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• 5-qubit diagnostics
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(measurement probability or count vector) for around 1000 single-shot 
measurements and 10 isolated experiments

• Algorythm: hybrid quantum-classical readout error correction matrix
calculation with Fuzzy-C means algorithm



Medium-frequency 
transmon qubit

Quantware
soprano

Q0 Q1

Q3 Q4

Q2

Low-frequency 
transmon qubits

High-frequency 
transmon qubits

N
IS

Q
 

ex
pe

rim
en

ta
l

Th
eo

re
tic

al
ou

tp
ut

⟩|𝑄" = 𝑖
⟩|𝑄# = 𝑗

𝐻
𝑋$% 𝑋&"

⟩|𝑄" = 𝑖
⟩|𝑄# = 𝑗 𝐻





9LVWD�DVVRQRPHWULFD
/DERUDWRULR�4XDQWXP�&RPSXWLQJ







jL jR

+Q -Q

TA

MQT G0

G1

U

j
ωP =

1
LJCJ

=
2π Ic
φoC

⎛

⎝
⎜

⎞

⎠
⎟

1/2

1− I
I c

⎛

⎝
⎜

⎞

⎠
⎟

2⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

1/4

U (ϕ , I ) = EJ −
I
Ic
ϕ − cos(ϕ )

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

I =C dV (t)
dt

+GV (t)+ Ic sinϕ(t)

φo
2π
⎛

⎝
⎜

⎞

⎠
⎟
2

C ∂
2ϕ
∂t2

+
φo
2π
⎛

⎝
⎜

⎞

⎠
⎟
2 1
R
∂ϕ
∂t

+
∂U(ϕ, I )
∂ϕ

= 0

ħ

e)I

V

Is(ϕ)= Icsinϕ
∂ϕ
∂t =

2eV
!

⎧

⎨
⎪

⎩
⎪

ϕ =ϕL −ϕR

ϕ→EJ =
Icφo
2π

EJ >>EC

EJ <<ECØ Well defined phase j
Ø Response to e.m. fields
Ø Non linear inductance

Josephson effect, from primary to secondary quantum effects

Ec =
(2en)2

2C



jL jR

+Q -Q

TA

MQT G0

G1

U

j
ωP =

1
LJCJ

=
2π Ic
φoC

⎛

⎝
⎜

⎞

⎠
⎟

1/2

1− I
I c

⎛

⎝
⎜

⎞

⎠
⎟

2⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

1/4

Charge-insensitive qubit design derived from the Cooper pair box
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Short dephasing times pose one of the main challenges in realizing a quantum computer. Different ap-
proaches have been devised to cure this problem for superconducting qubits, a prime example being the
operation of such devices at optimal working points, so-called “sweet spots.” This latter approach led to
significant improvement of T2 times in Cooper pair box qubits #D. Vion et al., Science 296, 886 !2002"$. Here,
we introduce a new type of superconducting qubit called the “transmon.” Unlike the charge qubit, the transmon
is designed to operate in a regime of significantly increased ratio of Josephson energy and charging energy
EJ /EC. The transmon benefits from the fact that its charge dispersion decreases exponentially with EJ /EC,
while its loss in anharmonicity is described by a weak power law. As a result, we predict a drastic reduction in
sensitivity to charge noise relative to the Cooper pair box and an increase in the qubit-photon coupling, while
maintaining sufficient anharmonicity for selective qubit control. Our detailed analysis of the full system shows
that this gain is not compromised by increased noise in other known channels.

DOI: 10.1103/PhysRevA.76.042319 PACS number!s": 03.67.Lx, 74.50.!r, 32.80."t

I. INTRODUCTION

Quantum information processing has emerged as a rich,
exciting field due to both its potential applications in cryp-
tography #1$ and computational speedup #2–4$ and its value
in designing quantum systems that can be used to study fun-
damental physics in previously inaccessible regimes of pa-
rameter space. A promising physical paradigm for quantum
computers is the superconducting Josephson junction qubit
#5–7$, which is classified into three types according to their
relevant degree of freedom: charge #8,9$, flux #10,11$, and
phase #12$. These systems have potentially excellent scal-
ability thanks to well-established fabrication techniques such
as photo and electron-beam lithography. Unfortunately, su-
perconducting qubits currently have coherence times which
are not yet sufficient for error correction and scalable quan-
tum computation.

There are several different strategies for enhancing the
dephasing times in superconducting qubits. One approach
#13$ is to improve the properties of junctions and materials to
eliminate excess sources of 1 / f noise, whose origin remains
unclear so far. This is a difficult and costly process, but it is
likely to benefit a wide range of qubit designs when it is
successful. A second approach is the elimination of linear
noise sensitivity by operating qubits at optimal working
points. So-called “sweet-spot” operation has already demon-
strated #14$ an increase in dephasing times over previous
experiments #9$ which could be as large as three orders of
magnitude, and illustrates that simple tailoring of quantum
circuit design can boost qubit performance. In the long run, a
combination of both strategies will probably be necessary to
realize a scalable design for superconducting quantum com-
puting.

In this paper, we follow the second approach and propose
a new superconducting qubit: a transmission-line shunted
plasma oscillation qubit, which we call the transmon. In its

design, it is closely related to the Cooper pair box !CPB"
qubit in Ref. #8$. However, the transmon is operated at a
significantly different ratio of Josephson energy to charging
energy. This design choice, as we will show, should lead to
dramatically improved dephasing times.

Two quantities crucial to the operation of a CPB are the
anharmonicity and the charge dispersion of the energy levels.
A sufficiently large anharmonicity is needed to prevent qubit
operations from exciting other transitions in the system. The
charge dispersion describes the variation of the energy levels
with respect to environmental offset charge and gate voltage,
and determines the sensitivity of the CPB to charge noise:
the smaller the charge dispersion, the less the qubit fre-
quency will change in response to gate charge fluctuations.
The magnitudes of charge dispersion and anharmonicity are
both determined by the ratio of the Josephson energy to the
charging energy EJ /EC. Increasing this ratio reduces the
!relative" energy level anharmonicity !which limits the speed
of qubit operations". However, it also decreases the overall
charge dispersion and thus the sensitivity of the box to
charge noise. This reduction is important, since even with
operation at the first-order insensitive sweet spot, the Cooper
pair box can be limited by higher-order effects of the 1/ f
charge noise #15$, and by the problem of quasiparticle poi-
soning, which can both shift the box from its optimal point.

The transmon exploits a remarkable fact: the charge dis-
persion reduces exponentially in EJ /EC, while the anharmo-
nicity only decreases algebraically with a slow power law in
EJ /EC #16$. Consequently, by operating the transmon at a
much larger EJ /EC ratio than the CPB, one can greatly re-
duce charge noise sensitivity in the qubit while only sacrific-
ing a small amount of anharmonicity. In fact, the charge
dispersion can be so strongly suppressed that the qubit be-
comes practically insensitive to charge. This eliminates the
need for individual electrostatic gates and tuning to a charge
sweet spot, and avoids the susceptibility to quasiparticle poi-
soning, which both benefit the scaling to larger numbers of

PHYSICAL REVIEW A 76, 042319 !2007"
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Electrodynamical behavior of 
ferromagnetic JJs and dissipation

Ferromagnetic Josephson 
junctions among possible
proposals for novel types
of qubits

A path through
different types of 
ferromagnetic JJs

The supercurrent through a Josephson junction (JJ) is
conventionally described by means of a current-phase
relation (CPR) I¼ Icsinj where Ic is the critical current

and j is the junction phase-difference. More generally, the
CPR can be expressed as I ¼

P
n"1 Icn sin njð Þ1,2 and under

circumstances in which the first harmonic is suppressed (for
example at a 0–p transition), the second harmonic may become
detectable3,4. Recently it has been predicted that, in JJs with
diffusive ferromagnetic barriers and asymmetric spin-active
interfaces, the CPR should be inherently dominated by the
second harmonic as a consequence of the coherent transport of
two triplet pairs5,6, but no theoretical predictions of a similar
nature exists for the tunnelling limit.

A dominant second harmonic in the CPR can be manifested as
half-integer Shapiro steps and magnetic interference patterns
Ic(H) with half the expected period7. While there have been
experimental reports of half-integer Shapiro steps near to 0–p
transitions in S/F/S JJs with both weak3 and strong4 diffusive F
layers, evidence of a second harmonic in CPR has not been
reported in Ic(H) patterns, although the periodicity of Ic(H) is the
most unambiguous probe of CPR.

Gadolinium nitride is one of the few known ferromagnetic
insulators and has previously been shown by our group to yield
high quality superconducting tunnel junctions when placed
between NbN electrodes8; normal-state measurements have
demonstrated spin filter behaviour with high-spin polarization
P (ref. 9) (For details of calculation of P please refer to
Supplementary Fig. 1 and Supplementary Methods).

Here, we report measurements of tunnel junctions with
ferromagnetic GdN barriers in which the period of the magnetic
field modulation of Ic(H) halves at the onset with thickness
corresponding to a large spin polarization of the tunnelling. The
devices reported here show a spin polarization exceeding 80%,
which is higher than previously reported (for fabrication and
measurement details see the Methods section). For the largest
thicknesses, Ic(H) tends to a perfect half-period Fraunhofer
pattern corresponding to a pure second harmonic CPR7.

Results
Role of barrier magnetic flux. Throughout the paper, we will
be treating our devices as being in the short junction limit, as
calculations of Josephson penetration depth lJ (for details of
calculation of lJ, please refer to the Methods section) for all
samples reported here reveal that the junction dimension is much
shorter (for high barrier thickness (42.1 nm) and low-current
density samples) or at most, comparable (for lower thickness
(1.5 nm), higher-current density non-magnetic GdN samples) to lJ.

The Ic(H) pattern of a short JJ with a magnetic barrier is
distorted by the field-dependent flux arising from the barrier
magnetism10 and so analysis requires the magnetic state of the
barrier to be understood. In Fig. 1, we show typical Ic(H) patterns
of a GdN JJ with a high P (B89% at 4.2 K) where the sequence of
applied fields is split into three stages for clarity. Figure 1a shows
the initial field application sequence, which corresponds to the
virgin curve of the corresponding GdN magnetization hysteresis
loop M(H), in which the initially unmagnetized GdN layer is
saturated by subjecting it to higher magnetic fields. Figure 1b
shows the behaviour of the critical current when the field is
reduced from positive to negative saturation fields and Fig. 1c
shows the return branch to positive saturation. Several features
are observed in Fig. 1 that are distinctly different from Ic(H)
patterns of conventional short JJs. First, the role of field history is
evident as the maximum critical current of the central, or first,
lobe is hysteretically shifted from zero field in Fig. 1b,c, indicating
that the flux arising from the magnetic moment of the GdN

barrier needs to be offset by an externally applied field
in order to obtain the zero-flux maximum Ic (ref. 10). Second,
the ratio Imax2/Imax1 is significantly lower than the value of
0.21 expected for a conventional Fraunhofer I¼ Ic|sinx/x|
dependence. This indicates the relative suppression of Ic in the
second lobe; a feature that was noted earlier8 and was attributed
to enhancement of the pair current in domain walls owing
to large area devices. Finally, the field widths of the lobes of the
Ic(H) pattern are not constant so that H2þaH2&aH1. These
distortions from the behaviour expected for a perfect Fraunhofer
pattern are due to the fact that thin film GdN has a low coercivity
of 20–50 Oe (ref. 9) and because of their large area, our devices
have multiple magnetic domains, and micromagnetic structure
plays an important role in multidomain devices in distorting the
Ic(H) patterns10, especially in the switching regions. Because GdN
has a high remnant moment, the second lobe in Fig. 1b marked as
H2þ , or its equivalent on the negative field side in Fig. 1c should
be least distorted by the changes in flux arising from the barrier
micromagnetics.

In order to assess the extent of any such distortion, we model
the field dependence of the magnetic moment of a hysteresis loop
of GdN by a function M Hð Þ ¼ a

1þ be& kðH&CÞð Þ &
a
2 ; where a

2 is the
saturation moment of the GdN at a particular temperature and
b,c,k are fitting parameters. A fit to a measured MH loop using
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Figure 1 | Defining Ic(H) features of typical GdN junctions. Behaviour of
critical current with externally applied in plane magnetic field broken into 3
parts showing the direction of field sweeps in each case. (a) Initial
sequence of increasing external magnetic field analogous to virgin curve of
corresponding MH loop. (b) Decreasing external magnetic field from
positive to negative values. (c) Increasing external magnetic field from
negative to positive values. DH is the hysteresis, H1 is the magnitude of first
lobe, H2þ is the second lobe magnitude obtained after saturation of GdN,
H2& is second lobe magnitude with the effect of micro-magnetics, Imax1

and Imax2 are the maximum critical currents in the first lobe and second
lobes respectively. Inset to c shows a schematic of cross section of a
particular device with the direction of externally applied magnetic field.
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6

the sub-micrometer regime. The scaling of the area can
not be accomplished, instead, on most of the soft ferro-
magnets used in SIsFS JJs, since they are often percola-
tive systems or strongly dependent on a multi-domain
configuration [62, 63]. However, in this case JSFS

c may be
reduced increasing the thickness of the insulating layer.

A better understanding of the most feasible I
SFS
c val-

ues can be obtained looking at Fig. 2, in which we re-
port the density-plots representing the magnitude of the
real-part of the ideal resonator transmission parameter
S21(!RO) [56], as a function of ISFSc ,

S21(!,!RO) =

������
1�

Ql/Qce
i⌘

1 + 2iQl

⇣
!

!RO

⌘

������
, (6)

for the two configurations. Here Ql is the resonator total
quality factor and Qc is the coupling quality factor, fixed
to 1.7 · 104 and 2 · 104, respectively. ⌘ is the impedance
mismatches at the input and output ports of the coupled
feedline, which is here fixed to 0. As a matter of fact, one
can notice that there are some specific ranges of values
for the I

SFS
c for which the coupling overcomes the dis-

persive regime, depending on the interplay between the
capacitive elements and the configuration under analysis.
Such range of values limits the feasibility of the ferro-
transmon. In particular, we report in (a) simulations for
the hybrid DC-SQUID configuration with I

SIS
c = 30nA,

while in (c) we focus on the single tunnel-SFS JJ con-
figuration. We can notice that in the former, the best
HI and LO achievable values are 65 nA and 40 nA, re-
spectively. In the latter, we can find two feasible regions:
from 25 nA to 35 nA, and from 65 nA to 80 nA. All these
values are not impossible to reach with current technolo-
gies, thus giving a range of feasible parameters. We here
stress that these values are not exclusive, and can be ad-
justed changing also the resonator parameters and the
capacitive elements in the circuit.

As a way of example, in Tab. I we finally collect
the following fundamental electrodynamics parameters
and their expected values for the two configurations un-
der analysis, i. e. for two sets of HI and LO I

SFS
c :

EJ/Ec, the qubit frequency !01 and its tunability�!01 =
(!01(’HI’)� !01(’LO’))/!01(’HI’) and the coupling g for
the HI and LO state. In Fig. 3, finally, we demonstrate
that it is possible to discriminate between the HI and LO
state through the transmon read-out resonator in both
the configurations.

In both the scenarios, the ratio EJ/Ec is comparable or
larger than in typical transmon circuits, suggesting that
the charge noise can be succesfully suppressed. The res-
onator shifts � are su�cient to discriminate the HI and
LO state. Also the qubit frequencies fall in the opera-
tional qubit frequency range [51], although in the single
tunnel-SFS JJ configuration we were able to find a set of
parameters for which !01 is of the order of 4 � 5GHz,
with a tunability of the order of �!Q ⇠ 0.8GHz to
1GHz for the single tunnel-SFS JJ and the hybrid DC-
SQUID configuration. Such tunability range corresponds

(a)

(b)

FIG. 3. Resonator frequency dispersive shift in the high (low)
level states (LO in blue and HI in red, respectively) of the SFS
JJ for: (a) the hybrid DC-SQUID ferro-transmon configura-
tion at �Z = 0, with I

SIS

c = 30nA, and (b) in the single
tunnel JJ ferro-transmon circuit. In all the panels, we fix the
coupling capacitance Cg = 4 fF, while Cb is 70 fF in (a) and
90 fF in (b). HI and LO levels in (a) and (b) are reported in
Tab. I.

to �I ⇠ 30%, which as discussed in Sec. II is an accessi-
ble and experimentally engineerable value [32, 64, 65].

IV. THE FERRO-TRANSMON AS A
MAGNETIC NOISE DETECTOR

The wide range of qubit - resonator coupling regimes
and the high tunability of the ferro-transmon Hamilto-
nian realize the ideal playground to study noise fluctua-
tions in ferromagnetic Josephson devices. We here show
how the combined analysis of relaxation and dephasing
processes allows to fully characterize both magnetization
fluctuations and standard flux noise. Comparing the ef-
fects of these two kinds of noise may o↵er important clues
to optimize qubits designs and to understand fundamen-
tal aspects of quantum dissipative models.

A. Qubit-noise coupling

The ferro-transmon Hamiltonian depends on the fluxes
�Z and �L. We assume that magnetization fluctuations
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frequency 
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