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Solid-State Qubits with
Current-Controlled Coupling

T. Hime,* P. A. Reichardt,* B. L. T. Plourde,™ T. L. Robertson,** C.-E. Wu,*t

A. V. Ustinov,t John Clarke’s

The ability to switch the coupling between quantum bits (qubits) on and off is essential for
implementing many quantum-computing algorithms. We demonstrated such control with two flux
qubits coupled together through their mutual inductances and through the dc superconducting
quantum interference device (SQUID) that reads out their magnetic flux states. A bias current
applied to the SQUID in the zero-voltage state induced a change in the dynamic inductance,
reducing the coupling energy controllably to zero and reversing its sign.

he past few years have seen major ad-

I vances in the field of superconducting
quantum bits (qubits). This family in-
cludes those based on electrical charge (7),
magnetic flux (2—4), charge and phase (5), and
the phase difference across a Josephson junction
(6). Arbitrary superpositions of the single-qubit
states can be prepared and manipulated by mi-
crowaves to produce Rabi oscillations, Ramsey
fringes, and echoes long-familiar in atomic
physics and nuclear magnetic resonance (7). The
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prepared quantum states remain coherent for
times up to several microseconds (&). Coupling
two or more qubits together results in entangled
states (9—15) with energy spectra that exhibit the
avoided crossings (anticrossings) predicted by
quantum mechanics (/6). In addition to studying
quantum coherence in many-body systems,
there is considerable interest in arrays of qubits
for quantum computing. Because quantum com-
putation requires both the manipulation of single
qubits and the entanglement of many qubits, the
ability to switch the coupling (/7-21) between
qubits on and off in a scalable architecture would
enable many quantum-computing algorithms.
We conducted experiments on two flux
qubits biased at the same frequency. In this re-
gime, the antiferromagnetic interaction between
the qubits produces an anticrossing and thus a
splitting in the energy spectrum of the first and
second excited states. By varying the bias cur-
rent in the zero-voltage state of the superconduct-
ing quantum interference device (SQUID) used

to read out the flux states of the coupled qubits,
we reduced the coupling energy and hence the
splitting of the two energy levels of the excited
states to zero. Indeed, as predicted, we can even
change the interaction from antiferromagnetic to
ferromagnetic. Furthermore, we showed that the
transition probability from the symmetric ground
state to an antisymmetric excited state vanishes at
the anticrossing, in qualitative agreement with
calculations.

Each flux qubit consists of a superconduct-
ing loop interrupted by three Josephson tunnel
junctions (2). When the applied magnetic flux
@, is at the degeneracy point (n + /2)D, (where n
is an integer such that |®g — n®y| < @y/2, By =
h/2e is the flux quantum, / is the Planck constant,
and e is the electron charge), a screening current
I can flow around the loop in either direction,
represented by the states |1> and ||>. The ground
and first excited states of the qubit correspond to
symmetric and antisymmetric superpositions of
the two current states and are separated by an
energy A. When @y # (n + 2)®, the energy
difference increases to v =(A%+ %", where € =
2I[®@q — (n + 2)Dg]. The state of the qubit is
measured by coupling the flux generated by I,
to a dec SQUID. Two flux qubits are coupled
through their mutual inductances to each other
and to the SQUID. The interaction of two pairs of
states produces four new states: a ground state
|0> and three excited states |1>, [2>, and [3>.
Each of these states consists of a linear superpo-
sition of four basis states (22): the symmetric
triplet 11>, [S>= (1> +|{1>)12", and || |> and
the antisymmetric singlet [4>= (|1 |>— || 1>)/2"

The two qubits A and B and their readout dc
SQUID are shown schematically in Fig. 1 A. The
qubits have loop inductances Lys and Lqg and
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are coupled through a mutual inductance M.
The surrounding dc SQUID consists of a loop
with inductance Lg and two Josephson junc-
tions, each with critical current /y. The SQUID is
coupled to qubits A and B through mutual in-
ductances Mgas and Mygs. We can pass a bias
current /;, through the SQUID and bias the qubits
with independent applied fluxes ®, and Pg;
these determine the applied SQUID flux &g. By
varying the bias current through the SQUID in
the zero-voltage state, we showed theoretically
that one can control the coupling energy K be-
tween the two qubits (/9). The energy K = K +
Ks has two contributions: a fixed energy K,
through the mutual inductance of the two qubits,
and a controllable energy Ky through their mutual
inductances to the SQUID. In the zero-voltage
state of a SQUID with appropriate parameters, the
inverse dynamic inductance £ I= Re(8J/ods);, is
nonlinear and can be positive, negative, or zero,
depending on the values of ®g and /,; Re indi-
cates the real part, and J is the current circulating
in the SQUID loop. As a result, the sign of the
flux change coupled to (for example) qubit B
through the SQUID by a given flux change in

voltage lead

A B Icurrent and

J\_.*

Ib
S
|

current and
voltage lead

a_
0 10 20 30 T

t (ns)

Fig. 1. Coupled flux qubits. (A) Two qubits, A and
B, surrounded by the dc SQUID used to measure
their magnetic flux states and control their in-
ductive coupling. (B) The SQUID and the two qubits
are fabricated on a Si chip from Al thin films in the
same process, using two-angle evaporation; an
intervening oxidation process forms the Josephson
junctions. The SQUID junctions are 215 x 250 nm?
and the qubit junctions are 180 x 205 nm? (two
larger junctions) and 150 x 170 nm? (smaller
junction). Film widths are 1 um. Flux lines 1 and 2,
connected (separately) in series, apply independent
magnetic fluxes to the qubits and SQUID. The chip
is enclosed in a superconducting box, and cooled to
50 mK in a dilution refrigerator. (C) Current pulse /,
used to determine the critical current.

qubit A can be chosen to be positive, negative, or
zero. The coupling energy K takes the form (/9)

K= KO + KS = 2]qA[qB
X (* Maqq — Mqas MqBS/L) (1)

where I;n and Ijg are the qubit screening
currents.

Figure 1B shows our experimental realiza-
tion of the two qubits and their common
SQUID. Our qubits have much larger areas than
the three-junction qubits that have been de-
scribed by other groups (3, /2), and consequent-
ly we must take into account their geometrical
inductances in simulating their characteristics
(23). These large areas, together with the on-
chip flux lines, enable us to apply independent
flux biases using modest currents (~0.3 mA/®y).
We deliberately gave the two qubits slightly
different areas and mutual inductances to the
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Fig. 2. Frequency versus flux for qubits. (A)
Spectra of qubits A and B with their fluxes ad-
justed independently to separate their degeneracy
points while keeping the flux applied to the SQUID
nearly constant. Data were acquired in a 400-MHz
bandwidth around the calculated peak centers.
On this scale, the spectra appear to intersect at
11.25 GHz. Color bar indicates peak heights. (B)
Spectrum shown in (A) expanded to reveal the
anticrossing of the spectra of 11> and 12> of the
coupled qubits; dots indicate the positions of
maximum peak heights. Lower and upper spectra
correspond to transitions from the ground state
|0> to the excited states 11> and |2>, respec-
tively. Frequency splitting at the anticrossing is
122.6 + 0.8 MHz. Note the absence of data for 11>
near the anticrossing.

SQUID so that we could distinguish their flux
signals. We measured the SQUID critical
current by applying current pulses (Fig. 1C).
For each measurement, using 10> current pulses,
we adjusted the height of the first plateau to
obtain a 50% probability of switching out of
the zero-voltage state. We applied a pulse of
microwave flux to the qubits before each current
pulse to drive transitions between quantum
states of the individual or coupled qubits, pro-
ducing peaks and dips in the SQUID switching
probability; we plotted the microwave frequen-
cy versus the applied flux to obtain energy
spectra.

In Fig. 2A, we show the joint frequency
spectrum of the qubits. The two flux lines
enable us to keep the total flux applied to the
SQUID nearly constant by applying fluxes of
opposite sign to the qubits (24). Each spectrum
arises from transitions from the ground state
to the first excited state. Except near their
apparent intersection, the spectra are excellent
fits (dashed lines) to the prediction v = (A? +
€?)”, yielding Ax/h = 8.872 + 0.005 GHz and
Ag/h = 8.990 + 0.004 GHz (where errors are
SD). An expanded view of the spectra near
their intersection at 11.25 GHz (Fig. 2B)
reveals an avoided crossing. The lower and
upper spectra correspond to transitions from the
ground state |0> to the first excited state |[1> and
the second excited state [2>, respectively. We
fitted a hyperbolic curve to each data set to find a
splitting of 122.6 + 0.8 MHz.

The peaks in the lower spectrum of Fig. 2B
vanish near the anticrossing, implying that the
matrix elements vanish for transitions from [0>
to |1>. The origin of this effect lies in the sym-
metry of the eigenstates (fig. S1). For K <0, the
contribution of the antisymmetric singlet state
at the anticrossing vanishes for |0>, |2>, and
|3>, leaving only contributions from the sym-
metric triplet states, whereas the converse is
true for the state |[1>. Consequently, transitions
from the symmetric ground state |0> to the
antisymmetric excited state |1> are forbidden.

25F T T T =1
< 20- . Z
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Fig. 3. Measured peak heights and calculated
transition probabilities for transitions from the
initial state 10> to the final states |1> and [2>.
Flux dependence of measured peak heights taken
from the spectra in Fig. 2B and of calculated
square of matrix elements [T;0l? and IT50l?. [T50l?
is fitted to the peaks at the maximum peak height
[measured in arbitrary (arb.) units].
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This behavior is illustrated in Fig. 3, where we
plot the measured peak heights taken from Fig.
2B. For the transitions from |0> to |1>, the
amplitude of the peaks becomes vanishingly
small at the anticrossing, whereas the peaks are
enhanced for the transitions from |0> to [2>.
Because the peak heights represent the proba-
bility of a transition for each measurement, we
expected them to scale as the square of the
matrix element 7y, = <f|cZ(A) + GZ(B)|O>, where
f=1,2 is the final state and o, and 6, are
the Pauli spin operators, characterizing the cou-
pling of the microwave excitation to the qubits.
Figure 3 also shows the dependence of | 7o/
and |Thf on flux. There is a clear qualitative
agreement between the peak heights and the
transition probabilities.

In Fig. 4, A to C, at the slightly lower
frequency of 10.75 GHz, we show our ability
to control the coupling by applying a bias
current to the SQUID. The bias current was
switched on before the microwave pulse was
applied (Fig. 4D, inset); this prebias current /,;,
was low enough to ensure that the probability
of'the SQUID switching out of the zero-voltage
state would be negligible. Within 10 ns of the
microwaves being switched off, we increased
the bias current to provide the readout pulse.
We fitted hyperbolas to the data and corrected
for the flux shift generated by the bias current
in the SQUID during the measurement process

- B2 (mP;)
6.4

[supporting online material (SOM) text]. We
show our central result in Fig. 4D, where we
plot the splitting versus I, for two different
intersection frequencies. For both data sets, the
splitting decreases smoothly as I, is increased.
In the case of the data obtained at 10.75 GHz,
the splitting goes almost to zero as Iy, is
increased, and then increases. We believe that
this result implies that the coupling was re-
duced to zero and subsequently changed sign
as I, was increased. Higher values of I,
caused the SQUID to switch prematurely. The
two solid curves are the results of our simulations
that used only the measured and calculated
parameters listed in the caption to Fig. 4D. The
calculated curves overestimate the splitting at zero
bias current by about 28% and at the prebias
current by about 15%. Given the many parameters
in the theory and the uncertainties in some of
them, we feel that the agreement with experiment
is remarkably good. The dashed curves show fits
to the data using common values of SQUID
critical current and prebias current. The fits are
excellent.

The ability to measure the quantum states of
two qubits and to switch their coupling on and off
with a single SQUID solely by means of its bias
current represents an efficient architecture for a
quantum computer. In particular, we have shown
previously (/9) that a quantum controlled-NOT
logic gate can be implemented with this principle
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2 MHz, (B) 103 + 2 MHz, and (C)
4 56 =5 MHz. (D) Splitting versus
Iop for two intersection frequen-
cies. Solid curves are predictions
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0.8 MqAS =87.2 pH, MqBS =63.8 pH,
Ls = 423 pH; measured parame-
ters Igp = Vo dep/dDqp = 146.0 +
0.2 nA, IqB =% dEB/d(DqB =

147.8 = 0.2 nA, ®5(11.25 GHz) = 0.27 ®p, Ds(10.75 GHz) = 0.28 ®; and the estimated maximum
SQUID critical current 2/y = tAJ/2eRyy = 1.21 + 0.054 uA, where Ag = 175 + 5 peV is the energy gap of
Al, and Ryy = 228 + 10 ohms is the resistance of the SQUID at voltages much greater than Ag/e.
Uncertainties in the low-temperature impedances prevent precise determination of the currents, and we
fitted the data using 2/, = 0.844 nA and scaling the bias current by a factor of 0.767. Inset shows pulse

sequence.
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and would provide all the necessary ingredients
to implement scalable universal quantum logic.
Independent flux lines for the qubits are key to
this scalable architecture; it is worth emphasizing,
however, that these fluxes remain constant, and
one needs only to switch a small current (~ 1 pA)
in the SQUID to turn the interaction on and off.
Note added in proof: S. H. W. van der
Ploeg et al. (preprint available at http:/arxiv.
org/abs/cond-mat/0605588) reported two flux
qubits in which the coupling was controlled by
means of a coupler loop and demonstrated that
the sign of the ground state could be changed
from antiferromagnetic to ferromagnetic. Spec-
troscopy of excited states was not described.
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