When an RF field is applied together with a magnetic
field pulse, the percentage difference in high and low critical
current levels can be almost twice as large as the difference
observed in the absence of external RF fields. We have found
that for the particular sample investigated in this work, the
separation between the two current levels can be improved
from 380 uA to 680 uA, for optimal working temperature
and for magnetic field pulse amplitudes below 50% of the
saturation field. This effect provides an additional knob to
manipulate the memory state of MJJs which can increase

Published by AIP Publishing.
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power efficiency of the memory device and assist in solving
MJJ addressing problems.

Il. METHODS

The MJJs used for this experiment have been fabricated
within a collaboration between HYPRES, Inc., and the
Institute of Solid State Physics, Russian Academy of
Sciences (ISSP-RAS).16 The first step of the fabrication is
the production of a Nb/AI-AlO(ND) trilayer using the stan-
dard HYPRES process to attain 4.5kA/cm? critical current
density samples.?*** The bottom Nb electrode is 120 nm,
while the Nb counter electrode is 15nm thick at this stage.
Then, the wafers are diced in 15mm X 15mm samples and
sent to ISSP for the second stage of the fabrication. The Nb
counter electrode is etched down to about 10nm using Ar
ion milling. This operation removes Nb oxide and possible
organic residues from the Nb surface, providing good inter-
face transparency between the Nb layer and the ferromag-
netic barrier. Then, a Pdy g9Fe 1/Nb bilayer is deposited on
top using rf- and dc-magnetron sputtering in Ar plasma. The
thickness of the PdFe layer is 14 nm and the top Nb layer is
150 nm thick. Further fabrication process corresponds to that
described elsewhere.'®*! The junction mesa has a square
shape of 10 x 10 um? size. A sketch of the sample is shown
in Fig. 1(a), while the measurement wiring is shown in Fig.
1(b). The important point noted in previous works'’=? is that
superconductivity is not completely suppressed in the inter-
mediate Nb layer, allowing the transmission of a sufficiently
large supercurrent through this SIsFS multilayer as compared
to a SIFS junction, where S is for superconductor, I for insu-
lator, and F for ferromagnet. On the other hand, the thickness
of the Nb interlayer is much smaller than London penetration
depth, and any magnetic effect due to external field or inter-
nal magnetization affects simultaneously tunnel and ferro-
magnetic layers. This ensures both hysteretic critical current
versus magnetic field dependence I-(H) due to remagnetiza-
tion of PdFe barrier and high /cRy product due to tunnel bar-
rier of the SISFS junction, where /¢ is the critical current of
the junction and Ry is the normal state resistance. In other
words, experimental data show that AlO,—(Nb)-PdFe multi-
layer serves as a single high-resistive barrier with hysteretic
remagnetization curve.

The measurements have been performed in a Heliox VL
evaporation cryostat, with the sample thermally anchored to

Nb contact pads
(b)

Junction

Nb counter
electrode (150 nm)

Sio

/

PdFe layer
(14nm)

Al/AIO, tunnel
barrier

Nb interlayer

Nb base
electrode (120 nm)

Si substrate

FIG. 1. The sample analyzed in this work: (a) MJJ 3D structure and cross
section (not to scale) with layers thicknesses marked and (b) measurement
wiring with I— and V— connected to the base electrode and 14 and V+ con-
nected to the counter electrode.
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the *He pot of the cryostat. Magnetic field is applied in the
plane of the junction, which is the easy magnetization plane
due to the presence of the two superconducting electrodes
acting as screens, using a superconducting Nb/Ti coil ther-
mally anchored to the 1 K pot of the cryostat to ensure ther-
mal insulation of the sample. We use a pulse generator to
control width, amplitude, and other parameters such as delay
and rising and falling time of the pulse. The filtering system
of our cryostat is designed to minimize thermal and elec-
tronic noise, using a combination of RC filters and copper
powder filters anchored to different thermal stages, with cut-
off frequencies of about 1 MHz and 1 GHz, respectively.****?
Standard current-voltage characteristics (I-Vs) have been
measured as a function of temperature and magnetic field, by
current biasing the MJJ with a ramp at low frequency (about
10 Hz) and by measuring the voltage across the junction with
a battery powered differential amplifier. The RF train is
emitted by an antenna placed close to the sample and con-
trolled through a microwave generator synchronized with the
signal generator used for magnetic field pulses, so that it is
possible to control its delay with respect to the magnetic field
pulse and its length, as well as its frequency and power.

The working frequency is 3.88 GHz, chosen so that the
coupling with the junction is maximum, which means that
we observe the maximum critical current reduction when
microwaves are continuously applied to the sample. This fre-
quency is slightly higher than the ferromagnetic resonance
(FMR) frequencies detected for 100nm thick Pdgg9Feq o,
layers®® and provides effective magnetization dynamics due
to microwaves. The exact optimal microwave frequency we
use for this experiment only depends upon the geometry of
our setup, i.e., the relative positions of the microwave
antenna and the sample holder. At other frequencies, the cou-
pling between the antenna and the sample is strongly
reduced. All the measurements presented in this work have
been performed by setting the RF generator power level to
4.9dBm and the train duration to 250ms at 4.2K, if not
specified otherwise. The power level of the microwave field
is then reduced by two 3 dB attenuators anchored at different
stages of the cryostat. Measurements performed at base tem-
perature (0.3 K) on samples with lower critical current con-
firm the results obtained at 4.2 K. The working temperature
has been chosen as it is the typical working temperature of
Nb-based SFQ circuits.

The use of an antenna limits our control of the micro-
wave train and cannot be considered as a viable approach for
memory cell fabrication. However, the demonstration of RF
influence on memory switching processes paves the way for
the development of new addressing schemes based on copla-
nar RF waveguides, as shown for magnetic tunnel
junctions.?”

PdFe layer is a soft ferromagnet with cluster magnetic
structure and a Curie temperature of about 10K at 10-20 nm
thickness.?** The magnetic moment of PdjgoFego; thin
layers is distributed mostly within the relatively large Fe-rich
Pd;Fe nanoclusters of approximately 10nm size and around
100 nm spacing in between. The clusters are embedded in a
paramagnetic Pd host layer with high polarizability.*> The
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hysteresis loop is due to reorientation of the magnetic moment
of these clusters.

In this work, we choose Pdg goFe( o, because its proper-
ties have been extensively studied.?*~**> The excitation of
magnetic moments out of their equilibrium position is not
limited to a specific material, so our results on PdgooFeq o;
can be extended to other ferromagnetic materials. More spe-
cifically, it is possible to use single-domain ferromagnetic
interlayers with biaxial magnetization anisotropy such as
CrO, (Ref. 36) or Permalloy (Ref. 37), where the RF signal
could ease the switch between the two corresponding energy
minima. Another possibility is the use of PdFe alloys with
different Fe concentrations. The ferromagnetic properties of
the alloy can be tuned by using an appropriate Fe concentra-
tion, thus improving the scalability of the memory element.

Since the magnetization is in the plane of the junction,
the magnetic flux @y, due to the layer magnetization M adds
up to the flux generated by the external field @y

O = Oy + Oy = 4nMLdr + HLd,,, (1)

where L is the junction width, dr is the thickness of the ferro-
magnetic layer, and d,, is the magnetic thickness of the
SISFS junction.'”>'** The I-(H) dependence of the junction
is thus a shifted and distorted Fraunhofer pattern [Fig. 2(a)]
consistently with theory.?"** For each value of the mag-
netic field below the saturation field, there are two different
critical current values that can be used as logic states

I, (MA)

H (Oe)

150] (b)

working point :

100+

47M (G)

-100+

0
H (Oe)

FIG. 2. Magnetic field dependence of the critical current (a) and of the mag-
netization (b) for a MJJ with PdFe thickness of 14 nm at different tempera-
tures. Green line represents the chosen working point. As temperature
increases, the spacing between the two maxima of Ic(H) decreases (a).
Similarly, the width of M(H) curves decreases as T increases (b). Insets:
Characteristic fields of the ferromagnet (coercive field H- and saturation
field Hg indicated on sample curves).
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(“1” and “0”). M(H) curves can be calculated from Ic(H)
curves (Fig. 2) using the known methods.?'

From I-(H), it is also possible to estimate experimen-
tally d,,, the magnetic thickness of the SISFS junction. For
fields above the saturation field, the magnetic flux ®y; due to
magnetization is constant, and thus the difference between
two subsequent minima depends solely on the applied field*'

o\ ([ Dy\
A(2)a() v o

From M(H) curves, it is possible to estimate the saturation
magnetization My, the coercive field H., and the saturation
field Hg [inset in Figs. 2(a) and 2(b)]. Mg is the maximum
magnetization value reached by the ferromagnetic barrier, at
3.5K we observe Mg ~ 150G, while at 5K we measure a
saturation magnetization around 100G. H¢ is the external
field needed to completely demagnetize the ferromagnet, and
in our case ranges from /1.2 0e at 3.5K to 0.8 Oe at 5K.
The saturation field Hy is the field at which My is reached.
For our samples, it is almost constant between 3.5K and
4.7K, approximately 10 Oe, and it drops to roughly 6 Oe at
5.0K.

For uniform MJ the two I-(H) branches are sym-
metrical with respect to zero field, and so the memory cell
use of this device requires a magnetic field bias to set the
optimal working point. This corresponds to the magnetic
field value for which the difference between the high and the
low critical current levels is as large as possible, provided
that the magnetic bias is within the saturation field. This
occurs in correspondence of the maximum of I-(H) pattern,
at about 1.2 Oe, as shown in Fig. 2. In previous works,16 this
was achieved automatically due to magnetic field generated
by bias current.

31,32
J,

lll. RESULTS

We compare the current levels obtained by applying
only magnetic field pulses 500 ms long [Fig. 3(a), left] and
those obtained by applying microwaves together with the
field pulse. In both cases, critical current levels have been
measured from standard I-V curves acquired after the end of
magnetic field pulse. In Fig. 3(a) (right), the RF train has
been modulated so that it is 250 ms long and centered around
the center of the field pulse. The time width of the train is
tunable, along with the delay with respect to the magnetic
field pulse and the rise and fall parameters. The comparison
has been performed by collecting 10 pairs of low-high cur-
rent I-Vs for each case, and Al is calculated from the average
of low and high current levels by using Eq. (3). Uncertainty
on Al is estimated by propagating the errors on the average
high and low current levels.

An example of the above mentioned procedure is shown
in Fig. 3(b), where we present I-V curves for high /. states
(black) and low I~ states (red). On the left, we show I-V
curves when only magnetic field pulses are applied, on the
right I-V curves registered after the application of magnetic
field and microwaves [see Fig. 3(a) (right)] are shown. The
column plot in Fig. 3(c) shows the critical current levels
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FIG. 3. (a) Scheme of the driving pulses. Black: Magnetic field pulse, green:
microwaves. (b) and (c¢) IV curves and current levels in the absence (left)
and in the presence (right) of microwaves. The amplitude of the field pulse
is 3.90e, the RF train has a frequency of 3.88 GHz, and a duration of
250 ms. (b) Black IV curves are registered at high critical current level and
red I'Vs at low critical current levels. (c) Blue bars represent current levels in
the absence of applied microwaves, and red bars are current levels when an
RF field is applied together with magnetic field pulses. (d) Comparison
between Al with and without microwaves for different values of the field
pulse amplitude. Blue: Al when switching is performed using only magnetic
field pulses, red: Al when microwaves are used to assist the switching
process.

obtained from each I-V curve in Fig. 3(b). Blue bars repre-
sent the current levels in the absence of microwaves, while
the red bars are the current levels when microwaves are
applied together with field pulses.

First, we tested the devices as memory elements using
large magnetic field pulses (i.e., with amplitude larger than
the saturation field) as reported in the literature,16 and then we
applied the microwave train. To evaluate the effect, we define
Al as the percentage difference in high and low critical current
levels, and G as the percentage enhancement of Al

Ihigh _ ]low
Al = € high € ’ (3)
I
Alyw — Al
G — MVZI - MW. (4)

For these field values, the difference between critical
current levels Al is (60 = 2)% in both cases, so G is zero.

J. Appl. Phys. 123, 133901 (2018)

Decreasing the field pulse amplitude down to ~Hs/2
~ 5.70e, Al becomes higher when the RF field is applied,
and G increases. By further decreasing the field pulse ampli-
tude, G increases and reaches the maximum difference at
about 3.9 Oe and then decreases progressively, until at low
fields, of about 2.4 Oe, G goes back to zero. As shown in
Fig. 3(d), we observed an enhancement of Al in a wide range
of field pulses. For a field pulse of 3.9 Oe, the percentage
enhancement G is 35%.

A. Energy and temperature dependence

Our experiments show that the difference between the
critical current levels also depends on the amount of energy
transferred to the device. In particular, we tested the effect
for different RF power levels and pulse durations, alongside
with testing at different nominal energy values of the micro-
waves. We have found that increasing RF power level and
keeping the train duration constant, the current level separa-
tion enhancement increases, and the same happens when
increasing the time duration of the external microwave field
by keeping the power level constant.*®

In Fig. 4(a), we show the current level separation
obtained for three nominal energy values, 465 uJ, 773 uJ,
and 1235 uJ. For the lowest energy value, we show current
levels obtained for different power and time duration values
of the microwave train, chosen so that the energy is kept
almost constant. In this case, the current levels separation is
the same within error bars. The comparison between all the
five data-sets in Fig. 4(a) confirms that the power level or the
duration alone play no active role in the switching
enhancement.

The use of long pulses for magnetic fields and RF trains
is due to intrinsic limits of the setup used to demonstrate the
effect. The characteristic time of the superconducting coil
used to generate magnetic field is of the order of several ms,
while the use of an antenna to apply microwaves implies a
reduction of the actual power reaching the sample. In order
to measure the intrinsic switching times of the MJJ, a further
step is needed to implement a specific setup and engineer a
sample equipped with dedicated on-chip waveguides.

The dependence of critical current levels on the energy
carried by the RF signal demonstrates an instability in cluster
magnetic structure of PdFe induced by the RF signal itself.
The microwave radiation excites fluctuations of local magnetic
moments of PdFe clusters that decrease the coercive field and
facilitate the remagnetization process. The alternating field of
the microwave signal moves the local magnetic moments out
of equilibrium, causing their precession, which can be treated
as thermal fluctuations. This analogy is suggested by tempera-
ture measurements shown in Figs. 4(b) and 4(c).

The percentage enhancement G at a given temperature
corresponds to the percentage difference in coercive fields at
different temperatures. At low temperatures, M(H) is almost
constant, so if the effective temperature of local magnetic
moments varies from the 3.5 K working temperature to 4.2 K
due to the effect of microwaves the coercive field H- and the
saturation magnetization Mg are almost unchanged, as
sketched in Fig. 4(b) (left). Therefore, the difference between
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B 3.9 Oe + 465uJ (4.9dBm x 150ms)
BB 3.9 Oe + 465uJ (2.7dBm x 250ms)
XXX 3.90e + 773ud (4.9dBm x 250 ms)
B 3.9 Oe + 1235ud (4.9dBm x 400ms)
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FIG. 4. (a) Current levels for different duration and power level of the micro-
wave train. The working temperature is 42K, while the pulse amplitude is
3.9 Oe. (b) Magnetization curves obtained from /¢ (H) measurements at different
temperatures. Left: 3.5K and 4.2K. Right: 4.7K and 5K (c) Al for different
working temperatures, using magnetic field pulses with 3.9 Oe amplitude.
Assuming a local heating ~0.5 K, the difference in A/ obtained with and with-
out microwaves is justified by the difference in M(H) curves shown in panel (b).

Alyw and Al is small, as shown in Fig. 4(c) (left), where
the corresponding G is 8%. At higher temperatures (for
instance, for a working temperature of 4.7K), M(H, T) and
M(H,T + o0T) can have significantly different coercive fields,
as can be seen from Fig. 4(b) (right), and thus a higher differ-
ence between A/ with and without applied microwaves is
observed in Fig. 4(c) (right), where the percentage difference
between Alyy and Al,,uw is as large as 80%. This enhance-
ment proves that microwaves and electrical signals can be
used together to write information to a MJJ. This creates other
design possibilities for memory array addressing schemes.

IV. DISCUSSION

The change in M(H) curves around 4.7K has been
recently explained35 taking into account a two-component
magnetization of PdFe. It has been shown that thin (<20 nm)
PdFe films with low iron content present two different Curie

J. Appl. Phys. 123, 133901 (2018)

temperatures that correspond to two different interactions.
The main contribution is due to short range interaction, while
the weaker contribution is related to a Ruderman-Kittel-
Kasuya-Yosida (RKKY) long range interaction. In our sam-
ples, PdFe is 14 nm thick, with a higher Curie temperature of
~12K. According to the previous works,”” the lower Curie
temperature 7 is ~0.47, for 20nm PdFe thin films, where
T, is the higher Curie temperature. In our case, T corre-
sponds to ~4.8 K, which is in agreement with our experi-
mental data.

Another potential application of the MJJ with PdFe-
nanoclustered ferromagnetic layer is neuromorphic comput-
ing circuits. Recently, it was proposed to use MJJs with Mn
ferromagnetic nanoclusters for the implementation of artifi-
cial synapses compatible with SFQ-based artificial neurons
as underlying technology platform for large scale neuromor-
phic systems.***® One can use microwave radiation to tune
critical current of MJJ-based synapses by implementing syn-
aptic plasticity—the foundation of learning and memory
functions in neuromorphic systems.

The proposed microwave-assisted tuning of MJJ critical
currents may be used also in the recently proposed supercon-
ducting magnetic field-programmable gate array (FPGA), in
which MJJs are used to implement the FPGA programming
layer.*!

The MJJ device with the clustered ferromagnetic layer
may not be scalable to submicron dimensions, perhaps limit-
ing their size to 1 um?. However, the size of the MJJ is often
not defining the cryogenic memory cell dimensions, nor the
memory array density. In fact, the addressing schemes to
enable a reliable selection of memory cell in a random access
memory (RAM) array define the memory cell area and RAM
array density. In particular, the few square micron MJJ used
in Josephson magnetic random-access memory (JMRAM)*
is embedded into a readout SQUID which dominates the
memory cell area and may not be scalable below 20 um?.
This makes the perspective MJJ-based memory cell compa-
rable in size to the all-JJ memory cell® re-scaled using mod-
ern fabrication processes.

Most of the literature devoted to new cryogenic memory
devices does not address this issue and focuses solely on the
memorizing storage element such as MJJs of various kinds
overlooking the critical issue of implementing the address-
able memory cell design within a 2D RAM array configura-
tion. Therefore, we believe that the development of new
ways to address and manipulate memory cell within the array
will have the highest impact on the eventual success of vari-
ous memory implementations by achieving higher density.
This work on microwave assisted MJJ switching is a step in
this direction.

V. CONCLUSION

In conclusion, we observed a clear evidence of RF-
assisted switching of magnetic Josephson junctions in a wide
range of magnetic field pulses. For field pulses above and
below this range, the RF radiation does not provide any
effect. The larger field pulses magnetize MJJ into a satura-
tion and any change in M(H) induced by microwaves cannot
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be distinguished. For the lower field pulses, M(H) becomes
non-hysteretic and almost linear. The RF-assisted switching
mechanism can be explained in terms of effective heating of
local magnetic moments, and its temperature dependence
can be interpreted in terms of a two-component magnetiza-
tion in PdFe. The application of RF radiation makes possible
to induce MJJ switching by using lower field pulses than
without RF. This also allows one to reduce reading bias cur-
rent, potentially leading to the improvement of the overall
energy efficiency.

The damping of the coercive field caused by the micro-
wave signal can be used to choose the amplitude of the writ-
ing magnetic pulse in such a way that only MIJs subjected to
the microwave radiation change their digital state. In this
way, the addressing task is reduced to the control of the
microwave train, which is easier to perform. Further studies
are required to determine the role of other mechanisms that
might be involved in switching processes.

We plan to extend the RF-assisted switching approach
to entirely RF addressing of memory cells in an array, using
coplanar waveguides as described elsewhere,'>*° which can
allow us to better tune other parameters that can improve the
overall performances of the memory array.
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