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CURRENT CROWDING IN THREE-TERMINAL SUPERCOMNDUCTING DEVICES
AND RELATED METHODS

RELATED APPLICATIONS
16001} This Application claims priority under 35 U.S.C. § 119(e) to U.8. Provisional
Application Serial No. 62/142,787, entitled "CURRENT CROWDING CRYOTRON" filed

on April 3, 2015, which is herein incorporated by reference in its entirety.

FEDERALLY SPONSORED RESEARCH
16002} This invention was made with government support under Grant No. FA9550-14-
10-0052 awarded by the Air Force Office of Scientific Research and under Contract No.
WOLINF-14-C-3089 awarded by the Army Research Office. The government has certain

rights in the nvention.

BACKGROUND
1660G3] Superconducting switches for various electrical circuit applications have been
studied, and several different devices have been developed. Some superconducting switches,
such as the cryotron developed by Dudley Buck in the 1950°s and the superconducting flux-
flow transistor {(SFFT) developed in more recent years, rely on an externally-applied
magnetic figld to quench superconductivity between current-carrying terminals of the device.
{See e.g., US patent 2,832,897, G. K. Hohenwarter, “Superconducting High TC Thin Film
Vortex-Flow Transistor,” Sponsored Research Report {(1991) available at
www.dtic.mml/diic/tr/fulliext/u2/a235025.pdf.y  Because these devices switched a large
region of the device between a “superconducting” state and a “normal”™ state, the devices tend
to exhibit slow swiiching speeds, e.g., on the order of 10’s of microseconds.
16604} In the late 1960’s, alternative approaches to fabricating superconducting switches
incorporated Josephson junctions into a multi-layer integrated device. {See e.g., J. Matisoco,
“The Tunneling Cryotron — A Superconducting Logic Element Based on Electron
Tunnehing,” Proc. IEEE, Vol. 55, No. 2, Feb. 1967, p. 172.) The Josephson junction devices
nclude a tunnel junction at a gate region of the device. The junction can be switched
between a superconducting state and a normal tunneling state by the application of a current
pulse that exceeds a critical current level at the Josephson junction. Becauose the junction

volume is small, the device can be switched quickly, e.g., at switching times of the order of 1
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picosecond. However, Josephson-junction-based devices have a number of limitations
mchuding: (1) sensitivity to magnetic fields, (2) limited gain, (3) inability to drive large
impedances, and (4) difficulty in controlling the junction critical current (which depends
sensitively on sub-Angstrom-scale thickness variation of the tunneling barrier). Additionally,
fabrication of the device requires multi-layer and multi-material processing, as well as precise
control of the tunneling barrier’s thickness.

(LHETRY Recently, superconducting sensors and amplifiers have been developed for
applications such as single-photon detection. (See, O. Quaranta et gl., “Superconducting
Three-Terminal Amplifier/Discriminator,” IEEE Trans. Appl. Supercond., Vol. 19, No. 3
(2009) p. 367.)

BRIEF SUMMARY
6006} A three-terminal superconducting device having an intersection region and at least
three channels may be configured, in some embodiments, to control carrent flow at an output
port responsive to current applied to & control or gate channel. In other embodiments, a
three~terminal superconducting device may be configured to sense an amount of current
flowing in a superconducting channel or current loop without perturbing the superconducting
state or amount of current in the sensed channel. A three-terminal superconducting device
may be activated by applying imbalanced current densities to two channels of the device that
merge at the intersection region. When a sufficient imbalance is applied, either a hot spot (a
region in a normal state having measurable resistance} will form in a second of the two
channels or superconductivity will be suppressed in the second channel and flax will flow
across the second channel. In both cases, a voltage may appesr at a terminal connected to the
second channel. The appearance of the hot spot may impede current flow in the second
channel and divert current to an output port of the device, according to some embodiments.
In other embodiments, the appearance of the hot spot indicates a level of current Hlowing in
the first superconducting channel of the two channels, without perturbing the
superconducting state or amount of current in the first channel. A three-terminal
superconducting device may be used as a transistor or current switch in some embodiments,
that can have a dynamically-adjustable threshold value. In some embodiments, a three-
terminal superconducting device may be used as a read-out element for a superconducting

memory element.
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{8667} Some embodiments relate o a device comprising a drain channel and a reference
channel. The reference channel may be connected to the drain channel. The device may
further comprise a conductive loop formed from a material that supports superconductivity.
The conductive loop may be connected to an intersection region between the drain channel
and the reference channel.

[B088] Some embodiments relate to a method for sensing an amount of current in a first
superconducting channel. The method may comprise varying an amount of current applied to
a second superconducting channel that intersects with the first superconducting channel and
detecting a voltage on the second superconducting channel.

83091 Some embodiments relate {o a superconducting, three-terminal device that
includes a gate channel, a drain channel, and a reference channel formed from a material that
supports superconductivity. The drain channel may intersect the gate channel at an angle. In
some aspects, a reduction in current in the gate channel, when the device is operated in a
superconducting mode, may increase current crowding in an imtersection region of the gate
channel and drain channel and cause the formation of a region of measureable resistance in
the drain channel.

[8818] Some embodiments relate to a method of operating a three-terminal device having a
gate channel, a drain channel, and a reference channel. The drain channgl may intersect the
gate channel in an intersection region. The method may comprise placing the three-terminal
device in 3 superconducting state, such that the gate, the drain and the reference channel are
superconducting; increasing g current crowding in the intersection region by reducing a gate
current flowing through the gate channel; and forming a region of measurable resistance in

the drain channel.

BRIEF DESCRIPTION OF DRAWINGS
8611} The skilled artisan will understand that the figures, described herein, are for
illustration purposes only. It is to be understood that in some instances various aspects of the
invention may be shown exaggerated or enlarged to facilitate an understanding of the
mvention. In the drawings, like reference characters generally refer to like features,
functionally similar and/or structurally similar elements throughout the various figures. The

drawings are not necessarily to scale, emphasis instead being placed upon illustrating the
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principles of the teachings. The drawings are not intended to limit the scope of the present
teachings in any way.

16612} FiG. 1 illustrates a superconducting device having an abrupt corner;

16413} Fi(3. 2 A illustrates a three-terminal device shown in a first operating state,
according io some embodiments;

8614} FIG. 2B illustrates the three-terminal device of FIG. 2A shown in 2 second
operating state, according to some embodiments;

16015} FIG. 2C illustrates the three-terminal device of FIG. 2A shown in a third operating
state, according o some embodiments;

[68316] FiG. 2D illustrates the three~-terminal device that includes an output port,
according to some embodiments;

18617} FiG. 2F illustrates a three-terminal device having a rounded feature at an
ntersection, according to some embodiments;

[6018] FIG. 3A illusirates the three-terminal device of FIG, 2A having an impedance
connected thereto, according to some embodiments;

6619} FIG. 3B depicts two graphs, where the first graph illustrates a drain current as a
function of time, and the second graph illusirates a measured voltage as a function of time,
according to some embodiments;

{30283 FIG. 4A itlostrates a superconducting device comprising a loop, according to
some embodiments;

6621} FIG. 48 illustrates the superconducting device of FIG. 44, wherein the loop
comprises a resistive portion, according to some embodiments;

{6622} FIG. 4C i3 a graph illustrating values of a eritical current measured for the device
of FIG. 4A over 3 number of trials, according to some embodiments;

[6023] FIG. 5 is a cross sectional view of g superconducting device comprising substrate
and at least two layers of superconducting material, according to some embodiments;

6024} FIG. 6 illustrates a device having at least two three-terminal superconducting

devices, according to some embodiments.
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DETAILED DESCRIPTION
[8025] The inventors have recognized and appreciated that conventional methods for
sensing currents flowing in a superconducting channel involve magnetically coupling the
current flowing in the channel to an external loop or perturbing the superconducting state of
the channel. Magnetically coupling o external loops may be mechanically cumbersome in
some circumstances, as additional superconducting components and/or circuits may be
needed. On the other hand, disrupting the superconducting state may cause the alteration,
though unintentional, of the quantity to be measured, such as the number of fluxons ina
superconducting state. Ideally, it is desirable to sense a current flowing in supercondacting
channel without perturbing the current and without having to resort to complex magnetically
coupling structures. The phrases “superconducting devices™ and “superconducting channels”
are used to refer to devices and channels, respectively, formed from at least one
superconducting material,
(6026} Aspects of the present application provide a three-terminal superconducting
device that may be used in different ways in various superconducting circuits. According to
some embodiments, a three-ierminal superconducting device may be used {o sense the current
flowing in a first superconducting channel by detecting the critical current of a second
superconducting channel without perturbing the state of the current being sensed in the first
channel. The phrase “critical current” is used to refer to the maximum current that can flow
n a superconducting channel without breaking down or suppressing superconductivity and
cither forming regions of measurable resistance or allowing flux o flow across the broken-
down region {thus creating a measureable voltage state). If the current in the second channel
exceeds the critical current, a region of measureable resistance may form and the device may
depart, at least in part, from a superconducting state. The detection of the onset of & voltage
state can be used to obtain information about current flowing in the first superconducting
channel, without perturbing the superconducting siate of the first channel. The phrase
“voltage state” 1s used to refer to a condition of the three-terminal device where a measurable
voltage appears across at least a portion of a channel of the device.
16627} In other embodiments, a three-terminal superconducting device may be configured
1o operate in a transisior mode, where current flowing in a first superconducting channel {e.g.,

& gate channel) may be altered to control an amount of current flowing through an output port
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of the transistor. A second channel may change between superconducting and normal states
responsive to changes in current in the gate channel or in the second channel. An advantage
of the three-terminal superconducting device configured as a transistor is that the device may
not latch up when the second channel is in a normal state. For example, the current in the
gate channel and second channel need not be reduced to a near zero value to resume
superconducting operation. This can allow more rapid operation of a superconducting
transistor than for a different version of a superconducting transistor described in U. 5. patent
application No. 14/775,118, titled “Superconducting Three-Terminal Device and Logic
(Gates,” filed September 11, 2015, which is incorporated herein by reference.

16628} The inventors have further recognized and appreciated that in yet additional
embodiments, a three-terminal superconducting device described herein may be used to sense
currents circulating in a superconducting loop without perturbing the superconducting state of
the loop. Because the loop can retain its superconducting state oven when #3s current is
sensed, the inventors have recognized and appreciated that a superconducting three-ferminal
device may be combined with a superconducting loop o form a readable memory element
that may be read out maltiple times without altering s value.

186291 The aspects and embodiments described above, as well as additional aspects and
embodiments, are described in further detail below. These aspects and/or embodiments may
be used individually or in any suitable combination, as the application is not limited in this
respect.

(6030 By way of introduction, FIG. 1 illustrates a superconducting device 100 having an
abrupt corner 113 at which current crowding occurs, The phrase “carrent crowding” is used
to refer to a phenomenon whereby the current density of a region is significantly larger (e.g.,
by at least 25%) than the current density in the regions surrounding such region. A
superconducting device 100 may be made trom a superconducting material, such as niobium
(Wb} or Nicbium Nitride (NbN), for example. A superconducting device 100 may comprise a
first channel 101 that bends abruptly to a second channel 102, e.g., bends at a 90° angle. The
first channel 101 may be connected to current source 110 that provides an electric current to
the channel 110. The second channel 102 may be connected to a reference terminal 111, such
as g ground terminal, which may be held at a fixed potential. When the current source 110

outputs an electric current, the superconducting device 100 may be configured to support an
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clectric current that flows toward, or from, reference terminal 111, A superconducting device
100 may be placed in a superconducting state by reducing its temperature below its eritical
femperature. For example, the temperature may be reduced by placing the superconducting
device 100 into an environment cooled by liguid helium.

{3431} When a current flows in the device 100, a region 112 of the device {indicated by
the dark shading in the drawing at the abropt corner 113) may exhibit current crowding.
Whether current crowding occurs and an amount of current crowding can depend on the
geometry of the device. In the drawing, flow lines arc shown to represent the current density
distribution, such that the closer the lings to one another, the higher the local corrent density.
In a region of current crowding, the current density may be significantly greater (e.g., by at
least 25%) than the current density exhibited elsewhere. In FIG. 1, the increase in current
density is over a factor of 2 at the abropt comer 113, When cuorrent crowding occurs at a
region 112, the region may exhibit a temperature increase. If the local temperature in the
region exceeds the crifical temperature for superconductivity, the region 112 may, at least in
part, depart from the superconducting state and may exhibit a measureable resistance. In
some instances, depending on the amount of applied current, the appearance of measureable
resistance can create heat which may elevate adjacent regions of the channel above the
critical temperature and thercby propagate a resistive plug across most or all of the channel
width. A resulting resistance of the drain channel may be between approximately 10 ohms
and approximately 1000 ohms. The appearance of a measureable resistance can resaltina
measurable voltage drop across the device {e.g., across a region in which current crowding
has clevated the temperature above the critical temperature). By measuring the voliage,
nformation about the superconducting state and/or current flowing in the channel can be
obtained.

[6632] In some embodiments, a three-terminal superconducting device may comprise 8
sharp intersection region formed between two channels. By way of example and not
limitation, the three-terminal device may form & Y-shaped stracture with two input channels
and one output channel. When the current densities of the two input channels are
unbalanced, current crowding may form in the intersection region of the two input channels.
If the imbalance in the current densities is significant, the current crowding may lead the

mtersection region {0 experience suppression of the superconducting state in one of the
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channels. Because of this suppression, a vollage state may be produced in the channel, either
in the form of & hotapot or a in the form of flux flowing across the channel. The phrase “hot
spot” is used to refer to a region in a superconducting structure for which the temperature at
the hot spot exceeds the critical termperature of the superconducting material. In some
embodiments, by detecting a voltage state (e.g., detecting a voltage due to an increased
resistance in a first input channel), an amount of carrent flowing in another superconducting
channel of the three-terminal device (e.g., a second imput charnel) may be detected without
disrupting the superconducting current flow in the other channel.

{6633} The inventors have recognized and appreciated that current crowding can be used
in g three-terminal superconducting device to control current flowing in a superconducting
channel, or to detect a current flowing in a superconducting channel without perturbing the
superconducting state or amount of current in the sensed channel. FIG. 2A illustrates just one
embodiment of a three-terminal superconducting device 200 that may use current crowding to
sense or control current in a channel, though the invention is not limited to only the depicted
geometry.

(6334} According to some embodiments, a three-terminal superconducting device 200
may comprise a gate channel 201 and a drain channel 202 that connect to a reference channel
203 at an intersection region. A three-terminal superconducting device 200 may be made
from a superconducting material, such as niobium (Nb), niobium nitride (NbN), niobiam
monoxide (NbBO}, tantalum (Ta), technetivm (Tc), titanium nitride (TiN}, niobium titaniuwm
nitride (NBTiN}, yttrium barium copper oxide (YBCO), erc. or a suitable combination
thereof. In some embodiments, a three-terminal superconducting device 200 may be formed
from a single superconducting material that may be deposited on a subsirate in a single layer.
The layer may be patterned, for example, using microfabrication technigues (e.z., using
electron-beam lithography, photolithography, deposition and/or etching processes), 1o obtain
a device like that illustrated in FIG. 2A. In other embodiments, gate channel 201 and drain
channel 202 may be formed from different superconducting materials deposited in different
layers.

16035} As illustrated in FIG, 2A, gate channel 201 and drain channel 202 may be angled
with respect to one angther. The angle formed between gate channel 281 and drain channel

202 may be between 90° and 0° in some embodiments, between 70° and 0° in some
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embodiments, between 30° and 0° in some embodiments, between 10" and 0° in some
embodiments, or between 5° and 0° in some embodiments, though other angles may be
implemented in some embodiments. In some embodiments, there may be an sharp feature
213 {e.g., an abrupt or sharp turn in a channel wall) between a gate channel 201 and a drain
channel 202 at an intersection region 212. However, in some embodiments, a feature at an
miersection region may have some rounding at the sub-micrometer scale, as depicted in FIG.
2E, for example. A rounded feature 273 may have a radius of curvature that is less than
approximately ten times the coherence length & associated with the material from which the
gate channel is formed in some emabodiments, less than approximately five times the
coherence length &, less than approximately three times the coherence length £, though other
values of the radias of curvature are also possible in some embodiments. For example, the
superconducting coherence length in Nb is about 38 nm and the superconducting coherence
length in NbN is about 5 nm. The superconducting coherence length relates to a minimum
spatial extent gver which a superconductor can transition from 3 superconducting state o 8
normal state.

16436} In some embodiments, an abrupt feature at an intersection region may be rounded
due to the limited resolution of the fabrication process used to pattern and form the three-
terminal device.

(60337} Referring back to FIG. 2A, 3 gate channel 201 may have a width W that is
greater than the superconducting coherence length £ associated with the material from which
the gate channel is formed. A width Wg of a gate channel may be between 50nm and 800nm
in some embodiments, between 100nm and 300nm in some embodiments, between 150nm
and 250nm in some embodiments, though larger values may be used in some cases and for
different materials.

8838} A drain channel 202 may have a width Wy that is also greater than the
superconducting coherence length associated with the material from which the drain channel
is formed. A width Wp of the drain channel may be between S0nm and 800nm in some
embodiments, between 50mm and 300mum in some embodiments, between 50nm and 150nm in
some embodiments, though larger values may be used in some cases and for different

materials. In some embodiments, W, and W may be less than the effective penetration
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depth A of the material from which the drain channel and the gate channel are formed,
respectively. The effective penetration depth may be defined as

Petr = Ayt
where Ag is the supercondacting penetration depth, sometimes referred to as the “London
penetration depth”, which relates to the distance over which a magnetic ficld penetrates into a
superconductor and becomes equal to ¢ times that of the magnetic field at the surface of the
superconductor, and t is the thickness of the three-terminal superconducting device 200 .
(6639 In some embodiments, the gate channel may be wider than the drain channel, and
We may have a ratio o Wp that is between 1:1 and 8:1 in some embodiments, between 1:1
and 5:1 in some embodiments, between 1:1 and 3:1 in some embodiments, or between 111
and 2:1 in some embodiments, though other ratios may be implemented in some
embodiments. In some embodiments, a reference channel 203 may have a width Wy that is
approximately equal to the sum of W and Wp. In some embodiments, a reference channel
203 may have a width Wy that is less than the sum of Wi and Wy, Reference channel 203
may be connected to a reference terminal 211 which may be held at a fixed potential, such as
a ground {erminal.
[6044] A three-terminal supercondacting device 200 may have a thickness t that is less
than the superconducting penctration depth associated with the superconducting material(s)
from which the device is formed. A three-terminal device 200 may have a thickness that is
between Snm and S0nm in some embodiments, between Snim and 20nm in some
embodiments, between 6nm and 10nm in some embodiments, though larger values may be
used in some cases and for different materials.
6041} A superconducting device 200 may be placed in a superconducting state by
reducing its temperature below its critical temperature. For example, the temperature may be
reduced by placing the superconducting device 100 into an environment cooled by liguid
helium,
8042} According to some embodiments, a drain channel 202 may be connected in series
to a first current source 210 that is configured to output an electric current equal to Ip. A gate
channel 201 may be connected in series to a second current source 215 that may be a
controllable current source, according to some embodiments. For example, the second

current source may be operated to vary the current in the gate channel 201 between § and an
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clectric current equal 1o nlp, where n may be equal 1o the ratio Wo/Wpn. When n= Wg/Wp,
the current densities supported by the two chamnels may be equal to one another, as depicted
by the flow lines in FI1G. 2A. Because the current densities of the channels are equal, there
may be no current crowding at the sharp feature 213 in the intersection region 212,

[B34343] FiG. 2B illustrate a three-terminal superconducting source 200 having a gate
channel 201 connected in series to a current source 215, which, in this instance, may be
configured to output an electric current equal 1o Iy, Compared to the instance illustrated in
Fi(3. 2A, the current density in the gate channel is lower and the current density in the drain
channel is unvaried. As illusirated in FIG. 2B, the imbalance in the current densities is such
that, at the sharp feature 213 of the intersection region 212, a current having a transverse
component with respect to a central axis of the drain channel, may arise. The transverse
current may occur to produce an approximately constant current density within the reference
channel 203, at a distance downstream from intersection region 212 (e.g., a distance greater
than about 50 nm). Due to the transverse current component, current crowding may occur in
the intersection region 212 near the sharp feature 213, compared to the instance of FIG. 2A.
The resulting increase in current density may cause a local suppression of superconductivity
and may, in some embodiments, induce a voliage state.

16044} In the instance iltustrated in FIG. 2C, the current provided to the gate channel may
reduce to zero or a value of current density that is significantly less than the value of current
density in the drain channel. Because of the significant imbalance {¢.g., at least 50%) in the
current densifies, g greater amount of current crowding may occur in the intersection region
212 than for the case illustrated in FIG. 2B. As a result, the local current density may exceed
the critical current density of the superconducting material, so that superconductivity may
break down in the drain channel. When superconductivity breaks down in the drain channel,
the drain channel may exhibit either a flow of flux across it or an appreciable resistance (e.g.,
at least 10 ohms). As a resuli, a voltage may appear across the intersection region. In some
embodiments, the appearance of resistance in the drain channel can divert corrent from the
drain channel to an output port (not shown) connected to the drain channel above the
intersection region 212, In this manner, current to the output port can be switched on and off

by controlling carrent applied to the gate channel.
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{6045} FIG. 2D illustrates the three-terminal device that includes an output port,
according to some embodiments. The gate channel 201 may have a current source 268
connected thereto. The drain channel 202 may have a current generator 269 connected
thereto. An output element 227, such an impedance, may have a terminal connected to the
drain channel, and a terminal connected to reference terminal 221, In some embodiments,
reference terminal 221 1s held at the same potential as reference terminal 211, though the
application is not limtted in this respect.

[6046] There are several aspects about the device shown in FIG. 2D that are worth
noting. In some embodiments, the current swiiching behavior may be controlled by current
source 268. In this case, a reduction in current in the gate channel can switch current from
the drain channel 1o the output element 227, In response, a voltage may arise across the
terminals of output element 227, In other embodiments, the current switching behavior may
be controlled by current source 268. In this case, an increase in current can switch current
from the drain channel to the ontput clement 227, In either case, by biasing the device near
the switching point, a small change in applied current can result in 3 large current change at
the output element 227.

6647} Another aspect about the device is that the threshold for current switching can be
reset dynamically by changing the amount of current density in the non-controlling channel.
For example, if the gate channel is used to control current switching, a first current density
may be applied to the drain channel 1 4 first case so that the device swiiches at a first carrent
level applied to the gate channel. At a later time, the current density applied to the drain
channel may be changed to a second value, so that the device will switch at a second current
level applied to the gate channel. This aspect ¢an be understood from the discussion below in
connection with FIG. 3B, though the drain channel is used o control switching for that
discussion.

3348} In other embodiments, the voltage that appears across the intersection region may
be sensed by an external circuit {as depicted in FIG. 3A, for example) to obtain information
about the current flowing in the gate channel. As described previously, the cnitical current is
defined as the maximum current that can flow without forming a voltage state. FIGs. 3A-3B
tilastrate a method for determining the critical current associated with a drain channel of a

three-terminal superconducting device 200.  FIG. 3A illustrates three-terminal device 200
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having a impedance connected thereto. Impedance 218 may represent, for example, the
impedance of a scope or any other suitable measuring fnstrument. Impedance 218 may have
one terminal connected between a current source 210 and a drain channel 202, and another
terminal connected to a reference terminal 211, Gate channel 201 may be connected to a
current source 215, which may be configured to output an electric current Ig. The current
source 210 may be configured to output a time-dependent current (1), When [,{t) varies
over time , the voltage V(1) across the terminals of the impedance 218 may also vary over
fime.

{6049} FIG. 3B depicts two graphs, where the first graph illustrates Eu(1) as a function of
time and the second graph illustrates V,u(t) as a function of time. In some embodiments,
Lin(t) may be swept linearly over time, as depicted by curve 310. As [{1) is swept, Vu(t)
may be detected. Initially, the current I generated by current source 212 may be equal {o a
value {g;. Throughout the region labeled “R17, Vou{t) may exhibit 3 voltage that is
approximately zero (e.g., having an noise-free value that is less than 100mV), due to the fact
that the resistance, within the superconducting device, between current source 210 and
reference terminal 211 is essentially zero. As Lin(t) in increased, the imbalance between the
current densities of the gate channel 201 and the drain channel 202 may also increase, thus
causing the current to crowd in the intersection region 212,

B350 When §,(t) reaches critical current oy, Vou(t) may exhibit a sharp discontinuity,
due to the fact that the resistance is greater than substantially zero. In some embodiments,
when the critical current is reached, the current crowding in the intersection region 212 may
break down superconductivity, which may lead to a departure from the superconducting state
and may cause a hotspot to form. Fuorther increases in §;,{t) beyond Iy may cause V() to
icrease linearly with a slope that depends on the value of the measureable resistance. Curve
318, represents Voudt) when I is equal to Igy. In some embodiments, the current I can be
mnferred by detecting the current at which the voltage Vo) exhibits a discontinuity.

8651} Subsequently, Ig may be increased to lg;, where g is greater than Ig;, and the
procedure to determine the critical current may be repeated. Because the current flowing in
the gate channel may be greater than in the case described previously, the drain current
needed to form current crowding in the intersection region may larger, in some embodiments.

Consequently, the critical current Io; may be larger than the critical current I, Asthe
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current 310 is increased, Voult) may be egual to approximately zero {e.g., having an noise-
free value that is less than ImV) in the region labeled “R2”. When the Eu(f) reaches Ico,
curve 318; may exhibit g discontinuity due to the fact that the resistance, within the
superconducting device, between current source 210 and reference terminal 211 is
measureable. By detecting the corrent at which Vo, (t) exhibits a discontinuity, the critical
current 10 can be inferred.

6652} Subsequently, Ig may be increased to lgs, where g3 may be greater than Iy, and
the procedure to determine the critical current may repeated. For reasons that can be
appreciated from the description of the previous case, the critical current Icz may be greater
than o, and curve 318; may exhibit a superconducting region “R3” that is greater than R2,
The critical current may be proportional to the gate current I, In some embodiments, the
critical current may be linearly proportional to the gate current Ig. The constant of
proportionality may depend on various geometric factors, such as the angle defined by the
gate and drain channels, the ratic Wg/Wp, the type of superconducting material from which
the device is formed, the device thickness, ctc. For example, the smaller the angle between
the channels, the more sensitive the critical current to variations in the gate current. As
another example, the larger the ratio Wg/Wp, the more sensitive the critical current fo
variations in the gate current.

16053] In some embodiments, the procedure described in connection with FIGs. 3A-3B
may be used to detect a current flowing in a superconducting channel without perturbing the
superconducting state or amount of current flowing in the channel. 1t is desirable to detect a
superconducting current flowing in a channel without perturbing it and without having to
resort to complex magnetically coupling structures. Using a three-terminal superconducting
device 200 according to the procedure deseribed in connection with FIGs. 3A-3B may
provide a way to detect a superconducting current without perturbing it. For example, the
gate current I may be inferred by detecting the critical current of a gate channel as described
previously.

(6054} In some embodiments, a three-terminal superconducting device 200 may be
configured to operate in a transisior mode, where an amount of current flowing in a gate
channel 201 or in 3 drain channel 202 may be used control an amount of current flowing

through an output port connected to the drain channel. For example, by varying the current in
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the gate channel or drain channel, a portion of the drain channel 202 may change between
supercondacting and normal states, which may change an amount of current flowing out an
output port connected to the drain channel.

1B055] In another example, a current flowing within a superconducting loop may be
detected without having to disrupt the superconducting state of the loop. FIG. 4A illustrates a
superconducting device 400 comprising a superconducting loop 480, according to some
embodiments. Superconducting loop 480 may be formed by patterning a superconducting
material with a donut-like shape. When cooled below its critical temperature,
superconducting loop 480 may be configured 1o store encrgy in the magnetic field created by
an electric current (via magnetic inductance) circulating in the loop and/or the mertial motion
of the electronic charge carriers (via kinetic inductance}. In some embodiments, when the
loop is in a superconducting state, the currents may circulate essentially indefinitely. In some
embodiments, a current circulating in the loop may be guantized, and the magnetic flux
created by the circulating current may also be quantized. The term “fluxon” is used herein to
refer to a quantum (or guant) of flux associated with the loop.

{6656} As illustrated in FIG. 44, a superconducting loop 480 may be connected to a
supercondacting channel 402, One end of an input channel 402 may be connected in series 1o
a current source 410 and an end of an output channel 403 may be connected to a reference
terminal 411. Reference terminal 411 may be held at a fixed potential. In some
embodiments, there may be an abrupt feature, or a rounded feature, between the input
channel 402 and 2 superconducting loop 480 at an intersection region 412. An irapedance
418 may be connected in parallel with the input and output channels, such that one terminal
of the impedance is connected between current source 410 and channel 402 and the other
terminal of the impedance is comnected to a reference terminal 411,

16657} In some embodiments, a superconducting device 400 may be configured to detect
a current circulating within superconducting loop 480 without perturbing the state of the
superconducting loop. In some embodiments, a superconducting loop may have a width W,
that may be greater than the superconducting coherence length associated with the material
from which the loop is formed. The width W, may be between 50nm and 800nm in some
embodiments, between 100nm and 300nm in some embodiments, or between 150nm and

250nm in some embodiments, though larger values may be used in some cases and for
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different materials. A channel 402 may have a width Wp, that is greater than the
supercondocting coherence length associated with the material from which the channel 18
formed. The width Wp may be between 50nm and 800nm in some embodiments, between
50nm and 300nm in some embodiments, or between 50nm and 150nm in some embodiments,
though larger values may be used in some cases and for different materials. In some
embodiments, the loop may be wider than the channel], and Wi may have a ratio to Wp that is
between 1:1 and 8:1 in some embodiments, between 1:1 and 5:1 in some embodiments,
between 1:1 and 3:1 in some embodiments, or between 1:1 and 2:1 in some embodiments,
though different ratios may be implemented in some cases.

[6658] A superconducting loop 480 may act similarly o a gate channel 201 of FIG. 2A,
if, for example, currents circulating clockwise within the superconducting loop are
considered. In some embodiments, a current circulating in the loop may be inferred by
detecting the critical current of the channel 402, A critical current may be detected by
sweeping the current generated by current source 410, and by detecting the current at which
the sensed voltage across the impedance 418 exhibits a discontinuity. In some embodiments,
a discontinuity in the sensed voltage may be caused by a hot spot formed in response {0 a
current crowding in the intersection region 412,

16059] FiG. 4B illustrates a superconducting device 400 having a heating element 485
thermally coupled to the loop. The heating element may be used to change a number of
fluxons trapped by the superconducting loop 480. The heating element may comprise, for
example, a resistive element configured to heat up as an electric current flows across its
terminals., However, any other suitable heating element configured to emit heat may be used.
In some embodiments, a heating element 485 may be configured to radiate heat 486 toward
the superconducting loop 480. The radiated heat may ¢levate the temperatore of a portion of
the loop 480 and create a resistive portion 487 extending between the center of the loop and
the region surrounding the loop. The appearance of a resistive portion can temporarily break
the superconductivity of the loop. Such a resistive portion may, in some embodiments, allow
one or more fluxons trapped by the superconducting loop to escape or allow one or more
fluxons to be added to the superconducting loop. In some embodiments, fluxons in the loop

may be added and/or removed by coupling a magnetic field o the loop. Alternatively, or
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additionally, fluxons in the loop may be added and/or removed by injecting current in the
loop.
6060} Aspects of the present application provide a method of storing and sensing an
amount of fluxons retained by a superconducting loop. In some embodiments, 2 method may
comprise heating up and cooling down a superconducting loop to change a number of fluxons
retained by a superconducting loop 488, A method may further comprise detecting a critical
current assoctated with the loop to infer a number of fluxons retained by the loop. Without
being bound to any particular theory, a number N of fluxons retained by a superconducting
loop and the current I, circulating in the superconducting loop may be proportional to one
another according to the following expression

NG =11,
where @ is a quanium of magnetic flux associated with a single fluxon, and L is the
inductance of the current loop 480. This expression indicates that the current I, circulating in
& superconducting loop can be guantized.
6061 The graph of FIG. 4C plots 45 values of critical currents that were measured
separately for a fluxon storage device like that depicted in FIG. 4A. Measurements of the
critical current can be used to infer an amount of flaxons stored in the superconducting loop,
without pertarbing the superconducting state of the loop 480. Fach data point on the graph,
such as data point 490, represents the median of 100 measurements of the critical current for
a superconducting device 400 storing a plurality of fluxons. Each set of error bars on each
point correspond to the standard deviation of those 100 measurements. The critical current
may be measured according to the method described in connection with FIG. 44, for
egxample. The graph is divided into thirteen sets of measurements, identified as 81, 82, 83,
... 813, Within each set there may be one or more measurements of critical current L.
Between each point like data point 490, the loop was heated and the saperconducting loop
was allowed to add a single fluxon, remove a single fluxon, or keep the same number of
fluxons. Within this set, the repeated measurement of the same critical current indicates that
the measurement does not perturb the superconducting state and the namber of fluxons
retained by the loop. Only when the loop was heated and the superconductivity disrupied by

that heat {(e.g. between S1 and 52} did the number of fluxons retained by the loop change.
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{60662} In between the sets of measurements, the superconducting loop’s current may be
perturbed by ereating a resistive portion within the superconducting loop as iltustrated in FIG.
4B. Creating g resistive portion may change the state of the superconducting loop.
Subsequently, when the loop is placed back info a superconducting state, a new current may
circulate within the loop. The new current may be different from, or equal {o, the previous
corrent and retain a different or same number of fluxons. From the data of FIG. 4C, it may be
determined that the sensed critical current I for the device is guantized in miniroum
increments of approximately 2.48 pA. Accordingly, the state of the superconducting loop
corresponding to set ST stores approximately 79 fluxons, and the state corresponding fo sei
S13 stores approximately 85 fluxons. Different device designs (e.g., different loop and
channe] dimensions) may have different values for the minimmum current increments,

[B34363] According io some aspecis, a superconducting device 400 may be used as a multi-
state, digital memory clement. For example, a superconducting loop may be configured to
store any integer number, including zero) of fluxons therein that are permitted by the
superconducting loop. Each state of stored fluxons may correspond to a discrete datum. In
some embodiments, the content of the memory element may be inferred by detecting a
critical current associated with the superconducting loop, as described in connection with
FIG. 4C. In some embodiments, the memory clement may be written by breaking
superconductivity of the loop 480, exciting a desired current level within the loop, and
restoring superconductivity of the loop. The inventors have recognized and appreciated that
the rate at which data can be written to a superconducting memory element of the present
embodiments can be as high as 400 GHz. Because a superconducting current loop can store a
phurality of fluxons, a single loop can provide significantly more data storage than a
conventional binary storage clement.

16664] In some implementations, a three-terminal superconducting device may be
fabricated by depositing a plurality of layers on a substrate. FIG. 5 is a cross sectional view
of a three-terminal superconducting device 500 comprising a substrate 501 and at least two
layers of superconducting material, according to some embodiments. The substrate 501 may
comprise any suitable type of substrate, such as a silicon substrate, a silicon oxide substrate, a
silicon nitride substrate, a glass substrate, a polymer substrate, etc. The superconductor layer

502 may be deposited, or otherwise formed, on top of the substrate 501 and may comprise
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any suitable soperconducting material such as niobium (Nb}, niobium nitride (NbN}, niobium
monoxide {(NbO), tantalum (Ta), technetiom (Te), titaniom nitride (TiN), niobium titanium
nitride (NbTiN), yttrium barium copper oxide (YBCO), efe. The superconducting layer 502
may serve as a gate channel or a drain channel in a three-terminal superconducting device of
the type described herein. The thickness of the superconducting laver 502 may be between
50nm and &00nm in some embodiments, between 100nm and 300nm in some embodiments,
or between 150mm and 250nm in some embodiments, though other values of thickness may
be implemented in some embodiments.

6065} A three-terminal superconducting device 500 may further comprise an insulating
layer 513, disposed on superconducting layer 502. The insulating layer 513 may comprise
any suitable type of insulating material, such silicon oxide, silicon nitride, silicon oxynifride,
aluminum oxide, titanium oxide, etc. The thickness of the insulating layer 513 may be
between 2nm and S0nm in some embodiments, between 2nm and 20nm in some
embodiments, or between Snm and 20nm in some embodiments, though other values of
thickness may be implemented in some embodiments. The insulating layer 513 may be
patierned to cover only a portion of the superconducting layer 502, as illusirated in FIG. 5.
8066} A three-terminal supercondacting deviee 500 may further comprise a second
superconducting layer 503, deposited on top of the insulating layer 513, The
superconducting layer 503 may serve as a gate channel or 2 drain channel, and may be
formed from any suitable superconducting material. In some embodiments, superconducting
layers 503 and 502 may be formed from the same superconducting material. However the
application 1s not limited in this respect, and different superconducting materials may be
used. The thickness of superconducting layer 502 may be between 50nm and 800nm in some
embodiments, between 100nm and 300nm in some embodiments, or between 150nm and
250mm in some embodiments, though other values of thickness may be implemented in some
embodiments.

8867} The ratio of the thickness of superconducting laver 502 to the thickness of
superconducting layer 503 may be between 1:8 and 8:1 in some embodiments. Three-
terminal superconducting device 500 may serve as three-terminal superconducting device 200
of FIG. 2A, where the portion 504 of the stack formed by superconducting layers 502 and

503 may serve as reference channel 203, In some embodiments, the gate channel may be
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configured to support an electric current flowing toward the reference channel, and the drain
channel moay be configured to support an electric current flowing toward the reference
channel. As described in connection with FIGs. 2A-2C, current crowding in the region
proximal the end 512 of insulating layer 513 may arise when the current densities are
unbalanced.

6068} According to some embodiments, a superconduocting device using three-terminal
devices of the type described herein may be used to form superconducting logic circuitry,
such as logical AND and XOR gates. FIG. 6 illustrates a superconducting device that may be
used with additional three-terminal devices to form logic cirenity, according to some
embodiments. A superconducting device 600 may comprise a first gate channel 601, a
second gate channel 604, a reference channel 603, a first drain channel 602, a2 second drain
channel 605 and a superconducting shunt 680 that connects the two drain channels. Each of
these components may be formed from a superconducting material. In some embodiments,
the gate, drain, reference and shunt components may be formed from a single
superconducting material {e.g., patierned in a single layer of superconducting material).
However, the application is not limited in this respect and multiple superconducting materials
may be used for the various components of superconducting device 600.

6069} In some embodiments, gate channel 601 may intersect drain channel 602 at an
angle. The angle may be between 90° and 0° in some embodiments, between 70° and ¢° in
some embodiments, between 30° and 0° in some embodiments, between 10° and ¢° in some
embodiments, or between 3° and 0° in some embodiments, though other values for the angle
may be implemented in some embodiments. Gate channel 601, drain channel 602 and
reference channel 603 may form a three-terminal superconducting device, such as the three-
terminal superconducting device described in connection with FIG. 2A-2C. A sharp featare
may be located at the intersection region as described above in connection with FIG. 2E.
18670 In some embodiments, gate channel 604 may iniersect drain channel 663 at an
angle. The angle may be between 90° and 0° in some embodiments, between 70° and ¢° in
some embodiments, between 30° and 0° in some embodiments, between 10° and 0° in some
embodiments, or between 5° and 0° in some embodiments, though other values for the angle
may be implemented in some embodiments. Gate channel 604, drain channel 605 and

reference channel 603 may form a three-terminal superconducting device, such as the three-
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terminal superconducting device described in connection with FIG, 2A-2C. A sharp featare
may be located at the intersection region as described above in connection with FIG. 2E.
10671} The drain channels and the gate charmels may have widths that are greater than
the superconducting coherence length associated with the material from which the respective
channels are formed. The widths may be between 50nm and 800nm in some embodiments,
between S0nm and 300nm in some embodiments, or between 50mm and 150mmw in some
embodiments, though other values of the width may be used in some embodiments. In some
embodiments, the gate channel may be wider than the corresponding drain channel, and gate
channel’s width may have a ratio o the drain channel’s width that is between 1:1 and &1 in
some embodiments, between 111 and 5:1 in some embodiments, between 1:1 and 3:1 in some
embodiments, or between 1:1 and 2:1 in some embodiments, though other values of the width
may be used in some embodiments. Reference channel 643 may have a width that is greater
than or equal to the sum of the gate channel’s width and the drain channel’s width .

8672} In some embodiments, gate channel 604 may be connected to one terminal of
current source 611. The other terminal of current source 611 may be connecied to gate
channel 601 via normal state conductors. In some embodiments, superconducting device 640
may further comprise current sources 612 and 613, connected via normal conductors between
the reference channel 603 and the shunt 680. Current sources 612 and 613 may be disposed
i parallel to drain channels 602 and 6035 respectively, as illustrated in FIG. 6. In some
embodiments, the currents provided by current sources 612 and 613 may be approximately
equal. In some embodiments, current source 611 may be used to conirol the operation of
superconducting device 600, whereas current sources 612 and 613 may be configured to
output constant electric currents that can boost an amount of current flowing through the
shunt 680. However, the application is not Hmited in this respect and other configurations
may be used. For example, the current sources 612 and 613 may be replaced with a single
current source connected between a mid-point of the reference channel 603 and a mid-point
of the shunt 684, in some cases.

(6473} In operation and for some circumstances, corrent source 611 may be operated to
provide a current directed toward gate channel 604. In such a case, if the current provided by
current source 613 is such that current densities in gate channel 604 and drain 605 are

approximately balanced, there will be no voltage state at the intersection of gate 604 and
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drain 605 channels. Accordingly, a current may rotate clockwise in the loop comprising
normal state conductors, current source 611, and superconducting reference channel 603.
Because of the direction of current flow through reference channel 603, a hot spot may form
in drain chanmel 602. Therefore, current from source 612 may flow through shunt 680 in g
counterclockwise direction.

8474} Contrarily, if'the current source 611 is operated to reverse the flow of current in
channel 604, the flow of current through reference channel 630 and shunt 680 will both
reverse. Additionally, the hot spot will switch from drain 602 to drain 605.

{6675} Superconducting device 600 may be used as a building block for logic circuitry,
according to some embodiments. For example, a superconducting drain channel and
controflable current source may be added to shunt 680 to form a superconducting logical
AND gate. For an AND gate, the added drain channel should branch from the shuniina
direction such that current flowing from the added source would oppose the direction of
current flowing in the shunt due to current source 611. The added drain channel and added
current source essentially form another three-terminal superconducting device with the shunt
680 acting as a drain and reference channel. Current from the added drain source would only
be diverted to an output port connected to the added drain channel when current source 611
and the added current source apply current {o their respective drain channels,

6476} In another embodiment, an exclusive OR gate may be formed by adding a drain
channel and current source to the shunt 680 of the superconducting device 600 such that the
added drain channel branches from the shunt in a direction such that current flowing from the
added source would follow the direction of current flowing in the shunt due to current source
611,

18877} In some embodiments, two or more superconducting devices 600 may be cascaded
to form additional superconducting logic circuitry,

{3478} While the present teachings have been described in conjunction with various
embodiments and examples, it is not intended that the present teachings be limited to such
embodiments or examples. On the contrary, the present teachings encompass various
alternatives, modifications, and equivalents, as will be appreciated by those of skill in the art.
18679} While varipus inventive embodiments have been described and llustrated herein,

those of ordinary skill in the art will readily envision a variety of other means and/or
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structures for performing the function and/or obtaining the results and/or one or more of the
advantages described herein, and each of such variations and/or modifications 1s deemed to
be within the scope of the inventive embodiments described herein. More generally, those
skilled in the art will readily appreciate that all parameters, dimensions, materials, and
configurations described herein are meant to be exemplary and that the actual parameters,
dimensions, materials, and/or configurations will depend upon the specific application or
applications for which the inventive teachings is/are used. Those skilled in the art will
recognize, or be able fo ascertain using no more than routine experimentation, many
equivalents {o the specific inventive embodiments described hergin. 1t is, therefore, to be
understood that the foregoing embodiments are presenied by way of example only and that,
within the scope of the appended claims and equivalents thereto, inventive embodiments may
be practiced otherwise than as specifically described and claimed. Inventive embodiments of
the present disclosure are directed to cach individual feature, system, system upgrade, and/or
method described herein. In addition, any combination of two or more such features,
systems, and/or methods, if such features, systems, system upgrade, and/or methods are not
mtually inconsistent, is included within the inventive scope of the present disclosure.

{6086} The terms “about,” “approgimately,” and “substantially” may be ased to referto a
value, and are intended to encompass the referenced value plus and minus variations that
would be insubstantial. The amount of variation could be less than 5% in some
embodiments, less than 10% in some embodiments, and yet less than 20% in some
embodiments. In embodiments where an apparatus may function properly over a large range
of values, ¢.g., one or more orders of magnitude, the amount of variation could be as much as
a factor of two. For example, if an apparatus functions properly for a value ranging from 20
1o 350, “approximately 80 may encompass values between 40 and 160,

6881} The indefinite articles “a” and “an,” as used herein in the specification and i the
claims, unless clearly indicated to the contrary, should be understood to mean “at least one.”
(8082} The phrase “and/or,” as used herein in the specification and in the claims, should
be understood to mean “either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple
clements listed with “and/or” should be construed in the same fashion, i.e., “one or more” of

the elements so conjoined. Other elements may optionally be present other than the elements
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specifically identified by the “and/or” clause, whether related or unrelated to those elements
specifically identified. Thus, as a non-Hmiting example, a reference to “A and/or B”, when
used in conjunction with open-ended language such as “comprising” can refer, in one
embodiment, to0 A only (optionally including elements other than B}, in another embodiment,
to B only {optionally including elements other than A); in yei another embodiment, to both A
and B {optionally including other elements); etc.

6083} As used herein in the specification and in the claims, “or” should be understood to
have the same meaning as “and/or” as defined above. For example, when separating items in
a Hist, “or” or “and/or” shall be interpreted as being inclusive, 1.¢., the inclusion of ai least
one, but also including more than one, of a number or list of elements, and, optionally,
additional unlisted items. Only terms clearly indicated to the contrary, such as “only one of”
or “exactly one of” or, when used in the claims, “consisting of,” will refer 1o the inchision of
exacily one element of a number or list of elements. In general, the term “or” as used herein
shall only be interpreted as indicating exclusive alternatives (i.e. “one or the other but not

3% 4¢

both™) when preceded by terms of exclusivity, such as “gither,” “one of,” “only one of,” or
“gxactly one of.” “Consisting essentially of,” when used in the claims, shall have its ordinary
meaning as used in the field of patent law.

6084} As used herein in the specification and in the claims, the phrase “at least one,” in
reference 1o a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the clements in the list of clements, but not necessarily
ncluding at least one of each and every element specifically listed within the list of clements
and not excluding any combinations of clements in the list of clements. This definition also
allows that elements may optionally be present other than the elements specifically identified
within the list of elements to which the phrase “at least one” refers, whether related or
unrelated to those elements specifically identified. Thus, as a non-limiting example, “at least
one of A and B” {or, equivalently, “at least one of A or B,” or, equivalently “at least one of A
and/or B”) can refer, in one embodiment, to at least one, optionally including more than one,
A, with no B present (and optionally including elements other than B); in another
embodiment, o at least one, optionally including more than one, B, with no A present (and

optionally including elements other than A}; in yet another embodiment, to at least one,



WO 2016/171875 PCT/US2016/025710

25

optionally including more than one, A, and at least one, optionally including more than one,
B (and optionally including other elements); etc.

[6085] In the claims, as well as in the specification above, all transitional phrases such as

4% 4¢ 4% ¢ 39 6¢y

“comprising,” “including,” “carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be undersicod 1o be open-ended, i.¢., to mean inchiding
but not linpited to. Only the transitional phrases “consisting of” and “consisting essentially
of” shall be closed or semi-closed transitional phrases, respectively, as set forth in the United
States Patent Office Manual of Patent Examining Procedures, Section 2111.03.

18686} The claims should not be read as himited o the described order or elements unless
stated to that effect. 1t should be undersiood that various changes in form and detail may be
made by one of ordinary skill in the art without departing from the spirit and scope of the
appended claims. All embodiments that come within the spirit and scope of the following

claims and equivalents thereio are claimed.

What is claimed is:
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CLAIMS
1. A device comprising:
a drain channel;
a reference channel connected to the drain channel; and
a conductive loop formed from a material that supports superconductivity and

connected to an intersection region between the drain channel and the reference channel.

2. The device of claim 1, further comprising a sharp feature in intersecting channel walls

having an acute angle and protruding into the intersection region.
3. The device of claim 2, wherein the acute angle is between § degrees and 70 degrees.

4, The device of claims 2 or 3, wherein a measurable resistance having a value between 10
ohms and 1600 ohms forms in the drain channel adjacent to the sharp feature when the device
is operated in g superconducting state and an imbalance in current density that is greater than

a threshold value is applied between the drain channel and the conductive loop.

5. The device of clatm 2 or 3, wherein superconductivity is suppressed in the drain
channel adiacent to the sharp feature allowing flux to flow across the drain channel when the
device is operated in a superconducting state and an imbalance in current density that is

greater than a threshold value is applied between the drain channel and the conductive loop.

6. The device of any one of claims 1-3, further comprising a sensing terminal connected to
the drain channel for sensing a voltage difference between the drain channel and the reference

channel,

¥

7. The device of any one of claims 1-3, further comprising a heating element thermally

coupled to the conductive loop.

8.  The device of any one of claims 1-3, further comprising a conirollable current source

connected to the drain channel,
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8.  The device of any one of claims 1-3, wherein the drain channel, the reference channel,
and the conductive loop have a thickness that is less than a superconducting penetration depth

associated with the material,

10.  The device of any one of claims 1-3, wherein the drain channel and the conductive loop

have widths greater than a superconducting coherence length associated with the material,

11.  The device of any one of claims 1-3, wherein a ratio of a first width of the conductive

loop to a second width of the drain channel is between 1:1 and 8:1.

12.  The device of any one of claims 1-3, wherein the drain channel, the reference channel,

and the conductive loop are formed from the material.

13.  The device of any one of claims 1-3, wherein the drain channel, the reference channel,

and the conductive loop are disposed on a surface of a substrate.

14. A method for sensing an amount of current in a first superconducting channel, the
method comprising:

varying an amouont of carrent applied to a second superconducting channel that
intersects with the first superconducting channel; and

detecting the formation of resistance in the second superconducting channel.

15. The method of claim 14, wherein the detecting comprises measuring a voltage between
the second superconducting channel and a third superconducting channel that is connected to

the first superconducting channel and the second superconducting channel,

16. The method of claims 14 or 15, wherein the first superconducting channel forms a

superconducting loop.

17. The method of claim 16, further comprising:
storing a number of fluxons in the superconducting loop; and
determining, at a later tume, the mumber of fluxons stored in the superconducting loop

based upon the act of detecting the formation of resistance.
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18. A device comprising:

a gate channel;

a drain channel formed from a material that supports superconductivity and that
intersects the gate channel at an angle; and

a reference channel, wherein a reduction in current in the gate channel, when the
device is operated in a superconducting mode, inereases current crowding at an intersection
region of the gate channel and drain chanmel and causes the formation of measurable

resistance in a portion of the drain channel.

19. The device of claim 18, further comprising a sharp feature in intersecting channel walls

having an acute angle and protruding into the intersection region.
20. The device of claim 19, wherein the acute angle is between § degrees and 70 degrees.

21. The device of claim 18 or 19, wherein the measurable resistance, when formed, has a

value between 10 ohms and 1000 ohms.

22. The device of any one of claims 18-20, wherein the gate channel, the drain channel, and

the reference channel are coplanar,

23. The device of any one of claims 18-20, further comprising an output port connected to

the drain channel.

24, The device of claim 18, wherein the gate channel, the drain channel, and the reference

channel are formed from a single layer of the material,

25. The device of claim 24, wherein the gate channel, the drain channel, and the reference
channel have a thickness that is less than a superconducting penetration depth associated with

the material.

26. The device of claim 24 or 25, wherein the gate channel and the drain channel have

widths greater than a superconducting coherence length associated with the material.

27. The device of any one of claims 18-20, wherein a ratio of a first width of the gate

channel 10 3 second width of the drain channel is between 1:1 and 8:1.
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28. The device of claim 18, wherein the gate channel, the drain channel, and the reference
channel are disposed on a substrate such that the gate channel is formed from a first material
deposited on the substrate in a first deposition and the drain channel is formed from a second

material deposited in a second deposition.

29. The device of claim 28, further comprising an insulating material disposed in a layer

between a portion of the gate channel and a portion of the drain channel.
30. The device of claim 29, wherein the insulating material comprises an oxide.

31. A method of operating a three-terminal device having a gate channel, a drain channel,
and a reference channel, the drain channel intersecting the gate channel in an intersection
region, the method comprising:

placing the three-terminal device in a superconducting state, such that the gate, the
drain and the reference channel are soperconducting;

ncreasing a current crowding in the intersection region by reducing a gate current
flowing through the gate channel; and

forming a region of measurable resistance in the drain channel.

32. The method of claim 31, wherein placing the three-terminal device in the
superconducting state comprises reducing the temperature of the three-terminal device below

a superconducting critical femperature,

33, The method of claim 31, further comprising diverting current from the drain channel to

an output port responsive to the forming the region of measurable resistance.

34. The method of any one of claims 31-33, further comprising changing an amount of
current applied to the drain channel to change a current level of the gate current at which the

region of measurable resistance forms.,

35, A device comprising:
a first drain channel formed from a first material that supports superconductivity;
a first gate channel intersecting the first drain channel;

g second drain channel formed from a second material that supports
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superconductivity;

a second drain channel intersecting the second drain channel;

a reference channel connecting and mtersection of the first drain channel and first gate
channel {0 an intersection of the second drain channel and second gate channel; and

a shunt connecting an end of the first drain channel to an end of the second drain

channel.
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