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Hybrid Quantum Interferometer in Bifurcation Mode as a Latching Quantum
Readout
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We develop a type of magnetometer consisting of a hybrid quantum interference device (HyQUID) that
is set in a bistable state. We demonstrate its operation in a latching mode that can be employed to measure
small changes in the applied flux. The device can be used to probe the flux state of a superconducting cir-
cuit using straightforward electrical resistance measurements, making it suitable as a simple qubit readout

with low back action.
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I. INTRODUCTION

The ability to detect extremely small changes in mag-
netic flux is of paramount importance in a number of
applications. One area of particular interest is the readout
of superconducting flux qubits. Here, it is necessary that
the detector is not only able to measure extremely small
changes in the flux generated by the qubit but also that it
has minimal back action so that it does not induce quantum
decoherence.

The quantum state of the qubit can be determined by
measurement of the magnetic flux in the system. Typically
a superconducting quantum interference device (SQUID)
has been used to achieve this [1].

Existing SQUID-based readout methods of the state of
a qubit are unsatisfactory for a number of reasons. First, to
produce a readout, the SQUID is switched into a finite-
voltage state, a process that strongly disturbs both the
qubit circuit and the SQUID itself. Bursts of nonequilib-
rium quasiparticles are created, with energies exceeding
the superconductor gap, thus “poisoning” the qubit cir-
cuit and leading to decoherence [2]. Second, due to the
ac Josephson effect, the voltage across the SQUID pro-
duces a microwave voltage pulse that can drive neigh-
boring qubits into their excited states [3]. While being
useful for proof-of-principle purposes, switching methods
are unsuitable for simultaneous measurements of multi-
ple qubits or experiments in which the preservation of the
qubit state after the measurement is required (e.g., quantum
nondemolition measurements [4]).
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In an effort to overcome the above problems, an alter-
native readout device has been developed—the Josephson
bifurcation amplifier (JBA) [5]. The JBA is essentially
a nonlinear oscillator formed by a capacitively shunted
Josephson junction. The JBA uses a dispersive measure-
ment technique to avoid switching of the junction into a
finite-voltage state. The principle of the measurement tech-
nique is to drive the system with a sufficiently large rf
excitation while measuring the plasma frequency response
[4,6]. This high drive power causes the oscillator to enter
a nonlinear regime in which a bistability occurs [7]. As
the plasma frequency response also varies with the critical
current of the junction, it is possible to use the JBA as a
sensitive threshold detector. A particular advantage of this
measurement technique is that the JBA will remain in the
same state post measurement, which allows the system to
be employed as a latching readout of superconducting cir-
cuits such as flux qubits [8,9]. Although the JBA addresses
a number of the shortcomings of SQUID-based measure-
ments, there are still disadvantages to the method, namely
the necessity for a large-amplitude electromagnetic field in
the system. The necessary coupling to the resonant cav-
ity can also lead to photon-induced dephasing of the qubit
[10,11]. Finally, in order to properly drive the JBA, a com-
plicated and expensive arrangement of transmission lines,
circulators, and rf electronics is required.

Hybrid quantum interference devices (HyQUIDs) are
hybrid mesoscopic devices that act as sensitive detectors
of superconducting phase [12—14]. In this paper, we show
how a HyQUID can be set in a bistable state exhibit-
ing a similar latching action to the JBA. This can be
achieved without the need for the aforementioned com-
plicated rf equipment—instead, only the measurement of
a quasi-dc voltage is needed to perform the HyQUID
readout.
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I1I. THE HYBRID QUANTUM INTERFERENCE
DEVICE

A. HyQUID operation principles

The HyQUID consists of a superconducting loop inter-
rupted by a normal-conductor weak link. A scanning
electron micrograph and device schematics are shown in
Fig. 1. The normal cross of the HyQUID makes contact
with normal electrodes at points (a) and (b) and with the
superconducting loop at points (c¢) and (d). The electri-
cal resistance of the interferometer between points (a) and
(b) oscillates as a function of the superconducting phase
difference ¢ = ¢; — ¢, between points (c) and (d) and is
described by

ARy = y[1 = cos(9)], ©)

where y is an amplitude factor controlled by prop-
erties of the system, such as the quality of the
superconductor—normal-metal  (S-N) interface, and
depends on the relation between the lengths of the nor-
mal conductor L., connecting the superconductors and
on characteristic length scales such as the electron phase-
breaking length L, = ,/Dt, and the coherence length
&v = /hD/2mkpT, where 7, is the phase-breaking time
and D is the diffusion coefficient.

(b) ! l
FIG. 1. (a) A scanning electron micrograph of the HyQUID

cross. The silver layer (normal metal) is colored red, the alu-
minum layer (superconductor) is colored blue, and the silicon
monoxide layer (insulating spacer) is colored green. (b) A cir-
cuit schematic showing the HyQUID cross. One branch of the
cross is connected to two normal-metal reservoirs—a four-point
measurement is used to monitor the resistance of the cross. The
resistance of the normal branch oscillates as a function of the
phase difference between the two superconductors ¢ = ¢; — ¢».
(c) A schematic demonstrating the principle of operation of the
HyQUID. The superconducting electrodes are joined to form a
loop. A magnetic flux ® can be applied to the loop using either
an on-chip flux line (shown) or an external solenoid. The flux
changes the phase difference across the interferometer and the
resulting change in the HyQUID resistance is measured.

Due to the proximity effect, a superconducting Joseph-
son current can be induced in the normal segment of
the HyQUID, with a critical value that depends on the
distance between the two superconducting contacts, L._4.
Figure 2(a) shows that as the distance between the super-
conducting contacts is increased, the critical current of the
S-N-S junction reduces. This allows specific critical cur-
rent values to be designed during the fabrication stage. It
is also possible to modify the critical current of the S-N-S
junction by applying a control current between the two nor-
mal reservoirs. Figure 2(b) shows the dependence of the
critical current of a S-N-S junction on the applied bias cur-
rent Iy, allowing full suppression of /. and thus control of
the critical current during an experiment. The suppression
of 1. is due to the control of the quasiparticle distribu-
tion over the supercurrent-carrying Andreev states [15].
For the HyQUID used in this work, we design and fabri-
cate the device parameters such that we are in the range
Leq < &n,Lgs. This allows us to modify the behavior of
the HyQUID during the experiment and access different
operating regimes.

B. HyQUID fabrication and measurement setup

Figures 1(a) and 1(b) show a scanning electron micro-
graph and circuit schematic of the interferometer described
in this paper. The patterns are defined using standard
electron-beam-lithography techniques. The normal and
superconducting materials used are Ag and Al, respec-
tively. Both are deposited using thermal evaporation. In
order to ensure a good interface between the two metals,
an in situ argon etch is used.

% (b)

0.5 1.0 15 2.0

FIG. 2. (a) The black open circles show the measured crit-
ical current as a function of L., for superconductor—normal-
metal-superconductor (S-N-S) junctions with different values
of L.4. The critical current reduces as the length of the
S-N-§ junction is increased. The red line shows a fit to /. «
exp(—L..4/&) from which an estimate of the coherence length
can be made, £ ~ 570 nm. (b) The black open circles show
the measured critical current of the S-N-S junction with an
increasing bias current [y applied between the two normal reser-
voirs. The applied bias current / provides control of the critical
current /...
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The S-N-S junction is 200 nm wide and 50 nm thick
and the distance between the two S contacts, L.; =
500 nm. The distance between the two N reservoirs, L,., =
2000 nm. Using a simple approximation for a square loop,
we estimate the geometric inductance of the loop to be
L = 100 pH. All measurements are conducted in a *He
cryostat with a base temperature of 280 mK. The resistance
of the interferometer is measured using standard lock-in
amplifier techniques. The magnetic flux through the inter-
ferometer & is controlled using both a superconducting
solenoid in the cryostat and an on-chip flux line for pulsed
measurements. The pulses are controlled using an arbi-
trary waveform generator. To modify the critical current,
we apply a dc current /y between the two N reservoirs,
so that Vy = IyRy. We measure a normal-state resistance
Ry = 2.8 @ at 280 mK. The diffusion constant is esti-
mated from similar fabricated devices (see Refs. [14,16])
to be D ~ 0.08 m? s~!. Using the theory presented in Ref.
[16], we estimate Ly > 3 pum. Several interferometers are
fabricated, all showing similar behavior.

II1. THE HyQUID IN BIFURCATION MODE
A. HyQUID dynamics

Past investigations of hybrid normal-superconducting
interferometers have focused on the range in which &y <
L.q < Ly. In this regime, the Josephson screening cur-
rent in the flux-sensitive loop of the interferometer is
negligible. The phase-periodic oscillations in this regime
are sinusoidal (or cusplike), as shown in Fig. 3(b), and
the phase-flux relationship is single valued, as shown in
Fig. 3(d).

In this work, we investigate the HyQUID with L.,
which is smaller than both the phase-breaking length and
the coherence length; L.; < &y,Ly. In this regime, the
Josephson screening current is created with finite crit-
ical current /., changing the behavior of the HyQUID
drastically. The dynamics can be described using the resis-
tively and capacitively shunted Josephson junction (RCSJ)
model [17,18]. The dependence of the potential energy of
our system is described by

)

42
U=EJ|:1—COS¢+Mi|,

2p

where ¢, is the externally applied phase, £; = [.®y/27
is the Josephson energy, 8 = 2x LI,/ Py is the screening
parameter, and L is the geometric inductance of the loop.
The potential energy of the system can therefore be
modified by control of 8 (through varying the dc current
Iy) and through control of the external phase ¢, applied to
the HyQUID. At large values of 8 (large critical currents),
there are several stable states corresponding to minima in
the local potential energy. At small values of 8 (small crit-
ical currents), the system has only one stable minimum.
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FIG. 3. (a) The potential energy of the HyQUID [see Eq. (2)]

for different values of 8. By varying 8, the number and position
of minima can be controlled. (b),(c) The differential resistance of
the interferometer as a function of the applied flux ® for Iy =
30 uA (B =4.95) and Iy = 50 uA (B = 1), respectively. The
blue data show the differential resistance when the flux is swept
in the positive direction and the red data when flux is swept in a
negative direction. The black dotted line is a fit to theory using
Egs. (1) and (3), showing the unstable regions of the curve. (d),(e)
The phase across the interferometer ¢ as a function of the applied
magnetic flux @, calculated using the values of B determined
from (b) and (c), respectively. The blue and red arrows show the
points where the phase switches between branches.

Figure 3(a) shows the potential energy of the HyQUID
for different values of 8. The dynamics of such a system
can be experimentally observed by measuring the differ-
ential resistance of the interferometer at different values
of 8.

The Josephson screening current is created with a finite
critical current /. and the phase ¢ is related to the magnetic
flux threading the loop by

27 d/ Py = ¢ + Bsing. 3)

As B is increased, the relationship between ¢ and @
becomes increasingly nonlinear and at 8 > 1 it becomes
multivalued. At the points shown by arrows in Fig. 3(e),
the system can exist in two different states (bifurcation).
Figures 3(c) and 3(e) show the operating regime that is dis-
cussed in this paper. When § > 1, the phase as a function
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of applied flux is multivalued—initially, the superconduct-
ing phase starts on one branch with a positive gradient. As
the flux approaches a critical value, the gradient changes
sign. Beyond this critical flux, the gradient becomes neg-
ative. The negative gradient represents values of phase
that are unstable and thus the phase jumps to the next
branch with a positive gradient. This results in dynamics
that are path dependent (in our case, flux-sweep-direction
dependent). The differential resistance as a function of the
applied flux is shown in Fig. 3(c). The blue data are the
positive flux sweep and the red data are the negative flux
sweep. The blue and red arrows on the phase-flux diagram
of Fig. 3(e) represent the corresponding points where the
phase switches between branches. It should be noted that
the two regimes shown [Figs. 3(b) and 3(c)] are measured
using the same HyQUID. Only the applied dc current I
is used to tune between these regimes. The full range of
HyQUID differential resistance behavior is shown in the
Appendix.

The differential resistance close to the bistable points
shows an extreme sensitivity to the applied flux [as per
Fig. 3(c)]. This happens because the height of the poten-
tial energy barrier keeping the system in the local potential
well becomes small enough for the system to escape the
well. As can be seen from Eq. (2), the escape can be stim-
ulated by manipulation of external flux or, alternatively,
by manipulation of 8 via applied dc current Iy [as per
Fig. 3(a)]. The differential resistance as a function of the
bias current [y is shown in Fig. 4. In this control proto-
col, the applied flux to the HyQUID is fixed and the bias
current /y is swept. Similar to the protocol of Fig. 3, the
dynamics arise as a result of instabilities of the phase-flux
diagram. In this case, the value of B varies as Iy is varied;
therefore, the form of the phase-flux dependence varies as
Iy is varied.

As Iy is increased, B8 reduces. As B is reduced, the
phase-flux diagram tends toward linear. For a fixed applied
flux as shown in Fig. 4(a), the HyQUID phase increases as
Iy is increased. At some value of Iy, the phase becomes
unstable and a phase jump to the next branch occurs. The
phase progression as [y is varied is shown in Figs. 4(a)
and 4(b). The blue arrows represent the path when Iy
is increased. The red arrows represent the path when Iy
is decreased. By considering the differential resistance of
the HyQUID in this regime, we again find that a hys-
teretic behavior is observed [Fig. 4(c)], which allows the
HyQUID to be used as a latched readout device. The
experimental dependence of the differential resistance as
a function of 7y for our device is shown in Fig. 4(d) and
agrees qualitatively with the modeled data.

B. Latching readout

As described in the previous sections, the high sensitiv-
ity of the HyQUID to small changes in flux and/or bias
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FIG. 4. (a) The phase-flux diagram for multiple values of 8.

For clarity, only a subset of curves are shown. The external flux
is fixed (& = 1.64®) and the phase ¢ is found for each 8 by
solving Eq. (3). Some of the phase solutions occur on negative
gradients (green open circles) and are unstable. Only the stable
solutions (black open circles) are experimentally accessible. The
path dependence of the dynamics is illustrated on the graph; as
the bias current is increased (8 decreased), the phase increases
until a negative gradient of the phase-flux curve is reached (this
occurs on the solid black curve). The phase then jumps to the
next stable level and then progresses smoothly again. This can
be observed by following the blue arrows on the graph. The
red arrow represents the phase progression as the bias current is
reduced (8 increased). (b) The phase as a function of the applied
dc current. As the current is increased, a jump in the phase is
observed. (c) This phase jump is then observed in the calcu-
lated differential resistance of the HyQUID [Eq. (1)]. A clear path
dependence is observed based on the direction of the bias-current
sweep. (d) The experimental differential resistance data as a func-
tion of the applied dc bias current: blue is the up current sweep
and red is the down current sweep. The behavior of the HyQUID
during the experiment follows the model presented in (a)—(c).

current at the bifurcation points can be used for the con-
struction of a latching amplifier that can be used for the
readout of quantum circuits, such as superconducting flux
qubits.
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To use the HyQUID as a latching readout, we take
advantage of the bistability in the HyQUID dynamics
and implement pulsed measurements using two alternative
protocols for manipulation of the flux and bias current.

1. Latching readout using flux manipulation

The readout protocol is shown in Fig. 5. The applied
flux @y to the HyQUID is controlled via an on-chip flux
line. The dc current Iy is added to the small ac current
used for lock-in detection. Both pulses are controlled using
an arbitrary waveform generator. We again use the RCSJ
model description of our system and use the pulsed pro-
tocol to control the “particle” in a potential energy well.
The system is initialized so that the particle sits in a sin-
gle lower well [Fig. 5(c-1)]. By increasing the applied flux,
the well is raised [Fig. 5(c-ii)], trapping the particle. A
short flux pulse @y, is applied for time Af, temporarily
lowering the barrier between the two wells [Fig. 5(c-iii)],
allowing for the possibility that the particle escapes to the
other well—this leads to a sudden change in phase (which
manifests as a change to the HyQUID resistance). The
barrier is reinstated by reducing the applied flux and a mea-
surement of the HyQUID resistance is made—due to the

Time
(a) At
§ mstep
S (i) (i) (iif) (iv) (v)
(b)
= () (i) (iif) l (iv) l (v)

(c) A

(i) (if) (iif) (iv) (v)

FIG. 5. The description of the pulsed-measurement protocol
used to measure escape rates from the potential well of the sys-
tem. (a) The blue line shows the applied flux ®.y as a function of
time. (b) The red line shows the measurement current 7 through
the vertical branch of the cross. (c) The protocol can be described
by five regions, (i) through (v), with the energy potential shown
for each region, as follows: (i) the system is initialized so that it
sits in a lower well; (ii) the well is raised by increasing ®x; (iii) a
short flux pulse @y, is applied for time A, to temporarily lower
the barrier. (iv) The barrier is reinstated by reducing ®.—the
HyQUID resistance is measured to determine if the system is in
the upper or lower well; (v) the system is reset. The escape prob-
ability Pegeape can be determined by repeating the process as a
function of e,

latching nature of operation, this measurement determines
whether or not the particle escapes [Fig. 5(c-iv)]. Finally,
the system is reset by removing the flux and current bias
[Fig. 5(c-v)].

During stage (iii) of the measurement protocol, the bar-
rier is reduced and the particle has some possibility of
escaping the lower well. The escape rate from the potential
well is written as

= 22 exp[—Uo/kpT], “)
T

where o is the escape-attempt frequency and Uj is the bar-
rier height [19,20]. For shallow wells, Uy can be described
by the cubic approximation

2
Uy = 3V 1 — B2E)¢€, Q)

where

e =20 —pVF -1 (©)

and ¢. = [/2 + /B> — 1 +sin"!(1/B)] is the external
phase at which Uy = 0. Since we ensure that the parti-
cle always starts in the upper well, we can write Pegcape =
1— e—l‘At.

By repeating the measurement protocol many times and
stepping the height of the applied flux pulse that con-
trols the barrier, a probability curve of state occupation
can be experimentally determined. The resulting probabil-
ity curve is shown in Fig. 6. We define o as a figure of
merit describing the fidelity of the readout, which is the dif-
ference in flux ® between Pegcape = 0.1 and Pegeape = 0.9.
We show that our HyQUID readout implementation can

1.0}

0.8

0.2r

| SR NI yy—. (S ————

0.0} BB

1.:[75 1.i80 1.i85 1.:[90 1.i95
q’step (‘DO)

FIG. 6. The probability of escape as a function of the step
height, measured according to the method described in Fig. 5
using a pulse length A¢ = 200 us. o is a figure of merit describ-
ing the difference in @y, between Pegcape = 0.1 and Pegeape =
0.9. For this system, o = 0.006®.
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detect changes in flux ¢ = 0.006®¢. This resolution is
comparable to that of the bifurcation amplifier used by
Lupascu et al. to probe the state of a flux qubit [4].

2. Latching readout using bias current manipulation

The protocol shown in Fig. 7 uses the bias current I to
control the potential well (by controlling 8). One advan-
tage of this protocol is that the applied flux is constant after
initialization, which could be beneficial when the readout
circuit is coupled to a flux-sensitive device such as a flux
qubit. To estimate the performance of the HyQUID latch-
ing readout using the protocol shown in Fig. 7, we use
experimentally determined probability curves for multiple
fixed values of /y. From the experimental data shown in
Fig. 6, we fit the probability curve and extrapolate between
probability curves measured at different values of /. This
allows the simulation of a probability curve for the pro-
tocol shown in Fig. 7. The switching probabilities at two
different values of the applied flux are shown in Fig. 8.
We show two flux values ®gep = 1.02®¢, and Dy, =
1.01®,. Following the convention from Siddiqi ef al. [5],
we define the discrimination power d as the maximum
difference between the two switching-probability curves.
The relative difference between the two curves can be
described as A = 2(d, — ) /(P + D). We find that

Time
(a)
& (i) (if) (iii) (iv) (v)
(b)
= (i) (ii) (iii) (iv) (v)
(c)
(i) (ii) (iii) (iv) (v)
FIG. 7. An alternative pulsed-measurement protocol to deter-

mine the escape probability. (a) The applied flux Py as a
function of time. (b) The current /y as a function of time. (c)
Similar to Fig. 5, the protocol can be described by five regions,
(i) through (v), with the energy potential shown for each region as
follows: (i) the system is initialized so that it sits in a lower well;
(ii) the well is raised by increasing ®.y; (iii) a short measure-
ment current pulse is applied to temporarily lower the barrier;
(iv) the barrier is reinstated by reducing the measurement cur-
rent pulse—the HyQUID resistance is measured to determine if
the system is in the upper or lower well; (v) the system is reset.
The escape probability Pegcape can be determined by repeating the
process as a function of 7.

1.0r o mslep;]uoz@n
0 Ogep=1.010
0.8}
0 0.6f
Q
8
13
04t AD/Dy = 1%
02f
............................ Y
0.0
1.84 1.86 1.88 1.90 1.92
VN (mV)
FIG. 8. The probability of escape as a function of the voltage

applied across the normal reservoirs. We show curves of Pegcape
versus Vy corresponding to two flux positions. The curves are
obtained using the experimental Pegcape Vs Pgiep curves, as shown
in Fig. 6. We follow the convention of Siddiqi et al. [5] and
describe the discrimination power d as the maximum difference
between two switching-probability curves. For A®/®y = 1%,
we find d ~ 76%.

for A®/ Py ~ 1%, d = 76%. This is comparable to the
performance described in Ref. [5].

IV. DISCUSSION AND CONCLUSION

The latching amplifier is suitable for probing the state
of a superconducting qubit for a number of reasons. First,
by correctly tuning the value of 8, it is possible to make
the magnetometer sensitive to extremely small changes in
flux. Second, due to its latching action, the act of reading
out the qubit can be separated from the act of probing the
qubit, minimizing the back action. Third, by minimizing
the mutual inductance between the flux-sensitive loop and
the bias current and/or voltage leads (e.g., using a HyQUID
with a folded-cross design as per Ref. [14]), the deco-
herence of the qubit by the measurement system can be
minimized.

An important advantage of the HyQUID in bifurcation
mode is that the screening Josephson current acts to reduce
the thermal-flux noise §®y, introduced by the Nyquist
noise in the S-N-S junction. In the absence of a Joseph-
son screening current, the Nyquist thermal-noise current
8l = /4kgTAf /R, where R is the resistance of the
S-N-S junction in the normal state, introduces a current
that circulates in the loop §1; = §1y;,. The thermal-flux noise
in the loop is then given by

8@y = LS. (7
This thermal-flux noise increases the noise floor, which

reduces the sensitivity of the magnetometer and con-
tributes to the back action of the readout.
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The Josephson supercurrent §/; influences the current
81; and partially screens the Nyquist current. The current
circulating in the loop is 8/; = 8/; + §ly, due to current
conservation [14]. The value of §/; can be determined by
minimizing the energy of the loop [14,21]. The total energy
of the loop is

L3I

W= w4, = L 1O
- k - 2 2 s

)

where the first term describes the energy of the mag-
netic field due to the circulating current §/;. The second
term describes the kinetic energy due to the superconduct-
ing electrons in the normal branch of the HyQUID. The
resulting thermal-flux noise is given by

LL;
0dy, = Iy, 9
N <L+Lk> . ©)

where L; = ®(/2x1, is the kinetic inductance. Note that
8Oy — Lilyy — 0 as I. — oo; therefore, designing a
HyQUID with a high critical current acts to reduces the
flux noise induced by the interferometer, which can cause
decoherence in the coupled qubit.

To further optimize the HyQUID for latching readout,
we focus on the figures of merit o and d. By examina-
tion of Eq. (5), we see that the value of dU,/d® close to
® = ®y/27 should reach a maximum as 8 — 1. There-
fore, to minimize o, the HyQUID should be operated close
to this point. The performance of the HyQUID could there-
fore be improved by designing an interferometer with 1 >
B > 1.5 when Iy = 0. This could be achieved by adjusting
the junction length L. ; and/or the HyQUID loop size. This
would allow the HyQUID to operate at close to its optimal
point using only a small bias current [ through the resis-
tive N branch reducing any heating effects. The response
time of the HyQUID is estimated to be less than 40 ps
[22]—fast enough to enable utilization of the HyQUID
latching readout in typical qubit-readout protocols (see,
e.g., Ref. [23,24]). The resistance of the normal part of
the HyQUID can be changed by modifying the dimensions
of the sample or by using materials with a higher resis-
tivity. However, an impedance-matching circuit could be
employed to match the impedance of the HyQUID with the
characteristic 50 €2 impedance of microwave electronics.

To conclude, we present a hybrid quantum interference
device that can be set in a bistable regime through in sifu
control of the Josephson screening current by application
of'a dc tuning current without entering the normal state. We
show that in this regime, the HyQUID can be operated in
a latching mode for quantum circuit readout. We employ
a pulsed measurement to investigate the dynamics of the
HyQUID in this mode and test the fidelity of the readout.
The differential-resistance behavior as a function of either
the flux or the current is in agreement with our modeling
of the HyQUID dynamics.

We believe that this embodiment of the HyQUID is suit-
able for applications where high sensitivity and low back
action are needed. In particular, we believe that the tech-
niques described here could be applied to the readout of
superconducting flux qubits.

The latching dynamics of the HyQUID may also have
utility in superconducting logic architectures as a storage
cell such as those proposed in Ref. [25], where a quantum
state may be stored and then read out much later.
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APPENDIX: TUNABLE HyQUID OPERATION

As discussed in the main text, the HyQUID operation
regime can be tuned by varying the 8 screening parame-
ter (by varying the critical current through application of
a dc current between the two normal reservoirs). Figure 9
shows the oscillations of the differential resistance of the
interferometer as a function of the applied flux ¢ at differ-
ent Iy-controlled B. At large S, periodic oscillations with
regular sharp changes in the resistance as a function of the
applied flux are seen showing hysteresis when the field
sweep direction is reversed. The phase as a function of

0.5Q
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FIG. 9. (a) The differential resistance dV/dl (2) of the

HyQUID as a function of the applied flux & at different bias
currents Iy. The plots are offset on the y axis for clarity. Pro-
gression from the hysteretic regime (Iy large; I., B small)
to the nonhysteretic regime (Iy small; /., B large) is clearly
demonstrated.
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flux at this value of 8 is multivalued. Initially, the super-
conducting phase starts on one branch where there is a
relatively small gradient. As the flux approaches a critical
value, the gradient changes sign. Past this critical flux, the
gradient becomes negative. Values of phase on the nega-
tive gradient are unstable and so the phase jumps to the
next branch, leading to the sudden switch seen in the mag-
netoresistance. This process is described in the main text
and shown in Fig. 3.

As we increase [y, the hysteresis disappears (it cor-
responds to the interferometer having B < 1). The rela-
tionship between the phase and the flux is no longer
multivalued and Ry as a function of ® is no longer path
dependent [see Figs. 3(b) and 3(d)]. The transfer func-
tion dV/d® is maximized around ® = &(/2. Operation
of the interferometer in this regime enhances the sensitiv-
ity with dV/d® =192 uvVao, ! (where V is the voltage
measured by the lock-in amplifier across Ry ) compared to
0.27 uV, @, ! for a perfectly sinusoidal oscillation of the
same amplitude.

At higher values of Iy, we observe a splitting of the
peaks of the magnetoresistance oscillations and eventu-
ally a s shift in the phase of the oscillations. This is a
consequence of the change in the differential resistance at
higher measuring currents. A detailed explanation of this
phenomenon can be found in Ref. [16].
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