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A Roadmap for a Scalable
Topological Quantum Computer
A team of experimentalists and theorists proposes a scalable protocol for quantum
computation based on topological superconductors.

by Jay Sau∗

T he Herculean thrust to realize a quantum computer
by many research groups around the world is, in
my opinion, one of the most exciting endeavors in
physics in quite some time. Notwithstanding the

potential applications that have motivated many companies
in this endeavor, a quantum computer represents the most
promising avenue to peer into quantum phenomena on a
macroscopic scale. As with any such great effort, the race
to build a quantum computer has many competitors pursu-
ing a variety of approaches, some of which appear to be on
the verge of creating a small machine [1]. However, such
small machines are unlikely to uncover truly macroscopic
quantum phenomena, which have no classical analogs. This
will likely require a scalable approach to quantum computa-
tion. A new study by Torsten Karzig from Microsoft Station
Q, California, and colleagues [2] brings together the exper-
tise of a large and diverse group of physicists, ranging from
experimentalists to topologists, to lay out a roadmap for a
scalable architecture based on one of the most popular ap-
proaches.

Karzig and colleagues’ paper represents a vision for the
future of a sequence of developments that started with the
seminal ideas of topological quantum computation (TQC)
as envisioned by Alexei Kitaev [3] and Michael Freedman
[4] in the early 2000s. The central idea of TQC is to en-
code qubits into states of topological phases of matter (see
Collection on Topological Phases). Qubits encoded in such
states are expected to be topologically protected, or robust,
against the “prying eyes” of the environment, which are be-
lieved to be the bane of conventional quantum computation.
This is because states of topological phases are locally in-
distinguishable from each other, so that qubits encoded in
such states can evade the destructive coupling to the envi-
ronment. But experimentally accessible topological phases
of matter with the requisite properties for TQC, such as

∗Condensed Matter Theory Center, Joint Quantum Institute, and
Department of Physics, University of Maryland, College Park, MD
20742-4111, USA

Figure 1: Schematic of one of the scalable architectures for
topological quantum computation proposed by Karzig and
colleagues [2]. Sets of topological superconductors containing six
elements (hexons), all hosting Majorana zero modes (MZMs) on
the same side of the set, are interfaced with conventional
superconductors and semiconductors to perform quantum
computation. (Adapted from T. Karzig et al., Phys. Rev. B (2017))

the ability to host quasiparticles known as Majorana zero
modes, have been elusive. A milestone in this direction
was reached in 2010, when researchers realized [5–7] that the
combination of rather conventional ingredients, such as spe-
cial semiconductors, superconductors, and magnetic fields,
could result in one such phase—a topological superconduc-
tor. This realization motivated experimentalists to discover
signatures of this topological phase just a few years after its
prediction [8]. However, the topological superconductors, or
Majorana nanowires as they are often called, made in these
first experiments were plagued by device imperfections such
as impurities [8]. While topological robustness is supposed
to protect devices from small imperfections, it is sometimes
overlooked that the strength of such imperfections must be
below a pretty low threshold for topological robustness to be
operative.

A new wave of optimism swept the search for TQC-ready
topological superconductors in 2016. That’s when experi-
mental groups from the University of Copenhagen and from
the Delft University of Technology, led by Charlie Marcus
and Leo Kouwenhoven, respectively, demonstrated high-
quality Majorana nanowires that were likely to be in the
topological regime [9, 10]. These devices, fabricated through
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epitaxial growth of superconducting aluminum on indium
antimonide semiconductors, showed evidence of a high-
quality superconducting gap [10] and also of near energy
degeneracy between the topological qubit states [9]; a large
energy difference between qubit states is often related to
the detrimental decoherence rate of a qubit. However, the
rules of the game of designing and fabricating Majorana
nanowire devices have proven to be rather different from
what had been anticipated. For example, it turns out that it is
quite straightforward to drive the newly fabricated devices
[9] into the desirable Coulomb blockade regime (where the
quantization of electronic charge dominates charge trans-
port) but difficult to fabricate controllable contacts to connect
the devices to superconducting circuitry. Interestingly, con-
current theoretical work has clarified that the topological
qubit state of a Majorana nanowire can be measured via the
phase shift of electron transport through the device when the
transport is in the Coulomb blockade regime. This work led
to suggestions that the basic operations for TQC could be
performed using a procedure that relied on measurements
of topological qubits.

Karzig and colleagues’ study comes at a point in time
where there is optimism for the realization of TQC using
Majorana nanowires but possibly along a path with sev-
eral constraints. For example, branched structures of a
nanowire could be used to generate a network of wires for
TQC, but superconducting contacts are only easy to make at
the ends of the wire. This would mean that superconduct-
ing contacts must be avoided in making a large network of
wires. Also, the qubit lifetime will ultimately likely be lim-
ited by quasiparticle poisoning, a phenomenon in which an
anomalously large number of unwanted quasiparticles, aris-
ing from Cooper electron pairs broken by stray microwaves,
exists in the devices. The Karzig study brings together a
large number of authors with expertise in device fabrication,
in strategies for TQC, and in the solid-state-physics issues
involving Majorana nanowires. The researchers propose a
protocol for scalable TQC based on the existing Majorana
nanowires, assuming that they can be brought into the topo-
logical phase.

The protocol involves designing a network from small sets
of Majorana wires and performing a sequence of measure-
ments on the sets (Fig. 1). The central idea is to use physical
constraints on the network, such as aligning all wires with
a global magnetic field, to predict which sets may be mea-
sured easily to perform TQC. For example, the researchers
considered networks made from sets of four and six wires
(“tetron” and “hexon” designs) together with the rule that
only nearby Majorana zero modes could be measured in
each configuration. They then devised a strategy for TQC
that optimizes robustness to quantities such as environmen-
tal temperature and noise as well the size of the network.
The result of the analysis is a few scalable architectures that

future experimental groups could pick between, depending
on their device-construction capabilities and computational
goals. The hexon architectures are likely to be computa-
tionally more efficient than the tetron architectures but will
probably be more difficult to construct.

While the scope of this work might be limited to these spe-
cific devices, detailed analysis of this kind is absolutely key
to motivating both experimentalists and theorists to make
progress towards a realistic platform for TQC that actually
works in practice. The Karzig study likely lays the foun-
dation for analogous work with other topological platforms
as they become experimentally viable candidates for TQC.
I must also clarify that the significance of this work does
depend on whether future experiments meet the outstand-
ing experimental challenges, foremost among which is the
reliable generation of Majorana nanowires in a topological
phase. That being said, I think Karzig and co-workers’ pa-
per will serve as a case study to follow, even if the properties
of topological superconducting systems turn out to be some-
what different from the ones assumed.

This research is published in Physical Review B.
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