Simultaneous state measurement of coupled Josephson phase qubits
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One of the many challenges of building a scalable quantum computer is single-shot measurement
of all the quantum bits (qubits). Here, we exploit the simultaneous single-shot measurement of two
coupled Josephson phase qubits to directly probe interaction of the qubits in the time domain. We
introduce the concept of measurement crosstalk, and show that its effects are minimized by careful
adjustment of the timing of the measurements. We observe the antiphase oscillation of the two-qubit
|01) and |10) states, corresponding to an i-SWAP gate, thereby opening the possibility for the full

characterization of multi-qubit gates and elementary quantum algorithms.

Recent years have seen considerable progress toward
the implementation of a quantum computer [1] based on
superconductors. Coherent single qubit operations have
been shown in Josephson flux [2] and phase [3] qubits,
and the time domain interaction of coupled qubits [4]
and a controlled-NOT logic gate [5] have been demon-
strated in the Josephson charge qubit [6, 7]. Previous
studies of coupled superconducting qubits have relied on
separate measurements of the individual qubits (bitwise
readout). Such an approach does not yield complete in-
formation about the system and fails, for example, to
directly establish correlations between the qubits in the
case of an entangled state. In order to test quantum
algorithms efficiently, or to perform quantum state to-
mography and thereby definitively prove entanglement,
it is necessary to measure all the qubits simultaneously
(wordwise readout) and with high fidelity. For multi-
qubit circuits with fixed coupling - a common architec-
ture for superconducting qubits - realization of this goal
is complicated by measurement crosstalk: measurement
of the state of one qubit may perturb the state of other
qubits, destroying information about quantum correla-
tions. While continued progress toward the realization
of quantum gates in superconducting circuits will depend
on a thorough understanding of measurement crosstalk,
this issue has received little attention to date.

In this report, we describe simultaneous single-shot
state measurements to probe the interaction of coupled
Josephson phase qubits in the time domain. The ob-
served antiphase oscillation of the occupation probabil-
ities of the two-qubit basis states |01) and |10) is con-
sistent with quantum mechanical entanglement of these
states. Moreover, the free evolution between the |01)
and |10) states contains the essential ingredient of the
two-qubit i-SWAP operation which, taken together with
single-qubit rotations, forms a universal set of quantum
gates [8]. Our results depend crucially on a scheme for
fast (~ ns) state measurement and accurate adjustment
of the timing of the measurements of the two qubits in
order to circumvent measurement crosstalk in the circuit.

The characteristic decay time for the two-qubit oscilla-
tions is consistent with the longitudinal relaxation time of
the single-qubit circuit, suggesting that little additional
dissipation is introduced by coupling the qubits. This
bodes well for future tests of multi-qubit gates and for
more rigorous demonstrations of quantum correlations
in multi-qubit circuits.

The Josephson qubit can be thought of as a manu-
factured electrical “atom”, having discrete energy levels
which exist in a potential energy landscape determined
by the circuit design parameters and bias (see Fig. 1A-
B for details). We have previously demonstrated high-
resolution spectroscopy and coherent oscillations in the
time domain in a single-qubit circuit [9, 10]. To imple-
ment a coupled qubit circuit, we connected two flux-
biased phase qubits via a thin-film capacitor [11], as
shown in Fig. 1C. We label the qubits A and B. The
interaction Hamiltonian can be written

Hige = 2 (01){10] + [10)(01]), 1)

where |01) = |041p). In terms of the circuit parame-
ters, the coupling strength is S ~ (C,/C;)hwig, where
C is the coupling capacitance and C; is the junction
self-capacitance. The interaction can be controlled by
adjusting the flux bias of the qubits to change wyg, bring-
ing the qubits in and out of resonance. When the qubits
are tuned to resonance (see inset, Fig. 2A), the eigen-
states are the (entangled) symmetric and antisymmetric
combinations of |01) and |10), with eigenenergies —S/2
and S/2, respectively. Far from resonance, the system
behaves as two independent qubits. Because our circuit
is a manufactured quantum system, the energy levels are
not known a priori; therefore it is first necessary to map
out the qubit resonance frequencies versus bias using
spectroscopy [12]. In the frequency domain, the inter-
action is manifested as an avoided level crossing at the
point where the resonant frequencies of the two qubits
are matched [13]. We biased qubit A to yield a reso-
nant frequency wipa/2m of 8.65 GHz [14]. Subsequent
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FIG. 1: (A)-(B) Potential energy landscape for the flux-biased
Josephson phase qubit. During operation, the qubit is biased
so that the junction phase § is trapped in a metastable min-
imum of the potential U(§) which contains a handful of dis-
crete energy levels. Measurement is accomplished by a fast
flux pulse which adiabatically lowers the potential barrier, in-
ducing a tunneling transition from the |1) state to the right-
hand well of the potential, which contains around 150 states,
resulting in a flux change of ~ 1&g = h/2e. (C) Circuit dia-
gram of the coupled phase qubit circuit. The qubit junctions,
with self-capacitance C; ~ 700 fF, are coupled via the capaci-
tance C; = 6 fF; the junction critical currents are 1.7 A, and
the qubit loop inductances are 720 pH. The qubits are capaci-
tively coupled to the microwave control lines; each qubit loop
is inductively coupled to a coil that provides both the flux bias
and the measurement pulse, and to a dc SQUID (not shown)
which is used to read out the flux state of the qubit loop.
The devices are fabricated from Al/AlOx/Al trilayers using
conventional thin-film techniques and optical lithography.

spectroscopy of qubit B revealed a splitting S/h = 80
MHz centered at 8.65 GHz (not shown). The measured
splitting is consistent with the estimated coupling capac-
itance and junction self-capacitance of 6 fF and 700 fF,
respectively, which are close to the design values.

We next investigated the interaction of the two qubits
in the time domain. The qubits were tuned into reso-
nance and initialized in the ground state |00). We then
applied an 8.65 GHz microwave 7 pulse to qubit A to
prepare the state |[10) (Fig. 2A inset). As this state is
not an eigenstate of the two-qubit Hamiltonian, it un-

dergoes free evolution in the subspace spanned by the
vectors |01) and |10), according to the relation

W (t) (/10) — [01))e 5!

1
2
cos (;t) |10) + i sin (;t) |01). (2)
Therefore, measurements of the two qubits should be
anticorrelated, with a |0) (]1)) for qubit A yielding a
measurement of |1) (]0)) for qubit B. Following a vari-
able period of free evolution tf,..., we applied simulta-
neous measurement pulses to the two qubits, yielding
four possible measurement outcomes. By repeated trials
(100,000 events per data point), we obtained the occupa-
tion probabilities Pyg, Pp1, Pio, and Pi;. These prob-
abilities (points) are plotted in Fig. 2A versus tjfree.
The occupation probabilities Py; and Pjg oscillate out
of phase, in agreement with the expected anticorrelation
of the states of the two qubits. Moreover, the oscillation
period is consistent with the 80 MHz splitting observed in
the spectroscopy of the coupled qubits. The reduced am-
plitude of the oscillations is consistent with simulations
(solid lines) which account for a 5 ns gating time for the
7 pulse, a measured microwave cross-coupling from qubit
A to qubit B of -10 dB, a measured 70% fidelity of the
qubit state measurement [10], and a measured energy re-
laxation time Tj for the individual qubits of 25 ns.

We next repeated the above experiment for a range
of qubit detunings by adjusting the flux bias of qubit
B. Figures 2B-C display the occupation probabilities Py;
and P as functions of both t,ee and wiop/2m. The os-
cillation frequency increases and visibility decreases with
detuning, resulting in a characteristic “chevron” pattern
for the damped oscillations, in agreement with theoreti-
cal predictions [10].

We emphasize that the antiphase oscillation of the oc-
cupations of the |01) and |10) states is most clearly seen
when the timing of the measurement pulses is adjusted
to ensure simultaneity. As the relative delay ¢geiqy of the
measurement pulses is increased beyond ~ 2 ns, we ob-
serve a striking change in the character of the evolution
of the occupation probabilities (Fig. 3). In the case of
sequential measurements of the two qubits, measurement
of the |0) state in the first qubit has no effect on the out-
come of measurement of the second qubit. On the other
hand, measurement of the |1) state in the first qubit re-
sults in an enhancement of the probability of measuring
the |1) state in the second qubit. We refer to this phe-
nomenon as measurement crosstalk. The physical mech-
anism for measurement crosstalk in our circuit is the fol-
lowing. The measurement of a |1) state in the first qubit
implies a tunneling event to the right-hand well of the
qubit potential. The resulting oscillation in the right-
hand well produces a microwave voltage pulse (from the
ac Josephson relation). This voltage drives a transient
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FIG. 2: Interaction of coupled qubits in the time domain. (A)
With the qubits tuned to resonance wiga /27 = wiop/27 =
8.65 GHz, a microwave 7 pulse on qubit A prepares the state
|10). This state subsequently undergoes free precession in the
subspace spanned by |10) and |01) before being measured,
yielding the state |00), |10), |01), or |11). Repeated mea-
surements give probabilities 1 — Poo, Pio, Po1, P11, which are
plotted (points) versus free precession time tfrc.. The solid
lines are from numerical simulation (see text). (B)-(C) Os-
cillations of Pig and Pp1 (color scale) as qubit B is detuned
from the resonance of qubit A (dashed line).

current I, () to the second qubit and induces transitions
from the ground state. Because the qubits are weakly
coupled (C, < Cj), the effect of the current I,(t) can
be understood by treating it as a classical drive to the
second qubit. Numerical simulations indicate that the
ringup of the second qubit can be separated into three
segments in time (Figs. 4A-B): (I) The initial oscillation
in the right-hand well of the measured qubit samples the
region near the turning point at the top of the well, cor-
responding to frequencies below the resonance frequency
of the second qubit. The resulting drive current is off
resonance with the second qubit; therefore, no appre-
ciable coupling occurs for a time ~ 0.17;7. (II) As the
oscillations damp and come into resonance with the sec-
ond qubit, the energy transferred to the second qubit is
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FIG. 3: Measurement crosstalk in the phase qubit, deter-
mined by sequential measurement of the states of the qubits.
In Fig. 3A (3B), qubit A was measured 4 ns before (after)
qubit B; the data is plotted as in Fig. 2. The figure insets
represent the currents applied to each of the qubit junctions;
the microwave 7 pulse prepares the state |10), while gaussian
pulses (labeled M) measure the qubit states. When qubit A
is measured before (after) qubit B, the oscillations in P11 are
correlated with the oscillations in Pig (Po1). From the relative
amplitude of the oscillations we conclude that measurement
of |1} in the first qubit results in false measurement of |1) in
the second qubit with ~ 70% probability.

roughly quadratic in time, and can be parametrized as
Em/hu)lo ~ 10(Cw/cj)2[wlo(tdelay — O.lTl)]Q. (III) Fi-
nally, as the measured qubit continues to decay and be-
gins to sample the deepest, harmonic regions of the right-
hand well, the oscillation frequency moves above the res-
onance frequency of the second qubit. No additional en-
ergy is added, and the energy transferred to the second
qubit levels out at a value E, /hwig ~ 100(Cy/C;)*wioTh.
Taking the probability for an |0) — |1) transition to be
P, = E,/hwyg for E,/hwig < 1, we predict minimal
measurement crosstalk for our circuit for |tdelay| < 2 ns.



Moreover, we note that the constraint on measurement
timing becomes less stringent for qubits with longer 7.

The dependence of measurement crosstalk on timing
of the measurements was investigated by repeating the
experiment of Fig. 2 while varying tgeiay to cover a total
range of £4 ns (Fig. 4C). When tgeiay 2 2 18 (tdetay S
2 ns), the probability Pi; is correlated with Pig (Poy).
It is only when the relative delay of the measurements
is optimally adjusted (|tgeiay| S 2 ns) that Ppy is small
and the oscillations in Pj; disappear. Separate experi-
ments indicate that when the timing of the measurement
pulses is optimized, a tunneling event in one qubit re-
sults in a false measurement of |1) in the second qubit
with only 15% probability. This residual measurement
crosstalk can be attributed to the finite duration of the
measurement pulse. In conclusion, we have demonstrated
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FIG. 4: Description of simultaneous measurement. (A) Nu-
merical simulation of the energy transfer to qubit B induced
by a tunneling event in qubit A. The three stages of energy
transfer (see text) correspond to energy decay through regions
I-11T in the potential diagram (B). (C) P11 versus free evolu-
tion time tfrc. and relative delay tgeiay of the measurements
of the two qubits.

coupled Josephson phase qubits in the time domain with
a simultaneous single-shot readout scheme. A semiclas-
sical theory describes the deleterious effect of measure-
ment crosstalk in our circuit. The antiphase oscillation
of the |01) and |10) states is consistent with quantum
mechanical entanglement of these states. Finally, our re-
sults suggest that it is possible in principle to perform
high fidelity measurements of multiple qubits, and there-
fore provide a promising outlook for scalable quantum
information processing based on Josephson junctions.
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