aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Charge-Noise-Induced Dephasing in Silicon Hole-Spin
Qubits
Ognjen Malkoc, Peter Stano, and Daniel Loss
Phys. Rev. Lett. 129, 247701 — Published 8 December 2022
DOI: 10.1103/PhysRevLett.129.247701


https://dx.doi.org/10.1103/PhysRevLett.129.247701

Charge-noise induced dephasing in silicon hole-spin qubits

Ognjen Malkoc,! Peter Stano,':

*

and Daniel Lossh 23

YRIKEN Center for Emergent Matter Science, Wako-shi, Saitama 351-0198, Japan
2RIKEN Center for Quantum Computing, Wako, Saitama 351-0198, Japan
3 Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland

We investigate theoretically charge-noise induced spin dephasing of a hole confined in a quasi-two-
dimensional silicon quantum dot. Central to our treatment is accounting for higher-order corrections
to the Luttinger Hamiltonian. Using experimentally reported parameters, we find that the new terms
give rise to sweet-spots for the hole-spin dephasing, which are sensitive to device details: dot size and
asymmetry, growth direction, and applied magnetic and electric fields. Furthermore, we estimate
that the dephasing time at the sweet-spots is boosted by several orders of magnitude, up to order

of milliseconds.

Introduction. Silicon is promising for realizing scalable
qubits using quantum-dot electrons to store and process
quantum information [1-4]. The recent attention to silicon
stems from compatibility with industrial fabrication [5-7]
and low noise from nuclear spins. The latter effect, so far
a major obstacle for spin qubits in GaAs, can be further
suppressed using holes instead of electrons [8-11]. Holes also
offer stronger spin-orbit coupling [12-15], essential for elec-
tric spin control without micromagnets or on-chip ESR lines
[16]. Taken together, the reduced susceptibility to nuclear
noise [17], the absence of valley degeneracy, and fully-electric
control make holes in silicon an attractive platform for scal-
able spin qubits.

In a quasi-two-dimensional quantum dot with the
strongest confinement along the growth direction (a lateral
dot), the confinement splits the bulk fourfold degeneracy at
the T point into light and heavy holes, offering a resilient
spin qubit residing in the heavy hole subspace [8, 18, 19].
Spin blockade detection [20-23], control over the charge state
down to a single hole [24, 25], fabrication of arrays [26-28],
and demonstration of single [29, 30] and two-qubit operations
[31] are among recent experimental achievements with lat-
eral dots. In contrast, the strong confinement-induced spin-
orbital mixing in a nanowire geometry [32-34] gives large
and tunable spin-orbit interaction [35-38] and fast spin ma-
nipulation [39, 40].

The strong sensitivity to the electric field is a generic fea-
ture of hole-spin qubits. Among its most direct manifesta-
tions, the electrical response of the g-factor has been reported
for various designs [33, 41-50]. While it offers increased elec-
trical tunability, it also implies a higher susceptibility to elec-
trical noise. With nuclear noise suppressed, charge noise be-
comes the primary concern for qubit coherence [16, 51, 52].
Aiming at long coherence time, the most favorable scenario
seems to be a single hole in an isolated lateral quantum dot.
Assessing this ultimate limit on the hole-spin coherence is
our main objective.

We find that in lateral dots the spin-electric coupling is
dominated by higher-order (non-quadratic in momentum)
terms, which are not contained in the often used and well-
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FIG. 1. a) Lateral quantum dot hosting a spin qubit. A hole is
confined by a triangular potential along the growth direction z,
and an in-plane harmonic potential with axes x and y rotated by §
with respect to the crystallographic directions [100] and [010]. b)
The basis states in the calculation, showing the heavy hole and
light hole subbands of the unperturbed Hamiltonian. The red
area shows the states used in the perturbation series of Eq. (6).

known Luttinger Hamiltonian [53]. This finding is among
our main results.

While the conduction band non-parabolicity has been
studied in zinc-blende crystals in detail [54, 55], including
its effects on the g-factor [56], the valence band requires a
separate treatment. To this end, we derive the corrections to
the Luttinger Hamiltonian up to the fourth order in momen-
tum and up to linear in the electric field. Even though one
can generate these terms by symmetry analysis, for example
using the tables in Ref. [57], we are not aware of their prefac-
tors being known. To evaluate the spin-orbit effects reliably,
these prefactors are necessary. We calculate them within the
14-band k - p model [58], using up to the fifth-order Lowdin
perturbation theory. The resulting effective model is valid
for any materials with diamond crystal structures, such as Si
and Ge, but we focus on the former material.

We obtain the spin-qubit Hamiltonian by projecting the
valence band Hamiltonian onto the lowest orbital state de-
fined by the three-dimensional confinement. We use second-
order perturbation theory to include the effects of higher
orbital states. From the qubit Hamiltonian we evaluate two



quantities of interest: the g-tensor and the dephasing rate.
Our main result in this part is twofold. First, we find a
typical dephasing time on the order of tens of microseconds.
This value is then the ultimate upper limit in any design with
holes in silicon gated dots with an in-plane magnetic field.
With other than lateral dots one would expect the dephasing
time to be much smaller. Second, we find pronounced sweet
spots, where the dephasing time is boosted up to millisec-
onds. Their position in parameter space is sensitive to all
system parameters. The suggestion to search for experimen-
tally robust sweet spots is the main practical implication of
our work.

Valence band corrections. All symmetry-allowed terms in
the silicon valence band up to quadratic in the kinetic mo-
mentum %k are contained in the Luttinger Hamiltonian [53],

hz
= M
+4'73(k’XYJXY“Fk’YZJYZ‘FkZXJZX)}_QMB(KJ‘f‘qJ?)) -B.

Here, X, Y, and Z denote the [100], [010], and [001] crys-
tallographic axis, respectively, B is the magnetic field en-
tering the momentum ik = —iAV + eA via the vector po-
tential A, the components of the vectors J = (Jx, Jy, Jz)
and J3 = (J%, J3, J5) are the spin 3/2 operators, my is the
free-electron mass, C;; = C;C; 4+ C;C; is the anticommuta-
tor, and the coefficients v1, 2,73, K, and g are the Luttinger
parameters. 1

Using symmetry analysis, we derive corrections to Eq. (1)
up to the fourth order in momentum? getting fifteen terms.
We evaluate their prefactors using the 14-band k - p model
in the fourth order of the Lowdin perturbation theory [59].
With the full list including formulas for prefactors given else-
where, we restrict here ourselves to an excerpt. Based on
the analysis outlined below, we identify terms contributing
dominantly to spin dephasing for devices grown along [001].?
There are magnetic-field generated terms,

Hy =pp(kad + quds) - B(k% + kY + k%),
Hyo =pp(kaod + qu2ds) - (Bxk, Byky, Bzk%),

)
Hi = g | (2 ot a0 B 3 2 2)

(1)

Hy3 =pp(kasd + qu3d3) - (kx (ky By +kzBz),c.p.), (22)
Hss =ppTs3ds3 - (Bx (k3 — k%), c.p.),

and the band-warping terms,
His =T1o({kx,ky}* + {ky, kz}* + {kz,kx}?), (2b)

Hyy =T'32J32 - (2K5 kY — (kY + kX )k, (K — k% )kZ).

1T We use 71 = 4.285, 72 = 0.339, y3 = 1.446, k = —0.42, and ¢ = 0
[57].

2 Due to the relation k x k = —ieB/h, the magnetic-field components
are counted as quadratic in momentum.

3 An analogous set of terms for devices grown along [111] is given in
the Supplemental Material.

In these equations, Js3 = ({Jo,J; — J2},{J,,J2 —
T AT T2 = J2Y), Isa = (J5 =3 -3/3,J% — J3), and c.p.
means cyclic permutation. The prefactor values are given
in Tab. I of the Supplemental Material [60]. The figures in
the following sections are plotted using all 15 corrections, to-
gether denoted as §H,. In the Supplemental Material [60],
we show analogous figures produced with Eq. (2) showing
good correspondence.

Effective hole-spin qubit Hamiltonian. We consider a hole
confined in a device shown in Fig. 1(a). We denote the hole-
spin subspace by index J, with J = |J,| € {1/2,3/2} for
the light and heavy hole, respectively. The two subspaces
are split in energy by the heavy-hole-light-hole splitting Ay,
which depends on the growth direction and strain [62-65, 67—
69] (see Supplemental Material App. D for a short discus-
sion). We assume that the heavy hole subspace is the ground
state and the qubit is defined therein, as a configuration most
resilient to charge noise. The masses of holes are anisotropic
and spin-dependent and we use m j 5, for the spin-J in-plane
mass and m_. for the mass along z. Expression for masses
in terms of the Luttinger parameters are given in the Sup-
plementary Material Tab. II.

We adopt standard choices to describe the quantum dot
confinement: a triangular potential for the vertical part and
an anisotropic harmonic for the in-plane part,

eE.z forz>0
Vo for <0

(3)
Here, V; is the heterostructure band offset, €, and ¢, are the
in-plane excitation energies, F, is the electric field, and z, v,
and z are dot coordinates. In calculations, we take the limit
Vo — o0, resulting in a vanishing wave function for z < 0.
Having specified the confinement, we have

m xT
- P, v

H=Hp+0H —Vyy — Vs, (4)

as the full—three-dimensional—Hamiltonian describing the
confined hole. Next, we reduce this microscopic description
into an effective Hamiltonian for the spin qubit, a two-level
system.

We first define the unperturbed Hamiltonian by supple-
menting the confinement by terms quadratic in momentum
and not coupling the heavy-hole and light-hole subspaces,

2
py P05

h?9?
Qm‘]’z

2mray — Viy — V5. (5)

The unperturbed Hamiltonian defines the basis for the per-
turbation theory. Since it is separable in in-plane coordinates

4 The limit is subtle, as it does not commute with evaluating matrix
elements of differential operators [App. C in Ref. [73], App. B in [74]].
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FIG. 2. Heavy-hole qubit g-tensor components for a dot with z
axis along [001]. The horizontal axis represents (a) the average dot
energy € = (. +¢€4)/2, (b) dot asymmetry n = (g, — €.)/2€, (c)
dot orientation 4, and (d) vertical confinement electric field E..
The dashed line, defined by €, = —1 meV, ¢, = —3 meV, § =
m/4 , and E; = 10 mV/nm, denotes a common reference point.

x and y, the vertical coordinate z, and the spin, the basis
states |J, ng,ny, n,) can be indexed by four quantum num-
bers: the pair (ns,n,) is the Fock-Darwin spectrum indexes,
while n, labels eigenstates of the triangular potential, asso-
ciated with energy scale (heEZ/\/W)2/3 (see App. Al in
Ref. [75] for details on triangular-confinement eigenstates).
The splitting of heavy and light holes Ay, is the energy dif-
ference of the two ground states of Eq. (5) for the two values
of the spin index J.

The qubit Hamiltonian follows by integrating out the or-
bital degrees of freedom, with the excited states taken into
account within the second-order perturbation theory,

Z (5H|J’,n><J’,n|5H
Ejs0) = Bl )

H:(J,0|[H+ }|J70>- (6)

(J',m)#(J,0)

Here, §H = H — H{, the summation is over all excited or-
bital states, the vector n = (ng,n,,n.), and E|;yy is the
unperturbed eigenstate energy.

This derivation follows the procedure of Refs. [56, 75] with
one difference. In those references, the reduction proceeded
in two steps: first integrating out the vertical coordinate
z, then the in-plane coordinates x and y. Here we include
in-plane excitation energies in the denominator of Eq. (6),
as they are comparable to Ayr. Considering quasi-two-
dimensional dots, we restrict the sum over n, in Eq. (6) to
the lowest excited state [see Fig. 1(b)]. The resulting approx-
imate form of H is the basis for the two main quantities of
our work, the effective g-tensor, and the qubit energy. The
dependence of the latter on the electric field is responsible
for dephasing of the hole-spin qubit.

Effective g-tensor. FEvaluating Eq. (6) gives the Hamil-
tonian H describing the qubit as a two-level system. Due

to time-reversal symmetry, at zero magnetic field the two
states are degenerate. Considering only linear magnetic field
terms, an approximation that we adopt in evaluating Eq. (6),
we obtain the Hamiltonian of a spin one-half,

H= Z uBB;GijT;. (7)

LI=T,Y,2

Here, 7 is a vector of Pauli matrices defined with up and
down spin one-half states corresponding to perturbed spin
states, where the perturbation in Eq. (6) admixes the light-
hole states to the heavy-hole ground state, and g is a second-
rank tensor, the g-tensor. We have thus reduced the three-
dimensional qubit-description of Eq. (4) to a simpler effective
two-level model. Nevertheless, this model reflects orbital ef-
fects through the g-tensor dependence on confinement elec-
tric fields, which we now examine.

Figure 2 shows the g-tensor for a [001]-grown quantum
dot. The g-tensor in-plane components are plotted as func-
tions of the dot in-plane size (panel a), asymmetry (panel b),
orientation (panel c), and the vertical-confinement strength
(panel d). The off-diagonal components g,., g.z, gy, and
gzy, are zero. The out-of-plane component g.. is typically
an order of magnitude larger than the in-plane ones, and
does not depend appreciably on any parameter except of the
vertical electric field. We include g,, in Fig. S2 of the Sup-
plementary Material. The g-tensor is strongly anisotropic, a
consequence of the confinement breaking all crystal symme-
tries [76, 77]. In realistic samples, which are neither perfectly
symmetric nor aligned with any particular direction with re-
spect to the crystal axes, one expects large variations of the
g-tensor components. Most importantly, the g-tensor com-
ponents clearly depend on the confinement electric field.

Coherence time. The charge noise in the sample and ex-
periment electronics leads to fluctuations of the electric field
at the dot location, and thereby to fluctuations of the qubit
energy through changes of the g-tensor. The electric field en-
ters the g-tensor in two ways: by defining the shape of the dot
confinement and by inducing band-structure terms. We find
that the latter are negligible.” We also neglect fluctuating
electric in-plane fields, since a uniform field does not change
the shape of a harmonic confinement adopted in our model.
The noise in the z-component of the electric field remains,
changing the qubit energy through changes in the vertical
confinement strength. The noise is described by its spec-
trum, S(f) = [ dre®™/T(E_(0)E.(7)), with the bracket
standing for statistical average. We further assume that 1/f
noise is dominant® and take S(f) = A/|f]|.

5 We have derived twelve terms which are fourth-order in momentum
and first-order in electric fields. We examined their influence on
the dephasing and g-factor for realistic parameters, and found them
negligible.

6 We thank Chen-Hsuan Hsu for clarifying this aspect for us [78].
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FIG. 3. Dephasing time T5 calculated from the Luttinger model
(top) and the full Hamiltonian (bottom). Figure axes: the vertical
electric field F, and the in-plane-direction angle ¢ of the magnetic
field B = B(cos ¢, sin ¢, 0). Other parameters: B =1 T, confine-

ment lengths I, = hiy/(71 + 72)/moee = 20 nm, I, = 15 nm, the

dot-orientation angle § = 0, the noise magnitude A = 450 V?/ m’
[70, 71], and the frequency cut-offs fi = 1 Hz, t = 10 ps.

Reference [72] finds that 1/f noise causes a Gaussian decay
with a pure-dephasing rate

1T = |0p.w|/AIn(1/27 fut), 8)

where fi, is the low-frequency cut-off, ¢ is a time of order
of the dephasing time 7%, and hw is the qubit energy. We
evaluate it using Eq. (7) as hiw = \/p B;Brgjigki, summing
over repeated indexes.

Our main result is the analysis of the dephasing time T5
calculated from Eq. (8). The upper panel of Fig. 3 shows Ty
calculated using the Luttinger model. The lower panel shows
the results upon adding the fourth-order terms 6 Hy,. The de-
phasing time ranges from tens to hundreds of ps in most of
the plot area. In both models, at large electric fields, the
dephasing time is maximized for the B-field along a crys-
tallographic axis. However, including dHj, reveals a line
of sweet spots with the dephasing time boosted beyond a
millisecond. We have examined other configurations’ and

7 Including growth directions [011] or [111] instead of [001], harmonic

found similar behavior. We thus conclude that, on the one
hand, one might suspect qualitative discrepancies between
the Luttinger model and its next-order extension, and on
the other, that sweet spots in lateral spin hole qubits are
generic [15, 40].

Taken from a broader perspective, the above discrepancy
suggests a generic issue with the analysis of hole-spin qubits
based solely on the Luttinger model. It is due to distinct
dispersion-terms arising only beyond the third-order of &k - p
perturbation theory, namely, ‘spin-orbit’ terms which are not
time-reversal symmetric.® We suspect that some existing
analytical results on the hole g-factor and related quanti-
ties might be affected. On the other hand, results based on
exact diagonalization of multi-band k- p Hamiltonians—if in-
cluding enough bands—are not affected since they effectively
contain all perturbation orders, including the fourth. Finally,
concerning fitting experimental data by theory models, large
uncertainty in the input parameters (especially strain and
confinement details) might influence results as much or even
more than including or not including the fourth-order terms
in the dispersion.

Before concluding, we review available experimental re-
sults on the confined hole spin dephasing times. There are
not many: An optical probe of a single hole in a III-V self-
assembled dot gave T3 of 100 ns in Ref. [79] and 0.5 ps in
Ref. [11], with the coherence time T3 estimated an order
of magnitude larger. The only numbers we are aware of in
silicon is Ty = 60 ns from Ref. [16], which was prolonged
four-fold upon Hahn-echo, as expected for a 1/f noise,” and
Ty = 440 ns from Ref. [14] for a hole spin qubit in a Si
FinFET device.

While all these numbers are lower than our 7%, the differ-
ence is not so drastic considering that the charge noise levels
have large variations among different materials and samples
[71, 80]. Coincidentally, the dephasing times that we ob-
tained are comparable to nuclear-limited dephasing times of
electrons in silicon dots: T3 in natural silicon is a few mi-
croseconds, close to our values away from the sweet spot,
and a millisecond in purified silicon-28, comparable to our
sweet-spot values. We conclude that the intrinsic charge
noise might be limiting coherence in some of these experi-
ments, while in other, such as Si FinFETs, the nuclear noise
is still the limiting factor, see Refs. [14, 17]. Our results

or hard-wall confinement along the growth direction instead of the
triangular one, and Ge or GaAs instead of Si. These data are not
shown, except for a plot for Si grown along [111] with a triangular
confinement, which is in Supplementary Material.

They are proportional to magnetic field; some of them are given in
Eq. (2a). We found that such higher-order terms influence g-factor
non-negligibly in n-GaAs in Ref. [56].

For 1/f noise, the dephasing time under a Hahn-echo equals [72] T

times /In(1/27 fiyt)/In 2, evaluating to 3.7 for the parameters given
in the caption of Fig. 3.
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suggest that holes in lateral dots can reach coherence com-
parable to electrons,'® and searching for the hole-qubit sweet
spots experimentally looks attractive.

Conclusions. In this work, we have quantified the g-tensor
and the charge-noise induced dephasing of a silicon spin hole
qubit. For typical dot dimensions and external magnetic and
electric fields, we find it is necessary to go beyond the Lut-
tinger model to assess the g-tensor and dephasing reliably;
the difference is qualitative. Our model, which can also be
extended to devices using other diamond crystal materials,
for example germanium, predicts sweet spots for the dephas-
ing time. We find that the sweet spots depend on the device
growth direction, confinement potential, and in-plane mag-
netic field orientation. Our work leaves space for interesting
extensions. For example, the dependence on the device ge-
ometry prompts the question of how the additional spin-orbit
interactions impact spin dephasing in other devices, such as
nanowire-based hole-spin qubits [36] or FinFETs [15].

We thank Ch.-H. Hsu for useful discussions. We ac-
knowledge the financial support from CREST JST (JP-
MJCRI1675), the Swiss National Science Foundation, and
NCCR SPIN.

Note added. Four days after submitting this work to arXiv,
Ref. [83] appeared therein, reporting experimental detection
of sweet spots in a single-hole Si-finFET device. The de-
phasing time Ty (7412h%) reached 6 ps (88 ps) and showed
variation by a factor of almost 3 (more than 4) upon changing
the magnetic field direction.
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