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Fluxonium: Single Cooper-Pair
Circuit Free of Charge Offsets

Vladimir E. Manucharyan, Jens Koch, Leonid I. Glazman, Michel H. Devoret*

The promise of single Cooper-pair quantum circuits based on tunnel junctions for metrology

and quantum information applications is severely limited by the influence of offset charges:
random, slowly drifting microscopic charges inherent in many solid-state systems. By shunting a
small junction with the Josephson kinetic inductance of a series array of large-capacitance
tunnel junctions, thereby ensuring that all superconducting islands are connected to the circuit
by at least one large junction, we have realized a new superconducting artificial atom that is totally
insensitive to offset charges. Yet its energy levels manifest the anharmonic structure associated
with single Cooper-pair effects, a useful component for solid-state quantum computation.

lectric charge can be manipulated at the
level of a single charge quantum (/) in
two types of superconducting circuits with
different topologies. The minimal example of
the first type of circuit is the Cooper-pair box,
which consists of an isolated superconducting
clectrode (an “island”) connected to a super-
conducting reservoir on one side by a small
tunnel junction, and on the other side by a gate
capacitance in series with a voltage source. The
dynamics of the island is described by two
variables: the integer number of Cooper pairs
occupying the island and its conjugate, the 2m-
cyclic superconducting phase difference between
the island and the reservoir. The junction area
must be sufficiently small that the electrostatic
energy of the island due to an extra Cooper pair
is larger than the Josephson energy of its cou-
pling to the reservoir, thus confining fluctuations
of the number of Cooper pairs below unity. Stated
in electrical engineering language, one needs Zj >
Ry, where the junction reactive impedance Z; =
(Ly/Cy)' is defined by the Josephson character-
istic inductance Ly and capacitance Cj (2), and
where the superconducting impedance quantum
is given by Ry = 7/2e)* = 1 kQ, denoting Planck's
constant /2 and the charge quantum e. The second
type of circuit is based on a superconducting loop
connecting the two electrodes of a small junction
with an inductance that exceeds L;. The circuit
conjugate variables are now the magnetic flux
generated by the persistent current in the loop
and the displacement charge on the plates of the
small junction capacitance. When Z; > R, the
large loop inductance is submitted to quantum
fluctuations of flux larger than the flux quantum
O, = 2nh/2e; and therefore, according to the
Heisenberg principle, the junction charge fluc-
tuations are reduced below the value 2e.
In practice, the realization of both circuit types
faces fundamental difficulties. Islands are ex-
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posed to random electric fields due to fluctuat-
ing charged impurities, which are ubiquitous in
most solid-state environments and whose com-
pounded effect is described by a noisy offset
charge. Although the fully developed charging
effects were demonstrated for the Cooper-pair
box (3, 4), it soon became clear that the low-
frequency offset charge noise was a major source
of decoherence for charge qubits derived from
this device (4-7). This state of affairs has prompted
the development of alternative superconducting
qubits based on large junctions with Z; << R,
avoiding the single Cooper-pair regime and the
related charge offset problem (8—/0). On the
other hand, implementing the island-free circuit,
which is immune to charge offset noise, is another
hard problem. This is because any finite-length
wire with inductance L always comes with self-
capacitance C, which reduces the total charging
energy of the circuit and therefore steers it away
from the charging regime, unless (Z/C)"? >> Ro.
In fact, a purely electromagnetic inductance is in-
compatible with the single Cooper-pair effects, be-
cause (L/C)' is then bounded by the vacuum
impedance (/o) = 377 Q < Ry, o and &y
being vacuum permeability and permittivity (11, 12).

In this paper, we present experimental results
from a novel single Cooper-pair circuit based on
a superconducting loop, which solves both the
inductance and the offset charge noise problems.
The small junction of our circuit is shunted by a
series array of carefully chosen larger-area tun-
nel junctions (Fig. 1, A to C). Here, all islands
are connected to the rest of the circuit by at least
one large junction, so that quasistatic offset charges
on all islands are screened. The large capaci-
tances of the array junctions prevent phase slips
within the array, and at excitations whose fre-
quencies are below the junction plasma frequen-
cy, the array effectively behaves as an inductive
wire. By choosing a sufficiently large number of
array junctions, it is possible to create an induc-
tance exceeding that of the small junction. At
low energies, the loop is effectively described by
the loop flux @ and the small junction charge
Q, satisfying [ti),Q] = ih.

REPC

To form a charge offset—free, inductively
shunted junction, four conditions involving the
effective inductance L, and capacitance Cjp of
the N array junctions are required: (i) NLjs >>
Ly, (i) e S < g << 1, (jii) Ne SFo%n << ¢ SR04,
and (iv) N < (Cja/Cy)". Tn the relation (i), we
simply estimate the total array inductance to be
NLjs and require that it exceed the small
junction inductance, allowing it to support the
large flux fluctuations of the loop. The relation
(if), where Zj = (Lya/Cia)" is the array junction
reactive impedance, dictates the minimum size of
the array junctions necessary to reduce (/3) the
uncontrolled offset charge on the islands of the
circuit below the desired value on the order of
2¢ x g. The relation (iii) ensures that the
inductive role of the array is not jeopardized
by quantum phase slips (/4). Specifically, the
probability amplitude of a phase slip event with-
in the array (Lh.s.) must be negligible compared
to that in the small junction (r.h.s.). According to
relation (iii), a fluxon tunnels in and out of the
loop predominantly via the small junction, thus
effectively erasing the discrete character of the
array. Lastly, relation (iv) states that the induc-
tance of the array is not shunted by the parasitic
capacitances C, of array islands to ground. It is
obtained by estimating the array parasitic reso-
nance frequency to be (LjaN % CgN)fl/ 2 and re-
quiring that it be larger than the junction plasma
frequency (LyjaCya) 2. It is relation (iv) which,
with present junction technology, most severely
limits the maximum number of junctions in the
array and thus its maximum inductance.

We have implemented the above array pro-
posal and constructed a new superconducting ar-
tificial atom which we have nicknamed fluxonium.
It contains N = 43 Al/Al oxide/Al Josephson
junctions (75), so that Z;, = 0.5 Ry and a small
junction with Zy = 1.5 Ry (16). The above four
conditions being realized, the fluxonium can be
modeled (Fig. 1D) as a small junction shunted
by an inductance L (/7). The three characteristic
energies of this model, namely £ = (d)o/Zn)z/LA,
Ej = (®y/21m)*/Ly, and Ec = €*/(2 Cy), have values
corresponding to 0.52, 9.0, and 2.5 GHz, respec-
tively. The additional LxCy resonator, capaci-
tively connected to the small junction (Fig. 1D),
reads out the atom in a manner analogous to the
dispersive measurement of circuit quantum elec-
trodynamics (cQED) qubits (/8). It is implemented
by a quarter-wave superconducting coupled micro-
strip resonator (Fig. 1A) with quality factor of
400, due to capacitive coupling to the two 50-Q
measurement ports. The resonator frequency or =
(LrCr)"? = 21 x 8.17 GHz is pulled by the
reactance of the fluxonium circuit and is moni-
tored by a standard ultra—low-noise microwave
reflection technique. The fluxonium reactance
depends on its quantum state, an effect leading
to a purely dispersive state measurement (75).
An externally imposed, static magnetic flux @,
threading the loop @, periodically modulates
the spacings of energy levels of our artificial atom.
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Fig. 1. (A) Sketch of a
small Josephson junction
shunted by an array of
larger-area junctions. The
two superconducting leads
of the small junction are
coupled capacitively to a
quarter-wave microwave
resonator, a parallel wire
transmission line shorted

on the opposite end. The
resonator itself is probed
capacitively and symmet-
rically via two 50-Q
microwave ports, result-
ing in a quality factor of
400. The whole device is
made with single-step
standard AUVAL oxide/Al
double-angle evaporation

through an e-beam li-

¢

thography mask on a

high-resistivity Si substrate. (B) Close-up view of the small junction region,
showing top and bottom junction electrodes (gray) and their thin oxide layer
(green). Array junctions are about one order of magnitude larger in area and
are spaced as tightly as e-beam lithography resolution allows, minimizing
microwave parasitics. (C) Electrical circuit representation of the loop formed by
the small junction (black), with Josephson inductance L; and capacitance Cj,
shunted by the array of larger junctions (purple), with the corresponding
inductance Ly and capacitance Cja. Islands formed between the array
junctions have small capacitance to ground Cg. (D) Simplified circuit model
of the fluxonium, consisting of three sections: (i) the circuit equivalent of a

Cooper-pair box, where the small junction with capacitance ¢; and nonlinear
Josephson inductance L; is capacitively (with capacitance C,) coupled to the
probe (solid black), so that Ly/C)™ > //(2e)%; (ii) giant inductance Ly >> L;
provided by the junction array (purple); (iii) a parallel combination of Cz and
Lg so that (Lg/CR)Y? = 50 Q << #/(2e)?, which is the circuit model for the
distributed transmission line resonator (gray). (E) Potential seen by the
reduced flux ¢ and energy spectrum of the circuit (D) for two values of external
flux Dgye. At Dey = 0, energy levels possess well-defined parity as indicated
with plus and minus signs next to the level numbers. In contrast with the RF-
SQUID or flux qubit, there is on average only one level per local minimum.

Introducing the operators N = O/2e and
¢ = 2ed/h, describing the reduced charge on
the junction capacitance and its conjugate
reduced-flux operator (/9), the Hamiltonian of
the fluxonium coupled to its readout resonator
can be written as

o1
4EN + EEL(PZ -
Ej cos(@ — 2m@ey /Do) +
gN@G +a") + hoga'a (1)

Here a is the photon annihilation operator for
the resonator and g is the atom-resonator cou-
pling constant. The second term and the range of
definition of ¢ and N, whose eigenvalues are here
both on the entire real axis, distinguishes the form
of Hamiltonian Eq. 1 from that of the Cooper-
pair box in cQED experiments (/8). There are
three important points to note concerning this
Hamiltonian (20): (i) It is invariant under the
transformation N — N + Noget (Nofer Stands for
offset charge value), hence the charge-free char-
acter of our device; (ii) it differs from that of the
transmon (/3), because offset charge influence
is screened for all states, not just for the low-
lying states; (iii) its second term, despite the fact
that £y is the smallest of the fluxonium energies,
has a nonperturbative influence on the full energy
spectrum of this artificial atom, which presents
strongly anharmonic transitions (27) (Fig. 1E).
Our experiment probes these transitions by mi-

Fig. 2. Modulation of the reflected

max
8.18-GHz microwave signal with ex- —
ternally applied flux @y The signal 8
is clearly flux-periodic, indicating %
that the junction ring is closed and ¢,
superconducting. The values of @, §,
at which the signal undergoes full ©
swings correspond to the anticross- g
ings of the 01 transition frequen- O
cy of the device with the resonator T
bare frequency, later inferred to be min

8.1755 GHz. The measurement tone
populates the resonator with less
than 0.01 photon on average.

crowave spectroscopy, from which we infer the
size of charge fluctuations.

To characterize the fluxonium, we first mea-
sured the ground-state resonator pull as a function
of @y The results (Fig. 2) show the expected
@, periodicity as well as the avoided crossings
of the resonator frequency and the ground-to-
excited-state transitions. This confirms that the
entire 44-junction loop is superconducting and
that the resonator-atom system is in the strong
coupling regime of cavity QED (22).

Next, we performed a two-tone spectros-
copy measurement (23) at a fixed flux ®g, =
0.05 @, during which, in addition to the fixed
frequency readout tone, we probed the transi-
tion frequencies of the atom through a second,
variable-frequency spectroscopy tone. The re-
sulting peaks (Fig. 3) correspond to the later-
determined 0—1, 0—2, and 0—3 transitions from

-0.5 0.0 0.5 1.0

F|UX bIaS ¢ext (Q))

the atom ground state. The peaks are well-fitted
by Lorentzians, and their power-dependent
widths and heights are well explained by the
Bloch equations of precessing spin 1/2 (24)
(Fig. 3, insets). Extrapolating fitted line widths
to zero spectroscopy power, we obtained lower
bound estimates of their decoherence time at
350, 250, and 80 ns, respectively.

Our main result is the spectroscopic data col-
lected as a function of both spectroscopy fre-
quency and flux (Fig. 4A). @ variations span
20% of @ around @ = 0 instead of the usual
1% or less around ®y?2 in flux qubit experi-
ments (9). In Fig. 4B, we compare the measured
peak center frequencies with the prediction for
the 0-1, 0-2, 0-3, and the two-photon 0—4
transitions obtained from numerical diagonal-
ization of the Hamiltonian (Eq. 1). We are in
effect fitting more than three flux-dependent

2 OCTOBER 2009 VOL 326 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on March 10, 2010


http://www.sciencemag.org

REPORTS

o o~ o
=) § D 40 § = T
20 %20 =10 3 = ° 3 =3
= > = =20 = 10
15 2 | 5 2 5 5% 5
S (9] 25 @ o0 k=l 9] =
o) <10 2 < 2 10 < = o
o x x x ~ x 10 x
o 10 8 3 8 3 g § 5%
a Q& go Q g€ o Q@ o
= 0.00 002 0.00 002 00 02 {f 00 02 0.1 0.2 01 02
5 Power (mW) Power (mW) Power (mW)] | Power (mW) Power (mW) Power (mW)

9.90

9.92

9.94 9.96 11.20 1122 1124 11.26

Spectroscopy frequency (GHz)

Fig. 3. Phase (colored circles) of reflected readout tone as a function of
spectroscopy tone frequency taken at ®,; = 0.05 d,. Data for the first three
resonances (further identified as transitions from the ground state to states
1, 2, and 3) are shown from left to right in red, orange, and green,
respectively. Resonances are well fitted by Lorentzians (solid black lines) for

a broad range of spectroscopy powers. Insets on the two sides of each res-
onance show the dependence of the resonant peak height (left) and width
squared (right) on the spectroscopy tone power. Data in all insets follow the
predictions (solid black lines) of Bloch equations describing relaxation
dynamics for a spin 1/2 and indicate that all transitions involve one photon.

Fig. 4. (A) Phase of re- A = A C &
flected readout tone as 115 2 Lo
a function of the spec- - - =

troscopy tone frequency 11.0 4 “0;3

and external flux. The g

color scale encodes the = 10519 g S

value of the phase, with £ . s

zero corresponding to the g‘ 10.0 - o

mauve background, blue 2

to positive values (peaks), & 9.5 <t _

and red to negative val- =z "'"'\m Reduced charge N(2e)

ues (dips). The gray re- g‘ 9.0 - 1 et AD G =
gion shows the reflected & s =
phase of a single tone, T 8.51 — / \:- ‘g

swept close to the reso- & - S =

nator bare frequency 8.0 1 i ~ %

exhibiting a 50-MHz vac- %

uum Rabi splitting of 754 / i 2

the resonator with the :

= T T T —
-0.10 -0.05 0.00 0.05 0.10
Flux bias &, (b,)

fluxonium transition 0—1.
The inset in (A) zooms in
on the central region of
the 0-2 transition and confirms that it is indeed symmetry-forbidden at @, =
0. (B) Measured peak frequencies (blue circles) fitted by the numerically
computed spectrum of the Hamiltonian (Eq. 1) (solid red lines) and its
modification (see supporting online text) to explain the additional tran-
sition labeled SR (dashed black lines). (C) Amplitude of fluxonium wave
functions for levels 0 (black), 1 (red), and 2 (orange), computed in charge
representation at zero flux bias, using circuit parameters extracted from

T 1 I 1 1
-0.10 -0.05 0.00 0.05 0.10

=27 7T
Reduced flux ¢ (rad)

0 T 27

Flux bias &, (Py)

the fits. (D) Same as in (C) but in flux representation. The flux repre-
sentation wave functions demonstrate that the reduced flux is delocalized
as compared to the size of the Josephson well, whereas charge wave
functions confirm that the localization of charge on the junction is less
than a single Cooper-pair charge. In this circuit, the junction charge is a
continuous variable, in contrast to the Cooper-pair box, and flux swings of
more than 2r are allowed.

functions (the flux-dependent transition frequen-
cies) with only three a priori unknown energies
Ec, Er, and Ej, so the problem is severely
overconstrained. The fit of the line (Fig. 4B)
labeled SR (for array self-resonance) requires a
minor extension of the model, taking into
account parasitic capacitances across the array
(15). Apart from introducing another resonator
mode coupled to the atom, this extension by no
means invalidates the inductive character of the
array, at least as far as the 0—1 and 0-2
transition of the fluxonium are concerned. Even
the perturbation of the 0—3 and 0—4 transition
frequencies by this extra mode is less than 2%.

Based on the excellent agreement between
theory and experiment, we inferred the wave

functions of the first three energy levels and
plotted their amplitudes both in charge (Fig. 4C)
and flux (Fig. 4D) representations for @y = 0.
In the ground state, we find that the ratio of
charge to flux fluctuations is AN/A¢@ = 0.56,
about five times smaller than the fine structure
constant allows for a conventional resonator. This
confirms that the charge in our circuit is indeed
localized at the single Cooper-pair level (AN =
0.53, A = 0.95). The wave functions in flux
representation (Fig. 4D) can be interpreted as
simple superpositions of states in which the re-
duced flux ¢ is localized in the wells of the
Josephson cosine potential (fluxon states, hence
the name fluxonium). The parity of fluxonium
states, which forbids the 0—2 transition at zero

external flux, manifests itself explicitly by a re-
markable "hole” in the corresponding spectro-
scopic line (Fig. 4A, inset). The allowed transition
between the second and third levels is particularly
spectacular because it corresponds to motion of
the total flux in the fluxonium loop by two whole
flux quanta. This is to be contrasted with the
10% of flux quantum or less flux motion in-
volved in transitions of the flux and phase qubits
(8, 9). Nevertheless, despite the large flux fluc-
tuations of the system and the corresponding
charge pinning, the circuit has complete im-
munity to offset charge variations: The data of
Fig. 4A were taken piecemeal in 72 hours, and
no jumps or drifts were observed during this
period.
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We have thus demonstrated that an array of
Josephson junctions with appropriately chosen
parameters can perform two functions simulta-
neously: short-circuit the offset charge variations
of a small junction and protect the strong non-
linearity of its Josephson inductance from quan-
tum fluctuations. The data show that the array
possesses a microwave inductance 10* times larger
than the geometric inductance of a wire of the
same length (20 um). The reactance of such an
inductor is about 20 Ry = 20 kQ at 10 GHz,
whereas its resistance is less than 1 Q. The
spectrum of the fluxonium qubit suggests that it
is as anharmonic as the flux qubit but as insen-
sitive to flux variations as the transmon qubit.
Possible applications of this single Cooper-pair
charging effect immune to charge noise include the
observation of fully developed macroscopic quan-
tum-coherent oscillations between fluxon states
(25), the search for A or V transition configurations
for the shelving of quantum information (26) in
superconducting artificial atoms, topological protec-
tion of superconducting qubits (27), and, finally,
the long-sought quantum metrology of electrical
current via Bloch oscillations (28, 29).
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Preferential Growth of Single-Walled
Carbon Nanotubes with
Metallic Conductivity

Avetik R. Harutyunyan,®* Gugang Chen,* Tereza M. Paronyan,? Elena M. Pigos,*
Oleg A. Kuznetsov,* Kapila Hewaparakrama,? Seung Min Kim,** Dmitri Zakharov,*

Eric A. Stach,>* Gamini U. Sumanasekera®

Single-walled carbon nanotubes can be classified as either metallic or semiconducting, depending
on their conductivity, which is determined by their chirality. Existing synthesis methods cannot
controllably grow nanotubes with a specific type of conductivity. By varying the noble gas ambient
during thermal annealing of the catalyst, and in combination with oxidative and reductive species,
we altered the fraction of tubes with metallic conductivity from one-third of the population to a
maximum of 91%. In situ transmission electron microscopy studies reveal that this variation leads
to differences in both morphology and coarsening behavior of the nanoparticles that we used to
nucleate nanotubes. These catalyst rearrangements demonstrate that there are correlations
between catalyst morphology and resulting nanotube electronic structure and indicate that

chiral-selective growth may be possible.

arbon nanotubes have yet to see ubiqui-
tous application in electronic devices, de-
spite their electronic properties (/). This is
largely because the electronic properties are re-
lated to nanotube bonding configuration (known
as its chirality). Though some methods exist to

bias the population of one type of nanotube during
synthesis, there is only a limited understanding of
exactly what determines chirality during synthesis.

There have been important achievements in
separating single-walled carbon nanotubes
(SWNTSs) according to their conductivity (2-5)

and in enriching the distribution of nanotubes
with a specific conductivity (6, 7). Meanwhile,
there have been a few reports regarding direct
control over nanotube structure during growth
(8—10). The fact that SWNTSs with narrow chiral
distributions have been successfully grown (8)
indicates that there may be a specific mecha-
nism that controls chirality. The concept of am-
plifying existing SWNT distributions by seeding
growth from another nanotube with well-defined
chirality has been proposed (9); however, evidence
for the maintenance of chirality has not yet been
reported (10). The preferential growth of nearly 90
(11) to 96% (12) of semiconducting SWNTs by
plasma-enhanced chemical vapor deposition has
been reported, but the mechanism that leads to this
selectivity remains unclear.

In this work, we grew SWNTs from Fe
nanocatalysts deposited onto a SiO,/Si support
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