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S1. ESR- AND NMR-TYPE MAGNETIC FIELD “CLOCK” TRANSITIONS (CT)
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FIG. 1. Description of ESR-type CTs. A, The eigenstate energies of Si:Bi as function of
magnetic field. The color scale shows the logarithmic distance to pure Bell states (Landau-
Zener (L-Z) anticrossings) in the |mg, my) basis, defined as log(|6 — w/4|) for an eigenstate
|®) = cos(9) F%,m; + 1) £ sin(0) ‘:l:%,ml F 3). The Bell state at 0 mT is barely visible here
due to degeneracy. B, ESR-type CTs with AFAmp = +1 in dark blue and —1 in light blue. The
four involved eigenstates, which are two pairs of hyperfine coupled states in the |mg, my) basis,

form a subspace of the Hilbert space.

Below we discuss the general requirements for ESR and NMR-type CTs for systems with
electron spin S = 1/2 and nuclear spin I and assuming an isotropic hyperfine coupling,
with a particular focus on Group V donors in silicon. This letter is the first measurement of
ESR-type CTs to our knowledge, though they have been theoretically described by Moham-
mady et.al. [, 2] for donors in Si, in particular Bi. On the other hand, NMR-type CTs have
been used in various systems in the past [3, 4], including in phosphorus donors in silicon [5],
to reduce sensitivity to magnetic field inhomogeneities (i.e. increase frequency resolution)
or to increase nuclear coherence times.

In the basis of the electron and nuclear spin |mg, m;), the isotropic hyperfine interaction
(AT - S) couples pairs of states within the Hilbert space such that [Amg = £1, Am; = F1].
In the strongly coupled electron-nuclear spin basis |F, mp) (F = [+S,mp = mg+my), these
pairs of states share the same mp value. When the static magnetic field is increased, the
Zeeman energy rises to the same order of magnitude as the hyperfine interaction, resulting
in avoided Landau-Zener crossings between states with mpr < 0 as shown in Figure [TA.

ESR-type CTs are located between pairs of these avoided crossings.
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FIG. 4. Uncertainties in certain Hamiltonian parameters, relevant for the estimation
of A. This figure shows the relative error in the hyperfine constant as a function of relative error in
electron (7.) or nuclear () gyromagnetic ratio. Errors in the static magnetic field By correspond
to equal relative changes in both 7, and ~,, as shown by the arrow. The red box summarizes the

extent of experimental uncertainties.

the nuclear gyromagnetic ratio, was simultaneously fitted with A as no value for ~, has
been reported for Si:Bi with good accuracy. We estimate a possible miscalibration of our
magnetic field of up to 0.6 mT; the regression was realized for various values of By giving a
final estimation of A = 1.475169(7) GHz and v,, = 6.9(2) MHz/T. The sensitivity of A to
these errors is reported in Figure [d Finally, the small error in mean value of A is mitigated
by the known distribution of hyperfine of AA ~ 60 kHz across the sample, attributed to
lattice strains.

The good accuracy in 7, may seem slightly surprising considering this highly mixed
regime. However, it can be noticed that the difference in transition frequency between
AFAmp =41 and AFAmp = —1 is exactly 27, By, independent of A or .. Consequently,

the simultaneous fitting of these two transition frequencies offers this higher accuracy.

S5. ELECTRIC FIELD CLOCK TRANSITIONS

In the experiments reported in the main text, CTs were used to reduce the sensitivity
of electron spin to magnetic field variations, as quantified by df /dB. While magnetic field

noise is indeed the main decoherence mechanism in bulk materials, this may not be the case
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FIG. 5. Clock transitions in Si:Bi where df /dA = 0 which should be robust to electric
field noise. Both ESR- and NMR-type CTs can be observed, as for magnetic-field CTs. One
further ESR-CT is found at higher magnetic fields (2.6 T, not shown).

SAs (I =3/2)||'?1Sb (I =5/2)| *3Sb (I =7/2) 209Bi (I =9/2)
Amg = +1,m; = ~1/2 —-1/2| -3/2 ||-1/2|-3/2|-5/2|—1/2|-3/2|-5/2|-7/2
Magnetic field (mT) 53 117 39 114 | 38 | 23 |2607| 868 | 519 | 369
Frequency (GHz) 1.43 321 092 | 3.17]0.98 | 0.49 |72.64|23.18(12.57| 7.30

TABLE II. Summary of ESR-type electric-field CTs in donors in silicon. At the given
magnetic fields, the electron and nuclear spins are weakly coupled and the eigenstates must thus
be expressed in the |mg, ms) basis. The [Amg = £1,Am; = F2] (AFAmp = —1) transitions
are nearly completely forbidden here; they would have been found at the same magnetic field as
the [Amg = £1,Am; = 0] (AFAmp = +1) transitions, but separated by less than 40 MHz in

frequency.

in nanoscale devices where the electric field at interfaces could couple strongly with both
the donor electron and nuclear spins through the hyperfine interaction (and also, to lesser
extent, through a modulation in the electron spin g-factor). The sensitivity of a spin to
this effect can be quantified by the gradient of the frequency with respect to the hyperfine
constant df /dA, combined with values for the DC Stark effect for donors in silicon (which
for Group V donors is in the order of 1072 ym?/V?, as a fractional change in the hyperfine
coupling [12, [13]). Those CTs which will be most robust to electric field noise (df /dA — 0)
are identified in Si:Bi in Figure [5] and in Table [[I] for all Group V donors in silicon.

In practice, both magnetic and electric field fluctuations will participate to the donor spin
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decoherence. There will thus be an optimal CT, at a specific magnetic field and frequency,

where the coherence time would be maximum. For example, the magnetic field CT near

188 mT in Bi has the lowest value of df /dA out of the four possible CTs. In other scenarios,

it might be advantageous to minimise the inhomogeneous broadening as much as possible

(e.g. for coupling a spin ensemble to a microwave resonator), and this would also require

different optimal operating points within the Hilbert space of the bismuth electron and

nuclear spins.
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