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ABSTRACT

Electron spins in semiconductor quantum dots are a promising platform for quantum-information processing applications because their
quantum phase coherence can persist for extremely long times. Nearest-neighbor electron spins naturally interact with each other via
Heisenberg exchange coupling. Heisenberg exchange coupling results from the interplay of the electrostatic confinement potential together
with the Pauli exclusion principle, which requires that no two electrons can have the same quantum number. Exchange coupling enables a
host of useful capabilities, including the generation of different types of qubits, multi-qubit gates, ways to increase connectivity in systems of

quantum-dot spin qubits, and routes to explore intriguing many-body phenomena.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0055908

INTRODUCTION

Electrons are spin-1/2 fermions. As a result, the quantum-
mechanical wavefunction of a collection of electrons must be anti-
symmetric under particle exchange. This antisymmetry has pro-
found consequences, including effects associated with electronic
band structure and quantum degeneracy pressure, which, respec-
tively, make modern electronics and even solid matter possible.
Another consequence of this antisymmetry is Heisenberg exchange
coupling,"” which is a spin-spin interaction between electrons that
results from the interplay of the electronic confinement potential,
the Coulomb interaction, magnetic fields, and the Pauli exclusion
principle. Exchange coupling underlies many important phenom-
ena, like ferromagnetism.

Exchange coupling also has surprising and important conse-
quences for the physics of few-electron systems. Semiconductor
quantum dots are one of the most common ways to trap and
manipulate individual electrons and thus offer a convenient set of
tools to explore exchange coupling. In this Perspective, we will
illustrate how to create and control exchange coupling in
quantum-dot systems, how exchange can enable different types of
spin qubits, how it can be harnessed for multi-qubit operations,
including state transfer, and how it can enable studying the
dynamics of interesting multi-spin systems. Despite directly cou-
pling only nearest-neighbor spins, Heisenberg exchange coupling
underlies a wide variety of interesting and useful tools for studying
quantum information processing and the dynamics of interacting

spin systems. Although we restrict this Perspective to quantum
dots, exchange coupling appears in many systems, including donor
spins in semiconductors,” cold atoms,” and others.

After an introduction to exchange coupling in semiconductor
quantum dots and a description of the different types of spin
qubits and operations enabled by it, this Perspective will focus on
recent work by the authors at the University of Rochester, which
illustrates how exchange-coupled spin chains can transfer quan-
tum information. Exchange coupling and related topics in semi-
conductor quantum dots are extremely active areas of research.
Research groups at Delft University of Technology,” ~ ETH
Zurich,'"""® Harvard University,”’17 HRL Laboratories,'® ! the
Norwegian University of Science and Technology,”*’ Princeton
University,” ~’ National Research Council Canada,” Purdue
University,” ”' RWTH Aachen University,””” Sandia National
Laboratories,””” Seoul National University,”*"’ the University at
Buffalo,”® "’ the University of California Los Angeles,”' University
College London,”” ** the University of Copenhagen,” **
Université Grenoble Alpes,’w”r’o the University of Konstanz,
the University of Maryland,””® the University of Maryland
Baltimore County,”’” the University of New South Wales,”%*
Université de Sherbrooke,”"”” the University of Sydney,”” °* the
University of Tokyo,”””” the University of Wisconsin
Madison,”” " Virginia Tech,””” and other institutions are all
involved in this exciting field. The interested reader is encouraged
to consult the references herein for further information.
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PHYSICAL IMPLEMENTATION OF EXCHANGE
COUPLING

Gate-defined semiconductor quantum dots are created using a
layered semiconductor containing a two-dimensional electron gas,
such as a GaAs/AlGaAs heterostructure, Si/SiO, interface, or Si/SiGe
quantum well [Fig. 1(a)]. Voltages applied to lithographically fabri-
cated gates on the surface of the semiconductor laterally confine indi-
vidual electrons [Fig 1(b)].

Consider N electron spins in a linear chain of quantum dots,
each containing a single electron. As a result of the wavefunction over-
lap between them, the Coulomb interaction, the details of the electro-
static confinement potential, and magnetic fields [Figs. 1(c) and 1(d)],
a spin-spin interaction between electrons emerges,

N-1
Hi = Y _JiSi - Sis1. 1)
i=1

Here, J; is the exchange coupling strength between electrons i and
i+1,and S; = [SF,S!, ] is a vector of spin-1/2 operators. We have
set Planck’s constant & = 1. The magnitude and sign of J; depends on
numerous factors, including the external magnetic field strength and
the characteristics of the electronic confinement potential.”"” "
Typically, J; > 0 for electron spins in quantum dots although strong
out-of-plane magnetic fields or neighboring multi-electron quantum
dots can induce negative exchange.'””' Theoretically predicting
exchange couplings presents a challenge, and various levels of approxi-
mation are used to calculate it, including basic Fermi-Hubbard mod-
els, the Heitler-London approximation, the Hund-Mulliken
approximation,”*’®”” and configuration-interaction calculations.””

A straightforward calculation shows that the singlet [S)

= (1)~ [11)) and the three triplets |To) = (|T1) — [I1)),

|Ty) =11), and |T_)=]]) are eigenstates of the two-spin
exchange operator. Moreover, the exchange coupling J indicates the

- (b) Barrier gate Plunger gate Top gate Al,O3
Cont+act :

(d)

PN

P P, Ps Py

FIG. 1. (a) Scanning electron micrograph of a quadruple quantum dot in a GaAs/
AlGaAs heterostructure. The positions and potential associated with the electrons
are overlaid. Plunger gates P; and barrier gates B; can be used to induce exchange
between electrons. Electron reservoirs (purple circles) are used to initialize the qua-
druple dot array. Two additional quantum dots above the main array are used for
readout. The scale bar is 200 nm. (b) Schematic cross section of the device, show-
ing the different metal and semiconductor layers used to create the device in panel
(a). Further details about this device can be found in Ref. 29. Adapted with permis-
sion from Kandel et al., Nature 573, 553-557 (2019). Copyright 2019 Springer
Nature. (c) Exchange coupling (red arrows) between two electrons may be induced
by lowering the barrier between them. (d) Exchange coupling can also be induced
by modulating the detuning, or difference between the electrochemical potentials of
the two dots.
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energy spacing between the singlet and triplet configurations of the
two electrons.”

Inducing exchange coupling between electron spins requires
overlap between the electronic wavefunctions of neighboring quantum
dots. Historically, exchange coupling has been most frequently tuned
by oppositely controlling the chemical potentials, or the “detuning,”
of double-quantum-dot structures [Fig. 1(d)]."" The basic idea of
this approach is that by “tilting” one electron into another, one can
controllably modulate the wavefunction overlap, and thus the
exchange coupling between electrons. However, a recent generation of
quantum-dot devices, with an “overlapping-gate” architecture,” **
offers much tighter control of the quantum-dot confinement potential
than traditional “open” quantum-dot architectures. In particular, over-
lapping gate architectures offer the ability to modulate specific param-
eters of the quantum-dot confinement potential, such as the barrier
height or chemical potential, without significantly affecting other
parameters, at least compared to open architectures. This precise con-
trol has made it possible to tune exchange couplings by directly con-
trolling the barrier height between neighboring quantum dots [Fig.
1(b)]."* Lowering the barrier height shifts neighboring electrons
closer toward each other,”” and it may expand the quantum wavefuc-
tions. Both effects will increase the size of the exchange coupling. A
final technical advance, which has significantly increased the degree of
control over exchange coupling, is the development of “virtual”
gates,”®”* which enable independent adjustment of quantum-dot
electrochemical potentials and barriers in multi-dot systems.

QUBITS AND QUANTUM CGATES
Multi-spin qubits

Although the simplest possible spin qubit consists of an individ-
ual electron spin, the ability to manipulate exchange opens up the pos-
sibility to form different qubits out of multiple-spin states, as shown in
Fig. 2. The potential advantage of such a qubit is the possibility of elec-
trical spin-state control” and the potential to operate qubits in certain
decoherence-free subspaces,” which feature long-lived coherence even
in the presence of specific kinds of environmental noise.

Perhaps the most common exchange-enabled multi-spin qubit is
the singlet-triplet (S-T) qubit,”"*’ formed from two electrons in a
double quantum dot [Fig. 2(b)]. The S-T-qubit Hamiltonian is Hgr
=J$ + AB,S* in the {|S),|T°)} subspace, where |S) = %(Hl)
—[17)) and |T°) = % (IT1) +111)), and where AB, is the difference

in longitudinal magnetic fields between the dots, in units of frequency.
This system occupies a decoherence-free subspace with respect to
global magnetic fields that couple to the electron spins because neither
the energy of the |S) nor the |T}) state depends on the external mag-
netic field, in contrast to the energies of single-spin states. In addition,
the §° term in Hgr depends on electric fields, which are often easier to
generate than pulsed magnetic fields in cryogenic environments.
Singlet-triplet qubits, and variations thereof, have been the subject of
significant theoretical and experimental research,'*~'®>72017081.92795
Following this line of thinking, three electrons in two or three
quantum dots offer even more possibilities for high-performance spin
qubits.” Three electrons in a triple dot can create an “exchange-only”
(EO) qubitls’m 2890997101 [Fig. 2(c)]. In contrast to S-T qubits, which
feature one electrical control axis, and one magnetic control axis
(single-spin qubits require two magnetic control axes), EO qubits
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FIG. 2. Comparison between different types of spin qubits. In each panel, the num-
ber of spins involved in each qubit is shown. Solid lines on the Bloch sphere indi-
cate exchange-based qubit control axes, and dashed arrows indicate magnetic
control axes. (a) Single-spin qubit, requiring two magnetic control axes. (b)
Singlet-triplet qubit, requiring one magnefic control axis. 159 (c) Exchange-only
qubit with two exchange-based control axes.” (d) Exchange-only qubit with four (or
more electrons) with two orthogonal exchange-based control axes.”***>* Primed
states involve excited levels, such as orbitals or valley states. In all panels, red
arrows indicate exchange coupling. Gray vertical lines with two arrowheads indicate
entangled spin states.

enable complete electrical control, and the two control axes corre-
spond to exchange coupling between the two nearest-neighbor pairs of
electrons in the triple dot. The eigenstates of a three-electron EO qubit
usually consist of spin states with fixed total spin and triplet- or
singlet-like states on one of the outer pairs of spins.”””"""'"
Exchange-only qubits generally feature minimal static exchange cou-
plings, and single-qubit gates are driven with baseband exchange
pulses via barrier or detuning control.

Single-qubit gate times for EO qubits are determined by interdot
exchange couplings, which are typically on the order of tens to hun-
dreds of MHz. The hybrid qubit™**” features similar spin states to the
EO qubit, except that the three electrons reside in two quantum dots,
instead of three. Thus, the single-qubit energy splittings are dominated
by single-dot singlet-triplet energy spacings, which can be in the GHz
range or higher, leading the possibility of fast single-qubit operations.

Another variation of the EO qubit is the resonant exchange (RX)
qubit, which also features three electrons in a triple quantum dot. In
contrast to the EO qubit, the RX qubit features a large static exchange
coupling, and single-qubit gates are driven by microwave modulation
of the exchange couplings.””'**

Extending this approach, qubits can also be formed with more
than three electrons in three or more quantum dots, and exchange cou-
plings provide complete control over the qubit dynamics.””***" Such
“singlet-only” qubits are predicted to offer a true decoherence-free sub-
space with respect to local magnetic fields that couple to the spin of the
electrons, offering potentially improved coherence properties.

Initialization and readout

The exchange coupling between electrons describes the energy
splitting between the singlet and triplet spin states. When both elec-
trons reside in the same quantum dot, their wavefunctions overlap;

PERSPECTIVE scitation.org/journal/apl

hence, their exchange coupling is maximized. The large singlet-triplet
energy splitting of two electrons in the same dot leads to a phenome-
non called the Pauli spin blockade, which is an essential tool for initial-
ization and readout of multi-spin qubits.

To understand the Pauli spin blockade, consider the following
heuristic picture of exchange coupling. If two electrons in separate
quantum dots have a spin triplet configuration, which is symmetric
under particle exchange, they must have an antisymmetric orbital con-
figuration to guarantee the overall antisymmetry of the total wavefunc-
tion. Now, suppose that the electrochemical potential of the second
dot is raised, such that the electron in that dot can tunnel into the first
dot. When this tunneling occurs, the two electrons cannot both occupy
the ground-state orbital of the first dot because the orbital wavefunc-
tion must be antisymmetric. Thus, this tunneling process remains
energetically unfavorable until the electron can tunnel into an excited
orbital of the first dot. Using a similar argument, one can see that if
the two electrons have the spin singlet configuration, they can both
occupy the ground state orbital of the first dot. Thus, for moderate
offsets of the electrochemical potential, the spin singlet is the only
possible combination of two electrons in a single quantum dot.

The Pauli spin blockade, which results from the exchange cou-
pling of two electrons in a quantum dot, underlies many initialization
and readout schemes for multi-spin qubits. For example, to initialize a
S-T qubit, it suffices to couple a double quantum dot to an electrical
reservoir in the presence of large exchange coupling. Because the sin-
glet is the ground state, this process will cause preferential relaxation
to the singlet. This process can be fast, on the order of tens of nanosec-
onds, and high fidelity.”'**'"*

Pauli spin blockade also enables fast readout of S-T qubits. After
preparation and manipulation of an S-T qubit, the electrochemical
potential of one dot can be raised, such that if the two electrons are in
the spin singlet state, they can both tunnel into the other dot. If the
two electrons are in the triplet state, they will remain Pauli blockaded
in separate dots. This spin-to-charge conversion can easily be moni-
tored with an external charge detector, such as a quantum point con-
tact, or an additional quantum dot.”"'"” Low-noise amplifiers or radio
frequency techniques can enable extremely rapid and high-fidelity
readout.sl,l()(leS

Because EO and RX qubits involve singlet- and triplet-like states
of groups of three electrons, Pauli-spin blockade techniques can also
be used to prepare and read out their states. In the case of EO and RX
qubits, adiabatic manipulation of the singlet- and triplet-like states
into a single quantum dot suffices to prepare and project the qubit
basis states, much like S-T qubits.'””'"” Hybrid qubits generally
involve singlet- and triplet-like states of electrons pairs in the same
dot, so readout and initialization schemes typically exploit the spin-
state dependence of the tunneling rate between the quantum dots and
reservoirs.”’ For example, triplet-like states can relax to singlet-like
states through a process involving an electron tunneling out of the dot,
and another one tunneling back in. This brief change in occupation
can be monitored with an external charge sensor, like a quantum point
contact or quantum dot, as discussed above.

Single-qubit gates

Single-spin qubits require two magnetic fields for universal con-
trol: one static magnetic field, and one perpendicular, oscillating mag-
netic field. One notable advantage of exchange-enabled multi-spin
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qubits is the possibility of electrical control. In fact, all of the multi-
spin qubits discussed above rely on temporal control of exchange cou-
plings via gate voltage pulses to implement single-qubit rotations. For
S-T qubits and EO qubits, baseband exchange pulses, generated
through detuning or barrier-gate pulses, are most frequently used to
drive single-qubit rotations. High-fidelity single-qubit operations with
baseband voltage pulses can be achieved although the relatively wide
bandwidth required for precise baseband voltage pulses can present
some challenges. However, careful pulse calibration can mitigate these
issues.”’

In addition to time-varying exchange couplings, S-T qubits,
which feature only two electrons, also require a magnetic control axis,
in the form of a stabilized magnetic-field difference between the dots.
This difference can result from multiple mechanisms, including a
micromagnet,”’ dynamic nuclear polarization,'”” spin-orbit cou-
pling,'”” or g-factor differences between the quantum dots.”""’

Resonant-exchange and hybrid qubits are frequently driven with
microwave voltage pulses. Although such pulses require attention to
high-frequency wiring, the restricted bandwidth of these pulses com-
pared to baseband pulses offers some advantages. Microwave-driven
spin qubits are also particularly suitable for coupling to superconduct-
ing microwave resonators.'”' Because they feature additional elec-
trons compared to the S-T qubit, EO, RX, and hybrid qubits do not
require magnetic control axes, although leakage to other states can
depend on magnetic fields.

In addition to electric-field control, many exchange-enabled
multi-spin qubits feature reduced sensitivity to magnetic fields, com-
pared with single spins. This insensitivity to magnetic fields, however,
comes at the expense of increased sensitivity to electric fields. Charge
noise, as it is referred to in the quantum-dot spin qubit community, is
a major obstacle to improved single- and multi-qubit gate fideli-
ties,' !/ #LELICHITIE Carefully designed pulses'' ' and methods to
minimize the sensitivity of the qubit to noise'”"”'"" can mitigate
charge noise to some degree, although understanding and controlling
charge noise remains an intense area of research.

Another challenge for implementing quantum gates in Si spin
qubits involves the valley splitting of the Si conduction band.'"” In
quantum wells or at interfaces, four of the six equivalent conduction-
band minima are split off in energy. The remaining two valleys are
split in energy by the microscopic details of the interfaces in the semi-
conductor. Frequently, the valley splitting is smaller than the orbital
energy spacing in a quantum dot. As a result, valley splittings can place
a limit on the maximum exchange couplings and singlet-triplet energy
spacings in Si quantum dots,'*’ posing multiple challenges for initiali-
zation, readout, and manipulaﬁon.121 In recent years, advances in the
control of valley splittings and reliable fabrication of semiconductor
wafers with large valley splittings have helped to solve this
challenge.'**

A perennial difficulty for the creation of complex quantum-dot
systems is the presence of static charged defects in the semiconductor
that can hamper the creation of multiple-quantum-dot confinement
potentials. Generally, GaAs/AlGaAs heterostructures feature extremely
high mobility and correspondingly low levels of disorder, which pro-
mote easy tuning. In recent years, Si platforms have undergone signifi-
cant advances that have enabled reliable fabrication and tuning of
multiple quantum-dot structures, including the creation of dopant-
free quantum wells,””"* elimination of oxygen impurities,123 and
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improved control over valley splittings.'”” In addition to material

improvements, overlapping gate architectures”*”'** and the concept
of virtual gates”*” ** have made it possible to create complex confine-
ment potentials. Although tuning multiple-quantum-dot arrays in Si
platforms is now generally routine, the smaller dot size in Si, due to its
relatively large effective electron mass compared with GaAs, can pose
additional challenges for fabrication. The large effective mass of Si
quantum dots also means that barrier gates must be designed appro-
priately to achieve large enough tunneling and exchange coupling
between electrons.'””

Multi-qubit gates

When two spins i and i+ 1 evolve under exchange J; for a time
T= 2%’ the exchange coupling generates a SWAP gate. Evolution for £
produces a \/SWAP gate, which can entangle the two electrons.
Together with single-qubit gates, a v/SWAP gate is sufficient for uni-
versal quantum computing.**"'** These facts illustrate on a basic level
the potential of exchange coupling for quantum computing and infor-
mation transfer and motivated initial proposals for quantum comput-
ing architectures based on semiconductor quantum dots.””'*>"*

In the presence of magnetic gradients between electrons,
exchange coupling can enable other two-qubit gates for single spins,
such as controlled-phase (CPhase) or controlled-not (CNOT)
gates,f’/l’m both of which are also sufficient for universal quantum
computing. In spin chains, magnetic gradients are routinely employed
to provide single-spin addressability, making the realization of these
gates a natural goal.”**%"*""**

Exchange coupling also enables two-qubit gates between S-T
qubits.”**"**!** This operation can be intuitively understood in the
following picture. Although the S-T qubit eigenstates are commonly
expressed as the set {|S),|T°)}, an alternative basis consists of the set
{[11),1L1)}. Considering a chain of four electrons (two S-T qubits)
with a non-zero exchange coupling between the second and third elec-
trons, one can see that the state |T]) ® |1]) will have a lower energy
than the state [T]) ® || 1), which leads to an effective Ising coupling
between S-T qubits, although care must be taken to prevent leakage.
Recently, evidence of this effective Ising coupling has been
observed."””

Exchange coupling between triple dots in various configurations
can also lead to multi-qubit operations, including CNOT gates™*”"'**'*
and CPhase gates.”” Beyond two-qubit gates, exchange coupling can
also enable three-qubit operations, such as a Toffoli gate”” and entan-

gling operations.™

QUANTUM STATE TRANSFER

The capability of the Heisenberg interaction, which itself couples
only nearest neighbor qubits, to implement operations spanning more
than two qubits, is a recurring theme in this Perspective. In fact,
exchange-coupled spin chains offer a host of different methods to
transmit quantum states throughout spin chains.” Because quantum
dot spin qubits naturally favor linear arrays, methods to transfer quan-
tum states in spin chains are important for increasing connectivity in
spin-based processors and error correction. In this section, we review
recent experimental progress along various directions related to dis-
tributing quantum states in spin chains.
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Coherent spin-state transfer via Heisenberg exchange

The simplest method to transfer quantum states with exchange
coupling involves pulsed SWAP gates™ [Fig. 3(a)]. Although straightfor-
ward in concept, this idea had evaded implementation in a system of
more than two dots until recently. In Ref. 29, together with colleagues,
we demonstrated this approach in a GaAS/AlGaAs quadruple dot device
with overlapping gates (Fig. 4). We demonstrated transmission of single-
spin eigenstates back and forth across the chain of four electrons through
a sequence of SWAP operations [Figs. 4(b) and 4(c)]. Before and after
each step, the two pairs of electrons were read out using spin-to-charge
conversion techniques associated with Pauli spin blockade."**'

Any scheme for transmitting quantum states should ideally
enable transferring unknown, arbitrary quantum states. To provide
evidence that spin-state transfer via Heisenberg exchange satisfies this
criterion, we transmitted one member of an entangled pair of electron
spins using this approach.”” In semiconductor quantum dots,
entangled pairs of electrons can easily be created by initializing a quan-
tum dot in the configuration where the ground state consists of two
electrons in the dot." """ For most experimental conditions, the Pauli
exclusion principle dictates that if both electrons occupy the ground-
state orbital of that dot, they must have the spin singlet configuration
1S) = ( [T1) —[11)). In a double quantum dot, this singlet can easily
be separated into neighboring dots via tunneling,"**'

In the presence of a magnetic field difference AB, between the two
dots, the singlet will evolve coherently to the unpolarized triplet state
|T%) = (|TL) +111)) and back with frequency guzAB,, where g is
the electron g factor, and i is the Bohr magneton.""*' In GaAa/AlGaAs
quantum dots, AB, can arise from the contact hyperfine interaction
between the electrons and the randomly polarized Ga and As nuclei, each
of which has nuclear spin I = 3/2.""” Together, the nuclear spins generate
an effective random magnetic field at the location of each dot."**"”*

(a) (b) /\‘

YRR

(c) (d)
X

FIG. 3. Mechanisms of quantum state transfer enabled by Heisenberg exchange
coupling. (a) Coherent spin-state transfer via Heisenberg exchange and pairwise
SWAP gates, which transfer spin states between neighboring electrons. (b)
Quantum teleportation, which involves separating an entangled pair of spins (2 and
4, gray). Spins 1 and 2 are measured in the Bell-state basis, which transfers the
state of spin 1 to spin 4. (c) Adiabatic quantum state transfer, which involves modu-
lating exchange couplings between spins 1-2 and 2-3 to transfer the single-spin
state of 1-3, and the singlet state (gray) of spins 2-3 to 1-2. (d) Superexchange,
which creates an effective, indirect exchange coupling between spins 1 and 4
(transparent red arrow), provided that spins 2 and 3 are configured as a singlet
(gray) and provided the exchange coupling between spins 2-3 is stronger than the
coupling between 1-2 and 3-4. In all panels, red arrows indicate exchange cou-
pling. Curved black arrows indicate the transfer of spin states. Gray vertical lines
with two arrowheads and dashed circles indicate entangled states.
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FIG. 4. Coherent spin-state transfer via Heisenberg exchange. (a) Lowering the
barrier between two quantum dots induces exchange, which leads to a SWAP oper-
ation between spins. Concatenated SWAP pulses enable information transfer in
spin chains. (b) Transfer of classical spin states. The experiment began with a spin
down in dot 3. The sequence of SWAP operations was Sy3, S12, S12, S23, S34, Sas.
Here, S; means a SWAP operation between spin i and j. (b) Measured singlet-
return probability of dots 3—4, the “right” pair. (c) Measured singlet-return probability
of dots 1-2, the “left’ pair. The data match the expected measurements, listed in
the inset for each panel, confirming transfer of the classical state. (d) Prominent sin-
glettriplet oscillations (light blue) are observed after transferring an entangled pair
to a distant location and back, indicating transfer of entangled states. The red and
green lines are control measurements omitting one or both SWAP operations. (e)
Theoretical simulations corresponding to (d). Panels (b)—(e) are adapted with per-
mission from Kandel et al., Nature 573, 553-557 (2019). Copyright 2019 Springer
Nature.

After swapping one member of the prepared entangled pair to a
distant quantum dot using exchange-based SWAP pulses,”” we allowed
the pair to evolve for a variable length of time and then swapped the
singlet back to its original location for measurement. We observed the
characteristic singlet-triplet oscillations [Figs. 4(d) and 4(e)], consistent
with our expectations that we transferred one member of the entangled
pair to a distant location and back via SWAP gates.

Outlook

The ability to implement high-fidelity SWAP gates in linear
chains of spin qubits is essential for various error correction
schemes. """ We expect that such high-fidelity SWAP gates can
now be achieved in Si spin qubits, where hyperfine fluctuations are
reduced compared with GaAs spin qubits. Indeed, with the ability to
perform SWAP gates, simple error-correction codes can potentially
already be implemented with spin qubits.'**'**

Teleportation

The ability to coherently distribute qubit states is vital for
quantum-information processing tasks, including quantum teleporta-
tion."*” Teleportation involves distributing two members of an
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entangled pair to two experimenters, Alice and Bob. To teleport an
unknown qubit state to Bob, Alice should measure the unknown state
together with her member of the entangled pair in the Bell-state basis.
This measurement projects Bob’s member of the entangled pair onto
the unknown state up to a single-qubit rotation that depends on
Alice’s measurement. Creating the long-distance entangled pair had
presented the most challenging obstacle to teleportation in quantum-
dots”®'*® and has been the focus of intense research.'*’'*° However,
spin-state transfer via Heisenberg exchange™ solved this challenge. In
Ref. 150, we leveraged this advance to perform teleportation in quan-
tum dots [Fig. 3(b)].

To implement teleportation in quantum-dots, we created an
entangled pair of electrons via Pauli spin blockade in dots 3 and 4 of a
four-dot array. We distributed the entangled pair via Heisenberg
exchange to dots 2 and 4. To teleport a state from dot 1 to dot 4, we
measured dots 1 and 2 together via Pauli spin blockade. When this
measurement yields a singlet, which is a maximally entangled Bell-
state, qubit 1 is expected to be teleported to qubit 4. This procedure is
conditional because teleportation occurs only when the measurement
of qubits 1-2 yields a singlet. (A triplet result from this measurement
could be any one of the three other Bell states and thus does not pro-
vide enough information for complete teleportation.) The experiments
of Ref. 150 demonstrated the essence of this teleportation procedure
by teleporting a classical spin state.

To confirm that this teleportation procedure is coherent, we also
performed entanglement swapping'’' or teleportation of entangled
states. To verify entanglement swapping, we prepared the system of
four quantum dots in two pairs of entangled states: one pair in dots
1-2 and the other pair in dots 3-4. After a SWAP between qubits 2-3,
such that the entangled states occupied dots 1-3 and 2-4, we mea-
sured dots 3—-4 via Pauli spin blockade. On obtaining a singlet out-
come, the spin state of dot 4 is teleported to dot 1. As a result of this
measurement, the initial entanglement associated with dots 34 is tele-
ported to dots 1-2. To verify proper teleportation of this entangled
state, we allowed the singlet initially associated with dots 34 to evolve
in its magnetic gradient for a variable time before teleportation. After
teleportation, this oscillation was recovered on qubits 1-2.

Outlook

Looking ahead, experiments to demonstrate full, unconditional
teleportation with quantum process tomography and feed forward to
reconstruct the teleported states will result in a major advance for
quantum-dot spin qubits. Unconditional teleportation requires a com-
plete Bell-state measurement of the qubit to be teleported and one of the
entangled pairs. A common technique involves measuring both qubits
in their computational basis, following a disentangling operation.'””
Usually, this measurement should occur faster than the qubit coherence
time. This requirement poses a challenge for spins. Typical single-spin
measurements via spin-selective tunneling usually take at minimum
tens of microseconds to implement,"” which is considerably longer
than typical T times of several microseconds, even in isotopically pure
Si.'”* Another challenge is that the fidelity of the Bell-state measurement
directly impacts the teleportation fidelity. Thus, fast, high-fidelity mea-
surements are essential for teleportation. A potential solution to this
challenge exploits Pauli spin blockade and spin-to-charge conversion as
discussed above. Typically, Pauli spin blockade is used to project a pair
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of spins onto the singlet-triplet basis. However, in the presence of a
magnetic gradient and adiabatic spin manipulation, Pauli spin blockade
can effectively map a spin-zero product state (e.g., |T])) to a singlet, and
all other spin states (e.g, |||)) to triplets, thus providing an effective
mechanism to potentially measure single-spin states with high fidelity in
short times.”""'" In principle, therefore, all of the elements to implement
teleportation have now been demonstrated independently in Si spin
qubits, including fast readout,'”” as well as high-fidelity single- and two-
qubit gates. >

Adiabatic quantum state transfer

Both of the quantum state transfer mechanisms discussed above
rely on sequential exchange pulses. The ability to create multiple non-
zero exchange couplings, discussed below, makes it possible to explore
a variety of additional state transfer techniques. For instance, one
exciting possibility is to adiabatically modulate exchange couplings in
a spin chain. This procedure, sometimes called adiabatic quantum tele-
portation,” or adiabatic quantum state transfer (AQT), has the
potential to enable high-fidelity state transfer without the strict pulse
timing requirements associated with SWAP pulses. This process has
been studied in great detail theoretically over the past deca-
des,”***+1°0" 1 byt has only recently been demonstrated experimen-
tally. The key enabling advance was the development of the ability to
create multiple, simultaneous non-zero exchange couplings in spin
chains, as described in Ref. 30. The AQT process is closely related to
stimulated Raman adiabatic passage, a time-honored technique from
the optical physics community.'*”

We implemented AQT in the same quadruple quantum-dot array
discussed above'*® [Fig. 3(c)]. To transfer a spin eigenstate from dot 3 to
dot 1, for example, we prepared a singlet in dots 1-2 by electron
exchange with the reservoirs in the presence of large exchange coupling
Ji. Then, we decreased J; to zero and simultaneously increased J.
During this process, the spin state of dot 3 is transferred to dot 1, and
the singlet state of dots 1-2 is transferred to dots 2-3. For spin eigen-
states, the simulated fidelity of this process in GaAs quantum dots is
about 0.95. The simulated fidelity for the transfer of arbitrary quantum
states in GaAs quantum dots is lower because of the nuclear hyperfine
noise. Crucially, the precise fidelity of this operation does not depend on
the details of the pulses. This process can also be cascaded to enable
long-distance transfer of both single-spin states and spin singlet states
(Fig. 5). In principle, AQT is expected to be compatible with transferring
arbitrary single-spin states, provided that the single-spin coherence time
exceeds the AQT duration, which can be on the order of 100 ns. Such
experiments could likely be realized in Si quantum dots, where spin
coherence times are much longer than GaAs quantum dots. Although
AQT and SWAP gates can both transfer single- and multi-qubit states,
AQT has some potential advantages compared to SWAP gates. As dis-
cussed above, it is an adiabatic process, so the pulse timing requirements
are not as strict, compared with SWAP gates. Adiabatic quantum state
transfer can also transfer states over larger distances.

Outlook

The ability to implement AQT in semiconductor quantum dots
opens up the possibility of adiabatic gate teleportation'™® and
measurement-based quantum computation with spin qubits. Exciting
future possibilities include exploring this effect in Si quantum dots,
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FIG. 5. Adiabatic quantum state transfer. (a) Measured left-side singlet return prob-
ability after a sequence of two AQT steps in a system of four quantum dots. Before
the AQT sequence, the left pair has the singlet state, and the right pair is in a prod-
uct state. The data are plotted vs maximum coupling strength J™ and ramp time
T. (b) Measured right-side singlet return probability after the same sequence of two
AQT steps. (c) and (d) Simulations corresponding to (a) and (b), respectively. In
panels (b) and (d), the gradual increase in the singlet probability with increasing T
for fixed J™ occurs because the process becomes increasingly adiabatic. The cor-
responding reduction in the singlet return probability with T in panels (a) and (c)
occurs for the same reason. The non-monotonic behavior at fixed J™* is related to
resonant state transfer. Kandel et al., Nat. Commun. 12, 2156 (2021). Authors,
licensed under a Creative Commons Attribution (CC BY) license.

where it should be possible to transfer arbitrary single-qubit states and
to explore various shortcuts to adiabaticity, which could enable fast,
high-fidelity state transfer.”'*”

In addition to transferring single-spin states, AQT-like processes
can also enable the transfer of multi-spin states,”* such as singlet—triplet
states. Indeed, the AQT process discussed above is already a simple ver-
sion of this because the singlet state is transferred, in addition to the
single-spin state. Another exciting possibility for future work is to trans-
fer single-spin states over longer distances by working with entangled
states spanning more than two qubits."* Important open questions for
long-distance transfer involve the time required. In the absence of noise,
the time required for high-fidelity AQT depends on the energy gaps
between the multi-spin states in the system, with larger gaps allowing
shorter times. The energy gaps depend on the exchange-coupling
strengths and the number of spins. In the thermodynamic limit, the
energy gap between the ground and first excited states decreases as 1 /N
where N is the total number of spins for a one-dimensional Heisenberg
spin chain.'**'*” Thus, all other things being equal, long distance AQT
will require slower pulses for longer-distance transfer. Despite the
expected increase in transfer time, however, the robust nature of the
AQT process could confer some advantages for long-distance state
transfer, compared with SWAP gates, for example.

Superexchange

On one hand, spin singlets are eigenstates of exchange coupling
in semiconductor quantum dots and are thus “ordinary” eigenstates,
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in some sense. However, on the other hand, spin singlets are maxi-
mally entangled pairs of electrons and are thus an essential resource
for various quantum information processing tasks. One such task is
“superexchange,” which is an effective coupling between distant
spins, 741707172 ynlike conventional exchange, which only cou-
ples nearest-neighbor spins.

In semiconductor quantum dots, superexchange can occur in a
variety of situations and generically involves an intermediate set of
quantum dots that may be empty,” singly,”” or multiply* occupied.
One of the most frequently studied systems predicted to exhibit super-
exchange is a spin chain, consisting of two qubits weakly coupled to
the ends of a strongly coupled spin chain.”'"*'”" Although superex-
change had previously been demonstrated in quantum dot systems
with a single intermediate object (usually a single quantum dot, with
zero, one, or many electrons), we leveraged the AQT process to imple-
ment superexchange between two end spins weakly coupled to a chain,
which itself consisted of two spins.”’

We implemented the following Hamiltonian in a system of four
quantum dots:

H=jS-8:+7S; -8 +]Ss - Su. @

When j < ], superexchange between spins 1 and 4 can occur when
spins 2 and 3 have the singlet state, via virtual excitation to the polar-
ized triplet configurations, and at an oscillation frequency of

(1Y
1—2](1+2]), 3)

up to third order in j [Fig. 3(d)]. If spins 2 and 3 have any of the triplet
states, which are nominally degenerate, those spins will evolve in time
at a frequency scale of j, and superexchange between the end spins
cannot occur with a reasonable fidelity.

To realize this scenario, where the chain is prepared as a singlet,
we harnessed the AQT process described above to transfer a spin sin-
glet, originally prepared in one of the outer dots, to the interior of the
array. We then implemented the exchange couplings discussed above
and reversed the AQT process to read out both the end spins and the
chain. We observed the expected dependence of the end-spin oscilla-
tion frequency on the exchange couplings, and we also verified that
the expected superexchange behavior only occurs when the chain is
configured as a singlet. Superexchange has long been predicted and
studied in semiconductor quantum dots due to its potential for quan-
tum information processing applications, and these results demon-
strate its potential for long-distance spin-spin coupling.

Outlook

In the future, benchmarking these results in Si quantum dots,
where high fidelity operations are expected to be possible, may provide
additional tools for high-fidelity quantum computing. One obstacle to
making use of superexchange for quantum-computing applications is
that the mediator spins (spins 2 and 3 above) cannot be in an arbitrary
state. In fact, they must be in the ground state of the Heisenberg
Hamiltonian. However, as we have discussed above, Heisenberg spin
chains enable several unique and advantageous ways to create, manip-
ulate, and transfer spin singlets and their analogs in longer systems,
potentially enabling the use of superexchange in quantum computing
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MULTI-SPIN DYNAMICS

Because they offer such precise control over electronic confine-
ment potentials, quantum dots have long been noted for their potential
to simulate many-body quantum systems of interest.””'”” Although
many other quantum simulation platforms, including cold-atom and
trapped-ion systems, have experienced significant progress, quantum
simulation with semiconductor quantum dots provides unique opportu-
nities to explore condensed matter quantum spin systems.

Controlling simultaneous interactions between multiple elec-
trons, which is required for quantum simulation, remains challenging
with quantum dots. In fact, independent and automated control of
inter-dot tunnel couplings has been the focus of recent intense
research.””****!7*17> The most significant obstacle is the non-linear
and non-local dependence of exchange couplings on the confinement
gate voltages.””"' "> We recently showed that the primary cause of this
difficulty is the electronic wavefunction shifts that occur during
exchange pulses (Fig. 6).” For example, during a typical barrier-gate
pulse, the electrons on either side of the barrier move closer to or far-
ther away from each other, depending on the sign of the voltage pulse.
Electrostatic modeling of the potential during a barrier-gate pulse con-
firmed this picture.”’ In spite of this challenge, we showed that two
models based on the Heitler-London formalism’® could be used to
predict the barrier-gate voltages given a set of desired exchange cou-
plings. The model parameters, which describe how much the electrons
move in response to voltage pulses, were found by measuring how
each of the exchange couplings depend on all of the barrier gate vol-
tages. These models are sufficient to enable the generation of coherent
three- and four-spin exchange oscillations within a reasonably wide
range of exchange-coupling values.”’ This approach is also extensible
to longer arrays of quantum-dot spin qubits. Other approaches to
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FIG. 6. Coherent multi-spin exchange. (a) Simultaneous exchange coupling is
induced between spins 2, 3, and 4 by simultaneously lowering the tunnel barriers
between dots 2-3 and 3—4. (b) Applying a positive voltage pulse to induce non-zero
J, while J3 > 0 dramatically reduces Js, which nearly vanishes before J, > 0. The
inset shows the absolute value of the fast Fourier transform of each line. (c)
Coherent three-spin exchange oscillations. For these data, J, was fixed at approxi-
mately 40 MHz, and J; was swept linearly from 10 to 150 MHz. The measured
quantity is the singlet-return probability of spins 3—4. The inset shows the absolute
value of the fast Fourier transform of each line, and the theoretical oscillation fre-
quencies are shown in red dashed lines. Panels (b) and (c) adapted from Qiao
et al, Phys. Rev. X 10, 031006 (2020). Authors, licensed under a Creative
Commons Attribution (CC BY) license.
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overcoming this challenge involve adjusting the detunings, instead of
the barrier heights, of multiple pairs of dots.”

Looking ahead, we expect that model-based efforts will help
guide the use of quantum-dot devices as they scale up in size and com-
plexity. Moreover, the ability to generate multiple non-zero coherent
exchange couplings opens up a wide array of phenomena to explore,
including the AQT and superexchange protocols discussed above. In
addition, this ability also opens up the possibility to explore quantum
magnetism in many-body interacting spin systems, which is thought
to underlie important phenomena, like high-temperature supercon-
ductivity, and which has been the focus of significant research in other
simulation platforms, like cold atoms.'”® Specifically, quantum-dot
spin qubits naturally enable realizing antiferromagnetic spin chains
[Fig. 7(a)]. Antiferromagnetic spin chains are notable because their
ground states are highly entangled. Recent experiments have already
studied the ground states and dynamics of such a system in a system
of four quantum dots.”

Disordered Heisenberg spin chains are also systems of great
interest. Because of the naturally occurring nuclear hyperfine fluctua-
tions, quantum-dot spin qubits enable a straightforward realization of
this model. One interesting feature of disordered Heisenberg spin
chains is the possibility of many-body localization, a phase of matter
that seems to violate conventional assumptions about statistical
mechanics. In a many-body localized system, despite the presence of
interactions, disorder in the system prevents a subset of the system
from fully entangling or thermalizing with the rest [Fig. 7(b)]."”” The
prototypical system thought to exhibit many-body localization is the
disordered, Heisenberg spin chain.'”” Although many experiments in
other platforms have presented evidence for many-body localiza-
tion,"”* "% few have been able to reproduce this seminal model and
instead involve longer-range interactions. Because quantum dots
enable an exact realization of the disordered Heisenberg spin chain
model, semiconductor quantum dots present an attractive platform to
realize this phenomenon and related effects.'*’
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FIG. 7. Quantum simulation with electron spin qubits. (a) Heisenberg antiferromag-
nets, (b) many-body localization, and (c) time crystals. In all panels, red arrows indi-
cate exchange coupling, and gray dashed circles, together with gray lines with two
arrowheads, indicate entanglement. In panel (c), the curved black arrows empha-
size that the time-crystal phase of matter stabilizes the periodic rotation of all spins,
such that the spins alternate between the two configurations shown.
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The time-crystal is another phase of matter that can occur in dis-
ordered spin chains.”'**'"" In a time-crystal, a parent non-
thermalizing phase, such as a many-body localized phase, can stabilize
a subharmonic response of the system to a periodic drive indefinitely
[Fig. 7(c)]. The prototypical model for a time crystal is a disordered
Ising spin chain. As in the case of many-body localization, the exact
realization of this model has evaded implementation although evi-
dence of phases related to time crystals has been observed in different
systems.'**'”" Although disordered Heisenberg spin chains do not
enable creating a time crystal,”” it is possible to convert the Heisenberg
interaction to an Ising form, through various mechanisms, including
magnetic gradients” "’ and control pulses.”” Recent experimental
work has suggested that exchange-coupled singlet-triplet qubits can
also realize a form of discrete time-crystalline behavior.””'*” Although
the practical applications of the many-body localized and time-crystal
phases are not yet entirely clear, they may be useful in quantum infor-
mation processing applications as ways to stabilize many-body quan-
tum states. "’

Outlook

While semiconductor quantum dots offer significant control over
nearly all aspects of the electrostatic potential and the parameters of
spin Hamiltonians, the number of degrees of freedom that require
experimental tuning is large, and extending the size of quantum-dot
systems to the true many-body regime presents a formidable chal-
lenge. Some of the most promising approaches to overcome this chal-
lenge center on electrostatic simulations,”” computer-automated
tuning,”*>'”>'”" and machine learning'** """ to control large systems
of quantum dots. Ultimately, controlling systems of many quantum
dots is also an essential challenge for large-scale quantum computing
with spins. Thus, in view of the unique opportunities (ease of fabrica-
tion, exquisite controllability, natural realization of exchange coupling,
etc.) afforded by electron spins for studying solid-state spin chains,
together with the potential advantages (long coherence times, scalabil-
ity, etc.) of quantum-dot spin qubits for quantum computing, this
seems a worthwhile avenue of pursuit (Fig. 7).

FUTURE DIRECTIONS

Despite the significant advances in controlling and exploiting
exchange coupling in quantum-dot spin chains in recent years,
much exciting work remains to be done. On a fundamental level,
continuing to understand, model, and predict exchange couplings
will continue to drive forward progress in this field. In particular,
understanding how to control multiple exchange couplings inde-
pendently and simultaneously in larger spin chains for many-body
quantum simulation or multi-qubit algorithms will create impor-
tant and exciting opportunities and capabilities for both quantum
computing and simulation.

The improvement of single- and multi-qubit gates driven by
exchange remains an area of critical importance. In addition to the
theoretical and model-based approaches mentioned above, methods
to design and implement noise-resistant exchange pulses will likely
become increasingly important as gate fidelities and device architec-
tures mature to the level of error correction. On the device side, further
work to understand and minimize effects like charge noise and valley
splittings will also become increasingly important.
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Different multi-spin qubit types are also yet to be experimentally
investigated. In general, increasing the number of electrons in multi-
spin qubits opens up pathways for reduced sensitivity to noise at the
expense of more complex device designs or control. Whether or not
these multi-spin qubits can offer an improvement for quantum com-
puting applications remains to be seen, but they deserve to be
explored. In fact, the great variety of potential qubits that can be
formed from electrons in quantum dots is one of the unique features
of the platform.

We have discussed multiple avenues for long-distance quan-
tum state transfer in exchange-coupled spin chains. The experi-
ments by the authors took place in GaAs/AlGaAs quantum dots in
part due to the extremely high mobilities and low disorder possible
in this platform, compared with Si platforms. However, GaAs/
AlGaAs quantum dots feature pronounced hyperfine noise that
cannot be eliminated through isotopic purification. In contrast, the
most common natural isotope of Si has zero nuclear spin, and Si
quantum dots feature significantly reduced hyperfine noise,
compared with GaAs quantum dots. The implementation and
exploration of these techniques in Si, including spin-state transfer
via Heisenberg exchange, teleportation, adiabatic state transfer,
and superexchange will be necessary to precisely quantify and
benchmark the performance of these techniques and to explore
how they might be useful for quantum computing experiments. In
linear chains, methods to transfer quantum states between qubits
are helpful for error correction, and it may be that these techniques
can enable progress in this direction. In addition, the demonstra-
tion of unconditional teleportation in quantum-dot spin qubits
will represent a milestone for this platform, signifying that many
of the elements required for universal computing can be executed
together with high fidelity in the same circuit.

CONCLUSION

In this Perspective, we have described multiple ways in which
exchange coupling can enable different forms of qubits, gates, state-
transfer operations, and the exploration of multi-spin dynamics.
Heisenberg exchange coupling is an essential feature of electron
spins in quantum dots, and it results from the interplay of the con-
finement potential and the Pauli exclusion principle. Although it
directly couples only nearest-neighbors spins, exchange coupling
has important effects for systems containing more than two spins,
including long-distance quantum state-transfer. Although we have
discussed many results in the context of GaAs/AlGaAs quantum
dot spin qubits, they can easily be implemented in Si spin qubits. Si
spin qubits offer the possibility of significantly enhanced electron
spin coherence because the most common nuclear isotope of Si has
zero nuclear spin. In the future, we expect that the development of
these techniques, especially in Si qubits, will lead to significant
advances in spin-based quantum information processing. These
results also underscore how the fundamental yet counter-intuitive
principles of quantum physics can enable exciting ways to manipu-
late spins for information processing and the exploration of con-
densed matter physics phenomena.
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