High-coherence fluxonium as a probe of D-Wave's QPU environment

Summary

Fluxonium has become an attractive candidate qubit for all
of D-Wave Quantum'’s technologies. D-Wave Quantum has
fabricated 2-dimensional single fluxonium test circuits and
has confirmed that their coherence is comparable to the
state-of-the-art reported in the scientific literature. More-
over, the data from these qubits has revealed that the elec-
tromagnetic environment within D-Wave Quantum'’s cryo-
genic systems is comparable to the best results for super-
conducting qubits published to date.

Introduction

D-Wave Quantum is primarily known for its quantum an-
nealing (QA) technology based on superconducting flux
qubits [1]. The energy spectrum of such a qubit is character-
ized by two low-energy states that are well separated from
the higher energy states. The low-energy states can be de-
scribed as tunable superpositions of two oppositely polar-
ized magnetic moments, depending on the amount of mag-
netic flux threading through the body of the device. This
qualitative description of the energy spectrum applies over
a broad range of flux-like qubit designs [2-4].

Fluxonium [4] is a relatively modern member of the flux-
like qubit family. This qubit is currently being considered
for future gate model quantum computing (GMQC) tech-
nologies [5-8]. Fluxonium has at least three notable prop-
erties that make it attractive: First, fluxonium has produced
record-setting relaxation (7)) times in the realm of supercon-
ducting qubits [9]. Second, the large separation in energy
between the low- and high-energy states protects against ex-
citation out of the low-energy manifold, which is a problem
known as state leakage [10]. Third, fluxonium can be oper-
ated at considerably lower frequency than other supercon-
ducting qubits, thus reducing control complexity.
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Figure 1: Scanning electron micrograph of a fluxonium qubit
manufactured by D-Wave Quantum.

Given the growing interest in fluxonium and D-Wave Quan-
tum’s deep experience in building flux-like qubit quantum
technologies, we have embarked upon a research program
that harnesses the unique properties of fluxonium for all of
D-Wave Quantum’s technology development. The primary
impetus was to fabricate fluxonium to serve as a ‘gold stan-
dard’ high-coherence flux-like qubit that could be used to
characterize D-Wave Quantum’s QA quantum processing
unit (QPU) electromagnetic environment. However, we are
also using early generation fluxonium test circuits to validate
potential use of fluxonium in future QA and GMQC tech-
nologies. This report summarizes some of the results ob-
tained from single fluxonium circuits fabricated by D-Wave
Quantum and measured within one of our QA QPU cryo-
genic systems. We observed that our fluxonium coherence
times are comparable to the state-of-the-art reported in the
scientific literature for 2-dimensional circuit geometries. We
have also observed a very low effective qubit temperature
that is among the best reported in the literature to date. This
latter observation stands testament to the quality of the en-
gineering that has gone into D-Wave Quantum’s QPU envi-
ronment.
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Circuit

A scanning electron micrograph image of a fluxonium qubit
manufactured by D-Wave Quantum is shown in Fig. 1. The
qubit is composed of two closed superconducting loops: a
large loop consisting of a so-called superinductor formed by
two linear chains of nominally large Josephson junctions
(JJs) and a second smaller loop containing two nominally
small JJs. These loops are referred to as the body and com-
pound Josephson junction (CJJ), respectively. Both loops
can be flux biased by relatively slow baseband control lines.
Only the body loop is subjected to fast small-amplitude con-
trol signals for qubit state manipulation. The qubit is capaci-
tively coupled to a superconducting resonator that is used as
a dispersive readout. The low-energy spectrum of the fluxo-
nium shown is well characterized by an effective lumped el-
ement model [1] possessing body inductance L, = 250nH,
body shunt capacitance C, = 6.5{F, and a maximum CJJ
critical current I7 =28nA.

Coherence measurements

Qubit coherence was quantified using two standard met-
rics: relaxation time 7| and Ramsey decay time T, [11].
For all results presented herein, the qubit was prepared in
its ground state using a reset protocol and then adjusted to
the target body and CJJ flux biases. State manipulation, evo-
lution, and readout then followed. Measurements were ob-
tained over a range of CJJ flux biases to adjust the energy
spacing E, = hv, between the two states in the low-energy
manifold, where / is Planck’s constant and v, is a frequency.
All measurements were taken with the body flux bias tuned
to the so-called degeneracy point where £, is a minimum for
a given CJJ bias. At this body flux bias, the ground and first
excited state can be described as even and odd superpositions
of oppositely polarized magnetic moments, respectively.

A summary of 7} measurements versus v, is shown in the

upper panel of Fig. 2. The measurements were taken with

the cryogenic system stabilized at a temperature 7, =

7.3 mK. The data exhibit scatter about a mean value of 7|, =
120 us but otherwise a weak frequency-dependence. This is
in contrast to the comparable results in [12] that exhibit a
maximum 7 ~ 120 us around v, &~ 400 MHz. This may be a
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signature of significantly lower flux noise in our qubit.
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Figure 2: (Top) Relaxation time 7, versus qubit frequency v, with
the qubit at degeneracy. (Bottom) Ramsey dephasing time Ty ver-
sus v, with the qubit at degeneracy. All measurements taken with

the environment at temperature 7, = 7.3 mK.

A summary of Ty measurements versus v, is shown in the
lower panel of Fig. 2. These data exhibit a monotonic depen-
dence on qubit frequency, similar to what can be inferred
from the data shown in [12]. The fact that T,z < 27 at all
frequencies indicates that the qubit dephasing is dominated
by very low frequency fluctuators. Furthermore, given that
the largest values of T, are observed at low frequency, it can
be argued that low frequency flux noise is not the dominant
dephasing mechanism. Measurements using echo sequences
are underway to gather further information.
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Electromagnetic environment

A simple means to characterize a qubit’s electromagnetic en-
vironment involves measuring the excited state probability
once it has achieved steady state. This can be done, for ex-
ample, by resetting the qubit in its ground state, applying a
7t-pulse to excite the qubit, and then letting the qubit evolve
over many multiples of the relaxation time 7, before mea-
suring the final excited state probability. Alternatively, one
could also reset the qubit, forgo the 7-pulse and let the sys-
tem be excited by the environment over many multiples of
T, before measuring. Either way, the excited state proba-
bility must converge to a common steady-state value. That
excited state probability can then be converted into an ef-
fective qubit temperature 7, under the assumption that the
qubit has achieved thermal equilibrium with its environ-
ment. If one has an independent means to measure the tem-
perature of the environment 7, , then the comparison be-
tween T, and T, yields useful information. f 7, = T, ,, to
within experimental resolution, then one can conclude that
the electromagnetic environment contains negligible excess
photons relative to the thermal background. If 7, > T,
then the electromagnetic environment contains excess pho-
tons that must come from a source not at the temperature of
the environment. The latter scenario must inevitably arise at
very low T, because the control lines reaching the qubit are
capable of carrying energy from much higher temperature
parts of the cryogenic apparatus down to the QPU space.
Careful engineering is required to minimize this effect.

Figure 3 summarizes inferred values of T, versus environ-
ment temperature 7, = as obtained using the method de-
scribed above with the qubit operated at v, = 715 MHz.
T, ~ T, to within experimental error down to T, =
18mK, below which T saturates. For comparison, one
can seek saturating values of 7, in the scientific literature
for other superconducting qubits. Most notably, many re-
searchers working with superconducting qubits report 7, 2
30mK [3, 13, 14]. Note that all of these qubits were operated
at considerably higher frequency than our device, typically
close to 5 GHz, thereby necessitating a relatively large oper-
ating bandwidth for the bias lines. Increasing the bandwidth
of the bias circuits inevitably leads to more noise reaching
the qubit. Fluxonium circuits operated with such high band-
widths, both in 2-dimensional [8] and 3-dimensional [9] ge-
ometries, have yielded 7, 2 25mK. A closer comparison is
reported in [ 12] {or a 2-dimensional fluxonium circuit oper-
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Figure 3: Inferred values of qubit temperature 7, versus environ-
ment temperature 7, for v, =715MHz. Tq saturates at 18 £3 mK

env

in the limit of low T, as indicated by the dashed black line.

env

ating within a similar frequency range as our qubit. Those
authors quoted 7, = 15mK, which is comparable to our re-
sult.

Next steps

While we primarily envisioned single fluxonium qubits serv-
ing as gold standards for testing our QA QPU electromag-
netic environment, our experience has led us to believe that
fluxonium could become the qubit of choice in future D-
Wave Quantum technologies. Fluxonium is interesting from
the perspective of QA when considering the trade-off be-
tween energy scale and coherence time [15]. It is likewise
interesting from the perspective of GMQC as a means of ad-
dressing the known shortcomings of competing supercon-
ducting qubits such as the transmon. This relatively new
qubit, coupled with D-Wave Quantum’s deep expertise in
engineering large-scale superconducting QPUs and their en-
vironments, will lead to exciting opportunities.

Copyright (© D-Wave Quantum Inc.
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