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The basis for superconducting electronics can broadly be divided between two technologies: the Joseph-
son junction and the superconducting nanowire. While the Josephson junction (JJ) remains the dominant
technology due to its high speed and low power dissipation, recently proposed nanowire devices offer
improvements such as gain, high fanout, and compatibility with CMOS circuits. Despite these benefits,
nanowire-based electronics have largely been limited to binary operations, with devices switching between
the superconducting state and a high-impedance resistive state dominated by uncontrolled hotspot dynam-
ics. Unlike the JJ, they cannot increment an output through successive switching and their operation speeds
are limited by their slow thermal-reset times. Thus, there is a need for an intermediate device with the inter-
facing capabilities of a nanowire but a faster, moderated response allowing for modulation of the output.
We present a nanowire device based on controlled fluxon transport. We show that the device is capable
of responding proportionally to the strength of its input, unlike other nanowire technologies. The device
can be operated to produce a multilevel output with distinguishable states, the number of which can be
tuned by circuit parameters. Agreement between experimental results and electrothermal circuit simula-
tions demonstrates that the device is classical and may be readily engineered for applications including

use as a multilevel memory.

DOI: 10.1103/PhysRevApplied.11.034006

I. INTRODUCTION

Superconducting devices have played critical roles in
technologies such as quantum computing [1], astronom-
ical imaging [2—4], magnetometry [5,6], and digital logic
[7—10]. Past superconducting electronics have largely been
based on the Josephson junction (JJ) due to its desirable
characteristics such as rapid operation speeds >100 GHz
and power dissipation on the order of 10~'° J per switch
[11]. Recently, however, superconducting nanowires have
emerged as an alternative platform for new electronics.
Unlike JJs, superconducting nanowires are dominated by
thermal dissipation and a loss of phase coherence, switch-
ing from a superconducting state to a high-impedance
resistive state when triggered by an external signal, such
as a photon or current pulse. This functionality has
enabled nanowires to be used in applications where JJs
fall short—for instance, the nanocryotron (nTron) is a
three-terminal comparatorlike nanowire device that can
support high impedances and large fanout [12], whereas
JJs lack intrinsic device gain and compatibility with
high-impedance environments. The nTron can also be

*berggren@mit.edu

2331-7019/19/11(3)/034006(9)

034006-1

triggered by single flux quantum (SFQ) pulses to interface
between JJs and CMOS circuits [13,14], demonstrating
that nanowire electronics have a unique place in computing
architectures. Other advantages of nanowires, including
their single-layer fabrication, high-output voltages, and
scalability, have prompted the development of new devices
for use in readout, memory, and sensing.

Despite the growth of nanowire electronics, further
advancement into new applications is currently hindered
by characteristics that are inherent to nanowires. By
switching from the superconducting domain to the resis-
tive domain in response to an external input, nanowires
are limited to operations of two states, with the resistive
state expelling nearly all current from the high-impedance
hotspot and generating a single large output. For the
nTron, in which an input gate current triggers the growth
of a high-impedance normal domain in the channel, this
means that the output voltage is fixed and is only depen-
dent on the gate current exceeding a critical threshold.
Similarly, a recently reported superconducting nanowire
memory based on persistent current was limited to binary
operations of either “0,” no current stored in the super-
conducting loop, or “1,” a maximum amount of current
stored in the loop [15]. By breaking coherence, hotspot
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formation also prevents incrementation of the output by
successive device switching, as can be done with JJs.
Another disadvantage of nanowire devices is that the oper-
ation speeds are slow due to the long thermal healing time
of the resistive domain, which is often made slower by the
electrical time constants of the biasing circuit.

These limitations leave a gap in the family of super-
conducting electronics for a device that offers the robust
interfacing capabilities of a traditional nanowire, but with a
more moderated response that allows for modulation of the
output, analogous (but not identical) to incrementing in a
JJ. Past approaches to creating such a device have focused
on Dayem bridge weak links [16,17], where the dimen-
sions of a nanowire in relation to the material’s coherence
length allow for preservation of phase coherence over a
temporary phase-slip center. However, there have been
very few experimental demonstrations of these devices in
real circuit operations, and the primary goal has largely
been to achieve true Josephson behavior in a nanowire
rather than to demonstrate a device with the intermediate
characteristics of both technologies.

Here, we report on a superconducting-nanowire device
based on thermal principles that demonstrates a controlled
output. Unlike other nanowire technologies, the device
responds proportionally to the magnitude of an input signal
and can be operated to achieve multiple discrete states. By
using local resistive shunting and a high-inductance super-
conducting loop, we are able modulate the expulsion of
current in an ultranarrow superconducting constriction and
to controllably trap flux [18] in quantities of n®,, where
n is an integer less than 10, and & is the magnetic flux
quantum. We experimentally show that the amount of flux
per event n is dictated by circuit parameters and validate
these results with electrothermal simulations. The results
show that the device may be designed to achieve differ-
ent n®( outputs depending on the desired application. We
anticipate that this device will serve as a foundation for
new nanowire technologies such as a multilevel memory
or multilevel-logic-circuit elements.

II. METHODS

A. Device fabrication

The devices presented in this work are fabricated using
a multistep lithography process. The shunt resistors and
alignment marks are first patterned using electron-beam
lithography (Elionix F125). A bilayer resist process is
employed by first spinning the polymethyl methacrylate
(PMMA) copolymer EL6 (6% in ethyl lactate) at 5 krpm
for 60 s, then spinning the positive-tone resist gl.2000
(Gluon Lab LLC) at 6 krpm for 60 s. The resist is devel-
oped in o-xylene and MIBK:IPA in a 1:3 ratio. A 10-nm
Ti+25-nm Au metal bilayer is evaporated, and lift off
is achieved in N-Methyl-2-pyrrolidone (NMP) heated to
60°C for 1 h. An approximately 20-nm-thick NbN film

is then deposited in an AJA sputtering system follow-
ing the procedure described in Ref. [19]. The resulting
sheet resistance is 150 €2/sq and the critical temperature
is 8.5 K. The nanowire structures are then patterned with
electron-beam lithography using gl.2000, followed by cold
development in o-xylene at 5 °C and reactive ion etching
in CF4 (Plasmatherm, rf power of 50 W, chamber pressure
of 10 mTorr). The structure is imaged using a scanning
electron microcrope (Zeiss) to check for proper alignment.
The full process flow may be found in the Supplemental
Material [20].

B. Experimental setup

All measurements are performed with the devices sub-
merged in liquid helium at 4.2 K. The devices are adhered
to a printed circuit board (PCB), and electrical connec-
tions between the devices and gold PCB pads are made
using aluminum wire bonds. The PCB ports are con-
nected to room-temperature electronics outside of the lig-
uid helium dewar through CMP cables. Current-voltage
characteristics are measured by applying a sinusoidal bias
current from an arbitrary waveform generator (Agilent
AWG33622A) at a sweep frequency of 1020 Hz with
a 10-kQ2 series resistor. The dc output voltage is read
by a 2-GHz, real-time oscilloscope (LeCroy 620Zi) after
amplification through a low-noise preamplifier (Stanford
Research Systems SRS560). The switching current of the
readout device (the yTron) is measured by applying a volt-
age pulse through a 30-dB attenuator to the device and
measuring the skew between the oscilloscope trigger ris-
ing edge and the time at which a voltage output from the
yTron is recorded, signifying a switching event. The bias
pulse has a frequency of 500 Hz, width of 650 us, rising
edge of 400 us, and height of 560 mV. The yTron output
is sent through a pulse splitter and a low-noise amplifier
(RF Bay LNA-2000, bandwidth: 10 kHz—2000 MHz, gain:
26 dB) before being read by the oscilloscope. The skew
is then converted to units of switching current based on
the slope of the bias waveform. To apply a dc bias to the
constriction, a dc battery source (Stanford Research Sys-
tems SIM928) is connected to the constriction through a
100-k€2 series resistor and a dc 1.9-MHz coaxial low-pass
filter (MiniCircuits). To apply a pulse to the constriction,
a pulsed-voltage waveform of widths ranging from 5 ns to
100 us and heights ranging from 50 to 550 mV is sent to
the constriction input through a 30-dB attenuator. Details
of the complete measurement setup may be found in the
Supplemental Material [20].

C. Simulation details

The circuit simulator employed in this work uses a
superconducting nanowire model implemented in MAT-
LAB that includes thermoelectric dynamics of hotspot
formation and decay [21]. Physical parameters for the
material stack are derived from prior literature [22] and
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are adjusted to match the experimental results. Flux quan-
tization in the superconducting loop is enforced following
each transient, which is found to be sufficient in explaining
behavior in the absence of coherent transport events.

I1I. RESULTS AND DISCUSSION

A. Device characterization

Figure 1 summarizes the device architecture and its
basic characteristics. The device is comprised of three
superconducting nanowire elements: a narrow 60-nm-wide
constriction, a storage loop, and a nanoscale readout tool
known as the yTron [23]. All three elements are fabricated
together on an approximately 20-nm-thick niobium nitride
(NbN) film on a silicon oxide substrate using electron-
beam lithography. In addition to the nanowire components,
a resistive metal shunt is patterned in parallel with the
constriction to reduce Joule heating and provide damp-
ing, similar to the purpose served in resistively shunted
JJs. Initial efforts to fabricate the resistor on top of the
NbN film failed due to contact resistance, requiring us
to place the resistor layer beneath the NbN film, as was
done in similar work on Nb nanowires [24]. Previous
attempts to shunt nanowires have found that series induc-
tance between the shunt and the constriction plays a critical
role in the effectiveness of the damping; high series induc-
tance produces relaxation oscillations, while increasing the
inductance even further makes the resistor completely inef-
fective [25]. To reduce this effect, the shunt is patterned as
close to the constriction as possible and the leads are made
wide to reduce the number of squares of material.

FIG. 1.

A simple circuit model for the device is shown in
Fig. 1(b). To trap flux in the loop, a bias write current
Lyrite 18 inductively split to the nanowire in the amount
of O5[writea where o = Lloop/(Lconstriction + Lloop)~ In this
case, Leonstriction = 284 pH and Li,op = 1.87 nH, leading to
a = 0.87. Once the sum of a /i and any existing current
circulating in the loop surpasses the critical current of the
constriction, the nanowire switches and the bias current is
diverted away from the constriction to the shunt resistor
and the righthand side of the loop. By shunting the major-
ity of the bias current, the resistor allows the nanowire to
recover the superconducting state more quickly and limits
the amount of current that charges Lioop, thus controlling
the amount of flux that is trapped once the constriction
heals. After the constriction heals, a persistent current cir-
culates in the superconducting loop in quantized units of
ndy/L, where n is an integer, ¥, is the magnetic flux
quantum, and L is the total loop inductance. Since the geo-
metric inductance of this device is <0.33 fH, the total
loop inductance is dominated by the kinetic inductance
of the superconducting nanowires. In this device, persis-
tent current is estimated to be quantized as approximately
0.95 uA/fluxon.

The amount of circulating current in the loop can be
nondestructively read out using the yTron. As described
by McCaughan et al. [23], the yTron is a three-terminal
nanoscale device with two adjoining arms whose switch-
ing currents depend on one another as a result of current
crowding around the intersection point. In our device, the
left arm of the yTron forms part of the superconduct-
ing loop so that the switching current of the right arm

Lloop
constriction

NW

yTron

<
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o

20 40 60 80
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Device design and characterization. (a) Scanning electron micrograph of the device. The dark area is the NbN film, while the

light outlines are the underlying substrate. The inset shows an enlarged view of the 60-nm-wide constriction in parallel with the resistive
shunt. The shunt dimensions are 1 x 3 um?. The righthand side of the loop is connected to a yTron with arm widths equal to 300 nm.
(b) Circuit representation of the device. In this particular design, Ry =5 2, Lghunt = 50 pH, Leonstriction = 284 pH, and Liop = 1.87 nH.
I yrite 18 the bias current that switches the nanowire constriction (NW) and changes the state of the loop. I ,q is the bias current applied
to the right arm of the yTron in order to sense the amount of circulating current in the loop. (c¢) Current-voltage characteristics of an
isolated shunted nanowire of width =60 nm, R; =5 Q. The absence of hysteresis implies that Joule heating through the nanowire has
been significantly reduced by the presence of a shunt resistor. Comparison to the characteristics of an unshunted nanowire may be
found in the Supplemental Material [20].
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Lswitch 18 a function of the amount of circulating current—a
higher circulating current in the clockwise direction flow-
ing through the yTron’s left arm will result in a higher
switching current in the yTron’s right arm. Since the two
arms of the yTron are electrically disconnected from one
another, switching the right arm does not break supercon-
ductivity in the left. As a result, the state of the loop is
undisturbed by the reading process in which /gyith 1s mea-
sured by applying a bias current /,.,q to the yTron’s right
arm until it switches and generates a voltage, allowing us
to nondestructively sense the amount of circulating current
in the loop.

Figure 1(c) shows the current-voltage characteristics
of an isolated shunted nanowire patterned alongside the
device with dimensions identical to those of the constric-
tion. The absence of hysteresis, as shown by the lack of
separation between the switching and retrapping currents,
indicates that the shunt resistor is able to reduce Joule
heating through the constriction by effectively diverting
the bias current, thereby reducing power dissipation in the
nanowire and allowing it to regain the superconducting
state more quickly [26]. Observation of the amplified rf
output of the device within a bandwidth of 2 GHz does
not reveal any relaxation oscillations, suggesting that the
shunt inductance is low enough to prevent stable relaxation
oscillations at least within the limits of our measurement
capabilities [25].

B. Demonstration of controlled dynamics

Figure 2 shows the response of the device to an input
voltage pulse of varying amplitude and width; the response

is compared to that of an otherwise identical device lacking
a resistive shunt. For these measurements, an input volt-
age of widths ranging from 5 ns to 100 us and heights
ranging from 50 to 550 mV is sent to the constriction
through a —30 dB attenuator. The change in the amount
of stored current in the loop is inferred by measuring the
switching current of the yTron readout arm. Before each
positive input pulse, a large negative pulse (width =10 us,
height =—1.3 V) is sent to the constriction to reset the
superconducting loop.

As shown in Fig. 2(a), the amount of stored current
in the unshunted device sharply increases with increas-
ing input voltage, but then abruptly drops off, suggesting
instability. This response was also observed in the device
reported in Ref. [27], and was speculated to be due to
overheating of the constriction, causing flux to be lost. In
contrast, the response of the shunted device in Fig. 2(b)
shows that the amount of flux stored in the loop increases
proportionally with input voltage. Unlike the unshunted
constriction, in the shunted device there was no sudden
loss of stored flux or signatures of unstable oscillations,
implying that heating in the constriction is moderated by
the presence of the resistive shunt.

To demonstrate the flux-shuttling capabilities of the
shunted device, we measure its dependence on the previ-
ously written state by ramping a dc bias current on the
constriction without resetting the loop and recording the
switching current of the yTron at every bias point. As
shown in Fig. 3(a), ramping the bias current to the con-
striction produces either increasing or decreasing steps in
the switching current output of the yTron, signifying a sud-
den addition or subtraction in the amount of trapped flux.

(@) (b)
12 12
—®—5ns 11 #—5ns
10 | —=—200ns s 10 | —=—200ns
—a— s ‘-f_ — W —1us
. 8t 100 ps A . 8¢t 100 ps
< <
36 39
-t -t
21 2r
ol _—emepnmos . . . oL Emesummenl X . .
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
voltage (V) voltage (V)

FIG. 2. Response to the voltage and pulse width of the write input. (a) Switching current of the right yTron arm as a function of
the input write voltage for a superconducting loop with an unshunted constriction. The input pulse widths range from 5 ns to 100 us.
The switching currents are plotted in terms of Aly, = Iy — Isw(v = 0), where v is the voltage height of the input pulse. The decrease
in Alg, suggests that some flux has been lost in the loop at high input voltages, potentially due to overheating of the constriction.
Each point represents the mean of 10 sequential measurements of the yTron switching current. (b) Results from the same measure-
ment repeated on a superconducting loop with a shunted constriction, R, =5 2. The proportional increase in switching current with
increasing input voltage implies that the dynamics of the constriction are controlled by the presence of the shunt resistor. Logarithmic
colormaps showing the complete range of input pulse widths and voltages for both devices may be found in the Supplemental Material

(see Fig. S7) [20].
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The horizontal lines in Fig. 3(a) show that the steps can
be categorized into seven distinguishable states, reveal-
ing that successive switching of the constriction produces
controlled, incremental changes in the amount of circulat-
ing current in the loop, rather than storing the maximum
amount of current every time. The slight variation in the
position of the seven states occurs due to instability in the
plateaus, representing when the loop current is nearly max-
imized (approximately |/, nw|) and may have lost a small
amount of flux (1-2®y) to achieve stability. Despite the
small shifts at the plateaus, the seven states have well-
separated mean values including consideration of their
standard deviations (see Fig. S8 within the Supplemental
Material [20]). In contrast, Fig. 3(b) displays the results
from repeating the measurement on an unshunted device of
the same geometry. In this case, no intermediate states are
observed, and the loop traps nearly its maximum amount of
circulating current whenever the nanowire switches. Thus,
it is not possible to achieve distinguishable intermediate
states without the presence of a resistive shunt.

While the yTron is an effective tool for sensing when
there is a change in circulating current, it can be impre-
cise for extracting the exact amount of circulating current
in the loop. Depending on the geometry of the yTron,
there may be a nonlinear relationship between the amount
of circulating current and the induced change in switch-
ing current (see Fig. S6 within the Supplemental Material
[20]). Additionally, the sensitivity of the yTron depends
on the intersection point between its two arms, which has
a radius of curvature <5 nm, leaving room for fabrica-
tion variability and thus differences in sensitivity between
yTrons of identical design.

To bypass this shortcoming, we use the yTron only to
sense when a change in trapped flux occurs and exam-
ine the corresponding bias current at each of the points
of change in order to infer the magnitude of the loop cur-
rent. Figure 3(c) shows the bias current at each of the first
14 steps of the plot in Fig. 3(a). The bias current at each
step can be used to estimate the amount of circulating cur-
rent remaining in the loop, given that the transition occurs
when the nanowire switches, or when |ot/urite + figop| >
[l.xwl. The average zero flux state (/joop &~ 0) occurs at
I.nw &~ 20.48 &£ 1.45 pA over a set of eight bias ramps.
While the seven levels in the yTron switching current
of Fig. 3(a) are spaced unevenly, the steps in terms of
bias current occur at nearly equal intervals of approxi-
mately 5 pA, or roughly 5 @, of circulating current. As
a result, it is possible to infer that the loop gains or loses
aproximately 5 ® of trapped flux every time the con-
striction switches. Repeating this measurement over eight
ramping cycles with a finer sweep produces an average of
4.77 @, per step in circulating current, with variation from
an integer amount (n *25) expected to be caused by noise
in the measurement setup. A discussion of the experimen-
tal noise may be found in the Supplemental Material [20].
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step number
FIG. 3. Demonstration of controlled flux shuttling. (a) Switch-
ing current of the right arm of the yTron on the shunted device
in response to a dc bias ramp of £40 pA applied to /it of the
constriction. Each point is the mean of 10 measurements of the
yTron switching current. Each bias current step in /e is applied
to the constriction for 100 ms before being turned off during the
reading operation. (b) Repetition of the same measurement on
a device with an unshunted constriction. In comparison to the
shunted device, no repeatable intermediate states are observed,
and nearly the maximum amount of current is trapped every time
the constriction switches. (¢) Blue squares represent /e at the
initial point of each of the first 14 steps of the yTron switch-
ing current in (a). The approximate circulating loop current /1,0,
(red squares) is also calculated using /. =21 uA. The data shows
that the amount of circulating loop current can be incremented in
nearly even steps of approximately 5 uA.
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TABLE I. Mean change in circulating current per switching
event, represented in terms of flux.

Device Lioop Ry No. of states % o
Devicel 1.87nH 5 7 477 &y 1.23 @,
Device2 1.87nH 7.8Q 5 7.63 ®yp 1.5 D
Device3 0.66nH 7.8 3 587 @y 1.02 d

Thus, despite the nonlinear response of the yTron, move-
ment of a controlled n®, of flux per step can be validated
by examining the bias current at which each of the steps
occurs.

Table I summarizes the results of repeating this mea-
surement on two other devices with varying circuit param-
eters. Device 2 has R, =7.8 Q and Li,op =1.87 nH, and

(a)

Device 3 has Ry=7.8 Q and Ljop =0.66 nH. All other
geometries and parameters are kept the same. For each
device, the bias write current /. is ramped to + 40 nA
as before in increments of about 10% of the amount of
current per fluxoid, or 0.1®(L, where L is the total induc-
tance of the loop. For Ligop = 1.87 nH, Alyie = 0.1 pA,
and for Ljoop = 0.66 nH, Al = 0.25 nA. At each bias
point, the write current is applied for 100 ms and subse-
quently turned off. The device is allowed to rest for 100 ms
before 10 readings of the yTron switching current are mea-
sured. Eight complete ramping cycles are recorded for each
device. The write current at the first point of each step in
switching current is recorded and the difference between
sequential steps is calculated. The results from Table I
show that increasing R, decreases the number of consistent
states and increases the average number of fluxons trapped

|
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FIG. 4. Time domain simulations of the circuit highlighting the three branches through which the bias writing current is diverted.
(a) Bias current ramp delivered to the device. (b) Current through the shunt resistor. (i) Simulation over a long-time domain. (ii)
Simulation over a single switching event. Time on the x axis has been shifted to start from #=0. In the 1-MSQ2 case, essentially no
current is diverted to the resistor, and the maximum amount of current is stored in the loop. When R; =5 €2, nearly all of the current is
diverted to the resistor, reducing the amount of trapped flux. Inset shows that the low shunt resistor also reduces the hotspot resistance
and allows it to collapse more quickly. (c) Current through the constriction. (i) Simulation over a long-time domain. (ii) Simulation
over a single switching event. (d) Current through the inductor, represented in terms of trapped fluxoids. (i) Simulation over a long-time
domain. The amount of flux trapped in the loop increases by 5 ®( every time the constriction switches. (ii) Simulation over a single
switching event, showing that the maximum amount of flux is trapped for the device shunted with 1 MS2. For all of these simulations,

Lghunt =50 pH and Liyop = 1.87 nH.
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per switching event, while decreasing the loop inductance
may slightly reduce the amount. Plots showing the states
of yTron outputs for Devices 2 and 3 may be found in the
Supplemental Material [20].

C. Electrothermal simulations

To better understand how the device parameters influ-
ence the amount of flux » trapped per switching event, we
model the dynamics of the system using circuit simulations
that include the electrothermal dynamics of the resis-
tive hotspot [21] and material-specific physical parame-
ters [22]. Figure 4 shows the basic circuit, highlighting
the main branches through which current is divided after
the constriction switches: the shunt resistor [Fig. 4(b)], the
constriction itself [Fig. 4(c)], and the loop inductor [Fig.
4(d)]. In a device with an unshunted constriction (repre-
sented here as R, =1 MQ for consistency), nearly all of
the bias current is diverted to the loop inductor after a
switching event, causing the maximum amount of persis-
tent current approximately equal to /. to be stored in the
loop once the hotspot collapses and the constriction regains
the superconducting state. In contrast, shunting the con-
striction with R, =5 2 allows the majority of the bias cur-
rent to be diverted instead to the resistor, minimizing the
amount of flux trapped through the loop inductor. Figures
4b(i)-4d(i) show the results over a longer timescale, where
continuous switching of the shunted constriction brought
on by a steadily increasing bias current ramp adds flux
to the loop in increments of 5 @, thus confirming the
experimental observations displayed in Fig. 3 for Device 1.

Figure 5 displays the amount of flux per switching event
resulting from simulating devices of varying circuit param-
eters. Figure 5(a) shows that the amount of flux increases

@ (b)

1000 2500

2000

200

500

5 10 15 20 5 10
R (@

FIG. 5.

R (©)

proportionally with increasing shunt resistance and shunt
inductance, which agrees with the experimentally observed
shift caused by increasing R;. Figure 5(b) suggests a
slightly more complex relationship between Ry and Ligop,
with plateaus occurring due to limitations on the maximum
loop current with respect to the critical current of the con-
striction—for example, if /. =20 pA, a loop inductance
leading to a ratio of 2 uA of circulating current per fluxon
cannot have more than 10 fluxons per switching event.
While both of these results rely on the electrothermal
dynamics included in the simulation, their general shapes
stem from current division between the shunt impedance
and the loop impedance after the nanowire switches.
Details on this relationship may be found in the Supple-
mental Material [20]. In Fig. 5(c), the simulated trends
for varying R, with Ligop = 1.85 nH or Ly, =0.65 nH are
compared to the experimental results for the three devices
listed in Table I. Data points representing the three mea-
sured devices show that the electrothermal simulations are
in good agreement with the experimental measurements.

D. Discussion on applications

The results of our experiments and correspondence with
simulations demonstrate that the device output may be
tuned through simple circuit parameters and tailored to
meet specific design requirements. As a result, the device
is a promising platform for the development of a multi-
level memory, with the number of states dictated by the
critical current of the constriction and the amount of flux
per event. While we demonstrate a maximum of seven
states in the case of Fig. 3, the simulations of Fig. 5
show that the number could be increased by changes
that reduce the number of fluxons per event, such as
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Simulated effect of circuit parameters on amount of trapped flux. (a) Number of fluxons per switching event as a function of

varying Ry and Lgyune. Ry is swept in increments of 1 € and L,y is swept in increments of 50 pH. Lo, is held constant at 1.87 nH.
(b) Number of fluxons per switching event as a function of varying R, and Ljgep. Ry 18 swept in increments of 1 €2, and Lo, is swept
in increments of 50 pH. Lgpyne is held constant at 50 pH. (c) Comparison of the simulated number of fluxons per switching event with
the three experimentally measured devices. The orange curve represents the trend for Lj,o, = 0.65 nH, and the red curve represents the
trend for Liyop = 1.85 nH. Experimental mean values are represented as black squares. The error bars are +0.5¢0.
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further reducing R;. This multilevel operation is signifi-
cantly different from previously reported superconducting
nanowire-based memories, which have thus far been pre-
dominantly binary devices [15,27,28]. It has recently been
argued that multilevel memory may compensate for the
large power consumption of peripheral circuits in super-
conducting memory arrays by providing a higher informa-
tion capacity per cell given the same peripheral circuitry;
additionally, multilevel memories may allow for increased
memory density as the limits of physically shrinking a
memory unit are approached [29]. Thus, future investi-
gation of the device presented here as a multilevel mem-
ory may advance the scaling of superconducting memory
arrays. Other potential applications of the device include
use in multilevel logic or integration with other super-
conducting elements such as photon detectors. While the
proof-of-concept device reported here has a rather large
size (3 x 25 um?), the device can be scaled down by intro-
ducing a high-kinetic-inductance wiring layer for the loop,
given that the geometric inductance is inconsequential.
Further scaling improvements could be made by fabricat-
ing the loop as a stacked structure, as was suggested with
previous nanowire-based memories [15].

IV. CONCLUSIONS

In summary, we develop a superconducting nanowire-
based device capable of generating a response that is
proportional to the strength of its input. By introducing
local resistive shunting through on-chip fabrication, we
are able to control the dynamics of a shunted constriction
with a high-inductance superconducting loop and display
behavior vastly different from its unshunted counterpart.
When subjected to a dc bias current ramp, the device pro-
duces seven distinguishable states as a result of controlled
flux trapping, illustrating that it may be able to be used as
a multilevel memory. Through electrothermal circuit sim-
ulations and experimental measurements of devices with
different circuit parameters, we show how the amount of
flux added or subtracted per event—and thus the number
of distinguishable states—can be adjusted through device
design. We envision that this device can be used as a
tunable element for proportional and multilevel operations.

CODE AVAILABILITY

The code that supports the plots within this paper and
the electrothermal simulations used to confirm the findings
of this study are available from the corresponding author
upon reasonable request.

ACKNOWLEDGMENTS

The authors thank Di Zhu, Andrew Dane, Dr. Reza
Baghdadi, and all members of the Quantum Nanostruc-
tures and Nanofabrication Group for scientific discussions.

They also thank Professor Qing-Yuan Zhao for experi-
mental advice and help with interpretation of results. The
authors are grateful to James Daley and Mark Mondol
of the MIT Nanostructures Laboratory for their techni-
cal support. This research is primarily supported by the
Intel Corporation. Adam McCaughan is supported by a
fellowship from the National Research Council. E.T. is
supported by the National Science Foundation Graduate
Research Fellowship Program (NSF GRFP) under Grant
No. 1122374. Additional support for simulations and fab-
rication came from the Cryogenic Computing Complexity
(C3) program and the DARPA Detect program through
the Army Research Office under Cooperative Agree-
ment No. W911NF-16-2-0192. This research is based in
part on work supported by the Office of the Director
of National Intelligence (ODNI), Intelligence Advanced
Research Projects Activity (IARPA), via Contract No.
WOI11NF-14-C0089. The views and conclusions contained
herein are those of the authors and should not be inter-
preted as necessarily representing the official policies or
endorsements, either expressed or implied, of the ODNI,
IARPA, or the U.S. Government. The U.S. Government is
authorized to reproduce and distribute reprints for govern-
mental purposes notwithstanding any copyright annotation
thereon. This is an official contribution of the National
Institute of Standards and Technology; not subject to
copyright in the United States.

E.T. designed the device. E.T. and M.C. fabricated the
devices. M.C. deposited the superconducting film. M.O.
designed and performed the simulations. E.T., A.M., and
K.K.B. conceived the experiments. E.T. performed the
measurements with assistance from B.B. and M.C., and
E.T. analyzed the data. E.T. wrote the manuscript with
input from all of the authors. K.K.B. supervised the project.
All of the authors contributed to discussions and improved
understanding of the results.

[1] T. D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, C.
Monroe, and J. L. O’Brien, Quantum computers, Nature
464, 45 (2010).

[2] P. Verhoeve, R. H. den Hartog, D. D. E. Martin, N. Rando,
A. J. Peacock, and D. J. Goldie, Development of distributed
readout imaging detectors based on superconducting tunnel
junctions for UV/optical astronomy, SPIE Proc. 4008, 683
(2000).

[3] S. Withington, E. Campbell, G. Yassin, C. Y. Tham, S.
Wolfe, and K. Jacobs, Beam-combining superconducting
detector for submillimetre-wave astronomical interferom-
etry, Electron. Lett. 39, 605 (2003).

[4] G. Yassin, R. Padman, S. Withington, K. Jacobs, and S.
Waulff, Broadband 230 GHz finline mixer for astronomical
imaging arrays, Electron. Lett. 33, 498 (1997).

[5] V. Bouchiat, Detection of magnetic moments using a nano-
SQUID: limits of resolution and sensitivity in near-field

034006-8


https://doi.org/10.1038/nature08812
https://doi.org/10.1117/12.395548
https://doi.org/10.1049/el:20030418
https://doi.org/10.1049/el:19970314

BRIDGING THE GAP BETWEEN NANOWIRES AND JJS...

PHYS. REV. APPLIED 11, 034006 (2019)

SQUID magnetometry, Supercond. Sci. Technol. 22,
064002 (2009).

[6] M. Sawicki, W. Stefanowicz, and A. Ney, Sensitive SQUID
magnetometry for studying nanomagnetism, Semicond.
Sci. Technol. 26, 064006 (2011).

[71 K. K. Likharev and V. K. Semenov, RSFQ logic/memory
family: A new Josephson-junction technology for sub-
terehertz-clock-frequency digital systems, IEEE Trans.
Appl. Supercond. 1, 3 (1991).

[8] V. K. Kaplunenko, M. 1. Khabipov, V. P. Koshelets, K.
K. Likharev, O. A. Mukhanov, V. K. Semenov, I. L. Ser-
puchenko, and A. N. Vystavkin, Experimental study of the
RSFQ logic elements, IEEE Trans. Magn. 25, 861 (1989).

[9] K. K. Likharev, Rapid Single-Flux-Quantum Logic, in The
New Superconducting Electronics (Springer, Dordrecht,
1993), pp. 423-452.

[10] Q. P. Herr, A. Y. Herr, O. T. Oberg, and A. G. loannidis,
Ultra-low-power superconductor logic, J. Appl. Phys. 109,
103903 (2011).

[11] I. 1. Soloviev, N. V. Klenov, S. V. Bakurskiy, M. Y.
Kupriyanov, A. L. Gudkov, and A. S. Sidorenko, Beyond
Moore’s technologies: operation principles of a super-
conductor alternative, Beilstein J. Nanotechnol. 8, 2689
(2017).

[12] A.N. McCaughan and K. K. Berggren, A superconducting-
nanowire three-terminal electrothermal device, Nano Lett.
14, 5748 (2014).

[13] Q.-Y.Zhao, A. N. McCaughan, A. E. Dane, K. K. Berggren,
and T. Ortlepp, A nanocryotron comparator can connect
single-flux-quantum circuits to conventional electronics,
Supercond. Sci. Technol. 30, 044002 (2017).

[14] M. Tanaka, M. Suzuki, G. Konno, Y. Ito, A. Fujimaki,
and N. Yoshikawa, Josephson-CMOS hybrid memory with
nanocryotrons, IEEE Trans. Appl. Supercond. 27, 1 (2017).

[15] Q.-Y. Zhao, E. A. Toomey, B. A. Butters, A. N.
McCaughan, A. E. Dane, S.-W. Nam, and K. K. Berggren,
A compact superconducting nanowire memory element
operated by nanowire cryotrons, Supercond. Sci. Technol.
31, 035009 (2018).

[16] A. H. Dayem and J. J. Wiegand, Behavior of thin-film
superconducting bridges in a microwave field, Phys. Rev.
155, 419 (1967).

[17] C. D. Shelly, P. See, J. Ireland, E. J. Romans, and J. M.
Williams, Weak link nanobridges as single flux quantum
elements, Supercond. Sci. Technol. 30, 095013 (2017).

[18] In this work, we interchangeably use the terms “flux” and
“fluxoid” for the sake of simplicity; however, it should

[19]

[20]

[21]

[22]

[25]

(28]

[29]

034006-9

be clear that we always mean “fluxoid”, as trapped flux
in a superconducting loop manifests itself in quantized
circulating current, or fluxoids.

A.E. Dane, A. N. McCaughan, D. Zhu, Q. Zhao, C.-S. Kim,
N. Calandri, A. Agarwal, F. Bellei, and K. K. Berggren,
Bias sputtered NbN and superconducting nanowire devices,
Appl. Phys. Lett. 111, 122601 (2017).

See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.11.034006 for details
regarding device fabrication and reproducibility, the mea-
surement setup, and experimental results. There is also a
discussion of noise, and flux dependence derived from basic
current division calculations.

A. J. Kerman, J. K. W. Yang, R. J. Molnar, E. A. Dauler,
and K. K. Berggren, Electrothermal feedback in supercon-
ducting nanowire single-photon detectors, Phys. Rev. B 79,
100509 (2009).

K. K. Berggren, Q.-Y. Zhao, N. S. Abebe, M. Chen, P.
Ravindran, A. N. McCaughan, and J. Bardin, A super-
conducting nanowire can be modeled by using SPICE,
Supercond. Sci. Technol. 31, 055010 (2018).

A. N. McCaughan, N. S. Abebe, Q.-Y. Zhao, and K. K.
Berggren, Using geometry to sense current, Nano Lett. 16,
7626 (2016).

N. Kumar, C. B. Winkelmann, S. Biswas, H. Courtois,
and A. K. Gupta, Controlling hysteresis in superconduct-
ing constrictions with a resistive shunt, Supercond. Sci.
Technol. 28, 072003 (2015).

E. Toomey, Q.-Y. Zhao, A. N. McCaughan, and K. K.
Berggren, Frequency Pulling and Mixing of Relaxation
Oscillations in Superconducting Nanowires, Phys. Rev.
Appl. 9, 064021 (2018).

M. Tinkham, J. U. Free, C. N. Lau, and N. Markovic, Hys-
teretic I-V curves of superconducting nanowires, Phys. Rev.
B 68, 134515 (2003).

A. N. McCaughan, E. A. Toomey, M. Schneider, K. K.
Berggren, and S. W. Nam, A kinetic-inductance-based
superconducting memory element with shunting and sub-
nanosecond write times, Supercond. Sci. Technol. 32,
015005 (2018).

A. Murphy, D. V. Averin, and A. Bezryadin, Nanoscale
superconducting memory based on the kinetic inductance
of asymmetric nanowire loops, New J. Phys. 19, 063015
(2017).

N. Nair and Y. Braiman, A ternary memory cell using small
Josephson junction arrays, Supercond. Sci. Technol. 31,
115012 (2018).


https://doi.org/10.1088/0953-2048/22/6/064002
https://doi.org/10.1088/0268-1242/26/6/064006
https://doi.org/10.1109/77.80745
https://doi.org/10.1109/20.92422
https://doi.org/10.1007/978-94-011-1918-4_14
https://doi.org/10.1063/1.3585849
https://doi.org/10.3762/bjnano.8.269
https://doi.org/10.1021/nl502629x
https://doi.org/10.1088/1361-6668/aa5f33
https://doi.org/10.1109/TASC.2016.2646929
https://doi.org/10.1088/1361-6668/aaa820
https://doi.org/10.1103/PhysRev.155.419
https://doi.org/10.1088/1361-6668/aa80cd
https://doi.org/10.1063/1.4990066
http://link.aps.org/supplemental/10.1103/PhysRevApplied.11.034006
https://doi.org/10.1103/PhysRevB.79.100509
https://doi.org/10.1088/1361-6668/aab149
https://doi.org/10.1021/acs.nanolett.6b03593
https://doi.org/10.1088/0953-2048/28/7/072003
https://doi.org/10.1103/PhysRevApplied.9.064021
https://doi.org/10.1103/PhysRevB.68.134515
https://doi.org/10.1088/1361-6668/aae50d
https://doi.org/10.1088/1367-2630/aa7331
https://doi.org/10.1088/1361-6668/aae2a9

	I. INTRODUCTION
	II. METHODS
	A. Device fabrication
	B. Experimental setup
	C. Simulation details

	III. RESULTS AND DISCUSSION
	A. Device characterization
	B. Demonstration of controlled dynamics
	C. Electrothermal simulations
	D. Discussion on applications

	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


