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We study the exchange interaction between two hole-spin qubits in a double quantum dot setup in a silicon
nanowire in the presence of magnetic 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 facilitates 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 example of a silicon nanowire double dot, we present the relative strength of these anisotropic exchange
interaction terms and calculate the fidelity of the +/SWAP 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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I. INTRODUCTION

Over the last two decades localized spins in quantum dots
(QDs) became a promising candidate for scalable quantum
computing [1,2]. Electron spins confined in semiconduc-
tor heterostructures benefit from the feasibility of coherent
control via electric-dipole-induced spin resonance [3—6] and
exchange-based two-qubit gates [7-9]. On the other hand,
besides charge noise and phonon-induced decoherence, elec-
trons 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 confined in more than one direction have signifi-
cant 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 sup-
pressed by the fundamental band gap [32,33]. In agree-
ment with recent experiments [15,17,34—41], Si and Ge/Si
core/shell nanowires (NWs) are particularly promising
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platforms for such low-dimensional hole systems. Remark-
ably, these NWs and QDs therein can be formed with a com-
plementary metal-oxide-semiconductor compatible fabrica-
tion process [17,36,38,42,43], which indicates an exceptional
scalability. Furthermore, both Si and Ge are bulk inversion
symmetric, leading to a suppressed piezoelectric interaction
between holes and phonons, and can be isotopically enriched,
allowing one to reduce the number of nuclear spins to nearly
zero [44-47].

Two-qubit gates between hole-spin qubits in NW QDs can
be implemented 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 res-
onators [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 interaction multifaceted.

In this paper, we address the question of how the HH-
LH mixing affects 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

Hapy = 30" - Jo* + J(A" - 0" + AR . 6®) (1)
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 AX® are related to the g tensor g“® via
AY® = 1 g1 ®B. The Pauli matrices (e.g., o = [0r) (0| —
[1.) (1]) are acting on the energetically lowest two eigen-
states of the QDs.

Published by the American Physical Society


https://orcid.org/0000-0002-8432-3178
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.033036&domain=pdf&date_stamp=2020-07-08
https://doi.org/10.1103/PhysRevResearch.2.033036
https://creativecommons.org/licenses/by/4.0/

HETENYI, KLOEFFEL, AND LOSS

PHYSICAL REVIEW RESEARCH 2, 033036 (2020)

For electrons, the exchange matrix obtains the simple form
Jij = JR;j(n, 6), where the parameters of the rotation R;; de-
pend on the spin-orbit couplings [54]. Exchange interaction of
valence band states in single and double QDs has been studied
in Refs. [55,56] relying on inversion symmetry and implying
axial symmetry for the Luttinger-Kohn Hamiltonian. Even
though the axial approximation seems to be well justified
for Si;_,Ge, and InAs quantum dots, exchange interaction
can acquire further corrections due to crystalline anisotropy.
These corrections are qualitatively different from the ones
studied previously [55,56].

As reported earlier, anisotropic effects can enhance the role
of spatial symmetries in the theoretical description [38,57,58].
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, effec-
tive 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. 4, where we present the effect of the hith-
erto neglected anisotropy-induced spin mixing mechanism on
the exchange interaction J and the induced Zeeman split-
tings A. This mixing will lead to anisotropic corrections 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.

If coupling is established between two QDs each hosting a
single hole-spin qubit, the exchange interaction can be utilized
to implement a fundamental entangling gate such as the
v SWAP [1]. However, in silicon the anisotropic corrections
can lead to systematic gate errors limiting the fidelity of the
v SWAP gate. We calculate the gate fidelities in the coherent
system and find that anisotropic corrections can be mitigated
if the gate is sufficiently fast.

This paper is organized as follows: In Sec. II we review
the simple model of conduction band electrons and present
the Hamiltonian of the valence band holes together with the
commonly used axial approximation. In Sec. III we introduce
an effective spin and discuss its advantages for the application
as spin qubits. Projecting the Hamiltonian of coupled quantum
dots to the low-energy basis in Secs. IV and V, we study the
selection rules that apply for the exchange interaction if the
quantum dots respect a mutual twofold symmetry. In Sec. VI
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 DRSOI,
present the relative energy scales of the anisotropic correc-
tions to the exchange interaction, and calculate the anisotropy-
limited fidelities of a +/SWAP gate. We conclude with a few
remarks and a short summary in Secs. VII and VIII. Technical
details are deferred to Appendices A-I.

II. 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 orbital splittings, the hole will occupy
the lowest orbital state. If the confinement is significantly
stronger along one or two axes, the lowest state will retain
only twofold 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 (4) or a hole (—) confined in a QD,

Hop = Hy(k, J) + Hz(J.B) £ ¢E - 1 + Vop(r) + H, (2)

where H,(Kk, J) is the bulk Hamiltonian of either the conduc-
tion 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 potential A is ik =
—ihV + eA, where e is the positive elementary charge. The
Zeeman term Hy(J, B) contains the spherical and anisotropic
corrections coupling the magnetic field B =V x A to the
angular momentum 7 J. The electric field is taken into account
via the term +¢eE - r and the inversion symmetric confinement
potential Vop(r), where r is the position operator of the
quasiparticle. The last term H¢ contains further corrections
such as the Rashba and the Dresselhaus spin-orbit interaction
(which are higher-order terms in the multiband 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) im-
plies that the angular momentum components are given by the
three Pauli matrices, i.e., i J; = %oi. 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

2 k2
2m*
with the effective band mass m* and g factor g*. The special
property of the Pauli matrices then implies that the Hamilto-
nian of Eq. (3) has continuous axial symmetry (the Hamilto-
nian commutes with the spin projection J along the magnetic
field).

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

Hix(k, J) + Hz(J, B)

R? 5 N
= %Km + 57)]«2 —2y(k- J)Z}

+ @2k +P)usB - I+ Ay K&k, J) +2qusB - T, (4

where m is the bare electron mass, y; is the first Luttinger
parameter, ¥ = (2y2 4+ 3y3)/5 is the averaged Luttinger pa-
rameter, and Ay = y3 — ), is the prefactor of the terms with
cubic symmetry [59-63]. The spin-3/2 vector operator /i J is

Heona(K) + Hz(J, B) = + g 1B - J, 3)
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combining the atomic orbital angular momentum (/ = 1) and
the spin. The Zeeman part H;(J, B) = 2kcusB - J + 2qusB -
Jis composed of the isotropic and anisotropic terms [64] with
coefficients « and g, respectively.

The first two terms of the Hamiltonian in Eq. (4) are
invariant under arbitrary rotations around the magnetic field
axis; i.e., [H1?, e~F2] = 0 holds for any angle ¢, where
Ti F is the total angular momentum 7iF = 7J + AL projected
along the magnetic field, with the orbital angular momentum
being AL = —ihir x V [63]. For materials like Ge, InAs, and
GaAs these terms give the main contributions, since Ay <y
and g < |k| (e.g., the anisotropy parameters Ay /7 obtained
from Ref. [65] are 0.28, 0.091, and 0.31, respectively), and
the last two terms are treated only perturbatively within the
framework of the axial approximation [30,31,65-67].

While for electrons even the spin /iJp 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 an important
role [20]; especially for materials with strong cubic anisotropy
(e.g., silicon, where Ay /y = 1.1), corrections to the axial
approximation cannot be treated perturbatively. We wish to
identify an effective spin as a good quantum number that
is conserved by the Hamiltonian in Eq. (4), for the highly
anisotropic case. For this we consider the point symmetry
group of the QD system in the next section.

III. 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 « = mod,(Fp) € {—1/2, 1/2} [68],
which is related to the eigenvalues of a twofold symmetry
operator such as D(Cyp) = e—inh 5 where Fy is the total angu-
lar momentum operator and has half-odd-integer eigenvalues
Fp. The eigenstates in a QD are also characterized by this
quantum number « 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 under further symmetry transformations,
e.g., N-fold rotations Cy, about an axis a, inversion I, or
their combinations, the so called rotoreflections Sy, = I - Cyq.
The set of symmetry elements taking the lattice into itself
constitutes the point group of the crystal [69]. The external
fields can also be described in the language of point groups
as follows. The homogeneous electric and magnetic fields E
and B are invariant under any rotations 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 pseudovector 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 fields, one obtains the reduced point group of the

TABLE 1. Reduction of the cubic point group (using Schoenflies
symbols) with diamond structure O, upon application of external
electric and magnetic fields [65]. To each point group containing an
N-fold symmetry one can associate (indicated by an arrow) a gen-
eralized effective spin ay = mody (Fp) as discussed in Appendix A.
The special case of a two-level system in the ground state of a single
QD with & = «, is used here as qubit basis.

B || (100) B | (110) B (111) other
E=0 C4h —> Oy C2h — Cgi — O3 C,'
E | B Cy — ay C -« C; —> a3 C
E LB C,— o Ci—> o C Cy

crystal in the presence of external fields, which we summarize
in Table I for different directions of the external fields. The
resulting point group is nontrivial, only if the magnetic field
is applied along a high-symmetry axis, e.g., the point group
C,4, which contains the elements of a fourfold rotation around
the axis of the magnetic field B, i.e., Cy = {E, C4p, C33, CEB},
where E is the identity element.

We have seen that the bulk crystal can have a nontrivial
point group even if external fields are applied. Moreover, if we
consider a quasiparticle confined in a QD, the point group of
this system consists of the symmetry elements that respect the
symmetries of the crystal, the fields, and the confinement (i.e.,
the intersection of the corresponding point groups). Figure 1
illustrates confinement geometries respecting only a single
twofold symmetry of the magnetic field. The resulting point
group is S, = {E, Syp} for the system in Fig. 1(a) and C; =
{E, CZB} for Flg 1(b)

If Ry € {Cyp, S2p} is a twofold symmetry element of the
point group of the QD system, the Hamiltonian of Eq. (2) has
to commute with the symmetry operator D(R,), the represen-
tation of R, on the Hilbert space [69]. As a consequence, the
(nondegenerate) eigenstates |m) € {|0),|1),]2),...} of the
Hamiltonian are also eigenstates of D(R;),

D(Ry) Ima) = e~ |mar) , ®

Cap

FIG. 1. Sketch of single QDs with twofold symmetry R, in
the presence 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 symmetry R, = Syp; the only di-
rection of the magnetic field respecting the symmetry of the QD is
perpendicular to the symmetry plane (red transparent). (b) The QD
possesses a twofold rotation symmetry R, = Cyp; the only direction
of the magnetic field respecting the symmetry is along the symmetry
axis (red).
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where o = mod;(Fp) is a spinlike quantum number of the
state |ma) = |m), where, again, « = +1/2. We note that the
chirality and the x-y parity quantum numbers introduced in
Ref. [56] correspond to the effective spin « for the case of
mirror and twofold rotation symmetry, respectively.

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 o and —« (see
Appendix 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 geometry, as long as a twofold
symmetry is preserved in the system.

The effective spin « is rooted in the discrete rotational
(rotoreflectional) symmetry and gives rise to a discrete con-
servation law for the total angular momentum expressed as
o = mod,(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 = mody(Fp) that is conserved modulo
N. This result can be seen as Bloch’s theorem for angular
momenta (see Appendix A for further details).

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 following
selection rules:

(ma, nBlHpop|pX, g§) X 80,mody(@+p—x—£)> (6)

provided that the DQD setup respects the twofold symmetry
of the left and right QDs (for details see Appendix C).
The two-particle states above, |ma,nf) = |ma); @ |nf),,
are product states of the single-particle states |ma); and
[nB), for the first and second particle, respectively. The
indices m, n, p, q € {Or, Og, 11, 1g, 21, ...} label the single-
particle eigenstates of the left or right QD, and «, 8, 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 ex-
ternal fields are applied. However, the confinement potential
defining the DQD should also respect these symmetries in
order to benefit from the selection rules given in Eq. (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 perpendicular to the magnetic field [as illustrated
in Fig. 2(a)]. (i) The DQD axis coincides with the common
rotation axis; see Fig. 2(b).

IV. 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 [70] have to be considered,

Hpgp = H(1) 4+ 8VL(1) + Hr(2) + 8VR(2) + C(1,2), (7)

where Hy gy is the single-QD Hamiltonian in Eq. (2) of the
left (l‘lght) QD with VQD = VL(R)s SVL(R) = VDQD — VL(R) is the
difference between the double- and single-dot potentials, and
C(1,2) = ¢ /(4me|r; —ry]) is the Coulomb interaction with

(a) B (b) B

Saop

FIG. 2. DQD geometries where the symmetry-induced quantum
numbers o) = £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 transparent plane) that is perpendicular to the magnetic field
B or (b) coincides with both the magnetic field and the twofold
rotation axis.

the single-particle coordinates r; » and the dielectric constant
€ = €p€,, Where € is the vacuum permittivity.

Later on we will describe both the cases when the effective
spin is a good quantum number for the eigenstates, and
those when the qubit states are defined as the lowest-energy
Kramers doublet (without any symmetry protection). Gener-
ally, 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
[Og) , |1g) [71]. In general, these eigenstates cannot be written
as a product of an orbital and a spin part [72,73] (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 these mutual nonorthogonalities,
we introduce the overlap matrix elements

Sap = (ar|br) , ®)

where a, b € {0, 1}. Even though the wave functions of elec-
trons in the presence of inversion symmetry are separable
into orbital and spin parts, ensuring So; = 0 and Spp = S1;
regardless of the magnetic field, for holes these relations hold
only for zero magnetic field [54]. Nevertheless we find that Sy,
can also vanish provided that the left and right QDs obey the
same twofold symmetry, 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 dis-
tance between the dots; therefore the orthonormalization can
be performed in such a way that the same quantum num-
bers can be used to label the orthonormalized states, e.g.,
[0LYon = X, Cmo, Im), where Cuo, ~ 8o, + O(Sap) (the
precise form is given in Appendix D). Further on the subscript
“ON” will be suppressed for simplicity, and the nonorthogonal
states are used only in the definition in Eq. (8).

From the orthonormalized low-energy single-particle
states, six fermionic two-particle states can be constructed
in accordance with the Pauli principle. Three of them are
analogous to triplet states, |To+) [e.g., |T4) = (|0, Og) —
|Og, OL))/ﬁ; see Eq. (G1) for further details], one corre-
sponds to a singlet state with a single particle on each dot
|S), and there are two singlet states |Si()) with both par-
ticles on the left (right) dot. Within the framework of the
Hund-Mulliken approximation these six states are used to
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project the Hamiltonian of Eq. (7) onto the low-energy Hilbert
space.

V. LOW-ENERGY HAMILTONIAN OF A DQD

Exchange coupling is known to be adequate for imple-
mentation of two-qubit gates [1]. However, the effect of the
doubly occupied singlets (|Sz())) can be crucial for cor-
rect quantitative analysis [71]; for simplicity we restrict the
DQD Hamiltonian of Eq. (7) to the lowest-energy subspace
{S, Ty, T+, T_} for the qualitative discussion here and take the
higher singlets into account only for the numerical results in
Sec. VI via Schrieffer-Wolff transformation [74].

Changing the confinement of the left QD (initially de-
scribed by the Hamiltonian %A{; o) results in a modification
of the Zeeman splittings A" inducing coupling between the
qubit basis states [38,58]. To lowest order in the potential
difference 6V, = Vpgp — V., one obtains

AL = A§ 4+ (0L18VL10L) — (11[8VL|12),  (9a)
AL —iAL = 2(0.18V.l1L) (Ob)

for the coefficients of the single-qubit effective Hamiltonian

%AL - oL, where the Pauli matrices af,y’ . are defined with the

orthonormalized states |a; ) (e.g., o~ = [02) (Oz] — 1) (1.]).

J

o = Ty —

1 —2iJ¢,

4 V2(— I8 +iJ2)
V2( - — i)

2iJ,

Ha =

0 2A¢

Joo +Jyy — Iz
ﬁ(‘,;z - l‘lvsz)
\/E( - J;z - i‘]ys'z)

If the DQD respects the same twofold symmetry as the left
and right QDs, the couplings vanish, i.e., AL = AL = 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. (9a) and (9b) are in correspondence with those
obtained from the study of mirror symmetries in the g-matrix
formalism [58].

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. (6) the T -triplet sector is decoupled from the
rest of the subspace. This is so because the triplets |7%.) 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 num-
bers «. While this decoupling also exists for conduction band
states, the matrix elements (7', |C|T_) and (S|C|Tp) (which
vanish for electrons) do not need to vanish for valence band
holes. The emergence of the anisotropic exchange coupling
(T+|C|T-) has been reported earlier [55]. Here we find that
this property is not exclusive to inversion-symmetric single
QDs; it can also appear for a large class of DQD geometries
even in highly anisotropic materials.

In the most general case, the Hamiltonian of two coupled
qubits is given in Eq. (1). Rewriting this expression in the
singlet-triplet basis {S, Tp, T4, 7_}, we obtain the effective
Hamiltonian

V2(— I —iag) N2 i)
V2( i) V20 -y
.z Jex = Jyy = 2013,

Tox = Jyy + 205, T2z

V2(— AT iA)  V2(A5—iAY)

1 208 0 V2(AL+iA3)  V2(AL —iAY)
+= : , (10)
21 V2( = ASHiAY) V2(A3—ins) 2A8 0
V2(AL+iAY)  V2(AS +iA3) 0 —2AS

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* = (A" + A®)/2 account for the homo-
geneous part of the magnetic field, while A* = (AL — A%)/2
for the inhomogeneous part. In general, these terms can also
arise if the g factors of the dots are different. If the magnetic
field is oriented along a high-symmetry axis, the 7. sector
becomes independent of the ST7; sector, and therefore the
off-diagonal elements of the exchange matrix J_, J¢, J;z, and
Jj; have to vanish.

VI. 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 system; then in
Sec. VIA we decompose the Hamiltonian of a single QD
into an effective-spin-conserving and a symmetry-breaking
part. We compare the effect of different mechanisms that
can lead to anisotropic exchange interaction in Sec. VIB,
namely the DRSOI and the anisotropy-induced spin mixing
(to be clarified below). In Sec. VIC we provide numerical
examples for the parameters characterizing the effective 4 x 4
Hamiltonian in Eq. (10) for the inversion-symmetric limit,
where the 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 v SWAP
gate is discussed in Sec. VID.

To be concrete for the numerical evaluations to follow,
we focus on a silicon NW with circular cross section and
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FIG. 3. (a) Schematic figure of the DQD system realized in a silicon NW. (b), (c) Absolute value of the antialigned overlap |So;| = [(O|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 ¢, sing, 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, barrier height of vy = 3 meV, magnetic field of B=1T, and
cylindrical hard-wall confinement with a radius of R = 7 nm. Details on the basis choice and adopted assumptions can be found in Appendix E.

cylinder axis along the [001] direction of the silicon crys-
tal. We use y; = 4.285, y, = 0.339, y3 = 1.446, k = —0.42,
and g = 0.01 for the Luttinger parameters and €, = 12.1 for
the dielectric constant [65]. The axes x,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 x axis [see Fig. 3(a)].

For the confinement potential in the Hamiltonian of Eq. (7)
we assume the form Vpop(r) = Vaw(x,y) + Z—‘i(zz —a*)?
with vg being the height of the quartic-potential barrier, and
Vaw (x, y) is the transverse confinement potential. In order to
efficiently approximate the wells of the DQD potential by
independent harmonic potentials, i.e., Vi)(z) = 4‘%(1 +a)?,
the barrier height should be larger than the orbital energy of
the harmonic confinement, or equivalently vg > 2 %y, /(ma?®)
(~2.9 meV 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(x, y) = Vaw (x> +
y%)], 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.

A. 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 sym-
metry Spp can be maintained [see Fig. 2(a)]. For example, if
the magnetic field is applied along the [100] axis (¢ = 0) and
E = 0, the system respects the symmetry S,p, facilitating the
definition of the effective spin «. 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. V).

Changing the direction of the magnetic field or the applica-
tion of a homogeneous electric field can break the symmetry.
Since the confinement potential Vpgp(r) and the Coulomb
interaction C(r; — ry) both respect the symmetry S,z for any
¢, the symmetry-breaking contribution in the Hamiltonian
of Eq. (7) has to be a part of the single-QD Hamiltonian
Hgp. In this case, the mixing of effective spins has a strong
similarity with the case of localized electron spins in the pres-
ence of Rashba or Dresselhaus spin-orbit interaction [72,73].

Therefore, we are motivated to decompose the single-QD
Hamiltonian in the following way,

Hy = Hop — Hso,
Hso = 3[D(S25), Hop1D(S25).

(11a)
(11b)

where Hy commutes with the symmetry operator D(S»p)
conserving the effective spin, and the analog of the SOI, Hyo,
anticommutes with the symmetry and thus leads to couplings
only of sectors with different quantum numbers. The operator
of the mirror symmetry is D(Syg) = D(I) e~ !, where D(I)
is the representation of the inversion.

Performing the decomposition given in Eq. (11) on the
Hamiltonian of Eq. (2), one obtains the following three terms
for the spin-nonconserving part Hso:

2

zh—mAy sin (49)[ (kT — k) {(Jp, JL} + {ks, kL }(JT — J5)].
(12a)
2B [FL (/2 = 72) = 2Jstds. J1}], (12b)
_eEgry, (12¢)

where {A, B} = (AB + BA)/2 defines the anticommutator.
The momenta rotated to the frame of the magnetic field are de-
fined as kg = k, cos (¢) + k, sin (@) and k; = —k,sin (¢) +
ky cos (¢); analogously iJg and hiJ, are the rotated angular
momenta and rp is the rotated coordinate [75]. The first term,
Eq. (12a), is coming from the momentum-resolved part of
the LK Hamiltonian; the second, Eq. (12b), is related to the
anisotropic Zeeman term; and the third term, Eq. (12c), 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. (12a) and (12b) are proportional to sin (4¢) and therefore
vanish if B || [100], B || [110], etc., in correspondence with
the expectations from the symmetry arguments. Below we
will see that this oscillatory ¢ dependence manifests itself
in the overlap matrix element Sp; [see Figs. 3(b) and 3(c)],
the induced Zeeman splittings A, ,, and the off-diagonal
exchange couplings J,y, J,, and J,, [see Figs. 4(b) and 4(c)].
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FIG. 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 following parameters were used: DQD distance 2a = 30 nm; barrier height
vp = 3 meV; magnetic field B = 1 T; harmonic potential of Eq. (13) with a confinement length of 2/; = 8 nm. For details on the basis states

used for the numerics see Appendix E.

B. Effects of homogeneous electric fields on
the effective spin mixing

As we have seen for the spin-nonconserving part Hgo of
the Hamiltonian Hgp, the symmetry S,z can be broken by
terms with cubic anisotropy in Egs. (12a) and (12b) or due to
a finite electric field component Ep along the magnetic field
in Eq. (12¢). As a consequence, the qubit states of different
QDs are no longer orthogonal to each other. In order to
qualify and compare these two anisotropy effects, we take the
overlap matrix element |Sy;| = |(0.|1g)| as a figure of merit
for this qubit mixing, since it is usually nonzero but vanishes
when the QDs respect the symmetry S,g. Furthermore, Sy,
can be shown to be proportional to the off-diagonal exchange
interaction J.; and J,, and the induced Zeeman splittings A,
and A, (see Appendix F).

For the results presented in Figs. 3(b) and 3(c) we used a
cylindrically symmetric hard-wall confinement in the trans-
verse directions for Vyw (x, y) and studied the effect of asym-
metries via the homogeneous electric field term —¢E - r with
E = (E,, E,, 0). The standard Rashba SOI is also taken into
account with the coefficient ;, = 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 «;, = O case is less than 1%.

In Fig. 3(b) a homogeneous electric field E is applied
parallel to the magnetic field, i.e., E - r = Egrg. We plot |Sy; |
as a function of the magnetic field direction ¢ for different
strength of the electric field between 0 and 0.1 V/um. Even
for relatively small electric fields, e.g., Ez ~ 1073 V/um,
the overlap |Sp;| becomes independent of ¢ and changes
roughly linearly with the electric field Ep. These findings are
in agreement with the strong DRSOI predicted for this growth
direction [32,33].

In Fig. 3(c) the electric field is applied perpendicular to
the magnetic field and the wire axis; therefore Eg = 0 and
the symmetry S>5 can only be broken by the cubic anisotropy
terms. Importantly, Sp; obtains the same angular dependence
sin (4¢) as the terms of the spin-nonconserving part of the
Hamiltonian Hso (see also Appendix F). Unlike the DRSOI
contribution, this effect does not have an analog in the case
of conduction band electrons, since it appears even in the
presence of inversion symmetry (E = 0). We refer to this
phenomenon as anisotropy-induced spin mixing (see below).

C. Anisotropic exchange interaction in the presence
of inversion symmetry

In the absence of the homogeneous electric field, i.e.,
E = 0, the Hamiltonian of Eq. (7) is inversion-symmetric,
implying that the low-energy Hamiltonian of Eq. (1) is in-
variant under the swap of L and R. The exchange matrix
has to be symmetric (J = J*) and the Zeeman splittings have
to be identical (A* = 0); therefore in line with Eq. (10) the
inversion symmetry decouples the singlet |S) from the three
triplets, but the |7) state can still be coupled to the |7.) states
in the Hamiltonian H 1.

To simplify the numerical calculation of the Coulomb inte-
grals, the eigenstates of the left (right) QD |O)) and |11r))
were calculated numerically using harmonic confinement,

hz 4!

2 2 , 13
2ml;(x +y9) 13)

Wwwi(x,y) =

for the transverse directions as well, where 2/7 is the diameter
of the NW. After the orthonormalization, the two-particle
states were constructed in order to project the Hamiltonian
of Eq. (7) 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. (10)
as a function of the magnetic field direction ¢. The result [76]
is presented in Fig. 4.

As implied by Eq. (6), the off-diagonal elements of the
exchange matrix Jy; and Jy; and the Zeeman splittings (i.e.,
A, y) corresponding to off-diagonal terms in the single-qubit
Hamiltonian vanish, if B is along a high-symmetry direc-
tion. The coupling between the |7.) states, i.e., (T_|C|T}) =
i(JXX — Jyy +2ilJy,), remains finite regardless of the angle ¢.
The exchange matrix element J,, vanishes along the high-
symmetry directions in Fig. 4; however, this is only due to
the relative phase between the numerically calculated basis
states |Ty). The STy splitting (Jy, + Jy,)/2 is approximately
equal to J,,, but this feature is observed only for small enough
potential barriers vg. The anisotropic exchange matrix ele-
ments and the Zeeman splittings acquire their highest value
at the low-symmetry field direction ¢ ~ /8, i.e., in-between
high-symmetry points.
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FIG. 5. Overlaps between DQD basis states and the states |;(¢)) [(a) and (b)] and |¢;(z)) [(c) and (d)] as a function of time for the
low-symmetry case where ¢ = 7 /8, for a silicon NW. The time evolution is shown (a) on a liner-linear scale and (b) on a log-log scale, with
the horizontal lines showing the estimates for the overlaps obtained in Eqgs. (14)—(16) [(c) and (d) similarly]. Horizontal lines are showing
the maximal overlap as a function of time [note that the one corresponding to |(01|v;(¢)}|* = |{11]|v; (t))|* is shown on both (b) and (d)].
Overlaps with different basis states are oscillating with the half-cycle duration of ~h/U for |[(Si|vo1(t))|%, ~h/A. for [{(11|yr(¢))|?, and
~h/(2A.,) for [{00]yr;(t))|? as illustrated by the vertical lines in (b) and (d).

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 subsection.

D. +/SWAP gate with anisotropic exchange interaction

Isotropic exchange interaction is a well-known way to
implement the ~/SWAP gate [1] from which the fundamental
CNOT gate can be obtained. However, in Fig. 4 we have seen
that anisotropic exchange 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) = |T4.), |11) = |T_), |01) = (|Tp) —
1S))/~/2, and |10) = (|Tp) + |S))/+/2. However, the discus-
sion of the gate errors for exchange-coupled QDs cannot be
complete without taking into account the doubly occupied
singlets |Sz) and |Sg) explicitly. An ideal ~/SWAP 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 sggzp 101) =
=) = (101) = i [10)/7/2.

Since the exchange interaction is electrically tunable via
the potential barrier vg [1,71,77-79], we consider a case
where initially the two qubits are in a (disentangled) product
state, e.g., |01) or |11), and the interaction is switched on

at t = 0. Therefore, we study the time evolution of the state
[¥01(2)) according to the effective low-energy 6 x 6 Hamil-
tonian Hgég corresponding to the parameters of Sec. VIC,
such that the time evolution starts from a product state,
e.g., |¥o1(0)) = |01). The state |, (t)) will have the highest
overlap with the target state |—), when ¢t = 7, = himr (J, +
Jyy)_l. To benchmark the accuracy of the gate correspond-
ing to the |01) input state, we define the fidelity Fy; =
|(—|U\/m|01)|2 = |{(—|¥01(t5))|*> and the error rate 1 —
For-

To illustrate the role of the anisotropic corrections, we
compare the performance of the gate for two different mag-
netic field directions, a high-symmetry case (¢ = 0), where
the system respects the twofold symmetry Sz, and a low-
symmetry case (¢ = 7 /8), where the anisotropic corrections
are the largest in Fig. 4. Due to the relatively low potential
barrier vy = 3 meV, fast operation times t; ~ 210 ps can be
achieved, but the fidelity g, is limited by the tunneling to
the doubly occupied states [see Figs. 5(a) and 5(b) for the
low-symmetry case]. Exploiting the L <> R symmetry, the
error rate 1 — JFp; can be simply estimated by
Jxx + Jyy

U

where U ~ 15 meV 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

Hgég, the [11) and |00) states are also affected by the

1 — For ~ 2[{Selvor (z)) > ~ : (14)
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TABLEII. Error rates of the /SWAP gate for the high-symmetry
case (p =0) and a low-symmetry case (¢ = 7 /8, providing the
poorest fidelities as a function of magnetic field direction) for the
silicon NW setup illustrated in Fig. 3(a).

high symmetry low symmetry

0] 0 /8
1 — For 6.2 x 1074 6 x 1074
1—Fu 1078 6.4 x 1077

operation. Introducing the state |i1(¢)), such that the time
evolution starts from a product state, i.e., |Y1(0)) = |11),
we define the fidelity of the gate corresponding to the |11)
input state as F1; = [(11|U sgwapl 111> = [(11]¥11(7,))|* and
the corresponding error rate 1 — F7;. In Figs. 5(c) and 5(d)
the time evolution of the overlaps of the state |v;(¢))
with the four two-qubit basis states are shown in the low-
symmetry case (¢ = 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+ A2
1= Fip ~ 2101¢n (z)) > ~ 2%- s)
r4

As pointed out in Sec. V, the |00) and |11) states (|7%) states
in the earlier 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 determined by the anisotropic
correction to the exchange term J,, — J,, as follows:

1 — Fi ~ {00 2 (Pt 16

11~ [(00[¥11(z)) | ( A7, ) - 36
However, for the system considered in Sec. VIC the fidelity
Fi1 is significantly higher than Fy; for both the high- and
low-symmetry cases (see Table II for the calculated values),
implying that for low enough potential barriers vp the fidelity
of the v/ SWAP gate is not limited by the anisotropic correc-
tions but by the probability of tunneling to a doubly occupied
state (the opposite limit with a high potential barrier vp is
discussed in Appendix H).

VII. DISCUSSION

Validity of the axial limit. In the axial limit (Ay, g — 0),
the symmetry of the Hamiltonian in Eq. (4) is higher than the
actual symmetry of the system. In this case due to the con-
tinuous rotation symmetry of the Hamiltonian, the total angu-
lar momentum component /iFg (=/hias,) is a good quantum
number regardless of the magnetic field direction. Therefore
this approximation completely ignores the couplings between
T and the STj sector that arise even for perfectly inversion
symmetric confinement.

Since the anisotropic terms coupling states with different
quantum numbers in Eqgs. (12a) and (12b) are proportional to
Ay and g, they are expected to be suppressed for materials of
lower anisotropy. A comparison of exchange interaction be-
tween the above studied silicon and the Ge/Si core/shell NW
presented in Appendix I is consistent with this expectation.

Silicon NW with different arrangements. In Ref. [33] the
authors suggested studying silicon NWs with (100) growth
direction, since a Rashba-type SOI is enhanced in these di-
rections compared to the conventionally used (110) growth
direction [80]. On the other hand, the (110) growth direc-
tion 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 conser-
vation law of the angular momentum rules out the anisotropic
coupling J,, — J,, as well. However, in order to achieve such
a symmetry in an experimental setup, the electrostatic gates
would have to be arranged such that they respect the 4-fold
rotation symmetry, and therefore this favorable case does not
seem to be within current experimental reach.

Orientation of the spin-orbit vector. When an electron
or hole propagates along the NW axis z, an electric field
along the x 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 x (parallel
to the electric field) is nonzero unless y, = y; or sin(4¢’) = 0,
where the angle ¢’ depends on the orientation of the crys-
tallographic axes with respect to the NW cross section. We
note that this result has remarkable similarities with Eq. (12a).
The symmetry 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 of the Ty decoupling. As discussed in
Sec. V, a remarkable consequence of the conserved quantum
number is the vanishing exchange interaction and single-
particle couplings between the Ty sector and the remaining
four basis states. Besides the numerical results for the overlap
So1 and the matrix elements in Fig. 4, we also studied the
crossing of the |Sy) and the |7_) energy levels as a function
of detuning and the leakage current near the crossing point.
These results also confirmed the decoupling of the sectors
with different quantum numbers.

Magnetic Weyl points. In Refs. [81,82], the authors find that
topologically protected magnetic degeneracy points (referred
to as magnetic Weyl points) can appear in DQDs for arbitrary
SOI, i.e., for certain orientations of the magnetic field =By,
the singlet |S) and the lower triplet state |7_) become degen-
erate: the levels cross as function of magnetic field and are
protected from hybridization.

In the DQD system considered here, the decoupling of the
T states from the STj states also leads to magnetic degener-
acy points at fine-tuned magnetic fields. These degeneracies
are protected by the twofold (in general N-fold) symmetry of
the DQD system. However, establishing a connection between
the topologically and symmetry protected magnetic degenera-
cies requires further analysis.

Applications in experiments. Our results corroborate the
strong anisotropy in spin-related quantities observed in recent
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experiments [35,36,83,84]. Furthermore, many of the recent
experimental setups seem to be invariant under reflection with
respect to a certain plane, e.g., the plane being perpendicular
to the plunger gates in Refs. [40,81]. 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 confinement is usually also available by all-
electrical means via tuning the confinement gate voltages [85].

VIII. CONCLUSION

We showed that an effective spin quantum number can be
assigned to confined hole states even in highly anisotropic
materials if the magnetic field 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 operations by purely electrical means [16], sili-
con and Ge/Si core/shell NWs are also promising platforms
to realize fast and high-fidelity two-qubit operations.
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APPENDIX A: MAGNETIC FIELD ALONG AN N-FOLD
SYMMETRY AXIS, GENERALIZATION OF
BLOCH’S THEOREM

Considering a system with continuous translational sym-
metry and imposing periodic boundary conditions with a
period of L, the eigenstates of the Hamiltonian are charac-
terized by the momentum p = & nzT” with n € Z. For discrete
translational symmetry Bloch’s theorem [86] states that only
the wave number k¥ = modg(p/h) is a good quantum number,
where G = 27” is the primitive reciprocal lattice vector with
a being the lattice constant. Even though the wave number
k is not a consequence of a continuous symmetry, it obeys
the conservation law modg[zi(k,- — k)] = 0 for microscopic
processes involving more than one particle, where k; and k]
are the initial and final wave numbers of the ith particle.

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 (—igF,), with
RE, being the z component of the total angular momentum
operator, ik = 7L, + iJ, 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 quan-
tum number oy = mody (F;), where F; is the associated an-
gular momentum eigenvalue. A derivation analogous to the
case of translational symmetry leads to the conservation of

the quantum number oy, namely

modN[ Z(am — a;V,.)] —0, (A1)

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

Fojan (s, 2) = VD, 0 (nd,2),  (A2)

where j is the eigenvalue of JAZ, and the function u,, jq, (1)
respects the N-fold rotation symmetry, i.e., Uy, j.oy (7, @, 2) =
U, jay (1, @ +27n/N, z) forevery n € Z.Inthe N — oo limit
0o = F; is conserved in agreement with Noether’s theorem
and Eq. (A2) 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. [67], even without assuming cylindrical symmetry for
the LK Hamiltonian.

In the case of rotoreflections Syp, the derivation is very
similar; however, the symmetry of the function u,, j e, (r)
corresponds to the rotoreflection, i.e., Uy joy(r, @,2) =
U, jay(r, ¢ +7n+ 2n/N, (—1)'z) forevery n € Z.

APPENDIX 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 = o, in the absence of a magnetic field.
The discussion below incorporates earlier findings for the case
on inversion, twofold rotation, and mirror symmetries [55,56].

According to the 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 |y;) and |y,) = T |y) are
degenerate ground states, i.e.,

Hp_o [Yr1,2) = €0 |¥1.2) s

with 7 being the antiunitary time-reversal operator and & the
ground state energy. Furthermore, due to the antiunitarity of
T the time-reversed partner |y/,) is necessarily orthogonal to
[¥1) [69].

If the Hamiltonian commutes with a twofold symmetry
operator D(R,), the eigenstates | 2) can always be chosen
to be simultaneous eigenstates of D(R;) as well,

D(Ro) |yn) = Fi Y1),

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

D(R2) [y2) = D(R2)T Y1) = TD(R2) [¥1)
=T (&i [¥n)) = FiT Y1) = Filya) .

In other words, if |;) belongs to the quantum number o =
+1/2 its time-reversed partner |y,) has to have the opposite
quantum number o« = —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

B

(B2)

(B3)
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(unless the Zeeman splitting exceeds the orbital splitting,
in which case the lowest eigenstates of Hop are not time-
reversed partners of each other).

APPENDIX C: CONSERVATION OF THE EFFECTIVE SPIN

In this Appendix we derive Eq. (6) 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:

—ima

Dy [ma) = ™" |ma) , (Cla)
D3 |ma) = — |ma), (C1b)
Dy |ma, nf) = (Dé“ ®D;2)) |ma, nB)
= (—=1)**? |ma, np), (Clc)
D3 |ma, nB) = |ma, np) (C1d)

where the two-particle states above, |ma,np) = |ma); ®
[nB),, are product states of the single-particle states |mo),
and |npB), for the first and second particle, respectively. The
indices m, n, p, q € {Or, Og, 11, 1g, 21, ...} label the single-
particle eigenstates of the left or right QD, and «, 8, x,&§ =
+1/2 stands 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 Dg 2, Furthermore, we see that
D% acts on the two-particle states as the identity, in correspon-
dence with the fact that these states are always of integer spin.

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

{ma, nB| Hpgp |px, g8)
= (ma, nB|HpoD3|px . g€)
= (ma, nf|Da Hpgp D2|pyx, &)
= (=1)*"PHH (ma, nB|Hpoolpx. q€) . (C2)

Subtracting the rightmost part of the equation from the left-
most, we obtain

[1 — (—=D)**P***] (mar, nBlHpop|px. g6) =0,  (C3)

which leads to Eq. (6) in the main text.

APPENDIX D: ORTHONORMALIZATION METHOD

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

Assuming L < R symmetry, the most general trans-
formation connecting the single-particle states |apg)) to
the orthonormalized states |arr))oy has a block-matrix

structure, i.e.,

[0)on [02) A B |0z)
L)on _cf 1.) _ [1.) . ©D
[0r)on |Og) B A/|0%
[1r)on [1g) [1g)

where A and B are general 2 x 2 matrices.

Let us consider the state |i)qy Which is a linear combina-
tion of the states |m), [n) € {|0.), |1.),|0g), |1&)}, that can
have nonzero overlap (n|m), i.e.,

. T .

lidox =Y _(CTinln) = Cyiln), i=1,....4, (D2)
n n

where C,; are coefficients. Next, we impose the orthonormal-

ity condition on these states,

(ilonlon = Y CliCj {nlm) = > Cly Sum Cnj = 835,
(D3)
where we defined the overlap matrix S,,, = (n|m). Making
the choice C,, = (S7'/?),, (used, e.g., in Ref. [87]), the
transformation matrix is not only Hermitian but also acquires
the block-matrix structure of Eq. (D1) 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 eigendecomposition.

In the L <> R symmetric case the aligned overlaps Spo
and S;; are real and the antialigned overlaps are related
via conjugation So = S§,. Therefore the overlap matrix S,
obtains a simple form

0 0  Soo Soi

0 0o S Si
S =1T4y4 + o ,
Soo So1 O 0

Sgi Su 0 0
where 14,4 is the 4 x 4 identity matrix. We recall that the
states |0z) and |1.) are orthonormal and the same applies to

the right QD. Since the matrix has two identical Hermitian
blocks, its eigenvectors are of the following form:

(D4)

V1 Vi
1 | v 1 v
(1 _ 2) _
v =— , V)= — , (D5a)
NA R V2| —v
1)) —U2
—v3 —v3
1 vy 1 V)
3) _ 4) _
v = — , VU= — , (D5b)
V2| —vi V2| v
%1 —V

corresponding to the eigenvalues 1 + A4, 1 — A4, 1 +A_,and
1 — A_, respectively. The parameters of the eigenvectors and
eigenvalues are given by

_ 1 SOO_Sll _SIO
V=97 T+|WS| V=57

_ Soo + S

Ay = 2 + [wsl, (D6a)
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where we used the following definitions:

) Soo — S11 g
N? = ( > T |wsl> +1S0i% Iwsl® = (Soo — S11)*/4 + IS0 |- (D6b)
The inverse square-root matrix C = S™!/2 is then obtained in the eigendecomposition.
The first block A of the transformation matrix C” reads as
2(_1 1 2(_1 1 1 1
Azl U1(m+m)+|v2| (m‘*‘m) ”1”2( \/7 T 1+,\,)
2\ vl + 7w — e ) vz(— 7o) + vl (s + 75)
o tie o V- VA LA/ I+A VI-he T VTHA
1+ 222 + |va]?22) vivy 332 =A%)
- +0(53,). ©7)

s g =) L (oAl 4 ulE)

where we exploited that vf +|v> =1and Ay = O(Sy) as implied by Eq. (D6a). 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

1
i

1 1
m_m)

m)+ w2 ( -

B— 1(”12(_ JII—T
2 vlvz(—m

1 viky + |v2]?A
2 Vivy(Ay —A)

«/1+A+ +
vVv2(Ay —A2)
VIA_ + v PAg

which turns out to be of the first order in Sy;.

Finally, we comment on the well-known case of electrons
with separable wave functions, where Sy, =0 and Spo =
S11 = &S, and thus AL = S. Substituting this into Eqs. (D7a)
and (D7b) and using v? + |v;|*> = 1, the formula used for the
orthonormalized states in Refs. [71,87] is recovered.

APPENDIX E: SINGLE-PARTICLE BASIS FOR
THE NUMERICS

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

jay =Y """ m.n. p, j). (E1)

m,n,p,j

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 cm P = (m, n, p, jla).

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

0, if x>2+y? <R?,
Vaw (x, y) = . (E2)
0o, otherwise,

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

+ 75

)+0@J

1 1 1 1
(- =+ =t 7= — 7o) )
2 1 I I
vi( - 1717+m)+|v2|( 7+ 7o)
(D7b)
[
first kind,
1 r
5 s = —n Jm mn
<r ¢|m n> Jm+l(xm,n)ﬁR (x ’ R)
V2 cos(mep), for m > 0,
x {1, for m =0, (E3)
V2sin(m¢), for m <0,

where x,, , is the nth root of the mth 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,(z/1.;) exp (— Z_z)

z/ 2Pp!lzjﬁ

where the confinement length is defined with the effective
mass m;; as [f; = i2a?/(8vgms ;). The effective mass is ob-
tained by taking the coefficient of the kz2 term in (j|Hyx|Jj),
and equating it with %/(2m, ;). Allowing for different con-
finement lengths /_; in the basis states (z|p, j) for different j,
we can reduce the off-diagonal elements in the Hamiltonian.
In our calculation for Fig. 3, the quantum numbers can take
the following values: m € {—2, —1,0, 1,2}, n € {1, 2, 3}, and
pe{0,1,2,3,4}.

Calculating the coefficients of the exchange interaction
in Fig. 4 required the numerical evaluation of the matrix
elements of the Coulomb interaction ~1/|r; — rp| 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 x and y directions analogous to Eq. (E4) facilitates the

(zlp. J) = 1) (E4)
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analytical calculation of the matrix elements in the transversal
directions. For Fig. 4 the quantum numbers of the basis
states can take the values m € {0, 1,2}, n € {0,1,2},and p €
{0,1,2,3,4}.

APPENDIX 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
So1 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 de-
composition given in Eq. (11) of the corresponding single-QD
Hamiltonian in Eq. (2) according to the mirror symmetry S;p.
The symmetry-breaking part Hso contains the terms shown
in Egs. (12a)—(12c). From this decomposition we derive an
effective 2 x 2 Hamiltonian describing the lowest-energy (or
qubit) subspace. A convenient way to do this is to find the
eigenstates of the high-symmetry part Hy and perform an
exact Schrieffer-Wolff transformation. This leads to

HGS? = Hy? + HG? = %O‘Z/ +Re(v)o; + Im(v)o; (F1)
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
0! = [0+) (0+] — [1-) (1—]|, with the states |0+) and |1-)
being eigenstates of the symmetry operator D(S»z). The en-
ergy splitting between the states |0+) and |1—) is A, and the
symmetry-breaking part of the Hamiltonian Hszgz is propor-
tional to v = (1—|Hg3?0+) = (1—|HG3?|0+4). 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. VI one
can simply extract relations for v in two special cases, with-
out performing an explicit Schrieffer-Wolff transformation.
These are:

(i) If Eg = 0, the symmetry-breaking part contains only
Egs. (12a) and (12b) and therefore Hsp ~ sin (4¢). Conse-
quently, 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
Sop is a symmetry of the Hamiltonian Hgp.

(i1) If we treat the bulk Hamiltonian H; g + H in the axial
approximation (i.e., Ay = g = 0), the coupling induced by
the electric field is v ~ eEp, 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. (F1),
we recover the eigenstates of Hgp as

_ Dot 4y Yo

0) = =2 104) + 1 1), (F2a)
__v Do+ B

1) = N|O+>+ N [1—=), (F2b)

corresponding to the energies +Ag/2 = \/A’2/4 + |v|? and

—Ay/2, respectively. The normalization factor is N =
V(Do + AP /4 + v

Moving on to the DQD problem, we introduce the low-
energy basis |0y +) and |1,(g)—) associated to the left (right)
QDs and define the overlaps

so = (O +[0r+) ,

sp = (1.—[1g—),

(F3a)
(F3b)

which are in general nonzero, whereas the antialigned over-
laps vanish, i.e., {1,—|0g+) = (0.+|1g—) =0 due to the
symmetry properties of the basis states. The system we con-
sider in Sec. VI is L <> R symmetric, implying that the quan-
tities so and s; are real. Exploiting the relations between the
basis states Eq. (F3), we write the overlap between eigenstates
|0.) and |1R) as
* !’

So1 = (O |1g) = ;}T/AO%J\/AO (s1 — s0).
Due to the cylindrical symmetry of the NW the confinement
respects the symmetry Sp, if the magnetic field is applied
perpendicularly to the wire. The induced Zeeman splitting of
the left QD reads

AL —iAL Vv Ag+ 4
2 N 2N
x[(1p=8VLI1L—) — (O+[8VL|0.+)],  (F5)

(F4)

where 8V, = Vpgp — Vi, and the corrections due to the or-
thogonalization of the left and right bases are neglected. At
last, we show the formula for the coupling matrix element
(T+|C|Tp) (to lowest order in the overlaps):

J;z_i‘];'z_v_* A0‘+‘A6 3\/5
22 N\ 2N

x [{O+, 1g—|C|0+, 1r—)
— (0p+, Or+|C|0L+, Op+)]. (F6)

Importantly, the overlap Sp; and anisotropic couplings share
the prefactor v*/A/, which is typically a small parameter.
Therefore, the simple quantity So; not only shows the sym-
metry properties of Hpgp but can also be used to study the
competition of the two main spin mixing effects, the cubic
anisotropy and DRSOL

APPENDIX G: DOUBLY OCCUPIED SINGLETS

In order to discuss the effect of doubly occupied singlets
we present the 6 x 6 low-energy Hamiltonian on the basis of
the following two-particle states:

1S1) = (10, 1) — 11, 0.))/+/2, (Gla)
IS) = (10&. 1) — |1x. Og))/~/2. (G1b)
IS) = (0L, 1g) + [0g. 1)

— 1, 02) — 1z, 08))/2. (Glc)
To) = (10, 1g) + |12, Og)

— 1, 02) — O, 12))/2. (G1d)
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FIG. 6. Overlaps of the |1 (¢)) state [(a) and (b)] and the |y;(¢)) state [(c) and (d)] as a function of time for the low-symmetry case,
where ¢ = /8 and vz = 15 meV, for a silicon NW. The time evolution is shown (a) on a liner-linear scale and (b) on a log-log scale, with
the horizontal lines showing the estimates for the overlaps obtained in Egs. (15), (16), and (H2) [(c) and (d) similarly]. Horizontal lines are
showing the maximal overlap as a function of time [note that the one corresponding to [(01]3r;(¢))|> = |(11]10;(¢))]? is shown on both (b) and
(d)]. Overlaps with different basis states are oscillating with the half-cycle duration of ~h/U for [{S; |01 (t))?, ~h/ A, for [ (11| (¢))|?, and
~h/(2A.) for [{00]yr;(t))|? as illustrated by the vertical lines in (b) and (d).

IT}) = (10L, Og) — Ok, O£))/~/2,
IT_) = (1L, 1g) — |1z, 12))/+/2,

(Gle)
(G11)

where the first three states are singlets while the remaining
three are triplets. In the presence of a twofold symmetry the
6 x 6 Hamiltonian simplifies and reads:

U+ Eg X tss  —tst 0 0
X U+ Es tss tsT 0 0
%6 _ tss tss Eg 0 0 0
Deb —tsr tst 0 Er 0 oI
0 0 0 0 A, trr
0 0 0 0 trr -—A,
(G2)

where all coefficients are real and the relative sign of the
couplings is related to the L <> R symmetry. Typically U >
tss > tst, and therefore the resulting STy splitting becomes
(Jex +Jyy)/2 ~ Er — Eg + t{/U . This latter relation leads to
the simplified expression in Eq. (14) in the case of large tunnel
coupling (i.e., low potential barrier).

APPENDIX H: SLOW /SWAP GATES AND
ANISOTROPY-LIMITED FIDELITY

In Sec. VID we considered the time evolution of the states
[¥01(2)) and |v11(¢)) and identified the couplings leading to
the largest undesired overlaps which provided good estimates
for the error rates 1 — Fy; and 1 — Fj; for the /SWAP gate.

We found that the error rate 1 — Fy; is orders of magnitude
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

SWAP 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 potential barrier is high enough,
e.g., vp = 15 meV in Fig. 6, while the rest of the parameters
were set to be identical to the case of Figs. 4 and 5. The
corresponding error rate for the +/SWAP gate is obtained as

AT+ A 6
TN:;XIO_’ (Hl)

Z

1 —F ~ 2[00y (z))* ~ 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 ~/SWAP
operation time by two orders of magnitude to t; ~ 18 ns.

For large enough potential barrier vg, Eq. (14) loses its
validity since in general the transition probability is set by the
tunnel coupling fgs, i.€.,

12

[(SLlvor () * ~ 255 ~ 1077, (H2)
This is an order of magnitude smaller than the leading cor-
rection to the error rate. Therefore, we conclude that the
anisotropic corrections are influencing the +/SWAP gate fi-
delities only for very slow gates.
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FIG. 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 following parameters were used: double dot distance 2a = 30 nm; barrier
height vy = 15 meV; magnetic field B = 1 T; harmonic potential in the transverse directions with a confinement length of 2/; = 8 nm. (d)—(f)
Coefficients characterizing the exchange interaction as a function of the magnetic field direction ¢ for a Ge/Si core/shell NW. For the numerical
simulation the following parameters were used: double dot distance 2a = 60 nm; barrier height vy = 15 meV; magnetic field B = 0.5 T;
relative shell thickness [88] (R; — R.)/R. = 0.2; harmonic potential in the transverse directions with a confinement length of 2/ = 8 nm.

APPENDIX I: 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 /y and g/ |« | for the exchange interaction and,
in particular, compare silicon with Ge/Si NWs in the absence
of electric fields, i.e., E = 0. In Fig. 4 we saw for the case of
silicon that the cubic anisotropy renders the exchange inter-
action anisotropic and introduces off-diagonal terms J;, J,;,
if the magnetic field is applied in a low-symmetry direction.
As we have seen in Appendix F, these anisotropic effects
disappear in the axial approximation since the symmetry-
breaking parts of the Hamiltonian, Eqs. (12a) and (12b), are
proportional to Ay and g, 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 sili-
con (x,y,z correspond to the [100], [010], and [001] crys-
tallographic axes, respectively) in which case the Bir-Pikus
Hamiltonian becomes

HY = b(e, — €1)J2, an

where we omitted a constant part, b = —2.5 eV, while the
values of the strain (¢,; and €, ) as a function of relative shell
thickness (R; — R.)/R. = 0.2 are taken from Ref. [88].

We performed the calculation similarly to Sec. VIC. For
the case of a silicon NW in Figs. 7(a)-7(c) we used the same
parameters as in Sec. VIC, the only difference being that we
used a significantly higher potential barrier, vg = 15 meV.
As indicated by the absolute value in Fig. 7(a), the energy
splitting between the Ty and S states (/. + J;,)/2 becomes
negative for high enough potential barrier, in agreement with
the findings of Ref. [89].

For the case of the Ge/Si core/shell NW [see Figs. 7(d)—
7(f)], the shell is taken into account via the strain term in
the Hamiltonian of Eq. (I1), and the Luttinger parameters
are y; = 13.38, y» =4.24, y3 =5.69, k =3.41, and ¢ =
0.06 [65]. Note that while the anisotropy parameters for sil-
icon are Ay /y = 1.1 and ¢g/|«x| = 0.024, for germanium the
same quantities are significantly smaller, i.e., Ay /y = 0.28
and ¢g/|k| = 0.018.

A remarkable reduction can be observed in the anisotropic
exchange terms for a Ge/Si core/shell NW (see Fig. 7), com-
pared 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 the silicon NW the
off-diagonal terms can be comparable to the diagonal ones,
they almost disappear (at least they are below the accuracy of
our numerics) for the strained Ge/Si core/shell NW.

[1] D. Loss and D. P. DiVincenzo, Phys. Rev. A 57, 120
(1998).

[2] C. Kloeffel and D. Loss, Annu. Rev. Condens. Matter Phys. 4,
51 (2013).

033036-15


https://doi.org/10.1103/PhysRevA.57.120
https://doi.org/10.1146/annurev-conmatphys-030212-184248

HETENYI, KLOEFFEL, AND LOSS

PHYSICAL REVIEW RESEARCH 2, 033036 (2020)

[3] V. N. Golovach, M. Borhani, and D. Loss, Phys. Rev. B 74,
165319 (20006).

[4] K. C. Nowack, F. H. L. Koppens, Yu. V. Nazarov, and L. M. K.
Vandersypen, Science 318, 1430 (2007).

[5] S. Nadj-Perge, S. M. Frolov, E. P. A. M. Bakkers, and L. P.
Kouwenhoven, Nature (London) 468, 1084 (2010).

[6] M. D. Schroer, K. D. Petersson, M. Jung, and J. R. Petta, Phys.
Rev. Lett. 107, 176811 (2011).

[7] J. R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, A. Yacoby,
M. D. Lukin, C. M. Marcus, M. P. Hanson, and A. C. Gossard,
Science 309, 2180 (2005).

[8] R. Brunner, Y.-S. Shin, T. Obata, M. Pioro-Ladriere, T. Kubo,
K. Yoshida, T. Taniyama, Y. Tokura, and S. Tarucha, Phys. Rev.
Lett. 107, 146801 (2011).

[9] 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, Nature
(London) 526, 410 (2015).

[10] A. V. Khaetskii, D. Loss, and L. Glazman, Phys. Rev. Lett. 88,
186802 (2002).

[11] W. A. Coish and D. Loss, Phys. Rev. B 70, 195340 (2004).

[12] W. A. Coish and J. Baugh, Phys. Status Solidi B 246, 2203
(2009).

[13] D. V. Bulaev and D. Loss, Phys. Rev. Lett. 95, 076805 (2005).

[14] D. V. Bulaev and D. Loss, Phys. Rev. Lett. 98, 097202 (2007).

[15] X.-J. Hao, T. Tu, G. Cao, C. Zhou, H.-O. Li, G.-C. Guo, W. Y.
Fung, Z. Ji, G.-P. Guo, and W. Lu, Nano Lett. 10, 2956 (2010).

[16] C. Kloeffel, M. Trif, P. Stano, and D. Loss, Phys. Rev. B 88,
241405(R) (2013).

[17] R. Maurand, X. Jehl, D. Kotekar-Patil, A. Corna, H.
Bohuslavskyi, R. Laviéville, L. Hutin, S. Barraud, M. Vinet,
M. Sanquer, and S. De Franceschi, Nat. Commun. 7, 13575
(2016).

[18] R. Li, F. E. Hudson, A. S. Dzurak, and A. R. Hamilton, Nano
Lett. 15, 7314 (2015).

[19] H. Watzinger, J. Kukucka, L. Vukusié, F. Gao, T. Wang, F.
Schiffler, J. Zhang, and G. Katsaros, Nat. Commun. 9, 3902
(2018).

[20] L. A. Terrazos, E. Marcellina, S. N. Coppersmith, M. Friesen,
A. R. Hamilton, X. Hu, B. Kaoiller, A. L. Saraiva, D. Culcer, and
R. B. Capaz, arXiv:1803.10320.

[21] F. Gao, J.-H. Wang. H. Watzinger, H. Hu, M. J. Ranci¢, J.-Y.
Zhang, T. Wang, Y. Yao, G.-L. Wang, J. Kukucka, L. Vukusi¢,
C. Kloeftel, D. Loss, F. Liu, G. Katsaros, and J.-J. Zhang, Adv.
Mater. 2020, 1906523 (2020).

[22] J. Fischer, W. A. Coish, D. V. Bulaev, and D. Loss, Phys. Rev.
B 78, 155329 (2008).

[23] D. Brunner, B. D. Gerardot, P. A. Dalgarno, G. Wiist, K. Karrai,
N. G. Stoltz, P. M. Petroff, and R. J. Warburton, Science 325,
70 (2009).

[24] J. Fischer and D. Loss, Phys. Rev. Lett. 105, 266603 (2010).

[25] E. Maier, C. Kloeffel, and D. Loss, Phys. Rev. B 87, 161305(R)
(2013).

[26] L. Vukusié, J. Kukucka, H. Watzinger, J. M. Milem, F
Schiffler, and G. Katsaros, Nano Lett. 18, 7141 (2018).

[27] W. ]J. Hardy, C. T. Harris, Y. Su, Y. Chuang, J. Moussa, L. N.
Maurer, J. Li, T. Lu, and D. R. Luhman, Nanotechnology 30,
215202 (2019).

[28] A. Greilich, S. G. Carter, D. Kim, A. S. Bracker, and D.
Gammon, Nat. Photonics 5, 702 (2011).

[29] N. W. Hendrickx, D. P. Franke, A. Sammak, G. Scappucci, and
M. Veldhorst, Nature (London) 577, 487 (2020).

[30] P. C. Sercel and K. J. Vahala, Phys. Rev. B 42, 3690 (1990).

[31] D. Csontos, P. Brusheim, U. Ziilicke, and H. Q. Xu, Phys. Rev.
B 79, 155323 (2009).

[32] C. Kloeffel, M. Trif, and D. Loss, Phys. Rev. B 84, 195314
(2011).

[33] C. Kloeffel, M. J. Rancié, and D. Loss, Phys. Rev. B 97, 235422
(2018).

[34] A. P. Higginbotham, F. Kuemmeth, T. W. Larsen, M.
Fitzpatrick, J. Yao, H. Yan, C. M. Lieber, and C. M. Marcus,
Phys. Rev. Lett. 112, 216806 (2014).

[35] M. Brauns, J. Ridderbos, A. Li, E. P. A. M. Bakkers, and F. A.
Zwanenburg, Phys. Rev. B 93, 121408(R) (2016).

[36] B. Voisin, R. Maurand, S. Barraud, M. Vinet, X. Jehl, M.
Sanquer, J. Renard, and S. De Franceschi, Nano Lett. 16, 88
(2016).

[37] R. Wang, R. S. Deacon, J. Yao, C. M. Lieber, and K. Ishibashi,
Semicond. Sci. Technol. 32, 094002 (2017).

[38] A. Crippa, R. Maurand, L. Bourdet, D. Kotekar-Patil, A.
Amisse, X. Jehl, M. Sanquer, R. Laviéville, H. Bohuslavskyi,
L. Hutin, S. Barraud, M. Vinet, Y.-M. Niquet, and S. De
Franceschi, Phys. Rev. Lett. 120, 137702 (2018).

[39] J. Sun, R. S. Deacon, R. Wang, J. Yao, C. M. Lieber, and K.
Ishibashi, Nano Lett. 18, 6144 (2018).

[40] F. N. M. Froning, M. K. Rehmann, J. Ridderbos, M. Brauns,
F. A. Zwanenburg, A. Li, E. P. A. M. Bakkers, D. M.
Zumbiihl, and F. R. Braakman, Appl. Phys. Lett. 113, 073102
(2018).

[41] F. K. de Vries, J. Shen, R. J. Skolasinski, M. P. Nowak, D.
Varjas, L. Wang, M. Wimmer, J. Ridderbos, F. A. Zwanenburg,
A. Li, S. Koelling, M. A. Verheijen, E. P. A. M. Bakkers, and
L. P. Kouwenhoven, Nano Lett. 18, 6483 (2018).

[42] Y. Jiang, N. Singh, T. Y. Liow, P. C. Lim, S. Tripathy, G. Q. Lo,
D. S. H. Chan, and D.-L. Kwong, IEEE Electron Device Lett.
30, 392 (2009).

[43] A. V. Kuhlmann, V. Deshpande, L. C. Camenzind, D. M.
Zumbiihl, and Andreas Fuhrer, Appl. Phys. Lett. 113, 122107
(2018).

[44] A. M. Tyryshkin, S. Tojo, J. J. L. Morton, H. Riemann, N. V.
Abrosimov, P. Becker, H.-J. Pohl, T. Schenkel, M. L. W.
Thewalt, K. M. Itoh, and S. A. Lyon, Nat. Mater. 11, 143
(2012).

[45] M. Veldhorst, J. C. C. Hwang, C. H. Yang, A. W. Leenstra, B.
de Ronde, J. P. Dehollain, J. T. Muhonen, F. E. Hudson, K. M.
Itoh, A. Morello, and A. S. Dzurak, Nat. Nanotechnol. 9, 981
(2014).

[46] J. T. Muhonen, J. P. Dehollain, A. Laucht, F. E. Hudson,
R. Kalra, T. Sekiguchi, K. M. Itoh, D. N. Jamieson, J. C.
McCallum, A. S. Dzurak, and A. Morello, Nat. Nanotechnol.
9,986 (2014).

[47] A.J. Sigillito, R. M. Jock, A. M. Tyryshkin, J. W. Beeman, E. E.
Haller, K. M. Itoh, and S. A. Lyon, Phys. Rev. Lett. 115, 247601
(2015).

[48] L. Trifunovic, O. Dial, M. Trif, J. R. Wootton, R. Abebe, A.
Yacoby, and D. Loss, Phys. Rev. X 2, 011006 (2012).

[49] S.E. Nigg, A. Fuhrer, and D. Loss, Phys. Rev. Lett. 118, 147701
(2017).

[50] S. C. Benjamin, Phys. Rev. A 64, 054303 (2001).

[51] J. Levy, Phys. Rev. Lett. 89, 147902 (2002).

033036-16


https://doi.org/10.1103/PhysRevB.74.165319
https://doi.org/10.1126/science.1148092
https://doi.org/10.1038/nature09682
https://doi.org/10.1103/PhysRevLett.107.176811
https://doi.org/10.1126/science.1116955
https://doi.org/10.1103/PhysRevLett.107.146801
https://doi.org/10.1038/nature15263
https://doi.org/10.1103/PhysRevLett.88.186802
https://doi.org/10.1103/PhysRevB.70.195340
https://doi.org/10.1002/pssb.200945229
https://doi.org/10.1103/PhysRevLett.95.076805
https://doi.org/10.1103/PhysRevLett.98.097202
https://doi.org/10.1021/nl101181e
https://doi.org/10.1103/PhysRevB.88.241405
https://doi.org/10.1038/ncomms13575
https://doi.org/10.1021/acs.nanolett.5b02561
https://doi.org/10.1038/s41467-018-06418-4
http://arxiv.org/abs/arXiv:1803.10320
https://doi.org/10.1002/adma.201906523
https://doi.org/10.1103/PhysRevB.78.155329
https://doi.org/10.1126/science.1173684
https://doi.org/10.1103/PhysRevLett.105.266603
https://doi.org/10.1103/PhysRevB.87.161305
https://doi.org/10.1021/acs.nanolett.8b03217
https://doi.org/10.1088/1361-6528/ab061e
https://doi.org/10.1038/nphoton.2011.237
https://doi.org/10.1038/s41586-019-1919-3
https://doi.org/10.1103/PhysRevB.42.3690
https://doi.org/10.1103/PhysRevB.79.155323
https://doi.org/10.1103/PhysRevB.84.195314
https://doi.org/10.1103/PhysRevB.97.235422
https://doi.org/10.1103/PhysRevLett.112.216806
https://doi.org/10.1103/PhysRevB.93.121408
https://doi.org/10.1021/acs.nanolett.5b02920
https://doi.org/10.1088/1361-6641/aa7ce6
https://doi.org/10.1103/PhysRevLett.120.137702
https://doi.org/10.1021/acs.nanolett.8b01799
https://doi.org/10.1063/1.5042501
https://doi.org/10.1021/acs.nanolett.8b02981
https://doi.org/10.1109/LED.2009.2013731
https://doi.org/10.1063/1.5048097
https://doi.org/10.1038/nmat3182
https://doi.org/10.1038/nnano.2014.216
https://doi.org/10.1038/nnano.2014.211
https://doi.org/10.1103/PhysRevLett.115.247601
https://doi.org/10.1103/PhysRevX.2.011006
https://doi.org/10.1103/PhysRevLett.118.147701
https://doi.org/10.1103/PhysRevA.64.054303
https://doi.org/10.1103/PhysRevLett.89.147902

EXCHANGE INTERACTION OF HOLE-SPIN QUBITS IN ...

PHYSICAL REVIEW RESEARCH 2, 033036 (2020)

[52] J. M. Taylor, H.-A. Engel, W. Diir, A. Yacoby, C. M. Marcus,
P. Zoller, and M. D. Lukin, Nat. Phys. 1, 177 (2005).

[53] K. Ono, D. G. Austing, Y. Tokura, and S. Tarucha, Science 297,
1313 (2002).

[54] K. V. Kavokin, Phys. Rev. B 69, 075302 (2004).

[55] L. G. C. Rego, P. Hawrylak, J. A. Brum, and A. Wojs, Phys.
Rev. B 55, 15694 (1997).

[56] C.-Y. Hsieh, R. Cheriton, M. Korkusinski, and P. Hawrylak,
Phys. Rev. B 80, 235320 (2009).

[57] P. Wenk, M. Kammermeier, and J. Schliemann, Phys. Rev. B
93, 115312 (2016).

[58] B. Venitucci, L. Bourdet, D. Pouzada, and Y.-M. Niquet, Phys.
Rev. B 98, 155319 (2018).

[59] N. O. Lipari and A. Baldereschi, Phys. Rev. Lett. 25, 1660
(1970).

[60] Kk, J) = Z[=3K2 + S0CT2 + K22 + K2J2) — S({ke, ky)
oo B} + thy kY By + (e koo JoD)). where  the
anticommutator is defined as {A, B} = %(AB + BA).

[61] Note that the correspondingequations (64) and (65) of Ref. [63]
contain a typo in the first terms of the Hamiltonians, i.e., K —
k?/2. Furthermore, in Eq. (65) of Ref. [63] in the Zeeman term
(¢ —y/2) should be replaced by (x + 7/2). These corrections
are then consistent with Eqgs. (45) and (69) and the rest of
Ref. [63].

[62] J. M. Luttinger and W. Kohn, Phys. Rev. 97, 869 (1955).

[63] J. M. Luttinger, Phys. Rev. 102, 1030 (1956).

[64] The anisotropic Zeeman term reads 2qugB - J=
Zq;LB(BX/fS’, + By/ff, + Bz/ff,), where the axes x',y,7 are
along the crystallographic axes (100).

[65] R. Winkler, Spin-Orbit Coupling Effects in Two-Dimensional
Electron and Hole Systems (Springer, Berlin, 2003).

[66] D. S. Miserev and O. P. Sushkov, Phys. Rev. B 95, 085431
(2017).

[67] M. F. Doty, J. I. Climente, A. Greilich, M. Yakes, A. S. Bracker,
and D. Gammon, Phys. Rev. B 81, 035308 (2010).

[68] Within the framework of this paper, we define the modulo
function with shifted range, i.e., mody(x) € [-N/2, N/2), for
any x € R. This is related to the conventional definition via
mody(x) = mody (x + N/2) — N/2, where mody,(x) € [0, N).

[69] J. S6lyom, Fundamentals of the Physics of Solids (Vol. 1):
Structure and Dynamics (Springer, Berlin, 2007).

[70] In our calculations we consider homogeneous electric and mag-
netic fields. Therefore Hop — Vo [see Eq. (2)] is identical for
both QDs and Eq. (7) invariant under particle exchange.

[71] G. Burkard, D. Loss, and D. P. DiVincenzo, Phys. Rev. B 59,
2070 (1999).

[72] G. Burkard and D. Loss, Phys. Rev. Lett. 88, 047903 (2002).

[73] D. Stepanenko, N. E. Bonesteel, D. P. DiVincenzo, G. Burkard,
and D. Loss, Phys. Rev. B 68, 115306 (2003).

[74] S. Bravyi, D. DiVincenzo, and D. Loss, Ann. Phys. (New York)
326, 2793 (2011).

[75] The main motivation for using the rotated momenta, angular
momenta, and coordinates is that one can apply the operator
of mirror symmetry D(S,z) on the Hamiltonian by simply
reversing the sign of the operators kg, J., and rg. Analogously,
the twofold rotation D(Cyp) acts as a change of sign for k.,
J ,and ry.

[76] Note that the matrix elements of the Hamiltonian in Eq. (10)
are not independent of the relative phase of the basis states,
and therefore only the absolute values of the off-diagonal ex-
change couplings and induced Zeeman splittings are shown in
Figs. 4 and 7.

[77] G. Burkard, G. Seelig, and D. Loss, Phys. Rev. B 62, 2581
(2000).

[78] M. D. Reed, B. M. Maune, R. W. Andrews, M. G. Borselli,
K. Eng, M. P. Jura, A. A. Kiselev, T. D. Ladd, S. T. Merkel,
I. Milosavljevic, E. J. Pritchett, M. T. Rakher, R. S. Ross, A. E.
Schmitz, A. Smith, J. A. Wright, M. F. Gyure, and A. T. Hunter,
Phys. Rev. Lett. 116, 110402 (2016).

[79] F. Martins, F. K. Malinowski, P. D. Nissen, E. Barnes, S. Fallahi,
G. C. Gardner, M. J. Manfra, C. M. Marcus, and F. Kuemmeth,
Phys. Rev. Lett. 116, 116801 (2016).

[80] We refer here to the direction along the NW as the growth
direction.

[81] Z. Scheriibl, A. Palyi, G. Frank, I. E. Lukdcs, G. Fiilop, B.
Fiilop, J. Nygard, K. Watanabe, T. Taniguchi, G. Zarand, and
S. Csonka, Commun. Phys. 2, 108 (2019).

[82] G. Frank, Z. Scheriibl, S. Csonka, G. Zardnd, and A. Pailyi,
Phys. Rev. B 101, 245409 (2020).

[83] D. Q. Wang, O. Klochan, J.-T. Hung, D. Culcer, I. Farrer, D. A.
Ritchie, and A. R. Hamilton, Nano Lett. 16, 7685 (2016).

[84] J.-T. Hung, E. Marcellina, B. Wang, A. R. Hamilton, and D.
Culcer, Phys. Rev. B 95, 195316 (2017).

[85] L. C. Camenzind, L. Yu, P. Stano, J. D. Zimmerman, A. C.
Gossard, D. Loss, and D. M. Zumbiihl, Phys. Rev. Lett. 122,
207701 (2019).

[86] F. Bloch, Z. Phys. 52, 555 (1929).

[87] S. Bosco and D. P. DiVincenzo, Phys. Rev. B 100, 035416
(2019).

[88] C. Kloeffel, M. Trif, and D. Loss, Phys. Rev. B 90, 115419
(2014).

[89] M. F. Doty, J. I. Climente, M. Korkusinski, M. Scheibner, A. S.
Bracker, P. Hawrylak, and D. Gammon, Phys. Rev. Lett. 102,
047401 (2009).

033036-17


https://doi.org/10.1038/nphys174
https://doi.org/10.1126/science.1070958
https://doi.org/10.1103/PhysRevB.69.075302
https://doi.org/10.1103/PhysRevB.55.15694
https://doi.org/10.1103/PhysRevB.80.235320
https://doi.org/10.1103/PhysRevB.93.115312
https://doi.org/10.1103/PhysRevB.98.155319
https://doi.org/10.1103/PhysRevLett.25.1660
https://doi.org/10.1103/PhysRev.97.869
https://doi.org/10.1103/PhysRev.102.1030
https://doi.org/10.1103/PhysRevB.95.085431
https://doi.org/10.1103/PhysRevB.81.035308
https://doi.org/10.1103/PhysRevB.59.2070
https://doi.org/10.1103/PhysRevLett.88.047903
https://doi.org/10.1103/PhysRevB.68.115306
https://doi.org/10.1016/j.aop.2011.06.004
https://doi.org/10.1103/PhysRevB.62.2581
https://doi.org/10.1103/PhysRevLett.116.110402
https://doi.org/10.1103/PhysRevLett.116.116801
https://doi.org/10.1038/s42005-019-0200-2
https://doi.org/10.1103/PhysRevB.101.245409
https://doi.org/10.1021/acs.nanolett.6b03752
https://doi.org/10.1103/PhysRevB.95.195316
https://doi.org/10.1103/PhysRevLett.122.207701
https://doi.org/10.1007/BF01339455
https://doi.org/10.1103/PhysRevB.100.035416
https://doi.org/10.1103/PhysRevB.90.115419
https://doi.org/10.1103/PhysRevLett.102.047401

