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Summary

In the last few years, as superconducting devices reached tens and later
hundred qubits on a single chip, quantum computing has become a real-
ity [1,12], tackling problems that would be prohibitively time-consuming
even with the most powerful classical supercomputers. These early quan-
tum computers (QC) are called noisy intermediate-scale quantum com-
puters, since environmental noise cannot be efficiently counteracted in
such small qubit arrays. While certain algorithms can indeed leverage
the potential of hundreds of imperfect qubits [3]], the great promises of
quantum computing require perfect qubits that can be realized only in
qubit arrays of much larger scales, using quantum error correction (QEC)
[4,5].

Spin qubits in semiconductors [6,7] are the only platform to date that
has the potential of reaching such scales, paving way for fault-tolerant
quantum computing. Qubits hosted in quantum dots (QDs) [6] have di-
mensions of few tens of nanometers, facilitating the integration of po-
tentially millions of qubit on a single chip. Especially compelling candi-
dates are spin qubits in silicon nanostructures. With decades of experi-
ence coming from the semiconductor industry, silicon is one of the most
studied elements with the prosperity of uniquely advanced manufactur-
ing techniques.

Electron spin qubits in silicon have immensely matured in the last
few years reaching single- and two-qubit gate fidelities matching the er-
ror thresholds of QEC algorithms [8,9]. However, the weak intrinsic
spin-orbit interaction (SOI) in the conduction band necessitates the use of
micromagnets to aid the all-electical qubit control. This additional com-
plication presents new challanges in device design and fabrication. Hole
spin qubits in silicon and germanium QDs, on the other hand, benefit
from strong direct Rashba SOI [10] accelerating qubit control speeds to
several hundreds of megahertz [11,12], without the need to integrate ad-
ditional elements in the device.

In this thesis, we start with an introduction and a brief overview of
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the field, in Chapter|[T, where we discuss the fundamental physics of hole
quantum dots and how they satisfy the stringent prerequisites of quan-
tum computing. Furthermore, we take a glimpse at the various compo-
nents of scalable architectures and the requirements on the qubit archi-
tecture posed by QEC codes. In the subsequent chapters we address the
question how the enhanced anisotropy and SOI affect two-qubit gates in
hole QDs. In particular, we discuss exchange anisotropy due to orbital
effects of the magnetic field and crystalline anisotropy in Chapter 2| We
also confirm the emergence of the zero-field splitting of triplet states in
hole QDs numerically, and develop an analytical model linking the effect
to the cubic Rashba SOI in Chapter 3| This work presents the first theo-
retical model to explain this recently observed effect in hole QDs [13]. Af-
terwards, in collaboration with the Zumbiihl lab, we decipher the strong
spin-orbit effects in an experiment on Ge/Si nanowire QDs, where we
also identify the strong g factor renormalization caused by enhanced SOI
(Chapter ). Furthermore, we study the tunability of SOI in silicon Fin-
FET devices in Chapter 5, identifying sweet spots where the qubit life-
time is greatly prolonged. Finally, we study the prospects of coupling
distant spin qubits by a chiral magnon mode localized at the edge of a
two-dimensional ferromagnet in Chapter|6|
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CHAPTER

Introduction

In this Chapter we revisit the basic requirements for quantum compu-
tation with spin qubits, focusing on the already achieved milestones in
hole-spin qubits and the challenges on the road ahead. We will keep re-
turning to the importance of spin-orbit interaction (SOI) as it is a crucial
element of the spin manipulation and readout techniques, but also have
a prominent effect on the two-qubit operations and lead to decoherence
channels, setting a trade-off between fast operations and information loss
time scales.
Many of the frameworks used for quantum computing with spin qubits

[6] have been developed with the focus on electron spin qubits. As it will
be shown in Section the low-energy physics of hole quantum dots
(QDs) share some of the key properties with that of electrons. There-
fore in most sections of this introduction, electrons and holes (referred
to as particles) will be treated on the same footing, and only the pivotal
qualitative and quantitative differences between eletcrons and holes are
discussed.

1.1 Holes in group-IV semiconductors

In this section we first consider the band structure of group-IV semicon-
ductors, e.g., silicon or germanium, then we discuss the effect of various
external fields. In particular the effect of magnetic and electric fields, as
well as strain in the top of the valence bands is discussed.
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The structure of the valence bands in semiconductors with a diamond
lattice, can be understood in the tight binding picture. While the states
of the conduction band have s like wavefunctions (with orbital angu-
lar momentum [ = 0), the valence bands consist of three degenerate p
type wavefunctions (I = 1). Since the two basis atoms each reside in an
inversion asymmetric (tetrahedral) position, spin-orbit interaction splits
up the 6 states with/ =1and s = 1/2 as

1 3 1

h® 2y " Duman © 250 1D
where the heavy- and light-hole (HH and LH) bands are degenerate at
the I' point (k = 0) of the Brillouin zone with a total angular momentum
j = 3/2. The spin-orbit splitt-off bands (SO) with j = 1/2 have a lower
energy than the former two pairs of bands. The elementary unit cell in
a diamond lattice is a cube that contains two atoms that are located at
1/4 and 3/4 of the body diagonal of a cube, respectively. Therefore the
elementary unit cell is inversion symmetric, implying no spin splitting in
the band structure at finite momentum, i.e., every band is doubly degen-
erate throughout the Brillouin zone.

Due to the cubic symmetry of the Bravais lattice, the valence bands
can be described by a few parameters at zero magnetic field. Here we re-
strict our attention to the case of the HH and LH bands since these are the
ones hosting the lowest energy hole excitations. This model is commonly
referred to as the Luttinger-Kohn model [14}(15] with the Hamiltonian

h? 5
HLK = |:<’71 + —’}/2> ]{32 — QVQ(I{ZQ%JQ? + C.p.)
2me, 2

—Ays({ kg, ky H{Jzy Sy} +p.) |,

(1.2)

where m, is the vacuum electron mass, ~; are the (dimensionless) Lut-
tinger parameters, and k; are the momenta along the (100) crystallo-
graphic axes. Moreover, hJ; is the ith component of the atomic angular
momentum operator in the spin-3/2 subspace, i.e., where J? = 3/2(3/2 +
1), the anticommutator is defined as {A, B} = (AB + BA)/2, and c.p.
denotes cyclic permutations. Note that, since conduction bands are not
included explicitly in Eq. (1.2), we can use the convention that holes have
positive energy.

Later on we will include the effect of the QD confinement and define
a qubit basis based on the lowest-energy eigenstates of the hole-QD. In
order to split the degeneracy of the lowest pair of eigenstates, we will
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need the Zeeman interaction in the HH and LH bands. This also acquires
an anisotropic correction and reads

Hy = 2upkB - J + 2upq(B,J> + c.p.), (1.3)

where x and ¢ are the coefficients of the isotropic and anisotropic terms
with typically x > ¢ and B, are the magnetic field component along
the (100) directions. Here we neglected the orbital effects of the mag-
netic field for simplicity, but we will account for this correction in Chap-
ter 2l where this contribution have a qualitative effect on the exchange
anisotropy, and also in Chapter [d] where the strength of the applied mag-
netic field lead to clearly observable effects on the g-factor renormaliza-
tion.

The contribution of the electric field is twofold. Its homogeneous part,
i.e.,, Hp = —eE - r breaks inversion symmetry, giving rise to Rashba spin-
orbit interaction, while its gradient, e.g., —e(, E,)z? /2, will be used later
for the confinement of the QD. Furthermore, we discuss how the strain
enters the Hamiltonian of holes. The strain term, also called Bir-Pikus
Hamiltonian [82], can be written as

5 2
Hpp — ( — D+ 6Du>tre — SDu(e, T2+ cp)

| (1.4)
—gD;(emy{Jx, Jy} +cp.),

where ¢;; are the components of the strain tensor and the deformation po-
tentials D,4, D,, and D), are of the order of electronvolts. As opposed to
the conduction band at k = 0, where strain only enters via the renormal-
ization of the fundamental bandgap, for holes it mixes different angular
momenta leading to rich new physics.

Both the Luttinger-Kohn and the Bir-Pikus Hamiltonians in Egs.
and can be interpreted via the directionality of the p like atomic
wavefunctions. The hopping strength (i.e., the momentum term) could
vary if the electron is hopping from a site with p; to a neighbouring site
with a different p; atomic wavefunction. Similarly, the p orbitals are more
sensitive to the direction of deformation (i.e., the strain term), as there is
a difference whether the p; orbital is compressed along its axis or per-
pendicular to it. All these issues are absent in the mesoscopic physics
of conduction electrons as their atomic wavefunction is of s type that is
lacking such an orientation dependence.

It is in general hard to find the exact eigenvalues and eigenvectors of
Eq. due to the mixing of different momentum and angular momen-
tum components. One example where such a solution is known is when
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72 = 3 and the last two terms of Eq. can be written as —27,(k - J)?,
that is the spherical approximation (or axial appriximation in the presence of
amagnetic field). This approximation is expected to perform well for ger-
manium where (3 — 72)/(vs + 72) ~ 10% [17]], and is particularly useful
in systems where the confinement of the holes has a cylindrical symme-
try [18},19], like in the case of Ge/Si core/shell nanowires where the holes
are confined in the cylindrically symmetric germanium core. However,
it should be kept in mind that the neglected anisotropic corrections can
lead to important qualitative effects.

Elongated hole quantum dots

In order to describe the low-energy physics of holes confined in a QD,
we need to extend the Hamiltonian H; i + H; + Hg + Hgp with the ef-
fect of confinement. This is usually done either by considering hardwall
boundary conditions at some interfaces, or by applying a harmonic con-
finement. While the former approach is suitable to describe the effect
of bandgap mismatch between two semiconductors or a semiconductor-
oxide interface, the latter is a better approximation for the smooth con-
finement provided by electrostatic gates. In quasi-2D systems there is
one strong axis of confinement, e.g., in a two-dimensional electron/hole
gas realized in a semiconductor sandwich structure, where electrostatic
gates are used to confine a QD in the in-plane directions. Another ap-
proach is taking a nanowire, where the confinement is only provided by
gates along the wire direction. Herein we will focus on this latter case.

Here we briefly discuss a way to describe quasi one-dimensional sys-
tems with a harmonic potential along the axis of weak confinement (the
z axis). The total Hamiltonian can be written as

Hgop = Hy + Hik, + Hok? +V, (1.5)

where the four terms are

HOZHLK‘kz:0+HZ+Hj’wE7y+HBP7 (163)
Hy =8 Hix|, (1.6b)
1 2
H, = §akZHLKykZ:0, (1.6¢)
2
Ve —eBag 2 (1.6d)
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with m. /v, being the average HH-LH mass and L, is the harmonic con-
finement length [20]. Using the lowest-energy eigenstates |m) of H, with
energy ¢,,, one can project the Hamiltonian into a few transversal sub-
bands as

h? 7

HES = end™ 4+ HY"k. + HJ"k2 = B + 5

52 (1.7)
where the coupling between the subbands is given by powers of k.. Fi-
nally, accounting for higher subbands perturbatively, we write the effec-
tive Hamiltonian of the lowest two subbands as

Rk 1 K ,
Hes = + —gupBo, + hk.vy -0 —eE.z + 224+ O(k7), (1.8)
2m* 2 2mld

where gupB = €3 — ¢; is the qubit splitting, the Pauli matrices o, act
on the subband or "spin” degrees of freedom, and the effective mass m*
in the first term incorporates corrections of higher subbands. Moreover,
the confinement length [, is now defined with the effective mass as [, =
L.(m./m*y1)"/*, and the effective spin-orbit term Ak, v, - o is simply the
projection of Hik, to the subspace of |m) € {|1),]2)} . This approach
will be used in Chapter 3|and 5|to treat the linear- and cubic Rashba SOI,
respectively. This consideration also allows us in the following sections
to discuss the requirements for hole-spin qubits to be used for quantum
computing in a simple way.

A qubit can be encoded in the lowest spin-doublet eigenstates of the
Hamiltonian and the qubit splitting is controlled by the strength of
the Zeeman term A, = gupB. In the absence of spin-orbit interaction,
the qubit basis states are simply product states of the harmonic oscillator
ground state and the eigenstates of 0, i.e., [0) = |1) and |1) = |]). When
the SOI term is nonzero, spin-qubits can still be defined, but the spin and
orbital degrees of freedom are not be separable any more.

1.2 Single-qubit control

In order to perform the single-qubit rotations required for universal quan-
tum computing, rotations of the spin around two perpendicular axes
need to be achieved. The concept to achieve such rotations originates
from the electron spin-resonance (ESR) experiments [21]. In a homoge-
neous magnetic field, the spin undergoes the Larmor precession around
the axis of the magnetic field. If the precessing spin is exposed to a



CHAPTER 1. INTRODUCTION 6

transversal ac magnetic field oscillating with a frequency that matches
the precession frequency wy,, the spin will also rotate continuously around
the axis of the oscillating field. The latter rotation is referred to as Rabi
oscillation [22]].

Even though, two-axis control might seem to be straightforward to
achieve using static and alternating magnetic fields, both of these mech-
anisms are obstructed by the low temperatures, the small size of the QDs,
and the requirement of individual qubit control in a multi-qubit sys-
tem. The spin rotation due to Larmor precession only requires a static
magnetic field, however, the Zeeman field A, would need to be con-
trolled individually for each qubit to induce a relative phase difference
between them. Changing the strength of the magnetic field B over tens
of nanometers is challenging, especially since fast temporal switching
would be required to induce precise relative phase shifts from qubit to
qubit. This problem can be circumvented by electrical tunability of the g
factor [23-25], as it will be shown later.

Oscillating magnetic fields are also unfavorable since fast qubit drive
would require strong ac currents in close proximity to the qubits [6}26].
The heat dissipation of such alternating currents can have a detrimental
effect on the low-temperature physics of the QD. Fortunately, spin-orbit
interaction offers a solution to this problem by translating the effect of an
ac electric field to oscillations of the spin degree of freedom [27,28].

In order to obtain a simple picture how all-electrical control is real-
ized, let us consider a simple model with strong confinement along x
and y, and harmonic confinement along the z direction. We include a
static transversal electric field £, entering the effective Hamiltonian (L.8)
as a Rashba spin-orbit term, and an ac electric field along the confinement
direction, shaking the QD as
R k2 h?

1
+ 224+ —gugBo, + aE k.0, —eE, gz cos(wat), (1.9)

Hoee —
T omr T 2meld” 2

where « is the coefficient of the Rashba SOI, corresponding to a spin-
orbit vector of vy, = h'aE,x in Eq. (1.8), and FE, is the amplitude of
the oscillating electric field. Writing the momentum and the z coordinate
in terms of harmonic oscillator creation and annihilation operators a and
al, we get

1
Heg = Aoppa’a + §Azaz + it (a — a)o, + &, cos(wact)(a +a), (1.10)
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where Aoy, = h*/m*2 is the orbital splitting, A, = gupB is the Zee-
man energy, t,, = ak,/v/2l, is the spin-orbit coupling strength, and
E.=—eE,ol./ v/2. In order to find the lowest order contribution of SOI to
the Zeeman field and the oscillating transversal Zeeman field needed for
the two-axis qubit control, we consider two orbital levels and perform
second order perturbation theory. The effective qubit Hamiltonian then
reads

1-
H = §Azaz + g cos(wact) oz (1.11)
with the coefficients being

- +2

A=A, <1 - 2= ) , (1.12a)
A(Q)rb
thSOAZ

Vo= x5 (1.12b)

orb

where we assumed &, t5,, A, < Agp. Even from this simplistic model,
it is apparent that SOI facilitates the replacement of both the local static
magnetic field and the ac magnetic field required for ESR, by static and
alternating electric fields that are more compatible with low tempera-
tures and the small feature size of semiconductor devices.

For small Zeeman splitting A, and spin-orbit interaction ¢,, Eq.
yields a correction to the qubit splitting that is proportional to the Zee-
man splitting. As long as the splitting of the qubit levels is linear in the
magnetic field, the effect of SOI is a small electric field dependent renor-
malization of the g factor, ¢ — G(E,). This small renormalization is al-
ready enough for selective qubit phase control. By changing their g factor
for a certain time period, a relative phase is assigned to the corresponding
qubit. The electrical tunability of the ¢ factor has been observed in sev-
eral experiments by now providing means of accomplishing phase gates,
and also individual qubit addressability for the Rabi drive [23-25]. When
the magnetic field is not small any more, orbital effects of the magnetic
tield can enter the g factor via SOI making it dependent on the magnetic
tield strength [29,30]. Furthermore, for holes where the SOI strength can
be profoundly strong, the renormalization of the g factor is not perturba-
tive but depends exponentially on the magnetic field, as it will be shown
in Chapter 4

The strength of the oscillating coupling in Eq. determines the
rotation frequency of the qubit along an axis perpendicular to the static
Zeeman field. Due to the electric dipole moment el / V2 involved in the
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process, the SOI-assisted ESR is commonly referred to as electric-dipole
spin resonance (EDSR) [27,31]]. Other than being linearly dependent on
the electric fields and the Zeeman splitting, the driving strength 14 in
Eq. depends strongly on the effective mass and the QD length, i.e.,
vy 2. Therefore elongating the QD along the direction of the drive is
a key to achieve fast Rabi oscillations [27,31]. The EDSR mechanism has
been used in recent experiments on hole QDs in germanium, to induce
the fastest Rabi oscillations to date [11,12], the success of which relies on
the strong direct Rashba SOI of holes [10].

Besides EDSR, another alternative to obtain an effective oscillating
magnetic field is to electrically modulate the anisotropy of the g tensor
[32]. If the qubit Zeeman splitting can be written as AY), = B-g(1}), where
g is the g tensor that depends on the gate voltage V5, small changes in the
gate voltage lead to a change in the Zeeman field 0A; = B - 0y g(V;)dV.
However, due to the change of anisotropy in the g tensor, the modulation
of the Zeeman field —as opposed to Eq. (1.12a)- can have two components

eg., Ay = 5Ag + 0A%. If a periodic drive is applied to the gate volt-
age with a frequency |AY%| /5, the perpendicular Zeeman field component
dA7 acts as a transversal oscillating field that is needed for the coherent
spin rotations.

We have seen two ways to connect the oscillating magnetic field of
the ESR experiment to oscillating electric fields that are more compatible
with further requirements of QD systems. However, as opposed to the
ESR experiments —where the emphasis is on the population difference be-
tween spin-up and spin-down electrons in an ensemble- for single qubit
control it is profoundly important how accurately one can flip the spin
state of a single particle [26]. Therefore, it is worthwhile to take a closer

look at the dynamics of a single spin subjected to a resonant transversal
tield.

The rotating wave approximation

Here we consider the time-evolution under the Hamiltonian with a pe-
riodically modulated coupling of Eq. (1.11) [33]. Taking the state |¢)) =
U(t) |¢) the Schrodinger equation can be written as

?

d - o
1) = h(U*HU—M*U) 1)

A (1.13)
= —ﬁH\’W
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where the unitary transformation is chosen such that the frame is ro-
tating around the quantization axis by the frequency of the oscillating
coulpling, i.e., U(t) = exp(—iwato,/2). In this case the Hamiltonian in
the rotating frame reads as

-~ 1 1 1

H= é(AZ — hwae)o, + §V0[1 + cos(2wact)]ow + 370 sin(2wyc)oy,,  (1.14)
where the rapidly oscillating terms can be neglected if A, /h—wac, 1o /h <K
2w,c. This approximation is referred to as the rotating wave approxima-

tion with

1 1
HRWA = §(Az — hwac)az + 51/00'1, . (115)

If the ac drive is resonant with the qubit frequency, i.e., A,/h = w,, the
total time evolution of the qubit state then includes coherent rotations of
the spin state around the x axis on top of the usual Larmor precession
as |Y(t)) = exp(—iA,to./2h) exp(—ivgto,/2h) [1(0)), where |1(0)) = |0).
This driven rotation of the spin state provides a spin-flip time of t,, =
h/2v, that is the operation time of the single-qubit gate X.

The exact time evolution is illustrated in Fig. [1.1(a)-(b) for weak drive
(v/A. = 0.01), where the RWA is a very good approximation, and for
vo/A, = 0.2, where the effect of the counter-rotating terms is not negligi-
ble any more. The plotted quantity is the expectation value of the polar-
ization operator (1 + ¢,)/2, that is unity for the state |0) and zero for |1).
The small modulation on top of the sinusoidal oscillations in Fig. [1.T(b)
seems harmless at first, but have serious implications on the qubit-flip
probability. Namely, after time ¢, the state does not end up exactly in
the other qubit basis state |1). This effect can be interpreted as a gate error
and is shown as a function of coupling strength in Fig.[I.T|c). It should be
also noted that the drive cannot be switched on abruptly, and the pulse
shape can also have a negative effect on the overall gate fidelity. These
issues have been addressed by Zeuch et al., where it is shown that the im-
perfect time-evolution can be corrected by considering 1/A, corrections
to the RWA [34].

1.3 Two-qubit gates

Two-qubit gates are essential parts of a quantum computer, since they are
used to establish entanglement between qubit states. Depending on their
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(a) ha’ac = Aza VO/AZ =0.01 (b) hwac = sz VO/AZ =02 (C) ha)ac = Am = top
1. 1.
<L 08 <L 08 L o2
b” 06 b 06 bN 10_4
< 04 < 04 <
202 T 02 = 107°
= 0 ) .
0. 1. 2. 3 4 0. 1. 2 3 4 1072 10% 100" L
t/top t/top Vo/A;

Figure 1.1: (a)-(b) polarization of the state |¢)(¢)) during the exact time-
evolution according to Eq. with resonant drive, starting from the
state |(0)) = [0). (c) Spin-flip fidelity, i.e., qubit polarization at ¢ = ty,
as a function of driving strength 1,/A..

role in the quantum architecture one can distinguish short- and long-
range entangling gates. Short-ranged two-qubit gates connect neigh-
bouring qubits in the array, while long-range gates can act as coherent
links between dense-quibit arrays [35], that are discussed in more detail
in Section. Spin qubits offer a natural way to realize entanglement
between neighboring qubits, that is the inter-dot exchange interaction be-
tween tunnel-coupled QDs.

For example, the eigenstates of two decoupled qubits [1]) and || 1)
are degenerate if the g factors are identical. As the shape of QDs is ad-
justed by electrostatic gates, a tunnelling channel opens between QDs
facilitating overlap between the wavefunctions of the two particles. Ow-
ing to Pauli’s exclusion principle, the spin triplets, i.e., (|1}) + [{1))/v2,
need to be paired with an antisymmetric orbital wavefunction, while the
spin singlet, i.e., (|1}) — [{1))/v/2, has a symmetric orbital part that is
lower in energy [36]. In this simple case, where we have assumed that
the wavefunction can be written as a product of orbital and spin parts,
the low-energy dynamics of the system is described by the Heisenberg
Hamiltonian J

where J is the exchange splitting, separating the singlet from the triplets,
and o; is the vector of Pauli matrices acting on the ith qubit. The time
evolution according to the static Heisenberg Hamiltonian of Eq.
for a time t = h/4.J results in a vVSWAP operation on the qubit. This is an
entangling gate which can be used to construct a controlled-NOT gate [6],
that is required by some of the most potent quantum error correction
algorithms (see Section[1.7).
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In order to find a model that correctly describes the low-energy be-
havior of our coupled-QD system, we assume that switching on the Coulomb
interaction between the two particles does not change the two-particle
ground state][] In this case one can write down the two-site Fermi-Hubbard
model as,

€
HFH = Z §<CE7SCL,S - CJIr%,sCR,s) + tC(CLscR,s + CJIr%,sCL,s)
s=1.0 (1.17)

+U(npsnp,—s + NrsNp,—s)
where c;’s creates a particle on site j € {L, R} with spin s € {1, ]}, obey-
ing fermionic commutation relations. Furthermore we use the conven-
tion that —s = if s =1, and vice versa, and define the particle number
operator for site j as n;, = cT C;s- In this simple model each site con-
tains a single orbital level (hlgher orbitals are neglected), and have an
onsite potential +¢/2 for left and right, respectively. Particles can tunnel
to the neighboring site by a hopping t., and the double occupation of
each site is penalized by the charging energy U [37]. Projecting Hr\ onto
the two-particle sector leads to the commonly used effective Hamiltonian
of double QDs,

U+e 0 \/itc 0 5(270)

0 U — € \/it O S(o 2)
H, = ¢ ’ 1.18
Pap V2t.  V2t, 0 0] Say ( )

0 0 0 0/ Tay

where the order of the basis states is shown next to the matrix, with sin-
glet states being defined as [S(0)) = cTLﬁcTL,$ 10), [Sw0,2)) = C;%,TC;N |0), and
1Sa,) = 1/\/§(ch“0§m — CTL,lCTR,T) |0). The notation T{;,;) comprises the
three degenerate triplets |7,s) = CLSC};’S 0) and |Tp) = 1/ \/§(CE7TCE’ s
cTL’ ic}m) |0). In a symmetric double QD, i.e., ¢ = 0, due to the coupling
between S(; 1) and the doubly occupied singlets, the S(; ;) will become
the ground state with energy —J ~ —4t2/U for weak tunnel-coupling.
This model is widely used in both theoretical and experimental works
to describe the inter-dot exchange interaction phenomenologically, since
it provides a correct qualitative description [38]. Furthermore the model

can be extended by spin-orbit or hyperfine interaction terms [29, 39].

In other words, the lowest two-particle eigenstates are mainly composed of com-
binations of the lowest energy single-particle states.
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Despite the simple form of the Hamiltonian in Eq. (1.18), it is remark-
ably difficult to obtain its parameters from first principles. The Heitler-
London and Hund-Mulliken methods are using linear combinations of
single QD eigenstates of the left and right dot to project the full Hamil-
tonian of the tunnel-coupled QDs onto the low-energy subspace [40].
These methods rely on the assumption that the tunnel-coupling between
the QDs is weak and the low-energy two-particle eigenstates can be de-
scribed by products of single particle wavefunctions that are localized on
the left and right QD respectively. However, in many cases the electro-
static contribution of the Coulomb potential has an important influence
on the shape of the two-particle wavefunction. For double QDs that are
much longer than the Bohr radius ap (for Si ap ~ 3nm, while in Ge
ap ~ 12nm), the Coulomb repulsion is strong enough to force the two
particles apart even if the potential barrier between the QDs is reduced
to zero [41,42].

This phenomenon, also referred to as Wigner molecularization [43,
44], and is illustrated in Fig. The naive picture, when the left and
right peaks of the two-particle density merge into a single peak as the po-
tential barrier vp is reduced to zero corresponds to the weak interaction
or short QD limit (first row of figures, for ap = 5L). However, in mate-
rials with short Bohr radius, like silicon, the the Coulomb repulsion acts
as an effective tunnel barrier between the QDs, maintaining the bimodal
character of the particle density even in the single QD limit (second row
of figures, for ap = 0.2L). The details of the two-particle density calcu-
lation can be found in Section Importantly, the exchange splitting is
strongly suppressed in the latter case, since it is determined by the over-
lap of the wavefunctions [43|44]. Furthermore, we note that the strong
electrostatic contribution of the Coulomb interaction can also result in an
effective spin-spin interaction, by virtue of spin orbit interaction, even if
the QDs are not tunnel coupled [45].

Concluding the discussion on short-range entangling gates, we give a
brief overview on the experimental progress with two-qubit gates. Two
qubit gates in group-IV semiconductors have been realized with electron
QDs in silicon first [46]. Since then, two-qubit gate fidelities in Si im-
proved continuously [47] and already have reached the fault-tolerance
threshold [8,9]. Fast two-qubit logic has also been demonstrated for
holes in planar germanium [48}49], but achieving such a milestone for
hole QDs in silicon still lies in the future.

Establishing long-range two-qubit gates is an essential element of the
prospective large-scale quantum computers. Such gates act as coherent
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vg=0.3Ar vg=0.1Ar vg=0

HB:SL

Figure 1.2: Double QD potential for an elongated dot along the weak
confinement axis z, with reducing barrier height v from left to right
(blue curves). First row corresponds to the weak interaction regime,
while the second row is the strong interaction case (this latter is prac-
tically more feasible e.g., in Si). The effective one-dimensional Coulomb
pair-potential as in Ref. [50], is shown as dashed gray lines. Reduced
two-particle density p(z) is shown in red (in arbitrary units). The en-
ergy offset of particle density corresponds to the ground state energy.
The length unit L is the side length of the cross section (square), while
Ar = h?/2m* L? is the orbital splitting in the transversal direction.

links coupling dense qubit clusters and thereby transmitting entangle-
ment over a larger scale quantum processor, while leaving room for clas-
sical control electronics on the same chip [35]. Due to the large spatial
separation (tens or hundreds of micrometers) such quantum gates re-
quire a mediator between the distant spin qubits to be entangled. Some
proposals use fermionic particles (e.g., electrons or holes) for such a trans-
mitter, while others rely on bosons (e.g., photons in a cavity or magnonic
modes of a ferromagnet). Here we briefly review some of these propos-
als.

Entangling gates based on electronic mediators use tunnel coupling
between the QD and a delocalized electron state (unoccupied). The chem-
ical potential of the QD is tuned below the resonance of the respective
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mode, making the overlap with the delocalized state highly tunable. The
mediator mode can be, e.g., a quantum Hall edge mode of a two-dimensional
electron gas [51]], or an electronic cavity mode. The latter case has been
confirmed experimentally by achieving coherent tunnelling between QDs
mediated by a circular electronic cavity in GaAs [52]. A slightly different
approach is to coherently transfer an electron from dot to dot [53] using

a few sets of gates [54].

On the other hand, entanglement can also be transferred by bosonic
modes, e.g., photons. Qubits can be coupled to the cavity photons of a
microwave resonator via the electric dipole moment of the QD which in
turn couples to the spin due to SOI [55,56]. Owing to their high quality
factors superconducting resonators are often subject of theoretical pro-
posals [57] and experimental studies [26}27] for coupling qubits to the
lowest photonic mode of the resonator. In state-of-the-art experiments
20MHz of qubit-qubit coupling strength can be achieved between sili-
con QDs separated by a distance of 250 um [27]. While numerous works
are targeting the so called transversal coupling regime, when the interac-
tion of the qubit with the cavity mode relies on the qubit splitting being
close the resonance, another opportunity is to couple the qubits longitu-
dinally. The main advantage of this coupling regime is that it does not
require near-resonant coupling with the cavity mode, since no spin-flip
occurs, while still facilitating two-qubit entangling gates [60].

Finally, magnonic modes in a ferromagnet can also be leveraged for
long distance entanglement using dipole-dipole or direct exchange inter-
action to couple the spin-qubits to the FM. Here, the interaction strength
depends on the transverse spin-susceptibility, that decays slower with
the distance in quasi-1D systems, providing longer range for the two-
qubit entangling gate [61]. As we will see in Chapter|[6 chiral magnonic
modes provide such a one-dimensional channel, allowing for fast and
high-fidelity coupling between distant qubits.

1.4 Initialization and readout

Several qubit readout protocols have been developed along the two decades
of research in the field of semiconductor spin-qubits [6]. Early experi-
ments have measured the current through a double QD, where the de-
tuning between the two QDs is set such that the energy of the doubly
occupied singlet S, ) lies close to the states of (1,1) charge configura-
tion [62], that is e ~ —U in Eq. (L.I8). A current of particles from left to
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right can flow uninterrupted through the S0y — Su,1) — (1,0) transi-
tiorﬂ However, in the reversed biased case, when the double QD is re-
filled from the righti.e., (1,0) = S 1y/T(1,1), the system will (eventually)
fall into one of the triplet states, blocking the flow of the current in the ab-
sence of the spin-flip transition 7{; 1) — S(2,0). This phenomenon is called
the Pauli spin blockade (PSB), and the measurement scheme established
in Ref. [62] is widely used to date for the demonstration of strong spin-
orbit interaction (as in the case of Chapter @), or coherent Rabi oscilla-
tions [11,63]. The key property of PSB that is leveraged in those measure-
ments is that it converts spin to charge, by allowing [1}) = (|S)+|T),)/V2
(and also |/ 1)) to tunnel into the |S(,)) state that is the only energetically
available state in the (2,0) charge configuration, whereas |11) and [|])
will stay in the (1, 1) charge configuration.

The above mentioned readout technique has several advantages such
as being fast and working reliably at high temperatures [63]]. On the other
hand, the particle hosting the spin-qubit is lost to the reservoir during the
protocol, making the measurement destructive. Furthermore the mea-
sured signal relies on several tunnelling events as opposed to measuring
the spin in a single process. In the following we will consider single-
shot readout schemes that can measure the spin of the particle without
driving current through the QD hosting it.

The spin state of an individual electron in a QD was first read out
by Elzerman et al. [64]. In this readout protocol two additional compo-
nents are required, e.g., a reservoir on one side of the QD and a quantum
point contact (QPC) on the other side. The QD is coupled to the reser-
voir by a gate-tunable coupling and its chemical potential with respect
to the Fermi level of the reservoir is also adjustable by an electrostatic
gate. If the Zeeman splitting of the spin states is sufficiently large, the
spin-to-charge conversion can be achieved by tuning the QD chemical
potential such that the electron from a spin-up state can tunnel to the
reservoir but not from the spin-down state. Once the spin information
is converted into 1 or 0 charge on the QD, the charge state is measured
via the QPC [65]. The QPC is tuned such that the conductance is very
sensitive to the electrostatic potential of the QD, thus the escape of the
electron from the QD is observable in the QPC current.

Since the experiment of Elzerman et al., several improvements have
been proposed and implemented on the spin readout of quantum dots.

2The notation (m,n) refers to m (n) particles on the left (right) QD. Forward bias
means that particles can enter to the left QD and escape from the right.
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The spin-to-charge conversion in the original experiment has been severely
limited by the temperature, i.e., the Zeeman splitting of the QD needs to
be much larger than k57T. As we will see later, this condition is compro-
mised by the qubit relaxation process that requires small Zeeman split-
ting for long qubit coherence. The charge readout based on the dc current
measurement of the QPC can also be made significantly faster by radio
frequency (RF) reflectometry. Furthermore, the readout is still destruc-
tive, since the electron that hosts the qubit gets lost in the reservoir.
Using a sensor QD instead of the reservoir significantly reduces the
constraint on the Zeeman energy and temperature. A commonly em-
ployed technique is using the PSB for the spin-to-charge conversion and
initialization [66]. Here the qubit QD and the sensor QD contain a single
particle each, the qubit is in an unknown state |¢/,) while the the particle
on the sensor QD is in the ||) state. The spin-to-charge conversion fol-
lows the same scheme as we have seen above with the left QD being the
sensor and the right QD the qubit. If the charge measurement collapsed
the two-electron wavefunction to the |S(,)) state, the quantum dot can
be brought back to the (1, 1) charge configuration by raising the chemi-
cal potential of the sensor dot. Provided that this step is adiabatic with
respect to the |S(2)) - |T};) anticrossing (i.e., caused by SOI), the state
is initialized in the ||) |},) state. If no excess charge was observed in
the charge measurement, the system is already projected into the ||) [1,)
state, and there is no need for an additional gate pulse on the sensor dot.

Readout based on charge sensing

Charge sensors have also developed remarkably since the early works
using QPC-current based charge readout [64}/65]. Connecting the sensor
QPC or a single-electron transistor (SET) to a high frequency resonant
circuit, the reflection of a resonant carrier signal can be used to infer the
charge state of the nearby QD [67]. This RF reflectometry based read-
out has been used in numerous works ever since to measure the charge
state [68-72] down to (potentially) nanosecond timescales for donor based
spin qubits [73], providing a crucial advantage over the QPC-current
measurement. Using this charge readout scheme, the spin state of a sin-
gle particle in a QD can be read out by spin-to-charge conversion [73-75]
in 1.5 us microseconds and up to 97% fidelity [73]. Similar method for
gate-defined hole QDs result in 6 ;s readout time [66] with a fidelity lim-
ited by triplet relaxation in the PSB. There have been also potent theoreti-
cal proposals for current-based charge sensors using Aharonov-Bohm in-



CHAPTER 1. INTRODUCTION 17

terferometers [76], but their experimental realization is yet to be achieved.
Moreover, further improvement is required from the scalability stand-
point, since the charge sensing circuitry would increase the single qubit
footprint tremendously.

Instead of having a separate tunnel junction to measure its absolute
charge, the QD can be coupled directly to the RF circuit [77,78]. When
the particle on the QD tunnels to the neighboring site (e.g., to an other
QD), the quantum capacitance changes, shifting the resonance frequency
of the RF circuit. This readout protocol is called dispersive readout, since
the information is encoded in the dispersive shift of the reflected sig-
nal, rather than the damping of the resonant circuit as for the previously
considered RF-QPC (or RF-SET) readout. The advantage of the disper-
sive approach is the low back action on the qubit as well as the fact that
the readout circuitry does not contain a mesoscopic charge detector. On
the other hand, dispersive charge sensing to date is still outperformed
in operation speed by the other reflectometry-based readout schemes.
The best charge sensing times range from milliseconds to hundreds of
nanoseconds [77-79], whereas the measurement times are down to the
nanosecond regime for the RF-SETs [73]. Gate-based spin readout has
been achieved in 6us with 98% fidelity in Si using superconducting res-
onators [79], while normal off-chip resonators require milliseconds for
single-shot readout of about 70% fidelity [80].

While single and two qubit gates improved tremendously reaching
the error thresholds of quantum error correction algorithms [8,9], spin
readout remained to this date a “skeleton in the closet”, down-performing
quantum gates in both operation times and fidelities. In fact new quan-
tum gate benchmarking techniques needed to be developed such as ran-
domized benchmarking [81] and gate set tomography [82], in order to
measure gate fidelities that exceed the performance of the qubit read-
out. Additionally, gate set tomography also allows for the identification
of systematic errors caused by the time evolution under an “imperfect”
Hamiltonian [8}82].

1.5 Decoherence

In this section we present some of the common frameworks to treat qubit
decoherence due to stationary classical noise. Here we follow the more
extensive review of Burkard et al. [37] and the lecture notes of Christoph
Kloeffel on ”Spin-based Quantum Information Science”. In the first subsec-
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tion general considerations and formulas are presented, assuming a sta-
tionary noise with a given noise power spectrum S(w), while the noise
sources relevant for practical applications in semiconductor structures
are discussed in the subsection to follow.

Qubit decoherence due to classical noise

In the two-dimensional qubit subspace, the noise can be divided into lon-
gitudinal, i.e., 0., and transversal, i.e., & 01, components. The qubit
Hamiltonian A0, /2 extended with the time-dependent noise terms reads

H= %[Az Fba(t)]o. + %llu(t)a + }lb(t)@ , (1.19)
where b,(t) [b.(t)] is the noise term coupling longitudinally (transver-
sally) to the qubit. Within the framework of the Bloch-Redfield the-
ory [83] two important timescales can be deduced: the relaxation time
T and the dephasing time 75. In analogy with the Bloch equations in
the context of nuclear magnetic resonance, the relaxation time 77 de-
scribes the (exponential) decay of the qubit polarization, i.e., (), due
to transversal noise, whereas (o) decays with the dephasing time 75 as
a result of longitudinal noise.

The relaxation time can be derived straightforwardly, using Fermi’s
golden rule. Considering the spontaneous flipping of the qubit (|0) to |1)
and vice versa)

1 1

R r = —35, (A,/h), 1.20
70 = Do + Do) = 5% (A=/7) (1.20)
where the transition rates are expressed in terms of the power spectral
function of the transversal noise,

S (w) = / dte™ ™! (b (Db_(0)) + (b_(0)b+(1))) . (1.21)

In the formula for the relaxation rate the noise power spectrum shows
up at w = A, /h. This is intuitive, since the qubit needs to emit/absorb
an energy of A, to flip its spin state. Similarly, the dephasing time in the
Bloch-Redfield approximation can be obtained as

1 1 1
— =— 4+ —5,.(0 1.22
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where the second term is called the pure dephasing, often denoted as
1/T3, and the spectral function of the longitudinal noise S, (w) is defined
analogous to Eq. (1.21).

The Bloch-Redfield approximation is valid only if the noise is Marko-
vian and decoherence times are much longer than the correlation time
of the noise, i.e., the noise is local in time. Or equivalently, the power
spectrum needs to change slowly on the scale of the respective decoher-
ence rates, i.e., S,_(A./h) ~ S, (A./h+ T, ') for relaxation and S,_(0) ~
Sy.(Ty ") for dephasing [84]. The condition for the relaxation time T}
is usually fulfilled, but the one for dephasing breaks down for some
of the practically relevant noise spectra, e.g., the 1/f charge-noise with
Sp. (W) x 1/w.

In order to find a better description for the pure dephasing 1/77;, we
abandon the Bloch-Redfield approximation and consider the so called
filter function formalism [37,[85-87]]. This method accounts for the time-
evolution of the qubit spin due to external drive, e.g., when pulses are
applied to prolong the coherence of the qubit. Assuming the amplitude
of the noise is much smaller than the qubit Zeeman splitting, i.e., b/A, <
1, and the applied 7 pulses are instantaneously flipping the qubit spin
as 6, = r(t)o, with (t) € {—1,1}, the decay due to pure dephasing is
(0:(1)) ~ exp(=x(1)), where

[e.o]

(1) = # / dw Sy, (w) Ff:;t), (1.23)

—00

with the filter function given by

2

(1.24)

t
F(wt) :w2‘/ r(t)e™t dt’
0

For a given pulse sequence the filter function can be straightforwardly
evaluated. In the case of a Ramsey experiment where no pulses are ap-
plied, the filter function is F'(wt) = 4sin®(wt/2). That is the filter function
of free induction decay (FID), shown in Fig. The pure dephasing time
is then defined by x(73) = 1, that is when the transversal qubit polariza-
tion decays to 1/e. As opposed to the result of Eq. obtained in the
Bloch-Redfield approximation, the pure dephasing in the filter function
formalism accounts for fluctuations with finite frequencies as well.

If the noise is longitudinal and its spectrum is well approximated by a
power-law, i.e., Sy_(w) o |w|™#, the decay of the transversal component of
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the qubit polarization reads (o (t)) ~ exp|—(¢/Ty)'*?]. This can be seen
by a simple substitution of the integration variable 7 = wt in Eq. (1.23).
Since the filter function of FID is finite at w = 0, the divergence of the
noise power-spectrum necessitates the introduction of a low-frequency
cutoff w;,, that is the averaging time of the Ramsey experiment. In other
words, noise components changing slower than the measurement time
only give a constant contribution of the qubit splitting during the Ramsey
experiment.

If pulses are applied, the low-frequency noise components, i.e., w <
1/t can be mitigated. For example in a Hahn echo experiment, where an
7 pulse is applied at t' = ¢/2 the filter function is F(wt) = 16 sin*(wt/4).
For low frequencies, F'(wt)/w? ~ w? in (1.23), hence providing a natural
low-frequency cutoff for the 1/ f-noise, (see Fig.[1.3). Another important
example is the static noise, i.e., Sy, (w) x §(w), the effect of which is com-
pletely eliminated by the echo pulse.

Furthermore, a timescale often reported in experiments is 7% rapi, the
decay of (0.) during continuous Rabi drive. This decay is analogous to a
Hahn echo type of experiment with several 7 pulses, hence the notation
Tsrabi- The driven case analogue of the relaxation process is the decay
timescale 77,, when the qubit is initialized along the axis of rotation. In
that case the filter function is sampling the noise spectrum at the Rabi
frequency (see Fig. , rather than w = 0, and therefore T’ r.pi > 15 for
low-frequency noise.

Finally, for the sake of completeness, we note that the pure dephas-
ing formula in Eq. in the Bloch-Redfield approximation can be ob-
tained from the filter function formalism, exploiting that F(wt)/w? in
Eq. is strongly peaked around w < 1/t. If the spectral function
varies slowly on the scale of the dephasing rate, it can be factored out as
Sp. (0) for timescales ¢t ~ T;. The remaining frequency integral yields 27¢,
regardless of the form of the filter function, thus leading to Eq. (1.22).

Noise sources

In the early days of semiconductor based quantum computing, the coher-
ence of electron spin qubits in GaAs heterostructures has been severely
limited by the fluctuating nuclear spin environment that couples to the
qubit via (contact) hyperfine interaction [38]. Even though group-IV
semiconductors like Si and Ge contain a significantly lower proportion
of nuclear-spinful isotopes, hyperfine noise is still present. Owing to the
slow dynamics of the nuclear spins, the spectral function of hyperfine
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Figure 1.3: Filter function defined in Eq. (1.24), for three practically im-
portant cases: free induction decay (FID) shown in blue, Hahn-Echo
pulse (H-E) shown in red, and Rabi drive (Rabi) shown in green. Ver-
tical guidelines correspond to x = £27 frapit.

noise can be approximated as S,_(w) = 026(w), where 07 o< 1/Nyyc is the
variance of the Zeeman field fluctuations due to the nuclear spins. In hole
states, owing to their p-type bloch function, the contact hyperfine inter-
action is suppressed, however, other hyperfine contributions can still act
as a source of decoherence [88]. While the respective noise spectrum is
qualitatively similar, the coupling mechanism can be strikingly different
from that of electrons, showing nontrivial dependence on strain, device
geometry and electric field [89}90].

Further inevitable sources of noise include charge noise or 1/ f-noise
that is the fluctuation of electric field due to fluctuations of gate volt-
age, or fluctuating charge traps formed at the interfaces or the gate ox-
ide. Even though the origin of the noise is not well understood, it has
been confirmed by several experiments that the low-frequency part of the
spectral density is inversely proportional to the noise frequency, hence
the name 1/ f-noise [91-93]. Charge noise couples to the qubit via spin-
orbit interaction or a magnetic field gradient. Due to the strong Rashba
type of spin-orbit interaction, the coherence of hole-spin qubits is often
limited by charge noise. However, in certain geometries and growth di-
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rections the spin-orbit interaction can be switched off, leading to dephas-
ing sweet spots, where 75 — oo, at finite electric fields in Si FinFET de-
vices [20].

Dynamical deformations of the lattice, i.e., phonons, also generate a
fluctuating electric field that can couple to the qubit in a similar way as
we have seen for the case of charge noise. In Si and Ge the coupling
to phonons happens via the deformational potential mechanism. The
piezoelectric contribution is not present as the basis atoms do not have
a net polarization. The primary phonon-induced decoherence mecha-
nism is relaxation [89,95] where an acoustic phonon is emitted, having
an energy equal to the qubit splitting. Dephasing mechanisms on the
other hand require a two phonon processes [96] due to the conservation
of energy. The spectral function of the phonon bath is determined by the
phonon density of states and therefore, depending on the dimensionality
of the device, it is proportional to some high power of the frequency for
small qubit splittings.

Having discussed quantum gate and readout protocols as well as de-
coherence timescales, we provide a summary of these relevant timescales
and error rates for some of the most recent and most influential experi-
ments on electron spin-qubits in silicon (see Table where we distin-
guish experiments according to the qubit temperature. The correspond-
ing quantities are collected for hole-spin qubits as well in Table. Com-
parison of the timescales in the two tables reflects on the accelerated life
of hole-spin qubits that is driven by the strong direct Rashba SOI [10].
Finally, we also remark that decoherence timescales have been measured
already in hundreds of experiments. For a detailed quantitative compar-
ison in different materials, qubit definitions, and noise sources we refer
the reader to the extensive review of Ref. [97].

1.6 Scalability

So far we have been considering the so called qubit layer of the qaun-
tum computer, that is expected to work at sub-kelvin temperatures. We
have seen that one of the key challenges is the compactification of the
readout circuitry. Until this point, the goal has been to identify a qubit
architecture with fast operation and long coherence times in a scalable
tashion, that is the qubit footprint facilitates control, readout, and suf-
ficient qubit-to-qubit connectivity for quantum error correction (QEC)
algorithms. However, scalability of the quantum layer is only a neces-



CHAPTER 1. INTRODUCTION

23

| Electrons | electronsinSi[8/9] | hot electrons in Si [98,99] |
X gate 4MHz, F = 99.7% 1-2MHz, F = 98.7%
Z gate ~ ~
T > 10ms 2-20ms
15 6-20 us 2 us
T Rabi 50 us 8 us
two-qubit gate 5MHz, F = 99.5% 2.5MHz, F = 86.1%
readout v ~ 0.6 (RF) v ~ 0.2 (SET)
long-range gate | 20 MHz, d = 250 ym [27] -

Table 1.1: Characteristic timescales and fidelities for a few state-of-the-art
experiments on electrons. The first comulmn, "electrons in Si” correspond
to measurements at the usual dilution refrigerator temperatures (tens of
mK), while the temperature of "hot” electrons is ~ 1 K. 'RF’ refers to RF-
SET readout, while ‘SET” is normal SET based charge readout. F is gate
tidelity, v is the readout visibility, and d qubit-to-qubit distance.

] Holes \ holes in planar Ge [48]49] \ hot holes in Si [63ﬁ
X gate 20MHz, F = 99.4% 147MHz, F = 98.9%
Z gate ~ 45MHz
T 1-16 ms > 10 us
Ty 150-400 ns 70-200ns
T2,Rabi > 100 JIE] (CPMG) > 2 Hus
two-qubit gate 10-100 MHz —
readout 10 us, v ~ 0.8 (RF) (do)
long-range gate - -

Table 1.2: Characteristic timescales and fidelities for a few state-of-the-art
experiments on holes. Holes in planar Ge correspond to measurements
at the usual dilution refrigerator temperatures (tens of mK), while the
temperature of "hot” holes in Si is ~ 1-4K. In the parentheses "dc’ refers
to dc current based readout, i.e., a particle current is flowing through
the measured QD. Furthermore 75 rapi is replaced by 75 cpmc (Where the
qubit coherence is prolonged by "CPMG’ refocusing pulses) for Ge in the
absence of the former data.
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sary condition for scalable quantum computing. Scalability has to be
successfully implemented also for the quantum-classical interface that
connects the qubit layer with the room temperature classical control. To
date, the largest quantum chips consist of a few tens or hundred qubits
controlled by a large number of analog cables, limiting the expansion
of the qubit array [1,2]. Making use of the advanced fabrication tech-
niques and decades of experience with the material, the silicon CMOS
technology is envisioned to expedite the progress towards truly scalable
quantum computers.

The aforementioned QEC algorithms require repeated feedback be-
tween the qubits and the classical control. One of such feedback loops
would consist of a digital signal sent from the classical driver to a digital-
analog converter (DAC) that translates the digital signal into analog dc
signals, pulses, and microwave signals used to communicate with an ar-
ray of qubits. This analog signal needs to be demultiplexed —i.e., sep-
arated with respect to the addressed qubit- and then sent toward the
respective qubits. Some qubits are then read out, the signals (analog) are
multiplexed and converted back to a digital signal (ADC) that arrives at
the classical control thus closing the loop.

Few-qubit devices can be controlled directly by room temperature
electronics skipping the multiplexing step, but this approach cannot be
carried over for thousands or millions of qubits. While the multiplexing
still needs to happen at the qubit temperatures to minimize the number
of input and output lines to and from the higher temperature electron-
ics, the conversion between analog and digital signals can be deferred to
cryogenic temperatures where higher cooling powers are available [100].
For the qubit control, the cryogenic electronics should be able to generate
ns pulses and microwave signals as well. These requirements are fulfilled
by the cryo-CMOS technology [100-104].

So far we have discussed that the elements of the analog control cir-
cuitry can be deferred to cryogenic temperatures. Another step forward
toward full scalability would be to bring the qubits and multiplexers to
the same temperature as the ADC/DAC layer. One approach is to de-
velop electronics that are suitable for the even smaller cooling powers of
a dilution refrigerator, working at 100 mK temperatures [105,106]. An
other promising alternative is to use hot spin-qubits in silicon that oper-
ate in cryogenic temperatures [63,98]99], therefore —leveraging the full
potential of the CMOS technology- in the future they are expected to fa-
cilitate the integration of the electronics and the qubits on the same die.
Such an approach requires clever device design to bring the electronics
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as close as possible to the qubit array that they control.

A recent proposal suggests to arrange small, dense qubit arrays in a
checkerboard pattern with their corresponding control electronics [35].
In order to connect the qubit islands —forming a quantum processor of
a larger scale- coherent links bridging over micrometer distances are
highly desired. These links can be thought of as long-range two-qubit
gates that mediate entanglement between qubit islands. There have been
several theoretical proposals to realize such a long-range entanglement [53,
56, 57,60,61,[107-109], and the experimental realization of such a coher-
ent link —using electronic cavities and superconducting resonators— is a
recently achieved milestone in the field [26,27,52].

1.7 Quantum error correction on scalable spin
qubit arrays

Most of the quantum algorithms promising exponential speed up for
solving certain problems require decoherence free qubits (at least on the
time-scale of the total running time) and a universal set of quantum gates.
However, as we have seen in Section [1.5|this is practically not achievable
in the real world due to the finite coupling to the environment. In order to
tackle such problems we need to convert noisy qubits into a smaller num-
ber of logical qubits that maintain their coherence ‘indefinitely’. One of
the early proposals from Peter Shor was inspired by the classical repeti-
tion code and used 9 qubits to encode a logical qubit, where both bit- and
phase-flip error probabilities are reduced from p to p* [110]. This simple
error correction approach, however, requires rich connectivity between
the physical qubits in order to realize two-qubit gates between logical
qubits. More generally, quantum error correction (QEC) algorithms aim
to encode a logical qubit in a qunatum state that is distributed among a
large number of qubits such that individual qubit errors can be detected
without influencing the logical qubit [4,5].

Here we briefly discuss one of the most popular topological error cor-
rection codes, the surface code, based on the review article of James Woot-
ton [4]. We take a square grid of qubits and divide them into two groups
(data and ancilla qubits) distributed in a checkerboard pattern. For each
ancilla qubit we define a plaquette enclosed by the four neighbouring
data qubits. The ancillas are used to measure the eigenvalue of the X
(Z) stabilizer of a given plaquette, that is the product of o] (¢0) operators
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with 7 indexing the four nearest-neighbour data qubits. The X and Z sta-
bilizers are defined for each plaquette in an alternating pattern, leading
to a set of mutually commuting operators with eigenvalues +1. The sta-
bilizer space is then the subspace of the total Hilbert space for which all
stabilizers have eigenvalue +1. Note that a single bit-flip error changes
the eigenvalues of two Z stabilizers from +1 to —1, thereby helping to
keep track or correct such error types (similarily X stabilizers monitor
phase-flips) in the periodically applied stabilizer measurements. For the
definition of logical qubits, it is crucial how stabilizers are defined on the
boundaries. Stabilizers on the boundaries of the system are defined as
merging all the incomplete plaquettes of the same type (X or Z) that touch
in the corners. Internal boundaries can be realized as well by switching
off stabilizer measurements thereby deactivating some plaquettes on the
latticefl

It can be shown that the Z stabilizers with —1 eigenvalue can be as-
sociated with anyonic quasiparticles of one flavour while X stabilizers
with —1 eigenvalue correspond to anyons of a different flavourf] Due
to the definition of stabilizers such anyons can be localized either on the
plaquettes or the boundaries of the lattice. This brings us in position to
define a logical qubit in the Z basis using an internal boundary of partial
Z plaquettes: the state |0) (|1)) represents zero (one) anyon on the inter-
nal boundary. We only keep track of anyons on the plaquettes, therefore
the qubit can be in a superposition of zero and one anyon. Furthermore,
by switching on and off certain ancilla measurements, the logical qubit
can be moved on the lattice, allowing one to make use of the anyonic
exchange statistics. Exploiting the pairwise creation and the exchange
statistics of anyons, single qubit X and Z gates can be applied on the log-
ical qubit as well as CNOT gates by braiding of logical qubits.

In order to realize the stabilizer measurements and the qubit opera-
tions on the lattice, it is sufficient to have a large number of spin qubits
in a square grid with single qubit rotations, nearest neighbour CNOT
gates, and projective measurements on the physical qubits available [4].
E.g., the Z-type stabilizer requires four CNOT gates each of them tar-
geted on the ancilla and controlled on the nearest-neighbour data qubits.
Measuring the ancilla on the Z basis yields the eigenvalue of the corre-

31t is important to note that boundary stabilizers do not participate in the periodic
stabilizer measurement cycles.

*Anyons are quasiparticles in 2D, obeying a peculiar exchange statistics. Here the
important property is that two subsequent exchanges of two anyons with different
flavours lead to a phase shift of —1.
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sponding stabilizer [111]. Defining the X-stabilizers follows the same
logic. Therefore we conclude that scalable spin qubit arrays are viable
platforms to achieve fault tolerant quantum computing. Assuming that
the single-, two-qubit and readout error probabilities within a stabilizer
measurement cycle are equal, €.g., Des the most efficient error correction
algorithms [111-113] manage to achieve a fault tolerance error threshold
of p. ~ 1%.

1.A Details of the particle density calculation
in a double QD

In Fig.[T.2lwe have considered a double QD in a nanowire geometry with
square cross section of side length L, and a corresponding "transversal’
orbital energy Ay = h?/2m*L?. Assuming that the double QD is signifi-
cantly longer than the side length of the wire, we restrict our analysis to
the lowest transversal subband. This allows us to use the simple fitting
formula derived in Ref. [50] for the effective one-dimensional Coulomb
interaction, that is

e? 1
tre T (L/DE

where ¢ is the dielectric constant of the material and L /4 acts as a short-
range cutoff for the Coulomb potential. Using this formula, we write the
spin-independent Hamiltonian of the double QD as

Ceti(2) =

(1.25)

h2
2m*

Hpgp = — (92, +02) + Vbap(21) + Vbap(22) + Ceit(21 — 22) . (1.26)

where Vpgp(2) = vp(2%/a*>—1)? with a = 10L(1/2Ar/vp+1)"1/2 being the
position of the minimum, fixed by the condition that Vpop(z = £10L) =
2A 7. This parametrization of the double QD potential allows for a mean-
ingful comparison between different barrier heights. Then we calculate
¥(21, 22), the lowest energy eigenstate of the Hamiltonian. Owing to the
particle exchange symmetry of the Hamiltonian (that is z; <+ 2;) one can
simply define the reduced two-particle density as

o) = [ d i P (127)
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Figure 1.4: Exchange splitting as a function of interaction strength. The
markers correspond to the strong (green) and weak interaction limit (or-

ange) for vz = 0 in Fig.

Finally, we deduced the exchange splitting from the eigenvalues of
the Hamiltonian in Eq. (I.26). We define the exchange splitting J as the
energy difference between the lowest odd and even orbital states. The
exchange splitting as a function of ap/L is shown in Fig. quantify-
ing the suppression of the exchange in the strong interaction case, when
the wavefunction overlap is reduced by the strong Coulomb repulsion.
Note that we refer to the strength of the Coulomb interaction via the Bohr
radius that is defined as ap = 4mweh? /e*m* (small value means strong in-
teraction).
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CHAPTER

Exchange interaction of hole-spin
qubits in double quantum dots

Adapted from:

Bence Hetényi, Christoph Kloeffel, and Daniel Loss

“Exchange interaction of hole-spin qubits in double quantum dots in highly anisotropic
semiconductors”,

Phys. Rev. Research 2, 033036 (2020)

We study the exchange interaction between two hole-spin qubits in a
double quantum dot setup in a silicon nanowire in the presence of mag-
netic and electric fields. Based on symmetry arguments we show that
there exists an effective spin that is conserved even in highly anisotropic
semiconductors, provided that the system has a twofold symmetry with
respect to the direction of the applied magnetic field. This finding fa-
cilitates the definition of qubit basis states and simplifies the form of
exchange interaction for two-qubit gates in coupled quantum dots. If
the magnetic field is applied along a generic direction, cubic anisotropy
terms act as an effective spin-orbit interaction introducing novel exchange
couplings even for an inversion symmetric setup. Considering the exam-
ple of a silicon nanowire double dot, we present the relative strength of
these anisotropic exchange interaction terms and calculate the fidelity of
the VSWAP gate. Furthermore, we show that the anisotropy-induced
spin-orbit effects can be comparable to that of the direct Rashba spin-
orbit interaction for experimentally feasible electric field strengths.
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2.1 Introduction

Over the last two decades localized spins in quantum dots (QDs) be-
came a promising candidate for scalable quantum computing [1,2]. Elec-
tron spins confined in semiconductor heterostructures benefit from the
feasibility of coherent control via electric-dipole-induced spin resonance
(EDSR) [3-6] and exchange based two-qubit gates [7-9]. On the other
hand, besides charge noise and phonon induced decoherence, electrons
are also exposed to fluctuating nuclear spins [10-12].

Holes confined in quantum dots [13,[14] have recently attracted much
attention due to the possibility of fast single-qubit control by virtue of a
strong spin-orbit interaction (SOI) [15-21], and slow decoherence owing
to the suppressed hyperfine interaction [19,22-25]. Single-shot readout
[26], exchange-coupled quantum dots [27,28] and two-qubit gates [29]
have recently been realized in systems, where the heavy-hole (HH) and
light-hole (LH) states are well separated.

As opposed to planar QDs, eigenstates of holes being strongly con-
tined in more than one directions have significant contributions from
both the HH and LH states [30}31]. These systems benefit from an even
stronger Rashba type of SOI that relies on the HH-LH mixing and is not
suppressed by the fundamental band gap [32,33]. In agreement with
recent experiments [15}17,34-41], Si and Ge/Si core/shell nanowires
(NWs) are particularly promising platforms for such low-dimensional
hole systems. Remarkably, these NWs and QDs therein can be formed
with a complementary metal-oxide-semiconductor (CMOS) compatible
tabrication process [17,36,38,/42,43]], which indicates an exceptional scal-
ability. Furthermore, both Si and Ge are bulk inversion symmetric, lead-
ing to a suppressed piezoelectric interaction between holes and phonons,
and can be isotopically enriched, allowing to reduce the number of nu-
clear spins to nearly zero [44-47].

Two-qubit gates between hole-spin qubits in NW QDs can be imple-
mented in different ways. For example, the qubits can be coupled over
long distances via floating metallic gates [48] or via the cavity photons
of transmission-line resonators [16,49|] by harnessing the strong, direct
Rashba SOI (DRSOI) [32,33]. Nearby qubits, on the other hand, can be
coupled by electrically controlling the wave function overlap and thereby
inducing an exchange interaction. However, this important possibility
has not been explored yet since the HH-LH mixing renders the interac-
tion multifaceted.
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In this paper, we address the question how the HH-LH mixing af-
fects the form of the exchange interaction in tunnel-coupled QDs. This
question is relevant not only for two-qubit operations but also for, e.g.,
the implementation of singlet-triplet qubits [50-52] and spin-to-charge
readout schemes [1,7,53] with holes. In the most general case the form

1 1
H(Ll)IZO'L'JO'R—l-i(AL'O'L—FAR'O'R) (21)

needs to be assumed for the interaction between the qubit basis-states
|0) and |1) of the left (L) and right (R) QDs, where J is the exchange-
matrix and the coefficients in the single-qubit part AL are related to
the g-tensor g™ via AY) = ;5 g2 B. The Pauli-matrices (e.g., 0~ =
102) (O] —|11) (11]) are acting on the energetically lowest two eigenstates
of the QDs.

For electrons, the exchange matrix obtains the simple form J;; = JR;;(n, ),
where the parameters of the rotation R;; depend on the spin-orbit cou-
plings [54]. However due to the strong anisotropy of the hole states in
materials like silicon, the exchange interaction acquires anisotropic cor-
rections even in the case of an inversion symmetric setup. As reported
earlier, these anisotropic effects can enhance the role of spatial symme-
tries in the theoretical description [38,55,556].

We discuss the possible symmetries of a generic double quantum dot
(DQD) setup. If the confinement, the crystal structure, and the external
fields respect the same symmetry, an effective spin can be associated to
the qubit states of each QD. The conservation of this effective spin allows
one to identify selection rules for the exchange interaction J.

We consider coupled hole-spin qubits in a silicon NW and identify
the high symmetry axes of the magnetic field along which the effective
spin is conserved. However, effective spin projections can get mixed
upon application of an external electric field (inducing DRSOI), or by
changing the direction of the magnetic field due to crystalline anisotropy
(anisotropy-induced spin mixing). One of our central results is shown in
Fig. 2.4, where we present the effect of the hitherto neglected anisotropy-
induced spin mixing mechanism on the exchange interaction J and the
induced Zeeman splittings A. This mixing will lead to anisotropic cor-
rections to the exchange interaction even in the presence of inversion
symmetry. Furthermore, we compare our results obtained for silicon
NWs with that of Ge/Si core/shell NWs, where crystalline anisotropy
manifests itself rather weakly in the valence band.
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If coupling is established between two QDs each hosting a single hole-
spin qubit, the exchange interaction can be utilized to implement a fun-
damental entangling gate such as the vSWAP [1]. However, in silicon
the anisotropic corrections can lead to systematic gate errors limiting the
tidelity of the vVSWAP gate. We calculate the gate fidelities in the coher-
ent system and find that anisotropic corrections can be mitigated if the
gate is sufficiently fast.

This paper is organized as follows: In Sec. we review the sim-
ple model of conduction band electrons and present the Hamiltonian of
the valence band holes together with the commonly used axial approx-
imation. In Sec. we introduce an effective spin and discuss its ad-
vantages for the application as spin qubits. Projecting the Hamiltonian
of coupled quantum dots to the low-energy basis in Secs. and
we study the selection rules that apply for the exchange interaction if
the quantum dots respect a mutual twofold symmetry. In Sec. we
propose a symmetry-decomposition of the Hamiltonian that reveals the
different effective spin mixing terms, compare the spin mixing effect of
the cubic anisotropy and the DRSO, present the relative energy scales of
the anisotropic corrections to the exchange interaction, and calculate the
anisotropy-limited fidelities of a VSWAP gate. We conclude with a few
remarks and a short summary in Secs. |6.5 and Technical details are

deferred to Apps.

2.2 Single hole-spin qubit

We consider a single hole confined by electric gates either in a NW or
in a two-dimensional hole gas in a heterostructure. Provided that the
energy scale associated with the temperature is much lower than the or-
bital splittings, the hole will occupy the lowest orbital state. If the con-
finement is significantly stronger along one or two axes, the lowest state
will retain only two-fold degeneracy in the absence of magnetic field due
to the different effective masses corresponding to the HH and the LH
states [32,33]. Splitting of these eigenstates by magnetic field establishes
an effective two-level system |0) , |1) to be referred to as hole-spin qubit
later on.

First we consider the general Hamiltonian of a single quasiparticle,
an electron (+) or a hole (—) confined in a QD

Hop = Hy(k,J) + H;(J,B) £ €E - r + Vop(r) + HS, 2.2)
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where Hy(k,J) is the bulk Hamiltonian of either the conduction band
or the valence bands with the vector operator /i J combining the atomic
orbital angular momentum [/ = 0(1) for the conduction band (valence
bands)] and the spin. The crystal-momentum including the vector po-
tential A is hk = —ihV + eA, where e is the positive elementary charge.
The Zeeman term H(J, B) contains the spherical and anisotropic correc-
tions coupling the magnetic field B = V x A to the angular momentum
hJ. The electric field is taken into account via the term +¢E - r and the
inversion symmetric confinement potential Vop(r), where r is the posi-
tion operator of the quasiparticle. The last term H contains further cor-
rections such as the Rashba and the Dresselhaus spin-orbit interaction
(which are higher order terms in the multi-band perturbation theory) as
well as the strain and the interface effects.

In the case of the conduction band the s-wave property of the Bloch-
functions (i.e., zero orbital angular momentum) implies that the angu-
lar momentum components are given by the three Pauli matrices i.e.,
hji = %"Ui. Since the Pauli matrices together with the identity matrix
form a complete basis, the effective Hamiltonian of the conduction band
electrons in a homogeneous magnetic field can be written in the simple
form

R2k? 5
_|_ g*luBB . J , (2.3)

Heona(k) + Hz(J,B) = e
with the effective band mass m* and g-factor g*. The special property
of the Pauli matrices then imply that the Hamiltonian of Eq. has
continuous axial symmetry (the Hamiltonian commutes with the spin
projection .Jp along the magnetic field).

In the presence of magnetic field the Luttinger-Kohn Hamiltonian
Hyx + Hyz describing the top of the HH-LH bands for cubic crystals can
be written as

Hix(k,J)+ H;(J,B) =
. + 25 ) ke - 27 (k - J)? (2.4)
o i 27 Y .
+ (26 4+7)usB - I + Ay K (k, J) + 2quB - J
where m is the bare electron mass, 7; is the first Luttinger parameter,

7 = (272 + 373)/5 is the averaged Luttinger parameter, and Ay = 3 — 7,
is the prefactor of the terms with cubic symmetry [57-61]. The spin-3/2
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vector operator 1J is combining the atomic orbital angular momentum
(I = 1) and the spin. The Zeeman part HZ(j, B) = 2kupB - J+2qusB - J
is composed of the isotropic and anisotropic terms [62] with coefficients
r and g, respectively.

The first two terms of the Hamiltonian in Eq. are invariant under
arbitrary rotations around the magnetic field axis i.e., [H1:?), e~#F5] = ()
holds for any angle ¢, where & F3 is the total angular momentum hF =
hJ + hL projected along the magnetic field, with the orbital angular mo-
mentum being KL = —ihrxV [61]. For materials like Ge, InAs, and GaAs
these terms give the main contributions, since Ay < 7 and ¢ < |k| (e.g.,
the anisotropy parameters A~ /7 obtained from Ref. [63] are 0.28, 0.091,
and 0.31, respectively), and the last two terms are treated only perturba-
tively within the framework of the axial approximation [30,31,63-65].

While for electrons even the spin £.Jp is approximately conserved,
only the total angular momentum conservation could be considered for
the valence band states. However, corrections due to cubic anisotropy
can play important role [20], especially for materials with strong cubic
anisotropy (e.g., silicon where A~/5 = 1.1) corrections to the axial ap-
proximation cannot be treated perturbatively. We wish to identify an
effective spin as a good quantum number that is conserved by the Hamil-
tonian in Eq. (2.4), for the highly anisotropic case. For this we consider
the point symmetry group of the QD system in the next section.

2.3 Symmetry considerations

To properly define a qubit, we first consider the symmetries of the bulk
crystal in the presence of magnetic and electric fields and identify high
symmetry axes. This will allow us to identify an effective spin a =
mod,(Fp) € {—1/2,1/2} [66], which is related to the eigenvalues of a
twofold symmetry operator such as D(Cyp) = e s where FB is the
total angular momentum operator and has half-odd-integer eigenvalues
Fp. The eigenstates in a QD are also characterized by this quantum num-
ber o and can be used as a qubit, provided that the confinement respects
the considered symmetry. Finally, we present DQD geometries where
a twofold symmetry is maintained implying spin selection rules for the
interaction between the two quantum dots.

The Bravais lattice of a bulk crystal is defined by discrete translations
in the three spatial directions. The Bravais lattice can be invariant un-
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der further symmetry transformations, e.g., N-fold rotations Cy, about
an axis a, inversion I, or their combinations, the so called rotoreflections
SNna = I - Cnq. The set of symmetry elements taking the lattice into itself
constitute the point group of the crystal [67]. The external fields can also
be described in the language of point groups as follows. The homoge-
neous electric and magnetic fields E and B are invariant under any rota-
tions around their axis. In addition, E is symmetric and under reflections
with respect to any mirror plane that contains its axis. However, since
B is a pseudo-vector it only respects inversion symmetry and reflection
symmetry with respect to the single mirror plane being perpendicular to
it.

Comparing the symmetries of a cubic crystal with that of the external
tields one obtains the reduced point group of the crystal in the presence
of external fields which we summarize in Tab. 2.1|for different directions
of the external fields. The resulting point group is non-trivial, only if
the magnetic field is applied along a high-symmetry axis, e.g., the point
group C,, which contains the elements of a four-fold rotation around the
axis of the magnetic field B, i.e., Cy = {E, Cyp, Cop, Ciyz}, where F is the
identity element.

B (100) [ B[ {110y | B [ (111) | other
E=0 C4h — Oy Cgh — Cgi — Q3 OZ
EHB Cy — oy Cy = « C3->OJ3 4
ElB CS — OS — 01 01

Table 2.1: Reduction of the cubic point group (using Schoenflies sym-
bols) with diamond structure O;, upon application of external electric and
magnetic fields [63]. To each point group containing an N-fold symme-
try one can associate (indicated by an arrow) a generalized effective spin
ay = mody(Fp) as discussed in App. The special case of a two-
level system in the ground state of a single QD with o = « is used here
as qubit basis.

We have seen, that the bulk crystal can have a non-trivial point group
even if external fields are applied. Moreover, if we consider a quasi-
particle confined in a QD, the point group of this system consists of
the symmetry elements that respect the symmetries of the crystal, the
tields, and the confinement (i.e., the intersection of the corresponding
point groups). Fig.2.T|illustrates confinement geometries respecting only
a single twofold symmetry of the magnetic field. The resulting point
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(a) B (b) B

SoB
Cop

Figure 2.1: Sketch of single QDs with two-fold symmetry R, in the pres-
ence of a magnetic field B (red) where the blue objects illustrate the shape
of the QDs in real space, e.g., the geometry of the confinement or the
charge density of the confined holes. (a) The QD possesses a mirror sym-
metry Ry, = Syp; the only direction of the magnetic field respecting the
symmetry of the QD is perpendicular to the symmetry plane (red trans-
parent). (b) The QD possesses a twofold rotation symmetry Ry, = Csp;
the only direction of the magnetic field respecting the symmetry is along
the symmetry axis (red).

group is S» = {F, S} for the system in Fig.[2.1(a) and C, = {E, C} for
Fig.[2.1|b).

If Ry € {Cap, S2p} is a twofold symmetry element of the point group
of the QD system, the Hamiltonian of Eq. has to commute with
the symmetry operator D(R), the representation of R, on the Hilbert
space [67]. As a consequence, the (non-degenerate) eigenstates |m) €
{l0),]1),]2),...} of the Hamiltonian are also eigenstates of D(R),

D(R,) |ma) = e~ |ma) | (2.5)

where a = mod,(Fp) is a spin-like quantum number of the state |ma) =
|m), where, again, a = +1/2. Furthermore, it can be shown that the two
states of a Kramers doublet (states that are transformed to each other by
time-reversal) correspond to effective spin v and —a (see App.[2.B). With
this finding we conclude that spin qubits can be defined as the lowest
Kramers doublet of a quantum dot in any crystal or confinement geome-
try, as long as a twofold symmetry is preserved in the system.

The effective spin « is rooted in the discrete rotational (rotoreflec-
tional) symmetry and gives rise to a discrete conservation law for the
total angular momentum expressed as a = mods(Fp). This relation can
be proven in general for an N-fold symmetry axis (with N > 2) which
gives rise to a quantum number oy = mod y (F) that is conserved mod-

ulo N. This result can be seen as Bloch’s theorem for angular momenta
(see App.[2.Alfor further details).
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(a) B (b) B

Cap

Figure 2.2: DQD geometries where the symmetry-induced quantum
numbers oy = £1/2 are conserved and can be used to label a qubit
in each QD. The DQD axis (a) lies in the symmetry plane (red transpar-
ent plane) that is perpendicular to the magnetic field B or (b) coincides
with both the magnetic field and the twofold rotation axis.

The interaction between holes with their effective spin gives rise to
matrix elements of the interaction which satisfy certain selection rules
due to the underlying conservation laws. In particular, we find that the
matrix elements for the Hamiltonian of coupled QDs Hpgp obey the fol-
lowing selection rules:

(ma, nf|Hpgp|pX, ¢§) X 00,mods(a-+B—x—¢) - (2.6)

provided that the DQD setup respects the twofold symmetry of the left
and right QDs (for details see App.[2.C). The two-particle states above,
|ma, nf) = |ma), ® |np),, are product states of the single-particle states
|ma), and |nf), for the first and second particle, respectively. The indices
m,n,p,q € {01,0r,11,1g,2y,...} label the single-particle eigenstates of
the left or right QD, and «, 3, x,{ = £1/2 stand for the effective spins
associated with the single-particle states.

We have seen that the point group of the crystal may contain two-
, three- or fourfold symmetry axes, even if external fields are applied.
However, the confinement potential defining the DQD should also re-
spect these symmetries in order to benefit from the selection rules given
in Eq. (2.6). A DQD setup can obey a twofold symmetry in two ways:
(i) The DQD axis (i.e., the axis connecting the centers of the two coupled
QDs) lies in the common symmetry plane of the QDs being perpendicu-
lar to the magnetic field [as illustrated in Fig.[2.2(a)]. (ii) The DQD axis
coincides with the common rotation axis, see Fig. [2.2(b).
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2.4 Low-energy basis of a DQD

In order to determine the interaction between the two qubits in a DQD
system the low-energy solutions of the following Hamiltonian [68] have
to be considered,

Hpap = Hr (1) + 6Vi(1) + Hr(2) + 6Va(2) + C(1,2) 2.7)

where Hy g is the single-QD Hamiltonian in Eq. of the left (right)
QD with Vop = Vir), 6Vir) = Vbap — Vi(r) is the difference between
the double- and single-dot potentials, and C(1,2) = e*/(4me|r; — ry|) is
the Coulomb interaction with the single-particle coordinates r; » and the
dielectric constant € = ¢y¢,, where ¢ is the vacuum permittivity.

In order to construct a basis for the low-energy effective Hamiltonian
of the DQD, the energetically lowest eigenstates (for qubits) [0.,) , |1) of
the single QD Hamiltonian H;, need to be orthonormalized with respect
to the ones in the right well |0z) , |1z) [69]. In general, these eigenstates
can not be written as a product of an orbital and a spin part [70,71] (e.g.,
due to spin-orbit interaction or the HH-LH mixing) and therefore the |0)
and |1) eigenstates of different QDs are not necessarily orthogonal. To
characterize this mutual non-orthogonalities, we introduce the overlap
matrix elements

Sab = <CLL|bR> s (28)

where a,b € {0,1}. Even though the wave functions of electrons in the
presence of inversion symmetry is separable into orbital and spin part,
ensuring Sp; = 0 and Syy = Si; regardless of the magnetic field, for
holes these relations hold only for zero magnetic field [54]. Neverthe-
less we find that Sy, can also vanish provided the magnetic field pre-
serves a twofold symmetry in the DQD system, while the difference of
the diagonal elements is proportional to the applied magnetic field, i.e.,
Soo — S11 o< B for small magnetic fields.

The overlap S, is suppressed exponentially with distance between
the dots, therefore the orthonormalization can be performed in such a
way that the same quantum numbers can be used to label the orthonor-
malized states, e.g., |0.)on = D, Cmio, |M), Where Cr, 0, ~ 60, +O(Sap)
(the precise form is given in App. 2.D). Further on the subscript “ON”
will be suppressed for simplicity, and the non-orthogonal states are used
only in the definition in Eq. (2.8).

From the orthonormalized low-energy single-particle states, six fermionic
two-particle states can be constructed in accordance with the Pauli prin-



CHAPTER 2. EXCHANGE INTERACTION OF HOLE-SPIN QUBITS
IN DOUBLE QUANTUM DOTS 52

ciple. Three of them are analogous to triplet states, |Ty+) [e.g., |T}) =
(102,0%) — |0r,02))/v/2], one corresponds to a singlet state with a sin-
gle particle on each dot |S), and there are two singlet states |Sy(r)) with
both particles on the left (right) dot. Within the framework of the Hund-
Mulliken approximation these six states are used to project the Hamilto-
nian of Eq. onto the low-energy Hilbert space.

2.5 Low-energy Hamiltonian of a DQD

Exchange coupling is known to be adequate for implementation of two-
qubit gates [1]. However the effect of the doubly occupied singlets (|.S.(r)))
can be crucial for correct quantitative analysis [69], for simplicity we re-
strict the DQD Hamiltonian of Eq. to the lowest energy subspace
{S, Ty, T, T_} for the qualitative discussion here and take the higher sin-
glets into account only for the numerical results in Sec. 2.6|via Schrieffer-
Wolff transformation [72].

Changing the confinement of the left QD (initially described by the
Hamiltonian A} L) results in a modification of the Zeeman splittings
A’ inducing coupling between the qubit basis states [38,56]. To lowest
order in the potential difference §V;, = Vpgp — V., one obtains

AL = A§ +(0L[0VL[0L) = (10]6VE1L) (2.9a)

AL — Al =2(0L16VL|1L) | (2.9b)

for the coefficients of the single-qubit effective Hamiltonian ;A - of,
where the Pauli matrices o, , are defined with the orthonormalized states
laz) (e.g., of =101) (Or|—|1L) (11]). If the DQD respects the same twofold
symmetry as the left and right QDs, the couplings vanish, ie., AL =
Aﬁ = 0 due to the modulo-2 conservation law. On the other hand, the
energy splitting AL can still be affected by the potential. The results given
by Egs. and are in correspondence with those obtained from
the study of mirror symmetries in the g-matrix formalism [56].

Next, we turn to a discussion of the exchange couplings. First we
point out that, in the presence of a twofold symmetry, due to Eq.
the T’ -triplet sector is decoupled from the rest of the subspace. This is
so because the triplets |T’y) are composed from products of two single-
particle states with the same quantum number «, whereas all the other
states contain products of single-particle states with opposite quantum
numbers . While this decoupling also exists for conduction band states,
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the matrix elements (7', |C|T_) and (S|C|T;) (which vanish for electrons)
do not need to vanish for valence band holes.

In the most general case, the Hamiltonian of two coupled qubits is
given in Eq. (2.I). Rewriting this expression in the singlet-triplet basis
{S, Ty, Ty, T}, we obtain the effective Hamiltonian

Hay =
e —Tyy— 2iJ2, V2 (=Jo,—iJ2) V2 (-JL+iJL)

1 -2iJ2, Joot Jyy— o V2L —V2(J5—i5)

4| V2 (=Je+ids)  V2(J5—iJs.) J.. Jow— Sy —20J5,
V2 (=J8—iJo) V2T —ids) ey +2003, J.. 2.10)

0 204 V2 (FAZ—iAY) V2 (AL—iAY)

L1 204 0 V2 (AS+iIAS) V2 (AL —iA3)

2 | V2 (FAL+HIAY) V2 (AL —iA) 208 0 ’
V2 (AL+iAY) V2 (AL+iIAS) 0 —2A%

where J* = (J + J7)/2 is the symmetric part, J* = (J — J7)/2 is the
antisymmetric part of the exchange matrix, and the Zeeman terms A® =
(AL 4+ AR)/2 account for the homogeneous part of the magnetic field,
while A® = (AL — AR)/2 for the inhomogeneous part. In general, these
terms can also arise if the g-factors of the dots are different. If the mag-
netic field is oriented along a high-symmetry axis, the 77, sector becomes
independent of the ST sector, and therefore the off-diagonal elements of
the exchange matrix J;,, J1., J;., and J, have to vanish.

zz) Yz Yyz

2.6 Coupled hole-spin qubits in silicon NWs

In this section we consider a cylindrical NW fabricated from silicon. A
coupled QD setup is established by means of electrostatic gates such that
each QD is occupied by a single hole. First we discuss what assumptions
were made and which parameter values were used to describe the sys-
tem, then in Sec. [2.6{we decompose the Hamiltonian of a single QD into
an effective spin conserving and a symmetry breaking part. We com-
pare the effect of different mechanisms that can lead to anisotropic ex-
change interaction in Sec. namely the DRSOI and the anisotropy-
induced spin mixing (to be clarified below). In Sec. [2.6| we provide nu-
merical examples for the parameters characterizing the effective 4 x 4
Hamiltonian in Eq. for the inversion symmetric limit, where the
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anisotropic exchange couplings can only appear by virtue of the strong
cubic anisotropy in silicon. Finally, the effect of anisotropic corrections
on the fidelity of a VSWAP gate is discussed in Sec.

To be concrete for the numerical evaluations to follow, we focus on a
silicon NW with circular cross section and cylinder axis along the [001]
direction of the silicon crystal. We use v; = 4.285, 7o = 0.339, 73 =
1.446, K = —0.42, and ¢ = 0.01 for the Luttinger-parameters and ¢, =
12.1 for the dielectric constant [63]. The axes z,y, z correspond to the
[100], [010], [001] crystallographic axes, respectively. The magnetic field
B = B(cos ¢, sin ¢, 0) is applied in the plane perpendicular to the cylinder
axis, and it is parametrized by the angle ¢ it encloses with the z axis [see
Fig.[2.3(a)].

For the confinement potential in Hamiltonian of Eq. we assume
the form Vpop(r) = Vaw(z, y)+ %4 (2° —a?)? with vg being the height of the
quartic-potential barrier, and Vaw(z, y) is the transverse confinement po-
tential. In order to efficiently approximate the wells of the DQD potential
by independent harmonic potentials V(g (2), the barrier height should
be larger than the orbital energy of the harmonic confinement, or equiva-
lently vg > 2 h%y;/(ma?) (~ 2.9meV for the parameters of our example of
Si NW). The confinement potential Vpgp(r) is inversion symmetric [due
to the cylindrical shape of the NW, i.e. Vaw(z,y) = Vaw(z? + 3?)] and the
inversion-asymmetric part of the electric fields is taken into account via
the term —eE - r, where E is a homogeneous electric field.

Corrections beyond the conservation of effective spin

Since the magnetic field B in the present case is always perpendicular to
the DQD axis (z axis), only reflection symmetry S;5 can be maintained
[see Fig.[2.2(a)]. For example, if the magnetic field is applied along the
[100] axis (¢ = 0) and E = 0, the system respects the symmetry S, , facili-
tating the definition of the effective spin a. The modulo-2 conservation of
this effective spin simplifies the form of the exchange interaction matrix
and the induced Zeeman splittings (as we discussed in Sec. [2.5).
Changing the direction of the magnetic field or the application of a
homogeneous electric field can break the symmetry. Since the confine-
ment potential Vpop(r) and the Coulomb interaction C(r; — ry) both re-
spect the symmetry Syp for any ¢, the symmetry breaking contribution
in the Hamiltonian of Eq. has to be a part of the single QD Hamilto-
nian Hgp. In this case, the mixing of effective spins has a strong similar-
ity with the case of localized electron spins in the presence of Rashba or
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Dresselhaus spin-orbit interaction [70}71]. Therefore, we are motivated
to decompose the single QD Hamiltonian in the following way,

HO = HQD — Hso, (211&)
1
Hso = §[D<SZB)7HQD]D(SQB)7 (2.11b)

where H, commutes with the symmetry operator D(S;5) conserving the
effective spin, and the analogue of the SOI, Hsp, anti-commutes with
the symmetry and thus leads to couplings only of sectors with different
quantum numbers.

Performing the decomposition given in Eq. on the Hamilto-
nian of Eq. (2.2), one obtains the following three terms for the spin-non-
conserving part Hso:

R .
S Aysin (4g) | (K — k){Jp. J1)

T (2.12a)

ks k2 - TB)]
. i ®) [JL(JE ~J2) —2dpls, Jl}] , (2.12b)
—eFprg, (2.12¢)

where {A, B} = (AB + BA)/2 defines the anti-commutator. The mo-
menta rotated to the frame of the magnetic field are defined as kp =

kg cos () + kysin (@) and k. = —k,sin (@) 4 k, cos (@), analogously % ./
and h.J, are the rotated angular momenta and rp is the rotated coordi-
nate. The first term, Eq. is coming from the momentum-resolved
part of the LK Hamiltonian, the second, Eq. is related to the anisotropic
Zeeman term, and the third term, Eq. arises from the electric field
component Ep perpendicular to the symmetry plane, i.e., parallel to the
magnetic field B.

Note that the anisotropic spin-orbit corrections of Egs. and
are proportional to sin (4¢) and therefore vanish if B || [100], B || [110],
etc., in correspondence with the expectations from the symmetry argu-
ments. Below we will see that this oscillatory ¢-dependence manifests
itself in the overlap matrix element Sy, [see Figs. [2.3(b)-(c)], the induced
Zeeman splittings A, ,, and the off-diagonal exchange couplings J,,, J,.

and J,. [see Figs.[2.4(b)-(c)].
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Figure 2.3: (a) Schematic figure of the DQD system realized in a sil-
icon NW. (b)-(c) Absolute value of the anti-aligned overlap |Sp1| =
| (0z|1r) |, as a function of ¢, the angle enclosed by the magnetic field
B = B(cos ¢, sin ¢, 0) and the x || [100] axis, (b) when the electric field E =
E(cos p,sinp,0) is applied parallel to the magnetic field, and (c) when
applied perpendicular to the magnetic field, E = E(—sin ¢, cos ¢, 0). For
this calculation we used a distance of 2a = 30 nm between the QDs, bar-
rier height of v = 3meV, magnetic field of B = 1T, and cylindrical
hard-wall confinement with a radius of R = 7nm. Details on the basis
choice and adopted assumptions can be found in App.

Effects of homogeneous electric fields on the effective
spin mixing

As we have seen for the spin-non-conserving part Hso of the Hamilto-
nian Hgp, the symmetry S, can be broken by terms with cubic anisotropy
in Egs. and or due to a finite electric field component Ej
along the magnetic field in Eq. 2.12). As a consequence, the qubit states
of different QDs are no longer orthogonal to each other. In order to qual-
ify and compare these two anisotropy effects, we take the overlap matrix
element | Sy, | = | (0L |1g) | as a figure of merit for this qubit mixing, since it
is usually nonzero but vanishes when the QDs respect the symmetry Sy5.
Furthermore, Sy, can be shown to be proportional to the off-diagonal ex-
change interaction J,, and J,, and the induced Zeeman splittings A, and
A, (see App.2.F).

For the results presented in Figs. 2.3(b)-(c) we used a cylindrically
symmetric hard-wall confinement in the transverse directions for Viw/(z, y)
and studied the effect of asymmetries via the homogeneous electric field
term —eE - r with E = (E,, E,, 0). The standard Rashba SOl is also taken
into account with the coefficient a, = 0.002 nm?e (according to Ref. [33]),
although the effect of this term is dominated by the DRSOI [32}33]. For
the example above the relative deviation from the oy, = 0 case is less than

1%.
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Figure 2.4: (a)-(c) Coefficients characterizing the exchange matrix J;; and
the single-particle Hamiltonian A; as a function of the magnetic field
direction ¢, for a silicon NW. For the numerical simulation the follow-
ing parameters were used: DQD distance 2a¢ = 30nm; barrier height
vg = 3meV; magnetic field B = 1 T; harmonic potential of Eq. with
a confinement length of 2/ = 8 nm. For details on the basis states used
for the numerics see App.

In Fig.2.3(b) a homogeneous electric field E is applied parallel to the
magnetic field, i.e., E - r = Eprg. We plot |Sy| as a function of the
magnetic field direction ¢ for different strength of the electric field be-
tween 0 and 0.1 V//um. Even for relatively small electric fields, e.g., Ep ~
1073 V/pum, the overlap | Sp; | becomes independent of ¢ and changes roughly
linearly with the electric field Eg. These findings are in agreement with
the strong DRSOI predicted for this growth direction [32,33].

In Fig. 2.3(c) the electric field is applied perpendicular to the mag-
netic field and the wire axis, therefore £z = 0 and the symmetry Syp
can only be broken by the cubic anisotropy terms. Importantly, Sy; ob-
tains the same angular dependence sin (4¢) as the terms of the spin non-
conserving part of the Hamiltonian Hso (see also App. 2.F). Unlike the
DRSOI contribution, this effect does not have an analogue in the case of
conduction band electrons, since it appears even in the presence of in-
version symmetry (E = 0). We refer to this phenomenon as anisotropy-
induced spin mixing (see below).

Anisotropic exchange interaction in the presence of
inversion symmetry

In the absence of the homogeneous electric field, i.e., E = 0, the Hamil-
tonian of Eq. (2.7) is inversion-symmetric, implying that the low-energy
Hamiltonian of Eq. is invariant under the swap of L and R. The
exchange matrix has to be symmetric (J = J*) and the Zeeman splittings
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have to be identical (A® = 0), therefore in line with Eq. the inver-
sion symmetry decouples the singlet |S) from the three triplets, but the
|T}) state can still be coupled to the |7T7,.) states in the Hamiltonian H; ).

To simplify the numerical calculation of the Coulomb integrals, the
eigenstates of the left (right) QD [0.g)) and |1.(r)) were calculated nu-
merically using harmonic confinement,

2

"y, o 2
2.13

VNW(xv y) =

for the transverse directions as well, where 2/ is the diameter of the NW.
After the orthonormalization, the two-particle states were constructed in
order to project the Hamiltonian of Eq. to the lowest 6 x 6 subspace.
In order to take the effect of the doubly occupied singlets into account,
we perform a second-order Schrieffer-Wolff transformation and obtain
the coefficients of the effective Hamiltonian in Eq. as a function of
the magnetic field direction ¢. The result [73] is presented in Fig.

As implied by Eq. (2.6), the off-diagonal elements of the exchange
matrix J,. and J,, and the Zeeman splittings (i.e., A, ,) corresponding to
off-diagonal terms in the single-qubit Hamiltonian vanish, if B is along
a high-symmetry direction. The coupling between the |T.) states, i.e.,
(T_|C|T) = (Jow — Jyy + 2iJ,,) remains finite regardless of the angle
¢. The exchange matrix element .J,,, vanishes along the high-symmetry
directions in Fig. however, this is only due to the relative phase
between the numerically calculated basis states |77.). The ST, splitting
(Juz + Jyy)/2 is approximately equal to /.., but this feature is observed
only for small enough potential barriers vz. The anisotropic exchange
matrix elements and the Zeeman splittings acquire their highest value at
the low-symmetry field direction ¢ ~ 7/8, i.e., in-between high-symmetry
points.

Having obtained the effective interaction between the two qubits, we
are now in the position to discuss how the anisotropic corrections affect
the fidelity of two-qubit gates. This will be done in the following subsec-
tion.

v SWAP gate with anisotropic exchange interaction

Isotropic exchange interaction is a well-known way to implement the
VSWAP gate [1] from which the fundamental CNOT gate can be ob-
tained. However, in Fig. we have seen that anisotropic exchange



CHAPTER 2. EXCHANGE INTERACTION OF HOLE-SPIN QUBITS
IN DOUBLE QUANTUM DOTS 59

(a) (b)
1. 1 ~ — [{01]¢pou (t
0.8 Lot | (10]eon (¢
0.6 0

I — [ {0041 (¢
0.4 6
ANVAYE i — s
0. 1070 l — (St (t

(

0 200 400 600 800 1000 1074 1072 1 10%

2

— {(Srlva®)|?
t [ps] t [ps]
c d)
( )1. ( 1
0.8 o — [o1gu)
0.6 . 2
[ {10[n (1)) *
0.4 6
0 10 o~ | (00 () P
: e w
0. 10-° ZANNNIRIEY]  — 11 eu @) P
0 200 400 600 800 1000 1074 1072 1 10?
t [ps] t [ps]

Figure 2.5: Overlaps between DQD basis states and the states |1 (%))
[(a) and (b)] and |¢11(t)) [(c) and (d)] as a function of time for the low-
symmetry case where ¢ = /8, for a silicon NW. The time evolution is
shown (a) on a liner-linear scale (b) on a log-log scale, with the horizon-
tal lines showing the estimates for the overlaps obtained in Egs. (2.14)-
[(c) and (d) similarly]. Horizontal lines are showing the manxi-
mal overlap as a function of time [note that the one corresponding to
| (01|Y11(8)) | = | (11|he1(2)) |? is shown on both (b) and (d)]. Overlaps
with different basis states are oscillating with the half-cycle duration of
~ hJU for | (Sc|voi(t)) |2, ~ h/A, for | (11]¢o1(t)) |?, and ~ h/(2A,) for
| (00]2b11(t)) | as illustrated by the vertical lines in (b) and (d).

matrix elements and off-diagonal Zeeman splittings (i.e., A,,) emerge
which might affect the operation of such a quantum gate for exchange
coupled hole-spin qubits.

In this subsection we adopt the notation widely used in the literature
of quantum computation. Instead of the two-particle states with (1,1)
charge configuration we introduce the two-qubit basis states |00) = |T7),
10) = [72), J01) = (1Z) — 9))/v/2, and [10) = (|Zb) + |S))/v2. How-
ever, the discussion of the gate errors for exchange coupled QDs cannot
be complete without taking into account the doubly occupied singlets
|SL) and |Sg) explicitly. An ideal vVSWAP gate leaves the qubit states
unchanged, if the two qubits are in the |00) or |11) state, while creating
a maximally entangled state, if they are either in the |01) or in the |10)
state, e.g., U gwap [01) = |—) = (|01) — i [10))/V/2.
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Since the exchange interaction is electrically tunable via the poten-
tial barrier vg [1,69,74476|], we consider a case where initially the two
qubits are in a (disentangled) product state e.g., |01) or |11) and the inter-
action is switched on at ¢ = 0. Therefore, we study the time evolution of
the state |10 (t)) according to the effective low-energy 6 x 6 Hamiltonian
Hgé% corresponding to the parameters of Sec. such that the time evo-
lution starts from a product state, e.g., [001(0)) = |01). The state |11 ())
will have the highest overlap with the target state |—), whent = 7, =
hr (Jyw + Jyy) . To benchmark the accuracy of the gate corresponding
to the |01) input state, we define the fidelity Fo; = | (—|U gwap|01) |* =
| (—|%01(75)) |* and the error rate 1 — Fy;.

To illustrate the role of the anisotropic corrections, we compare the
performance of the gate for two different magnetic field directions, a high
symmetry case (¢ = 0), where the system respects the twofold symmetry
Sy, and a low-symmetry case (¢ = 7/8), where the anisotropic correc-
tions are the largest in Fig. Due to the relatively low potential barrier
vp = 3meV, fast operation times 7, ~ 210ps can be achieved, but the
tidelity Fo, is limited by the tunneling to the doubly occupied states [see
Figs. [2.5(a)-(b) for the low-symmetry case]. Exploiting the L > R sym-
metry, the error rate 1 — F;; can be simply estimated by

L Fo o 2] (Seltbn (1) [2 o 22280, 2.14)
where U ~ 15meV is the charging energy. This error also sets a limit for
the fidelity in the high-symmetry case, since the singlet-singlet tunneling
cannot be ruled out by symmetry arguments.

Due to the anisotropic coupling terms in Hamiltonian H,, the |11)
and |00) states are also affected by the operation. Introducing the state
|Y11(¢)), such that the time evolution starts from a product state, i.e.,
|411(0)) = |11), we define the fidelity of the gate corresponding to the
|11) input state as Fi; = | (11|U gwapl11) |* = | (11|¢411(75)) |* and the cor-
responding error rate 1 — Fy;. In Figs. 2.5(c)-(d) the time evolution of
the overlaps of the state |1;(t)) with the four two-qubit basis states are
shown in the low-symmetry case (p = 7/8). In this case, the fidelity is
limited by the transition probability from the input state |11) to the |01)
and |10) states. The estimated error rate is then given by the induced

Zeeman splittings as

A2+ A7

11— Jtll ~ 2| <01|¢11(TS)> |2 ~ 2 A2

(2.15)
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high symmetry | low symmetry
© 0 /8
1— For 6.2-1074 6-1074
1—Fn 1078 6.4-1077

Table 2.2: Error rates of the vVSWAP gate for the high-symmetry case (¢ =
0) and a low-symmetry case (p = 7/8, providing the poorest fidelities as
a function of magnetic field direction) for the silicon NW setup illustrated

in Fig.2.3(a).

As pointed out in Sec. the |00) and |11) states (|7) states in the ear-
lier notation) are coupled to each other even in the presence of a twofold
symmetry. The error rate 1 — Fj; in the high-symmetry case is then de-
termined by the anisotropic correction to the exchange term J,, — J,, as
follows

4A,

However, for the system considered in Sec. the fidelity Fi; is signifi-
cantly higher than Fy; for both the high- and low-symmetry cases (see
Tab. for the calculated values), implying that for low enough po-
tential barriers vp the fidelity of the vVSWAP gate is not limited by the
anisotropic corrections but by the probability of tunneling to a doubly
occupied state (the opposite limit with a high potential barrier v is dis-

cussed in App.2.G).

2
1 — Fiy ~ | {00]thr1 (75)) |* ~ (M) . (2.16)

2.7 Discussion

Validity of the axial limit. In the axial limit (Avy, ¢ — 0), the symmetry of
the Hamiltonian in Eq. is higher than the actual symmetry of the sys-
tem. In this case due to the continuous rotation symmetry of the Hamil-
tonian, the total angular momentum component iF's (= has) is a good
quantum number regardless of the magnetic field direction. Therefore
this approximation completely ignores the couplings between 7'y and the
STy sector that arise even for perfectly inversion symmetric confinement.

Since the anisotropic terms coupling states with different quantum
numbers in Egs. and are proportional to Ay and ¢, they
are expected to be suppressed for materials of lower anisotropy. A com-
parison of exchange interaction between the above studied silicon and
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the Ge/Si core/shell NW presented in App. is consistent with this
expectation.

Silicon NW with different arrangements. In Ref. [33] the authors sug-
gested to study silicon NWs with (100) growth direction, since a Rashba-
type of SOI is enhanced in these directions compared to the conven-
tionally used (110) growth direction [77]. On the other hand, the (110)
growth direction can be advantageous for the study of the anisotropy
induced SOI effects, since it is less susceptible to external electric fields.

Another interesting feature of the (100) growth direction is that the
NW axis coincides with a 4-fold symmetry axis. If the magnetic field is
applied along the NW, the modulo-4 conservation law of the angular mo-
mentum rules out the anisotropic coupling J,, — J,, as well. However, in
order to achieve such a symmetry in an experimental setup, the electro-
static gates would have to be arranged such that they respect the 4-fold
rotation symmetry and therefore this favourable case does not seem to
be within current experimental reach.

Orientation of the spin-orbit vector. When an electron or hole propa-
gates along the NW axis z, an electric field along the z direction induces
an effective magnetic field along the y axis on account of Rashba SOI. For
holes, however, additional terms can arise such that the electric-field-
induced effective magnetic field (spin-orbit vector) is not parallel to y.
For example, considering a silicon NW with z || (100) and a square cross-
section, the calculations in Ref. [33] resulted in an effective magnetic field
whose component along z (parallel to the electric field) is nonzero unless
Y2 = 73 or sin(4¢’) = 0, where the angle ¢’ depends on the orientation of
the crystallographic axes with respect to the NW cross-section. We note
that this result has remarkable similarities with Eq. (2.12a). The sym-
metry considerations in the present work provide a simple and intuitive
explanation for the unusual, effective magnetic field component parallel
to the electric field derived in Ref. [33].

Further signatures for the Ty decoupling. As discussed in Sec. a re-
markable consequence of the conserved quantum number is the vanish-
ing exchange interaction and single-particle couplings between the T,
sector and the remaining four basis states. Besides the numerical results
for the overlap Sy; and the matrix elements in Fig.[2.4} we also studied the
crossing of the |S.) and the |T_) energy levels as a function of detuning
and the leakage current near the crossing point. These results also con-
tirmed the decoupling of the sectors with different quantum numbers.

Magnetic Weyl points. In Refs. [78]- [79], the authors find that topo-
logically protected magnetic degeneracy points (referred to as magnetic
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Weyl points) can appear in DQDs for arbitrary SOI, i.e., for certain ori-
entations of the magnetic field £Byy, the singlet |.S) and the lower triplet
state |7_) become degenerate: the levels cross as function of magnetic
tield and are protected from hybridization.

In the DQD system considered here, the decoupling of the 7', states
from the ST states also leads to magnetic degeneracy points at fine-
tuned magnetic fields. These degeneracies are protected by the two-fold
(in general N-fold) symmetry of the DQD system. However, establishing
a connection between the topologically and symmetry protected mag-
netic degeneracies requires further analysis.

Applications in experiments. Our results corroborate the strong anisotropy
in spin-related quantities observed in recent experiments [35,36, 80, 81].
Furthermore, many of the recent experimental setups seem to be invari-
ant under reflection with respect to a certain plane, e.g., the plane be-
ing perpendicular to the plunger gates in Refs. [40] and [78]. Since the
orientation of the magnetic field is usually tunable via a two- or three-
dimensional vector magnet, the study of anisotropic effects is well within
the reach of state-of-the-art experiments. In situ control of the confine-
ment is usually also available by all-electrical means via tuning the con-
finement gate voltages [82].

2.8 Conclusion

We showed that an effective spin quantum number can be assigned to
confined hole-states even in highly anisotropic materials if the magnetic
tield is applied along a twofold symmetry axis of the system. Even though
in general, the isotropic Heisenberg exchange is not sufficient to describe
the interaction, exchange based two-qubit gates are likely to be feasible
for hole-spin qubits in NWs. Besides enabling fast single-qubit opera-
tions by purely electrical means [16], silicon and Ge/Si core/shell NWs
are also promising platforms to realize fast and high fidelity two-qubit
operations.

2.A Magnetic field along an N-fold symmetry
axis, generalization of Bloch’s theorem

Considering a system with continuous translational symmetry and im-
posing periodic boundary conditions with a period of L, the eigenstates
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of the Hamiltonian are characterized by the momentum p = hn2* with
n € Z. For discrete translational symmetry Bloch’s theorem [83] states
that only the wave number £ = mod¢(p/h) is a good quantum number,
where G = 2%, is the primitive reciprocal lattice vector with a being the
lattice constant. Even though the wave number % is not a consequence
of a continuous symmetry, it obeys the conservation law mod¢[> ,(k; —
k!)] = 0 for microscopic processes involving more than one particle,
where £; and k] are the initial and final wave numbers of the ith parti-
cle.

An analogous conservation law holds for the angular momentum in
a system with discrete rotational symmetry. The proof is very similar to
that of Bloch’s theorem for a one-dimensional lattice, only the translation
operator T, = exp (—ipa/h), with p being the momentum operator, needs
to be replaced by the rotation operator Ry = exp (—i¢F.), with iF, being
the z-component of the total angular momentum operator, hF = AL+ hJ,
keeping in mind that for particles with half-odd-integer spin the periodic
boundary condition should be imposed for ¢ = 4.

For a system where z is an N-fold symmetry axis the eigenstates of the
Hamiltonian are characterized by the quantum number ay = mody(£),
where F’, is the associated angular momentum eigenvalue. A derivation
analogous to the case of translational symmetry leads to the conservation
of the quantum number o, namely

mod y [Z(am - agw)} —0, (2.17)

i

where ay; and oy, are the initial and final quantum numbers of the ith
particle. The wave function f,, ;. (r) = (r, jlmay) corresponding to the
single particle eigenstate |may) of the Hamiltonian respecting an N-fold
symmetry can be written as

Fmjan (T, 0, 2) = gilan—1)é U jan (T, D, 2) (2.18)

where j is the eigenvalue of .J,, and the function u,, ; ., (r) respects the N-
fold rotation symmetry, i.e., U jay (7 @, 2) = Um jay (7, ¢ + 270/N, 2) for
everyn € Z. Inthe N — oo limit a., = F, is conserved in agreement with
Noether’s theorem and Eq. corresponds to the ansatz of the axial
limit from Refs. [30]- [32]. This finding also explains the presence or ab-
sence of “hole-spin mixing” for vertically stacked lateral QDs in Ref. [65],
even without assuming cylindrical symmetry for the LK Hamiltonian.
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In the case of rotoreflections Sy, the derivation is very similar, how-
ever, the symmetry of the function u,, j ., (r) corresponds to the rotore-
flection, i.e., U, japn (7, @, 2) = U jay (T, @+ 70+ 270 /N, (—1)"2) for every
ne”Z.

2.B Lowest-energy Kramers doublet

In this appendix we show that the two lowest-energy eigenstates of a
single-particle Hamiltonian Hp_, obeying a twofold symmetry R, have
to belong to different values of the quantum number o = a5 in the ab-
sence of a magnetic field.

According to Kramers theorem, in the absence of magnetic field each
energy level should be at least twofold degenerate. Let us assume that
there are no fields and the two energetically lowest eigenstates |¢) and
|th2) = T |¢1) are degenerate ground states, i.e.,

Hp_g Wm) = &0 W1,2> ) (2-19)

with 7 being the anti-unitary time-reversal operator and ¢ is the ground
state energy. Furthermore, due to the anti-unitarity of 7 the time-reversed
partner |¢) is necessarily orthogonal to |¢1) [67].

If the Hamiltonian commutes with a twofold symmetry operator D(R;),
the eigenstates |1/, ») can always be chosen to be simultaneous eigenstate
of D(R) as well,

D(Ra) [i1) = =i |thy) - (2.20)

with the eigenvalue either +i or —i. Since 7 commutes with D(R;), one
obtains

D(RQ) |1/12> = D(R2)T|¢1> = TD(Rz) |¢1>
=T (Fi|¢r1)) = FiT [¢1) = Fi |1y) .

In other words, if |¢1) belongs to the quantum number o = +1/2 its
time reversed partner [i) has to have the opposite quantum number
a=—1/2.

Consequently, when the doublet is split by an external magnetic field
such that the twofold symmetry is preserved, the resulting eigenstates
are of different quantum number (unless the Zeeman splitting exceeds
the orbital splitting, in which case the lowest eigenstates of Hgp are not
time-reversed partners of each other).

(2.21)
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2.C Conservation of the effective spin

In this appendix we derive Eq. of the main text. First we list some
important relations regarding the effect of the symmetry operator D, =
D(R;) on single- and two-particle states which are eigenstates of this
operator:

Dy ma) = e |ma), (2.22a)

D3 |ma) = — |ma) , (2.22b)

Dy |ma,ng) = (DY @ DY) [ma, )

(2.22¢)
= (=) jma, nf),

D? |ma, nB) = |ma, nf3), (2.224d)

where the two-particle states above, |ma, nf) = |ma), ® |nfj),, are prod-
uct states of the single-particle states |ma), and |nf), for the first and
second particle, respectively. The indices m,n,p,q € {01,0g, 11, 15, 21...}
label the single-particle eigenstates of the left or right QD, and «, 3, x, § =
+1/2 stand for the effective spins associated to the single-particle states.
The representation of the symmetry D, acts on the two-particle states
as a tensor product of the corresponding single-particle representations

D). Furthermore, we see that D2 acts on the two-particle states as the
identity, in correspondence with the fact that these states are always of
integer spin.

Provided that the DQD Hamiltonian Hpgp commutes with the sym-
metry operator D, using the relations given above one finds

(ma, nB| Hpao |px. ¢€) = (ma, nB8|Hpao D3|px, ¢€)
= (ma, nB| Dy Hpgp D2|pX, ¢€) (2.23)
= (—1)*XF (ma, nB|Hpap|px, ¢€) -

Subtracting the rightmost part of the equation from the leftmost, we ob-
tain
(1 = (=1)**75X¥€) (ma, nf| Hpgo|px, 4€) = 0, (2.24)

which leads to Eq. (2.6) in the main text.
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2.D Orthonormalization method

In this appendix we present a method to orthonormalize the single-particle
states of the left |az) and right dot |bg). Even though the Gram-Schmidt
procedure is a well known method for the orthonormalization, being a
recursive method it can not ensure the L <» R symmetry for the orthonor-
malized states. Here we present a method that is although less straight-
forward, conserves the physically relevant implications of the inversion
symmetry.

Assuming L <+ R symmetry, the most general transformation con-
necting the single-particle states |a,(g)) to the orthonormalized states
laL(r))on has a block-matrix structure, i.e.,

‘OL>ON ‘OL> A B ’OL>

|1L>ON — CT ‘1L> ’1L> (2 25)
|0R>ON |0R> B A |OR> ’

11r)on 11r) 1R)

where A and B are general 2 x 2 matrices.
Let us consider the state |i), which is a linear combination of the
states |n) = |az(r)), that can have nonzero overlap (n|m), i.e.,

Don = > _(CT)in |n) = Zcmm i=1,..4, (2.26)

where C,,; are coefficients. Next, we impose the orthonormality condition
on these states,

|ON|J Z Cmj (n|m)

(2.27)
= Z C;;Z Snm ij i (5ij ’

where we defined the overlap-matrix S,,, = (n|m). Making the choice

Crm = (S7Y2),m (used e.g. in Ref. [84]), the transformation matrix is not

only Hermitian but also acquires the block-matrix structure of Eq.

as will be shown below.
First the eigenvalue problem of the overlap-matrix will be solved and

then the inverse square-root matrix will be calculated via its eigen-decomposition.
In the L <+ R symmetric case the aligned overlaps Sy, and S;; are

real and the anti-aligned overlaps are related via conjugation Sip = Sg;.



CHAPTER 2. EXCHANGE INTERACTION OF HOLE-SPIN QUBITS
IN DOUBLE QUANTUM DOTS 68

Therefore the overlap-matrix S,,, obtains a simple form

0 0 Sw So

0 0 S, Su
Soo Sor 0 0 |7
S; Sy 00

S = Lyps + (2.28)

where 1,,, is the 4 x 4 identity-matrix. We recall that the states |0;) and
|1.,) are orthonormal and the same applies to the right QD. Since the ma-
trix has two identical Hermitian blocks, its eigenvectors are of the follow-
ing form

(o U1
1 ) 1 v
1 — 2 2 — 2
v = — , v =— , 2.29a
A N (2.29a)
V2 —U2
) —Uy
ORI B O RO (2.29b)
V2 |~ V2 | v

U1 —U1

corresponding to the eigenvalues 1 + Ay, 1 — Ay, 1+ A_,and 1 — A_, re-
spectively. The parameters of the eigenvectors and eigenvalues are given

by

1 (500 —Su ~ S
V=g —— F|wg| ), wva=-—F

P (2.30a)
A = 00;— 1w,
where we used the following definitions:
2 _ (Sw—5Sn i )
N = (T ’ |WS|) * 5ol (2.30b)

lws|? = (Soo — S11)%/4 + |So1|*-

The inverse square-root matrix C = S™'/2 is then obtained in the eigen-
decomposition.
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The first block A of the transformation matrix CT reads as

2 1 1 2 1 1
A 1 U1 (\/1,\+ T \/1+>\+) + [v2] (\/1/\_ * \/1+)\_>
2

V105

(RS W R
VI VI (1= (1

1 1 1 1
V102 <\/1—/\Jr + Vit 1A \/1+/\>
2 1 1 2 1 1
U1 <\/1—)\ T \/1+/\> + 2] (\/1—>\+ + \/1+,\+)
B L+ 2 (vIA2 + |0a]*A2) vive 3 (AL =A%) L O(s?)
- ab/>»
vy 2 (AL =A2) 1+ 3 (0IA2 + [uePA2) 1)
2.31a

where we exploited that v? + |0 = 1 and A = O(S,) as implied by
Eq. (2.30a). The lowest order corrections to the identity matrix are of

second order in S,, = (ar|bg). Similarly, one can obtain the matrix B and
perform the Taylor expansion in S, as

of 1 1 2o 1 1
B—l Ul( \/1)\++\/1+)\+)+|U2| ( \/1A_+\/1+)\_)

2 [ 1 1 11
V1t Vi * V1 . Vi 1A
1 1 T
U1tz ( Vi T V1At * VI \/1+,\>

1

2o 1 2of 1 1
U1 ( V1A t \/1+>\) + [vaf ( V1-As + \/1+,\+)

2 2
1 [(Vids + 2P A vivg (Ay — A2)
( o L] rosi,

2 \owws (A = A0) oPA + Jual?Ay
(2.31b)

which turns out to be of the first order in Sg.
Finally, we comment on the well-known case of electrons with sepa-
rable wave functions, where Sy; = 0 and Spp = S;;1 = S, and thus A\ = S.

Substituting this into Egs. (2.31a) and (2.31b) and using v? + |vy|* = 1, the
formula used for the orthonormalized states in Refs. [69,84] is recovered.
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2.E Single-particle basis for the numerics

The eigenvalue problem of Eq. was solved numerically using a finite
number of basis states. The eigenstates |a) of the Hamiltonian in Eq.
can be expanded on the product basis of orbital states |m,n,p) and the
spin-3/2 eigenstates |j) as

ja) = > & Im,n,p, j) | (2.32)

m7n7p7j

where p is the orbital quantum number corresponding to the wire axis, m
and n are the orbital quantum numbers corresponding to the transverse
direction, j is the eigenvalue of a spin-3/2 operator .J,, and the expansion
coefficients are given by ¢;""" = (m,n, p, j|a).

For the analysis of the overlaps in the presence of both electric and
magnetic fields we used hard-wall confinement in the transverse direc-
tions, i.e.,

0, ifa?+y*<R?

’ (2.33)
oo, otherwise

VNW(xv y) = {
with R being the radius. In this case, the basis states can be decomposed
into a product form |m, n, p, j) = |m,n) |p, j). For the state corresponding
to the transverse directions |m, n) the wave function is given in terms of
Bessel-functions of the first kind,

1 T
<T7 ¢|m7n> _Jm+1($m,n)ﬁR Jm (xm,n§>
V2 cos(mg), form >0 (2.34)
x <1 form =20

V2sin(me), form <0,

where z,, ,, is the nth root of the m¢h Bessel function .J,,,. The confinement
of the QD along the wire (z axis) is assumed to be harmonic, with the
corresponding eigenstates given by Hermite polynomials H,(z). The z-
resolved wave function of the second part |p, j) then becomes

H,(2/1:5) exp(—57)

<Z|p,j>: \/W ’]) )

where the confinement length is defined with the effective mass m.; as
I3, = h*a®/(8vpm.;). The effective mass is obtained by taking the coeffi-
cient of the k2 term in (j| Hix|j), and equating it with 7%/ (2m.;). Allowing

(2.35)
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for different confinement lengths [.; in the basis states (z|p, j) for differ-
ent j, we can reduce the off-diagonal elements in the Hamiltonian. In
our calculation for Fig. the quantum numbers can take the following
values: m € {—2,-1,0,1,2},n € {1,2,3},and p € {0, 1,2, 3,4}.

Calculating the coefficients of the exchange interaction in Fig. [2.4| re-
quired the numerical evaluation of the matrix elements of the Coulomb
interaction ~ 1/|r; — ry| between two-particle basis states. In the basis
of Bessel-functions the solution leads to long running times and poor
accuracy. However, assuming harmonic confinement in the transversal
directions and using the basis of Hermite polynomials in the z and y di-
rections analogous to Eq. facilitates the analytical calculation of the
matrix elements in the transversal directions. For Fig. 2.4 the quantum
numbers of the basis states can take the following value m € {0, 1,2},
n€{0,1,2}and p € {0,1,2,3,4}.

2.F Sy as a figure of merit for the effective spin
mixing

In the main text we argued that the quantity Sy, is a good measure for the
(unwanted) mixing of effective spins (qubits) in the absence of a twofold
symmetry. Here we will show that Sy; can be expressed in terms of
the anisotropy terms A, , of the DQD Hamiltonian as well as the off-
diagonal exchange matrix elements such as J,,.

To this end we focus on our particular example of a silicon NW with
[001] growth direction and in the presence of a perpendicular magnetic
field and perform the symmetry decomposition given in Eq. of the
corresponding single QD Hamiltonian in Eq. according to the mir-
ror symmetry Syp. The symmetry breaking part Hso contains the terms
shown in Egs. (2.12a)-(2.12¢). From this decomposition we derive an ef-
fective 2 x 2 Hamiltonian describing the lowest energy (or qubit) sub-
space. A convenient way to do this is to find the eigenstates of the high-
symmetry part H, and perform an exact Schrieffer-Wolff transformation.
This leads to

A/
HZY = HP® + HZ? = 70(7; + Re(v)o, + Im(v)o, (2.36)

for the lowest 2 x 2 block of Hgp, which is decoupled from the rest of the
states. The Pauli matrices above are defined as o/, = [0+) (0+|—|1—) (1—]|,
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Figure 2.6: Overlaps of the |¢y;(t)) state [(a) and (b)], and the |¢/1(¢))
state [(c) and (d)] as a function of time for the low symmetry case,
where ¢ = 7/8 and vg = 15meV, for a silicon NW. The time evo-
lution is shown (a) on a liner-linear scale (b) on a log-log scale, with
the horizontal lines showing the estimates for the overlaps obtained in
Egs. (2.15), (2.16), and [(c) and (d) similarly]. Horizontal lines are
showing the maximal overlap as a function of time [note that the one
corresponding to | (01]¢11(t)) |* = | (11|¢1(t)) |* is shown on both (b) and
(d)]. Overlaps with different basis states are oscillating with the half cy-
cle duration of ~ h/U for | (Sp|voi(t)) |, ~ h/A, for | (11]|e (1)) |?, and
~ h/(2A,) for | (00]11(t)) | as illustrated by the vertical lines in (b) and

(d).

with the states |0+) and |1—) being eigenstates of the symmetry opera-
tor D(S2p). The energy splitting between the states |0+) and |1—) is Aj,
and the symmetry breaking part of the Hamiltonian HZ3? is proportional
to v = (1-|H33?|0+) = (1—|HéXD2|O+>. Furthermore, Re(v) and Im(v)
correspond to the real and imaginary parts of v, respectively.

Even though the coupling v cannot be expressed in a simple form
generally, for the NW system considered in Sec. 2.6/ one can simply ex-
tract relations for v in two special cases, without performing an explicit
Schrieffer-Wolff transformation. These are:

(i) If Ep = 0, the symmetry breaking part contains only Egs. (2.12a)) and (2.12b)
and therefore Hso ~ sin (4¢). Consequently, the coupling associated with
the cubic anisotropy is v ~ sin (4¢). The values of ¢ where the coupling
vanishes correspond to high-symmetry directions in the system where
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Syp is a symmetry of the Hamiltonian Hqp.

(ii) If we treat the bulk Hamiltonian Hix + H in the axial approxi-
mation (i.e., Ay = ¢ = 0), the coupling induced by the electric field is
v ~ elp, similarly to the case of Rashba SOI. Therefore, we associate this
effect to DRSOI [32,33].

Diagonalizing the effective 2 x 2 Hamiltonian of Eq. (2.36), we recover
the eigenstates of Hgp as

_ Dot A LT
0) = N |0+>+N\1 ), (2.37a)
_ v Ao+ Ap
1) = N|0+>+ N 1-) , (2.37b)

corresponding to the energies +A/2 = /A’t/4+ |v]2 and —Ay/2, re-
spectively. The normalization factor is N = /(Ag + A))2/4 + |v[2.

Moving on to the DQD problem, we introduce the low-energy basis
|0r(m)+) and |11r)—) associated to the left (right) QDs and define the
overlaps

so = (0L +|0r+) (2.38a)
S1 = <1L_|1R_> 3 (238b)

which are in general nonzero, whereas the anti-aligned overlaps vanish,
ie., (1,—|0r+) = (0L+|1g—) = 0 due to the symmetry properties of the
basis states. The system we consider in Sec. is L <> R symmetric,
implying that the quantities s, and s; are real. Exploiting the relations
between the basis states Eq. , we write the overlap between eigen-
states |0.) and |1g) as
* !/

Sor = (0r[1g) = ']//T[AOQLN'AO (s1— s0)- (2.39)
Due to the cylindrical symmetry of the NW the confinement respects the
symmetry S;p, if the magnetic field is applied perpendicularly to the
wire. The induced Zeeman splittings of the left QD reads

Ay —iDy v Ay + A
2 N 2NV (2.40)
X [<1L_‘5VL|1L_> — <0L+‘5VL|OL+>] 5

where 6V}, = Vpgp — V1, and the corrections due to the orthogonalization
of the left and right bases are neglected. At last, we show the formula for
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the coupling matrix element (7%, |C|Tp) (to lowest order in the overlaps)
Ty —idy. v Ao+ A 3\/5
2v2 N\ 2V
x[(024,15—|Cl0L+, 15—)
— (04, 0r+|C|0L+, 05+) ] -

(2.41)

Importantly, the overlap Sy; and anisotropic couplings share the prefac-
tor v* /N, which is typically a small parameter. Therefore, the simple
quantity Sp; does not only show the symmetry properties of Hpgp but
can also be used to study the competition of the two main spin mixing
effects, the cubic anisotropy and DRSOL

2.G Slow vSWAP gates and
anisotropy-limited fidelity

In Sec. we considered the time evolution of the states |1 (¢)) and
|¥11(t)), identified the couplings leading to the largest undesired over-
laps which provided good estimates for the error rates 1 — Fy; and 1 —Fi;
for the vVSWAP gate. We found that the error rate 1 — F;; is orders of
magnitudes higher than the one corresponding to the |11) state, due to
the possibility of tunneling to a doubly occupied state.

In this appendix we discuss a parameter regime for the vSWAP gate
where the two fidelities are limited by the same transition probability
that is set by the anisotropic couplings. This is the regime where the po-
tential barrier is high enough, e.g., vg = 15meV in Fig. while the rest
of the parameters were set to be identical to the case of Figs.[2.4{and
The corresponding error rate for the VSWAP gate is obtained as

A2+ A

T ~ 3 . 10_6, (242)

1 — F ~ 2] (01]ap1y (7)) * ~ 2

where F = Fy = Fi; is the gate fidelity that is independent from the
input state. When the potential barrier is increased, the singlet triplet
splitting is reduced, increasing the v/'SWAP operation time by two orders
of magnitude to 7, ~ 18ns.

For large enough potential barrier v, Eq. loses its validity since

in general the transition probability is set by the tunnel coupling (S| HGH|S),
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Figure 2.7: (a)-(c) Coefficients characterizing the exchange interaction
and the single particle Hamiltonian as a function of the magnetic field
direction ¢ for a silicon NW. For the numerical simulation the follow-
ing parameters were used: double dot distance 2a = 30nm; barrier
height vg = 15meV; magnetic field B = 1T, harmonic potential in the
transverse directions with a confinement length of 2i; = 8nm. (d)-(f)
Coefficients characterizing the exchange interaction as a function of the
magnetic field direction ¢ for a Ge/Si core/shell NW. For the numeri-
cal simulation the following parameters were used: double dot distance
2a = 60nm; barrier height vg = 15meV; magnetic field B = 0.5T; rel-
ative shell thickness [85] (Rs; — R.)/R. = 0.2; harmonic potential in the
transverse directions with a confinement length of 2/ = 8nm.

i.e.,
| (St|Hpgp|S) I
| (Stlvo1(Ts)) |2 ~ 2 ESD

This is an order of magnitude smaller than the leading correction to the
error rate. Therefore, we conclude that the anisotropic corrections are
influencing the vVSWAP gate fidelities only for very slow gates.

~ 1077, (2.43)
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2.H Comparison of the exchange interaction
between silicon and Ge/Si core/shell NWs

In this appendix we present the role of the anisotropy parameters Ay /%
and ¢/|x| for the exchange interaction and, in particular, compare sili-
con with Ge/Si NWs in the absence of electric fields, i.e., E = 0. In
Fig. 2.4 we saw for the case of silicon that the cubic anisotropy renders
the exchange interaction anisotropic and introduces off-diagonal terms
Jzz, Jy2, if the magnetic field is applied in a low-symmetry direction. As
we have seen in App. these anisotropic effects disappear in the axial
approximation since the symmetry breaking parts of the Hamiltonian,
Egs. and are proportional to Ay and ¢, respectively.

Next, given the recent experimental interest, we consider a Ge/Si
core/shell NW, with [001] growth direction. The coordinate axes were
chosen identically to the case of silicon (z,y, z correspond to the [100],
[010] and [001] crystallographic axes, respectively) in which case the Bir-
Pikus Hamiltonian becomes

HYY = be.. —e))J?, (2.44)

where we omitted a constant part, b = —2.5eV, while the values of the
strain (¢,, and €, ) as a function of relative shell thickness (Rs — R.)/R. =
0.2 are taken from Ref. [85].

We performed the calculation similarly to Sec. For the case of a sil-
icon NW in Figs. a)-(c) we used the same parameters as in Sec. the
only difference being that we used a significantly higher potential barrier,
vp = 15meV. For the case of the Ge/Si core/shell NW [see Figs. 2.7(d)-
(f)], the shell is taken into account via the strain term in the Hamiltonian
of Eq. (2.44), and the Luttinger parameters are v; = 13.38, 7o = 4.24,
73 = 5.69, Kk = 3.41, and ¢ = 0.06 [63]. Note that while the anisotropy
parameters for silicon are Ay/y = 1.1 and ¢/|s| = 0.024, for germa-
nium the same quantities are significantly smaller, i.e., Ay/5 = 0.28 and
q/|k| = 0.018.

A remarkable reduction can be observed in the anisotropic exchange
terms for a Ge/Si core/shell NW (see Fig.[2.7), compared to the case of
silicon NWs. The parameters are set such that the Zeeman splitting and
the diagonal exchange matrix elements are of the same order for the two
materials. One can directly see that although in the case of silicon NW the
off-diagonal terms can be comparable to the diagonal ones, they almost
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disappear (at least they are below the accuracy of our numerics) for the
strained Ge/Si core/shell NW.
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CHAPTER

Zero-field splitting in Si and Ge
quantum dots

Adapted from:

Bence Hetényi, Stefano Bosco,and Daniel Loss

“Anomalous zero-field splitting for hole spin qubits in Si and Ge quantum dots”,
arXiv:2205.02582/ (2022)

An anomalous energy splitting of spin triplet states at zero magnetic
tield has recently been measured in germanium quantum dots. This
zero-field splitting could crucially alter the coupling between tunnel-
coupled quantum dots, the basic building blocks of state-of-the-art spin-
based quantum processors, with profound implications for semiconduct-
ing quantum computers. We develop an analytical model linking the
zero-field splitting to spin-orbit interactions that are cubic in momen-
tum. Such interactions naturally emerge in hole nanostructures, where
they can also be tuned by external electric fields, and we find them to
be particularly large in silicon and germanium, resulting in a significant
zero-field splitting in the p.eV range. We confirm our analytical theory by
numerical simulations of different quantum dots, also including other
possible sources of zero-field splitting. Our findings are applicable to a
broad range of current architectures encoding spin qubits and provide
a deeper understanding of these materials, paving the way towards the
next generation of semiconducting quantum processors.
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3.1 Introduction

The compatibility of localized spins in semiconducting quantum dots
(QDs) [1]] with the well-developed CMOS technology is pushing these ar-
chitectures to the front of the race towards the implementation of scalable
quantum computers [2}4},11,/16}18]. Spin qubits based on hole states in
silicon (Si) and germanium (Ge), in particular, are gaining increasing at-
tention in the community [11,16] because of their large spin-orbit interac-
tion (SOI) [7H10]], enabling fast and power-efficient all-electric gates [11-
13] and strong transversal and longitudinal coupling to microwave res-
onators [14-18]. Also, significant steps forward in material engineer-
ing [19,20] as well as fast spin read-out and qubit initialization pro-
tocols [21-24] facilitated the implementation of high-fidelity two-qubit
gates [6,25] and of a four-qubit quantum processor with controllable
qubit-qubit couplings [27].

In contrast to electrons, the properties of hole QDs depend on the mix-
ing of two bands, the heavy-hole (HH) and light-hole (LH) bands, result-
ing in several unique features that are beneficial for quantum computing
applications [28-35]. In addition to the large and externally controllable
SOI [7,128,33], that can be conveniently engineered to be linear or cubic in
momentum [8},29,36-39], hole spin qubits also feature highly anisotropic
and electrically tunable g-factors [40-44], hyperfine interactions [35], and
anisotropies of exchange interaction at finite magnetic fields [31]. Be-
cause HHs and LHs are strongly mixed in quasi one-dimensional (1D)
systems, these effects are significantly enhanced in long QDs.

Recent experiments in Ge QDs with even hole occupation have also
detected a large anomalous lifting of the threefold degeneracy of triplet
states at zero magnetic field [45], yielding another striking difference
between electrons and holes. A similar zero-field splitting (ZFS) has
been reported in other quantum systems e.g., divacancies in silicon car-
bide [46]], nitrogen-vacancies in diamond [4748]], and carbon nanotubes [49],
where it is associated to the anisotropy of the two-particle exchange inter-
action. In this letter, we discuss the microscopic origin of this anisotropy
in hole QDs and we propose a general theory modelling the ZFS in a
wide range of devices. Our theory helps to develop a fundamental un-
derstanding of ZFS, essential to account for its effect in quantum comput-
ing applications. For example, the exchange anisotropy could enable the
encoding of hole singlet-triplet qubits [50-53] at zero magnetic filed, and
when combined with a Zeeman field, it can lift the Pauli spin-blockade,
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with critical implications in read-out protocols [54]. Furthermore, ZFS
can introduce systematic errors in two-qubit gates based on isotropic in-
teractions between tunnel-coupled QDs [1,31}55].

We associate the large ZFS emerging in hole QDs to a SOI cubic in mo-
mentum. The SOl is a natural candidate to explain exchange anisotropies,
however, its dominant contribution —linear in momentum- can be gauged
away in quasi 1D systems [56-58] and cannot lift the triplet degeneracy
without magnetic fields. While in electronic systems only the linear SOI
is sizeable, in hole nanostructures the large mixing of HHs and LHs in-
duces a large cubic SOI [29,30] yielding a significant ZFS in Si and Ge
QDs. Strikingly, this ZFS is tunable by external electric fields and can be
engineered by the QD design.

We develop a theory for the cubic-SOI induced ZFS that relies ex-
clusively on single-particle properties of the QD and the Bohr radius,
providing an accurate estimate of the ZFS in a wide range of common
architectures. In realistic systems, this ZFS is in the peV range, orders
of magnitude larger than alternative mechanisms. For example, we find
that ZFS of a few neV can also be induced by short-range corrections of
the Coulomb interaction arising from the p-type orbital wavefunctions
of the valence band [34,59]. In addition, our theory relates the axis of
the exchange anisotropy to the direction of the SOI, and corroborates the
observed response of the QDs to small magnetic fields [45]. Importantly,
because in long QDs comprising two holes the Coulomb repulsion of the
two particles forms a double QD [60-63], our theory describes the ex-
change anisotropy also in tunnel-coupled QDs, the prototypical building
blocks of current spin-based quantum processors [31}55,64], and thus
our findings have profound implications in the growing research field of
quantum computing with holes.

3.2 Analytical theory

Large SOI emerges naturally in hole spin qubits encoded in long quan-
tum dots, where the confinement potential in two directions is stronger
than in the third one. Such nanostructures include a wide range of com-
mon spin qubit architectures, such as Si FInFETs [12,23,28,33], squeezed
QDs in planar Ge [37], and Si and Ge NWs [7,9,(62,68]. Their response
is well-described by an effective 1D low-energy Hamiltonian acting only
on a few subbands.
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(a)

AY/D A+/D

Figure 3.1: Exchange interaction in long quantum dots. (a) The effective
1D potential V,(z; — 22) is shown in gray (without units) as a function
of relative coordinate z = z; — 2z, where %z, are the minima of the po-
tential. The energy levels corresponding to the lowest singlet and triplet
states, and the corresponding orbital wavefunctions are overlayed with
blue and red, respectively. Vertical arrows show the definition of the ex-
change splitting and ZFS, J and D, respectively. Note that the energy
scale of the singlet-triplet energy levels is only schematic, not matched
with that of the effective potential. (b) Splitting € of the three triplet states
when the Zeeman field is aligned with the SOI (AY, left panel), and when
it is perpendicular to it (A, right panel).

We now focus on a QD defined in a NW with a square cross-section
of side L. By resorting to Schrieffer-Wolff perturbation theory [69] dis-
cussed in detail in Sec. of [66], we find the effective Hamiltonian
acting on the lowest pair of subbands as

2 2
H, = Px + up,o¥ + vspio¥ + Mzz , (3.1)
2m* N 2m*d

up to third order in the momentum p, in the long-direction. Here, m*
is the effective mass, v and v3 are the linear and cubic SOI, respectively,
and oY is a Pauli matrix. The QD is defined by a harmonic potential
parametrized by the length [. and modelling the smooth electrostatic
confinement produced by metallic gates. Eq. is valid when [, 2 L/7.
Two holes confined in the same QD are described by the Hamiltonian
H, = Hfl) + H1(2) + V", where V" is the effective Coulomb poten-
tial in the lowest subband sector. Coulomb interactions with higher sub-
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Figure 3.2: Anisotropic exchange interactions in Ge. (a) Exchange split-
ting 7 and ZFSs D and £ in a Ge square NW with side length L = 10nm
and compressive strain ¢,, = —0.5%, as a function of QD length L,
for E, = 5V/um; the analytical results of the corresponding quan-
tities are shown in dashed lines. Here the QD length is defined as
L. = (m*y1/m.)"*l, ~ l,, where m, /7, is the averaged hole mass with
m. being the electron mass and v, is a Luttinger parameter [[65,66]. (b)
ZFSs as a function of electric field £, for L, = 12nm; inset: zoom at small
electric fields, where the main anisotropy axis changes from the wire axis
(2) to the SOI axis (y).

bands are negligible when L/7 < ap, where ap = 4we, h?/m*e? is the
effective Bohr radius with ¢, being the dielectric constant of the material.
The Coulomb potential Vi1 is sketched in Fig. a), and is discussed
in [66].

The linear SOI v in Eq. (3.1) can be eliminated exactly by a spin-
dependent shift of momentum that leaves the potential unchanged, and
only negligibly renormalizes the effective mass m* [66]]. The two-particle
Hamiltonian is then given by

1 h? 1 h?
— P2 Z2 a2 2 g
4m* + m*{4 + g + 4m*l§z +Velz) (3.2)
+ Py (of +03) + Py (o —03),

H,

where Z = (21 + 22)/2 is the center-of-mass (COM) coordinate with con-
jugate momentum P = p,, + p,,, and z = z; — 2, is the relative coordinate
with momentum p = (p., — p.,)/2. The cubic SOI yields the perturbative
corrections Py~ = v3 (§P* + 3Pp?), and Py = v3 (3P%*p + p?) in the sec-
ond line of Eq. ; these terms mix relative and COM coordinates and
are crucial for the ZFS.

At v3 = 0, the Hamiltonian of the COM coordinates is a harmonic
oscillator with an orbital energy A, = h?/m*[2, while the Hamiltonian of
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the relative coordinates is Hy| = p?/m*+h?2? /4m*I2+V,(z). Ina NW with
a square cross-section and when [, 2 ap, the effective 1D Coulomb inter-
action is well-approximated by V,(2) ~ A,[2? + (L/4)%7/%?/ap, where
L/4 is a short-range cutoff of the potential derived in Sec. of [66]. In
this case, the system is fully described by two relative length scales [ /ap
and L/ap. Because the effective potential in H, is an even function of
z, the corresponding eigenfunctions have either even or odd parity, en-
abling the distinction between singlets (even) and triplets (odd) states.

While in this work we focus on a single QD occupied by two holes,
we emphasize that our theory is also valid for two tunnel-coupled QDs,
the basic components of current spin-based quantum processors [6,27].
In fact, as sketched in Fig. [3.1fa), in a doubly occupied long QD, with
l, 2 ap, the Coulomb repulsion forces the two particles towards opposite
ends of the dot [60-62], effectively resulting in two coupled dots. We also
remark that because ag ~ 12nm (ag ~3nm) in Ge (Si), the condition [, 2
ap of long QDs is typically respected in current experimental setups [13,
45|70].

By a second order Schrieffer-Wolff transformation [69] and projecting
the two-particle Hamiltonian onto the lowest energy singlet and triplet
states, we find that the exchange Hamiltonian is

1 1
Heff :Z<j + D)O’l Oy — §D0'21’10'22J
. . (3.3)
+ AT (o1 +oy) + SAY (0] +03),

where A? is the Zeeman field parallel to the SOI, while A+ = (A A?)
are components perpendicular to it. The exchange splitting J = ¢;, —
eg > 0 only weakly depends on v3 and it is well approximated by J, =
¢ h%a%/m*1%, the energy gap between the lowest odd and even eigenstates
of the relative coordinate Hamiltonian. We introduce the dimensionless
coefficient ( ~ 0.3 — 1 for 0.8 < L/ag < 2and ag < I, [66].

Without magnetic fields, A’ = 0 and Eq. corresponds to an ex-
change Hamiltonian with a uni-axial anisotropy, i.e., J,, = J.. = J and
the anisotropy axis is aligned to the SOI (i.e., y-direction) with J,, =
J + D. As sketched in Fig.[3.1[a), the ZFS D lifts the degeneracy of the
triplets 7'y and 7}, where the three triplets 7' ; are defined with quanti-
zation axis along y-direction. From perturbation theory, we obtain [66]

D= m*vgl—477. (3.4)
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Here the dimensionless coefficient n ~ 0.4 — 0.8 includes various com-
binations of dimensionless momentum matrix elements. The exact func-
tional dependence of  and ( on L and [, is discussed in detail in Sec.
of [66]. Because 1) depends only weakly on the relative length scales . /ap
and L/ap in long QDs, to good approximation we find that D oc [;*. We
also emphasize that this ZFS is strongly dependent on the cubic SOI and
it requires a sizeable value of v, achievable only in hole QDs. The rela-
tive anisotropy of the exchange interactions is

D m*uih*n

J o oap
where 1/¢ ~ 1 — 5 depends weakly on ap and therefore, the anisotropy
scales as D/J o< (m*)*.

The magnetic field dependence of the triplet states can also be de-
duced straightforwardly from Eq. and it is sketched in Fig[3.1(b). If
the magnetic field is applied parallel to the SOI (i.e. the anisotropy axis)
the non-degenerate triplet 7j is unaffected by the field and ¢, = J + D,
whereas the degenerate triplets 7% split linearly with the Zeeman field
as ey, = J + AY. In contrast, if the field is applied perpendicular to
the SOI, one of the degenerate triplets, e.g., 1}, stays at the same energy
ey = J, while the remaining triplets 77, split quadratically as Ep, =

J +D/2+ /D?/4+ |At|? at small Zeeman fields. This signature of the
exchange anisotropy is consistent with recent experimental observations
in Ref. [45], supporting our theory of ZFS in Ge hut wires.

(3.5)

3.3 Numerics

We confirm our analytical results by comparing them with a numerical
simulation of long QDs in square Ge and Si NWs with side length L
based on the 6-band Kane model [65]. By imposing hard-wall bound-
ary conditions at the edge of the NW cross-section, we obtain an effec-
tive 1D model including several transversal subbands. With a third or-
der Schrieffer-Wolff transformation, we then fold the higher energy sub-
bands down to the lowest four subbands, also accounting for terms that
are cubic in momentum. We emphasize that in contrast to our analyti-
cal treatment, where we only account for a single pair of subbands, see
Eq. (3.1), our numerical treatment also includes a pair of higher-energy
subbands [66]. Furthermore, we include Coulomb interaction matrix el-
ements that couple different subbands, as well as short-range interband
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corrections to the Coulomb interaction [34], that we identify as an alter-
native source of ZFS. In our simulation, we also consider a compressive
strain along the wire, with €., = —0.5%, ensuring that the lowest band
has a positive effective mass [7,28]. More details on the numerical simu-
lation are provided in Sec. of [66], where we also confirm the validity
of our four subband model by comparing it to a full three-dimensional
simulation.

In Fig.3.2(a), we compare the numerical simulation of a Ge NW with
L = 10nm with the analytical formulas of the exchange splitting 7 and
the ZFS in Eq. as a function of QD length L.. In this calculation, the
{z,y, 2} axes coincide with the (100) crystallographic directions. Strik-
ingly, the numerical exchange splitting [ is in excellent agreement with
the analytical formula, and also D is reasonably well captured by the sim-
ple Eq. in a wide range of QD sizes. We emphasize that due to the
weak dependence of the coefficient 7 on the side length L in long QDs
(L,ap < 1) Eq. can accurately estimate the ZFS in general architec-
tures.

The numerical solution in Fig. [3.2(a) also reveals an additional ZFS
of the remaining two triplet states, that emerges because of the short-
range corrections to the Coulomb interaction [34]. These corrections stem
from the atomistic interactions of the p-type Bloch functions and induce
mixing between the different bulk hole bands. The contribution of the
short-range corrections to the effective Hamiltonian of Eq. can be
written as

1
Heff,s—r = Ego-fo-g ) (36)

where £ is the exchange anisotropy along the NW (z-direction). This
ZFS induces an energy gap £ between the triplets |Ty), |T.) = (|T) +
IT_))/+/2, and the remaining states [the singlet |S) and the third triplet
IT}) = (|T) —|T_))/+/2], thereby lifting the remaining triplet degeneracy
at zero magnetic field.

The exchange anisotropy £ induced by the short-range Coulomb in-
teraction is also present without external electric fields, where the SOI
vanishes [see Fig.[3.2(b)]. In this special case because of the fourfold sym-
metry of the system, the anisotropy axis is aligned to the wire [66,71}72].
If an electric field is applied perpendicular to the wire, the symmetry
is reduced and the remaining degeneracy is also lifted. (For a detailed
symmetry analysis of different wire geometries see Sec. of [66].) At
small E,, the ZFS D increases quadratically with the electric field, be-
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Figure 3.3: Dependence of the ZFS D in Eq. on the electric field E,.
With blue (red) lines, we show Ge (5i) for two different growth directions
and split-off gap Ago ~ 1504, (Aso ~ 4A,). Here, we consider [, = L =
2ap, z || [001], and we use the strain €¢,, = —0.5%. The orbital energy is
A, = B /m*I2.

cause vz ~ E,, and eventually overcomes & [see the inset in Fig. b)],
aligning the main anisotropy axis to the SOI. For higher electric fields, v3
(and thus D) reaches a maximum value and starts to decrease, in analogy
to the linear SOI v in various NW geometries [28,33].

The electric field dependence of the ZFS in Eq. is dominated
by v3 and therefore D is highly tunable by the external gate potentials
and by the QD design. In particular, in Fig. we show D as a func-
tion of electric field in Ge and Si NWs for different growth directions.
For both growth directions, the ZFS —relative to the orbital splitting— is
significantly smaller in Si than in Ge. This reduction is a result of the
hybridization of HHs and LHs with the spin-orbit split-off band that is
much closer in Si (Ago = 44meV) than in Ge (Aso = 296 meV) [65],
effectively decreasing the HH-LH mixing and the SOI [33]].

The ZFS also varies substantially between different growth directions
for both materials as shown in Fig. The strong dependence of the SOI
on the growth direction is well-known in Si nanowires [28,33], and it is
also significant in Ge. Strikingly, the linear SOI v changes only slightly
in Ge between the two growth directions [28}37], but the cubic SOI v is
strongly altered between the two cases, yielding an order of magnitude
larger ZFS when « || [110]. This enhancement can be explained by consid-
ering that the cubic SOI is a higher order correction that involves more
subbands, making v3 more sensitive to the growth direction and to the
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design of the QD. This finding stresses once again that the ZFS in hole
QDs is induced by the cubic SOI v3 and that there is no direct relation
between the ZFS and the linear SOI v.

3.4 Conclusions

We presented a simple analytical model explaining the large anomalous
triplet splitting at zero magnetic field, emerging in QDs occupied by two
holes and shedding some light on recent experimental findings [45]. We
related the ZFS to a cubic SOI that is externally tunable by electric fields
and can be engineered by the design of the QD. In striking contrast to
linear SOI effects, the ZFS is found to depend significantly on the growth
direction not only in Si but also in Ge QDs, where such anisotropic ef-
fects are typically small [7,28]. The SOI induced ZFS is also found to be
orders of magnitude larger than short-range corrections to the Coulomb
interaction, an alternative mechanisms for the ZFS of triplet states. While
our analytical model focuses on doubly occupied long QDs, our findings
are also valid in two tunnel-coupled QDs, the main building blocks of
current spin-based quantum processors, and thus our work has deep im-
plications for the design of future scalable quantum computing architec-
tures with hole spin qubits.

We thank A. Palyi, D. Miserev, and G. Katsaros for the fruitful discus-
sions. This work was supported as a part of NCCR SPIN funded by the
Swiss National Science Foundation (grant number 51NF40-180604).

3.A Zero-field splitting induced by cubic
spin-orbit interaction

Here, we discuss in more detail the effective model of the zero-field split-
ting introduced in the main text. When the QD is elongated in the =
direction, the low-energy behaviour of the system can be described by
an effective model where only the lowest subbands of a quasi-1D system
are taken into account. Here we present a two-band minimal model that
is sufficient to explain the mechanism. This model gives a rather accurate
estimate of the zero-field splitting in a wide range of cases. We consider
the Hamiltonian up to third order in momentum including a harmonic
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confinement

_ P

3 Ry,
T + vp.o¥ + vsplo? + (3.7)

QmBL‘le ’

where m is the effective mass, v is the spin-orbit velocity, v is the coeffi-
cient of the SOI cubic in momentum p., and L. the harmonic confinement
length of the QD. Note that the linear and the cubic SOI terms need to be
aligned to the same SOI axis (here ¢¥), otherwise one could construct
second order terms at B = O such as (p*), (p),  o%c¥ ~ p'c* that would
break time-reversal symmetry.

We apply a unitary transformation U(py) = exp(—ipozo¥/h) on the
Hamiltonian in Eq. that shifts the momentum as p, — p, — poo?. By
choosing the momentum shift py = (1 — /1 — 12m?vsv)/6mu;s such that
the terms linear in p, vanish, we obtain the Hamiltonian

H,

mn

. ; P’ 5 Py,
Hy = U'(po) HiU(po) = + vspzo? + 17
2m* 2mL7 (3.8)
11 '
with — = —/1 - 12m?v3v,
m*  m

where 12m?v3v < 1 even for strong electric fields and we introduce the
renormalized harmonic confinement length as I, = (m./m*y,)/*L,. In
the followings we omit the tilde from the transformed Hamiltonian H,
(as in the main text).

We now consider two-particle systems and we include Coulomb in-
teraction in the 1D Hamiltonian of Eq. (3.8). Then the two-particle Hamil-
tonian reads

Hy = H{" + H” + (224 22) + V21 — ). (3.9)

2m*[4
Here, V,(21 — 29) is the effective 1D Coulomb interaction obtained by pro-
jecting the Coulomb interaction onto the lowest subband with the corre-
sponding lowest eigenstates of the full 3D Hamiltonian at p, = 0. Due
to this projection, the singularity of the Coulomb interaction is cut off in
V(21 — #2) at a distance |z; — 23| ~ L < [, determined by the transversal
confinement (see Sec. for a fitting formula at square cross section).
Moving to the center-of-mass (COM) frame one obtains,

1 P2 h2 p2 FLZ

= + 7
4m* m*l2 - m* * Am*ld

1 3 3
+ vg (—P3 + —sz) (0¥ + oY) + v3 (—PQp +p3) (0¥ —aY),

H, 22+ V(z)

(3.10)
8 2 4
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where the position and the conjugate momentum for the COM and the
relative coordinates read

Z = (Zl + Z2)/27 P = Dz +pz2 ) (311a)

Z =21 — 22, b= (pzl _pzz)/27 (311b)

respectively. Since the cubic SOI term o v3 is obtained by a third order

Schrieffer-Wolff (SW) transformation, it is suppressed by the subband
gap compared to other terms of the Hamiltonian. If the subband gap is
large compared to vsh?/12, the cubic SOI term can be treated as a small
perturbation that couples both the COM and relative coordinates with
the spin degree of freedom. We divide Eq. into three terms

1 h?
P2
dm* * m*(4

HSOM = VAR (3.12a)

2 h2
Py 2 24V, (3.12b)

m*  4m*ld

rel
H =

1 3 3
V= (5P 500 ) o+ ob) 4o (3P% 40 ot - o

=Ps (0] +08) + Py (o] —03).

(3.12¢)

The COM Hamiltonian of Eq. can be rewritten using the har-
monic oscillator ladder operators defined as P = i(a’ — a)h/l, and Z =
(a' + a)l,/2 such that HSM = A, a'a, where A, = h*/m*[? is the energy
splitting of the COM mode. In contrast to H*°M the Hamiltonian H™
cannot be diagonalized exactly. Nevertheless exploiting the z <+ —z sym-
metry of the Hamiltonian, we can denote the lowest even (odd) eigen-
state with S (T') referring to their singlet-like (triplet-like) behaviour un-
der particle exchange. Even though the 1D two-particle problem of a
harmonic potential in the long QD limit (I, > ap) can be treated ana-
lytically in the Hund-Mulliken approximation [60,62], here we resort to
the numerical solution of this problem because we are interested in the
l. 2 ap regime where this approximation is not accurate.

By using a second order Schrieffer-Wolff transformation, we project
the Hamiltonian to the ground state of the COM Hamiltonian and the
two energetically lowest eigenstates of the relative coordinate Hamilto-
nian (i.e., one singlet-like and one triplet-like state). Thereby, an effective
low-energy Hamiltonian is obtained, from which the anisotropy axis can
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be deduced and the magnetic field dependence can be straightforwardly
discussed. The effective low-energy Hamiltonian reads

Heig = —Jo IXs) (Xs| + West , (3.13)

where 7 is the energy splitting between the lowest-energy eigenstates
of and |xs) = (|1), [4) — ), [1),)/V/2 is the spin part of the sin-
glet wavefunction, and where we choose the spin quantization axis along
y-direction, i.e. o/ |1 (1)), = £|1 (})),- In the following we also need

the three triplet-like states, denoted by |xz,) = (|1, 1), + 1)1 [1)5)/V2,
Ix7.) = [T); 1)y and [x7_) = [1); [{)5. The effective coupling

o0

i

Woee — — — 1 —nt

it = —op lim [ dte™ ([V(2),V])
0

. o (3.14)
=~ tim [ e (P (0),P5]) (1 + ofod)
n—
0

+ [Py (1), P5]) (1 - ofol)}

stems from the cubic SOI terms of Eq. (3.12d), where V (t) = e!Hot/hy/ ¢ =iHot/h
is the perturbation in the interaction picture, with the unperturbed Hamil-
tonian Hy = HSM+ HI. Also, the expectation values in Eq. project
the effective Hamiltonian onto the low-energy singlet-triplet subspace,
and in the second equation we exploited the fact that (o} + 03 ) (0} — o)) =
0.

To include Pauli’s principle, we restrict the Hilbert space to the anti-
symmetric 2-particle solutions by projecting Eq. onto the lowest-
energy singlet and triplet basis. The respective spin matrices projected
onto the triplet sector can be written as

(1+ov02)r = 2(xz, ) Oery | + [xr) (X7 [) = 1+ 0703, (3.15a)
Y Y 1 Y Y 1
(1= 0oi03)r =2Ixg) X | = 5~ %192 + 591702, (3.15b)

while the corresponding projection of the singlets reads
(14+0}0d)g=0, (3.15¢)

1 1
(1—0i0d)s = 2|xs) (xsl =5 391 02 (3.15d)
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Exploiting that the spin parts of the effective low-energy Hamiltonian do
not couple the singlet with the triplet sectors one may write the pertur-
bation as

1 1
Wesg = Wi (14 olod) + W5 (5 —oloy + 501 0-2)

(3.16)
+Wy 1 10' o
S 2 2 1 2 5
where the prefactors, in analogy with Eq. (3.14) are given by
Y
Wiy = =3 Jm [ dte™ {(P5(), P5 sy - (3.17)

0

Here, (...)g.r) is the expectation value taken with respect to the state
0, ¥s(ry) = |0) |¥s(r)), where |0) is the ground state of the COM Hamilto-
nian and |1 (7)) is the lowest-energy singlet-like (triplet-like) eigenstate
of the relative coordinate Hamiltonian in Eq. (3.12b).

Substituting the effective coupling into (3.13), the effective Hamil-

tonian can be written in the following form
1 L.,y
Heff: Z<‘7+D)01'02_§D01027 (318)

where D = 2(W; — W) is the exchange anisotropy responsible for the
zero-field splitting and J = Jy + 2(W} — Wy) is the exchange splitting
between the singlet and the 7. doublet. In order to determine the zero-
tield splitting D we need to calculate the quantities W;E(T). To this aim,
we first write the time-evolution of the COM momentum as

h . ‘
P(t) = zl— (aTe’A"t/h — ae’m"t/h) , (3.19)

while higher powers of the momentum can be expressed straightfor-
wardly by using the creation and annihilation operators a and a. For
the matrix elements of the relative momentum we can only exploit the
even/odd parity of the basis states to write the matrix elements of p and
p® between |¢)g()) and an arbitrary state |¢,) as

(s P2 (1) [n) =D b, (P gy € ETT=NN (3.20a)
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(Wr[p"3(t) [Pn) = Z(Sns e~i(Es, e n)t/h (3.20b)

where S; (T;) denote the h1gher energy even (odd) states for: =1,2,3...
The matrix elements of p?(t) can be written analogously and only couple
even (odd) states to higher even (odd) states. In the next step the pro-

jected commutators in Eq. (3.17) are obtained using Egs. (3.19)-(3.20b),
resulting in

9 ,mS _, 6 hS ..
+ + 22 —iAst/h | Y 27" —3iAst/h
<[P3 (t)77)3 ]>T _64v3 l(j € / + 641}3 lg €
9 ,ht y
+gUhgr () e (3.21a)
2
i 91}3 72 Z’ Ao+sT —er)t/h h.c.
_ IR Y 3 —ies, —er)t/h
(P5 (0).P5 )y =583 ZRer ), (P S
+ 02 Z [(p |2€—i(55i—6T)t/h
(3.21b)
16,03 l4 Z’ rs, 2 —Z ES —er)t/h
4
_|_ 9/03 74 Z | 2Ao+€5 —Er t/h h c.
- — 3 h2 —i(er. —€
([Ps (1), P = U3 2 ZR P Ts]e (ery—es)t/h
+ 02 Z |(p i(er, —es)t/h
(3.21¢)

9 h4 —i( —€
_|_ ,03 l4 Z | ’2 2A0+5T S t/ﬁ h C.

where the commutator in W is not listed since it does not contribute to

the effective coupling in Eq. (3.16). The time integrals in Eq. (3.17) can be
evaluated using [;° e~ = —j/(w — i07).
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Finally, the zero-field splitting D is expressed in terms of momentum
matrix elements as

JRS 19 LR (p?) R (), I?
D= 27" T 277 i
16 3l6A TBE A, +9”3z2 ZA Rp——
Rz« Re[(p®) . (p), rs |’
- 9 TS;
602 7 Z E—— 32 E— (3.22)

2 2
| | . SR

9 ,h |(P) .4
2 3l4 Zon‘i‘gSi_ET_ngHn’

9 Hht = [(P)ys,

€5, —ET

where we defined the dimensionless prefactor 7 as in Eq. (3.4) of the main
text. We show its functional dependence in Sec. Moreover, the ex-
change splitting is given by

B 1,001 9,8 (), oz |
J == 16318 A, 27370 A, 3Z2ZA +8T—ET
12 = Rel(p?) (P, o, I’
i 2
+ 605 [2 Z er, — €8 32 er, — €8 (323)

* *

9 ,ht ().
+§ l_422A0—|—5Ti—55 ~Jo,

where Jy = er — eg is the triplet-singlet splitting of the unperturbed
Hamiltonian. These equations correspond to the ones reported in the
main text.

9 Bt 1P,
+4 3Z4Z —

€T, — €8

Momentum matrix elements of the relative coordinate

We now provide more details on the magnitude of the exchange J and
of the zero-field splitting D. The analytical result of the ZFS in Eq.
involves a number of matrix elements of different powers of momentum
between the eigenstates of the Hamiltonian H:® of the relative coordinate
in Eq. (3.12b). Since the Hamiltonian contains the effective 1D potential
V(21 — 22), it is difficult to estimate this matrix elements in general.
Here we restrict our attention to nanowires with square cross section
and side length of L and calculate the effective 1D Coulomb potential
numerically as discussed in Sec. We find that the relevant momen-
tum matrix elements are very well reproduced by using the following
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effective potential

e? 1
Vil(z) ~ , (3.24)
Amer (/2% + (L/4)?
where ¢, is the dielectric constant of the material. The dimensionless
Hamiltonian with the approximating formula used for the effective 1D
Coulomb interaction reads as

H;el
A,

1 [, 1
= -0+ -2*+ = (3.25)

4 ap \/x% + (L/4l,)?’

where © = z/l,. The Hamiltonian depends on two dimensionless pa-
rameters [, /ap and L/l, (or equivalently /,/ap and L/ag). Therefore all
the matrix elements in Eq. can be expressed as a function of these
quantities leading to D = npm*v3kh*/I}. The dimensionless coefficient 7
depends on the relative length scales through the eigenstates of Hi*! and
can be written as

19, [ 02D or0s I REl(02),c,(0r)eci0]

= 1_6_§<8z>0101 +Z{91—|—§Oi—501_6 Ee; — Eor

Z 3 2 2 2 (3.26)
_4|<a$>0161| _9 |<aﬂ3>olei’ 9 |<aﬂ3>olei’ }

Eoi—Eoy A G, —Ey 2242, —6

where HIFU/A, |e;) = &, |e;) for the even, HI'/A, |0;) = &,, |o;) for the odd
eigenstates with respect to z, and —i (0),,,, = —% (¥n|0z|1Vn,) is the matrix
element of the dimensionless momentum. The coefficient 7 is shown as
a function of the two relative length scales [, /ap and L/ap in Fig. a).
Importantly, the dependence on the 1D cutoff L /4 is rather weak for [, >
ap and therefore we expect the analytical formula provided in the main
text, see Eq. , to be valid for a wide range of cross sections.

The (unperturbed) exchange splitting Jy = A,(&,, — £¢,) can also be
expressed in terms of the two relative length scales I./ap and L/ap, as
Jo = C(h*a%/m*12, where ( is a dimensionless coefficient. Combining J,
with D, we find that the anisotropy can be expressed as

D m*vik*n A

7- @ < + O(v3) . (3.27)
This equation shows that the anisotropy depends strongly on both v3 and
on the effective mass, i.e,, D/J ~ (m*)*. The mass dependence can be
understood by considering that ag o< 1/m* and that /¢ depends weakly
on ap, and therefore on the mass as well [see Fig.[3.4(b)].
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(a) n (b) n/¢
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L/(4ap)

0.4
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S
1. 2. 3. 4. 5. 1. 2. 3. 4. 5.
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Figure 3.4: (a) Coefficient n of the zero-field splitting D as a function of
QD length [, and NW width L. (b) Ratio 1/¢ of the anisotropy D/J as
a function of QD length and NW width. The thin red line corresponds
to the region plotted in Fig. a) of the main text. For reference ap ~
11.7nm in Ge and ap ~ 2.7 nm in Si.

3.B Details of the numerical calculation

Here, we discuss in detail the numerical calculations introduced in the
main text. We start the numerical analysis by considering a single QD
with two holes, and assume harmonic confinement along the wire (z di-
rection) as

hQ’Vl 2 2
m(% +25)+C(ry —ra),  (3.28)

z

H = Hg1(p1) + Hi2(p2) +

where p; and r; are the momentum and spatial coordinate of the ith parti-
cle, C(r; —r3) is the Coulomb interaction, and hard-wall boundary condi-
tions in the -y directions are implied. The n x n Kane model describing
n = 4 or n = 6 valence bands in inversion symmetric semiconductors
close to the I' point is

nxn - g o 2
HKX (p) = Z Ea |Oé> <CY| + 27’)’1L p2 - (%pi + gDueaxx) Aaxx
o e e

(3.29)
3 4
_ (Qm—e{px,py} + gD;ewy) Ay +cp.,
where E, is the energy of the band o at p = 0, the coefficients v;, 7o,

and 73 are the Luttinger parameters determined by the band structure
of the material, D, and D), are the deformational potentials, and A;; are
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n x n matrices acting on the band degree of freedom. Moreover, the an-
ticommutator between two operatrs O, and O, is defined as {O;, O;} =
(0105 + 0504) /2. For example in the 4-band Luttinger-Kohn model de-
scribing the top of the HH and LH bands, £, = 0 and 4;; = {J;, J;}
where J; are the spin-3/2 matrices. For the 6-band model —obtained
by considering the third pair of valence bands- the splitt-off holes are
shifted by Ago from the HH and LH bands, and the A;; matrices are
given in Ref. [65]. Throughout this work, we assume compressive strain
with strain tensor ¢;; o €;;0;;.

Long-QD calculation

Here we study the long QD case, where the Coulomb interaction is weak
compared to the transversal confinement energy but stronger than the
longitudinal confinement energy, i.e.,, L/ < ap S L,. We start by de-
riving an effective 1D model (in z direction) accounting for a few NW
subbands. To this goal, we add the electric field term Hy = —eE - r to the
Hamiltonian of Eq. (3.29), impose the hard-wall boundary conditions in

the z — y directions, and expand the full Hamiltonian in powers of mo-

mentum p,. The operator multiplying p’ reads as Hg) = L0/ Hg(p) ]p o

3=
for j € {0,1,2} [35]. Then, we find the eigensystem of the Hamiltonian
7Y as
K
HY ¢(,,5) = endn(2,y,5), (3.30)

where s is the band index of the Kane model. The eigenstates ¢, (z, y, s)
include the effects of electric field and strain and are used to project the
tull Hamiltonian onto the 1D subspace as

where the indices m and n label the NW subbands. We include a large
number of NW subbands (V,,, = 200 in the present work) and we derive
the effective wire model

[ (0))nm = €nbum + [HE bz + [HD |y + [HE ) umd® + O(p2) , (3.32)

by third order SW transformation. By using this effective Hamiltonian
instead of Eq. , we can restrict ourselves to a few number of bands,
greatly simplifying the two-body problem.

In our numerical analysis we applied an additional transformation
that helps to improve the convergence of the ZFSs for large linear SOIL.
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For this, we divide the Hamiltonian in Eq into 2 x 2 blocks ac-
cording to the Kramers partners. Due to time reversal symmetry, each
diagonal block has to be of the form of Eq. (3.8), therefore for each sub-
band one can apply a spin dependent momentum shift analogous to the

one in Eq. (3.7).
Using the NW subbands, the two particle Hamiltonian of Eq. (3.28)
reads

H:TZL1173;LT?,2(217 Z2) :[HK(pZ1)]n1m1 + [HK<p22)]n2m2
h2’71
2m L4

z

3.33
(224 23) + O™z () — 25), ( )

mi,ma2

where the Coulomb matrix elements are defined as
Crun2 = (pp, Ony |ClOmy s Pmy)- For example the Coulomb matrix ele-

ment in the lowest subbands is Cpime (21— 22) = Oy Omans Ve(21 — 22),
(where m; 5, m12 € {1,2}) that has no singularity at z; = z,, and is well
approximated by using a simple cutoff determined by the transversal
confinement length as shown in Eq. (3.24).

To diagonalize Eq. (3.33), we move to the COM frame, using the rela-

tion in Eq. (3.11)), and we define the orthonormal basis states

37112;?521,32 (rh I'Q) :¢n1 (x17 Y1, Sl) ¢n2 (.7)2, Y2, SQ)
1 3.34
X O [5(»21 + 22)1 tnaa(21 = 22) - 539
The COM basis state ¢“OM satisfy the eigenvalue equation
HM(ny,ng) oM (Z) = eSOMPSON | (Z), with the Hamiltonian
COM Lo 7(2) 2, PP,
H (n17n2) = Z ([HK ]nml + [HK ]n2n2> kZ + meL4Z : (3'35)

We note that the COM basis states are harmonic oscillator eigenstates

with subband dependent mass 1/m,, ,,, = ([I:[g)]mm + [ﬁ[}?)]mm) /22

In contrast, the basis states of the relative coordinate depend also on the
Coulomb potential. We use o™ as basis states, i.e., the eigenfunctions
satisfying the eigenvalue equation H™ (ny, no)¢r . () = eidlgre | ,(2),
with Hamiltonian

2
2 omm (). (3.36)

re (2 (2
H 1(”17”2) - ([Hé()]mm + [Hé()]mm) kz + 4m6L4 n1,n2
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Short-QD calculation

Using a few NW subbands as a basis for the numerical calculation is
only justified if the longitudinal confinement length is large compared
to the width of the NW, i.e., I, > L/m. However, in short QDs, where
the ZFS is expected to be stronger, several subbands may be required. In
this case, instead of effective wire bands, we use multiple basis states in
the z-y direction that satisfy the appropriate boundary conditions. In the
present work, we start from the 4 x 4 Kane model and use the particle in
a box basis states

2
Onm(T,y)[3/2,8) = T cos(nmx/L) cos(mmy/L)|3/2,s) , (3.37)
where the spin part is [3/2,s) = |j = 3/2,j, = s). Along the z direction,

the COM and relative coordinate basis states are chosen as eigenstates of
the Hamiltonians

h2 h2’7
COM __ 2 1 2
Hsl,SQ - 2m5 kZ + meLZzl Z ’ (3'38)
re 2h° h271 ni,mi,ne,m
HEl = SR+ plo e i), (339)

respectively, where the mass is

(’71—2”}/2)7 1f‘81| :|82|:3/2
e m. (11 +272), %f |s1] = [s2] = 1/2 . (3.40)
", if [s1] # |s2

Finally, the resulting the two-particle basis states used to diagonalize the
complete 2-body Hamiltonian are

Z%ﬁ;?j’m2 (r17 1‘2) :qu,ml (mla y1)¢n2,m2 (1727 yQ)

1 relini,mi,no2.m (341)
&%{+a+@]w1@z%%m—@.

2

Anisotropic short-range corrections to the Coulomb
interaction

In Ref. [34] it is shown that the Coulomb interaction can acquire anisotropic
corrections at short distances that couple the band degrees of freedom,
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i.e., the HH, LH, and the spin-orbit split-off bands. This effect is a conse-
quence of the finite orbital angular momentum of the p-type wavefunc-
tions corresponding to the valence bands.

Three different type of corrections were identified in Ref. [34]: intra-
band, partially intraband, and interband corrections. The intraband and
partially intraband terms contain both short-range (r < a/4, where a is
the lattice constant) and long-range (a/4 < r < 2a) contributions, while
the interband corrections are exclusively short-ranged. Here we omit the
long-ranged contributions as their contribution is negligible compared to
the short-range terms [34]. The form of the short-range Coulomb correc-
tions used in our work is

5Cs—r :25; gd(rl — I‘Q) [PHH(l)PHH(2> + PLH(l)PLH(Q)
—Pu(1)Pan(2) — Paa(1) PLa(2)]

F.
+ \/52_; gd(rl - r2)[Jpart,d(l)Jpart,od<2) + Jpart,od(1>Jpart,d(2>] (342)

F
+ 2_; gd(rl - r2) [Jpart,od(1>Jpart,od(2) + 3Jint,YJi];1t,Y + SJiLt,YJint,Y

+6Jint,X‘]iLt,X + 6‘]1'Lt,XJint,X] ;

where the first term is the intraband, the second term is the partially in-
terband, the third term is the interband correction, and F, = F,(4p,4p) =
4.235eV is the relevant Slater-Condon parameter for Ge as provided in
Ref. [59]. The functional form of g4(r) has been derived for the contin-
uum representation of the atomistic model in Ref. [34]. Here we provide
only the simplest approximation for this short-ranged function, i.e.,

3
ga(r) (g) 3(r). (3.43)
Since g4(r) is cut at the boundary of a cube with an edge of a/2 (where
a = 0.56 nm is the lattice constant for Ge), the spatial dependence is well
approximated by a Dirac delta within the envelope function approxima-
tion (i.e., L, I, > a).
In order to simplify the formulas of Ref. [34] to the case of the 6 x 6
Kane model in Eq. (3.42), we introduced the following operators

Pan =3, 5) (3, 51 + 13, —3) 5, =31, (3.44a)

P =13, 3) (3, 31+ 13, =3) 3, =3l (3.440)
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Jpart,d = Pan — Piu , (3.44¢)
Jpargod = |2, D G L+ 12, -D & —i| + he., (3.44d)
1 2
== = 43 4 - 213 9 -4
(3.44e)
1 2
2 1
Ty ==1/3129) (5 31+ 7 15 3) (3 3]
SR Sy s g Jys (3.44f)
3 27 2 27 2 \/g 27 2 27 2
+ ’%7 %> <%a _%’ - %7 %) <%7_%‘ )

where the states |j, j.) are eigenstates of the total angular momentum
operators h*.J? and h.J, with eigenvalues #?j(j + 1) and hy,, respectively.

Comparison between short and long QDs

In this section we compare the two numerical approaches described in
Secs. and [3.B|to calculate the exchange- and zero-field splittings. The
tirst approach well describes long quantum dots, with L, > ap,L. In
this approach we account for 4 NW subbands, and 30 states for the COM
and 30 states for the relative coordinates. The second approach works for
short QDs, with L, L < ap, and uses basis states adapted to the confine-
ment in each spatial directions (3 - 3 particle in a box eigenstates in x — y
and 8 harmonic oscillator eigenstates in z directions) and therefore de-
scribe the short QD limit, i.e., L, ~ L < ap. Since the numerical analysis
in short QDs requires a large number of basis states to converge, in these
calculations we omit the spin-orbit split-off bands (reducing the size of
the two-particle Hilbert space to 82944 in the short QD case). The effect
of the split-off holes is fully accounted for in the main text.

The results of the two numerical solutions are compared in Fig.
for a Ge wire with square cross-section with side length L = 10 nm, com-
pressive strain e,, = —2.5%, and electric field £, = 2V/um. The {z,y, z}
axes of the wire correspond to the (100) crystallographic directions. The
simulation of the exchange shows a good quantitative agreement in the
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Figure 3.5: Exchange splitting 7 and zero-field splittings D and £ as a
function of L. in a Ge quantum dot. We consider a square wire with
side length L = 10nm, compressive strain ¢,, = —2.5%, and electric field
E, =2V/um. The {z,y, z} axes of the wire correspond to the (100) crys-
tallographic directions. The first set of curves starting from L, = 4nm
to L, = 10nm are calculated in the short QD assumption discussed in
Sec. while the second set from L, = 8 nm to L. = 26 nm is calculated
using the long QD calculation discussed in Sec. and also used in the
main text. The vertical line corresponds to L, = ap in Ge.

two cases. The ZFSs computed in these cases are also in qualitative agree-
ment, however, at L ~ 10nm the numerical precision used for short QDs
is not sufficient and the results of the short QD simulation are not reli-
able for larger QD lengths. We expect that the ZFS interpolates smoothly
between the two limits.

From this comparison we conclude that the results obtained with the
long quantum dot procedure remain reasonably accurate even at rather
small values of L,, confirming also the numerical and analytical theory
discussed in the main text.

3.C Symmetry analysis of the triplet
degeneracy

In this section we use group theoretical tools to study the degree of de-
generacy of the two-particle eigenstates that is allowed by the irreducible
representations of the two-particle point groups (i.e., double groups).
Starting from the case with cubic symmetry, we consider the compati-
bility table of the cubic point group and we show how the degeneracy
is resolved if certain symmetries are broken by e.g., the interface, electric
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Op |[T7(1) |51 | Tg@2) | ri(3) | I3 (3)
Dy | TY(1) | Ty (1) | T (1)+T5 (1) I3 (1)+T5(2) Iy ()+T3(2)
D, 1(1) Iy (1) 2F+( ) L3(D)+L5 ()4 (1) | T3 (1) +T5 ()45 (1)

Table 3.1: Compat1b111ty table of the cubic point group [72]. For NW
QDs the symmetry groups Day;,, Dop, and Cy, correspond to square, rect-
angular cross section, and the hut wire, respectively. Assuming that the
confinement along the wire is symmetric, the coordinate axes z,y, z cor-
respond to (100) crystallographic axes, and no additional fields are ap-
plied.

field, or strain.

In the following discussion, we restrict our attention to the HH and
LH bands. These bands at k = 0 are described by the irreducible rep-
resentation I'{ (4), where ” + ” indicates even parity with respect to in-
version and the number in parentheses is the dimension of the repre-
sentation i.e., the degree of degeneracy [71]. By assuming the most gen-
eral form of the interaction —e.g., accounting for the short-range inter-
band Coulomb interaction— the two-particle representation can be de-
composed into irreducible representations as follows

TH(4) x TF(4) =T (1) + T (1) + TF(2) + 2T'F(3) + 207 (3),  (3.45)

where one obtains 1-, 2-, and 3-dimensional irreducible representations.
This decomposition implies that the full 3-fold degeneracy of the triplet
states is maintained if the QD confinement respects every symmetry of
the cubic point group. In experiments this is usually not the case, there-
fore we consider the few nontrivial point groups that are of practical rel-
evance:

(i) a NW with square cross section and £, = 0 as in Figs.|3.2|and |3.3| of
the main text, described by the Dy, tetragonal point group that con-
tains one fourfold and two twofold rotation axes as well as inver-
sion symmetry. The triplet degeneracy is indeed lifted as predicted
by the first line of Tab.

(ii) a rectangular NW in the absence of electric field, or a square wire
with compressive strain along the x or y directions, described by the
D,y orthorhombic point group that contains three twofold rotation
axes as well as inversion symmetry. In this case each of the three
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triplets are non-degenerate (see second line of Tab.3.1). This case
has been confirmed in our numerical calculation (not shown).

(iii) a rectangular or square NW with electric field applied perpendicu-
lar to either of the sides of the cross section, or a NW with an equi-
lateral triangle cross section. These cases are both described by the
(', orthorhombic point group that contains two reflection planes
and one twofold rotation axis. In this case each of the three triplets
are non-degenerate (see third line of Tab.3.1). This case has been
confirmed as well by our numerical calculation (see Figs.[3.2land
of the main text).

Finally, we note that including only the spin-independent Coulomb
interaction is not enough to lift all the triplet degeneracies as predicted by
symmetries. To obtain the lowest possible degeneracy, short-range inter-
band corrections to the Coulomb interaction also need to be considered.
However, in the main text, we show that these effects are significantly
smaller than the cubic spin-orbit induced lifting of triplet degeneracy.
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nanowire quantum dots”,

Phys. Rev. Research 3, 013081 (2021)

The spin-orbit interaction lies at the heart of quantum computation
with spin qubits, research on topologically non-trivial states, and various
applications in spintronics. Hole spins in Ge/Si core/shell nanowires ex-
perience a spin-orbit interaction that has been predicted to be both strong
and electrically tunable, making them a particularly promising platform
for research in these fields. We experimentally determine the strength of
spin-orbit interaction of hole spins confined to a double quantum dot in a
Ge/Si nanowire by measuring spin-mixing transitions inside a regime of
spin-blockaded transport. We find a remarkably short spin-orbit length
of ~ 65nm, comparable to the quantum dot length and the interdot dis-
tance. We additionally observe a large orbital effect of the applied mag-
netic field on the hole states, resulting in a large magnetic field depen-
dence of the spin-mixing transition energies. Strikingly, together with
these orbital effects, the strong spin-orbit interaction causes a significant
enhancement of the g-factor with magnetic field. The large spin-orbit in-
teraction strength demonstrated is consistent with the predicted direct
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Rashba spin-orbit interaction in this material system and is expected to
enable ultrafast Rabi oscillations of spin qubits and efficient qubit-qubit
interactions, as well as provide a platform suitable for studying Majorana
zero modes.

4.1 Introduction

The spins of single electrons or holes can be coupled to orbital degrees
of freedom through the spin-orbit interaction. In a solid-state environ-
ment, this interaction arises from the motion of electrons or holes in elec-
tric fields associated with the host lattice atoms, structural or bulk inver-
sion fields, or externally applied electric fields, and its strength can range
from a typically small perturbation in the conduction band to a signifi-
cant effect in the valence band [1]. Spin-orbit interaction is particularly
useful for fundamental applications in spintronics and quantum infor-
mation processing with spin qubits [2-4], as it can be employed to real-
ize fast manipulation of spin states purely through electrical means [5,
6]. For example, Rabi oscillations with frequencies of ~ 100 MHz have
been obtained for electron spins confined in group III-IV semiconduc-
tor nanowires, where the spin-orbit interaction was used to mediate a
coupling of the spins to an electrical driving field [7,8]. Furthermore,
spin-orbit interaction provides a promising path towards implementing
entangling operations between distant spin qubits, by mediating the cou-
pling of spins to electromagnetic cavity modes [9,10] or floating gate ar-
chitectures [11]. An important advantage of using spin-orbit interaction
for these purposes is that it requires no additional on-chip components
such as micromagnets.

The emergence of Majorana zero modes in semiconductor nanowires
relies on the presence of a strong spin-orbit interaction [12-15]. When
combined with conventional bulk s-wave superconductivity, induced in
the nanowire through proximitization, and with a Zeeman field, suf-
ticiently strong spin-orbit interaction results in an effective 1D p-wave
superconductor supporting Majorana zero modes. Such Majorana zero
modes are of fundamental interest since they exhibit exotic non-Abelian
statistics and hold great promise to realize quantum computation with
topological protection from decoherence [16]. The strength of the spin-
orbit interaction sets the range of Zeeman energies in which a topologi-
cally non-trivial phase exists together with a sufficiently large supercon-
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ducting gap, making a strong spin-orbit interaction essential for experi-
mental studies [17].

Hole spins in semiconductor nanostructures can experience a spin-
orbit interaction many times stronger than for electron spins [1,18,[19].
In particular, a strong and electrically tunable direct Rashba spin-orbit
interaction arises for holes confined in one-dimensional Ge- or Si-based
nanostructures [20}21]. The direct Rashba spin-orbit interaction results
from direct dipolar coupling of holes to an external electric field, in com-
bination with mixing of heavy and light hole states due to confinement to
one dimension. This interaction is estimated to be 10-100 times stronger
than the conventional Rashba-type spin-orbit interaction for electrons or
holes.

Such a strong spin-orbit interaction would enable pushing spin qubit
Rabi frequencies into the GHz regime [9], an order of magnitude higher
than recently demonstrated with hole spin qubits [14,22,[23], and state-
of-the-art electron-based spin qubits [8}25,32]. Moreover, a large electri-
cal tunability of spin-orbit interaction strength promises exquisite con-
trol over qubit coherence and manipulation speeds, providing a gate-
controlled ON/OFF switch of the coupling to electrical environmental
degrees of freedom, which could be used to, on the one hand, maximize
the coupling to microwave drive fields and, on the other hand, mini-
mize the coupling to charge noise. Such controllable coupling would
make it possible to combine ultrafast qubit operations with long coher-
ence times. Furthermore, such electrical tunability can be used to control
the localization length of Majorana zero-modes confined to each end of
a nanowire [17], creating the possibility of electrically performing topo-
logically non-protected operations on Majorana zero-modes.

Due to the tunable nature of the spin-orbit interaction, the magnitude
of the g-factor of hole spins in Ge/Si nanowires can be modulated over
a large range using applied electric fields [27,28]. This feature enables
local control over the Zeeman energy and allows to tune the energy of a
qubit relative to a spin resonance driving field, or to a microwave cav-
ity mode, making it possible to selectively address individual qubits in a
multi-qubit device. Furthermore, in addition to strong and tunable spin-
orbit interaction, hole spins in Ge/Si nanowires combine several other
features that make them amenable for implementation of high-quality
qubits. Hyperfine-induced decoherence is expected to be strongly sup-
pressed, since holes have a p-type Bloch function, which has zero overlap
with lattice nuclear spins [29]]. Furthermore, both Ge and Si have a low
natural abundance of isotopes with non-zero nuclear spins (*Si < 5%,
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Figure 4.1: Device and Pauli spin blockade. (a) False-colour scanning
elecron micrograph of the device, used for all the measurements of this
work. The finger gates gi.5 (red: barrier gates, green: plunger gates)
are biased with positive voltages V;1.5 in order to create a double quan-
tum dot in the Ge/Si core/shell nanowire (yellow). The source (S) and
drain (D) contacts are defined on either side of the nanowire. Dashed
ellipses indicate the approximate locations of the two quantum dots. (b)
Schematic illustration of Pauli spin blockade, with zero magnetic field.
When the double dot is occupied by holes in a triplet (1,1) state, the
current is blocked until mixing with a singlet state takes place. The dou-
ble dot detuning is indicated by ¢. (c) Bias triangles taken at Vsp=2mV
showing signatures of Pauli spin blockade, through a suppression of cur-
rent, in the area delineated by the dashed white lines. The blue arrow
indicates the direction of the detuning axis. (d) Current as a function of
detuning, swept along the arrow in (c), without (red) and with (green)
applied magnetic field.

2Ge < 8%), which can be made vanishingly small through isotopic pu-
rification. Finally, in contrast to electrons, holes in Ge and Si do not ex-
perience valley degeneracy, which for electron spins in Si-based devices
can have a detrimental effect on qubit relaxation times [30].

Here, we investigate the spin-orbit interaction of hole spins confined
in a double quantum dot defined electrostatically in a Ge/Si core/shell
nanowire [31,32]. We use mixing of singlet and triplet spin states de-
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Figure 4.2: Measured leakage current as a function of magnetic field for
detunings covering the entire bias triangle, as shown by the arrow in
Fig. 4.T[(c). The dashed white lines delineate the spin-blockaded region
also shown in Fig. [.Tc). Here, V3 =3820mV.

tected through lifting of Pauli spin blockade [33-37] to perform spec-
troscopy on the effectively doubly occupied double dot. Notably, we
also find a large orbital effect of the magnetic field. We have developed
a spectroscopic model, which fully takes into account these orbital ef-
fects, allowing to independently determine the Landé g-factor, the inter-
dot tunnel coupling strength, and the strength of the spin-orbit interac-
tion in this device. We find a particularly strong spin-orbit interaction,
with a spin-orbit length of the same order as the dot size. Such a regime
of strong spin-orbit interaction is expected to exhibit effects [38,[39] typ-
ically not observed in experiments with quantum dots. Specifically, it
causes a renormalization of the g-factor, which we find here to lead to
a Zeeman energy that is a non-linear function of the applied magnetic
tield.

4.2 Device and measurement setup

The device we use consists of a single Ge/Si core/shell nanowire deter-
ministically placed on top of five finger gates, which are equally spaced
with a pitch of 50 nm (see Fig. #.1(a)). The nanowire has an overall ra-
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dius of 11nm + 2nm, as determined through atomic force microscopy,
and a nominal Si shell thickness of 2.5nm. A 20nm thick layer of Al;Os
in between gates and nanowire serves as electrical insulation. Electrical
contact to the nanowire is made through two Ti/Pd contact pads, de-
fined on either side of the nanowire. For more details of the device, see
Froning et al. [31]. Previously, we have shown a large degree of con-
trol over the formation of quantum dots in such devices, which can be
tuned over hundreds of charge transitions down to the few-holes occu-
pation regime [31,32]]. Here, we form a tunnel-coupled double quantum
dot by applying positive voltages to the finger gates g; — gs that locally
deplete the nanowire hole gas [40]. We use the contact pads to apply a
source-drain voltage bias of Vsp =2mV across the nanowire and to mea-
sure the current flowing through the double dot. An external magnetic
tield is applied in the sample plane, perpendicular to the major axis of
the nanowire, as indicated in Fig.[#.T(a). All measurements were taken at
a temperature of 1.4 K.

4.3 Double quantum dot and Pauli spin
blockade

We tune the double dot to an effective occupation of two holes and study
the transport cycle (0,1) — (1,1) — (0,2) — (0,1) in a Pauli spin block-
ade [3,[33] configuration (see Fig.[4.1[b)). Here the first and second num-
bers refer to the effective hole occupation of the left and right dot, respec-
tively. Transport in this regime is subject to a spin selection rule imposed
by the Pauli exclusion principle: interdot transitions (1,1) — (0,2) are
blocked for spin triplet states (|7),), |1v), |T+), with spin quantum num-
bers s=1 and m,=-1,0, +1), since the |7'(0, 2)) states are energetically in-
accessible. In contrast, interdot transitions are energetically allowed for
holes in a spin singlet state (|.S), s = m, = 0). Therefore, when a triplet
(1,1) state gets occupied, current through the double dot is blocked, until
mixing with a singlet state takes place.

We exploit such spin-selective transport as a read-out method allow-
ing us to distinguish spin states [33]]. Fig. #.I(c) shows a measurement
of the current through the double dot as a function of the voltage on
gates g, and g4, taken at zero magnetic field. We identify the area of re-
duced current, enclosed by the dashed line in Fig.[4.1(c), as a signature of
spin blockade. Consistently, for opposite Vsp, we obtain a larger current
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(not shown). Furthermore, as can be seen in the traces of Fig. d), the
blockade is lifted at a finite magnetic field, resulting in an increased cur-
rent. Even when in a triplet state, transport can become unblocked [33]]
through various spin-mixing mechanisms that coherently or incoherently
couple triplet and singlet states. Possible spin-mixing mechanisms are
based on hyperfine interactions with the nuclear spin bath of the host
lattice [34,35,41], spin-flip cotunneling [36,42-44], g-factor differences in
the double quantum dot, and spin-orbit interaction [13,[35-37,41]. The
dominant spin-mixing mechanism can be investigated by leakage cur-
rents in Pauli spin blockade.

4.4 Lifting of Pauli Spin Blockade

We study the lifting of spin blockade in more detail, focussing on the
dependence of the resulting leakage current on double-dot detuning ¢,
magnetic field B, and interdot tunnel coupling strength ¢.. Fig.|4.2|shows
a measurement of the current through the double dot as a function of
magnetic field B and detuning <. The latter is swept over the entire bias
triangle, by changing Vi and V¢4 following the arrow in Fig. c). The
white dashed lines in Fig.[4.2]indicate the spin-blockaded regime 0 < ¢ <
ea, with eo =~ 1meV the detuning for which states with one hole in the
first orbital excited state becomes energetically available. For detunings
exceeding €5, we observe features with a significantly increased current.
We attribute these features to spin-flip transitions involving a higher or-
bital state, i.e. either |T3 ;(1,1)) — |Sa(0,2)), or [S(1,1)) — |T%14(0,2))
transitions, where | Sx) refers to a singlet state with one hole in the orbital
ground state and one hole in the first orbital excited state. Note that also
spin-conserving |T'(1,1))—|7'(0, 2)) transitions can take place for these de-
tunings, but these transitions would not exhibit multiple peaks at finite
magnetic field, since they do not exhibit a Zeeman splitting. Remarkably,
we find that in our experiment transitions that do not conserve spin have
a higher amplitude than transitions that do conserve spin, as discussed
later.

Here we are interested in the spin-blockaded region and in the re-
maining part we focus on the features between the white lines in Fig.
In this range of detuning, we see a markedly increased current that cor-
respond to lifting of Pauli spin blockade. These leakage current features
form the main topic of this work. We can make two important obser-
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vations: 1) for a given sign of B, the leakage current is maximum along
two curves as a function of ¢ and B, marked ¢, (B) in Fig. 2) around
zero magnetic field the leakage current is suppressed. These observa-
tions form the starting point in identifying the triplet-singlet transitions
underlying the leakage current along ¢4 (B), as well as the spin-mixing
mechanism.

As explained in more detail in Section the position of the two
curves as a function of detuning and magnetic field allows us to as-
sign them to [T+ (1,1)) — |5(0,2)) transitions. These transitions oc-
cur at different detuning depending on the magnetic field, due to an
increase in Zeeman splitting, as well as orbital effects of the magnetic
tield. As shown in the next section, we identify spin-orbit interaction as
the dominant spin-mixing mechanism by evaluating the magnetic field-
dependent intensity of these transitions.

4.5 Possible Spin-mixing mechanisms

We now discuss the origin of the spin mixing leading to the observed
lifting of spin blockade by considering the dependence of possible spin-
mixing mechanisms on the magnetic field and detuning. In particular,
the zero-field gap can be attributed to spin-orbit interaction, which is not
effective at B=0T due to time-reversal invariance [41,46], but becomes
important at finite B [47,48]]. Furthermore, for ¢ =0 and |B| smaller than
a characteristic field B, the triplet (1, 1) states lie within the |S(1,1)) —
|5(0,2)) avoided crossing, at which point spin-orbit interaction does not
couple them efficiently to the singlet states.

Spin-flip cotunneling can also lead to dips or peaks in the leakage cur-
rent around B =0T. Such spin-flip cotunneling involves the exchange of
a hole spin with one of the lead reservoirs through a process involving a
virtual intermediate state, which can lead to decay of the triplet (1,1) to
a singlet state. Such cotunneling can result in a leakage current peak at
B =0T that exists for ¢ =0, as well as for values of € up to c5. A shallow
zero-field dip can also result from cotunneling, when the temperature T’
is small compared to t. [42,43]. However, the data presented in Fig.
shows a deep zero-field gap and our operating temperature of 1.4 K is,
as will be shown later, comparable to ¢.. We therefore rule out spin-flip
cotunneling as the dominant spin-mixing mechanism in our measure-
ments.
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Figure 4.3: Magnetic-field dependencies. (a) Calculated magnetic field
dependence of the addition energy U (See Eq. of Appendix [4.B).
Inset: Schematic illustration of the effect of increasing magnetic field B
on dot size and separation leading to the observed changes in U, ¢, and
g. Quantities change qualitatively with B as indicated by the arrows. (b)
Calculated magnetic field dependence of the spin-conserving tunnel cou-
pling ¢. (see Eq. of Appendix [4.B). (c) Calculated magnetic field
dependence of the g-factor (see Eq. (4.2)). For the plots in (a)-(c), the rele-
vant parameters correspond to those of the measurement of Fig. (d)
Double dot energy level diagrams for different values of the magnetic
field. For B=0T, the spin-conserving tunnel coupling ¢, is maximum
and there is no singlet-triplet mixing due to spin-orbit interaction. For
large enough magnetic fields (B > B), avoided crossings (highlighted by
dashed circles) appear when the triplet (1, 1) states cross a singlet state
with (0, 2) component, corresponding to spin-flip tunneling due to spin-
orbit interaction. The size of all avoided crossings becomes smaller with
increasing magnetic field, as can be understood from (b) and Eq. (4.4).
Moreover, due to the magnetic field dependence of the addition energy
U (see (a)), as well as the Zeeman energy, all avoided crossings move
to higher detuning with magnetic field. Parameters used to plot the dia-
grams were extracted from the data set shown in Fig. 4.2} using the model
described in the text.

Furthermore, fluctuating polarizations of the nuclear spin bath in the
double dot can result in triplet-singlet mixing [34,35,49]. However, as
mentioned in the introduction, hyperfine interaction is expected to be
very small for hole spins in Ge- and Si-based devices. Moreover, this
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mechanism is only effective for values of B up to the root mean square
value of nuclear field fluctuations, which we estimate to be < 1 mT in
our system [34]. Most notably, in contrast to what we observe, this spin-
mixing mechanism should result in a leakage current peak [34,35] around
B=0T for ¢ up to ea.

Finally, differences in g-factor between the two dots need to be con-
sidered. The effective g-factor for holes in Ge/Si nanowires can depend
sensitively on the electric field [27], confinement potential [38|39], and
hole occupation number. At finite field, such a g-factor difference will
mix the |T5(1,1)) and |S(1, 1)) states, thus leading to an additional reso-
nance of the leakage current. However, such |Tj(1, 1)) — [S(1, 1)) mixing
would not result in the two separated curves of increased current that we
observe, but instead provide a background leakage current in the detun-
ing range considered, with no magnetic field dependence. Note further
that such mixing is suppressed as |1;(1, 1)) is split off from the singlet by
the exchange energy.

In conclusion, we identify spin-orbit interaction as the dominant spin-
mixing mechanism responsibe for the observed leakage current. In a
double quantum dot, spin-orbit interaction can flip the spin of a hole
tunneling between the quantum dots. This enables triplet-singlet mix-
ing, when these states are aligned in energy, which can effectively lift
Pauli spin blockade. As shown in the next section, we can explain the
spectroscopy of the observed leakage current using this mechanism.

4.6 Model of the two transitions

Here, we present an analytical model that takes into account non-spin-
conserving interdot tunneling and its dependence on magnetic field and
detuning. Our model agrees very well with the data and accurately re-
produces the field-dependence of the two observed transitions shown in
Fig. allowing us to identify them as T3 ;) — |S) transitions.

As mentioned before, we assume that the spin-blockade and its lift-
ing can be understood in terms of an effectively doubly-occupied double
dot. When the spin-conserving interdot tunnel coupling ¢, is finite, the
singlet states [S(0,2)) and |S(1,1)) are coupled, giving rise to two new
eigenstates we refer to as the lower and higher hybridized singlet states,
|S_) and | S ), respectively [50]. These hybridized singlets are defined as
|S_) =sin(6/2)]5(1,1)) — cos(6/2)]5(0,2)) and |S;) = cos(0/2)|S(1,1)) +
sin(6/2)]5(0,2)), with the mixing angle # being a function of detuning
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¢ and ¢, (see Eq. for the full expression of ¢). The |S.) states ex-
hibit an avoided crossing around ¢ =0 with a gap of 2v/2¢,, as shown in
Fig.[4.3(d). Importantly, the proportion of |S(0,2)) and |S(1,1)) present
in each of the |S.) states depends on the detuning.

In the presence of spin-orbit interaction, spin-flip tunneling couples
the |T4,,,(1,1)) states with the two hybridized |S,) states, due to the
|5(0,2)) content of the latter. The coupling strength of this spin-flip tun-
neling is given by the strength of the spin-conserving tunnel coupling as
well as the strength of the spin-orbit interaction and can be written as
tso = totan (a/Aso) (see Appendix for derivation), with a the interdot
distance and )\, the spin-orbit length (defined by 7)\,,/2 being the dis-
tance a hole has to travel for spin-orbit interaction to induce a 7-rotation
of its spin state).

This coupling leads to avoided crossings when the energies of the
|T4+,,,) states exactly match the energies of the |S,) states, as illustrated
in the energy level diagrams in Fig.[#.3(d). The leakage current is maxi-
mum for those values of the detuning where the triplet-singlet avoided
crossings occur, which can be written as:

2t2(B)
9(B)usB

Here the indices + and — correspond to the |T%4) — |S;) and |1};) —
|S_) transitions, respectively. Furthermore, ;5 is the Bohr magneton, ¢
the g-factor in the dot, and U the single dot addition energy. Eq.
describes the evolution of spin-blockade leakage current with magnetic
field shown in Fig.[4.2]between the white dashed lines, with 4 (B) giving
the detunings of the resonant peaks of the two features as a function of
magnetic field.

c.(B) = U(B) ~ U(0) + ( g<B>uBB> @

In order to explain the precise magnetic field dependence of ¢, (B),
we need to take into account effects that rely on the magnetic field chang-
ing the size of the hole orbitals. In the experiment, the magnetic field is
oriented perpendicular to the principal nanowire axis and is varied over
a wide range of amplitudes (—8 T < B < 8 T), making such orbital effects
significant in this system.

Remarkably, this turns the spin-conserving tunnel coupling t., the ad-
dition energy U and the g-factor into quantities that all depend on the
magnetic field (see inset Fig.[4.3(a)). Such effects are usually dealt with
only qualitatively, even though their relative magnitude can be quite
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large. Here, we take these effects fully into account in our spectroscopic
model, enabling us to quantify the g-factor and the spin-orbit length in
our device.

To derive the functional dependence of these quantities on B, we start
from the Hund-Mulliken theory of atomic orbitals and we assume har-
monic confinement in all three directions. By considering an anisotropic
3-dimensional oscillator, we model the effects of a confinement potential
that is smoother (sharper) in the direction along (perpendicular to) the
nanowire as well as the strain-induced anisotropy of the effective mass
[21]. The hole wavefunctions in each dot are squeezed by the magnetic
field and as a result the spin-conserving tunneling ¢.(B) is reduced at
large fields while the single-dot addition energy U(B) is enhanced, as
shown schematically in the inset of Fig. [£.3(a). The explicit dependencies
of t.(B) and U(B) on magnetic field are given in Egs. and
of Appendix and are plotted in Fig.[4.3(a), (b).

The detunings at which the |T%+ ;) — |S+) avoided crossings appear
also depend on the Zeeman splitting E of the |1} ) states with respect
to the singlets. Usually, the Zeeman splitting is a linear function of the
magnetic field, which can be written in terms of the g-factor as £, =
gup|B|. However, strong spin-orbit interaction can renormalize the g-
factor [38,39] when the size of the quantum dot is changed. In our case,
the magnetic field changes the dot size through orbital effects, leading
to a dependence of the g-factor on the magnetic field and turning the
Zeeman energy into a non-linear function of the magnetic field.

The shrinking of the dot with increasing magnetic field causes the g-
factor to be enhanced at large values of the magnetic field and we can
write [38,[39]

12 o\ —1/2
_ B
g(B) = goe e <1+ 33) : (4.2)

where g, is the g-factor without the spin-orbit-induced renormalization.
Furthermore, /| is the field-independent harmonic length of the hole wave-
function (I = [.(B = 0), with [, being the dot confinement length along
the wire) and By is a characteristic magnetic field that depends on the
average confinement strength in the directions perpendicular to the field.
See Appendix for the precise definition of these quantities. Fig.[4.3(c)
shows a plot of Eq. (4.2), using the values of [ and B, extracted from the
measurement of Fig. We stress that the magnetic-field dependence of
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(a) V3= 3820mV g V= 3840mV

B (T) - B (T) - _ B (T)

Figure 4.4: Spectroscopy measurements and modelling. (a)-(c) Measured
leakage current as a function of magnetic field and detuning ¢ < e, for
Ves = 3820, 3830, and 3840 mV. The green curves are fits of each data set
to Eq. (4.1), with (solid) and without (dashed) taking into account g-factor
renormalization with magnetic field. (d)-(f), Simulated leakage current
as a function of magnetic field and detuning. Here, we used the model
discussed in Sections of the main text, with relevant parameters
determined from fits of the data shown in (a)-(c). The green curves are
identical to the curves in (a)-(c).

the g-factor in Eq. is a direct consequence of the strong spin-orbit in-
teraction in the nanowire and it vanishes when the spin-orbit length A,
is much larger than the dot size, which is typically the case for quantum
dot systems that have been experimentally realized thus far.

As will be shown in the next section, when taking into account the
magnetic field dependence of U, t., and g, the resonant positions ¢, (B)
of the |T ;) — |S4) transitions given by Eq. closely reproduce the
evolution of the two features of spin blockade leakage current of Fig.
as a function of magnetic field and detuning.
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4.7 Varying the strength of interdot tunnel
coupling

To demonstrate the versatility of our model we now explore the influence
of varying the voltage V,3 on the middle gate on the leakage current. The
main expected effects are a change in the interdot tunnel coupling t. and
a change in the dot confinement. Figs. [4.4(a)-(c) show measurements sim-
ilar to that of Fig. for three values of Vg3 (see the Supplemental Ma-
terial for extended data sets). Comparing the three data sets, we see that
an increase of Vg3 leads to a closing of the zero-field gap. As discussed
before, Pauli spin blockade only becomes lifted through spin-orbit inter-
action for magnetic fields above a critical value. This critical field B can

be written as -
B V2t.(B)

ns g(B)
where we include the magnetic field dependence of ¢. and g. When
|B| = B, the Zeeman energy matches the size of half of the avoided
crossing given by ¢.. At this point, e_(B) = £, (B) (see Eq. (4.1)) and both
| T3+ 4(1,1)) — |Sy) transitions become possible at ¢ ~ 0 (see Fig. -(d)
and Fig. {4 a)) For | B| < B, each of the singlet-triplet avoided crossings
occur at detumngs where the involved |5 ) states are mostly composed
of |S(1,1)), which does not couple to |73 ,(1,1)) through spin-orbit in-
teraction, leading to a gap in leakage current with characteristic width B
around zero magnetic field.

(4.3)

By increasing Vi3, we reduce t. and from Eq. it follows that spin
blockade can be lifted at smaller magnetic fields. This moves the points
of emergence of ¢ (B) for both magnetic field polarities closer together
and effectively reduces the width of the zero-field gap of leakage current,
in accordance with the observations. In Fig.[4.4(a)-(c), we can clearly see
this reduction of the zero-field gap (1nd1cated with B) when the middle
gate voltage V3 is increased. Using Eq. (4.3), we extract the ratio t./g
at the critical field B for each data set. When the magnetic field is not
much larger than B, we neglect as a first approximation the variation of
t.(B) and g( ) from their value at B, see Figs. [ a) and (c), and so us-
ing Eq. (4.1) we deduce t.(B 3) and g(B 3) from the relative position of the
resonant peaks Values of B, t.(B), and g(B) extracted in this way for the
three data sets of Fig. 4.4/ are listed in Table



CHAPTER 4. STRONG SPIN-ORBIT INTERACTION AND g-FACTOR
RENORMALIZATION 133

By taking into account the orbital effects, our model allows us to ex-
plain the main features of the resonances at low magnetic fields. By lin-
early expanding the single-dot addition energy in the vicinity of the crit-
ical field, U(B) ~ U(B) + U’(B)(B — B), we can approximate ¢_(B) ~
e(B) + (U'(B) + g(B)us) (B — B), reproducing the approximately linear
dependence of the upper resonance on magnetic field seen in Fig.
On the other hand, in the expression of the ¢, (B) resonant peak the term
linear in B is smaller and the 1/B term gives a significant contribution,
leading to a less pronounced shift in detuning, especially at low magnetic
field. Although the 1/B term is proportional to the tunneling energy, its
effect is counter-intuitively more pronounced in Fig. [.4(c), because here
Pauli spin blockade is lifted at lower magnetic fields.

To characterize the overall magnetic field dependence of the leak-
age current, we now find e (B) for each data set by fitting to Eq. (4.1).
The green curves in Fig. 4.4 are plots of ¢ (B) with (solid) and without
(dashed) taking into account the renormalization of the g-factor given
by Eq. (4.2). The additional features at larger magnetic fields, such as
the bending of the ¢, (B) curve, are captured by the model by consider-
ing the function U(B) beyond the linear approximation, as well as the
renormalization of the g-factor due to spin-orbit interaction. We see that
the enhancement of the g-factor captured by Eq. is quite important
for large magnetic fields (see also the Supplementary Material), where it
causes a sizeable bending of the resonant peaks. Including the renormal-
ized g-factor gives much better agreement with the measurements over
the whole range of magnetic field values.

In order to calculate the renormalized g-factor using Eq. (4.2), we esti-
mate the dot confinement length [ = |///(mw) ), which depends on the
confinement energy w) and on the effective mass m along the nanowire.
We determine /wj ~ 1 meV from measurements of the double dot charge
stability diagram and assume m; ~ 0.05m, (here m, is the bare electron
mass). This choice of m is justified by the fact that we still measure
a non-zero current even at |B| = 8T. If the effective mass along the
nanowire growth direction would be smaller, the orbital effects would
shrink the wavefunction to the extent that the interdot tunnel coupling
would vanish at 8 T. For our experiment, we determine [ ~ 39 — 45 nm
for the range of V3 used here. All the parameters extracted from our
analysis for the three datasets are reported in Table These values
capture the qualitative trend expected: when the voltage V43 is increased,
the hole wavefunctions become more separated and squeezed, causing a
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reduction of the tunneling energy ¢. and an enhancement of the g-factor
because of the strong spin-orbit interaction, as described by Eq. (£.2). As
shown in the next section, our model allows us to extract the spin-orbit
length for each measurement. The model color plots shown in Fig. [4.4(d)-
(f) take into account the extracted values of the spin-orbit length, allow-
ing a full reconstruction of the leakage current in very good agreement
with the measurements.

4.8 Spin-orbit length

We now turn to the evaluation of the strength of the spin-orbit interac-
tion from the measurements shown in Fig. The model developed
in the previous sections facilitates the extraction of this strength from
the width of the two leakage current features as a function of detuning
in Fig. 4.4(a)-(c). This width is given by the sizes 2Ag; of the avoided
crossings (see Fig. [4.3d) induced by the spin-orbit interaction. Here, the
spin-flip tunneling energies A3 are functions of the spin-orbit length
Aso and furthermore depend on the overlap of the wave functions of the
|T3+.,,(1,1)) states with those of the |Sy) states, as well as on the dot size.
The spin-flip tunneling energy can be written as (see Appendix for
the complete derivation)

(4.4)

AgT:tctan(a) M

Aso 2 ’

with 0 the mixing angle of the |5, ) states.

The leakage current /. (B) corresponding to the resonances around
¢ = €4(B) can be written as [13,51-53]

(85)°

]:t = ]0 +el’ .
(e —ex)?+3(A5)" +h2T2/4

(4.5)

Here, the lead-to-dot relaxation rate I' ~ 0.45 GHz is taken to be sym-
metric for both of the leads and is estimated by adjusting the formula in
Eq. for the |S(0,2)) — |S(1, 1)) transition, and fitting it to the current
measured for opposite Vsp. The offset current term /; contains all inco-
herent relaxation mechanisms, as well as |S) — |7;) mixing. Discussing
this term in detail is beyond the scope of this paper and we refer the in-
terested reader to Ref. [41]. Additionally, we note that since we operate
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Figure 4.5: Measured leakage current as a function of detuning, for Vs =
3820mV and B = —3.45T. The black curve is a fit of Eq. to the data.

at relatively high temperature, it might be expected that the transitions
are thermally broadened. However, the temperature of 1.4 K is still low
compared to the orbital level splitting of 1 meV, making such broadening
negligible. The dot-lead tunneling rate I' is influenced by temperature,
but the value of I' that we determine independently from the measure-
ments already includes this effect.

We therefore conclude that the width of the two leakage current fea-
tures is given by the spin-flip tunneling energies A3}, which are then de-
duced by fitting the Lorentzians in Eq. to the data sets of Fig. [4.4(a)-
(c). An example of this is shown in Fig. The color plots of Fig. [4.4(d)-
(f) are constructed from the Lorentzians found in this way for different
values of the magnetic field. It can be seen that the model plots accurately
reproduce the leakage current observed in the corresponding experimen-
tal data.

Importantly, the determined AZ; allow to extract the spin-orbit length
Aso- Using Eq. (#.4), we obtain the ratio \,,/a directly from the ratio
Agr/t. of the average spin-flip tunneling Agr = [(Ad)? + (Agp)?] ? and
the spin-conserving tunneling ¢.. This yields ratios of \s,/a as shown
in Table {4.1| for the different configurations of our double quantum dot.
The precise value of the interdot distance a cannot be exactly determined
from the measurements, but we can roughly estimate a ~ 90 nm by con-
sidering the distance between the gates ¢, and g, (see Fig. a)). Us-
ing this value, we obtain an average estimated value \;, ~ 65nm for
the spin-orbit length, with small variation between the measurements of

Fig.[4.4(a)-(c).
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Ves | B | Bo | t(B) | g(B)| I | Aso/a
mV) | (T) | (T) | (ueV) (nm)
Fig[t4(2)3820 | 12 | 38 | 44 | 09 | 45 | 0.78
Fig. 5 4(b)3830 | 0.8 | 48 | 33 | 1.0 | 41 | 0.72
Fig.[44(¢)3840 | 035 | 5.0 | 16 | 1.1 | 39 | 0.71

Table 4.1: Extracted hole spin parameters, obtained for the three datasets
shown in Fig. .4 by fitting the model to the data as described in the main
text.

Together with the orbital effects of the magnetic field, this notably
small )\, leads to a dependence of the g-factor on the magnetic field, as
described by Eq. (4.2). This effect is large, since the spin-orbit length A,
and the confinement length along the wire /| are of the same order of
magnitude. In our measurements, this manifests itself in the additional
bending of the transitions ¢ (B) at high values of the magnetic field.

4,9 Conclusions and outlook

Summarizing, we have characterized the strength of spin-orbit interac-
tion for hole spins confined in a double quantum dot in a Ge/Si nanowire,
using spectroscopy measurements in Pauli spin blockade. We found the
spin-orbit length to be of the same order of magnitude as the dot length
and interdot distance. This has the remarkable consequence that the g-
factor exhibits a non-linear dependence on magnetic field, which we ob-
serve experimentally at high values of the magnetic field.

The observation of this strong spin-orbit interaction in Ge/Si nanowires
forms the starting point of various subsequent experiments in this mate-
rial system. From the value of \;, we can estimate the Rabi frequency
for electric dipole induced spin resonance [5,19] mediated through spin-
orbit interaction to be in the range of ~ 0.1 — 1 GHz, for realistic values
of microwave amplitudes. Such Rabi frequencies form an excellent basis
for the implementation of fast hole spin qubits in this system.

Further characterization studies of the spin-orbit interaction in this
platform are of interest, in particular because here a quantitative com-
parison to relevant theoretical works [9,(17,20,21}27] is challenging, due
to the relatively high dot occupation number. For instance, direct Rashba
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spin-orbit interaction is predicted to lead to a profound dependence of
the spin-orbit interaction as well as the g-factor on electric fields. While
we observe a dependence of the g-factor on a gate voltage (see Table[4.1),
a more complete investigation of these effects would include measure-
ments of the strength of the spin-orbit interaction as function of electric
field amplitude or orientation of magnetic field. Such tunability of g-
factor and spin-orbit strength could enable individual addressability of
spin qubits in coupling them to microwave fields, as well as provide a
way to limit the impact of charge noise on spin coherence.

4.A Model Hamiltonian

Here, we provide a more detailed analysis of the theoretical model used
in the main text. The relevant physics of a single hole confined in a quan-
tum dot can be captured by the effective 2-dimensional Hamiltonian

H=H,+H,,+Hy, (4.6)
with
7r2 7'('2 71-2 meﬁ
Ho — T Yy z 2
om. | 2my 2my 2
2
n meL <$2 + y2) 7 (47&)
Hy, = am,o,, (4.7b)
Hy = 905313 o, (4.7¢)
Here, we define the dynamical momentum © = —iAV — eA, where A is

the vector potential accounting for an externally applied magnetic field
B. These operators satisfy the commutation relations [m;, 7;] = i€;jxfie By,
[7;, x;] = —ihd;;. We model the confinement potential by an anisotropic
harmonic oscillator, with confinement frequencies w, and wj, and effec-
tive masses m | and m in the direction perpendicular and parallel to the
nanowire growth direction, respectively. In the following, we assume
wy > w. Because of the magnetic field, the spin states are split in energy
by the Zeeman energy; here g, is the g-factor of the system and the field
B is assumed to be homogeneous. The interaction between different spin
states is captured by a Rashba-like spin-orbit interaction Hj, [20,21].
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Our final goal is to extract from the measurements the spin-orbit interac-
tion parameter a. It is convenient to introduce the spin-orbit length

Aso = N , (4.8)

m”Oé

and to perform the unitary spin-dependent displacement of states [54]

S = eiouE/Aso (4.9)
that diagonalizes the spin-orbit interaction in spin-space
i e
S(Ho HSO>S —H,— , 410
! 2m) A, (410

converting the Zeeman term to a position-dependent quantity. We now
focus on the case where the magnetic field points in the z-direction, i.e.
B = Be,, and we obtain

2 2
SH,St = gogBB {amcos<)\z) —i—azsin()\z)] . (4.11)

SO SO

In the harmonic confinement approximation, the orbital Hamiltonian H,
can always be diagonalized exactly. Assuming B > 0, we can introduce
the vector of gauge-independent canonical positions Q and momenta P

0w ey s T .
Q= b, and P = L , (4.12)
T —10;
satisfying [Q);, P;] = id;;; here Iz = \/h/(e|B]) is the magnetic length.

When B < 0, the first two positions and momenta are swapped. The
coupled harmonic oscillators can be decoupled by the symplectic Bogoli-
ubov transformation

(3)=(" 4l ) (3) @1

where 3-dimensional matrix A(r) is defined by

cosh(r) _L:J_F sinh(r) 0
A(r)=| —Ztsinh(r)  cosh(r) 0 |, (4.14)
0 0 1
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with squeezing parameter

232
e‘B 2 2
+wi +w
mim L I

(4.15)

L th
T = —arcco
2 QU.JJ_WH

In the new coordinate system with positions q and momenta p, we obtain
three independent harmonic oscillators with frequencies w; and wy < ws,
where the Fock-Darwin frequencies are

wy = wy tanh(r)

- TZBme“wL\/(l — Z:—L tanh(r)) (1 — :—T tanh(r)) . (4.16)

We point out that when B — 0, Eq. (4.16) is still valid and it leads to the
expected result w; = wjand wy = w; .

The groundstate |0) is the state simultaneously annihilated by the anni-
hilation operators in this coordinate system

1 i
aj = 7 (ﬁqu' + —jpa) : (4.17)
where
1/4 1/4
ey wimy 1
By = [(mmﬂ) , <wme) , meL/h] E (4.18)
J

wH wH/wl—coth('r)

and v = . To determine the groundstate wavefunction in

W] wl/w”—coth(r)
real-space, we need to specify a gauge. In the symmetric gauge A =

B x r/2, and combining Eqgs. (4.12), (4.13) and (4.17), we obtain

Yo(r) = S — 6_%<%
A L

where we defined the magnetic field-dependent lengths

BQ —-1/4 BQ —1/4
ly=1, (1 + Eg) and [, = lH (1 + B_g> , (4.20)

2 2 . w|—w
+¥+2 )itz (]
12 12

2% (W||+WL) , (4.19)
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and the usual harmonic lengths

h
lx = lJ_ = and l|| = i . (4.21)
miwy mwj

The characteristic magnetic field B, in Eq. (4.20) determines the relevant
field at which the orbital effects start to become significant and it is de-
tined by

(w” +w). (4.22)

Projecting the Hamiltonian in Eq. onto the groundstate subspace
and subtracting a constant energy term, we obtain the effective low en-
ergy Hamiltonian

Hgs = Oz (4.23)
where we introduce the effective g-factor
g= goe_lz/xﬁo . (4.24)

We emphasize that the g-factor is renormalized by the spin-orbit interac-
tion, and it acquires a magnetic field dependence via [,, see Eq. (4.20).

We remark that because of the transformation in Eq. (£.9), we are now
treating spin-orbit interaction exactly, and the perturbation coupling dif-
ferent orbital states comes from the space-dependent magnetic field in
the Zeeman energy, see Eq. (4.11). This approach is the most convenient
to describe the results of this experiment, where a strong spin-orbit in-
teraction is measured. Because of this term, the orbital ground state is
coupled to the first excited orbital state |1) with energy 7uv;. In particular,
the interaction is

(0|H|1) = <cosh(7’) e} sinh(r)) gupBo, . (4.25)

s
ﬁAsoﬂl w1

Using the values extracted in the main text, see Table4.1, we find that the
amplitude of this interaction term is ~ 20% of the energy gap ~ hw, at
the maximal field measured B = 8 T. Consequently, in the following we

focus on the ground state subspace only.
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4.B Double-dot Hamiltonian

We now construct the double-dot effective Hamiltonian by using the
Hund-Mulliken method. To do so, we create an orthonormal basis of har-
monic eigenfunctions whose center of mass is at the positions z = +a/2.
Here, a is the interdot distance. Following the conventional procedure,
we find the overlap matrix between the orbital ground states of the two

dots: P;; = (U,|¥;) , where U = (T.( — a/2) STy, To(+ a/2) STy ). The
J J

magnetic translation operators are defined as T,(X) = ¢/X(™/"+u/15) and
1y is the ground state wavefunction in Eq. (4.19). Here |¥) is defined as:

) = (To( = /2) 8l 1), T2(— a/2) "]t 1),
L(+a/2)S 1), To(+a/2)STo 1)) (426)

Importantly, because the unitary ST in Eq. is spin-dependent,
here P is a 4 x 4 matrix. Explicitly, we find

P = 19009 + s cos (%) Tx00 + Ssin (%) Ty0y (4.27)

where 7; are Pauli matrices acting on the different dots, o; are acting on
spins and we define the small parameter

2
a2 14 (wL—w“) B2
412 4wle B2+B8

s=e (4.28)
Orthogonal and symmetric states |O) are constructed from the non-orthogonal
states | NO) by the linear map |O) = |[NO)P~1/2 and single-particle oper-
ators H transform as Hp = P~Y2HyoP~/2. The generalization to two-
body operators is straightforward.

For rather general double-dot confinement potentials, we find that the
orbital Hamiltonian in the orthonormal basis has the form

€
H, = t.1,00 + tsoTyo, + 57'200 ) (4.29)

Here, ¢ is the detuning between the two dots typically caused by an elec-
tric field along the wire, ¢, is the spin-conserving tunneling energy and
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tso is the spin-flip tunneling energy caused by the spin-orbit interaction.
In particular, we find that

S a

tc = 1_—82250 COS ()\SO) and (430a)
S . a a

teo = mto sin (/\so> = t.tan ()\so) ) (4.30b)

where ¢, is a characteristic energy dependent on the details of the confine-
ment potential and the leading magnetic field dependence of the tunnel-
ing energy is caused by the exponential dependence of the overlap s on

B, see Eq. (4.28).

Also, the Zeeman energy in the orthogonal basis is

B
HZ = WTB (ngOUx + 9oTz0 ¢ + 937';;0'3) ) (431)

where we introduce the dimensionless prefactors

14+ 41— s2—2s5%cos (/\io)

o 92— 22
(1 — V1 - 52) cos </\2—“D)
+ 2 — 252
=1+ 0(s%), (4.32)
1 — cos (A‘;)
g2 = 1——528 ) (4.33)
s2— (1 —+/1—s2)cos (&
g3 = ( T ) <)\50) sin ()\a > = 0(s?). (4.34)

Neglecting corrections of order s?, we can discard the term proportional
to gs, that couple the triplet states 7 (1, 1) to the singlet state S(1,1). The
term proportional to g, arise when the spin-orbit interaction is large and
cause interactions between the triplet 7;(1, 1) and the doubly-occupied
singlet states S(2,0) and S(0, 2). This term causes an extra resonant peak
of the leakage current, however, in the present experiment the energy of
this interaction is of a few microelectronvolts, much smaller than the con-
tribution due to the spin-flip tunneling. Consequently, in the following,
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we will ignore it and consider only H; ~ gupBT190,/2.

Coulomb interactions are also required to understand the physics of the
system. In particular, the most relevant electrostatic interaction element
for the current experiment is the addition energy;,

62
< | dre r

_ 12
e? \/EF (COS 1<l_z) & z2>
T dme N w N ’

where F(alb) is the elliptic F' function and e, = 16¢, is the dielectric
constant of the Germanium times the vacuum permittivity ¢,. Eq.
holds for general values of lengths [; provided that the appropriate limit
is taken carefully. The next largest Coulomb interaction elements are the
Hartree and Fock terms Uy = (\IIZ-\D#AME |V, W) and Up = (Y, \Ilj?é’|47resr
respectively. In the present experiment, the overlap s between wave
functions of different dots is expected to be small, and so we discard
the corrections of order O(s*) and we ignore the exchange interaction

|V 0;)

(4.35)

|\Ij \Ij]#l>

4.C Singlet-Triplet basis

We can now rewrite the Hamiltonian in the singlet-triplet basis. Neglect-
ing higher orbital states, the relevant triplet states are

1T,00(1,1)) = ¢l yel +)10) and
T T
C c ~|—c C
T 17 1 — 77T +7\L 77\L +7T O ,
71, 1) Z5—0)

and the singlets are

15(0,2)) = ¢} .l ||0) and
Toor Tt
C_ .C —C_ |C
S 17 1 — 771\ +7~I/ 77Jr +aT 0 ,
So(1, 1) )
where we introduce the fermionic ladder operators cjﬂ creating an elec-
tron at the ith dot with spin 0. We do not consider here the singlet state
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S(2,0) because it is far detuned in energy, and so the interactions of these
states with it are suppressed by the large energy difference.

By aligning the spin quantization axis to the direction of the magnetic
field, we find in the singlet-triplet basis (S(0,2),5(1,1), 73 1 (1,1),7} |

(1’ 1)a TO(L 1)>T

U—¢ V2t. tso —te 0
V2t. Uy 0 0 0
H = tso 0 Uy+gupB 0 0 , (4.36)
—tso 0 0 UH - g/*LBB 0
0 0 0 0 Uy

where ¢, t5, and g and U are defined in Egs. (4.30a)), (4.24) and (4.35),

respectively. The singlet sector is hybridized by the spin-conserving tun-
neling energy. By introducing the hybridized singlet states S obtained
by rotating the singlet sector by 6/2, where 6 is

24/ 2t,
f = arctan <—U _\(/]; — 5) , (4.37)
we can rewrite the Hamiltonian in the convenient form

E, 0 AL AL 0

0 E_ —Agp Agr 0
H = A;T —Agr Un +gupB 0 0 , (4.38)

_AS+T AS} 0 Uy —gupB 0

0 0 0 0 Uy

where we defined the hybridized singlet energies £, and the spin-orbit
interaction Ag; via

1 1
Eizé(U+UH—€)i\/2t§+Z(U—UH—€)2> (4.39)
1+ 0
— %ﬁ | (4.39b)

Note that in the limit of weak spin orbit coupling, i.e., a/X;, < 1, we
recover the result obtained previously for the ST splitting [50].
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The leakage current is related to the matrix elements AZ; between
singlet and triplet states via [13,51-53]

(851)°

Ii:eFL N2 [T 5 .
(e —e1)?+ (Aqp) (F—;+2) + W27 /4

(4.40)

where I'g() is the coupling between the right, occupied (left, unoccu-
pied) dot to the metallic lead and ¢, is the position of the triplet T (1, 1)
and the singlet S. anticrossing. In particular, by using Eq. (4.39a), we
tind

2t*
gupB

Neglecting the corrections due to the Hartree energy Uy, small compared
to the addition energy U, and assuming symmetric dot-lead coupling
I', = I'r = I', we obtain Egs. and of the main text. Note that
in the man text the detuning is measured from the singlet-singlet anti-
crossing, therefore Eq. contains a constant energy shift.

L =U—Uyk ( - guBB) . (4.41)
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CHAPTER

Fully tunable spin-orbit
interaction in Si FInFETs

Adapted from:

Stefano Bosco, Bence Hetényi, and Daniel Loss

“Hole Spin Qubits in Si FinFETs With Fully Tunable Spin-Orbit Coupling and Sweet
Spots for Charge Noise”,

PRX Quantum 2, 010348 (2021)

The strong spin-orbit coupling in hole spin qubits enables fast and
electrically tunable gates, but at the same time enhances the susceptibil-
ity of the qubit to charge noise. Suppressing this noise is a significant
challenge in semiconductor quantum computing. Here, we show theo-
retically that hole Si FinFETs are not only very compatible with modern
CMOS technology, but they present operational sweet spots where the
charge noise is completely removed. The presence of these sweet spots
is a result of the interplay between the anisotropy of the material and
the triangular shape of the FinFET cross-section, and it does not require
an extreme fine-tuning of the electrostatics of the device. We present how
the sweet spots appear in FiInFETs grown along different crystallographic
axes and we study in detail how the behaviour of these devices change
when the cross-section area and aspect ratio are varied. We identify de-
signs that maximize the qubit performance and could pave the way to-
wards a scalable spin-based quantum computer.
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5.1 Introduction

Strong spin-orbit coupling [1] is a desirable ingredient to build a scalable
spin-based quantum computer [2,3], enabling fast and fully electrical ma-
nipulations of quantum bits [4-6]. Promising platforms to reach large
values of spin-orbit interactions are p-doped semicondutor nanowires,
where the charge carriers are holes rather than electrons [7-14]. When
holes are strongly confined in two directions, an externally tunable elec-
tric field generates a large effective spin-orbit field [15}(16] that results
in ultrafast Rabi frequencies, larger than 400 MHz [17,/18], and in spin-
orbit lengths of tens of nanometers [19-25], shorter than typical interdot
distances. The regime of strong coupling between spins and photons in
microwave resonators [26]27] has been predicted in these systems [28],
which could enable long-range coupling between distant qubits. Because
of the large spin-orbit interaction, hole-superconductor heterostructures
have attracted also much interest as platforms to detect and manipulate
Majorana bound states [29-31]].

On the other hand, large interactions between spin and charge de-
grees of freedom render the system strongly susceptible to charge noise,
reducing the qubit lifetime [17,32-34]. Efforts to find operational sweet
spots where charge noise is reduced have been focusing on planar Ge
qubits [35] or considering single atoms [36], as well as artificial spin-orbit
tields [37]. The appearance of sweet spots depending on the direction of
the applied magnetic field has also been analyzed [38,39]. At the working
points identified in these studies, the spin-orbit interaction is not suscep-
tible to small fluctuations of the electric field, but remains finite. How-
ever, in electrostatically defined quantum dots in hole nanowires, there
are additional noise channels that are not suppressed at these working
points. For example, because of the large value of the spin-orbit cou-
pling, the fluctuations of the size of the dot strongly couple to the spin
and lead to decoherence. To remove charge noise in these systems, one
needs the ability to on-demand fully switch ON and OFF the spin-orbit
interactions depending on whether the qubit is operational or idle.

We find that such a spin-orbit switch naturally occurs in p-doped Sil-
icon Fin Field Effect Transistors (FinFETs) [40-43], thus making these de-
vices ideal candidates to reliably store quantum information. Silicon is
highly compatible with modern semiconductor industry and is one of the
frontrunner materials for scalable large scale quantum computers. State-
of-the-art electron Si qubits can operate reliably at temperatures higher
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than 1 K [44,45], and high fidelity two-qubit gates [46-50], as well as
singlet-triplet qubit operations [51], control over higher spin states [52]
and scalable readout schemes [53-57]] have been demonstrated in Si. In
addition, Si offers the unique possibility to drastically reduce the hyper-
tine noise [58-64] by isotopic purification [65,/66], resulting in spin qubits
whose performances are essentially limited only by the charge noise [32].

The tunability of the spin-orbit coupling by varying the electric field
is a well-known feature of semiconductor nanowires [9,11], but in many
typical geometries, such as wires with rectangular [16,/67,68]] or circular
cross-sections [15} (17,24, 28||, the spin-orbit interaction is only fully re-
moved when there is no external electric field. While working without a
DC electric field can be possible for etched [69] or self-assembled [70]
quantum dots, in electrostatically defined nanostructures, an external
gate potential is required to delimit the dot. Consequently, the electric
field cannot be easily set to zero, resulting in a residual spin-orbit in-
teraction, which degrades the qubit performance. In contrast, a crucial
teature of the Si FinFETs studied here is their nearly triangular cross-
section, which results in sweet spots where the spin-orbit coupling can
be switched off at finite values of the electric field, thus removing the
charge noise. In fact, we show that holes confined in triangular wires
present a large spin-orbit coupling even without electric fields and, de-
pending on the design of the fin, an external gate potential can suppress
this intrinsic coupling.

The present paper is organized as follows. In Sec. we introduce
different state-of-the-art FINFET designs [40-43], including Silicon-on-
Insulator (SOI) FinFETs and bulk Si FinFETs, and we discuss the theo-
retical model used in our analysis.

In Sec. we consider an ideal fin with an equilateral triangular
cross-section and study the long wavelength dynamics of the holes con-
fined there. Because Si is an anisotropic semiconductor [1], we pay par-
ticular attention to how different growth directions affect the effective
spin-orbit interactions [16,71-73]. By using a simple theoretical model,
which only includes heavy and light holes, and by considering realistic
inhomogeneous electric field profiles, we identify qualitatively distinct
mechanisms that remove the spin-orbit coupling and that are suitable
for different device designs. Here, we also comment on the the effect of
a possible moderate strain on the spin-orbit switch.

In Sec. we extend the theoretical model of the FinFET by includ-
ing the spin-orbit split-off hole band (SOHs). This band is energetically
separated from heavy and light holes by the bulk Si spin-orbit gap [1],
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but it strongly influences the hole behaviour in small wires and we find
that it can even remove the spin-orbit sweet spot in wires with a trian-
gular cross-section of side shorter than 35 nm. Fortunately, we find that
a more careful device design can counteract the action of the SOHs and
we discuss a possible way of recovering the sweet spot.

Finally, in Sec. we study the charge noise of spin 1/2 qubits [2]
in Si FINnFETs. We find that working close to the spin-orbit sweet spot
drastically suppresses the influence of charge noise on the qubit lifetime,
and strongly improves the dephasing time. By including in our anal-
ysis the fluctuations of the g-factor as a function of the electric field, a
charge noise mechanism that is not directly related to the effective spin-
orbit coupling of the wire, the exact position of the sweet spot is slightly
shifted, but the charge noise can still be exactly cancelled, resulting in a
system fully resilient against small charge fluctuations.

5.2 Theoretical Model

In this paper, we analyze the hole Si FinFET sketched in Fig. The
tin extends in the z-direction and it defines a nanowire with an isosceles
triangular cross-section with equal sides L, and base L,. We study two
different FINFET designs: Silicon-on-Insulator and bulk FinFETs. In SOI
FinFETs, the triangular fin lies on top of a dielectric material, while in
bulk FinFETs, it lies on top of a Si substrate. The apex of the fin is covered
by a dielectric with an ideal metallic gate placed on top. The top gate is
tixed at a potential V, measured with respect to a back-gate at a distance
dp from the bottom of the wire. In bulk FinFET, a negative gate potential
V, is required to localize the hole wavefunction inside the fin, while in
SOI FinFETs, the holes are confined in the wire by the dielectric and V/
can attain positive values, too.

The dynamics of this system is accurately described by the Hamilto-
nian

H = Hix + Vaw(z,y) + Ve(z,y) , (5.1)
which comprises the hole kinetic energy H;x and two distinct potential
energies Viw and V.

The potential Viw captures the abrupt interfaces between the semi-
conductor and the dielectric and because of the large energy gap be-
tween the materials, we model it by requiring the wavefunction to van-
ish at the edges of the system (hard-wall boundary conditions). In con-
trast, Vi describes the smoother and externally tunable electrostatic po-
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tential generated by V,. In the cross-section of the wire, this term is well-
approximated by the multipole expansion

VE(:U,y):—eE-r—gr-(E-r, (5.2)

that includes a homogeneous electric field vector E = (E,, E,) and a ten-
sor modelling the inhomogeneous component of the electric field (6E);;.
The coordinate system r = (z,y) is centred in the center of mass of the
wire. Importantly, both the homogeneous and inhomogeneous compo-
nents of the electric field depend linearly on the external gate potential V,
and their strength can be tuned by the gate design. More details on this
approximation and a thorough discussion on the values of E and 0F;; in
the FinFETs analyzed in this paper can be found in App.[5

A precise description of the kinetic energy of the holes in the valence
bands of semiconductors is provided by the 4 x 4 Luttinger-Kohn (LK)
Hamiltonian [1,74]

12
Hix = (71 + ;%) gm %P/Q J? - 2 pipi { S, Jj} +ep, (5.3)
which describes the mixing of heavy holes (HHs) and light holes (LHs)
with spin 3/2 and 1/2, respectively. Here, m is the bare electron mass,
we use the anticommutator {4, B} = (AB + BA)/2, and cp stands for
cyclic permutations. Also, we defined p? = pi? + p;? + p?” and the vectors
p? = (2, P2, p?) and J? = (J22, J?, J2?), where p, = —ihd; are canonical
momenta and the four-dimensional matrices J; are spin 3/2 matrices.
The primed coordinate system is aligned to the main crystallographic
axes, i.e. 2’ || [100], ¢ || [010] and 2’ || [001].

The LK Hamiltonian is parametrized by three material-dependent di-
mensionless quantities: ~; 23. Here, we use the values of 7; given in
Ref. [1]. Siis an anisotropic semiconductor because the parameters 7,
and v; are quite different. As a consequence, the low-energy descrip-
tion of the system strongly depends on the orientation of the nanowire
with respect to the crystallographic axes [16}71-73]. In our convention,
the nanowire always extends along the z-direction, and to conveniently
account for different growth directions, we transform the LK Hamilto-
nian as H{y — Hix by performing a rotation of an angle ¢ around the
y' || [010] crystallographic axis and a subsequent rotation of an angle ¢
around the rotated 2’ axis, see Fig. This transformation aligns the co-
ordinate system and the spin-matrices to the axes (z,y, ) in the figure;
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the Hamiltonian H;x and the relation between the primed and unprimed
coordinates are given explicitly in Egs. and (5.31), respectively.

The most relevant orientations of the wire for this paper are summa-
rized in Fig.[5.Ib). In particular, it is instructive to study the behaviour
of wires where the coordinate system is aligned to the crystallographic
axes, and of wires grown along the [110] direction, as standardly done
in experiments [22,41-43}67]. We also consider the growth direction that
maximizes the direct Rashba spin-orbit interactions in inversion symmet-
ric Silicon nanowires [16] and quantum dots [71]. We will refer to these
orientations as to Crystallographic Axes (CA), Standard Axes (SA), and
Direct Rashba Axes (DRA), respectively.

The 4 x 4 LK Hamiltonian in Eq. captures accurately the physics
of Si nanowires with large cross-sections, however, to describe smaller
wires one needs to include the contribution of the spin 1/2 spin-orbit
split-off holes (SOHs), that are gapped from the HHs and LHs by a material-
dependent spin-orbit energy A,. The SOHs are negligible only when A,
is much larger than the confinement energy, such that the HH-LH sub-
space is well-separated in energy from the subspace of the SOHs. In
Silicon, the gap Ay ~ 44.1 meV [1], is comparable to the confinement en-
ergy in narrow wires, leading to a strong influence of the SOHs on the
response, especially in the presence of an electric field. To take the SOHs
tully into account, we compare our results obtained with the 4 x 4 Hamil-
tonian to more accurate results obtained with the 6 x 6 extension of
the LK Hamiltonian, the complete form of which can be found for ex-
ample in Appendix C of Ref. [1]. The conduction electrons are separated
by a much larger gap from the holes, and so their contribution is always
neglected in the present analysis.

Without magnetic field, the eigenvalues of the Hamiltonian in Eq.
are doubly-degenerate Kramers partners. When the wavelength of the
hole wavefunction along the nanowire is larger than the confinement
length in the cross-section, the low-energy physics of the system is well
described by an effective nanowire Hamiltonian Hyw that only acts on
the lowest pair of eigenstates. To second order in the momentum p, along

the wire, we obtain
2

Haw = Pz +v-op,, (5.4)
2m*

where o is a vector of Pauli matrices acting on the subspace of the low-
est Kramers partners. The nanowire Hamiltonian is parametrized by an
effective mass m* and a spin-orbit velocity vector v that can be found
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in perturbation theory. In particular, one can decompose H into powers
of p- as H = HO + Hlpz + Hszl with HO = HLK(pZ = 0) + VHW(:I;;y) +
Ve(z,y), and introduce the unitary matrix M that diagonalizes Hy, i.e.

M;HOM E) = €30um. To obtain accurate results, we compute the

nm
eigenvectors Mg and the eigenenergies e¢x numerically by discretizing
the Hamiltonian H,. By standard perturbation theory, it is straightfor-
ward to find

(vo) = (MbmMg) . (5.5)

) v
where 7, j only act on the lowest pair of Kramers partners; a similar per-
turbative expression for the effective mass is given in Eq. (5.36). The
subscript £ in the eigensystem My and ¢z emphasizes the dependence
on the electric field. For this reason, the effective parameters of the wire
Hamiltonian are externally tunable by the gate potential V,;, which con-
trols the electrostatic potential Vi (z,y). We also introduce the spin-orbit

length
h
lso = ——, 5.6
that characterizes the spin-orbit interactions relative to the inertia of the
particle.

To define a spin qubit, we include an external, homogeneous mag-
netic field B. For weak values of the magnetic field, typically below
one Tesla, we can safely neglect the orbital contribution of the magnetic
tield and only focus on the coupling of the magnetic field to the spin-
degree of freedom via the Zeeman energy, which in the 4 x 4 Luttinger-
Kohn Hamiltonian is H; = 2B - (k] + ¢J°). Here, x and ¢ are material-
dependent parameters for the magnetic interactions. The magnetic inter-
actions when SOHs are included, as well as the precise value of x and ¢
for Si, can be found in Ref. [1]. Projecting the Zeeman Hamiltonian onto
the groundstate of the wire, to linear order in B, the effective Hamilto-
nian in Eq. acquires the correction

1
HEy = 5A o, (5.7)

where we introduce the vector A = g - B. Here, i is the Bohr magne-
ton and g is a dimensionless 3 x 3 matrix of g-factors. From perturbation
theory, we obtain the electric field dependent Zeeman interactions

(a-0) = 2(MEHZMy) (5.8)

% i
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5.3 Equilateral FinFETs

To have a simple model of FinFETs, we consider first a nanowire with a
triangular cross-section and we require that the hole wavefunction van-
ishes at the boundaries of the triangle, see Fig. This model provides
an accurate description of SOI FinFETs, but it is questionable in bulk Si
FinFETs, where there is no sharp interface at the bottom of the fin and the
wavefunction can leak into the bulk. In this case, however, the hard-wall
approximation still provides a good qualitative understanding of the sys-
tem, especially when the hole wavefunction is strongly confined inside
the fin by a large negative gate potential V. The effect of the substrate in
a bulk Si FinFET is discussed in App.

The choice of a triangular fin is crucial in our analysis. In fact, com-
pared to rectangular or circular nanowires, a triangular cross-section lacks
inversion symmetry in the (z, y) plane, i.e. Vaw(z,y) # Vaw(—z, —y), and
consequently the triangular nanowire can present large intrinsic spin-
orbit interactions without external homogeneous electric fields, i.e. vy =
v(E=0)#0

In this section, we examine how the spin-orbit interaction varies as
a function of the gate potential and of the growth direction in an ideal
case, where the cross-section is an equilateral triangle of side L. In Si
FinFETs, the triangular cross-section can be made rather equilateral, see
e.g. [42,43], however it is often the case that the fin is a more narrow
[41] or wide [22] isosceles triangle. The spin-orbit coupling in isosceles
triangles with different aspect ratios is analyzed in Sec.

A convenient orthonormal basis to describe this system comprises the
eigenfunctions of the two-dimensional Laplace operator p?+p vanishing
at the boundary of an equilateral triangle. Because of the highly symmet-
ric geometry, the eigenfunctions can be expressed in terms of trigonomet-
ric functions, see App. [in particular Eq. (5.27)] and Ref. [75] for more

'If E = 0 and the cross-section is inversion symmetric, then V (z,y) = Viw(z,y) +
Ve(z,y) = ZV(z,y)I" = V (-, —y), where Z = e~ "F* is the inversion operator in the
(z,vy) plane; F. is the component parallel to the wire of the total angular momentum.
It follows that the ground subspace of Hix(p., = 0) + V(z,y) can be labelled by |i, 1)
and is composed of a degenerate Kramers doublet | 1) that is also an eigenstate of Z
to eigenvalue i. Let us consider the correction to the LK Hamiltonian H;p, to linear
order in p,, such that the states |i,1]) are still approximate eigenstates. Because H;
anticommutes with Z, i.e. ZH,;Z1 = —H;, H; is an block off-diagonal matrix in the basis
of the eigenstates of 7. Consequently, in the groundstate subspace there cannot be spin-
orbit interactions linear in p, and because time-reversal symmetry prohibits different
masses for the Kramers partners, the first possible spin-orbit interactions are  p2.
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details. A natural energy scale for this problem is the confinement energy

B 16Ah2 72
= 32

M (5.9)

which characterizes the energy gap between different orbital states, see
Eq. (5.29). This energy is quite large, for example in a Silicon wire with
side L = 35 nm, the quantization energy is ¢, ~ 14 meV, approximately
30% of the gap to the split-off band Ay ~ 44.1 meV [1]. While for L >
35 nm, the 4 x4 LK Hamiltonian in Eq. is valid, in smaller wires such
a strong quantization results in a large contribution of the SOHs, which
demands a more detailed analysis that fully includes these states. In the
following, we will refer to small (large) wires when the side L is smaller
(larger) than 35 nm. To gain a qualitative understanding of the system,
we begin our analysis by studying large nanowires by using the 4 x 4 LK
Hamiltonian; a detailed analysis of the effect of the SOHs is postponed
to Sec.

We first compute the intrinsic spin-orbit velocity v, in the absence of
electric fields, focusing on its dependence on the growth direction. Then,
we separately describe the effect of homogeneous and inhomogeneous
electric fields. We discuss when the electric field-induced spin-orbit cou-
pling compensates for the intrinsic spin-orbit interactions, yielding con-
venient operational sweet spots where spin-orbit effects vanish.

Intrinsic spin-orbit velocity

Without external fields, a simple yet satisfactory description of the sys-
tem is provided by a reduced 12 dimensional Hamiltonian H;, that in-
cludes only the lowest three orbital states in Eq. (5.27). H, parametrically
depends on the growth orientation via the angles ¢ and 0, see Fig.
and its general expression can be obtained by combining Eqgs. and ;
when 6 = 0, Hi, is explicitly given in Eq. (5.39). By using a second or-

der Schrieffer-Wolff transformation [1}[76] on H;,, the intrinsic spin-orbit
velocity v, can be written as

Yo = — (45 — 1) @ol60) | (5.10)

mL
where a(0, ¢) is a dimensionless three-dimensional vector that charac-
terizes strength and direction of the spin-orbit field and depends on the
growth direction and on the Luttinger parameters. Importantly, for an
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2468 | 0.683 | 0.013 | 0.298 | 0.011

Table 5.1: Parameters of the intrinsic spin-orbit vector v, in Eq. (5.11b)
when § = —n/2. These parameters describe the SA (CA) when ¢ =

—37/4 (p = 0).

equilateral triangle, the intrinsic spin-orbit interaction is a result of the
anisotropy of the semiconductor and it vanishes when v, = v3. For this
reason, materials such as Silicon, where the anisotropy is large, are a con-
venient choice to study this effect.

The general dependence of these quantities on the growth directions
in Silicon is discussed in App. see, in particular, Fig. From
the analysis, we observe that the maximal value of |vy| ~ 2.914/(mL) is
reached when the wire extends along one of the crystallographic axes, i.e.
when z || [100], [010], or [001]. In this case, there is no spin-orbit coupling
in the direction of the wire, i.e. (vy), = 0, and we define the complex
quantity ag(0) = (). (8, ¢) +i(ao), (0, ¢), where to simplify the notation
we suppress the explicit dependence of ay(#) on ¢. In particular, we find

3 —4i —4i
0) =9.34— 1 o~iv 9 631 ¢ e 5.11
20 =0 5 ¢ o 11

N (z) _ a; — ag cos(4p) + as (v3 — 72) cos(8y)
°\2 1 — b1 (93 — 72) cos(4p) + by (73 — 72)? cos(8y) ’

(5.11b)

where a; and b; are real functions of the Luttinger parameters, whose
values for Silicon are shown in Table 5.1l The numerical value 2.631 in
Eq. is obtained by using the Luttinger parameters of Si and de-
scribes the CA and the DRA. From Eq. (5.11b), we estimate o, (5) ~ 2.354
at ¢ = —37/4, corresponding to the SA.

A comparison between the perturbative results in Eq. and the
exact spin-orbit velocity computed numerically by using Eq. and a
larger number N = 200 of the orbital basis states in Eq. is shown
in Fig. When the elevation angle is § = 0, the wire extends along
the [001] direction, and the spin-orbit vector has a roughly constant am-
plitude, but as a consequence of the four-fold rotational symmetry of the
Luttinger-Kohn Hamiltonian, its direction oscillates as a function of the
azimuthal angle ¢ with period 7/2. In contrast, when § = +7/2, the
intrinsic spin-orbit vector has a constant direction (v || e,) and an oscil-
lating amplitude that reaches its maximum when the wire is aligned to
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the main crystallographic axes [100] or [010]. The minimal spin-orbit cou-
pling occurs when the wire extends along the [110] direction, which cor-
responds to the standard experimental growth direction (SA), see Fig.5.1b).
We note that while Eq. agrees well with the numerically com-
puted spin-orbit coupling, Eq. captures the periodic oscillations
but overestimates absolute value of the intrinsic coupling at the SA.

The dependence of the effective mass and of the spin-orbit length on
the growth direction can also be straightforwardly obtained, and a de-
tailed analysis of these quantities is given in App. Importantly, the
spin-orbit length defined in Eq. is of the order of the side L of the
triangle, which is typically much smaller than the lateral size of the dot,
and it reaches the minimal value I, ~ 0.83L when z | [001]. Conse-
quently, we expect hole Si FInFETs to show effects due to large spin-orbit
interaction such as renormalization of the g-factor [10, 21,24, 25,67, 68]
and ultrafast Rabi oscillations [17]].

Homogeneous electric field

We now analyze the effect of the electrostatic potential Vx in Eq. (5.2)
on the spin-orbit velocity. For Si wires, there are two distinct mecha-
nisms that suppress the spin-orbit interactions and eventually remove
them entirely. These mechanisms are the application of a homogeneous
electric field E, pointing along the y direction and the application of in-
homogeneous electric fields J&,, and 0F,, that harmonically confine the
wavefunction inside the fin. Both these fields are controllable by the ex-
ternal potential, and their strengths strongly depend on the gate design,
see App. for a more detailed analysis.

Let us first consider the effect of homogeneous electric fields, which
models setups where the non-linearities of the fields are suppressed. In
realistic devices the top gate covers the wire rather symmetrically with
respect to the y-direction. For this reason, the homogeneous electric field
F, in the z-direction is zero and we will neglect it in the present analy-
sisPl

In Fig. we show the results of a numerical analysis showing the
dependence of the spin-orbit velocity on the dipole energy e, L for the

2The results presented in Sec. are qualitatively valid even in the presence of
asymmetries that lead to a finite F,. In particular, we find that the value of the spin-
orbit velocity at £, = 0 is increased by E, and consequently the spin-orbit switch is
pushed to higher values of E,,.
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growth directions given in Fig.[5.1p). These results are obtained by pro-
jecting the Hamiltonian onto the first 200 orbital states in Eq.
and using Eq. (5.5). We observe that the electric field strongly influences
the spin-orbit field and it can increase it or decrease it depending on
the orientation of the wire. In particular, for the DRA and the SA, the
spin-orbit field can be exactly switched off when the dipole energy eF, L
becomes comparable to the confinement energy ¢.. More precisely, the
spin-orbit switch occurs at

W e 10°nm?
Bty ~ 113 ~19.42 x ——V /um, (5.12a)
W € 10°nm?

for the DRA and SA case, respectively. For realistic cross-section with
sides of a few tens of nanometers, these electric fields are of the order
V/pm, easily reachable in state-of-the-art devices. For the DRA, the spin-
orbit coupling is removed when the electric field is positive and the holes
are pushed to the apex of the fin, while for the SA growth direction,
a negative field is required and the holes are pushed to the bottom of
the triangle. Consequently, the SA is convenient in SOI FinFETs, where
the wire is separated from the substrate by an oxide and the hard-wall
boundary condition is a good approximation also at the bottom of the
fin. In contrast, the DRA can also be suitable in bulk FinFETs because the
large positive electric field confines the hole wavefunction in the fin and
suppresses the leakage of the wavefunction into the substrate.

The suppression of the spin-orbit interaction comes from an interplay
between the anisotropy of Si and the reduced symmetry of the cross-
section. For simplicity, we focus on wires where z || [001], i.e. # = 0, and
examine the dependence of v on . In this limit, a reasonable description
of the system is provided by the reduced Hamiltonian H, in Eq. (5.39),
which includes the lowest three orbital states given in Eq. (5.27). By ap-
plying a fourth order Schrieffer-Wolff transformation to H;,, we find that
v, = 0, and we can write the complex off-diagonal matrix element of the
spin-orbit velocity v = (v), + i(v), as the sum of an anisotropic term a4
and an isotropic direct Rashba-like term oy, i.e.

h

v == (5 = )aa(®) + (35 + e (513)

Importantly, o; is a real function of e£, L and it does not depend on the
azimuthal growth angle ¢, while a4 is a complex function of eE, L and
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oscillates as a function of ¢. In particular, for small electric fields and in
Silicon we find

aap) ~ ay — 0.367e 4% (eEyL/ec)2 , (5.14a)
ar ~0.35 (B, L/e.) + 0.246 (eE,L/e.)” (5.14b)

where « is the zero field result in Eq. and in a4 we also neglected
quantitatively small corrections linear in e, /¢, and proportional to dif-
ferent powers of e *%. For the general dependence of these parameters
on the Luttinger parameters, see Eq. (5.41). To better convey the impor-
tance of the shape of the cross-section, in App. we highlight the main
differences in the spin-orbit coupling of triangular and square Si wires.
The spin-orbit interaction is fully switched off when |[v| = 0. From
Eq. (5.14), it follows that this cancellation can only occur at the growth
angles ¢ = 7(2n + 1)/4 where a4 is a real-valued function, and where
ap has a sign opposite to all the electric field-dependent terms. From
Egs. and (5.14), we estimate that the switch in Silicon occurs at
ESR. ~ 1.52¢./(eL). Note that our perturbative analysis provides good
qualitative insights into the switching mechanism, and in addition, the
numerical prefactor 1.52 is reasonably close to the prefactor 1.13, derived
from the detailed numerical analysis including higher orbital states.

Inhomogeneous electric field

The electric field profile in a triangular FinFET comprises a large inho-
mogeneous component that significantly alters the spin-orbit velocity. In
this section, we restrict ourselves to the analysis of Si FinFETs where a
negative gate potential V is applied, such that the hole wavefunction is
pushed to the apex of the triangle.

When the back gate is far from the wire, the inhomogeneous compo-
nent of the electric field in the cross-section can be well-approximated
by a linearly varying electric field parametrized by the tensor JE;;, see
Eq. (5.2). As discussed in App. in typical devices, the cross-terms
0E,, are very small. In contrast, the diagonal components ¢E,, and the
0E,, are large and they vary linearly with the top gate potential V;, with
slopes that are comparable in absolute value, but have opposite signs. In
particular, we estimate 0E,, /0E,, ~ —1.01, and thus the saddle potential
energy

Ve(x,y) = edB(y* — 27)/2, (5.15)
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accurately describes the inhomogeneity of the electric field. Negative
values of V, correspond to positive values of the parameter /&' and so
Ve(z,y) harmonically confines the holes in the y-direction and pushes
their wavefunction to the sides of the triangle in the z-direction.

We first study separately the effect of the inhomogeneous coupling
by setting the homogeneous electric field to zero, i.e. £, = 0. We remark
that for inversion symmetric cross-sections such as cylindrical or rect-
angular wires, the potential in Eq. does not induce any spin-orbit
interactions because Vg (z,y) = Vi(—z, —y), and the results obtained in
this section are specific for triangular wires.

In Fig. [5.4p), we show the spin-orbit interactions as a function of JF
and for the orientations in Fig.5.Ib). We observe a qualitatively similar
picture as discussed in Sec. 5.3| for the homogeneous electric field: de-
pending on the growth direction, the spin-orbit velocity varies with 0L,
and while it increases in the CA and SA, it decreases for the DRA, result-
ing in an operational sweet spot at

. 104 4
e 35 x 10° x —

SW .
B ~ 2051 i

V/pum? (5.16)

where |v| vanishes.

This spin-orbit sweet spot remains present also when non-idealities of
the electric fields are included. In App. we show that the spin-orbit
switch persists in rather general FInFET design, where ¢0E,, # —dE,,.
Also, possible asymmetries of the gate design can lead to a small cross-
coupling 0E,,. The effect of dF,, on the spin-orbit velocity is shown in
the inset of Fig. 5.4p). We find that the spin-orbit switch is removed by
including ¢F,,. However, we expect that in most setups, J&,, remains
a few orders of magnitude smaller than ¢F and thus, at the switch, the
spin-orbit velocity is orders of magnitude smaller than the intrinsic ve-
locity |v|, still providing a good working point where charge noise is
strongly reduced.

In realistic devices, the effects of homogeneous and linearly varying
electric fields cannot be easily decoupled and thus we now examine how
their interplay affects the spin-orbit switch. In App. we estimate that
in the FInFET shown in Fig.

1%
B, ~ 032" ~ 0.25L3E . (5.17)
B

While this constraint is strictly valid only for setups with top and back
gates, we now explore a much larger parameter space where E, and &
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are varied independently. Consequently, our results are valid for a broad
range of device designs, including for example Si FinFETs with gates
placed sequentially along the wire.

In Fig.[5.4b), we show the spin-orbit velocity in a FinFET grown along
the DRA as a function of both E, and ¢E. We observe that |v| vanishes
along a (blue) curve that intersects the (purple) line defining the con-
straint at the point (edEL?, eE, L) = (7.8¢, 1.95¢.).

The switching-off of the spin-orbit velocity is mostly driven by the
homogeneous electric field E, and the inhomogeneous potential /£ only
renormalizes the value of E, required to compensate for the intrinsic
spin-orbit interaction. Combining with Eq. (5.17), this point corresponds
to the potential V" = —111.7 x nm?*(dp/L?) V and when L = 20 nm and
dp = 100 nm, one obtains the working point V> = —1.4 V. Perturbative
expressions of |v| as a function of £, and ¢F can be found by general-
izing the treatment discussed in Sec. and are given in App. see

Eq. (5.41).

Another important feature of the spin-orbit switch is its robustness
against moderate strain. In semiconductor nanostructures, strain can
play a relevant role by renormalizing the response of the system to ex-
ternal fields [77]. In Si wires, strain could be induced for example by
nearby metallic gates [78], or by incoherent interfaces between SiO, and
Si [79,80]. The precise strain profile is strongly device dependent and
it can be engineered by a careful fabrication process, where details such
as choice of the materials [81] and dielectric thickness matter. Instead of
focusing on a specific device realization, here we consider a simple strain
model where the elements of the strain tensor ¢;; are homogeneous in
the fin. By using the Bir-Pikus Hamiltonian [1,82], we estimate that the
analysis provided above is qualitatively valid as long as

€re + €4y — 2€,, € [0.54%, —1.6%] x (L/10 nm)~?, (5.18a)
€2z — €4y] < 0.12% x (L/10 nm) 2 (5.18b)

€] 5 |€y2] < 0.08% x (L/10 nm) ™2, (5.18¢)

€y < 0.9% x (L/10 nm) "2 . (5.18d)

Consequently, for typical cross-sections where L is a few tens of nanome-
ters, reasonable values of the strain parameters ¢;; ~ 0.1% can still pre-
serve the spin-orbit switch. A detailed analysis of the effect of strain as
well as a justification for the homogeneous model is provided in App.
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5.4 Effect of the SOHs

In Sec. 5.3} the effective spin-orbit velocity is computed by using the 4 x 4
LK Hamiltonian in Eq. (5.3), which describes the mixing of heavy and
light holes. In this case, nanowires with equilateral triangular cross-
sections having different sides L show the same qualitative behaviour,
and L only sets the scale of the spin-orbit velocity v « h/(mL) and of
the confinement energy €. < h?/(mL?), see Egs. and (5.9), respec-
tively. This model is valid for wires with a large cross-section, where ¢,
is the smallest energy scale and one can neglect the coupling to the split-
off holes, gapped by a large energy A,. In contrast, for small Si wires,
Ay is comparable with e, and because of the influence of the SOHs, the
ground-state dynamics of the wire depends non-trivially on the side L of
the cross-section [83]. As anticipated in Sec. 5.2} to study this dependence
we use the 6 x 6 LK Hamiltonian [1], fully accounting for the SOHs.

In Fig. we show how the intrinsic spin-orbit velocity |vy| is modi-
tied by the SOHs in wires with different cross-section sides L. For large
wires, with L 2 35 nm, the contribution of the SOHs is small and |v|
approaches the value in Eq. obtained with the 4 x 4 LK Hamilto-
nian (dashed lines). In contrast, for very small wires, with L < 10 nm,
the SOHs strongly suppress |vy|. For moderately small wires, because
of the anisotropy of Si, the effect of the SOHs strongly depends on the
growth direction. In fact, while for the SA |v| decreases monotonically,
when 6 = 0, the spin-orbit velocity overshoots and reaches a maximum
at L ~ 20 nm, where |v| is larger than the value obtained for the 4 x 4
LK Hamiltonian. In addition, at L ~ 10 nm we observe that for the DRA,
the intrinsic spin-orbit interaction can be exactly cancelled, restoring the
usual direct Rashba spin-orbit coupling typical of inversion symmetric
cross-sections [15,/16].

The SOHs strongly affect the response of the system to external elec-
tric fields. For example, we analyze here the spin-orbit velocity in wires
with the DRA, where in Sec. we predict that the intrinsic spin-orbit
interaction can be exactly cancelled by a positive homogeneous electric
tield £, and by an inhomogeneous field éE. In Fig. we show how
the spin-orbit switch-off mechanism discussed in Sec. and Sec.
are modified by the SOHs. In particular, in Fig.[5.6p) we show the com-
bined effect of £, and dF on the spin-orbit velocity v when the SOHs are
accounted for. We study here an equilateral triangle of side L = 20 nm,
which maximises the intrinsic spin-orbit coupling, see Fig. and is eas-
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ily achievable in state-of-the-art devices [41H43]]. Comparing to Fig.[5.4p),
where v is obtained by using the 4 x 4 LK Hamiltonian, we observe
that the SOHs drastically alter the response of the wire and they remove
the charge noise sweet spot produced by the homogeneous electric field
E,, while maintaining the sweet spot resulting from the inhomogeneous
tield 0F. This latter sweet spot persists also when a strong homogeneous
electric field E, is present and E, only pushes the switch-off field SE5"
to larger values. In the plot, we show with a dashed line the curve along
which the spin-orbit vanishes when the SOHs are neglected. Importantly,
for the simple gate design studied here, where F, and ¢F are constrained
along the purple line in the figure, the charge noise sweet spot is removed
by the SOHs.

To have a better understanding of the system, we show in Figs. [5.6p)
and [5.6f) the effect of £, and ¢F in wires grown along the DRA and hav-
ing different cross-section side L. We observe that when L < 35 nm,
the spin-orbit switch at E5}, is removed by the SOHs. In contrast, the
SOHs enhance the effect of 6 and the spin-orbit switch at 6E°" persists
in small wires and is pushed to lower values. A more detailed analy-
sis of the inhomogeneous electric field response, including the general
dependence on ¢E,, and dE,, for different growth directions is given in

App.

A more careful device design can minimize the effect of the SOHs. For
example, in wires grown along the DRA, the spin-orbit switch is restored
in wide isosceles FINFETs. To understand this result, we analyze the spin-
orbit coupling in isosceles triangular wires with equal sides L, and base
L, see Fig. The aspect ratio is

r=L,/L,=2sin(0/2) € (0,2) . (5.19)

The FinFET is equilateral when » = 1, and we call wide and narrow
FinFETs the devices with » > 1 and » < 1, respectively [O is the apex
angle of the fin]. For convenience, we also define an effective length
L = L,\/sin(0)/sin(7/3), that is the side of an ideal equilateral triangle
with the same area of the isosceles triangle. We redefine the confinement
energy e in Eq. by the substitution L — L.

In Fig.[5.7), we focus on cross-sections with . = 20 nm and we exam-
ine the dependence of |[v| on 0F when E, = 0 and when different values of
r are considered. These numerical results are obtained by using Eq.
and by discretizing the 6 x 6 LK Hamiltonian in isosceles triangular cross-
sections. Here, we use the approximate potential in Eq. ; the limits
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of this approximation in isosceles fins are discussed in App. Impor-
tantly, we observe that ¢ can remove the spin-orbit interactions for a
broad range of r and that 6E°" is significantly reduced when the fin is
wide.

This enhancement of the inhomogeneous field is crucial to restore the
spin-orbit sweet spot. In fact, in Fig. ), we show the simultaneous
effect of 0 and £, when r = 1.2 and L = 20 nm, i.e. L, = 22.8 nm
and L, = 19 nm. In the FInFET design shown in Fig. where ¢F and
E, are constrained on the (purple) line defined by Eq. (5.17), we find
that the spin-orbit coupling can be switched off by the inhomogeneous
electric field at the gate potential V" ~ —249 x nm?dp/L? V. This value
corresponds to V" ~ —3.12 V when L = 20 nm and the back gate
is dg = 100 nm apart from the center of mass of the wire. This gate
potential is rather large, but it can be reduced by placing a back gate
closer to the fin. We believe that an optimized electrostatic design of the
device can also reduce V,;*", but we do not investigate this aspect further.
Interestingly, in this setup, we recover also the spin-orbit sweet spot E3ka
driven by the homogeneous field F,, see the dashed line in the figure. In
addition, in the inset of Fig.[5.7b), we show the total hole density |¢|* at
VW, Because the wavefunction is strongly confined in the fin and has
no support close to the bottom boundary, we expect the results presented
here to be valid for both SOI and bulk FinFETs.

Finally, we estimate that in the range of parameters considered, the
spin-orbit length in this setup can be pushed down to a minimal value of
IMin ~ 1.5L by reducing the amplitude of the gate potential. While still
rather short, this length is longer than in the equilateral triangle, resulting
in a smaller maximal spin-orbit coupling. Other possible SOI and bulk
FinFETs designs where the spin-orbit switch is restored are discussed in
App. Amongst the setups analyzed, we chose to focus on the wide
DRA FinFET because it guarantees the largest spin-orbit coupling when
the interaction is turned on.

5.5 Suppressing charge noise in FinFET Qubits

We now study the susceptibility to charge noise of an elongated quan-
tum dot that defines a spin 1/2 qubit [2]. All the results discussed in this
section take fully into account the SOHs. To define the dot, we include
a confining potential in the direction of the wire edFE.,z*/2, which is as-
sumed to be much smoother than the cross-section side L; in this way, the
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effective wire Hamiltonian in Eq. accurately describes the system.
We emphasize that while here we discuss only elongated quantum dots,
where | > L, our results apply also to FInFET-based spin qubits where
| ~ L[] such as the ones in [42,43]. A potential edF,.2%/2 is typically
generated by terminating the top gate above the FinFET such that it has
a finite extension in the direction along the wire (z-direction). The precise
value of 0E,, depends on the size of the gate along 2, on the distance dp
of the back gate; also ¢F .. varies linearly with the top gate potential V.
Without an external magnetic field B, one can exactly gauge the spin-
orbit coupling away by the unitary transformation S = e~™Mvo2/l=o [84],
where n, is the direction of the spin-orbit vector v, and the Hamilto-
nian reduces to a harmonic oscillator with frequency w, = +/¢e|0E..|/m*,
whose ground state wavefunction is a gaussian with standard deviation

[, R

Because 0E.. x V,, the harmonic length | depends on the gate potential
as | o |V,|~1/4; the divergence of [ for V, — 0 is a consequence of the fact
that in electrostatically defined quantum dots a finite value of the gate
potential V, is required to confine the particles.

At finite values of B, the unitary S leads to an effective magnetic field
that oscillates as a function of the position along the wire. When pro-
jected onto the groundstate of the dot, these oscillations cause a spin-
orbit coupling dependent renormalization of the g-tensor in the direction
perpendicular to n, [21,24,25]. In particular, decomposing the vector A
defined in Eq. into the sum of the two vectors A and A that are
parallel and perpendicular to the spin-orbit vector n,, respectively, we
obtain the qubit Hamiltonian

1 _2
H, = B (A” +e Z%OAL) -0 . (5.21)

3 A more precise condition for the validity of the nanowire Hamiltonian in Eq.
is that the harmonic frequency hw, = h%/(m*1?) is much smaller than the energy gap
AFE between the ground-state and the first excited state of the nanowire. For the de-
vices considered and in the range of parameters shown the minimal energy gap is
AE ~ 0.05¢. at the switching field, and so we obtain the condition 1 > hw,/AE ~
3L%/(0.05 x 16m%yym*1?) ~ L?/(v11*), where we used the effective mass in Eq. (5.35).
Because of the prefactor 1/y; ~ 0.22, the nanowire Hamiltonian works reasonably well
when L ~ [, =~ .
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To study the effect of charge noise, we consider small fluctuations 61/
of the gate potential around the fixed working point V;. To linear order
in V' the parameters of H, modify as A — A + A0V, — [+ I'6V and
lso = lso + 1,0V, leading to

H, — H, + %/Q o (5.22)

where we define the vector with the units of charge

2 2oy
Q = Ah +e 1% AIJ_ + 2l7€ %o (ls_o — 7) AJ_ . (523)

Unless the device is operated at the sweet spot, in elongated hole
quantum dots, [ is comparable with the spin-orbit length /,,, and the last
term in Eq. dominates. In addition, we stress that in these systems
the requirement of a vanishing first derivative |v|" of the spin-orbit ve-
locity |v| at the sweet spot is not sufficient to remove spin-orbit-caused
charge noise [35,36], because there is an additional large contribution
coming from the variation of the dot size [. In contrast, at the spin-orbit
switch point, where [, — oo, the last term in Eq. vanishes exactly
and charge noise only affects the qubit by the fluctuations of the g-factor.

We now restrict ourselves to the analysis of the wide FinFET grown
along the DRA that is discussed in Sec. Because of the symmetries
of this device, the principal axes of the g-tensor are aligned to the coordi-
nate system chosen in Fig.[5.1|[73]], and the ith component of the Zeeman
energy is A; = g¢;;upB;. Here, we consider a magnetic field pointing in
the y-direction, i.e. B = Bye,. This choice maximizes the Rabi frequency
in electric spin dipole resonance experiments [85] because the spin-orbit
vector points in the z-direction, see Eq. (5.13). In addition, this magnetic
tield direction minimizes the noise and provides the largest Zeeman en-
ergy gap. The dependence of the elements of the g-factor matrix on the
gate potential V for this device design is shown in Fig.[5.8p). The value
of the g-factors computed here and the strong anisotropy of the Zeeman
energy depending on the direction of the magnetic field is in reasonable
agreement with experiments [12,42,43,67].

In general, the vector Q can have a component pointing along the
vector A and a component perpendicular to it; these components cause
the dephasing and the relaxation of the qubit, respectively. However,
when the matrix of g-factors is diagonal and B = B,e,, the vector Q
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is aligned to A and the qubit is only subjected to dephasing. From a
Bloch-Redfield analysis and for 1/f-type noise with spectrum S(w) =
(6V?)/|w|, the dephasing rate 1/T; is given by [86,87]

11 o | L (101/6VE)

where wi; ~ 1 Hz is a cut-off frequency depending on the experiment.
Here, we only consider free induction decay, and do not account for echo
pulses that can further improve the qubit lifetime.

The dependence of the dephasing rates due to charge noise on the
gate potential for a wide FinFET qubit with L = 20 nm and r = 1.2 is
shown in Fig. [5.8b). For the plot, we consider a magnetic field B, =
100 mT, which leads to a Zeeman energy of tens of p.eV, comparable to
the values measured in [17]. Also, we consider dots with a fixed value
of 0E../V,, chosen such that the lateral size of the dot is / = 30 nm at
the spin-orbit switching point V; = V" = —3.12 V. In addition, at
V, = V2V, the longitudinal confinement energy is /iw. = 0.14 meV, an or-
der of magnitude larger than the Zeeman gap A, = 11 eV and an order
of magnitude smaller than the transverse subband gap AE = 1.7 meV;
we then conclude that our approach is valid in this regime. To estimate
the fluctuations of the gate potential, we consider that the typical fluctu-
ations of the energy levels are /(h?w?) ~ 5 peV [88] and are connected
to the fluctuations of the gate potential by the dimensionless lever arm
o = [hdw. [ (edV,)|, i.e. \/(0V?) = an/(h2w?)/e. AtV, = VW, choosing
[ = 30 nm, we obtain a &~ 65, and we estimate /(6V2) ~ 0.3 mV. We
note thatif [ = 15 nmat V, = VgSW, the lever arm is o ~ 16, in reasonable
agreement with recent experiments where the lever arm is about 20 [89].

The black solid line in Fig. [5.8b) represents the total dephasing rate
of the FinFET qubit. We observe that charge noise leads to dephasing
times 75 of hundreds of nanoseconds, in agreement with recent exper-
imental data [89], that can be pushed to infinity when the devices are
tuned to work at the sweet spots. Importantly, the sweet spot is close
to the spin-orbit switching point V" = —3.12 V, but it does not ex-
actly coincide with it. To have a better understanding of this shift, we
show with dashed red and gray lines the dephasing rates 1/77 obtained
by considering only the terms of the vector Q in Eq. that are re-
lated respectively to the fluctuations of the g-factor, i.e. o« A’, and to the
spin-orbit coupling, i.e. o [?/I2. Because these different contributions
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in Eq. can have a different sign depending on whether the g-factor
and the spin-orbit coupling increases or decreases as a function of V,
the small shift of the sweet spot is a result of the interference between
the g-factor fluctuations and the spin-orbit coupling contribution to de-
phasing. In the wide DRA FinFET, where the spin-orbit length is very
short, the spin-orbit coupling contribution to dephasing is dominating
and the g-factor fluctuations are relevant only very close to the spin-orbit
switch. Working at the sweet spot leads to a clear practical advantage,
completely removing the charge noise when the qubit is idle.

5.6 Conclusion

In this work, we present ways of suppressing charge noise in hole Si
FinFET qubits. The advantage of these structures compared to other
nanowires is their triangular cross-section, which by symmetry permits
large intrinsic spin-orbit interactions without external electric fields. When
the device has a simple equilateral triangular cross-section, we find this
effect to be a result of the interplay between the low symmetry of the
cross-section and the anisotropy of Si. When an external gate potential
is applied an extra tunable contribution to the spin-orbit coupling arises
and depending on the growth direction of the wire, it can enhance or sup-
press the total spin-orbit interactions. This suppression leads to points
where the spin-orbit velocity can be tuned exactly to zero, dramatically
boosting up the coherence times of spin-1/2 qubits.

We study in detail the dependence of spin-orbit coupling on the gate
potential by considering an inhomogeneous electric field profile, which
matches numerical simulations of the electrostatics of realistic FInFET
devices. We distinguish between different mechanisms that drive the
switching-off of the spin-orbit coupling and that have a different be-
haviour as the cross-section area becomes smaller as a result of the spin-
orbit split-off hole band. These states generally degrade the performance
of the FinFET and can even remove the spin-orbit switch. We present
more involved designs, e.g. wide FinFETs, that reduce their effect and
restore the spin-orbit switch.

When a small external magnetic field is applied, hole nanowire qubits
become susceptible also to fluctuations of the Zeeman energy caused by
an electrically tunable g-factor. By analyzing the response of FinFET de-
vices to small magnetic fields, we find sweet spots where the charge noise
can be completely removed to linear order in the fluctuations of the gate
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potential, providing an ideal working point where quantum information
can be reliably stored in charge noise resilient spin qubits.

5.A Electric field simulation

We present the model of the electric field profile in Si FinFETs and com-
pare the approximate potential in Eq. to the electrostatic potential
obtained by solving the Laplace equation in the FinFET sketched in Fig.
We study a fin with an equilateral triangular cross-section with side L.
For simplicity, we neglect the effect of the dielectric on the electric field
lines. This approximation describes well devices that use thin high-k di-
electric materials, with a dielectric constant similar to Si, but we expect
our results to be at least qualitatively correct for a wider range of de-
vices, including devices made with SiO,. In addition, we assume that the
top and back gates extend to infinity along the wire (in the z-direction),
such that we can restrict our analysis to a cross-section of the FInFET in
the (z,y) plane. We solve the Laplace equation considering that the top
gate fixes the electrostatic potential of Si to V;, and that the back gate is
grounded to zero potential. To model the lateral sides of the substrate,
we consider a wide substrate, that extends symmetrically up tox = £15L
from the position of the fin at = 0, and we set the potential at the sides
below the top gate to ground. This approximation describes well the po-
tential in the fin as long as the distance dp of the back gate from the fin
is < 30L. In Fig. we show the potential energy V2 simulated in this
setup when the back gate is at dg = 15L from the bottom of the fin. Note
that the potential in this simple design varies linearly with V, and that
the lengths are normalized against the side L of the fin.

We compare the numerical solution V' of the Laplace equation to the
approximate potential in Eq. (5.2); in this section, we call the approxi-
mate potential V4 to distinguish it from the numerical solution V2. To
find the parameters E; and 0F;;, we compute the appropriate deriva-
tives of the potential and find their average in the fin. For example,
OB, = —(1/Agn) fﬁn drd,,. VY (z,y), with Ag, being the area of the trian-
gle, where the averaging is performed. Because the device is symmetric
around = = 0, the homogeneous electric field in the z-direction vanishes
and E, = 0. Simulating devices with different substrate thickness dj,
we find that the homogeneous and inhomogeneous components of the
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electric field can be written to good approximation as

ey Vy
dp

i Vy

E, =
Y dpL’

and (SEU =

(5.25)

where the dimensionless coefficients ¢ are of order one. By fitting these
formulas against the results of the simulation, we find a good fit when

cy=—03, cpu=-121, ¢, =12, (5.26)

see Fig.[5.10p). Note that 0E,, ~ —0E,,, justifying the approximation in
Eq. (5.2). We also find that ¢,, = 0 in this geometry. When accounting
for the finite size of the top gate, c,, acquires a finite value, however,
it is reasonable to assume that |c,,| < |c;;| as long as the top electrode
tully covers the fin. A comparison between the approximate potential
V# and V' simulated from the Laplace equation for ds = 15L is shown
in Fig. 5.10p) and c). We observe that the electrostatic potential in the
fin VY is reasonably well approximated by V. We remark that the pre-
cise values of the coefficients c can change for different devices, e.g. by
including dielectric materials, changing the aspect ratio of the fin or in-
cluding additional gates. While we do not expect drastic changes of our
model, we do not investigate these effects in detail here.

5.B Orbital eigenstates

A convenient basis to analyze wires with triangular cross-sections com-
prises the eigenstates of the two-dimensional Laplace operator p2 + p>
vanishing at the boundary of an equilateral triangle of side L [75]. These
solutions can be chosen to be even (e) or odd (0) with respect to the height
of the triangle at x = 0 and they are written compactly as

Ua(z,y) = exfa(x/L) - g(y/L) (5.27)
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where where A = ¢, 0 indicates the parity and c, is a normalization con-
stant. We define the vectors

f(x) = (cos {wx} , COS {Mx} , —Cos [QZM}) ;

3 3
(5.28a)
o) = (—sin | MO | g [2RBmE2D ) g [ ]
f,(z) ( [ 3 1 [ 3 1 [ 3 ])(5'281))
o= (o0 (],
.20C

[0 (15, )]

The quantum numbers m, [ are integers satisfying the conditions m >
1,1>0andm > 1, [ > 1 for the even and odd solutions, respectively.
These quantum numbers label the eigenvalues of the Laplace operator
according to

2 2 2
(P2 +1)) r = % 163” <m2 +1Im+ %) N (5.29)
The states characterized by [ = 0 are three-fold rotationally symmetric
and even with respect to the height of the triangle; no odd solutions with
[ = 0 are allowed. The remaining even and odd solutions labelled by the
same quantum numbers m and [ # 0 are degenerate. The lowest three
normalized eigenfunctions are shown in Fig. These three states are
used in App. to find an effective analytical model for the triangular
FinFET.

5.C Spin-orbit interaction in perturbation
theory

Intrinsic spin-orbit velocity and length

In this section, we show the general dependence of the intrinsic spin-
orbit vector v, in Eq. (5.10) and of the spin-orbit length [, in Eq. (5.6) on
the orientation of the wire. To account for the different growth directions,
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we rotate the 4 x 4 LK Hamiltonian H{y in Eq. by the unitary opera-
tor U = v ety ie. H|y — Hix = UH] U, where F = J' +x' x p’ [with
X' = (2',y,2)and ] = (J, J,, J.)] is the total angular momentum, and ¢
and ¢ are the angles between the crystallographic axes and the final co-
ordinate system, see Fig. This unitary rotation aligns the coordinate
system and the direction of the spin-matrices to the axes x, y and z. More

explicitly, the Hamiltonian in the rotated coordinate system is given by

5 p2 Y2 o 2 273
Hiw = — - — Zp*. 17" - . b+ .
LK (’71 + 272) om mP J m piPj {Jza J]} cp, (5 30)

where the rotated momenta are

cos(0) cos(p)p), + cos(0) sin(p)p;, — sin(0)p,,
p- cos(¢)p, — sinfe)p. SENEEN
sin(6) (cos()pl, + sin(p)p,,) + cos(0)p,

and p* = (03,15,02), J? = (J3,J;, J2), p* = pi + p + p3. The spin 3/2
matrices J are rotated in the same way.

We do not include electric or magnetic fields at the moment and we
focus on the intrinsic spin-orbit coupling. To obtain simple equations, we
restrict the orbital space to the space spanned by the lowest three eigen-
states of the Laplace equation in an equilateral triangle, see Fig. By
projecting Hyx onto this subspace, we obtain a 12 x 12 reduced Hamilto-
nian H, that parametrically depends on the angles ¢ and 6 and on the
momentum p,.

Specifically, Hi is found from H;x in Eq. by separating the dif-
ferent powers of p;p;, i.e.

Hix = Zpiijij ’ (5.32)

V)
and using the matrix representation of the momenta operators in the ba-
sis (|1,0, e),|1,1,e),]|1, 1,o>>, where the eigenstates |m, [, \) are defined

by Egs. (5.27) and (5.28). Denoting the matrix representation of the mo-
mentum operators in this basis by a under bar p;p;, Hi» is given by

4.J

The expressions of the matrix elements of H; as a function of § and ¢ can
be straightforwardly derived from Eq. (5.30) and we do not give them



CHAPTER 5. FULLY TUNABLE SPIN-ORBIT INTERACTION IN SI
FINFETS 178

here. We report instead the matrices of the momenta:

2

il £ 0
) h2 3 2\/5
=g & -2k 0 , (5.34a)
0 0 s 4 2y,
k
2 0 0 s
pepy =7z 0 0 =k | (5.34b)
— —& 4k 0
0 0 i
9hkp.,
PPy = — 2 0 00 |, (5.34¢)
— wv2rL \ ;o o )
— 0
Ihkp. !
=P 0 0 |, 5.34d
PETW0EL g o o (6:34)

and p_z = p2 o P2 = p2Is; also k = 2187/112 ~ 19.53 and Z; is the

3-dimensional identity matrix. In the simple case § = 0, the 12 x 12
Hamiltonian, also including electric fields, is explicitly given in Eq. (5.39).

We resort to perturbation theory on Hi, to derive a low-energy de-
scription of the system. With a second order Schrieffer-Wolff transfor-
mation, see e.g. Appendix B of [1] or [76], we obtain a 2 x 2 effective
Hamiltonian that acts on the ground state subspace of the wire. Expand-
ing the matrix elements of this Hamiltonian up to second order in p,, we
find an effective wire Hamiltonian as in Eq. (5.4). The terms linear in
p. are related to the spin-orbit velocity v, while the effective mass m* is
twice of the inverse of the diagonal term quadratic in p..

For a Si wire, the dependence of the components of the intrinsic spin-
orbit velocity vector v, on the growth angles obtained in this way is
shown in Fig. Importantly, we find that the v, is in general pro-
portional to the anisotropy of the material 73 — 7, and to the velocity
h/mL, and thus it can be written as in Eq. (5.10). In addition, there is
no spin-orbit coupling in the direction along the wire when § = 0 and
6 = £7/2 (red and blue lines, respectively), and in these cases (v;). = 0.
While these results were found by perturbation theory, we find numer-
ically that they hold generally. Interestingly, the off-diagonal compo-
nents of the spin-orbit velocity (v¢),, vanish e.g. when ¢ = 7/4 and

§ = —arctan \/2 + /3, where the diagonal spin-orbit (vy). is maximal.
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This orientation corresponds to z || [111], along which the Si lattice has
a three-fold rotational symmetry, and is marked with black circles in the
tigures.

By taking the limits § = 0 and § = +n/2, the expressions of the
spin-orbit vector simplify notably and are given in Egs. (5.11). When
§ = +£m/2, the spin-orbit vector points along the z-direction and it has an
oscillating amplitude, while when 6 = 0, the direction is oscillating as a
function of ¢. A plot of the absolute values of v in these cases and a com-
parison between the perturbation theory and a more detailed numerical
solution comprising 200 orbital states in Eq. is shown in Fig.

With this approach, we also find the effective mass m* from the diago-
nal elements of the effective Hamiltonian. Along the # = 0 and § = £7/2
directions, m* can be compactly written as

m 5.357173 + 1.8675 + 15.237vy7;
=0 T T e
(5.35a)
m _5.12 —5.57 cos(4p) + 1.14 cos(8p) — 0.09 cos(12¢)
m*(0 = £7/2) 1 —0.91 cos(4p) + 0.13 cos(8y) '
(5.35b)

where in the second equation we discarded higher harmonic components
oscillating with a small amplitude and a fast period in ¢; m is the bare
electron mass. In Fig. 5.13p), we show the effective mass as a function
of ¢, comparing the approximate Eq. with a more precise numer-
ical result. This numerical result is obtained by extending the general
perturbation theory developed in Sec.[5.2|[see in particular Eq. (5.5)]. By
considering Hix = Hy + Hip, + Hyp? and defining the matrix My of col-
umn eigenvectors of Hy, the effective mass is given by

2
f
. | (Mbm)
() + 3 )|
m i kit € — €g

(5.36)

the indexes ¢, j label the ground state Kramers partners and, on the left-
hand side of the equation, we omitted them because m; = m; = m*. In
analogy to above, Mg is computed numerically by accommodating 200
orbital states given in Eq. (5.27).

We observe that the simple analytical results capture well the oscillat-
ing behaviour of the mass as a function of ¢, but they underestimate the
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amplitude of the oscillations, leading to a smaller mass, especially when
the wire extends along a crystallographic axis, e.g when § = 0 or when
0 = —m/2 and ¢ = 0. For the SA, where § = —7/2 and ¢ = —37/4,
Eq. works well and gives an effective mass mg, ~ 0.17m, while
for the CA and DRA, the numerical analysis is more precise and it gives
an effective mass m&, ~ mppa ~ 0.41m.

Analytical expressions for the intrinsic spin-orbit length [,, defined
in Eq. can be obtained when ¢ = 0 and ¢ = 7/2 by combining
Egs. (5.10), and (5.35). A comparison between these expressions
and the numerically computed values of [,, is shown in Fig.[5.13b). Be-
cause of the underestimation of the effective mass, the spin-orbit length
predicted by perturbation theory is larger than the numerical values when
the wire extends along a crystallographic axis. In contrast, for the SA,
the perturbative result is smaller than the numerical result because of the
overestimation of the spin-orbit velocity, see Fig. From the numerical
analysis, we find that

lso(0 =0) =~ 0.83L, (5.37a)
lso(0 = £7/2) € [0.83L ,2.89L] . (5.37b)

Importantly, the intrinsic spin-orbit length is always of the order of the
side of the triangle, typically much shorter than the confinement length
of the quantum dot along the wire, leading to large spin-orbit interac-
tions.

Finally, we point out that while our quantitative analysis here is lim-
ited to Si, our results can apply also to other semiconductors. For exam-
ple, in [22], the spin-orbit interaction in hole Ge hut-wires is studied and
an intrinsic spin-orbit field of %|vy| ~ 10 meV - nm was measured for a
triangular device with width L, = 80 nm and height H = 4 nm. An
estimate of the amplitude of the intrinsic spin-orbit interaction related to
the triangular cross-section can be found by using the equilateral triangle
equation for the crystallographic growth direction,

o = 9341 2808 = 72) (5.38)

mLy+ (5/2)7,

obtained by combining Egs. (5.10) and (5.11a). To better compare with
the experiment, we consider a fictitious equilateral triangle of side L hav-
ing the same area of the cross-section of the hut-wire; from the condition
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V3L2/4 = L,H/2, we find that the effective side of the fictitious equilat-
eral triangle is L ~ 19 nm. Using the Luttinger parameters of Ge [1], we
estimate an intrinsic spin-orbit field A|v| ~ 12.65 meV - nm, in very good
agreement with the experiment [22].

Electric field dependence

Here, we focus on wires with § = 0, i.e. wires grown along the [001]
crystallographic direction, and we study the dependence of the spin-
orbit velocity on the electric field. In this case, the spin-orbit velocity
vector has no component along the z-direction and is off-diagonal. We
define then the complex off-diagonal component of the spin-orbit veloc-
ity v = (v), + i(v),. This quantity can be decomposed into the sum of an
isotropic direct Rashba-like component that vanishes when the external
electrostatic potential in Eq. is turned off, and an anisotropic com-
ponent that varies as a function of the angle ¢, see Eq. (5.13). At finite
values of the electrostatic potential, v depends on the homogeneous elec-
tric field £, and on the inhomogeneous fields /£, and ¢E,,,. Here, we do
not account for the effect of the terms F, and 0F,, and we introduce the
sum and difference of the inhomogeneous fields 0F = (0E,, —E,,)/2 and
YE = (6B, + 0E,,)/2. For simplicity of notation, we rescale the electric
tield by the confinement energy to obtain dimensionless quantities, i.e.
eE,L/e. — E,, edEL?/e. — OF and eXEL*/e, — YE, and we define the

vector € = (Ey , OF EE)

We neglect the SOHs and in analogy to the treatment in Sec.5.C, we
study the 12x 12 Hamiltonian obtained from the 4 x4 total Hamiltonian in
Eq. rotated by the angle ¢ and projected onto the subspace spanned
by the lowest three orbital states in Eq. (5.27)). Explicitly,

h,2 HOO HOe HOO
2= —0 H!, H. H., | . (5.39)
Hgo H;ro HOO

By introducing the quantities 7 = y1£7, 7] = 71F272, C = B[4 (73 — 12) £ (3 + 7)),
_ 59049 . _ (3969 _ 7v3 ~ _ (1107 2 ~

ap = By, ~ 41867, 05 = (52— BE) ap ~ 0.6167, b5 = (AL — /) ap ~

0.3087y,, K = %\/gk’}/g ~ 6.8517s, [k ~ 19.53, see Eq. (5.34)], we can write
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the dimensionless blocks as
. (8x” p: _8r® . pl
Hyy = diag (?’}/j__ + 5’7” ) T/VJ_ + gﬁ/m—, (5.40a)
8r? _ p* | 8r? p?
o+ B B 4 B ) (5.40b)
Hee =
2 —
Syt + 5 0 . —5C- 0
0 s 0 —50-
~pe T ST N
0 scr 0 B
21 16
— I4 <%CLEEy (156E + E’hZE) ,
(5.40¢)
1
0 sz 750_ X 0
—Kp, 0 0o Lo
HO@ = %Ci 0 0 l/iK . — I4 (ﬁaEEy - b(;(SE) s
0  5C* Kp, 0
(5.40d)
= a5t
H,, 3—; i 0 0 0 (5.40e)
0 ZiCy 0 0

Also, Ho, = Hee’c_%fc_,aEafaE,Eyanyf Ho, = HO@|C_%fiC_,_,KHfiK,JE%O,E'yHO’
and 7, is a 4 x 4 identity matrix. Here, p, is given in units of i/ L.

In contrast to Sec.[5.C} a second-order Schrieffer-Wolff transformation
does not capture accurately the dependence of the spin-orbit coupling
on the electric field and thus we increase the accuracy of our calculation
by using a fourth-order order transformation. To obtain compact equa-
tions, we also Taylor expand the spin-orbit velocity to second order in
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the vector ¢, leading to

V3 g (1)
ar & o)’ € 5.41a
! Y1+ 572/2 (71+572/2 ! ( )
2
" @) )
+ €-a; -€]|, (5.41Db)
(m+572/2)(n — ) '
V3 —dig [ (0) N (1)
o ~———e¢ ay + —7Fa,’ - € 541c
%) Y+ 572/2 ( A+ b2 ( )
2
" 2) )
+ €e-a, €|, (541d)
(11 +57%2/2)(n —)
a(l) ~ (0.928(71 +67v) 0.0667; — 0.407, O) (5.41e)
! Y1 — )2 ’ Y1 — )2
0.8119140.938y2 _ 0.10771+0.15572
a? ~ 71672 0.00347, +0.60557
=1 - Y1—72
0
0.03179240.269272v1 +0.0871~2 (5-41f)
(v1—=72)(71+572/2)
0.002272 —0.0217v2y1 —0.0006v2
(11—2)(11+572/2) ’
o 14 (kY
0
=_—|—] ~9.338 541
T (27?) ’ (541g)
all) ~ (o., 0. 0.158) , (5.41h)
_ 1.2519744.23192714+1.604~3 0.13v2+0.52v271+0.0855+2
(y1—=72) (711 +572/2) (v1=72) (71 +572/2)
a(2) ~ 0 _0.00192+0.01857271 —0.0013+2
=4 (m1=72)(11+572/2)
0 0 (5.41i)
0.
0.
—
0.00277115722’/2

To simplify further the expressions, we kept only the terms with the low-
est possible power in 1/+,. This approximation allows for a good qual-
itative understanding of the system while keeping the equations short.
As a result of this approximation, the a parameters are independent of
73 and we discard small terms -at least one order of magnitude smaller
than the dominant terms- in o4 that do not oscillate as e~ %, i.e. terms
proportional to e™¥ and to (y3 — 72)e . To specify where these terms
have been neglected in Eq. (5.41), we use the notation 0. and 0 to distin-
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guish between terms that are negligibly small but finite (0.) from terms
that are exactly zero (0). For Si, Eq. reduces to
ar &~ 0.35E, + 0.246 E2 4 0.00860E + 0.00110E* — 0.0331E,0E
+0.0124E,¥E 4 0.000110EYE
aa(p) = e (2,631 — 0.367E2 — 0.000780E? + 0.0372%E
+0.00053%E” 4 0.03980E E,) .

(5.42a)

(5.42b)

These expressions give valuable insights into the dependence of the
spin-orbit coupling on the external fields and allow for a qualitative un-
derstanding of the numerical results presented in Sec.5.3|and For ex-
ample, let us take the limit > = 0 as in the main text. To obtain v = 0, the
intrinsic and electric field dependent spin-orbit couplings need to have
opposite signs. By looking at Eq. (5.42), it is clear that the DRA, with
¢ = 7/4, can drive the switch because in this case all the terms varying
with the electric field have the opposite sign with respect to the intrinsic
coupling. In this case, when 0F = 0, we find that v = 0 at ES}Y, ~ 1.52
and when E, = 0, v = 0 at 6£°" =~ 29.5. Quantitatively, the values of
these critical fields are only accurate up to prefactors of order one, see
Egs. and (5.16).

The spin-orbit coupling vanishes also when the fields E, and /E are
both present. The precise shape of the curve along which this occurs
strongly depends on the numerical values of the a parameters. Using
Eq. (5.42), one predicts v = 0 along two separate lines that do not in-
tersect, while numerically we observe that the two lines merge together,
see the blue curve in Fig.[5.4p). This discrepancy is a consequence of the
numerical inaccuracy of the approximation used: slight variations of the
cross-coupling terms oc F,0F can drastically change the behaviour of the
switching curve. We note that the correct qualitative behaviour of v is
restored by including higher powers of € in the expansion in Eq. (5.41),
but we do not give explicit expressions for these terms here.

Comparison with square cross-section

We summarize now the key qualitative differences between Si FinFETs
with equilateral triangular cross-section and Si wires with an inversion
symmetric cross-section. In particular, here we focus on wires with a
square cross-section; a detailed analysis of the direct Rasbha spin-orbit
coupling in the these wires can be found in Ref. [16]. The first key differ-
ence is that without external fields, the inversion symmetry of a square
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cross-section prohibits the presence of an intrinsic spin-orbit coupling,
and v,! = 0. Another important difference between the two systems
is that the amplitude of the spin-orbit velocity in an square wire is a
symmetric function of the homogeneous electric field, and [v*1(E,)| =
[v%9(—E,)|. In contrast, in a triangular wire, the spin-orbit coupling does
not need to be symmetric and the spin-orbit velocity v is modified in dif-
ferent ways when the hole wavefunction is pushed to the bottom or to
the apex of the triangle, see Fig. We notice, however, that the am-
plitude of the spin-orbit velocity in triangular wires is still a symmetric
function of the homogeneous field F,.

To make a more quantitative comparison, we consider a Si wire with
side L grown along the = || [001] direction. To linear order in the electric
tield, the direct Rashba spin-orbit coupling can be written as [16]

h , eb, L
89 - [—0.41 (73 — 72) e 4% + 0.38 (73 + 72)} Es—?éa (5.43)

where €;1 = h?n?y;/mL? is the characteristic confinement energy for a
particle in a square cross-section. To obtain this expression, we combined
Egs. (77), (78), (79), and (80) in Ref. [16] and used the Luttinger param-
eter of Si. To facilitate the comparison with our Egs. and
obtained for an equilateral triangle, we also introduced the imaginary

spin-orbit velocity v*1 = v;! + v, we expanded the function x(p) =

0.36/ (1 +0.16(y3 — 72) cos(4g0)> [directly related to the function in Eq. (79)

of [16]] to linear order in (y3 — 72) cos(4¢), and we discarded the small
terms oscillating as e*¢ and e ®¥. The overall minus sign of the spin-
orbit velocity here compared to Eq. (80) in Ref. [16] is a result of the field
being applied in the y-direction instead of the z-direction.

Comparing Egs. and (5.43), we observe that in square and tri-
angular wires the spin-orbit coupling is a sum of an isotropic term and
an anisotropic term, proportional to 3 +72 and to 3 —,, respectively. To
linear order in E,, the isotropic contributions in both cross-sections are in
good quantitative agreement, but the anisotropic terms are qualitatively
different, see Eq. (5.14). In fact, while in square wires the anisotropic term
varies linearly with £, and its contribution to the overall direct Rasbha
spin-orbit velocity is roughly equal to the isotropic contribution, in a tri-
angular wire a4 () comprises a constant intrinsic term and has a negli-
gible linear dependence on E£,,.

Including higher powers in the electric field, we find an additional
qualitative difference between the spin-orbit coupling in the two differ-
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ent cross-sections. In fact, in a square wire, the spin-orbit velocity has
no corrections quadratic in £, and the next order corrections are propor-
tional to ES In contrast, in a triangular FinFET, both o; and a4 present
quadratic terms proportional to E?2, that make v asymmetric in E,, see
Eq. (5.14).

These qualitative differences are crucial here because, as discussed in
Sec. in triangular wires the presence of a spin-orbit switch at a finite
value of the electric field is a result of the competition between the intrin-
sic spin-orbit coupling and the direct Rashba-like spin-orbit interaction
dependent on the electric field. In a square Si wire there is no intrin-
sic spin-orbit velocity and the spin-orbit coupling only vanishes when
E,, = 0 (or when E,, — oo, see Eq. (86) in Ref. [16]), a much inconve-
nient working point for electrostatically defined quantum dots.

Finally, another difference between triangular and square cross-sections
comes from the sensitivity of the spin-orbit coupling to the quadratic po-
tential 0E;;r;r;/2, see Eq. (5.2). Without an homogeneous electric field,
such a potential is inversion symmetric and does not produce spin-orbit
coupling in square wires. In contrast, in Sec.|5.3| we show that this poten-
tial can produce another spin-orbit switch in triangular FinFETs, where
the inversion symmetry is broken by the cross-section.

5.D Spin-orbit coupling against 0F;

In the main text, we assume that the inhomogeneous electric field tensor
is diagonal and ¢E,, ~ —dE,, = ¢E. Here, we show that the presence of
the spin-orbit switch is not related to this approximation by examining
separately the effect of the fields ¢6F,, and 0F,, on the spin-orbit velocity.
We restrict ourselves to the analysis of FInFETs grown along the [001]
direction, with 6 = 0. In this section, we consider E, = 0.

In Fig. we study the spin-orbit velocity in equilateral triangles.
In the top Figs.[5.14p) and [5.14b), we show the results obtained for large
wires neglecting the SOHs and using the 4 x 4 LK Hamiltonian. The
two figures correspond to the DRA and CA, respectively. The purple line
marks the approximation 0f,, = —dE,, used in the main text. We ob-
serve that in the DRA, |v| = 0 also by considering a more general relation
between the inhomogeneous fields 6, = ¢,,0F,;/¢.., see Eq. (5.25). The
spin-orbit coupling is not suppressed only when |c,,/c..| < 1. We re-
mark that the parameters c,, and c,, can vary depending on the device
design. In the same regime of parameters, we do not find a comparable
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sweet spots for the CA. In the bottom Figs. [5.14c) and [5.14d), we show
the results obtained by including the SOHs for an equilateral triangular
cross-section of side L = 20 nm. For the DRA, the spin-orbit coupling
vanishes for any value of the ratio |c,,/c,,| and interestingly also when
lcyy/czz| < 1, in contrast to when the SOHs are neglected. In addition,
the SOHs modify the response when the wire is grown along the crys-
tallographic orientation. In fact, in Fig.[5.14d) we observe that the spin-
orbit velocity vanishes along the vertical line 6F,, ~ 30¢./(eL?). While
this result shows that also this orientation might present suitable work-
ing points where charge noise is suppressed, we do not investigate this
possibility further.

We now study how these results change when we consider wires with
an isosceles triangular cross-section as the ones studied in Sec. We
consider a FInFET in the DRA and in Fig. we compare the spin-
orbit velocity in isosceles triangles with the same area V/3L2 /4 and dif-
ferent aspect ratios r = L,/L,. Here, we fully account for the SOHs and
we use an effective side length of L = 20 nm. In the top Figs. )
and 5.15b), we show the spin-orbit velocity when the triangle is nar-
row. When r = 0.8, the spin-orbit coupling is still suppressed when
OBy, = ¢yyOE,y /e = —0E,, (purple line), but when the ratio ¢, /c,.| S 1,
the spin-orbit coupling does not vanish and the charge noise sweet spot
is removed. Even worse, when r = 0.7, the spin-orbit coupling vanishes
only when the ratio |c,,/c..| > 1, away from the limit studied in the
main text. In the bottom Figs. [5.15c) and [5.15d), we show the spin-orbit
velocity when the triangle is wide. In contrast to the narrow triangle,
here the spin-orbit coupling vanishes for any values of the ratio |c,, /c;.|.
By increasing r, we observe that the line where |[v| = 0 is pushed to-
wards lower values of F and when r = 1.5, an additional line where the
spin-orbit coupling vanishes appears. However, we also note that the
maximal spin-orbit velocity in these devices decreases compared to the
equilateral FInFET, see Fig.[5.14c).

5.E Effect of strain

Here, we examine in detail how strain modifies the spin-orbit coupling.
In particular, we extract the maximal strain that the system can support
before the spin-orbit switch is removed. We restrict ourselves to the anal-
ysis of heavy and light holes of a fin grown along the DRA, where the
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effect of the strain tensor elements ¢;; is well-described by the Bir-Pikus
Hamiltonian [1,82]

0 €7 €5 0

) 0 0 €5
HEES = €5 J2 + EE;Sg v 0 0 —zf , (5.44)

0 (eg ) = (e‘f ) 0

with
eg = —2b (€40 + €4y — 2€.) (5.45a)
) = d(ex. — i€y.) (5.45b)
3

€5 = gb (€xw — €yy) + ideyy . (5.45c¢)

For Si, the parameters b = —2.2 eV and d = —5.1 eV can be found e.g. in
Ref. [1]].

In general, the strain elements ¢;; are functions of position, resulting
in a complicated spin-dependent potential. We estimate the strain pro-
file in the Si FinFET shown in Fig. when a pressure of 100 MPa is
applied pushing the top interface downwards in the y-direction. For the
simulation, we used the Structural Mechanics module of COMSOL Mul-
tiphysics® [90], and considered an equilateral triangular cross-section of
side L = 20 nm, and a substrate thickness of dg = 20 nm. We imposed
free boundary condition on the substrate in the z-direction, while the
bottom interface is kept fixed. The total width of the substrate in the =
direction is 50 nm, with the fin being placed in the middle.

The relevant combination of the strain tensors are shown in Fig.
With this simple model, we observe that most terms are rather homo-
geneous in the cross-section, and thus we study the effect of constant
values of the €7 energies. The homogeneous approximation is reasonable
for the diagonal elements ¢;;, but it is more debatable for the cross-terms
€ij- In particular, the term ¢,, has also a component that varies linearly
in the z-direction, and so we extend our analysis by using Im[e5 (z)] ~
Im(e5)+20,Im(€5). Note however that in our simulation we are applying
the pressure directly on the top of the Si structure. Applying the pressure
on the electrode could potentially reduce the strain close to the bound-
aries of the Si triangle, due to the effect of the gate oxide. We also point
out that the terms ¢, and ¢;, are likely to have a z-dependence when
qubits are defined and the top gate is terminated along the z-direction.



CHAPTER 5. FULLY TUNABLE SPIN-ORBIT INTERACTION IN SI
FINFETS 189

However, we expect the strain field to be strongly peaked in a narrow re-
gion close to the edges of the electrodes, where the hole density is small,
and, in the following, we neglect these inhomogeneities.

By studying the effect of each term independently, we find a reason-
able estimation of the strain that the system can support. The results of
this analysis are given in Fig. where we show how the spin-orbit
velocity dependence on E, and JF is affected by the strain energies ¢;
given in Eq. (5.45). Here, we express the energies € in terms of the con-
finement energy €. ~ 17.2/L? eV x nm?. A positive and negative diag-
onal strain €] is examined in Figs. ) and ), respectively. The
spin-orbit switch is robust against €, but the shape of the curve along
which |[v| = 0 changes and, in particular, negative (positive) values of
the strain narrow (widen) the curve. We extract bounds on the maximal
strain allowed by considering that when €} /e. 2> 0.1, the |v| = 0 curve
is too wide and the inhomogeneous switch éE°" disappears from the
range of parameters considered. In contrast, when eg /e < —0.035, the
curve becomes too narrow and results in a finite spin-orbit coupling in
the whole parameter space.

Similar physics appears when the contribution of Re(€5) o €., — €,
is examined, see Figs. 5.17c) and [5.17d) for positive and negative val-
ues of Re(e5), respectively. In fact, the spin-orbit switch persists, but the
lv| = 0 curve is modified by the strain. In particular, when Re(e5) < 0
the inhomogeneous field JF is strongly enhanced and the switching field
6E>W is pushed towards lower values. For this reason, a moderate neg-
ative strain might be helpful to compensate for the SOHs, in analogy to
the wide FInFET discussed in Sec. We do not explore this intriguing
possibility in more detail. In analogy to before, we extract the bounds
Re(e5)/e. € [—0.1,0.1] by verifying when the switch is pushed outside
the range of parameters studied.

In contrast, the homogeneous components of the cross-couplings ¢;;
remove the spin-orbit switch, but the shape of the curve where |v| is min-
imal does not change. In Figs.[5.17¢) and [5.17f), we show how the terms
Im(e5) o €., and Im(e;) o ¢, influence |v|. The effect of Re(e}) o e, is
analogous to the effect of ¢,, and is not reported here. To find bounds on
the maximal strain allowed, we estimate that when |Im(e})|/e, < 0.025
and |[Im(€5)|/e. < 0.025, the minimal value of the spin-orbit coupling is
lower than 10% of the maximal coupling. We report the limiting values
of the tensor elements ¢;; in Eq. (5.18).

Finally, in Figs.|5.17jg) and |5.17h), we show how the largest inhomoge-
neous strain component x9,Im(e5) alters |v|. In analogy to ¢; and Re(e3),
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the spin-orbit coupling vanishes along a curve that is rescaled by strain.
We estimate that the physics described in the main text remains qualita-
tively valid when Ld,Im(€5)/e. € [—0.15,0.5], from which it follows that
L€y, € [—1.7%,0.5%] x (L/10 nm)~2.

From Fig. we see that when L = 20 nm, the cross-term ¢,, €
[—0.06%, 0.06%], resulting in |L0,€,,| ~ 0.1%. This value is smaller but
still comparable to the estimated bound. However, we observe that most
of the inhomogeneity of the strain comes from hotspots at the bound-
ary of the triangle, where the wavefunction has no support, and thus
the effective value of |L0,¢,,| is even smaller in more realistic scenarios.
In addition, while the homogeneous part of the cross-terms ¢;;.; remove
the spin-orbit switch, from the simple simulations shown in Fig. we
expect those terms to be rather small. Thus, we believe that the condi-
tions on the homogeneous part of the diagonal elements ¢;; are the most
stringent ones.

5.F Compensating for the SOHs

In Sec. we show that the SOHs can remove the spin-orbit switch in
small wires and wide DRA FinFETs are proposed to restore the sweet
spot. Here, we discuss other possible design concepts valid for both SOI
and bulk Si FInFETs that can compensate for the SOHs. In particular, in
equilateral SOI FinFETs the spin-orbit can be switched-off in wires grown
along the [110] direction (SA) by pushing the hole wavefunction at the
bottom of the triangles, while in bulk FinFETs, the spin orbit switch is
naturally recovered by considering the leakage of the hole wavefunction
into the Si substrate; a summary of the different designs considered is
given in Table

In small equilateral SOI FIinFETs, the spin-orbit velocity can also be
suppressed by pushing the hole wavefunction towards the bottom of the
tin by a positive gate potential. As discussed in Sec. in a wire grown
along the [110] direction (SA) with an equilateral triangular cross-section,
the spin-orbit velocity vanishes by the effect of a negative homogeneous
electric field E5Y” < 0, see Eq. (5.12). In Fig. 5.18h), we show the depen-
dence of this switching field on the size of the equilateral cross-section.
In this case, the SOHs do not remove the sweet spot, but they push it to
lower values of the homogeneous electric field, that can be reached by a
smaller gate potential. In Fig.[5.18p), we study the spin-orbit coupling in
an equilateral wire with side L = 20 nm when also ¢F is included. In this
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FinFET | Orientation | Aspect ratio | (™" VoW
SOI/Bulk DRA r=12 1.5L | —-3.12V
SOI SA r=1 4L | +0.72V
Bulk DRA r=1 10L | —0.28 V

Table 5.2: Examples of FinFETs designs where the spin-orbit sweet spot
is restored in the small cross-section limit. To estimate the values of min-
imal spin-orbit length we consider devices with L = L = 20 nm. For the
tirst two designs, we consider a back gate at dz = 100 nm, while for the
last FInFET, we consider a cross-section 120 nm wide and 60 nm high.
VW increases by increasing dp or by decreasing L.

case, we observe that, along the purple line defined by Eq. (5.17), |v| van-
ishes at the gate potential V,*" ~ +57.3 x nm?dp/L? V, corresponding to
V:qSW ~ +0.72 V when L = 20 nm and dg = 100 nm, easily achievable in
state-of-the-art devices. The total hole density [¢|* at the switching po-
tential V;°" is shown in the inset of Fig.[5.18b). Comparing to the wide
DRA FinFET, we find that in the regime of parameters examined, the
SA device has a larger minimal spin-orbit length [™" ~ 4L, leading to

SO

smaller spin-orbit interactions when the qubit is operational.

So far, we focused on FinFETs, where the triangular fin is well-separated
from the bulk and we modelled these systems by using hard-wall bound-
ary conditions at the edges of the triangle. This approximation is valid as
long as the hole wavefunction is well-confined inside the fin, such that
the substrate can be neglected. In bulk Si FinFETs, there is a thick sub-
strate that is strongly coupled to the holes in the wire and the confine-
ment potential that localizes the holes in the fin is provided by the neg-
ative potential V; applied to the top gate. By fully simulating this cross-
section, in Fig. we show that a convenient working point where
the spin-orbit velocity can be completely removed at smaller values of
the gate potential [see Table emerges naturally also in these sys-
tems when the wire is grown in the DRA. To obtain this result, we sim-
ulate a cross-section composed of an equilateral triangular fin with side
L = 20 nm symmetrically placed on top of a rectangular substrate 120 nm
wide and 60 nm high. For this simulation, we used the 6 x 6 LK Hamilto-
nian and the electrostatic potential generated by the top gate is calculated
by solving the Laplace equation with the boundary conditions described
in App. When |V,| 2 0.1V, the holes are confined in the fin and the
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spin-orbit velocity shows a behaviour that is in qualitative agreement
with our treatment, see e.g. Fig. The results obtained for lower val-
ues of the gate potential |V,;| < 0.1 V, where the hole wavefunction is
largely spread in the substrate are inaccurate and have been removed
from the figure. In this system, [v| = 0 at V" = —0.28 V, where the
wavefunction is strongly localized into the fin, see the inset of the figure;
in larger devices, we expect again that the potential will scale roughly
as VoW o dg/L?. While the spin-orbit coupling can be conveniently
switched off in this setup, we also estimate that the minimal spin-orbit
length /™™ ~ 10L is larger than in the other designs.

Finally, in App. it is shown that strain can enhance the effect of
the inhomogeneous electric field £ on the spin-orbit velocity. Conse-
quently, we expect that one could recover the spin-orbit switch also by
appropriately engineering the strain field in the device. However, here
we do not analyze this possibility more quantitatively.
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b) Crystallographic Axes  Standard Axes Direct Rashba Axes
CA SA DRA
0=0,0=0 0=-7, 9,—737" 0=0,¢p=
y | [010] y | [110] vl 110

oK :vH [100] A || [001] /‘; c || [110]

T
2 || [001] 2 || [110] 2 || [001]

Figure 5.1: Sketch of a Si FinFET. In a), the blue and lightblue areas rep-
resent the semiconductor and the dielectric, respectively, while the gray
areas are the metallic gates. The orientation of the Si FinFET with respect
to the crystallographic axes (blue axes) depends on the angles ¢ and .
The wire extends along the z-direction and the fin has an isosceles tri-
angular shape with base L,, equal sides L, and height parallel to the
y-direction. The apex angle of the triangle is ©. We call wide and narrow
FinFETs the © > 7 and © < % devices, respectively; the FInFET is equi-
lateral when © = Z. The dashed line at the bottom of the fin indicates
the lower boundary of the fin. In a SOI FinFET there is a clear physical
separation between the Si substrate and the wire, which is provided by
a thick dielectric layer at the position of the dashed line. In contrast, in
bulk Si FinFET, there is no physical separation between substrate and the
tin. In this case, the holes are localized in the fin by negative values of
the gate potential V,, applied with respect to a grounded back gate at a
distance dp from the bottom of the triangle. In b), we show the main ori-
entations of the axes of confinement with respect to the crystallographic
axes.
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Figure 5.2: Intrinsic spin-orbit velocity |vy| without external electric fields
in an equilateral FInFET. We compute |v,| as a function of the angle ¢ at
0 = 0 (red lines) and 6§ = —x/2 (blue lines). The dashed lines are ob-
tained by the approximate Egs. (5.10) and (5.11), while the solid lines are
obtained numerically by using Eq. and including 200 orbital states
in Eq. (5.27). We mark with black, orange, and purple circles the results
obtained for the relevant orientations of axes CA, DRA, and SA, respec-

tively, see Fig.[5.1p).

6
—CA
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—DRA
—~ 4f
T —saA
<3
=2
SW
N EV’
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-4 -2 0 2 4

eE,L (e.)

Figure 5.3: Spin-orbit velocity |v| as a function of the homogeneous elec-
tric field £, in an equilateral FinFET. We neglect the inhomogeneous con-
tribution to the electric field profile and we compute |v| for the growth
directions in Fig. ). At negative (positive) electric fields, i.e. when the
hole wavefunction is pushed to the bottom (apex) of the triangle, |v| can
be zero when the wire is grown along the SA (DRA). We show the sweet
spot ESY (ESK,) see Eq. (5.12), with a purple (orange) circle.
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I 05
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Figure 5.4: Spin-orbit velocity |v| as a function of the inhomogeneous
electric field 0F in an equilateral FInFET. In a) we use the confinement
potential in Eq. without the homogeneous field F, and study how
|v| varies for the wire orientations in Fig. 5.1b); for the DRA device, |v|
vanishes at the field SE°" given in Eq. (5.16). In the inset, we show the
effect of 0F,, for the DRA close to the switching field é£°". In b) we
show how |v| varies for the DRA device when 0E and E, are tuned in-
dependently. Here, |v| vanishes along the blue curve that connects E3%,
and SEY. In the device studied here, E, and F are constrained on the
purple line defined by Eq. (5.17). From the intersection of the purple and
blue lines, one finds the gate potential V;°""" of the spin-orbit switch.
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Figure 5.5: Intrinsic spin-orbit velocity |v,| as a function of the side length
L of an equilateral FINFET. We compare the effect of the SOHs in wires
grown along the orientations in Fig[5.1p) by showing with solid (dashed)
lines the values of |v,| obtained by the 6 x 6 (4 x 4) LK Hamiltonian that
includes (neglects) the SOHs.
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Figure 5.6: Effect of the SOHs on the spin-orbit switch in small equilat-
eral wires grown along the DRA. In a), we show how |v| varies in a wire
with cross-section L = 20 nm as a function of homogeneous and inho-
mogeneous electric field, £, and 0F, respectively. When the SOHs are
included, the spin-orbit switch driven by FE, is removed and |v| vanishes
only because of the inhomogeneous field éF. To facilitate the comparison
with Fig. 5.4b), we show with a dashed blue line the curve along which
lv| vanishes in large wires. Importantly, when éF and E,, are constrained
on the purple line [see Eq. (5.17)], the SOHs remove the spin-orbit switch
at V5", Inb) and c) we study how the SOHs affect the dependence of [v]
on E, and JE when the cross-section side L is varied. While the homoge-
neous spin-orbit switch ESY, is removed for wires with L < 35 nm, the
inhomogeneous switch dE°" remains and is pushed to lower values as
the side length decreases. In the units used, the results obtained without
the SOHs are independent of L.
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b) [v| (h/mL)
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Figure 5.7: Spin-orbit velocity |v| in a wide FINFET grown along the DRA.
In a) we show how the dependence of |v| on the inhomogeneous elec-
tric field 0F varies as a function of the aspect ratio r [see Eq. (5.19)] of
the triangular cross-section. We compare triangles with the same area
V/3L? /4, with effective length L = 20nm. When r > 1 (r < 1) the Fin-
FET is wide (narrow). In b) we show |v| as a function of £, and JF for
a device with 7 = 1.2 and L = 20 nm. The solid blue line shows the
spin-orbit switch driven by the inhomogeneous field ¢E. The spin-orbit
switch driven by the homogeneous field £, is also restored and |v| van-
ishes along the dashed blue curve. In the FinFET studied here, 0E and E,
are constrained along the purple line defined by Eq. (5.17). In the inset,
we show the density [¢|? of the hole wavefunction in the cross-section at
the switching point V,*" where purple and blue lines intersect. The hole
density vanishes in the blue region and attains maximal value in the red
region.
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S
~—

Vo (V)

Figure 5.8: Anisotropic g-factor and dephasing rate 1/75 of a Si FINFET
qubit as a function of the gate potential V,. We analyze a wide FinFET
grown along the DRA with » = 1.2 and L = 20 nm. In a), we show the
diagonal entries g;; of the wire g-factor matrix derived by considering a
small magnetic field B; in the i-direction and diving A, in Eq. by
ppB;. In this device, the off-diagonal components of the g-factor matrix
vanish. In b), the dephasing rate 1/7; of the qubit caused by charge
noise is obtained by combining Egs. (5.23) and (5.24) when B, = 100 mT.
The black line represents the total dephasing of the qubit, while with
dashed gray and red lines we show the contributions to 1/73 of the spin-
orbit coupling and of the g-factor fluctuations, respectively. Because B
is applied along the y-direction, A = 0 in Eq. (v points in the 2-
direction) and there is no relaxation (A’ || A, || Q). We fix ¢E.,./V, such
thatat V" = —3.12'V the lateral size of the dot in Eq. is I = 30 nm.
The dependence of [, on V, is found by combining Eqs. and (5.17).
Here, we use dg = 100 nm, 1/(0V?) = 0.3 mV and w;;, = 1 Hz.
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z/L

Figure 5.9: Electrostatic potential VY in the cross-section of a Si FInFET.
For the simulation, we used dp = 15L and a substrate 30L wide with an
equilateral triangular fin of side L placed on top of it. The top gate covers
the whole upper part of the device and is fixed at the potential V,; the rest
of the boundary is grounded.

Figure 5.10: Comparison between the electrostatic potential VY simu-
lated from the Laplace equation and the approximate potential V. In a)
we show the dependence of the parameters 0F;; and E, defining V4 on
the substrate thickness dg/L. The dots are the results of the simulation,
while the solid lines are obtained by combining Egs. and (5.26).
In b) and c), we show a comparison between the potential in the fin com-
puted numerically (b) and its approximation (c) when dp = 15L. To facil-
itate the comparison, in b), we subtract the constant potential V;, = 0.996
obtained by averaging the potential in the fin.
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Figure 5.11: First three orbital states in Eq. of the Laplace equation
in an equilateral triangle. We consider the even solution with (I,m) =
(0,1) (a) and the solutions with (I,m) = (1,1) and even (b) and odd (c)
symmetry. The wavefunctions in this plot are normalized. These states
are the ones used in App.

Figure 5.12: Components of the intrinsic spin-orbit vector v, in an equi-
lateral FInFET as a function of the angles § and ¢ that parametrize the ori-
entation of the wire with respect to the crystallographic axes, see Fig.
The results shown here are obtained by using a second order Schrieffer-
Wolff transformation and including only the lowest 3 orbital states in
Eq. (5.27). The wavefunction of these states is shown in Fig. We in-
dicate with red and blue lines the cuts § = 0 and § = —7/2, respectively.
These two cases are studied extensively in the main text. The black circle

marks the point ¢ = 7/4 and § = — arctan /2 + V'3, where the wire is
grown along the z || [111] direction, and where (vy),, = 0 and (vy), is
maximal.
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Figure 5.13: a) Effective mass m* and b) intrinsic spin-orbit length [, at
zero electric field as a function of ¢ in an equilateral FInFET. We show
with solid lines the results obtained numerically by using Eq. for
m* and by combining Egs. (5.5), and for l,,. The dashed
lines show the approximate values obtained by a second order Schrieffer-
Wolff transformation and including only the lowest three orbital states in
Eq. (5.27). For the m*, we use Eq. and for /,, we combine Egs. (5.6),

(5.35), (6.10) and (5.11). Red and blue lines show results obtained at 6 = 0
and § = —n /2, respectively.
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Figure 5.14: Spin-orbit velocity |v| as a function of ¢E,, and éE,, when
6 = 0. Here, we consider an equilateral triangular cross-section. In a)
and b) we neglect the SOHs and show results obtained for the DRA and
the CA orientations, respectively. In c) and d) we include the SOHs and
simulate a wire with cross-section of side L = 20 nm. We show results
obtained for the DRA and CA orientations, respectively. The purple lines
show the constraint 6F,, = —dE,,.
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Figure 5.15: Spin-orbit velocity |v| as a function of 0E,, and JFE,, for
isosceles triangles. Here, we consider wires grown along the DRA ori-
entation whose cross-sections have an effective length L = 20 nm and
different aspect ratios r = L, /L,. The SOHs are fully included in these
results. In a) and b) we show the spin-orbit coupling obtained for narrow
triangles (r < 1), while in c) and d) we show the results obtained for wide
triangles (r > 1). The purple lines show the constraint 0E,, = —0E,,.
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Figure 5.16: Simulation of the strain profile in a Si FinFET. We consider
here the strain in a L = 20 nm triangular fin caused by a pressure of 100
MPa applied on the top interface (the two surfaces with side length L,
in Fig. 5.1), and show the distribution of the relevant combinations of
the ¢;; parameters, see Eq. (5.18). The values provided here are given in

percentages.
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Figure 5.17: Effect of strain on the spin-orbit coupling. We use here the
Bir-Pikus Hamiltonian in Eq. (5.44), that is parameterized by the strain
energies ¢ related to the strain tensor via Eq. (5.45). The values used
in the simulation are given in units of ¢, see Eq. (5.9). In a) and b), we
show how the dependence of |[v| as a function of E, and JE changes by
positive and negative values of the energy ¢;, respectively. In ¢), d) and
e), f), we study the effect of positive and negative values of Re(e5) and
the effect of Im(e5) and Im(¢7), respectively. In g) and h), we show how
the inhomogeneous strain field 20,Im(e5) acts on the spin-orbit coupling
for positive and negative values of the gradient.
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Figure 5.18: Spin-orbit velocity |v| in an equilateral SOI FinFET grown
along the SA. In a), we show how the dependence of |v| on E, varies as a
function of L. The switching field E$\" is pushed towards lower values
as the triangle becomes smaller. In this device, the spin-orbit coupling is
removed by a negative electric field generated by a positive gate poten-
tial V, that pushes the hole wavefunction to the bottom of the triangle.
In the units used, the results obtained without including the SOHs are
independent of L. In b) we show [v| as a function of £, and oF for a de-
vice with L = 20 nm. The spin-orbit coupling vanishes along the blue
line. The purple line indicates the constraint in Eq. (5.17). In the inset, we
show the total density |¢)|* of the hole wavefunction in the cross-section
at V.°, where purple and blue lines intersect. The density vanishes (is
maximal) in the blue (red) region.
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[v| (h/mL)

Figure 5.19: Spin-orbit velocity |v| in a bulk equilateral FInFET grown
along the DRA. We show |v| as a function of the gate potential V, in a
device where an equilateral triangle with side L = 20 nm is placed on
top of a substrate 6L wide and 3L high. The electrostatic potential in this
calculation is simulated by solving the Laplace equation as discussed in
App. In the inset, we show the total density [¢|* of the hole wave-
function at V;, = —0.28 V, where the spin-orbit coupling vanishes. The
hole density vanishes in the blue region and attains maximal value in the
red region. At this potential, the holes are localised in the fin.
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CHAPTER

Long-distance coupling of spin
qubits via topological magnons

Adapted from:

Bence Hetényi, Alexander Mook, Jelena Klinovaja, and Daniel Loss
“Long-distance coupling of spin qubits via topological magnons”,
arXiv:2207.01264 (2022)

We consider two distant spin qubits in quantum dots, both coupled to
a two-dimensional topological ferromagnet hosting chiral magnon edge
states at the boundary. The chiral magnon is used to mediate entangle-
ment between the spin qubits, realizing a fundamental building block
of scalable quantum computing architectures: a long-distance two-qubit
gate. Previous proposals for long-distance coupling with magnons in-
volved off-resonant coupling, where the detuning of the spin-qubit fre-
quency from the magnonic band edge provides protection against spon-
taneous relaxation. The topological magnon mode, on the other hand,
lies in-between two magnonic bands far away from any bulk magnon
resonances, facilitating strong and highly tuneable coupling between the
two spin qubits. Even though the coupling between the qubit and the
chiral magnon is resonant for a wide range of qubit splittings, we find
that the magnon-induced qubit relaxation is vastly suppressed if the cou-
pling between the qubit and the ferromagnet is antiferromagnetic. A fast
and high-fidelity long-distance coupling protocol is presented capable
of achieving spin-qubit entanglement over micrometer distances with
1 MHz gate speed and up to 99.9% fidelities. The resulting spin-qubit
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entanglement may be used as a probe for the long-sought detection of
topological edge magnons.

6.1 Introduction

Along the journey towards universal quantum computing several of the
milestones [1]] have already been reached, such as single-qubit gates with
long coherence times and fast readout as well as short-ranged two-qubit
gates in multiple platforms [2-13]. Universality, on the other hand, re-
quires coherent logical qubits, that can be achieved in large-scale quan-
tum computers by means of quantum error correction [14,[15]. Owing
to the highly developed semiconductor industry qubits defined in semi-
conductor quantum dots (QDs) [16-18] are increasingly believed to be
an exceptionally potent candidate for the long term goal: scalable quan-
tum computers. The challenge incorporates the improvement of single-
and two-qubit gate performance as well as the management of the corre-
sponding control electronics [19-21]. Leveraging the industry-standard
fabrication techniques, Ref. [20] proposed to accommodate elements of
the control electronics on the same chip by arranging small dense qubit
arrays and local control electronics in a checkerboard pattern, where the
qubit arrays are connected via long-range qubit couplers. For such ar-
chitectures having means to create entanglement over large distances
(2 1 um) would be highly desirable.

Long-range entanglement of spin qubits is realizable using a vari-
ety of mediators [18] such as floating gates [22} 23], microwave cavi-
ties [24], superconducting resonators [25-27] or spin shuttling [28-30].
While the fidelity of the aforementioned protocols may be limited by
charge noise, magnetic insulators are versatile platforms to create entan-
glement among distant spins with low dissipation and no heat gener-
ation due to Joule heating [31], Furthermore, the coupling to magnons
does not require spin-orbit interaction (SOI). In such systems the effec-
tive coupling between spin qubits can be established using ferromagnetic
(FM) magnons [32-34], antiferromagnetic domain walls [35] or magnon
waveguides [36]. An other promising approach to mitigate dissipation
is to couple spin qubits via topological edge states in quantum Hall sys-
tems [37-40].

Herein, as shown in Fig. we bring together topological excita-
tions, magnets, and spin qubits by studying long-distance entanglement
mediated by topological magnons. The latter are examples of bosonic
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topological spin excitations above topologically trivial magnetic ground
states. Topological chiral magnons are predicted to exist in a large vari-
ety of magnetic systems, ranging from FM [41-49] and antiferromagnets
[50-52] to skyrmion crystals [53-58], and from two-dimensional to three-
dimensional systems [59-61]. Being nonconserved bosons, chiral edge
(or interface [43,/62,63]]) magnons exist within topological spectral gaps at
tinite frequencies, typically between a few GHz in (artificially manufac-
tured or self-organized) topological magnonic crystals [43,44} 47, 53-56,
64-68|] up to several THz in magnetic compounds. Examples for the latter
are Cu(1,3-benzenedicarboxylate) [69], CrI; [70], CrSiTe;, and CrGeTe;
[71]]. For recent reviews on topological magnons, see Refs. [72-75].

Once the qubit is brought into proximity to the magnet’s edge (or in-
terface) and its frequency is tuned within the topological magnon gap,
the qubit is only resonant with the chiral edge mode. Coupling the qubit
to the FM leads to an emission of a physical unidirectionally propagating
magnon well localized to the edge of the sample. This magnon can be re-
absorbed by the second qubit thereby mediating entanglement between
the qubits. This nonreciprocal coupling protocol can be exceptionally fast
(~ 1GHz) and we find high gate fidelities when the inter-qubit distance
is well below the magnon mean free path, that is to say, well below 1 ym.

Importantly, we report a coupling regime that drastically outperforms
the aforementioned protocol. If the two qubits are coupled simultane-
ously with the FM (antiferromagnetically), a virtual chiral magnon-mediated
process arises, which is proportional to the direct exchange coupling,
with the decoherence rates being suppressed by the smallness of the
dipole-dipole interaction. In this regime, fidelities of 99.9% of 1 MHz
two-qubit gates can be achieved even at distances comparable with the
magnon mean free path.

The remainder of this work is structured as follows: in Sec. the
model of a two-dimensional topological FM in nanoribbon geometry is
presented and its chiral edge magnons characterized. In Secs.
we consider two planar QDs residing in an adjacent non-magnetic layer,
coupled by both direct exchange and dipole-dipole interaction to an arm-
chair edge of the FM. In Secs. we identify a coupling regime with
antiferromagnetic exchange coupling between the QD and the FM. In this
scenario the qubit relaxation is orders of magnitude slower than the effec-
tive coupling. In Secs. we present the results of the corresponding
numerical study, which we show to agree well with our analytical esti-
mates. Finally, we consider the opposite (ferromagnetic) coupling regime
in Sec.|6.4{for which the resonant coupling together with the chiral prop-
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Figure 6.1: Schematic setup for the long-distance spin-qubit entangle-
ment mediated by chiral magnons in a topological ferromagnet. The light
blue honeycomb lattice represents the ferromagnet with the arrows indi-
cating the ground state spin polarization. The armchair edge of the fer-
romagnet hosts the chiral magnon mode propagating along the positive
x direction, indicated by the canted edge spins (gold). The spin qubits
(silver arrow embedded in a green ellipse) are lying in a parallel plane
close to the FM lattice (qubit layer is not shown explicitly), located near
the edge of the magnet.

agation of the magnon facilitates qubit entanglement via the exchange of
a physical magnon. After a discussion in Sec.|6.5, we conclude in Sec.
Several Appendices provide more detailed information.

6.2 Theory

Model of the topological ferromagnet

We consider a two-dimensional honeycomb lattice, as shown in Fig.
with each lattice site—indexed by i—hosting a localized spin operator S;.
Nearest neighbors interact via ferromagnetic Heisenberg exchange inter-
action, J > 0, and next-nearest neighbors are coupled via Dzyaloshinsky-
Moriya interaction (DMI) [76,,77], originating from spin-orbit interaction.
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The spin Hamiltonian of the FM thus reads as

J D .
1,7 2y

where v;; = —vj; = +1 depending on the relative position of sites ¢ and
j. Here, we adopt the convention that v;; = +1, if the bond from site
i to site j points in anticlockwise direction as seen from the respective
hexagon. We also added an anisotropy term H,,; in Eq. that gaps out
the Goldstone mode by creating a spin-wave gap. Since its microscopic
origin is of no further relevance, we model the anisotropy by a built-in
magnetic field, Hani = —Ap ), S7, into which potential external fields
may be absorbed as well. Then, Ar comprises the energy of the uniform
ferromagnetic resonance.

Spin Hamiltonian is well-studied in the context of topological
magnons as it realizes the magnonic version of the Haldane model [78],
as shown in Ref. [79]. Here, we do not repeat the derivation but only
summarize the most important aspects crucial for the coupling of spin
qubits. Assuming that the spins in the ground state are pointing in the
positive z direction, we perform a Holstein-Primakoff transformation
[80]. To lowest order in the 1/S expansion the spin operators are ex-

pressed as
S
f%VE(%+d), (6.2a)

gz—wg@fmg, (6.2b)

S =8 —ala,, (6.2¢)

where a! and a, are bosonic creation and annihilation operators, respec-
tively, and S is the spin quantum number. By plugging Eqs. (6.2a)-(6.2¢)
into Eq. (6.I), the spin Hamiltonian can be expanded in bosonic opera-
tors. In the harmonic approximation, only the bilinear piece is retained
and found to constitute the bosonic equivalent of the Haldane model.
Both nearest-neighbor hopping and onsite potentials are proportional to
JS. The time-reversal symmetry breaking complex next-nearest neigh-
bor hopping is brought about by DMI and, hence, oc DS [81]. The latter
causes a topologically nontrivial opening of a band gap that—according
to the bulk-boundary correspondence [82,83]—supports a chiral magnonic
edge mode.



CHAPTER 6. LONG-DISTANCE COUPLING OF SPIN QUBITS VIA

TOPOLOGICAL MAGNONS 224
@ 3.r
2.5
2.
=
g 1.5
1§3)
1.
0.5
0.
(b) 0
g
< 5
0 * 0.
0.1 0.2 0.3 0.1 0.2 0.3
D/J D/J

Figure 6.2: (a) Magnon spectrum of a honeycomb-lattice ferromagnetic
nanoribbon with armchair termination, D = 0.2 J, and N,, = 20 unit cells
in the y direction. Left (right) localized edge states are shown in blue
(red). (b) Localization length A of the left localized edge mode [denoted
by a blue star on (a)] as a function of DMI strength. (c) Dynamic magnetic
moment of the left localized edge mode as a function of DMI strength.

In the rest of this work, we consider a two-dimensional FM in nanorib-
bon (or “slab”) geometry, infinite along the z direction, with armchair
termination in the y directioxﬂ The elementary unit cell of size a, x a,
contains four atoms (where a, = v/3a and a, = a), and the slab consists
of N, unit cells in the y direction. Using periodic boundary conditions in
the z direction, the momentum k, € [, ), is a good quantum num-

ber and the eigenvalue equation for a given k, reads as

ﬁFM(km)SOkz,n = €kynPhaom > (6.3)

where 7 is the band index running from 1 to 4/N,, where 4N, is the total
number of spins in the nanoribbon unit cell. Here, Hp\(k,) is the linear

'We have chosen armchair rather than zigzag termination because the latter does
not support a chiral edge mode at zero momentum, a property that turns out to be
crucial to couple the edge mode to a QD.
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spin-wave matrix, and ¢y, , an eigenvector with eigenvalue ¢y, ,,. The
eigenvectors satisfy the usual normalization condition, i.e., >_ ¢k . (4:)> =
1, where y; € [1, N,] is the index of the armchair unit cell and p € [1,4] a
basis site within the armchair unit cell. Furthermore, the eigenvectors are
related to the spin waves via S;” ~ v/2Sa; = 1/2S5/N, >y, € ey Ot (Vi) Ay s
where the second equality defines the annihilation operator of the magnonic
eigenmode (k,,n), with N, being the number of unit cells in the = direc-
tion (see App. for further conventions). The spectrum ¢, ,, of such

a ferromagnetic slab is shown in Fig. [6.2(a), where the left- and right-
propagating chiral edge modes are highlighted in blue and red, respec-
tively. For the numerical results to follow the parameters of the FM slab

are listed in Tab. unless otherwise specified.

Importantly, and in contrast to the electronic Haldane model, the chi-
ral mode is not “particle-hole” symmetric, i.e., its energy is not symmet-
ric with respect to the gap. This is due to missing nearest neighbors at
the edges, resulting in a reduction of energy for the edge modes [84-86].
This edge effect does not affect topological protection because the exis-
tence of a chiral mode is still dictated by the nontrivial topology of the
bulk. However, it does affect other properties of the chiral edge mode
that are related to the edge mode’s eigenvector ¢, . (subscript “e” for
edge mode) and, as we show, crucial for the spin-qubit coupling. These
properties are (i) the edge mode localization length A = ba,, with b being
the largest integer for which Zzizl Zizl |he(s)[> < 1—1/e, and (ii) the
edge mode dynamic magnetic moment, which reads as

Ny 4
e =Y ehelwi) (6.4)

yi=1 p=1

for the left edge. These quantities are shown as a function of D/J in
Figs. b) and (c), respectively. In the following, we work at D/.J = 0.2,
which ensures that the edge state is well localized within the unit cell
width, that is to say, A ~ a,,.

Later on, we need the transversal spin susceptibility of the topological
ferromagnet. In the time domain, we may write it as

Xoum (£, i) = =10()([S7,, . (8), S (0)]) (6.5)

where 57, () = V25ekant/ ha,tzm encompasses the dynamics associ-
ated with the nth magnon normal mode in the linear spin-wave approx-
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Table 6.1: Characteristic parameters of the topological ferromagnetic slab
assumed for the numerical calculations throughout this work. The slab
is assumed to be periodic in the  direction and has armchair termination
in the y direction.

Parameter Symbol Numerical value
Exchange coupling J 1 meV
DMI D 0.2meV
Spin quantum nuber S 3/2
g-factor g 2
Ferromagnetic resonance Ap 50 peV
Gilbert damping aG 104
Next-nearest-neighbor distance a Inm

Slab width L, 20nm

imation. In frequency space, we may rewrite it as

1 Onm

Xom (W, kz) = 2551%7”(1 iag) — (6.6)
where o is the dimensionless Gilbert damping coefficient [87]. This
phenomenological constant accounts for the ubiquitous magnetization
damping processes without specifying microscopic origins. It brings about
a finite spectral broadening o agey, ,, of the magnon line width propor-
tional to the magnon energy [88]. In high-quality magnetic insulators at
low temperatures, as considered here, ag < 1, because metallic Stoner
excitations and Landau damping are absent, defect scattering is mini-
mized, magnon-magnon scattering is frozen out, and magnon-phonon
scattering suppressed. We take ag = 10~ throughout, a value found, for
example, in sub-micrometer yttrium iron garnet films [89].

Model and requirements for the spin qubits

We assume that the spin qubits are defined by electrostatic gates in a 2D
(nonmagnetic) layer which is deposited directly on top of the FM layer.
The confinement is assumed to be harmonic in both directions with dif-
ferent confinement lengths I, > a, and I/, 2 a, (see Fig.[6.I). The QD
under consideration is in the single-particle filling regime, with the low-
est orbital level occupied. An orbital level splitting 2 10 meV is assumed.

In order to couple resonantly with the chiral magnon the qubit split-
ting is required to be close enough in energy to the edge states in the
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topological gap, approximately at an energy E/(JS) = 1.2 for zero mo-
mentum in Fig.[6.2(a). This is ensured by the strong exchange interaction
emerging between the FM and the excess electron occupying the QD.
This can be achieved if the conduction band edge (hosting the QD) is
close enough to the conduction band of the FM allowing for tunnelling,
and consequently for exchange interaction between the QD spin and the
spins of the FM lattice. Even though the qubit experiences the large ex-
change field of the FM layer, J= ~ 1meV, the spectrum of the magnet
remains unaffected because the nonmagnetic qubit layer remains unpo-
larized and the QD spin has only a small weight on the individual lattice
sites. Here, the contribution of the dipole field is neglected since it is
assumed to be sufficiently small, Agip, < 1 eV (see App. when com-
pared to the exchange field.

Taking the interlayer exchange interaction into account as an effective
Zeeman field, the corresponding qubit Hamiltonian reads

Hsg=—J" Z [Yap(zi, i) *S; - o &~ —wJtSo* = Ao”, (6.7)

where J* is the interlayer exchange interaction strength (i.e., between the
FM and the QD layer), ¥qp is the orbital part of the QD wavefunction,
and o is the spin vector-operator with % = 1(|1) (1| — |{) ({|) being the
z component of the QD spin. Furthermore, we used the fact that in the
ground state of the FM S; = Se,, and therefore the weight of the QD
w =Y. |Yap(zi, yi)[* < 1 can be factored out. The localized spin on the
QD can be identified with a qubit with basis states |0) = [1) and |1) = |{)
and a qubit splitting A.

The spins of the FM point in the positive z direction: (S)r—y = Se,.
Therefore, if the ground state ||) of the qubit is antialigned with the spins
of the FM, for example, due to antiferromagnetic interlayer exchange,
J+ < 0, the splitting A is positive. This property is crucial in order to
mitigate magnon-induced relaxation from the higher energy qubit state
because the transition 1) — ||) requires a double spin flip, S; 0~ (where
S~ o a'). This process cannot be assisted by the strong interlayer ex-
change but only by dipole-dipole interaction that is orders of magnitude
weaker.

For qubit applications, it is essential to have means to control the
qubit and to have long enough coherence times, simultaneously. If the
spin and orbital degrees of freedom are coupled in the QD (i.e., via spin
orbit interaction or magnetic field gradient), coherent flipping of the qubit
can be realized by electric-dipole-induced spin resonance (EDSR) [90-
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93]. In the present setup, besides intrinsic spin-orbit interaction, the in-
duced dipole-field near the edge of the FM can be leveraged for this pur-
posd} This mechanism opens a channel for relaxation as well, via cou-
pling to charge noise and phonons. Nonetheless, due to the weakness of
the dipole-dipole interaction we do not expect this to be a severe limita-
tion.

We note that an additional dephasing mechanism appears near the
edge of the FM due to the strong exchange field. Since the exchange field
is zero outside the FM, the effective qubit splitting A(d,) = —w(d,)J*S
depends on the QD position as w(d,) = [1 + erf(d,/l,)]/2, assuming har-
monic confinement for the QD, centred around y = d,,. This sharp depen-
dence on exchange coupling would make the qubit extremely vulnerable
against fluctuations of d,, e.g., due to charge noise. In the following we
assume that this dephasing mechanism is prevented by the device de-
sign, an assumption that we return to in Sec. and focus on the dy-
namical (i.e., magnon-induced) contributions of the decoherence rates.

Even though some of the requirements above might seem stringent at
tirst, due to generality of the results to be presented, we believe that there
is a large range of materials that are compatible with the criteria above
and can be stacked on top of each other. We return to a discussion of ma-
terials in Sec. For the numerical results in this work the parameters
listed in Tab. 6.2l were used, unless specified otherwise.

Table 6.2: Characteristic parameters of the QD used in numerical evalua-
tions.

Parameter Symbol Numerical value
Qubit g-factor gaQp 2
QD length along the edge 21, 20nm

QD length perpendicular to the edge 21, 2nm
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Table 6.3: Characteristic parameters of the FM-QD coupling used in nu-
merical evaluations.

Parameter Symbol Numerical value
Interlayer exchange interaction J* —1.2meV
QD-QD distance d 1pm

QD distance from the FM edge dy —0.4nm
Interlayer distance d, 0.7nm

Coupling to the Ferromagnet

Assuming a general, non-local coupling th(ri — r) between spin S; and
QD spin at position 7, the interaction Hamiltonian between a qubit and
the FM spins can be written as V, = 3. S; - 3. Viu(r; — 7)o, (r), where
o,(r) is the spin density of the pth QD and the interaction matrix Vi (r; —
r) contains both exchange and dipolar interactions. As long as SOI is
negligible in the QD, the spin o of the particle in the QD is independent
of the spatial coordinates and we may make the ansatz

(1) = [¢p(r)['oy . (6.8)

where o, is acting on the spin space of the pth QD. The spatial part of the
QD wavefunction is 1, (r) = ¢ (r —r,) is localized around r, = (z,, d,, d.)
and we assume that the two QD wavefunctions have no common sup-
port. Thus, we can introduce the coupling matrix between the pth QD
spin and the ith FM spin as M (r, — ;) = 3., Viu(ri — 7)[¢(r — 7,)|?. For
notational convenience we introduce the coupling vector M = (M*, MY, M%)
that is the ath row of the coupling matrix M, and M* = M* +iM?, and
similarly o* = o + io?.

Writing the convolution between the FM spins and the coupling ma-
trix M in Fourier space and expanding the coupling terms to first order

ZHere, we estimate the dipole-field-induced Rabi frequency to be tens of megahertz.
In the case of EDSR the Rabi frequency is given by vrapi = A Eso(eE,l,)AA L, if the
driving field is applied in the y direction. In order to estimate the dipole-interaction-
induced Rabi frequency, we used E, = 0.5V/um for the amplitude of the drive and
Eso = 0.2 peV, that is the maximal coupling (as a function of d, for our set of parame-
ters) that the inhomogeneous dipole-field BY; can induce between harmonic oscillator

basis states in the y direction.
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in magnon creation operators, one obtains
Vp =S Best - oy
1 )
+ 5 Z (elkzzPSjk%an;’n o, + h.c_) + O(SO) ’ (6.9)

kz,n

where ;i B ~ —w.J e, is the effective field of the FM ground state act-
ing on the qubit as in Eq. (6.7), while second order terms in magnon cre-
ation operators are neglected. The coupling vector connecting the eigen-
modes of the FM to one of the qubits is M, , = —&=>" e "y (i) M~ (2, yi—
d,). Furthermore, owing to the hermiticity of the Hamiltonian, the cou-
pling matrix elements satisfy M, " = (M- )*, Mt = (M- )", and
M7 = (MZ; )", where M~* = M~ +iM"v.
Now, let two spin qubits (S5Qs) be situated near the edge of the FM
at positions rop1 = (—d/2, dy, d,) and rqop, = (d/2, d,, d.), respectively
(see Fig.[6.1). The model Hamiltonian under consideration is then

H=A(c0?+0%)+Hpy +V, (6.10)
where A = —J*+5, assuming w = 1 for simplicity, and
V=> 5t Mg, - (e* o 4" 20,) 4 he (6.11)

ke

is the coupling between the two qubits and the magnon modes of the FM.
Finally, the parameters of the FM-QD coupling used in our numerical
results are listed in Tab. unless otherwise specified.

Effective qubit-qubit coupling

In this section we calculate the effective qubit-qubit coupling mediated
by the ferromagnet. To this end, we integrate out the magnons from the
Hamiltonian by means of a second order Schrieffer-Wolff transformation,
and write the effective Hamiltonian as

Hegt = A (0] + 03) + West - (6.12)

The effective coupling between the qubits assumes the form [32,94]

o0

gy Jae(05]),, e
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where 7 is the lifetime of the intermediate virtual excitation (i.e., magnons).
The expectation value (- - - )\, is taken with the FM ground state |0)p,,,
and V (t) = otV e 1ol with Hy = Hpy 4+ A(07 + 03).

Within the framework of the Schrieffer-Wolff transformation it is pos-
sible to (implicitly) account for the fact that the pure magnons are not the
true eigenstates of the FM. Magnons are dressed by other quasiparticles,
e.g., by phonons causing a finite spectral width of the magnon modes.
Equation (6.13) can be written in the frequency domain as

W — i 7 d_w < [V(w)7 V} >FM (6.14)
Con ) or w+in '
where V(w) = [~ dtV(t)e™™! and hn is the linewidth broadening of

the correspondmg magnon. In our case the linewidth broadening of the
magnon mode (k,,n) is associated with Gilbert damping and therefore
hn — aceg, », which effectively smears out the magnon density of states
cutting unphysical singularities. See App. for more technical argu-
ments.

Expanding H, on the eigenbasis of the FM and the qubits, the time
evolution of spin and qubit creation operators takes the form S~,  (t)o~(t) =
V2Setkent/h=ist/hg! 5= The Fourier transform V(w) then contains terms
like 27hv/2S M 6(hw — ey, + A)af 0, facilitating the exact evalua-
tion of the integral in Eq. (6.14). Performing the expectation value over
magnons, the resulting qubit-qubit interaction can be written as Wy =
> paci12y W, Where Wy, contains products of qubit operators o, and o,.
Expressing each contribution in terms of the susceptibility in Eq. (6.6),
we obtain for p # ¢

§ aler=ray b (A SRy k) My o
Pq € er / ) ) ke
32 — o (6.15)

x (M- oy +M_ of + M= 07)+hc,

—knq knq

where we have dropped the off-resonant terms proportional to x;..,, (0, k..
and x.,,(—A/h, k,) because they are highly suppressed for antiferromag-
netic interlayer exchange J L+ < 0 in the relevant limit, d > [, > a, (see
App. for further details). The diagonal terms W, simply give a tiny
dynamical contribution ¢ B to the effective exchange field B.g. Since
|0 Beti| < | Bett|, we omit W, in Weg.
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The fact that the coupling term of the XY type (i.e., x o7 05) is pro-
portional to [M*|? instead of |M~*|? is a direct consequence of the an-
tiferromagnetic coupling (A o< —J* > 0). Furthermore, we note that the
dipole-dipole interaction can contribute to all terms in Eq. (6.15)), while
the isotropic direct exchange only contributes to the A/~ matrix element.

The characteristic energies of these two interactions are strikingly dif-

ferent: for the dipole-dipole interaction © 0” —52 ~ 0.6 ueV gives an upper

bound, while the direct exchange couplmg is |J*| ~ 1meV. Thus, the
strongest coupling term is expected to be oc 07 0,. The full analytical
form of the coupling matrix elements for the exchange and the dipole
mechanisms will be shown below in Secs. [6.3l{6.3]

Decoherence rates

In the previous section the (virtual) magnon-mediated effective qubit-
qubit interaction has been discussed. However, the coupling of the QD
spin to the ferromagnet also gives rise to decoherence of the spin qubits
caused by real magnons. In order to calculate the contribution of magnons
to the decoherence times, we decompose the FM-QD interaction Hamil-
tonian of Eq. (6.9) such that V = (Vo™ + VWT*) + V*0* and define the
corresponding noise power spectra as Sy (w) = [ dt{ Ve, V”(O)} e Wt
The relaxation and dephasing times w1th1n the Bloch- Redfield approx-
imation then read as I'y = >Sy-(A/h) and T = >Sv=(0), respec-
tively [32,95].

Substituting in the corresponding couplings, to lowest order of the
1/S expansion, we can relate both the longitudinal, Sy:(w), and transver-
sal, Sy- (w), noise spectrum to the transversal magnonic power spectrum
St n(w) = hcoth(Bhw/2)Im[x;,, (7w, k)], where § = (kgT)~" with T be-
ing the temperature. Finally, for the decoherence rates, one obtains

Iy =

16h2 Z' M PS W (A1), (6.16a)
I = WZ\ 2 PSi 1 (0) + O(S7). (6.16b)

The dephasing rate I'; can be highly suppressed when the ferromagnetic
resonance is shifted to finite energies, for example, by an external mag-
netic field or an easy-axis anisotropy (Ag > 0, cf. Sec.|6.2).
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The appearance of |M," J“n|2 in the formula for the relaxation rate of
Eq. can be understood as follows: for antiferromagnetic coupling
(A < —J* > 0) if no magnons are excited, the excited state of the qubit
is |0m 1) which can then relax to the qubit ground state |1,,]) creating a
magnon by means of the coupling S~ Mo~ (note that S~ « a'), where
we used the simplified notation |0,) for the FM ground state and |1,,)
for a single magnon excitation with energy A. For the ferromagnetic
case (A o« —J+ < 0) the qubit states are reversed and the transition
|0md) — |ImT) describes the relaxation requiring an interaction term of
the type S~ M~ o". The relaxation mechanism for ferromagnetic inter-
layer coupling is then mediated by direct exchange interaction, as op-
posed to dipole-dipole interaction in the antiferromagnetic case. For a
detailed derivation, we refer the reader to App.

One of the central figure of merits in the field of quantum comput-
ing is the gate fidelity 7 = 2Tr[p(top)ps] — 1 € [0, 1] that describes the
deviation of the qubit state after the operation from the targeted final
state, quantified by the respective density matrices p(t.p) and p; [1,96].
Let us consider a two-qubit gate implemented by the time evolution un-
der the static Hamiltonian W.¢. Neglecting the subleading two-qubit
terms and the single qubit terms in the time evolution for simplicity,
one may consider only the o7 o5 coupling to get e~ Weitee/1|00) = (]00) —
ie'® |11))/v/2 where to, = RZ|(11| Weg [00)| ! is the operation time and
¢ = arg((11| Weg |00)). This two-qubit operation, supplemented with
single-qubit rotations, i.e., Ugyxp ~ ofe Wetlwo/fo¥ is equivalent to a
VSWAP gate up to a phase. Since the relaxation rate I'; describes the de-
cay of the diagonal elements of the density matrix as (poo—p11)(t) o< e T,
using the operation time in the exponent, the fidelity of the two-qubit
gate is obtained as

r r
F = exp <—%| s ) ~1-2 i (6.17)

- 1l--—1
<11|Weff|00>| 4 |<11|Weff|00>|

provided that the decoherence is primarily caused by relaxation. As it
will be shown later, this is indeed the case for the chiral mode due to the
resonant coupling.

6.3 Results

A numerical simulation of the effective coupling has been performed by
evaluating W), in Eq. (6.15). To this end we solved the eigenvalue equa-
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Figure 6.3: (a) Spectrum of the ferromagnetic slab with N, = 1000 unit
cells as a function of momentum k,. Chiral edge magnons at oppo-
site edges are indicated by red and blue lines, respectively. (b) Effec-
tive qubit-qubit coupling strength (blue) and magnon-induced qubit-
relaxation rate (orange) for 7' = 100 mK, as a function of qubit splitting.
Pronounced in-gap resonances are identified and associated with chiral
edge magnons. Note that at the two resonances the coupling strength
largely exceeds the relaxation rate, making them the optimal operation
points for two-qubit gates. (c) Infidelity 1 — F as a function of qubit
splitting. Largest fidelities are found in the energy windows of the chiral
edge magnons. Vertical lines correspond to a fidelity of 90%, 99%, and
99.9%, respectively. In (a)-(c), horizontal gray lines indicate the energy of
the chiral edge modes at £, = 0. Dashed grey lines in (b) and (c) corre-
spond to the result of the analytical formulas, i.e. Egs. (6.19)-(6.20) with
the coupling matrices taken from Egs. and (6.25).

tion of Eq. numerically using a slab unit cell consisting of N, = 1000
armchair cells (i.e., 4000 spins). The resulting eigenvalues ¢y, ,, were used
to obtain the susceptibility according to Eq. (6.6), while the eigenmodes
Yk, » Were used in the explicit expressions for the direct exchange and
dipole-dipole couplings [for which we refer the reader to Egs. and
of the corresponding appendices]. The interlayer exchange was varied
together with the qubit splitting as J* = —A/S to account for the effec-
tive exchange field, and the other parameters are listed in Tabs. 6.1
We obtained pronounced Gaussian resonances for both the coupling
strength and the relaxation rate when the qubit splitting matches the
energy of the edge modes at k, = 0 [see Fig.[6.3(a)-(b)]. The coupling
strength for the lower in-gap resonance can reach up to 1 MHz facilitat-
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ing fast two-qubit operations over um distances with fidelities exceed-
ing 99.9% [see Fig. [6.3(c)]. Further insight into the dependence of the
coupling on the various parameters of our model can be obtained via
the analytical formulas within the continuum approximation to be pre-
sented below. First we obtain the coupling strength as a function of the
coupling matrices in Sec. then provide analytical formulas for the
coupling matrices for both the exchange and dipole-dipole interaction in

Secs. [6.3H6.3

Chiral edge mode

If the qubit splitting A lies within the magnonic gap and is close to ¢y =
€0,e, defined as the energy of the chiral edge mode at k, = 0, the effective
coupling in Eq. simplifies as the contribution of bulk modes (n # ¢)
are far off-resonant. Since the spin density of the QD is distributed over
several lattice sites, the qubit spin ¢ can only couple to magnon modes
with k, < [}, where the spectrum of the edge mode can be written as
Ehpe = vzky + €0, with v, ~ 0.39meV-nm. Finally, the susceptibility near
the edge resonance reads as

One

L (A k) ~ =28
Xn (B Fz) Vg (ky +1Kk) — 0

(6.18)

where § = A —¢ is the detuning from the edge resonance and ' ~ e
is the mean free path of the chiral magnon. In the continuum approxima-
tion we replace the sum over k, by an integral [as in Eq. (6.58)]. Further-
more, close to resonance the integration limit can be extended to infinity,
provided that |§/v,| < 7/a,. Then, exploiting that M, _, is an analytic
function of k,, we can perform the momentum integral using the residue

theorem [see Eq. (6.59)] to obtain

(01] Wege [10) = — ii—avieikOd‘”'dlM;;ETelz, (6.19a)
(11] Weg |00) = ii—avze—ilkod—lﬂldMg);M_—,;;ﬁ : (6.19b)
(10] Wegt [00) = i@(vz)%e_”kod"”'dM,;Z;M__,fme : (6.19¢)
(01] Weg |00) = i@(—vx)%e‘”’%'d‘”'dM,;z;M__,jme : (6.19d)

where ky = 0/v, and we neglected x in the coupling, i.e., M,:g e N
M + O(wd,). This latter approximation is justified since every length
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!~ 2.2 um, for example,

scale in the coupling is much smaller than «~
d,,d, ~1nm.

The Gaussian dependence on the detuning around the resonance in
Fig. [6.3(b) can be understood via the spatial averaging effect of the QD.
Since the magnetic moment of the particle is equally distributed along
the QD, the coupling to magnon modes with k, > [;! is averaged out
leading to M —k:L:/4 (see App.[6.F). Furthermore, I, is much larger
than the remammg length scales in the couphng (i.e.,l,,dy, d., and a) and
therefore one can expand the coupling as M, . k252/ 4M0 2+ O, /1).

Using the same assumptions as for the effectlve couplmg, the contri-
bution of the edge modes to the decoherence rates can also be estimated
using Eq. (6.16). If the detuning is close to zero, the relaxation is domi-
nated by the resonant edge mode at k£, = 0 and reads as

Sa.
I~ T6h0. |M,;Et\2 coth(fBeg/2) . (6.20)

Since the (pure) dephasing rate is proportional to Sj; ,, (0) [see Eq. (6.16b)],
the contribution of the edge mode is far off-resonant. In order to esti-
mate it, we expanded the susceptibility in the Gilbert damping ag to get
St .(0) = hcoth(Beo/2)2a6S5/2o. The dephasing rate can then be written
as

agS  ay

hv 271'50

where we exploited that M, ~ ¢ *¥%&/4)M,, for every mode. Using
Eq. we obtain I'; ~ 107*Hz that is Vastly underestimating the de-
phasing rate (as it will be shown later).

In order to find the leading contribution to dephasing we need to con-
sider the modes that are closest to zero energy. We do this in the 2D limit,
which is valid deep in the bulk when the QD is far from the edges of the
FM. Here one can replace the coupling M, ,, by M;, x,, that is the cou-
pling to the magnon mode with energy ¢, «,, as obtained for periodic
boundary conditions along the = and the y direction. Since [, > a,, we
still restrict ourselves to k, = 0 in the coupling to get

D5~ 002 0% 052 2 coth(f20/2) (6.21)

acS az _,
e coth (BAR/2)> M7 2, (6.22)
k

*

2 FL\/ 2w A F

where we neglected the curvature of the magnon band since Ar < g, -
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Using Eq. (6.19a) and Eq. (6.20), an important relation can be deduced,
namely,

| (O1] Wege [10) |
hI'y

meaning that the relaxation provides an upper bound for the XY cou-
pling, regardless of the strength of the QD-FM coupling. The same for-
mula is valid in the ferromagnetic interlayer coupling regime (J*= > 0),
where both quantities are proportional to |[M*~|2. Since the (01| Wz |10)
is the leading coupling in that case, virtual magnon processes are unable
to create entanglement between qubits while maintaining the coherence
of the two-qubit system. Therefore, we have focused here on the anti-
ferromagnetic case, where the strongest coupling is (11| Weg |00); we will
revisit the ferromagnetic coupling case in Sec. where we try to lever-
age the fast magnon emission/absorption rate (I';) in a scheme where a
real magnon is mediating the coupling between distant spin qubits (as
opposed to virtual magnons considered so far).

The dependence of the coupling on the inter-QD distance d is explic-
itly defined in Eq. (6.19), however, in order to determine the coupling
strength and to identify the dependence on the QD size and position we
need to calculate the coupling matrix elements M, . for the case of direct
exchange and dipole-dipole coupling.

= e M tanh(Bey/2) ~ O(1), (6.23)

Exchange coupling

Let us first consider the contribution of (isotropic) direct exchange inter-
action between the FM spin S; and the qubit spin o that is given by the
exchange matrix -J i (ri — rop)|?, where J; is the local spin-spin inter-
action matrix between the ith site of the FM and the qubit layer. In this
case the effective coupling between the magnonic mode (k,,7) and the
spin qubit is given by

Mo, = = e STt ()2 i — o)

Tyt

VN, <

1272
~—e kxlx/4JLka,n7

(6.24)

where we assumed the QD wavefunction to be Gaussian, i.e., [¢(r;)|? =
[0 —z2/12 . _ ikyx
N il (yi) P, and we defined Ci,n = 532, , @k (yi)e* ™" [(y; —

dy)|?. Furthermore, for simplicity we assumed homogeneous and isotropic
coupling, J; ~ J* 1.
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Figure 6.4: Coupling matrix elements M, ¥, M,"", and M,*, at k, = 0
including both direct exchange and dipole:dipolé interactions as a func-
tion of the QD position d, for (a)-(c) [, = 4nm and d, = 1.7nm and
(d)-(f) I, = 1nm and d, = 0.7nm. Numerical results (blue lines) are ob-
tained from Egs. and (6.83). Analytical results (red lines) are given
in Egs. and (6.25). The rest of the parameters are given in Tabs.
6.3, Direct exchange interaction only contributes to M ~, therefore this
coupling element is orders of magnitude larger than M=~ and M~*. We
observe good quantitative agreement between the numerical and analyt-
ical curves in (a)-(c), whereas for smaller [, and d, values in (d)-(f) the
coupling is strongly asymmetric around the FM edge (d, = 0) due to the
spatial profile of the edge magnon that is not taken into account in the
analytics.

Owing to the Gaussian factor in the coupling the main contribution
of the coupling matrix to the qubit-qubit coupling in Eq. is given
by small momenta (k, < [;'). In this regime, Cy, . ~ Cy, is a good
approximation for the coefficient in Eq. (6.24). Provided that the DMI is
strong enough, i.e., D > 0.1J, the localization length of the edge mode
is small, i.e., A < [, [see Fig. c)]. In this limit we can factor out dz
and estimate the corresponding coefficient as Cyp . ~ 2\‘}—;’%(5 uee_di/ l (see
App.[6.F for further details).
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Figure 6.5: Position dependence of the effective qubit-qubit couplings
and the qubit relaxation. The parameters are the same as for Fig. ex-
cept for the slab width that is set to N, = 20 in order to show both edges
of the FM simultaneously. (a) Numerical results for the matrix elements
of the effective coupling Weg of Eq. for a constant qubit splitting
of A = 1.8 meV. (b) Analytical results of the couplings and the relaxation
are given in Egs. (6.19)-(6.20) by substitution of Egs. and (6.25). The
analytical estimate in the bulk for I'; was calculated using Eq. with
Eq. (6.27). The excellent quantitative agreement between the numerical
simulation (a) and analytical formulas (b) facilitates the estimation of the
various coupling and decoherence time scales in different materials with-
out having to perform the heavy numerical calculations.

Dipole-dipole coupling

Owing to its long-ranged nature, calculations involving the dipole-dipole
interaction are unwieldy and deferred to App. Here, we only note
that the exponential suppression factor in momentum, e~*:%/4, appears
regardless of the form of the interaction potential. Therefore, we restrict
our attention to the k, = 0 case and provide an analytical formula, as-
suming that the other confinement length of the QD, [, is sufficiently
large, compared to the localization length of the edge magnon, A, e.g.,
A < l,. The coupling matrix elements in this limit read as

2
— —— __ Mo 9 Ygapp idy—d.
Mo,: = _MO,e :?TQBM%RG [I (%)] , (6.25a)
Ty
2 .
Moz = — L2000 5y |12 )| (6.25b)
%y
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where we have introduced the complex function I(z) = 1 + y/mze”’[1 +
erf(x)]. Similarly to the case of the direct exchange interaction, it is the
A < [, assumption that allowed us to factor out the dynamical magnetic
moment ., of the chiral edge mode from the integral.

The analytical estimates for the couplings M; ", M, and M ob-
tained in Egs. (6.24) and (6.25) are compared with the numerically evalu-
ated exact expressions given in Egs. (6.75) and (6.83) as a function of d, in
Fig. The analytical formulas are in very good agreement with the nu-
merics as shown in Fig.[6.4(a)-(c) for [, = 4nm and d, = 1.7nm. Further
parameters of the QD and the FM were set as in Tabs. The only
apparent deviation is the slight shift of the peaks in the numerics, com-
pared to the edge (d, = 0). We attribute this effect to the asymmetric na-
ture of the edge mode (i.e., the mode terminates with a sharp maximum
at the edge and decays exponentially towards the bulk) that is not taken
into account in the analytical estimate which assumes ¢ () ~ $6.c0(y).

The FM-QD coupling matrix elements are presented in Figs. [6.4(d)-(f)
for the same parameters used in Fig. ie,l, =1nmandd, = 0.7nm.
Even though the localization length A ~ 1nm, is comparable with /,,
the qualitative behavior is correct and the maximal coupling strength is
reliable in order of magnitude. As compared to the analytical prediction,
the numerical results exhibit features that are slightly shifted outwards
from the edge [similarly to Fig. [6.4(a)-(c)] and small oscillations appear
on the side of the FM (d, > 0). These effects appear due to the spatial
“fine structure” of the edge mode (exponential decay and oscillations on
the scale of a,) that is not accounted for in the analytical approximation.

In order to complement the estimate of the bulk dephasing formula
in Eq. (6.22), we provide here the relevant coupling matrix element for
k, = 0 as a function of k, (assuming periodic boundary conditions along
y direction). The coupling between the QD spin and the lower-energy
acoustic magnon band reads

_. _ HolBY9aD

_L2]2 _
~ ke Fuly/4 o Ikyld: (6.26)
0,ky Y )
2a,.a,

where we neglect the contribution of the optical magnon band, since
their contribution is suppressed by the negligible dynamical magnetic
moment as well as the large energy denominator in Eq. (6.22). The sum
over k, modes can be evaluated in the continuum limit as

. la 29900\’
Z |M0,ky’2 ~ %Z_y (M) ]2(dz/ly) 7 (627)
ky Y

2a,a,l,
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where I,(x) = v2r(1 + 422)e®*[1 + erf(v/2z)] — 4z.

Position dependence of the effective coupling

Choosing a smaller system size of N, = 20 and considering the various
couplings and decoherence rates as a function of d,, allows us to compare
the full analytical formulas with the numerics in Fig. a) and (b). For
this we have tuned the qubit energy to be on resonance with the k, = 0
chiral mode i.e,, A = 1.8 meV [see Fig.[6.3(a)]. Even though, in potential
experiments if the QD is moved outside the FM (in-situ), the decreasing
interlayer exchange experienced by the QD would tune the qubit fre-
quency out of resonancd’} which is not taken into account in Fig.

As shown in Fig. the peaks of the effective coupling develop only
close to the two edges of the sample at d, = 0 and d, = 20 nm, which pro-
vides a natural way to tune the qubits in and out of the coupling regime.
This property is crucial since the qubit splitting is set by the interlayer ex-
change interaction that is challenging to tune in-situ. On the other hand
d, can be changed freely in the range d, € [0, 20 nm] since the interlayer
exchange is constant to a good approximation in this range.

The strongest coupling is achieved for the (11| Weg [00) matrix element
because this is the only coupling that is proportional to the interlayer
exchange J*. In order to capture the exponential decay towards the bulk
we have used Eq. for the analytical curve instead of the simplistic
formula for Cj,, given in Sec.

The second strongest coupling are the o*o*-type of terms that come
about three orders of magnitude smaller than the (11| W |00) term. Im-
portantly, since the propagation direction is opposite along the left and
right edges, from Eq. we expect only (01] W |00) coupling on the
left edge (because v, < 0) and (10| Weg |00) on the right edge (because
v, > 0). This is fulfilled up to several orders of magnitude in Fig.
(cf. yellow and blue lines) and a clear marker of chirality.

The excellent agreement between numerical and analytical results is
sustained for the decoherence rates as well. The ratio of the XY coupling
and the relaxation rate in Eq. being O(1) is confirmed by the nu-
merical results close to the edge resonances. The dephasing rate estimate

SWithin the present assumptions the detuning from resonance would change as

§= S“;H {erf[d,/l,] +erf[(L, —d,)/l,]} — 0. Note that depending on the value J+, the

resonance can be reached at any d, in principle.
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for the bulk in Eq. (6.22) [using Eq. (6.27)] turns out to be a very good
estimate a few nm away from the edges.

6.4 Qubit entanglement via chiral magnon
transduction

As mentioned in Sec. the virtual magnon coupling strength and the
relaxation rate are both proportional to the coupling | M, |* in the ferro-
magnetic interlayer coupling regime (J* > 0). Therefore, since | (01| Weg [10) | ~
I';, the virtual magnon mediated coupling is inefficient in this case. One
possibility to overcome this limitation is through coupling by real magnons
(as opposed to virtual ones described above). Provided that the FM-QD
coupling (i.e., J*) can be switched on and off on demand, the first qubit
can be used to emit a chiral edge magnon that propagates and is subse-
quently absorbed by the second qubit, coherently. This protocol is lever-
aging that the emitted magnon wave packet will propagate towards the
second qubit maintaining its shape (quasi-linear dispersion) because it
cannot backscatter at defects due to its chirality and the presence of the
topological gap.

Previous proposals for such a magnon transduction protocol have fo-
cused on the single magnon mode approximation [36]. Such an approxi-
mation, however, can only be made if the energy separation from higher
magnonic modes is much larger than the coupling strength. For the case
of the chiral magnon this energy scale is v, /C ~ 1neV, where C ~ 100 um
is a typical circumference of the sample and v, ~ 0.39 meV-nm. This en-
ergy separation is orders of magnitude smaller than the achievable FM-
QD coupling g « M, in Fig. a). Note that we use Fig. a) as a
reference here, because the coupling is dominated by direct exchange in-
teraction J* and therefore it agrees up to a sign with the coupling of the
ferromagnetic case (J* > 0).

In order to discuss the limit where g > v, /C, the complete dynamics
of the local magnon excitations need to be considered. To model the sce-
nario when the spin qubits are on resonance with the chiral edge mode,
we consider a one-dimensional bosonic lattice with the dispersion rela-
tion given by the chiral edge mode. In order to reduce the computational
cost further, we extend the FM unit cell to several lattice sites, a, — 2[,,
thereby backfolding the spectrum as depicted in Fig.[6.6(a). We consider
only a single mode that used to cross k£, = 0 before the backfolding of
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the spectrum, which is the red line in the highlighted area in Fig. [6.6(a).
The coupling to higher-energy edge modes (originally at k, = nw/l,) is
negligible, since they are suppressed by the factor e~("*/4, Furthermore,
we assume that each spin qubit couples to a single FM unit cell and the
coupling is uniform within the unit cell.

In order to mitigate the contribution of the virtual magnon processes,
only one of the qubits should be coupled to the magnon mode at any
given time. The entangling protocol then consists of three steps, viz., (i)
tirst qubit is coupled and emits a magnon; (ii) both qubits are decoupled
and the magnon propagates; (iii) second qubit is coupled and absorbs the
magnon. This could be achieved, for example, when the effective cou-
pling strength is g = 5 eV, in which case the size of the emitted magnon
wave packet v,h/g ~ 80nm is indeed much smaller than the distance
between the two qubits.

We account for the local coupling and the dynamics of the emitted
magnon wave packet by performing a numerical simulation of the sys-
tem by solving the Lindblad equation [97]]

p=—1[H(t),pl+ 315 Y Dlojlp
i={1,2}

- (6.28)

e D {(1 +7)Dlay]p + ﬁD[GL]p}

where D[O]p = OpOT—1(00Tp+pOO") and i = [exp(Bey,) — 1]}, with ey,
being the linear dispersion of the edge mode. The corresponding Hamil-
tonian is written as

H(t) =A(c] + 03) + ci(t, 6t)aro;

6.29
+ c2(t — torop, dt)an, o5 +h.c., ( )

where tprp = hd/v, is the propagation time. The time dependence of the
coupling is a smeared out box function, i.e., ¢;(t,0t) = ginp[t/tuse|nr[(t +
dt) /tiise), where 4t is the length of the pulse, ng(z) = (exp(z) +1)~! and
tise = TO ps is the rise timef] of the pulse [see Fig. [6.6(b)].

From the time series of the density matrix, we evaluate the von-Neumann
entropy of the ith qubit, defined by

vi=- T [pIn(p)], (6.30)

4The choice of the rise time is a crucial step in order to create a magnon wave packet

that can be efficiently absorbed by the second qubit. We found that a pulse with (rela-

tively) long tise time creates a more symmetric wave packet that can be absorbed with
a higher accuracy (i.e., magnon number reduces close to zero after absorption).




CHAPTER 6. LONG-DISTANCE COUPLING OF SPIN QUBITS VIA

TOPOLOGICAL MAGNONS 244
(a) (b) 20— w \ ; ‘
S = Cl -
3 10; /\
0 ] L L L L
© ‘ ‘ ‘ ‘ IR
E 0.5 (of) (nmag) (03)
— 0.
() : R ‘ :
) A% \%) Vi2
>§ 1 6‘_‘.'— mm
> 05 J
0

0 200 400 600 800 1000

time, ¢ [ps]

Figure 6.6: (a) Backfolded topological magnonic bandgap of the ferro-
magnet with a unit cell size of 2/, = 5a,. Only the coupling to the high-
lighted bands are relevant (dashed white box), as discussed in the main
text. (b) Coupling strength c; , as a function of time for the first and sec-
ond qubit, respectively. (c) Expectation value of the qubit spins ¢ and
o5 and the total magnon number 7y, in the edge of the ferromagnet.
(d) von Neumann entropy of the first qubit v, the second qubit v,, and
the two-qubit system 115. Solid lines correspond to the dissipationless
process and dotted lines to ag = 107* and I'; = 100kHz. It is apparent
from (c) and (d) that even small dissipation has a detrimental effect on
the entanglement of the qubits with the environment (i.e., 15 # 0 in the
end of the protocol) suggesting that efficient preparation of a two-qubit
entangled state requires a magnon mean-free-path that is much longer
than the qubit-to-qubit distance.

where "{ﬂr denotes the partial trace, excluding the subspace of the cor-
H\H;

responding qubit. Additionally, 112 and v, are the entropies of the two-
qubit system and the magnons with the environment, respectively. The
spin expectation value of the ith qubit is then calculated as

(0:) = HT% [pail, (6.31)

i
and the magnon occupation number is

mag,/ — T by f . 32
(n g> H\};m[ﬂ lalal] (6.32)
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The time-evolution of the entenglement entropy v; of Eq. (6.30), the
spin expectation value (o;) of Eq. (6.31), and the magnon number (nmag)
of Eq. are presented in Fig. [6.6(c)-(d). The density matrix p(t) in
the definition of these quantities were obtained by numerically integrat-
ing Eq. (6.28). We set 2/, = 14a, and consider N, = 11 lattice sites
along the one-dimensional chain. After the emission of the magnon, the
wave packet propagates along the chain twice, traveling a total distance
of 421, ~ 510nm before it is reabsorbed by the second qubit (periodic
boundary conditions have been assumed). Two cases are differentiated:
dissipationless [ag = 0 and I'j = 0; see solid lines in Fig. [6.6(c)-(d)] and
dissipative evolution [ag = 10* and I'; = 100 kHz; see dotted lines in
Fig. [6.6(c)-(d)]

The dissipationless case can be discussed straightforwardly in the
state vector representation. At ¢ = 0, the time evolution starts from a
pure state of each subsystems i.e., |1); |]),]0),,. Between ¢t = 200 ps and
t = 300 ps the first qubit emits a magnon with 50% probability leading to
an entangled state (1), [1); [0),, + [1), [, [(2)),,] where [¢(2)),, is a
spatially extended wavepacket of a single mangon. At this point the first
qubit has a vanishing spin expectation value and the magnon occupation
number is 1/2. The entanglement is created between the first qubit and
the magnon, therefore v; = Vpa = In2 and 142 = v = Vmax [see solid
lines in Fig. [6.6(c)-(d)]. Until ¢ = 700 ps the magnon wave packet prop-
agates through the lattice and reaches the position of the second qubit
(|Y(x)),, — |¢(x— d)>mﬂ). In the final step of the protocol the second
qubit needs to absorb the incoming magnon with 100% probability [thus
the doubled coupling strength in Fig.[6.6(b)] creating a pure state of the
two qubit system —5[|1); [1); + [1); [1)5][0),, with 11 = 15 = e and
Vg = Uy = 0.

When the qubit decoherence and the Gilbert damping in Eq.
is included, the main difference compared to the dissipationless case
is the damping of the magnon wavepacket during its propagation, i.e.,
(Nmag) < 1/2 att = 700 ps in Fig.[6.6(c). The entanglement with the en-
vironment can be tracked via the entanglement entropies in Fig. [6.6(d).
Since the magnon number goes to zero, the corresponding entanglement
Vm Needs to vanish (the vacuum of magnons is a pure state). Nontheless
112 # 0, meaning that the two qubits are still entangled with another sub-
system, the environment. Therefore, considering vy = Vpax OF V2 X Vmax

>Since the first qubit is coupled to the first unit cell and the second to the last unit
cell, the effective qubit-qubit distance in the simulation is d = 42/, ~ 510nm.
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gives a false impression about 15 /Vmax = 0.6 becomes the only appropri-
ate measure for the infidelity.

We conclude this section by noting that even though qubit-qubit en-
tanglement can be created through magnon transduction, the fidelity of
the operation is seriously limited by the magnon mean free path (as also
pointed out in Ref. [36]). Moreover, we note that such a resonant cou-
pling protocol does not correspond to universal two-qubit logic [98] with
the chirality of the edge magnon restricting the quantum computing ap-
plications of the magnon transduction protocol even further.

6.5 Discussion

In the setup considered in this Paper, the QD needs to be close to the FM
edge in order to achieve sufficiently strong coupling. However, at this
position, due to the large exchange field gradient, the qubit is susceptible
to fluctuations of its position (i.e., dd,), which would lead to a fluctuat-
ing qubit splitting and thus dephasing. In order for the dephasing rate to
stay well below the two-qubit operation frequencies, the fluctuations dd,),
need to be small enough; we estimate that e~/ ((3d2) /12)"1/? < 107°.
There are different ways to overcome this limitation: (i) The QD can be
confined in a narrow nanowire along the FM edge that fixes its position
and therefore the effective exchange field. In that case, it is required that
the qubit splitting is tuneable by other means (e.g., via an external field
if gop # gem) and thereby the qubit-qubit coupling can be switched on
and off on demand [as in Fig. [6.3(b)]. (i) The qubit can be located close
to a domain-wall in DMI instead of the edge, where the magnetization
is constant throughout but the DMI strength D changes sign. Since the
chirality of the edge mode is given by sign(D), for a given ground state
magnetization [79], two well-localized edge modes are propagating in
the same direction along such a domain wall, potentially increasing the
coupling strength by a factor of two. (iii) The QD layer can be termi-
nated as well at the edge of the FM layer. In this case the QD experiences
a constant interlayer exchange J*, and therefore the decoupling has to
be performed by moving the QD towards the bulk of the lattice. Addi-
tionally, option (i) and (iii) might offer a solution to achieve a QD that is
narrow enough [/, ~ 1 nm to efficiently couple to the edge mode.
Throughout this work we concentrated on a honeycomb-lattice topo-
logical magnon insulator. This model is approximately realized in mono-
layers of the van der Waals materials Crl; [70], CrSiTes, and CrGeTe; [71].
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These materials support chiral edge magnons in the low THz range. The
honeycomb-lattice model is also realized in artificial arrays of magnetic
disks hosting topological magnetic solitons that interact magnetostati-
cally; chiral modes are found in the low GHz range [99]. The general
formulas for the effective two-qubit coupling derived here, for exam-
ple, in Eq. (6.19), are agnostic to the actual realization of the platform
hosting topological magnons. As such, they apply to any topological-
magnon host—be it on the honeycomb or other lattices, in the GHz or
THz range—and provide a guide for the identification of suitable mate-
rials.

Finally, we point out that the long-range spin-qubit entanglement
may also be used as a probe for the experimental detection of topological
chiral edge magnons, one of the key challenges in the field of topolog-
ical magnons [72-75]. Chiral magnetic edge excitations are notoriously
hard to detect with common probes of magnetism that are nonlocal and
mostly bulk-sensitive, such as inelastic neutron scattering. In contrast,
the local coupling to quantum-dot spin qubits, as shown above, can be
considerably large. A single spin qubit probes the local magnonic density
of states via relaxation processes. By taking the difference of detuning-
resolved relaxation times at the edges with that in the bulk, one can
verify the existence of edge-located in-gap magnon modes. Moreover,
the detuning dependence of the relaxation time is remarkably distinct
for linearly dispersing bands, as expected for a chiral mode, and triv-
ial parabolic bands (see Appendix [6.D). On top of that, the two-qubit
setup, in particular the transduction protocol in Sec. provides a di-
rect experimental handle on chirality because the entanglement protocol
is unidirectional.

6.6 Conclusion

We have presented a two-layer setup where the FM bottom layer hosts a
chiral magnon mode with energy lying in the magnonic band gap. Cou-
pling spin qubits to the chiral magnon facilitates two different long range
qubit-qubit coupling protocols, both of which have beeen studied in de-
tail.

Two-qubit coupling can be mediated by virtual magnons. We found
that this protocol is efficient if the interlayer exchange interaction J= is
antiferromagnetic. For 1 m qubit separation, 1 MHz coupling strength
has been found with a VSWAP gate fidelity up to 99.9%. We also pre-
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sented general analytical formulas for coupling of two-dimensional spin
qubits with chiral edge magnons that can be of great use trying to iden-
tify the optimal materials and dimensions for such a system.

Finally, we have investigated the magnon transduction protocol in
the ferromagnetic interlayer coupling regime. The coupling is highly fast
(~ 1GHz), owing to the excitation of a physical magnon. Even though
the mean-free path of the edge magnon seriously limits the fidelity of
such a two-qubit coupling, the transduction protocol can be used as an
experimental probe of the chirality of topological edge magnons.

6.A Conventions
In this appendix we guide the reader through the conventions we used

throughout the main text and give explicit formulas as examples. First
we define the Fourier transformation of an operator O = ) _. O; as follows

N
1 .
Or = — ) e *iQ,. 6.33
% ~ ;:1 (6.33)

For the bosonic creation and annihilation operators, this convention re-
sults in

N
1 .
ar = \/_N Z e_lk”ai, (634&)
i=1
1 .
af = N Zelk”aj = (ap)', (6.34b)

=1

where the corresponding commutation relation is [a,, a,i,] = 0. For the
Fourier transformation of the FM spin operators in the x direction this
leads to

4N,
25 < e
S~ A Z elkei Z O (Yi) Wy i (6.35a)
T kg n=1
25 bl
See i o D [ )]l (635D)
T kg n=1

where we have performed a transformation from the band index n to the
index pair (y;, ) as well, with y; being the armchair unit cell index, and
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p is the index within the unit cell. Furthermore, the transformed spin
operators can be expressed with the Holstein-Primakoff bosons as

St R V2Say, 5, (6.36a)
Spom ~ V2Sal, . (6.36b)

Consequently, the time evolution of the transformed spin operators reads
as

Sp (b)) e rantSl (6.37a)
Seon(t) = et Sy (6.37b)

where we point out that S; (t) = [SZ,  (t)]".
We define the susceptibility of the transformed spin operators as
= i0(1)2S6pmeFent |

where we used the time evolution of the spin operators in Eq. (6.37).
Furthermore, in frequency space the susceptibility assumes the form

o (@, k) = / dt e L (8 k)

e (6.39)

Ekpn — hw +in "

(6.38)

m

where one can substitute the linewidth as  — agey,, in the case of
Gilbert damping.

6.B Effective qubit-magnon coupling:
analytical formulas

Assuming a general, non-local coupling between the qubit and the ferro-
magnet spins, the interaction Hamiltonian can be writtenas V,, = . S, -
M (r, — 7;)o,. Writing the convolution between the FM spins and the
coupling matrix M in Fourier space, and expanding the coupling terms
to first order in magnon creation operators one obtains

V=g Y (S M S, M)
ki on (6.40)

+ ,UBSBeff " Op + O(SO) )
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where B, is the effective magnetic field of the FM ground state felt by
the qubit. The couplings M f = M , £iM, , have three vector com-
ponents z,y, z and can be expressed with the real space coupling matrix
elements as

M, , = \/—ZZ ket W)

Ti,Yi

x M~ (z; + 2", yi + ¥ — yap), (6.41)
M, ==Y 2. k]’

xz Yi

X M+(ifz' + 2",y + ¥ — yap), (6.42)
Be=» Y M*(x; + 2",y + v — yap), (6.43)

TiZYi K

provided that zgp is commensurate with the lattice and therefore, the
index z; can be shifted by zqp.

Assuming that the QD is very narrow, ie., I} < d; + d2, the QD is
subjected to a homogeneous magnetic field that is given by the dipole
tield of the FM slab at its position. For the parameters used in the main
text [, ~ d,,d., but the approximation above can still be used to esti-
mate the contribution of the dipole-field to the qubit splitting as shown
in Fig. The dipole-field of the FM ground state may be estimated by
that of a magnetized ribbon substituting m,(r) = O(y)O(L, — y)Se. into
Eq. (6.81), where O(y) is the Heaviside step function. The dipole field felt
by the qubit at a position r = (z, d,, d.) is then given by

_ Mo 2099qopiy [ d. d.

BY. — — 6.44b
HBPeit =~y 0 azay {di +d?  (Ly,+dy)?*+ dg] ’ ( )

2

,LLBBerf _JL . @zoggQD/’LB

dr  agay
dl/ Ly+dy :|

— + , 6.44c
{ dz + d? (Lerdy)2 +d? ( )

where L, = Nya, the magnetic moment density of the ribbon is given by
2op%/azay (20 = 4 is the number of spins in the FM unit cell), and we
included the exchange field as well in the last equation. The contribution
of the z-component of the dipole field is ~ 0.6 eV for the parameters
presented in the main text, and therefore one might neglect it compared
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to the exchange field. We note that the g-tensor anisotropy in the QD
layer can be straightforwardly accounted for, by replacing gopo with go,
where g is the g-tensor of the QD.

6.C Including spectral broadening in the
Schrieffer-Wolff transformation

In this appendix we revisit the formula for the second order Schrieffer-
Wolff transformation and show how spectral broadening can be included
in the subspace to be projected out. For simplicity, in this section we
consider a single qubit coupled to the magnons via the effective coupling
V of Eq. (6.40), but the calculations we provide here can be extended
straightforwardly to the two-qubit system. Starting from the definition
of Weg in the Fourier space given in Eq. of the main text, assuming
that the linewidth broadening of the qubit is negligible compared to the
broadening of the magnons we get

o Ol [Vas () 09 (81, V] [0}
Wes = th/ S w+1r[eaﬁ< ] 68

where |a) , |3) are qubit basis states corresponding to the energies ¢,, ¢,
respectively. The state |0)p,, is the vacuum of magnons and e,5(w) =
|hw — (€4 — €3)] is the contribution of the magnons to the total excitation
energy hw. Furthermore, the relaxation rate I'[¢] is the inverse lifetime of
the magnon.

Physically the motivation behind this substitution is the following:
the magnons are coupled to the phonons of the FM lattice and thereby
these modes are dressed. However, the qubits are coupled to each other
via the ”"pure” magnon modes. Therefore, we need to account for the
indirect coupling of the two-qubit system to the phonons of the FM lattice
through the finite lifetime I'[¢] of the magnons.

Rewriting the coupling V' on the eigenbasis of each subsystems (e.g.,
the qubits and the ferromagnet) and substituting the corresponding time
dependence we get

\/» Z ks, nt/h (M,j )a

te —i€k,,, ”t/hak n(M . )aﬁ]e (aa—aﬁ)t/h‘

(6.46)



CHAPTER 6. LONG-DISTANCE COUPLING OF SPIN QUBITS VIA
TOPOLOGICAL MAGNONS 252

Taking the Fourier transform in time leads to

Vas(w) = V2Ith Y [(Mf 00 (Bas+ e, —h)al,,
(6.47)
(M7, 0)ap0(Bas =t n—h)ay, ]

with A,3 = €, — €3. Substituting V,3(w) into Eq. (6.45), one obtains

eff_ Z’a ﬁ|zz o Mk_z‘; ’ )'yB

ke (6.48)

1 1
X
(Aa’y = E€kyen T ZhF(Skmn) " AﬁV = Cken T ZhF(Skmn)

that is the usual 2nd order perturbative formula extended with the linewidth
broadening of the intermediate state.

The range of validity can be determined from Eq. by requiring
that the second order correction de, = (a| W |a) to the qubit energy
level ¢, is much smaller than the orbital level splitting of the QD, as-
sumed to be Ay, ~ 10meV, and the bandwidth of the respective magnonic
subband W o« JS ~ 2meV. In particular, we consider (i) the magnon
mode n that is closest to the qubit splitting; (ii) the transition @ =1 and
v =, for which A;; = A. We neglect transitions a« = 7 because there
are no resonant transitions for A,, = 0 due to the FM resonance gap
(€kym = Ap). The correction to the qubit splitting due the magnon mode
n reads as

Sa, A —gp
0N, = dk ++ 2 i
167 / M | (A — e, n)? + R2T%(eg,0)

(6.49)

which we then rewrite in terms of the density of states p,(¢) = dk,/dey, »
as

2 A—¢
/d€ /)n(é“) Z ’Mkt?;l (A _ 8)2 i h2F2(€) ) (650)

Emin

where the integration boundaries correspond to the lowest- and highest-
energy magnon state of ¢, ,,. We first consider the case, when the qubit
splitting is renormalized by a quadratic mode ¢y, ,, = €9 + D, k2 with the
density of states p,(¢) = [4D, (e — £0.,)] /2. We exploit that for long QDs
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the coupling can be estimated as [M,[" |* ~ | M, 2e~#212/2. Then, the
renormalization of the qubit splitting is given by

Dglz?
M / de'
0

1 0—¢
9vD.e (6 — )2 + h2T?

Sa,
167

A, ~ (6.51)

where 6 = A — ¢y, and we have cut the frequency integral at D,[;? to
account for the decay of the coupling V' in k-space and approximated
I'(¢) with a constant linewidth I'. First, we note that for I' = 0 the above
integral diverges as 1/v/6 near resonance. Evaluating the correction in
Eq. for finite linewidth I and small detunings ¢, we get

S Mg, ®
"7 32,/2D,a_2hT
where we omitted terms that are I'l2/D, and 6/2/D,. Importantly, the
correction is no longer divergent on resonance, owing to the linewidth

that acts as a low-frequency cutoff in this case. For a very conservative

popd
3

SA (14 O(5/hT)] (6.52)

estimate we substitute |M; " | ~ ~ 0.6 ueV and the FM resonance
mode with I' = agAr ~ 5neV that leads to 0A,, < 30neV on resonance,
that is well within the ~ 0.5meV bandwidth of the respective magnon
mode. Moreover, we note that the density of states is not singular in the
2D limit (ag NV, > 1) leading to even larger range of validity for the bulk
modes.

Now, we turn to the discussion of the chiral magnon mode ¢, . =
o + vk, that plays a central role in our work. Following similar consid-
erations as in Eq. for the linear mode we get

vz [z
Sa 0—¢
A, ~ — | M |? / de’ 6.53
Tomo, Moe | (6 — )21 Rr2 (6:53)
_'Uac/la:

where we get a finite contribution even for I' = 0. In fact for § = 0, the
correction is A, = 0 in Eq. because the spectrum is symmetric
around the qubit splitting leading to no renormalization of the excited
qubit state. However, note that the upper (¢ > A) and the lower (¢ < A)
parts of the integral are both logarithmically divergent if I' = 0. Taking
the contribution of the magnon modes above resonance (¢ > A) into
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consideration we get

vz [l
Sa, 2 ’ 6—¢
5Ae,€>A ~ 167T7Jz |M0,e / de (5 . 6/)2 + h2I2
0

2

(%
|M(Te+|2 {log (1 + h2F2l2) + O(lxé/vx)} )

where we assume § = 0 to arrive at the second line. In a very pessimistic
estimate we might replace the logarithm with —2logag ~ 18, which
leads to 6A..on ~ 107?neV for [My | ~ 100neV and the parameters
used in the main text. This qubit splitting correction is several orders of
magnitude smaller than the bandwidth of the chiral mode.

(6.54)
Sa,
32mv,

6.D Effective qubit-qubit coupling

Here, we show first how to obtain Eq. of the main text and the
analytical formulas for linear and quadratic magnon modes in the subse-
quent subsections. To this we use the real time expression for W, defined
in Eq. and the coupling V' defined in Eq. in the Heisenberg

representation as

- ikzXp ( i€k, nt Q+ —
E E e (e'ham ST My

2 pe{1,2} kzyn o>
b M) a0,

where we dropped terms of O(S?), furthermore o%(t) = e*2'¢* and
0*(t) = o*. Using Egs. (6.38) and (6.39), we can identify the susceptibility
in each terms of the coupling in the form of X, (w, k) = £ [ dt e~ @Sk )=t
As it is shown in App. the linewidth 7 can be replaced by the Gilbert

damping Al'(ex, n) = aGer, . Finally, we get

Wett :% Z Z eikw”qM:kz n' O

D, kz
6.56
+M,jzn T X O,kx }+ h.c.,

where z,,, = z, — z,. Dropping the off-resonant terms x;,, (—A/k, k,) and
Xin (0, k) and expanding M~ . -0, leads to Eq. (6.15). For ferromag-
netic interlayer coupling, i.e., J* > 0 (thatis A < 0), the x;., (—A/h, k)
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term becomes the resonant contribution. In this latter case the leading
contribution to the coupling would be oc |[M*~|? that is of the same or-
der as the magnon-induced relaxation rate in the ferromagnetic coupling
case [see Eq. (6.68)]. This is a reason why in our work we focus on the
antiferromagnetic interlayer coupling.

We note that the off-resonant terms cannot be dropped for the qubit
splitting corrections [i.e., the p = ¢ terms in Eq. (6.56)]. Considering
A = g, where ¢y is the energy of the chiral mode at £, = 0, the res-
onant term gives a contribution on the order of the coupling strength
(~ 1neV), and the x;.,(0,k,) term is expected to be even smaller. The
contribution of x; (—A/h, k,) on the other hand contains terms of the
order of [M*7|?/(2A) (second order in exchange) that are orders of mag-
nitude stronger than the formers, i.e., |[M 7| ~ 100 eV, leading to a dy-
namical contribution to the effective field of the order of 1 eV. Since this
contribution is still a small corrections to the static exchange field one can
simply redefine By accordingly.

Linear spectrum

The chiral edge mode has a linear dispersion around %, ~ 0 and it is
well separated in energy from the bulk modes. Therefore the main con-
tribution to the susceptibility at the corresponding energy range is given
by

577,6

L (A/h, k) ~ —2Sh
X (/1 K Uy (ky +iK) — 0

(6.57)

where 6 = A — g and 7! ~ o Is the mean free path of the chiral
magnon. The other chiral branch with opposite group velocity is local-
ized on the other edge of the sample and therefore is neglected in the
effective qubit-qubit coupling.

First we convert the sum over k, to an integral as

w/ag
1 a -
_ dk, tkazpq \yt+ =L (A /R k.
P 162 // ‘ ey Xee( B/ K) (6.58)

XMka,n ~o4+ h.c.,

assuming that the sample is large enough, i.e., 2r/L, — 0. If the inte-
gral is extended to infinity, i.e., a, — 0, it can be performed using the
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residue theorem. However, this approximation is only valid in the low-
energy limit, or in our specific case for |§| < |v,/a,| ~ JS, such that the
pole of the integrand remains at finite £,. The integral of interest can be
evaluated using residue theorem as

o

Sa, / ¢ikatij
e+ ir) — 6
™ S valke k) (6.59)
= O(—uyayg) 2220 gt~ (1 — i),

|02

where kg = §/v,, Furthermore, we have assumed that f(k,) is a holomor-
phic function and the contribution of the upper arc goes to zero if the
contour is extended to infinity. Thus, for the two-qubit couplings (p # q)
we have

Say _
W12 + W21 = 8"(}xl € | ‘dMI:(—)—;L —ko,n
x [B(v,)e ™ oy + O(—v,) ™0y o1] + hc., (6.60)

which can be rewritten as

iSay €—|n|d<M];i-+ M o ilkold
16’,Um‘ 0,N1 —Fko,n

+ sglrl(vx)|M,::;1|26_’4’“’d01—a§L + M,;;M:Ijom

x e~ (O (v, ) oy of + O(—v,)oi0y ) + h.c. (6.61)

Wia + W =

0,0,

The individual two-qubit matrix elements can be read off directly to ob-
tain Eq. (6.19) of the main text.

Quadratic spectrum

Similarly to the case of the chiral edge magnon, we can discuss the effect
of a topologically trivial magnonic mode that is localized at the edge of
the FM. To this, we assume that the energy of the trivial mode ¢, . =
g0 + D.k?2 is well separated from the two bulk bands and therefore the
single mode approximation is adequate. The effective interaction matrix
elements then read as

Sa, e~ Kldl
(01| Wig 10) =~ — 5 Re{ 7 } ML, (6.62a)
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Dx/(aGA)

— Re[K]

05" Im[K]

detuning 8 /(0GA)

Figure 6.7: Real and imaginary parts of the complex wave number K =

D'\ /=5 Fiagh, describing the decay and the period of the oscillations
in the effective coupling of Eq. (6.62)), respectively.

Sa, _
(11 Wiz |00) ~ —ﬁe KM (MY,)" (6.62b)
Sty _peig) 4t Y
<].0| W12 |00> ~ —ﬁe M—K,e(M—K,e) , (662C)
(01[ W12 00) = (10] W32 |00) , (6.62d)

where K = D, 1 2= fiacA is a complex wave number, the real and
imaginary parts of which describe the decay and the oscillations of the
effective couplings, respectively. In Fig. the real and imaginary parts
of K are shown as a function of the detuning, . We see that below res-
onance (6 < 0) the real part of K is large and positive, leading to fast
decay of the effective couplings in Eq. as a function of qubit-qubit
distance d, whereas the imaginary part becomes larger above resonance
(0 > 0) leading mostly to oscillations in the coupling strength.

Furthermore we note that the formulas above are only valid for | K| <
7/a,, or equivalently § < D, /a2 ~ JS. Therefore in the case of the bulk
modes (harmonic spectrum) the exponential decay in the coupling is only
valid close enough to the corresponding resonance. Consequently, the
finite coupling in the middle of the gap is not captured by these analytic
formulas.



CHAPTER 6. LONG-DISTANCE COUPLING OF SPIN QUBITS VIA
TOPOLOGICAL MAGNONS 258

6.E Decoherence

In this section we show how to relate the transversal Sy - and longitu-
dinal Sy- qubit noise spectra to the transversal noise spectrum of the
magnons. The transversal noise spectrum of magnons is defined as

o0

Sta@)= [ dee ST, (0,50, (669

substituting the time dependence of the FM spin operators in Eq. (6.37)
the integral can be evaluated as

Stom(w) = 2006 (hew — e, ) ({87, 1 Sit b (6.64)

kz,n

where we can replace 2776 (hw — ek, ) by <Im([x;h, (w, k,)] in the dissipa-
tive case. Furthermore, using the time dependence of the FM spin oper-
ators in Eq. (6.37) and substituting it into Eq. (6.63)), one can easily show
that

o0

Stnl-w) = [ dte{SL L (0.5,). (6.65)

—0o0

Exploiting the commutation relations between the magnon creation and
annihilation operators one obtains

S (W) =Im[x;, (w, k)] coth(Bey, /2), (6.66)

as stated in the main text. We note that this is just a form of the well-
known fluctuation-dissipation theorem.
Writing down the transversal qubit noise spectrum according to its

definition as Sy - (w) = fdt{[v_ )], V‘(O)} e !, where V™ is the term
multiplying o." in Eq. (6.40), leads to

le [
Sy (w) = - /dte_“t M PSS, ST
9= M S SE ) oo

HM P S0, 55, D]
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where we exploited that ({S~; .S}, ,}) o 0, 40w In the equation
above, the perpendicular magnon noise spectum appears in the form of
Egs. (6.63) and (6.65). Finally we get

Sy () = § 3 coth(Be, u/2) [[M, PIm{xch (o, k)]

kz,n

+M, 7 PImx,,, (—w, k)] (6.68)

where the second term can be dropped for w = A/h as it is strongly
suppressed even in the dissipative case. An analogous derivation leads
to the longitudinal qubit noise spectrum as

Sy-(w) = Zcoth(5€kz,n/2)|Mi;zz,n‘2
2 (6.69)

x [Imx;, (@, k)] + Im[xg, (—w, E2)]] -

Afterwards, the noise power spectra obtained in Egs. and
can be used to obtain the decoherence rates in Bloch-Redfield approxi-
mation as

I = =Sv-(A/R), (6.70a)

T = 228y-(0), (6.70b)

where I'; is the qubit relaxation rate and I'; is called pure dephasing.

Decoherence due to a quadratic magnon mode

In the main text we focused on the decoherence rates due to the resonant
interaction with the chiral magnon mode. Here we provide analogous
formulas for the case of a quadratic mode, e.g., a bulk mode or a topolog-
ically trivial edge mode. We start the discussion with the non-dissipative
limit ag = 0, where the noise spectrum of the edge mode assumes the
form S;; (w) o< 0(D,k2+eo— hw) [see Eq. (6.64)], and the decoherence

rates of Egs. (6.70a))-(6.70b) become

Sa,
2hD kg

Iy =0(6) (ML + IMAE P, (6.71a)

ko,e —ko,e

I ~0O(S%, (6.71b)
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where we used Egs. and and substituted them into Egs. (6.70a)-
(6.70b). Furthermore, ky = +/d/D, and we assumed that the FM spec-
trum is gapped (e.g., via external magnetic field) and therefore S;. .(0) =
0. The divergent behaviour at £, = 0 is due to the van Hove singularity
of the density of states that can be observed in Fig.

In order to account for the effect of Gilbert damping we assume d,;, d. <
I, and neglect the dependence of the coupling on £, except for the Gaus-
sian factor e ~*:%/2. In contrast to Egs. and (6.71b), we consider the
imaginary part of the susceptibility with quadratic dispersion in Eq.
with a finite linewidth n = agey, ., the integral over momentum is exactly
solvable leading to

K212/2 Brf (Klm)
Sa, e rfc
I, —— h—DI|M5j 2Iml - V2 ] , (6.72a)
ag ag Myl Dp
o b L [ PR 6.72b
2T o/ml, hAfp 2Ap )’ ( )

where we listed the relaxation rate for a trivial edge mode, assuming
|MyF|* ~ 100 eV for the coupling matrix element, and the dephasing
rate for the FM resonance mode. Furthermore, A is the ferromagnetic
resonance energy and Dy is the curvature of the lowest magnonic band

30 - 1
£ — ag=0
S %=
E 20+ oG =104
g
g
= 10} .
E
& —

0 L 1 1 | |

-6 -4 =2 0 2 4 6
detuning 6 [ueV]
Figure 6.8: Relaxation rate I'; from Eq. (6.71a) plotted as a function de-
tuning . The relaxation is caused by to a trivial (1D) edge magnon for

D, = 0.5meV-nm?. The effect of the van Hove singularity at zero detun-
ing is smoothed out by the finite Gilbert damping.
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at k, = 0. Even though the damping smoothens out the divergence of the
density of states at resonance, the relaxation rate is still highly enhanced
(see Fig. rendering the trivial edge mode unfavourable in practical
applications.

6.F Exchange interaction — Analytical
formulas

In this section we provide details of the direct exchange-induced FM-
QD coupling and derive the effective analytical formula presented in
Eq. of the main text. Since the QD layer is adjacent to the FM layer,
the wavefunction of the particle on the QD can have a finite overlap with
the FM spins. In real space the interaction can be written as

= Siy - Jiuol(ri+ vt — o). (6.73)
[

Assuming that the interlayer exchange interaction J; is homogeneous
and isotropic with a strength of J* and keeping the leading terms only
in the 1/S expansion we get

1
=SJrot + 2 Y (ST, WMo + 85, M0 (6.74)
kz,n
Here, the first term provides the effective magnetic field as Beg = — ;%BS Jte,

as well as we get

M f = =200 et ()
i (6.75)

X |(x; + 2,y + y* — ?/QD)|2'

In what follows, the QD wave function is assumed to be Gaussian in both
spatial directions, i.e.,

Aully (w212 (s ba) 2]~
i+ ity = 4rl ? e~ @ite 2l o~ (wity)?ly " (6.76)
by

Next we derive the estimate for the coupling to the chiral edge mode
in the continuum approximation. To this end we convert the sum over «
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to an integral and evaluate it as

e}

1 . 27—2 272 1
dx efzkzxef(l'%*m#) lz — eileT/ALJ’»zkzx# . (6.77)
/L, /

The coupling matrix element then reads as

J Qa 272
—+ o _ 7 Y k:l/4 ikpxt p —(yityr— d)l
N Ze O (yi)e WY . (6.78)

Next, we exploit that the edge state is well localized around y; ~ 0 and
neglect 2# < [, and y* < [, in the formulas to arrive at

J a 272 2
-+ My 7k l /4 —d ly
Ml = e St 67

Finally, since k, < 1! < 7/a, the last sum can be replaced by d . leading
to Eq. (6.24) of the main text.
We can also account for the exponential envelope of the edge mode

and arrive at

_ J J‘(Z _1.272 _ 2 2 L, d
M1~ —Tye kol /4o =dy /Aty /(437 [1 + erf <ﬁ - ﬁ)] . (6.80)
This approximation is necessary to capture the qualitative dependence
of the coupling for large d, due to the short-ranged nature of the direct
exchange interaction.

6.G Dipole-dipole interaction analytical
formulas

In this section we provide details of the dipole-induced FM-QD coupling
and derive the effective analytical formula presented in Egs. (6.25) and
(6.26) of the main text. The dipole-dipole interaction between localized
magnetic moments reads as

o 3(my - 7#)(mg - #) —my - my

H, ,—_HFo
T [re = mal? (6.81)

2
+ ,uogml - Mo 5(7‘1 - 7'2) )
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where the magnetic moments are m; = —upgS; with S; being the FM
spin at position 7, and my = —pupgap|t(r:)|?o, and we define 7+ =

(ry — r2)/|r1 — 7r2|. Using the wavefunction of the QD, ¢ (2',y'), given
in Eq. (6.76), the coupling between the QD and a lattice spin at position
(z,y) is given by

_ MMQQD
M~ (a,y) = =0 ZI%M y)

6.82
, (r—w )+(y—y) — 2d2 (o:522)
(o= o+ (y = y)? + &P
M (a,y) = L5090 > )
(6.82b)

3[(%‘—1’)— iy —y)]?

X
(G P+ (y =y + P

- FoH 399D ;2
M~ (z,y) = _TZ (2", 4]
oy (6.82¢)
3l(z —2') — iy — y)ld-
(G~ + (g g + PP
where d, is the distance between the QD and the FM planes. Further-
more we note that M~ (z,y) = M~ t(z,y), Mt (z,y) = [M~(x,y)]*,
and M™*(z,y) = [M~*(z,y)]".
Using the couplings in Eq. (6.82), we write the coupling of the QD to
a given magnon mode (k,,n) as

My, = e () [, + 1))

i i, (683)
D™ (Az,Ay,d,),

X

where we have used Eq. (6.41). Furthermore we defined

2
_ HoHBYYgQD
D (Ax; Ay7 dz) = — 47T<AZL'2 + Ay2 + dg)5/2

Az? + Ay? — 2dz> + (6.84)

x | 3(Az —iAy)?
3(Az 4+ 1Ay)d,

)

z
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with Az = 2, — 2} + 2# — 2* and Ay = v — vy, + y* — y*. Note that
D~ is not given in a vector form, but the first (second, third) element of
the column correspond to the D~* (D, D~?) coupling elements. This
notation is emphasized next to the corresponding row.

In order to obtain the formulas for the edge mode in the continuum
approximation we convert the sums over x coordinates to integrals, switch
to the center-of-mass frame, and neglect z*, 2 ~ a, since the QD wave-
function changes slowly on this scale. Furthermore, we make use of

Eq. (6.77) to get
Z e_ikxmi

v(@;)* D™ (Az, Ay, dz)

- (6.85)
_ e*kgli/‘l_ / dx eiikszi(l', Ay7 dz) )
Qg

where the Fourier transformation of the D~ is analytically solvable and
reads as

o

1 . 2
. dr €_lkmmD_(ZE, ijdz) _ _:u()lungQD
ay 4ra,
—22Ko+ 2| ke | K+ %%(Agf —29K, | (6.86)
x | —2k2Ko +2 B | (1 - 2k, A9) K, + g’“id%f K| -,
—2id, (|5 k) + 5 AyKS) :

with K,, = K, (|k.|d.) being the nth modified Bessel functions of the
second kind, and d;, = \/Ay? + 2.

From this point onwards, we will be focusing on the &k, ~ 0 case since
l, > d,,d.,l,. In this case, Eq. for k, = 0 simplifies to

1 0 ) dz — AyQ +
— [ de D (2,Ay,d.) = % Ay?—d | —. (6.87)
o Tzl 2iAyd, z

—00
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(a) Re[l(x)] (b) Im[I(x)]
0.9 0.6
0.6 03

Ry 03 @ ~0.3
0 -0.6

72 —1. 0. 1. 2. 72 —1. 0. 1. 2.
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Figure 6.9: (a) Real and (b) imaginary part of the function I(z) in
Eq. with « = (id, — d.)/l,. These functions determine the depen-
dence of the dipolar FM-QD coupling of Eq. on the relative length
scales d,/l, and d./1,,.

Assuming y;, ! < [, we substitute Eq. back into Eq. (6.83) to get

- G 99Qp 1212
My =" . kl/4z¢oe?/z

2ma,
2 — Ay?\ + (6.88)
’ 2\7—2
—(yi—dy)ly % Ay —d* | —.
2i1Ayd, z

Once again we assume that the edge mode is well localized around y; ~ 0
and therefore Ay = y,. Then the sum over y, can be converted to an
integral and coupling acquires its final form

_ _MOMngQD ,k212/46
kz~O.e 7razl2 He

| + /aRe[ze™ (1 + erf ()] (6.89)
(1 — ﬁRe[me 1+ erf(x))]) >
—iy/mImze (1 + erf(z))]

where z = (id, — d.)/l, and the formula is valid for k;' > [,,d,,d., if
the QD covers several lattice sites i.e., [,,l, > a and the edge mode is
very well localized e.g., [, > \. Furthermore we note that for d. < a
the coupling starts to depend on the lattice structure r* that we have
neglected in the calculation above. Finally, we introduce the complex
function

I(z) =1+ 7re® [1 + erf(z)] (6.90)
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in order to simplify the formula for the dipole interaction-induced cou-
plings My ", My, and Mg/ in Eq. of the main text. The real and
imaginary parts of /(z) determine the dependence of the coupling ma-
trix elements M, _ on the relative length scale + = (id, — d.)/l,. This
functional dependence is shown in Fig.

Lastly, we show the derivation of the dipole coupling to the FM res-
onance mode deep in the bulk, where the magnonic eigenmodes can be
labelled by the quantum numbers £, and k,. The final result for this cou-
pling has been shown in Eq. of the main text. Starting from

Mg, = e o] )

Z,Yi (6-91)
(Al.’ Ay’ dz) )

we separate center-of-mass and relative coordinates obtaining the Gaus-
sian factors e *:2/4e=*il/4 from the center-of-mass integrals. Consider-
ing k, = 0 in the relative coordinates we are left with the integral

1

gy

/dﬂly e RV D (2,y,d,) = M Iy lda °ky, (6.92)
2a,a,

which together with the Gaussian factors yield Eq. (6.26). Finally we note
that the g-tensor anisotropy in the QD layer can be taken into account as
in Eq. for the dipole field, by replacing gopo with go, where g is
the g-tensor of the QD.



[1]

2]

3]

[4]

[5]

[6]

[7]

Bibliography

D. Loss and D. P. DiVincenzo, “Quantum computation with quan-
tum dots,” Phys. Rev. A, vol. 57, pp. 120-126, Jan 1998.

P. Kok, W. J. Munro, K. Nemoto, T. C. Ralph, J. P. Dowling, and
G. J. Milburn, “Linear optical quantum computing with photonic
qubits,” Rev. Mod. Phys., vol. 79, pp. 135-174, Jan 2007.

X. Qiang, X. Zhou, J. Wang, C. M. Wilkes, T. Loke, S. O’Gara,
L. Kling, G. D. Marshall, R. Santagati, T. C. Ralph, J. B. Wang, J. L.
O’Brien, M. G. Thompson, and J. C. F. Matthews, “Large-scale sili-
con quantum photonics implementing arbitrary two-qubit process-
ing,” Nature Photonics, vol. 12, no. 9, pp. 534-539, 2018.

C.J. Ballance, T. P. Harty, N. M. Linke, M. A. Sepiol, and D. M. Lu-
cas, “High-fidelity quantum logic gates using trapped-ion hyperfine
qubits,” Phys. Rev. Lett., vol. 117, p. 060504, Aug 2016.

G. Waldherr, Y. Wang, S. Zaiser, M. Jamali, T. Schulte-Herbriiggen,
H. Abe, T. Ohshima, J. Isoya, J. E. Du, P. Neumann, and J. Wrachtrup,

“Quantum error correction in a solid-state hybrid spin register,” Na-
ture, vol. 506, no. 7487, pp. 204-207, 2014.

E. Dolde, V. Bergholm, Y. Wang, 1. Jakobi, B. Naydenov, S. Pezza-
gna, J. Meijer, E. Jelezko, P. Neumann, T. Schulte-Herbriiggen, J. Bi-
amonte, and J. Wrachtrup, “High-fidelity spin entanglement using
optimal control,” Nature Communications, vol. 5, no. 1, p. 3371, 2014.

R. Barends, J. Kelly, A. Megrant, A. Veitia, D. Sank, E. Jef-
frey, T. C. White, ]J. Mutus, A. G. Fowler, B. Campbell, Y. Chen,
Z. Chen, B. Chiaro, A. Dunsworth, C. Neill, P. O’Malley, P. Roushan,
A. Vainsencher, J. Wenner, A. N. Korotkov, A. N. Cleland, and J. M.
Martinis, “Superconducting quantum circuits at the surface code

267



BIBLIOGRAPHY 268

[8]

[9]

[10]

[11]

[12]

threshold for fault tolerance,” Nature, vol. 508, no. 7497, pp. 500—
503, 2014.

E. Arute, K. Arya, R. Babbush, D. Bacon, J. C. Bardin, R. Barends,
R. Biswas, S. Boixo, F. G. S. L. Brandao, D. A. Buell, B. Burkett,
Y. Chen, Z. Chen, B. Chiaro, R. Collins, W. Courtney, A. Dunsworth,
E. Farhi, B. Foxen, A. Fowler, C. Gidney, M. Giustina, R. Graff,
K. Guerin, S. Habegger, M. P. Harrigan, M. ]J. Hartmann, A. Ho,
M. Hoffmann, T. Huang, T. S. Humble, S. V. Isakov, E. Jeffrey,
Z. Jiang, D. Kafri, K. Kechedzhi, J. Kelly, P. V. Klimov, S. Knysh,
A. Korotkov, F. Kostritsa, D. Landhuis, M. Lindmark, E. Lucero,
D. Lyakh, S. Mandra, J. R. McClean, M. McEwen, A. Megrant,
X. Mi, K. Michielsen, M. Mohseni, J. Mutus, O. Naaman, M. Nee-
ley, C. Neill, M. Y. Niu, E. Ostby, A. Petukhov, J. C. Platt, C. Quin-
tana, E. G. Rieffel, P. Roushan, N. C. Rubin, D. Sank, K. J. Satzinger,
V. Smelyanskiy, K. J. Sung, M. D. Trevithick, A. Vainsencher, B. Vil-
lalonga, T. White, Z. J. Yao, P. Yeh, A. Zalcman, H. Neven, and J. M.
Martinis, “Quantum supremacy using a programmable supercon-
ducting processor,” Nature, vol. 574, no. 7779, pp. 505-510, 2019.

M. Veldhorst, C. H. Yang, J. C. C. Hwang, W. Huang, J. P. Dehollain,
J. T. Muhonen, S. Simmons, A. Laucht, F. E. Hudson, K. M. Itoh,
A. Morello, and A. S. Dzurak, “A two-qubit logic gate in silicon,”
Nature, vol. 526, no. 7573, pp. 410-414, 2015.

T. F. Watson, S. G. J. Philips, E. Kawakami, D. R. Ward, P. Scarlino,
M. Veldhorst, D. E. Savage, M. G. Lagally, M. Friesen, S. N. Copper-
smith, M. A. Eriksson, and L. M. K. Vandersypen, “A programmable
two-qubit quantum processor in silicon,” Nature, vol. 555, no. 7698,
pp- 633-637, 2018.

Y. He, S. K. Gorman, D. Keith, L. Kranz, J. G. Keizer, and M. Y. Sim-
mons, “A two-qubit gate between phosphorus donor electrons in
silicon,” Nature, vol. 571, no. 7765, pp. 371-375, 2019.

N. W. Hendrickx, W. I. L. Lawrie, M. Russ, F. van Riggelen,
S. L. de Snoo, R. N. Schouten, A. Sammak, G. Scappucci, and
M. Veldhorst, “A four-qubit germanium quantum processor,” Na-
ture, vol. 591, no. 7851, pp. 580-585, 2021.



BIBLIOGRAPHY 269

[13] A. Alfieri, S. B. Anantharaman, H. Zhang, and D. Jariwala, “Nano-
materials for quantum information science and engineering,” Ad-
vanced Materials, p. 2109621, 2022.

[14] A.G. Fowler, M. Mariantoni, J. M. Martinis, and A. N. Cleland, “Sur-
face codes: Towards practical large-scale quantum computation,”
Phys. Rev. A, vol. 86, p. 032324, Sep 2012.

[15] J. R. Wootton and D. Loss, “High threshold error correction for the
surface code,” Phys. Rev. Lett., vol. 109, p. 160503, Oct 2012.

[16] C. Kloeffel and D. Loss, “Prospects for spin-based quantum com-
puting in quantum dots,” Annual Review of Condensed Matter Physics,
vol. 4, pp. 51-81, 2022/05/29 2013.

[17] A. Chatterjee, P. Stevenson, S. De Franceschi, A. Morello, N. P.
de Leon, and F. Kuemmeth, “Semiconductor qubits in practice,” Na-
ture Reviews Physics, vol. 3, no. 3, pp. 157-177, 2021.

[18] G. Burkard, T. D. Ladd, J. M. Nichol, A. Pan, and J. R. Petta, “Semi-
conductor spin qubits,” arXiv preprint arXiv:2112.08863, 2021.

[19] M. Veldhorst, H. G. J. Eenink, C. H. Yang, and A. S. Dzurak, “Sili-
con cmos architecture for a spin-based quantum computer,” Nature
Communications, vol. 8, no. 1, p. 1766, 2017.

[20] L. M. K. Vandersypen, H. Bluhm, J. S. Clarke, A. S. Dzurak, R. Ishi-
hara, A. Morello, D. J. Reilly, L. R. Schreiber, and M. Veldhorst, “In-
terfacing spin qubits in quantum dots and donors—hot, dense, and
coherent,” npj Quantum Information, vol. 3, no. 1, p. 34, 2017.

[21] R. Li, L. Petit, D. P. Franke, J. P. Dehollain, J. Helsen, M. Steudtner,
N. K. Thomas, Z. R. Yoscovits, K. J. Singh, S. Wehner, L. M. K. Van-
dersypen, J. S. Clarke, and M. Veldhorst, “A crossbar network for
silicon quantum dot qubits,” Science Advances, vol. 4, 2022/05/29
2018.

[22] L. Trifunovic, O. Dial, M. Trif, ]J. R. Wootton, R. Abebe, A. Yacoby,
and D. Loss, “Long-distance spin-spin coupling via floating gates,”
Phys. Rev. X, vol. 2, p. 011006, Jan 2012.

[23] P. Szumniak, ]J. Pawlowski, S. Bednarek, and D. Loss, “Long-
distance entanglement of soliton spin qubits in gated nanowires,”
Phys. Rev. B, vol. 92, p. 035403, Jul 2015.



BIBLIOGRAPHY 270

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

C. Kloeffel, M. Trif, P. Stano, and D. Loss, “Circuit QED with hole-
spin qubits in Ge/Si nanowire quantum dots,” Phys. Rev. B, vol. 88,
p- 241405, Dec 2013.

S. E. Nigg, A. Fuhrer, and D. Loss, “Superconducting grid-bus sur-
face code architecture for hole-spin qubits,” Phys. Rev. Lett., vol. 118,
p- 147701, Apr 2017.

E. Borjans, X. G. Croot, X. Mi, M. J. Gullans, and J. R. Petta, “Res-
onant microwave-mediated interactions between distant electron
spins,” Nature, vol. 577, no. 7789, pp. 195-198, 2020.

P. Harvey-Collard, J. Dijkema, G. Zheng, A. Sammak, G. Scappucci,
and L. M. K. Vandersypen, “Coherent spin-spin coupling mediated
by virtual microwave photons,” Phys. Rev. X, vol. 12, p. 021026, May
2022.

R. P. G. McNeil, M. Kataoka, C.]J. B. Ford, C. H. W. Barnes, D. Ander-
son, G. A. C. Jones, L. Farrer, and D. A. Ritchie, “On-demand single-
electron transfer between distant quantum dots,” Nature, vol. 477,
no. 7365, pp. 439-442, 2011.

J. M. Boter, J. P. Dehollain, J. P. G. van Dijk, T. Hensgens, R. Versluis,
J. S. Clarke, M. Veldhorst, F. Sebastiano, and L. M. K. Vandersypen,
“A sparse spin qubit array with integrated control electronics,” in
2019 IEEE International Electron Devices Meeting (IEDM), 2019.

J. Yoneda, W. Huang, M. Feng, C. H. Yang, K. W. Chan, T. Tanttu,
W. Gilbert, R. C. C. Leon, E. E. Hudson, K. M. Itoh, A. Morello, S. D.
Bartlett, A. Laucht, A. Saraiva, and A. S. Dzurak, “Coherent spin
qubit transport in silicon,” Nature Communications, vol. 12, no. 1,
p- 4114, 2021.

A. Barman, G. Gubbiotti, S. Ladak, A. O. Adeyeye, M. Krawczyk,
J. Grédfe, C. Adelmann, S. Cotofana, A. Naeemi, V. I. Vasyuchka,
B. Hillebrands, S. A. Nikitov, H. Yu, D. Grundler, A. V. Sadovnikov,
A. A. Grachev, S. E. Sheshukova, J.-Y. Duquesne, M. Marangolo,
G. Csaba, W. Porod, V. E. Demidov, S. Urazhdin, S. O. Demokri-
tov, E. Albisetti, D. Petti, R. Bertacco, H. Schultheiss, V. V. Kruglyak,
V. D. Poimanov, S. Sahoo, ]J. Sinha, H. Yang, M. Miinzenberg,
T. Moriyama, S. Mizukami, P. Landeros, R. A. Gallardo, G. Carlotti,
J.-V.Kim, R. L. Stamps, R. E. Camley, B. Rana, Y. Otani, W. Yu, T. Yu,



BIBLIOGRAPHY 271

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

G. E. W. Bauer, C. Back, G. S. Uhrig, O. V. Dobrovolskiy, B. Budin-
ska, H. Qin, S. van Dijken, A. V. Chumak, A. Khitun, D. E. Nikonov,
I. A. Young, B. W. Zingsem, and M. Winklhofer, “The 2021 magnon-
ics roadmap,” Journal of Physics: Condensed Matter, vol. 33, p. 413001,
aug 2021.

L. Trifunovic, F. L. Pedrocchi, and D. Loss, “Long-distance entangle-
ment of spin qubits via ferromagnet,” Phys. Rev. X, vol. 3, p. 041023,
Dec 2013.

D. R. Candido, G. D. Fuchs, E. Johnston-Halperin, and M. E. Flatté,
“Predicted strong coupling of solid-state spins via a single magnon
mode,” Materials for Quantum Technology, vol. 1, p. 011001, dec 2020.

I. C. Skogvoll, J. Lidal, J. Danon, and A. Kamra, “Tunable anisotropic
quantum rabi model via a magnon—spin-qubit ensemble,” Phys. Rev.
Applied, vol. 16, p. 064008, Dec 2021.

B. Flebus and Y. Tserkovnyak, “Entangling distant spin qubits via a
magnetic domain wall,” Phys. Rev. B, vol. 99, p. 140403, Apr 2019.

M. Fukami, D. R. Candido, D. D. Awschalom, and M. E. Flatté, “Op-
portunities for long-range magnon-mediated entanglement of spin
qubits via on- and off-resonant coupling,” PRX Quantum, vol. 2,
p. 040314, Oct 2021.

G. Yang, C.-H. Hsu, P. Stano, ]J. Klinovaja, and D. Loss, “Long-
distance entanglement of spin qubits via quantum hall edge states,”
Phys. Rev. B, vol. 93, p. 075301, Feb 2016.

S.]. Elman, S. D. Bartlett, and A. C. Doherty, “Long-range entangle-
ment for spin qubits via quantum hall edge modes,” Phys. Rev. B,
vol. 96, p. 115407, Sep 2017.

G. Wagner, D. X. Nguyen, D. L. Kovrizhin, and S. H. Simon, “Driven
quantum dot coupled to a fractional quantum hall edge,” Phys. Rev.
B, vol. 100, p. 245111, Dec 2019.

S. Bosco and D. P. DiVincenzo, “Transmission lines and resonators
based on quantum hall plasmonics: Electromagnetic field, attenua-
tion, and coupling to qubits,” Phys. Rev. B, vol. 100, p. 035416, Jul
2019.



BIBLIOGRAPHY 272

[41] F. Meier and D. Loss, “Magnetization transport and quantized spin
conductance,” Phys. Rev. Lett., vol. 90, p. 167204, Apr 2003.

[42] H. Katsura, N. Nagaosa, and P. A. Lee, “Theory of the thermal hall
effect in quantum magnets,” Phys. Rev. Lett., vol. 104, p. 066403, Feb
2010.

[43] R.Shindou, R. Matsumoto, S. Murakami, and J.-i. Ohe, “Topological
chiral magnonic edge mode in a magnonic crystal,” Phys. Rev. B,
vol. 87, p. 174427, May 2013.

[44] R. Shindou, J.-i. Ohe, R. Matsumoto, S. Murakami, and E. Saitoh,
“Chiral spin-wave edge modes in dipolar magnetic thin films,”
Phys. Rev. B, vol. 87, p. 174402, May 2013.

[45] L. Zhang, J. Ren, J.-S. Wang, and B. Li, “Topological magnon insula-
tor in insulating ferromagnet,” Phys. Rev. B, vol. 87, p. 144101, Apr
2013.

[46] A. Mook, J. Henk, and I. Mertig, “Magnon hall effect and topology
in kagome lattices: A theoretical investigation,” Phys. Rev. B, vol. 89,
p- 134409, Apr 2014.

[47] R. Shindou and J.-i. Ohe, “Magnetostatic wave analog of inte-
ger quantum hall state in patterned magnetic films,” Phys. Rev. B,
vol. 89, p. 054412, Feb 2014.

[48] A.Mook, J. Henk, and I. Mertig, “Edge states in topological magnon
insulators,” Phys. Rev. B, vol. 90, p. 024412, Jul 2014.

[49] K. Nakata, J. Klinovaja, and D. Loss, “Magnonic quantum hall ef-
fect and wiedemann-franz law,” Phys. Rev. B, vol. 95, p. 125429, Mar
2017.

[50] K. Nakata, S. K. Kim, J. Klinovaja, and D. Loss, “Magnonic topolog-
ical insulators in antiferromagnets,” Phys. Rev. B, vol. 96, p. 224414,
Dec 2017.

[61] A. Mook, B. Gobel, J. Henk, and I. Mertig, “Taking an electron-
magnon duality shortcut from electron to magnon transport,” Phys.
Rev. B, vol. 97, p. 140401, Apr 2018.



BIBLIOGRAPHY 273

[52]

[53]

[54]

[55]

[56]

[571]

[58]

[59]

[60]

[61]

[62]

A. Mook, J. Henk, and I. Mertig, “Thermal hall effect in non-
collinear coplanar insulating antiferromagnets,” Phys. Rev. B, vol. 99,
p- 014427, Jan 2019.

K. A. van Hoogdalem, Y. Tserkovnyak, and D. Loss, “Magnetic
texture-induced thermal hall effects,” Phys. Rev. B, vol. 87, p. 024402,
Jan 2013.

A. Roldédn-Molina, A. S. Nunez, and J. Ferndndez-Rossier, “Topo-
logical spin waves in the atomic-scale magnetic skyrmion crystal,”
New Journal of Physics, vol. 18, p. 045015, Apr. 2016.

M. Garst, J. Waizner, and D. Grundler, “Collective spin excitations
of helices and magnetic skyrmions: review and perspectives of
magnonics in non-centrosymmetric magnets,” Journal of Physics D:
Applied Physics, vol. 50, p. 293002, jun 2017.

S. A. Diaz, ]. Klinovaja, and D. Loss, “Topological magnons and
edge states in antiferromagnetic skyrmion crystals,” Phys. Rev. Lett.,
vol. 122, p. 187203, May 2019.

S. K. Kim, K. Nakata, D. Loss, and Y. Tserkovnyak, “Tunable
magnonic thermal hall effect in skyrmion crystal phases of ferrimag-
nets,” Phys. Rev. Lett., vol. 122, p. 057204, Feb 2019.

S. A. Diaz, T. Hirosawa, J. Klinovaja, and D. Loss, “Chiral magnonic
edge states in ferromagnetic skyrmion crystals controlled by mag-
netic fields,” Phys. Rev. Research, vol. 2, p. 013231, Feb 2020.

E-Y. Li, Y.-D. Li, Y. B. Kim, L. Balents, Y. Yu, and G. Chen, “Weyl
magnons in breathing pyrochlore antiferromagnets,” Nature Com-
munications, vol. 7, no. 1, p. 12691, 2016.

A. Mook, J. Henk, and I. Mertig, “Tunable magnon weyl points in
ferromagnetic pyrochlores,” Phys. Rev. Lett., vol. 117, p. 157204, Oct
2016.

A. Mook, S. A. Diaz, J. Klinovaja, and D. Loss, “Chiral hinge
magnons in second-order topological magnon insulators,” Phys.
Rev. B, vol. 104, p. 024406, Jul 2021.

A. Mook, J. Henk, and I. Mertig, “Magnon waveguide with
nanoscale confinement constructed from topological magnon insu-
lators,” Phys. Rev. B, vol. 91, p. 174409, May 2015.



BIBLIOGRAPHY 274

[63] A. Mook, J. Henk, and I. Mertig, “Topologically nontrivial magnons
at an interface of two kagome ferromagnets,” Phys. Rev. B, vol. 91,
p. 224411, Jun 2015.

[64] B. Xu, T. Ohtsuki, and R. Shindou, “Integer quantum magnon hall
plateau-plateau transition in a spin-ice model,” Phys. Rev. B, vol. 94,
p- 220403, Dec 2016.

[65] E. Iacocca and O. Heinonen, “Topologically nontrivial magnon
bands in artificial square spin ices with dzyaloshinskii-moriya in-
teraction,” Phys. Rev. Applied, vol. 8, p. 034015, Sep 2017.

[66] Z.-X. Li, C. Wang, Y. Cao, and P. Yan, “Edge states in a two-
dimensional honeycomb lattice of massive magnetic skyrmions,”
Phys. Rev. B, vol. 98, p. 180407, Nov 2018.

[67] Y.-M. Li, J. Xiao, and K. Chang, “Topological magnon modes in
patterned ferrimagnetic insulator thin films,” Nano Letters, vol. 18,
pp- 3032-3037, May 2018.

[68] P. Mellado, “Intrinsic topological magnons in arrays of magnetic
dipoles,” Scientific Reports, vol. 12, no. 1, p. 1420, 2022.

[69] R. Chisnell, J. S. Helton, D. E. Freedman, D. K. Singh, R. I. Bewley,
D. G. Nocera, and Y. S. Lee, “Topological magnon bands in a kagome
lattice ferromagnet,” Phys. Rev. Lett., vol. 115, p. 147201, Sep 2015.

[70] L. Chen, ]J.-H. Chung, B. Gao, T. Chen, M. B. Stone, A. I. Kolesnikov,
Q. Huang, and P. Dai, “Topological spin excitations in honeycomb
ferromagnet criz,” Phys. Rev. X, vol. 8, p. 041028, Nov 2018.

[71] E Zhu, L. Zhang, X. Wang, E. J. dos Santos, ]J. Song, T. Mueller,
K. Schmalzl, W. F. Schmidt, A. Ivanov, J. T. Park, J. Xu, J. Ma, S. Lou-
nis, S. Bliigel, Y. Mokrousov, Y. Su, and T. Briickel, “Topological
magnon insulators in two-dimensional van der waals ferromagnets
crsite3 and crgete3: Toward intrinsic gap-tunability,” Science Ad-
vances, vol. 7, no. 37, 2021.

[72] M. Malki and G. S. Uhrig, “Topological magnetic excitations,” Euro-
physics Letters, vol. 132, p. 20003, oct 2020.

[73] Z.-X. Li, Y. Cao, and P. Yan, “Topological insulators and semimetals
in classical magnetic systems,” Physics Reports, vol. 915, pp. 1-64,
jun 2021.



BIBLIOGRAPHY 275

[74] P. A. McClarty, “Topological magnons: A review,” Annual Review of
Condensed Matter Physics, vol. 13, pp. 171-190, 2022/05/29 2022.

[75] X.S. Wang and X. R. Wang, “Topological magnonics,” Journal of Ap-
plied Physics, vol. 129, p. 151101, apr 2021.

[76] 1. Dzyaloshinsky, “A thermodynamic theory of “weak” ferromag-
netism of antiferromagnetics,” Journal of Physics and Chemistry of
Solids, vol. 4, pp. 241-255, Jan. 1958.

[77] T. Moriya, “Anisotropic superexchange interaction and weak ferro-
magnetism,” Phys. Rev., vol. 120, pp. 91-98, Oct 1960.

[78] E. D. M. Haldane, “Model for a quantum Hall effect without lan-

dau levels: Condensed-matter realization of the “parity anomaly”,
Phys. Rev. Lett., vol. 61, pp. 2015-2018, Oct 1988.

[79] S. A. Owerre, “A first theoretical realization of honeycomb topolog-
ical magnon insulator,” J. Phys.: Condens. Matter, vol. 28, p. 386001,
Jul 2016.

[80] T. Holstein and H. Primakoff, “Field dependence of the intrinsic do-
main magnetization of a ferromagnet,” Phys. Rev., vol. 58, pp. 1098—
1113, Dec 1940.

[81] P. A. Pantaleén and Y. Xian, “Analytical study of the edge states in
the bosonic haldane model,” Journal of Physics: Condensed Matter,
vol. 29, no. 29, p. 295701, 2017.

[82] Y. Hatsugai, “Chern number and edge states in the integer quantum
Hall effect,” Phys. Rev. Lett., vol. 71, pp. 3697-3700, Nov. 1993.

[83] Y. Hatsugai, “Edge states in the integer quantum Hall effect and
& & ger q
the Riemann surface of the Bloch function,” Phys. Rev. B, vol. 48,
pp. 11851-11862, Oct. 1993.

[84] S.S.Pershoguba, S. Banerjee, J. C. Lashley, J. Park, H. Agren, G. Aep-
pli, and A. V. Balatsky, “Dirac magnons in honeycomb ferromag-
nets,” Phys. Rev. X, vol. 8, p. 011010, Jan 2018.

[85] P. A. Pantale6n and Y. Xian, “Effects of edge on-site potential in a
honeycomb topological magnon insulator,” Journal of the Physical So-
ciety of Japan, vol. 87, p. 064005, June 2018.



BIBLIOGRAPHY 276

[86] P. A. Pantale6n and Y. Xian, “Edge states in a ferromagnetic honey-
comb lattice with armchair boundaries,” Physica B: Condensed Mat-
ter, vol. 530, pp. 191-194, 2018.

[87] A.D. Karenowska, A. V. Chumak, A. A. Serga, and B. Hillebrands,
Magnon Spintronics, pp. 1505-1549. Dordrecht: Springer Nether-
lands, 2016.

[88] A. Prabhakar and D. D. Stancil, Spin waves: Theory and applications,
vol. 5. Springer, 2009.

[89] C. Dubs, O. Surzhenko, R. Linke, A. Danilewsky, U. Briickner,
and J. Dellith, “Sub-micrometer yttrium iron garnet LPE films with
low ferromagnetic resonance losses,” Journal of Physics D: Applied
Physics, vol. 50, p. 204005, apr 2017.

[90] V. N. Golovach, M. Borhani, and D. Loss, “Electric-dipole-induced
spin resonance in quantum dots,” Phys. Rev. B, vol. 74, p. 165319,
Oct 2006.

[91] K. C. Nowack, E. H. L. Koppens, Y. V. Nazarov, and L. M. K. Van-
dersypen, “Coherent control of a single electron spin with electric
tields,” Science, vol. 318, pp. 1430-1433, 2022/05/29 2007.

[92] S. Nadj-Perge, S. M. Frolov, E. P. A. M. Bakkers, and L. P. Kouwen-
hoven, “Spin-orbit qubit in a semiconductor nanowire,” Nature,
vol. 468, no. 7327, pp. 1084-1087, 2010.

[93] M. D. Schroer, K. D. Petersson, M. Jung, and J. R. Petta, “Field tuning
the g factor in inas nanowire double quantum dots,” Phys. Rev. Lett.,
vol. 107, p. 176811, Oct 2011.

[94] S. Bravyi, D. P. DiVincenzo, and D. Loss, “Schrieffer—-Wolff trans-
formation for quantum many-body systems,” Annals of Physics,
vol. 326, pp. 2793-2826, oct 2011.

[95] Y. Makhlin, G. Schén, and A. Shnirman, “Dissipation in josephson
qubits,” New Directions in Mesoscopic Physics (Towards Nanoscience),
pp. 197-224, 2003.

[96] J. E. Poyatos, ]. I. Cirac, and P. Zoller, “Complete characterization
of a quantum process: The two-bit quantum gate,” Phys. Rev. Lett.,
vol. 78, pp. 390-393, Jan 1997.



BIBLIOGRAPHY 277

[97] G. Lindblad, “On the generators of quantum dynamical semi-
groups,” Communications in Mathematical Physics, vol. 48, no. 2,
pp- 119-130, 1976.

[98] A. Blais, A. L. Grimsmo, S. M. Girvin, and A. Wallraff, “Circuit
quantum electrodynamics,” Rev. Mod. Phys., vol. 93, p. 025005, May
2021.

[99] S. K. Kim and Y. Tserkovnyak, “Chiral edge mode in the coupled
dynamics of magnetic solitons in a honeycomb lattice,” Phys. Rev.
Lett., vol. 119, p. 077204, Aug 2017.



Acknowledgments

I would like to express my gratitude to Prof. Daniel Loss for all the dis-
cussions and support of the past four years. I consider myself very for-
tunate, having had the opportunity to work with him, to learn from him
not only through the projects we had together but also during research
seminars and discussions. After I finished my masters one of my teachers
said, that I will have lot of opportunity to lear about physics with Daniel.
After almost four years in his research group, I see how right he was.

I first met Prof. Oded Zilberberg during a QSIT meeting in Arosa,
where he explained to me one of his recent works at a poster session. I re-
ally enjoyed that discussion and therefore I was delighted that he agreed
to review my thesis and join the doctoral committee on the defense. I
would like to thank my second supervisor Prof. Jelena Klinovaja as well,
for the additional support.

During my PhD I had the opportunity to work with exceptional re-
searchers and also great friends, Christoph Kloeffel, Dmitry Miserev, Ste-
fano Bosco, Marko Ranci¢, Alexander Mook, Jelena Klinovaja, Flavio
Ronetti, and Tamds Haidekker Galambos. I am also very grateful for the
experimental groups of Dominik Zumbiihl, Richard Warburton and An-
dreas Kuhlmann. In particular Floris Braakman, Florian Froning, Leon
Camenzind, Raffael Eggli, and Simon Geyer. I am also happy getting to
know Jonas Amport and Linus Arnold, not only over teaching but also
through discussions about their master theses.

In the last few years Basel has become a second home to me, for which
I am very thankful for every member of the research group: Marko, Se-
bastian, Alex, Peng, Moénica, Pierre, Ferdinand, Daniel M., Pawel, Mar-
cel, Christina, Silas, Maria, Tomoki, Yuhao, Chris, Yanick, Katharina,
Christoph A., Christoph K., Henry, Valera, Stefano, Aleks, Denis, James,
Viktor, Pavel, Vardan, Manisha, Flavio, Kirill, Aksel, Zhe, Vardan, Re-
nato, Melina, Dima, Even, Tamas, Richard, Oindrila, Olesia, Joel, Jelena,
and Daniel.

278



BIBLIOGRAPHY 279

I would like to thank Rafael Eggli for the enlightening discussion on
charge readout, Christoph Adelsberger and Daniel Miller for reading and
giving feedback on the first version of this thesis.

Furthermore, I am thankful to my former supervisors Andras Palyi
and Janos Asb6th as well as my friends from the E6tvos University: Adam,
Tamas, Zsolt, Aron, Dani, Déme, Milan, and Aurél.

Finally, I would like to say thank you to my friends and family, espe-
cially my girlfriend Eszti who accompanied and supported me through-
out my doctoral studies.



Curriculum Vitae

Bence Hetényi

University of Basel Email: bence.hetenyi@gmail.com
Department of Physics Phone: +41 79 963 3604
Klingelbergstrasse 82, Skype: hetenyibence

CH-4056 Basel, Switzerland

Education

Teaching
activity

Languages

IT skills

Publications

University of Basel (Basel, Switzerland)
- PhD student, Condensed Matter Physics, 2018 -
- Condensed Matter Theory & Quantum Computing Group
- Supervisor: Prof. Daniel Loss
Eo6tvos Lorand University (Budapest, Hungary)
- MSc, Condensed Matter Physics, 2016 - 2018
- Thesis: ’Quantumbits in silicon nanostuctures’
- BSc, Physics, 2013 - 2016
- Thesis: ’Optomechanical multistability in elastic structures’

- Master student co-supervision (Jonas Amport, Yanik Linus Arnold)
- Quantum mechanics, Spin based quantum information science, Quantum computation
- Golden chalk (teaching award): 3rd place, 2019-spring; 2nd place 2019-fall

- english (advanced / C1)
- german (intermediate / B2)
- hungarian (native language)

Python, Wolfram Mathematica, C,
COMSOL Multiphysics, A TEX, Adobe Photoshop

- B. Hetényi, A. Mook, J. Klinovaja, and D. Loss, arXiv:2207.01264 (2022)

- B. Hetényi, S. Bosco, and D. Loss, arXiv:2205.02582 (2022)

- T. Haidekker Galambos, F. Ronetti, B. Hetényi, D. Loss. J. Klinovaja,
arXiv:2203.05894 (2022)

- S. Bosco, B. Hetényi, and D. Loss, PRX Quantum 2, 010348 (2021)

- F.N.M. Froning, M.J. Ranci¢, B. Hetényi, S. Bosco, M.K. Rehmann, A. Li,
E.P.A.M. Bakkers, F.A. Zwanenburg, D. Loss, D.M. Zumbiihl, F.R. Braakman,
Phys. Rev. Research 3, 013081 (2021)

- B. Hetényi, C. Kloeffel, and D. Loss, Phys. Rev. Research 2, 033036 (2020)

- B. Hetényi, P. Boross, and A. Palyi, Phys. Rev. B 100, 115435 (2019)



	Contents
	Introduction
	Holes in group-IV semiconductors
	Single-qubit control
	Two-qubit gates
	Initialization and readout
	Decoherence
	Scalability
	Quantum error correction on scalable spin qubit arrays
	Details of the particle density calculation in a double QD

	Bibliography
	Exchange interaction of hole-spin qubits in double quantum dots
	Introduction
	Single hole-spin qubit
	Symmetry considerations
	Low-energy basis of a DQD
	Low-energy Hamiltonian of a DQD
	Coupled hole-spin qubits in silicon NWs
	Discussion
	Conclusion
	Magnetic field along an N-fold symmetry axis, generalization of Bloch's theorem
	Lowest-energy Kramers doublet
	Conservation of the effective spin
	Orthonormalization method
	Single-particle basis for the numerics
	S01 as a figure of merit for the effective spin mixing
	Slow SWAP gates and anisotropy-limited fidelity
	Comparison of the exchange interaction between silicon and Ge/Si core/shell NWs

	Bibliography
	Zero-field splitting in Si and Ge quantum dots
	Introduction
	Analytical theory
	Numerics
	Conclusions
	Zero-field splitting induced by cubic spin-orbit interaction
	Details of the numerical calculation
	Symmetry analysis of the triplet degeneracy

	Bibliography
	Strong spin-orbit interaction and g-factor renormalization 
	Introduction
	Device and measurement setup
	Double quantum dot and Pauli spin blockade
	Lifting of Pauli Spin Blockade
	Possible Spin-mixing mechanisms
	Model of the two transitions
	Varying the strength of interdot tunnel coupling
	Spin-orbit length
	Conclusions and outlook
	Model Hamiltonian
	Double-dot Hamiltonian
	Singlet-Triplet basis

	Bibliography
	Fully tunable spin-orbit interaction in Si FInFETs
	Introduction
	Theoretical Model
	Equilateral FinFETs
	Effect of the SOHs
	Suppressing charge noise in FinFET Qubits
	Conclusion
	Electric field simulation
	Orbital eigenstates
	Spin-orbit interaction in perturbation theory
	Spin-orbit coupling against Eii
	Effect of strain
	Compensating for the SOHs

	Bibliography
	Long-distance coupling of spin qubits via topological magnons
	Introduction
	Theory
	Results
	Qubit entanglement via chiral magnon transduction
	Discussion
	Conclusion
	Conventions
	Effective qubit-magnon coupling: analytical formulas
	Including spectral broadening in the Schrieffer-Wolff transformation
	Effective qubit-qubit coupling
	Decoherence
	Exchange interaction — Analytical formulas
	Dipole-dipole interaction analytical formulas

	Bibliography

