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Hyperfine-mediated spin relaxation in donor-atom qubits in silicon
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Donor electron spin qubits hosted within nanoscale devices have demonstrated seconds-long relaxation times
at magnetic fields suitable for the operation of spin qubits in silicon of B = 1.5 T. The relaxation rates of these
qubits have been shown at milliKelvin temperatures to be mediated by spin-orbit coupling with a B> dependency
on magnetic field for B > 3T with a transition to a B® dependency at magnetic fields below (B < 3 T). This
deviation has been observed in many spin qubit systems but is particularly notable in multidonor quantum dot
qubits. The reason for this has remained a mystery. In this paper we show that for these multidonor low noise,
crystalline qubits this deviation at low magnetic fields can be explained by a hyperfine mediated relaxation
mechanism of the electron spin through a quantitative model of the relaxation rates. This model identifies the
importance of donor nuclear spin flips which are more apparent in multidonor systems in which the larger
numbers of donor nuclei creates stronger confinement potentials and enhanced hyperfine couplings. We show
theoretically that with atomic precision engineering of the locations of the donor nuclei in these multidonor
quantum dot qubits, and/or nuclear spin control, we can minimize the hyperfine mediated relaxation allowing 7;

to extend to ~200 seconds (B = 1.5T).

DOI: 10.1103/PhysRevResearch.5.023043

I. INTRODUCTION

Quantum bits (or qubits) with long-lived quantum states
are important for minimizing errors during operations. Elec-
trons bound to phosphorus (P) donors in silicon (Si) have
shown exceptionally long spin relaxation times with high
fidelity single and two qubit gates [1] due to the strong
confinement from the donor potential and weak spin-orbit in-
teraction [2—6]. In the case of a single P donor, spin relaxation
measurements have shown 7y = 8 s at B = 1.25 T [4,5] [see
Fig. 1(a)]. In contrast, multidonor quantum dots with up to
three P donors closely packed within the dot have achieved
much longer 7 times of 30 seconds at B = 1.5 T [6] [see
Fig. 1(b)]. In all these devices the phonon relaxation rate was
dominated by a spin-orbit mediated process and observed to
follow a B> dependency at magnetic fields above ~3 T [7,8],
see Figs. 1(a) and 1(b). Interestingly at low magnetic fields,
around B =1 — 2 T, a deviation of the relaxation rate from
the B> behavior has now been observed in multiple devices
[3,6,9]. In the case of a single P donor in a metal oxide
semiconductor (MOS) architecture this deviated has been ob-
served most markedly in devices where the donor is located
close to, and directly beneath, the metal gate that sits above
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the oxide. Here the presence of evanescent wave Johnson
noise (EWJN) from the gate causes spin relaxation since the
metal gate constitutes an electromagnetic reservoir that can
absorb energy [9]. In contrast, precision placed donor devices
using scanning tunneling microscope (STM) lithography are
fabricated in a purely crystalline environment in which the
charge noise has been found to be very low as there is no metal
gate above a dielectric nearby [10,11]. For precision single
donor devices the relaxation rate therefore maintained a B’
dependency down to much lower magnetic fields (B ~ 1.8 T),
see the black squares in Fig. 1(a). For B < 1.8 T, the relaxation
rate of a precision single donor device also starts to deviate
from the B3 line. This is most likely due to the remaining
charge noise in the system [5,11]. For multidonor quantum
dot qubits the low field behavior, however, has been observed
to have a B® [see Fig. 1(b)] rather than the linear B dependency
observed in MOS devices at low magnetic field and the devi-
ation from B> behavior starts to occur at B ~ 2.5 — 3.0 T [6].
In this paper we investigate what gives rise to the deviation
at B <3 T in these multidonor systems and show how we
can use this understanding to increase the values of 7} fur-
ther in donor based qubits. These results are important since
magnetic control of both single and multidonor quantum dot
qubits typically occurs at magnetic fields ~1.5 T [12—14].
Since phonons do not carry any spin angular momen-
tum, they alone cannot flip the electron spin to form a spin
relaxation channel. To achieve this, we require a coupling
mechanism such as the spin-orbit interaction, which mixes the
spin and orbital degrees of freedom and produces the coupling
between spin and phonons. With donor qubits the hyperfine
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FIG. 1. Spin relaxation rates in single and multidonor quantum
dots as a function of external magnetic field, B. (a) The relaxation
rate of a single donor follows a B> dependency in magnetic field and
is explained by a spin-orbit (SO) mediated phonon relaxation process
represented by the dark blue straight arrows in the inset schematic.
The hyperfine mediated phonon relaxation process, shown as HF, is
too small to be observed in the measured single donor relaxation rate.
B is ||[110] crystal direction in all three cases. (b) In contrast, in a
2P and 3P multidonor quantum dot we observe a transition from a
B> dependency at high magnetic field (B > 3 T) arising from spin-
orbit relaxation, to a B*> dependency at low magnetic fields due to
hyperfine mediated phonon relaxation. The data has been measured
with B orientated at 68° with respect to the [100] crystal axis.

interaction between the electron and 3'P nuclear spins (I =
1/2) can also mix the spin and orbital degrees of freedom
as the hyperfine interaction depends on the electron orbital
wave function at the donor site. Together with the presence of
phonons in the lattice these can form alternate spin relaxation
channels.

Similar hyperfine mediated relaxation mechanisms have
been investigated in III-V semiconductors such as GaAs

quantum dot systems [15—17], II-VI semiconductors such as
CdTe/ZnTe quantum dot [18], and donor systems in Si with
a nearby interface [19]. In Table I we compare the electron
spin relaxation mechanisms of multi-P donor quantum dots in
Si with GaAs quantum dot systems. In the low field regime
(B < 3 T) of the P quantum dot in Si system, as we will show
in this work, the hyperfine interaction between the electron
spin and *'P donor / = 1/2 nuclear spin state dominates the
spin-phonon relaxation processes. The spin-relaxation rate
has a B® dependence due to the magnitude of the deformation
potential phonon strain. Similarly, in the low field regime
(B <2 T) of the GaAs quantum dot systems, the hyperfine
interaction between the electron spin and the ®Ga, "'Ga, and
5As I = 3/2 nuclear spin isotopes dominate the spin relax-
ation rates. However, while the deformation potential phonons
mix the valley states of electron in P donors in Si, giving rise to
a B* dependency, in GaAs quantum dot the absence of valleys
result in a higher-order effect with orbital state mixing, giving
the spin-relaxation rate due to deformation potential phonons
a B> dependency [17]. Owing to the piezoelectric nature of the
GaAs crystal, piezoelectric phonons therefore dominate with
a B3 dependency to the relaxation rate [17].

In both the P donor dot in Si and GaAs quantum dot sys-
tems, the hyperfine interaction mostly depends on the electron
density at the nuclear spin sites (contact hyperfine) with the
same effect on rotating the external magnetic field. When
the magnetic field is not large enough to perturb the electron
wave function, changing the magnetic field directions does not
influence the electron density at the nuclear spin sites. In addi-
tion to the contact hyperfine, however, anisotropic hyperfine is
also present due to the dipolar interaction of the electron and
nuclear spin. This anisotropic hyperfine is however usually
three orders of magnitude smaller than the contact hyperfine in
the case of P donors in Si [20-22]. We therefore only consider
the contact hyperfine in which the hyperfine mediated spin
relaxation is isotropic with respect to the crystal axes in both
the donor dot in Si and GaAs quantum dot systems.

In the high magnetic field regime in both systems, the
spin-orbit interaction gives an additional B> dependence, re-
sulting in a total of B> dependency of the phonon relaxation
rate. For P in Si systems, recent papers have shown the spin-
orbit interaction coupling of the external electric fields with
magnetic fields [5] is responsible for the additional B> de-
pendence. In GaAs quantum dot systems, the Van-Vleck
cancellation [17] results in this additional B> dependence. The
strength and direction of the electron effective spin-orbit field

TABLE I. Comparison of the electron spin relaxation mechanisms of P donor quantum dots (QDs) in Si with GaAs quantum dot systems

in both low and high magnetic field regimes.

Low field regime
(B <3T)PinSiQDs

Low field regime
(B < 2T) GaAs QDs

High field regime
(B > 3T) Pin SiQDs

High field regime
(B > 2T) GaAs QDs

1/T; B dependence B’

Dominating phonon

BS

B B

Deformation potential phonons Piezoelectric phonons Deformation potential phonons Piezoelectric phonons

mechanism
Origin of spin mixing Hyperfine Hyperfine Spin orbit Spin orbit
Response to different B Isotropic Isotropic Anisotropic Anisotropic

field orientations
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in both the P in Si and GaAs quantum dots changes when
rotating the external magnetic field with respect to the crystal
axes [5,23,24]. This results in an anisotropic 1/7; magnetic
field dependence for the spin-orbit mechanisms.

In this work, we investigate the hyperfine mediated re-
laxation of both single donor and multidonor quantum dot
electron spin qubits at low magnetic fields. In single donor
qubits we confirm that the nuclear spin is observed to flip
from spin down to spin up at a rate dictated by the hy-
pefine mediated transition of the electron spin and nuclear
spin flipflop [25]. This flip-flop process therefore causes spin
relaxation and a reduction of 7;. This hyperfine relaxation
rate is typically too small to cause a significant deviation of
1/T; from the B’ line in single donors. On the other hand,
the occurrence of this flip-flop process in multiple nuclear
spin systems is large enough to cause a transition to a B3
dependence at low magnetic fields [6]. We use an atomistic
tight-binding methodology [26] to quantify the modulation
of the hyperfine interaction in these multidonor systems in
the presence of deformation potential phonons. The phonon
strain couples the ground and excited states of the electrons
bound to both single donors and multidonor quantum dots.
The hyperfine coupling strength of single electron states can
be determined from electron wave functions obtained by the
20-band nearest-neighboir tight-binding Hamiltonian. This
tight-binding model has been shown to give an accurate de-
scription of the wave function near the donor site, where
crystal symmetry is important and central cell corrections take
place [26,27].

We consider different atomic configurations of donors
within multidonor dots to see what effect the spatial locations
of the donors has on the spin relaxation rate. We observe
that when the donors are separated far apart (>4 nm), the
electron wave function spreads out to a larger extent such
that the hyperfine coupling is lower, and the deviation in the
hyperfine mediated 1/7; from B> is smaller. This tells us
that by positioning the donor locations with atomic precision
[28] we can engineer the hyperfine coupling to minimize this
relaxation process. This result is different to the conclusion of
Ref. [8], where putting the donors close together was shown
to increase the valley-orbit gap resulting in longer 7; times.
Furthermore, we show that if we can control the orientation
of the nuclear spins of each donor using nuclear magnetic
resonance (NMR) such that each nuclear spin is in the up spin
state, then the electron spin qubit cannot flipflop with any of
the nuclear spins and hyperfine relaxation can be completely
avoided so that the 7; time can be extended from 30 s to 223 s.

II. MODELING THE HYPERFINE MEDIATED
SPIN RELAXATION

In the inset of Fig. 1(a) we show a schematic energy level
diagram of the single P donor with | {}) and | {}) nuclear
spin states giving rise to two electron spin | |) to | 1) res-
onance frequencies. The two dark blue straight arrows show
the spin-orbit (SO) coupled electron spin relaxation pathways,
in which the P nuclear spin remains unmodified. The electron
spin can also relax from the state | 1)) to state | | 1) through
hyperfine coupling, as shown as the cross arrow HF resulting
in a concomitant nuclear spin flip. In the inset of Fig. 1(b) we
consider the multiple relaxation pathways now present for a

CB edge

FIG. 2. Comparison between the energy levels and energy split-
tings of a single (1P), a two (2P), and a three (3P) donor quantum dot
qubit. (a) Energy level diagram of a single donor with respect to the
Si conduction band (CB) edge. The ground state [1s(A;)]) couples
with the excited 1s(E) doublet state through both the hyperfine
interaction and deformation potential phonons. (b) The calculated
electron wave function of the 1P donor, obtained from an atomistic
tight-binding method. The electron probability density (represented
by the height of each graph) at the center donor site changes dras-
tically as we go from 1s(A;) (maximum height is scaled to be one)
to 1s(F) [maximum height is 0.086 relative to the 15(A;) maximum
height], then to 2p states (almost zero density at the center). (c) The
energy levels and splittings between the ground |0) and first excited
states |1) of the 2P and 3P systems.

2P donor quantum dot. With two P nuclear spins, there are
four possible initial states for electron spin up and four possi-
ble final states for electron spin down. We therefore have four
SO transitions shown by the dark blue arrows. Each P nuclear
spin can also flipflop with the electron spin, with the other
nuclear spin pointing either up or down, resulting in a total of
four HF transitions shown by the light blue crossarrows.

To calculate the hyperfine mediated spin relaxation rates
it is important to determine which orbital states in donor
systems contribute, see Fig. 2(a). The ground state of an
electron bound to a single donor has a 1s envelope function
with A; valley symmetry, followed by a triplet 7, and doublet
E excited state, each with a 1s envelope function [29]. The
1s(73) triplet state does not contribute to the hyperfine medi-
ated spin relaxation rate [7] since it is composed of +k; and
—k; valleys (i = x, y, or z), whilst the deformation potential
operator [8] in H,, acts as a constant on the two +k; and —k;
valleys, such that 1s(7;) cannot couple with the 1s(A;) state
((Ls(A1)|H,pl15(T2)) ~ (1s(A1)[15(T2)) = 0). The 2p donor
states are also much higher up in energy and have very small
hyperfine splittings since the 2p wave function has a zero
density at the center [see Fig. 2(b)]. As a consequence only the
two 1s(E) states couple to the 1s(A;) states and are included
in our calculations.

In the single donor case the 15(73) state does not contribute
to the relaxation process. In multidonor dots with random sep-
aration axis between the donors, the symmetry of the system
is lowered by the presence of other donors, with the valley
states having a mixture of Xk, +k,, and £k, valleys, such that
in general the deformation potential operator can no longer be
treated as a constant. Now the electron-phonon Hamiltonian
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can have a nonzero matrix element between the ground and
the next higher energy state [see Fig. 2(c)].

After determining the states which contribute to the spin
relaxation processes, we now calculate the corresponding hy-
perfine coupling strengths and resulting relaxation rates. In
multidonor systems, each hyperfine transition can be inde-
pendently treated theoretically in the same way as for the
hyperfine transition of a single donor since only one nuclear
spin flips each time. For simplicity, we focus on the flipping
nuclear spin in the following equations.

The hyperfine mediated electron spin relaxation rate 1/7}
of these ground spin states |0 11’) and |0 |1}'), split by the
Zeeman energy Ez, can be obtained from Fermi’s Golden
Rule:

1 27 / "2

I 7 O [HeplO 14010 (Ez — hag), (1)
where H,), is the electron-phonon Hamiltonian and w, is the
angular frequency of the emitted phonon. H,, can couple the
same electron/nuclear spin states but in different orbitals,
whereas the hyperfine interaction, Hy r, couples both different
orbitals as well as different electron/nuclear spin states. The
perturbed ground state |0 1|}") mixed by the hyperfine interac-
tion is given by [0 11') ~ 0 +{) + S 11§ 4y and

(0 11" [HeplO 14)
1
~ g O Hep LM [Harl0 18), - (2)

where AE is the energy splitting between the ground state |0)
and the higher orbital state |1).
The hyperfine Hamiltonian Hyp is given by [22,30]
Higr = 2 g tgupin o1 55(r)
4 3
0 g, D=L )
514 r

where g, and g, are the electron and nuclear g factors,
respectively,;up and u, are the Bohr magneton and nuclear
magneton, respectively; (o is the vacuum permeability; [ is
the nuclear spin operator and S is the electron spin operator;
and 7 = r7 is the vector joining the electron and nuclear spin.
The first term is the Fermi-contact hyperfine, resulting from
the magnetic interaction between the electron spin and the P
nuclei. This becomes significant when there is an unpaired
electron spin at the nucleus. The second term is the anisotropic
hyperfine which results from the dipolar interaction between
the electron spin and the nuclear spin. Since the resulting
energy splitting of the anisotropic hyperfine is threeorders of
magnitude smaller than the Fermi-contact hyperfine in single
donors [20,21], we only need to consider the contact hyperfine
in our calculations. Substituting the corresponding Hyp in
Eqg. (2), gives the matrix element

(I |HHF|O M) = Cyrg (o) ¥ (ro), 4

= 2’““’ geuBg,lu,, 3 . Here rg is the donor location. The re-
laxatlon rate, 1 /77, is proportional to the product of the ground
and higher orbital states hyperfine splittings Ag and A :

1
A ~ (LU [Hir|0 A0) 12 = CP o (ro) P Y1 (ro) 1 =—A0A1
®)

The electron wave functions of the P donors in crys-
talline Si are obtained by constructing the nearest neighbor
tight-binding Hamiltonian within a 20-band sp’d>s* basis.
Including all sp3d>s* atomic orbitals is necessary to reproduce
the band structure through the Brillouin zone capturing the
bandgap and the X-valley transverse mass of bulk Si crystal
[31-33]. The spin-orbit interaction in Si is included by con-
sidering the atomic spin-orbit coupling between the p-atomic
orbitals, following the method from Ref. [34]. Coulomb po-
tentials with a cutoff value Uy at the center, representing the
central-cell correction, are added to the Hamiltonian. We note
the onsite tight-binding parameters of the P atom have been
fine tuned to capture the measured binding energies of the
six ls valley states [35,36]. The resulting degeneracy and
valley weights of the six ls states also agree with existing
literature [29,37]. This model has successfully captured the
quadratic Stark tuning of donor hyperfine coupling [26,38]
and explained the hyperfine values in a two-donor quantum
dot [39]. The bulk donor hyperfine value of the 1s(A;) state
is Ag = 117.53 MHz [40]. The hyperﬁne values of higher

Ag % and the hyperfine

values of multidonor quantum dots are obtained in the same
way. The resulting hyperfine value of the doublet 1s(E) state,
A; = 10.10 MHz, is much smaller than the ground 1ls(A;)
state (Ap = 117.53 MHz) since the electron density at the
donor site is lower, with the highest density being in the 1s(A;)
state [see Fig. 2(b)].

To determine the total hyperfine mediated phonon relax-
ation rate (1/71)pr, we know (1/T1)gr = KBS|HHF|2, where
K B? contains the energy gap AE between the coupling states
and the electron-phonon coupling, and Hyp is the hyperfine
coupling strength [see Eq. (2)]. This gives (1/T)yr a B>
dependency since Hyr is independent of B. We determine the
KB? term from existing spin-orbit 1/7} measurements [3—6]
and the corresponding spin-orbit strength [5]. This is because
the spin-orbit mediated phonon relaxation rate (1/77)so =
KB3|Hg|?* shares the same K B> with the hyperfine mediated
phonon relaxation rate. We therefore obtain KB by dividing
(1/T))so by |Hso|?. In Ref. [5], we show that while the KB>
term is isotropic to external magnetic field orientations, Hgop
changes its magnitude with different magnetic field orienta-
tions, causing the single donor (1/77)so to be anisotropic. In
Fig. 1(a), the (1/T})so data from Ref. [4,5] has been measured
with the magnetic field along the [110] crystal direction, so we
can extract the strength of Hso to obtain the single donor KB>.
The KB? term of a 2P and 3P multi-donor quantum dot can be
extracted from (1/7})so in Fig. 1(b) which has a magnetic
field oriented at 68° with respect to the [100] crystal direction
as in the experiment [6].

orbital states are given by A} =

III. COMPARISON TO EXPERIMENTAL RESULTS
AND MINIMIZING THE HYPERFINE MEDIATED
SPIN RELAXATION

A. Single donors

In Table II, we compare the hyperfine mediated spin re-
laxation rate (1/7)yr of the electron spin obtained from
our model with recent measurements of the nuclear spin
flip relaxation rate in a single donor MOS device [25]. This
allows us to determine if the electron spin does indeed flip-flop

023043-4



HYPERFINE-MEDIATED SPIN RELAXATION IN ...

PHYSICAL REVIEW RESEARCH §, 023043 (2023)

TABLEII. Comparison of the hyperfine mediated spin relaxation
rate from our model with the measured nuclear spin down-to-up flip
rate in a single donor MOS deviceat B=1.77Tand T < 1 K.

Hyperfine mediated 1/7;

(our model) 0.0087 + 0.0003 Hz

Measured nuclear spin 0.0154 +£0.01 Hz

down-to-up flip rate [25]

with the nuclear spin at the same rate. Here we see that at
B =1.77 T the hyperfine mediated rate obtained from our
model is less than a factor of two different from the measured
nuclear flip rate, within the error bars of the measurements
[25]. Significantly, the hyperfine mediated electron relaxation
rate, (1/T1)gr = 0.0087 Hz is much smaller than the EWIN
induced electron relaxation rates observed in MOS devices,
which range from 0.15 to 2 Hz at B = 1.77 T [9]. The hyper-
fine mediated electron relaxation rate, (1/77)gr = 0.0087 Hz,
is also more than one order of magnitude smaller than the
spin-orbit mediated relaxation rate, (1/7})so = 0.2606 Hz
[3-5] at B = 1.77 T. We can therefore conclude that in a single
donor device it will not be possible to directly observe the
hyperfine relaxation rate from electron 7} measurements when
B > 1T[3-59].

B. Multidonor dots

The spin relaxation in multidonor dots such as 2P (1/7})so
is an order of magnitude smaller than the single donor 1P
(1/Ty)so (see Fig. 1). This result is a consequence of the
larger energy splitting between the coupling states in the 2P
dot due to the stronger confinement potential which yields
a smaller (1/71)so [8]. In contrast the 2P (1/T;)yFr can be
an order of magnitude larger than 1P (1/7;)yF since the
electron wave function is now more localized in a multidonor
quantum dot due to the deeper Coulomb potential pulling the
electron wavefunction into the core [8,22]. As a consequence
the ground state hyperfine constant for a two-donor quantum
dot (depending on the exact locations of the donors within the
dot) can reach a much larger hyperfine value A = 366 MHz,
compared to the bulk single donor value, A = 117.53 MHz
[22]. With more donors there are also more nuclear spins for
the electron spin to flipflop with, leading to a further increase
in the total spin relaxation rate. Charge noise in precision
donor devices in crystalline silicon is very low [10,11] in
contrast to MOS devices where EWJN dominates with a linear
B dependency at low magnetic fields [9]. As a consequence in
multidonor quantum dots the hyperfine mediated relaxation
mechanism thus becomes the dominant relaxation mechanism
at low magnetic fields where the spin qubit operates.

Figure 3 shows a comparison of the calculated and mea-
sured electron spin relaxation rate for multidonor quantum
dots that contain two (2P) and three (3P) donor atoms as
a function of magnetic field B. The red lines in Figs. 3(a)
and 3(b) represent the B (1 /T1)so spin relaxation process.
We calculate the relaxation rate SO + HF by considering
all possible relaxation pathways [there are a total of eight
pathways for a 2P dot, see inset of Fig. 1(b), and 20
pathways for a 3P dot], from all possible initial spin configu-
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FIG. 3. Importance of hyperfine mediated phonon relaxation in
multidonor quantum dots. The observed deviation of the spin relax-
ation rate to a B> dependence with magnetic field [6] can be explained
by considering the hyperfine mediated relaxation rates and adding
them to the spin-orbit mediated relaxation rates. (a) Electron bound
to a 2P donor quantum dot with five different configurations from
D1 to DS. (b) Electron bound to a 3P donor quantum dot with three
different configurations D1, D2, and D3. The experimental data has
been measured with B oriented at 68° with respect to the [100] crystal
axis.

rations (equally weighted). We assume all initial nuclear spin
orientations within the 2P and 3P dots are equally populated
as they follow the Boltzmann distribution at 7 = 100 mK
[6] (KgT = 8.6 ueV), with a nuclear Zeeman (~0.1 peV at
B =2 T) and hyperfine difference between different nuclear
spin configurations (Ay/2) ~0.7 pueV.

We consider multiple different configurations of the donor
atoms within the lithographic patch of the quantum dot pat-
terned by STM [6], D1-D4 [see Fig. 3(a)]. From this we can
see that for the 2P case, the D3 configuration (dark blue line)
where the donors are 1.21 nm apart is consistent with the
relaxation rate deviation observed, experimentally represented
by the vertical error bars. The closest interdonor configura-
tion (D1 purple line) with the donors 0.54 nm apart has the
strongest hyperfine coupling as the electron wave function is
strongly confined and results in the largest deviation from the
spin-orbit relaxation (red line). In contrast, the D4 farthest
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interdonor configuration (green line) with the donors 1.58 nm
apart has the least deviation from the red line.

To see if we can minimize the hyperfine relaxation further,
we separated the two donors along [100] by 4.89 nm {[D5
in Fig. 3(a)]. Here the hyperfine value of each donor reaches
a minimum Ay = 52.94 MHz, as shown in Ref. [22]. The
corresponding 2P (1/7T;)yr = 0.0018 Hz at B=1.5 T, is
now much smaller than (1/7T1)so =0.0213 Hzat B=1.5T
[extracted from the red line in Fig. 3(a), assuming D5 (1/7;)so
is similar to the red line]. The total relaxation rate, as shown
in the black dashed line in Fig. 3(a), now shows almost no de-
viation from the B> behavior indicating that we can minimize
the hyperfine mediated spin relaxation process. Furthermore,
the 2P (D5) hyperfine relaxation rate, (1/77)yr = 0.0029 Hz
at B = 1.77 T, is smaller than the 1P hyperfine relaxation rate
(1/Ty)gr = 0.0087 Hz at B = 1.77 T, as shown in Table I, in
contrast to a closely spaced 2P where (1/T7)yr is much larger.
With current STM patterning technology [28], it should be
possible to engineer donor locations to achieve 77 = 45 s (ex-
tracted from the black dashed line), compared to the currently
measured values of T} = 15satB =1.5T [6].

For the 3P case, both D1 (yellow line) and D2 (dark blue
line) represent configurations, in which the donors are placed
within the lithography patch [see Fig. 3(b)] with separations
between the three donors of 0.77 and 1.09 nm. They both
provide a consistent fit with the measured 1/7; deviation. As
with the 2P case, we can increase the separation between the
three donors to ~4 — 5 nm, as shown in D3 in Fig. 3(b), where
now the hyperfine relaxation rate (1/7})yr = 0.0007 Hz at
B = 1.5 T becomes very small. Here we have minimized the
hyperfine mediated relaxation process and the total relaxation
rate (black dashed line) follows the red line in Fig. 3(b), giving
T; times ~207 s, much longer than the currently measured
valuesof 30satB=1.5T [6].

Importantly, we find that we can also completely switch off
the hyperfine mediated spin relaxation by fixing the nuclear
spins into well known states making the hyperfine transition
forbidden. If the nuclear spins are controlled and fixed at
the | M) state for the 2P and | M i11)) state for the 3P
donor quantum dot, the hyperfine transitions HF are no longer

allowed since there are no down nuclear spins to flipflop with
the up electron spin [see inset of Fig. 1(b)]. In this case at
low magnetic fields the relaxation rate will directly follow the
red lines in Fig. 3, giving 7} times up to 223 sat B=1.5T.
Initializing the nuclear spin states to set configurations should
be possible using nuclear spin control methods such as NMR
[25] and dynamic nuclear polarization (DNP) [41-43].

IV. CONCLUSION

To conclude, we use a 20 band sp’d’s* atomistic tight-
binding Hamiltonian model to calculate hyperfine mediated
relaxation of the electron spin in multidonor qubits. We
show that the deviation of the 1/7; relaxation rate from B’
to B® at low magnetic fields for both a 2P and 3P multi-
donor quantum dot qubit arise due to the hyperfine mediated
phonon relaxation. We show that by positioning the donors
4 —5 nm apart we can minimize the hyperfine relaxation
rate to achieve T; times of 45 s for 2P and 207 s for
3P, at B=1.5 T. Additionally, by initializing the nuclear
spin to well known configurations | tt) and | M 1)),
the electron cannot flipflop with any of the nuclear spins in
these dots, thereby further suppressing this hyperfine coupling
and leading to 77 values of 223 s in a 3P donor quantum
dot at magnetic fields B = 1.5 T where donor qubits are
operated.
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