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Hole spin qubits are frontrunner platforms for scalable quantum computers, but state-of-the-art devices

suffer from noise originating from the hyperfine interactions with nuclear defects. We show that these
interactions have a highly tunable anisotropy that is controlled by device design and external electric fields.
This tunability enables sweet spots where the hyperfine noise is suppressed by an order of magnitude and is

comparable to isotopically purified materials. We identify surprisingly simple designs where the qubits are
highly coherent and are largely unaffected by both charge and hyperfine noise. We find that the large spin-
orbit interaction typical of elongated quantum dots not only speeds up qubit operations, but also

dramatically renormalizes the hyperfine noise, altering qualitatively the dynamics of driven qubits and
enhancing the fidelity of qubit gates. Our findings serve as guidelines to design high performance qubits for

scaling up quantum computers.
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Introduction.—Spin qubits in hole quantum dots are
leading candidates to process quantum information [1-5].
Elongated hole quantum dots hold particular promise
because of their large and tunable direct Rashba spin-orbit
interaction (DRSOI) [6-9]. This property enables fast all-
electric gates [10-15] via electric dipole spin resonance
(EDSR) [16-19] and could pave the way towards scalable
quantum computers. A major source of decoherence in
these qubits comes from the hyperfine interaction between
the confined hole and the nuclear spins. Isotopic purifica-
tion could decrease the number of nuclear defects by 2
[20,21] to 3 [22] orders of magnitude, however, this
procedure is expensive and not routine in state-of-the-art
devices, where hyperfine noise still drastically limits the
qubit performance [13].

The hyperfine interactions in hole nanostructures origi-
nate from dipolar coupling [23-29] and in Si and Ge their
amplitude is predicted to be comparable to electrons
[30,31]. In contrast to electrons [32-34], however, these
interactions are strongly anisotropic, approaching the Ising
limit in planar structures [29,35]. Ising coupling causes a
slow power-law spin decay depending on the orientation of
the field [36,37] and could result in an enhancement of the
qubit lifetime when the nuclear spins are suitably prepared
[38-42].

In this work, we show that in elongated hole quantum
dots the amplitude of the hyperfine interactions as well as
their anisotropy are fully tunable by external electric fields,
resulting in devices with an order of magnitude smaller
hyperfine noise. This decrease in noise can save 2 orders of
magnitude of isotopic purification. Strikingly, by ana-
lyzing common designs, we find optimal working points
in Si fin field effect transistors (FinFETSs) [13,43,44] where
both hyperfine and charge noise [45] are suppressed
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simultaneously, strongly boosting the qubit coherence.
Also, we examine the interplay between DRSOI and
hyperfine interactions [46]. The large DRSOI substantially
renormalizes the hyperfine noise and qualitatively alters the
spin dynamics in EDSR experiments, yielding more coher-
ent qubit operations. We foresee that the tunability of the
hyperfine interactions could be exploited also in hybrid
systems [47] to engineer a coherent coupling between
quantum dots and nuclear spin qubits [48-52].

Hyperfine interactions in elongated quantum dots.—
Spin qubits confined in quantum dots are generally
described by the effective Hamiltonian [26,27,29] H, =
(b +h) - 6/2, comprising a Zeeman field b = pzgB and an
Overhauser field h =Y, A I'(r,)1¥/ny. These fields
model the magnetic interactions of the confined particle
with an external magnetic field B and with an ensemble of
nuclear spins I* at position ry, respectively. Here, y is the
Bohr magneton, n, is the nuclear density, A; is the
hyperfine coupling strength, and we neglect small long-
range corrections to the hyperfine interactions [29].

The microscopic properties of the system determine the
values of the matrices g of g factors and I'(r;) of local spin
susceptibilities. While in electron quantum dots these
matrices are proportional to the identity matrix, resulting
in isotropic interactions, in hole dots they have a richer
structure and heavily depend on the mixing of heavy (HH)
and light hole (LH) bands [53], that carry spin 3/2 and 1/2,
respectively. In particular, HH dots have a strongly aniso-
tropic g factor [54] and Ising hyperfine interactions « o/,
[26,27,29,55,56], while in LH dots the anisotropy is less
pronounced and the transverse components 4, , of h are
two times larger than £, [30,57].

In this work, we analyze quantum dots that are tightly
confined in the p = (x,y) plane and extend in the z

© 2021 American Physical Society
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direction. In these systems, the HH-LH mixing can be
engineered by designing the dot [8,45] and is highly
tunable by external electric fields. It is accurately modeled
by the Hamiltonian

hw
H=Hix+ Ve(p) + 2121z2—eEyy, (1)
Z

which includes the Luttinger-Kohn Hamiltonian Hy g [53]
and an electric field E, perpendicular to the long direction.
Here, the dot is defined by a harmonic potential with
frequency w, and length /., and an abrupt potential V(p).
This potential models etched nanowires, but we emphasize
that our theory also describes squeezed dots in planar
heterostructures [9].

When the nanowires are grown along high symmetry
axes, e.g., z[|[001] or [110], the ground state Kramer
partners W, of H are well approximated by ¥, =

e~zox/lsoyry | (r), see Sec. I A of [58]. The spinors

1(6) = 0(6) (wnlp)| +3) +va0)| - ) ) = T 0
@)

locally hybridize different eigenstates of the spin-3/2
matrix J, by the spin-resolved and E,-dependent wave
functions wy ; (p). The time-reversal operator 7 flips the
spin and complex conjugates the functions, and ¢(z) is the
harmonic oscillator ground state. The spin-dependent local
phase in W4 | accounts for the large DRSOI [6-9], which is
parametrized by an E-dependent spin-orbit length [gq
typically of tens of nanometers [13,14]. Here, we compute
w1, and Igo by numerically discretizing Eq. (1) in analogy
to [45]. Because we only study dots where E, is aligned to
high symmetry axes, the DRSOI points in the x direction
[6-8,45].

When |B| <1 T, the magnetic interactions are weaker
than 7w, and by projecting the hyperfine Hyp = » , 8(r —
r)AJR - J/2n, [26,27,29,30,32] and Zeeman Hamiltonian
Hy = 2xkugB - J [53] onto ¥, |, we find [58]

2z

) = 0P,

Re[y.] Imfy_] 0
) Il Rel] o | (3)
0 0 7z

and g;; = 4« [ drT;;(r). Here, we neglect small corrections
coming from terms «J? [30,53], « 1/2 [7,9,59], and
from magnetic orbital effects [59,60]. We define y, =
v (e £V3wn), v. = Glyul* = lwo?)/2, and R(0) is
an anticlockwise rotation matrix of an angle 0 around x.
This SOI-dependent rotation causes the well-known

suppression e /50 of the g factor [60,61], and also
significantly alters the hyperfine interactions.

If no effort is put in preparing the state of the nuclear
spins [38—41], the Overhauser field & is Gaussian distri-
buted [32,33,37,62], and has zero mean and diagonal
covariance matrix £;; = h’0;8;;/7* [58]. The characteristic
time of hyperfine-induced qubit decay is

h 3N
Ry (4)
A\ oI+ 1)

where v is the isotopic abundance of the nuclear defects,
N = 2zl A,n is the number of atoms in the dot, and A,
is the area of the wire cross section. In particular, for natural
Si and Ge dots with N ~ 10* atoms [13,43,44], we find
7g; 7 0.36 pus and 7g, ~ 0.11 us [63]. The dimensionless
diagonal elements of X are

6, =02 and Oy, = Oy + e~ (2E/50) (0"9.,Z —-oy), (5)

and at /g = 0 they attain the values

Ay = Ay [ dollunl? + Nyl £ 2V3Relpi ).

(6a)

3 1 2
A=, [ao(SwaP-3wmP) . (@

The DRSOI renormalizes o,. to the mean value
oy = (69 +02)/2: this renormalization has important
consequences on the qubit dynamics. The dependence of
a? on strain [64—-68], on the direction of the field, and on
extra valence bands is discussed in Sec. I B of [58].

Tunable hyperfine noise in spin qubits.—Because of the
anisotropy of the hyperfine interactions, the spin dynamics
strongly depends on the direction of the external fields. For
simplicity, we consider B aligned along the confinement
axes, such that b||B [69-72], and we analyze the dephas-
ing of an idle qubit by finding the transition probability
P(t)=(|[(—|e"Ho!/"|+)|?)  between the states |+£) = (|0)+
1))/V/2. Here, |0, 1) are eigenstates of b - & and the outer
brackets indicate the average of h over a Gaussian
distribution with covariance X [29,32,62,73].

For typical values |B| ~ 100 mT, the hyperfine broad-
ening is small, i.e., |b|%/h\/a_l- > 1, and

L 1elPT coslwpt + (1))
PG emar ey

where ¢(r) = arctan(¢/7;) + arctan(¢/z,). The hyperfine
interactions parallel to b dampen the coherent spin pre-
cession with frequency wgz = |b|/h by a Gaussian factor
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FIG. 1. Gaussian decay time T in idle qubits in rectangular
wires. We examine Si (solid lines) and Ge (dashed lines) dots
when E, =0 and show T for different directions of B as a
function of L,/L,. In (a) and (b), we study wires grown along the
CA and DRA, respectively. Confinement (crystallographic) axes
are shown with black (blue) arrows.

with time scale Ty = 7/ NGE while the transverse inter-
actions cause a power law decay with time scales 7; =
wpT* /o' [27,29]. We call o) and ' the dimensionless
diagonal elements of X in Eq. (5) parallel and perpendicular
to b, respectively. Equation (7) is derived in Sec. II of [58],
including also arbitrary field directions.

The power law tail is observable when 7,,/T, =
wpT /0| / 012 < 1, a condition that requires highly aniso-
tropic hyperfine interactions when wp is in the GHz range.
This anisotropy can be engineered by the confinement
potential. For example, in rectangular wires [10] grown
along the crystallographic axes (CAs), high aspect ratios
L,/Ly,>1 enable Ising hyperfine interactions o ho,
because the ground state comprises HHs polarized
along the tighter confinement direction [26,27,29,30]. In
Fig. 1(a), we show that the anisotropy decreases in typical
Si and Ge wires where L, ~ L, resulting in a fast Gaussian
qubit decay for any direction of B. In particular, at L, = L,
the Gaussian times T}, at B|ji = {x,y,z} are related by
Ty =Ty~ T§/2, consistent with LH dots [30].

The hyperfine interactions are strikingly different when
the cross section is rotated by z/4 with respect to z, as
illustrated in Fig. 1(b). We call this orientation direct
Rashba axes (DRAs) [45] because it guarantees the largest
DRSOI in wires [8,9,72]. First, because of the sizeable
HH-LH mixing even in planar heterostructures, yielding
DRSOI [74], the hyperfine interactions are non-Ising at
L,/L, > 1. The hyperfine anisotropy is still pronounced in
wide Ge wires, but it decreases notably in Si, where the spin
decay remains Gaussian with times 7} of hundreds of
nanoseconds. Surprisingly, however, we find that the
interplay of confinement potential and anisotropies of
Hix [8,53], restores Ising interactions at specific aspect
ratios L,/L,~1.3(2.7) in Si (Ge). At these points the
system has a HH-like ground state polarized along y and
Ty — oo when B_Ly, see Fig. 1(b), resulting in sweet spots
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FIG. 2. Tunability of the hyperfine interactions. In (a) and (b),
we show T, against E, in Si wires grown along the DRA with
square and equilateral triangular cross sections, respectively. E|
is measured in units of e./eL ~3.22 x (L/10 nm)~> V/um.
Solid (dashed) lines represent results that include (neglect)
DRSOL, see Eq. (5). In (b) we include the decay times 75" of
qubits in SA wires (thin dashed lines); lso/L is shown in
dashed gray lines. In (c), we show the g factors in triangular
and square wire qubits. Black, blue, red lines correspond to B
aligned to x, y, z direction, respectively, and we use [, = L. In
(d), we include high energy states in triangular wires and
compare cross sections having different aspect ratios r and the

same area A/, = \/§L2/4. Here, L = 30 nm.

where the qubit lifetime is largely enhanced and where
the spin decay has a slow power-law tail with a longer
timescale 7, = wz7>/ o, of tens of microseconds.

The presence of sweet spots for certain L, /L, suggests
that the anisotropy of the hyperfine interactions could also
be externally controlled by an electric field E,, which
compresses the wave function to the upper boundary of the
wire. In Fig. 2(a), we study a square Si DRA wire with side
L, and we show the effects of the E, modulation of the
wave function width on 7" by solid black, dashed blue,
and dashed red lines, respectively. A similar analysis
for cylindrical Ge-Si core-shell nanowires is provided in
Sec. I B of [58]. As anticipated, we observe the appearance
of working points at Eq, ~ 3.1¢./eL where hyperfine noise
is suppressed by ~20 times when B_ly, as seen by
comparing the blue curves to the black and dashed red
ones in Fig. 2(a). Here, €, = h%n’y,/mL?, and for typical
wires with L =20 nm, the field Ey~1.25 V/um is
experimentally accessible.

However, E, also produces a large DRSOI [8.,9], that
does not affect T but strongly reduces T at Eyy, yielding
Ti~Ty~7/\/oy < T}, see Eq. (5) and the solid lines in
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Fig. 2(a). As a consequence, in this system the hyperfine
sweet spot remains only when B||x. We note that this field
direction is useful to store information, but it is incompat-
ible with EDSR, that requires that the Zeeman and spin-
orbit fields are perpendicular to each other [16].

Strikingly, this issue is resolved in Si DRA FinFETs with
triangular cross section [13,43-45], where the hyperfine
sweet spots appear when B_lx. In fact, as shown in
Fig. 2(b), the field directions minimizing the hyperfine
noise depend on the shape of the cross section, and in
contrast to square wires, in triangular fins 75° > 1873 at
E, ~59¢./eL. Here, E, pushes the wave function to a
corner, favoring a HH polarization along x, see Sec. 1B
of [58]. More remarkably, because triangular wires lack
inversion symmetry [45], the DRSOI o /g is also switched
off close to E, [dashed gray line in Fig. 2(b)], resulting in a
highly coherent qubit, largely unaffected by both hyperfine
and charge noise [45]. To drive these qubits, it suffices to
switch on the DRSOI by tuning E, with experimentally less
demanding all-electric protocols.

In Fig. 2(b), we also compare the hyperfine noise in
DRA FinFETs and in state-of-the-art devices [13,43,44],
where the fins are grown along the standard axes (SAs)
z||[110] and y[|[100]. In this case, we estimate TH" ~
0.2-0.6 us depending on the direction of B, in reasonable
agreement with experiments [13]. At the sweet spot DRA
fins yield max(THR*) ~ 5 max(T3"). We emphasize that
because 7 o 1/4/v [see Eq. (4)], the hyperfine noise in
DRA wires is comparable to the noise in isotopically
purified SA wires, where u‘sslo = 800 ppm [20,21] and the
decay time max(T3*) is 7.5 times longer than in natural Si.

We note that the position of the hyperfine sweet spots
coincides with a minimal value of the g factor and with a
small Zeeman energy, see Fig. 2(c). However, the hyperfine
noise is suppressed in a broader range of E in the vicinity
of Ey, and E;, where the g factor is sizable. We find also
that the hyperfine sweet spots persist when high energy
valence bands are considered [58] and are robust against
small variations of the aspect ratio r of the triangular cross
section. In these cases, as shown in Fig. 2(d), the sweet
spots are shifted to different values of E|. Interestingly,
when r > 1, we observe a cross-over between a regime
where T} < T} as in equilateral triangles to a regime where
T¥> Ty as in square wires. Similar transitions can be
induced by strain, as discussed in Sec. I B of [58].

Hyperfine noise during qubit operations.—The DRSOI
enables fast Rabi oscillations and qubit operations via
EDSR [16]. Neglecting small hyperfine-induced EDSR
terms [62,75], this effect originates from an ac electric field
applied along the wire, that shifts the dot from its static
position by d(t) = dy sin(wpt). To obtain the fastest osci-
llations, we consider here a Zeeman field b = hwg|0,
sin(@p), cos(0g)], perpendicular to the DRSOI, and we
work at resonance wp = wp. In a frame moving with

the dot, h becomes time-dependent h(z) because
['(ry) = IT'[ry + d(t)e.], see Eq. (3), and the spin dynamic
changes drastically [76,77]. Moving to a frame rotat-
ing with frequency wp around b, and in the rotating
wave approximation, only a few Fourier components

h" = wp [F¥? dte™v'h(1) /2 contribute [76], and

hag + h) h
Hyn—L Lo —1—7"61.

5 (8)

The Rabi frequency is wgp = wpdy/lso, hﬁ = h)sin(0p)+
h?cos(g), and h' = hjcos(0p) — hlsin(6z). The terms
discarded are negligible for small but finite drive, with
dy 2 lso+/0;/ wp7, see Sec. 1 C of [58]. A generalization of
Eq. (8), valid off resonance, is also derived in [58].

In hole dots, /g0 ~ 10 nm [13,14] is rather short and
small driving amplitudes dy/I, < 1 suffice for fast qubit
manipulation. In this case, the covariance of h is

dg 412 d
2 é[GL—FEGM] 0 —lou
== 0 o o |-
d
_ﬁUM 0 U”
where ¢, | =o0,, F (6,—0,)sin(fg)* are the compo-

nents of the hyperfine noise parallel and perpendicular
to b, respectively [see Eq. (5)].

From Egs. (8) and (9), one expects a Gaussian and a
power-law decay determined by Xf, and Z£;, respectively.
We emphasize that because of the weak driving the
Gaussian timescale is enlarged by [/./d,, thus enhancing
the coherence of qubit operations [76] to a level comparable
to magnetically driven spins [78]. Also, the power-law
timescale 7; = wR%2/6|| o dy is now comparable to the
Gaussian timescale even for rather isotropic hyperfine
interactions, in striking contrast to idle qubits.

More precisely, the spin-flip probability averaged over a
Gaussian distributed field 2 with covariance =X is [58]

1 1el(PA)/2130)] 2
PR(I)%*—*e R COS[th+¢R(t)/ }’ (10)

with  ¢g(1) = arctan(t/7,) — wgt®(ZR /Z8)?/ (1 + ©3).
Surprisingly, we observe that the strong DRSOI not only
quantitatively renormalizes XX, but also introduces off-
diagonal elements =, = XX that alter the spin dynamics
qualitatively. In particular, they result in a time-dependent
Gaussian timescale

L ada
TIZQ(Z) T2< 72 I%O o) r + 77 ’

that interpolates between the short time 7. = f/\/ZK,,
when t< 7, to the longer time T. = (T2*-
aﬁ,,d%/illéoon)_l/z > T_, when t > 7.
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FIG. 3. Spin decay during qubit operations. In (a) we show the

relevant decay times when B||y (blue) and B||z (red) of a qubit in
a Si square wire grown along the DRA. Here, [, =1L,
wg/2n =3 GHz, N =10* and d,=0.02l, resulting in
@™ /27 ~ 75 MHz. In (b) we consider E, = 6¢./eL and study
the spin decay of the Rabi oscillations and its deviation from
purely Gaussian and power-law scaling.

A comparison between different timescales in a typical
Rabi experiment is shown in Fig. 3(a) and we note that in
this case, the decay times are of tens of microseconds, much
longer than in idle qubits. Rabi oscillations with similarly
high coherence were recently observed in hole Si FinFETs
[13]. We also predict that at the large values of DRSOI
achieved in current experiments [12-15] the interplay
between the different decay times will yield measurable
effects, see Fig. 3(b), further decreasing the effect of
hyperfine noise during qubit operations.

In conclusion, we studied the hyperfine interactions of a
hole spin qubit in elongated quantum dots and we showed
that they can be tuned over a wide range of parameters by
device design and by external electric fields. In certain
devices, this tunability enables sweet spots where the
hyperfine noise is strongly reduced and becomes compa-
rable to isotopically purified materials. Remarkably, in Si
FinFETs charge and hyperfine noises are both suppressed
at these sweet spots, pushing this architecture towards
new coherence standards. Combined with the high speed
and fidelity of operations, these highly coherent qubits
can be reliable building blocks for scalable quantum
computers.
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