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Materials and Methods 
The sample used here measured 11.8 x 4.5 x 1.7 mm3 and was cut from segment 

Si28-10Pr11.02.2 located near the seed end of the Avogadro crystal (4). It was etched in 
HF/HNO3, which is essential to remove surface damage, which would otherwise strain 
the sample and broaden the D0X transitions. The sample is enriched to 99.995% 28Si, and 
contains 46 ppm 29Si, 5x1011 cm-3 P, 5x1013 cm-3 B, <1013 cm-3 O and <1014 cm-3 C. 

 
Some aspects of the experimental apparatus were described in our preliminary study 

(19), while the improvements discussed here are detailed in Figure S1. The sample sits 
loosely in a cavity in contact with the liquid He coolant. The temperatures given here are 
those of the He bath as determined from the He vapor pressure. The sample is centered 
between the polefaces of the iron-core electromagnet which supplies the static magnetic 
field B~845 G. For stabilization purposes, B is monitored at the center of one of the 
polefaces with a Gaussmeter. While the stated value of ~845 G is corrected for the 
difference of B between the pole face and sample location, the exact field at the sample is 
not known. As outlined previously (19), the RF↑ and RF↓ resonance frequencies were 
determined as a function of B to ensure that we were working at B0, the field at which 
RF↓ is at a minimum and RF↑ is at a maximum, greatly relaxing the homogeneity and 
stability constraints on B. The exact resonance frequencies at B0 (19) and the Si band gap 
energy (33), and thus the D0X transition energies, have a small dependence on T and He 
vapor pressure, which had to be taken into account when changing the sample 
temperature. 

 
Optical excitation is provided by three lasers through computer-controlled shutters. 

The above-gap 1047 nm radiation comes from a diode-pumped Nd:YLF laser, with a 
typical intensity at the sample of 0.5 mWcm-2. The two resonant excitation sources are 
tuneable, single frequency Yb-doped distributed feedback fibre lasers, followed by Yb-
doped fibre amplifiers capable of providing up to 1 W of output power. Typical resonant 
laser powers at the sample were 10 mWcm-2 for the readout laser and 250 mWcm-2 for 
the polarizing laser. The resonant lasers were locked and scanned with respect to a 
stabilized reference cavity, which was itself locked to a frequency stabilized HeNe laser. 
The NMR sequences occur with the laser shutters closed, and efforts were made to 
minimize background light falling on the sample under these conditions. 

 
The RF magnetic field B1 was orthogonal to B, and produced by a 10 turn Cu coil 

with an approximate cross section of 20x40 mm2, and length of 40 mm. The coil was 
matched to 50 ohms by a tuning circuit external to the He dewar at 58.75 MHz, half way 
between the ~55.847 MHz RF↑ and ~61.677 MHz RF↓ frequencies. The synthesizers used 
to generate RF↑ and RF↓ were driven by a 10 MHz Rb clock to improve frequency 
stability. A low RF power of ~60 mW was used in these experiments, resulting in π pulse 
lengths of ~500 μs. 

 
The apparatus was still configured to collect any resonantly generated D0X 

luminescence from the sample, as used previously (17-19) to monitor D0X creation, but 
the low 31P concentration in the present sample made this luminescence almost 



impossible to detect. Instead, the change in conductivity resulting from Auger electrons 
was detected using a noncontact, capacitive photoconductivity approach. This noncontact 
approach eliminated any possibility of straining the sample, and also eliminated the need 
for ohmic contacts. As shown in Figure S1, the sample was an element in a parallel plate 
capacitor, with no direct electrical contact between the sample and electrodes. A 114 kHz 
sine wave, with amplitude of 20 V PP, was applied to one electrode, and the other 
electrode was connected to a high gain, high impedance amplifier. A phase-shifted and 
attenuated signal was coupled to the same input through a 1 pF capacitor, forming an 
impedance bridge which allowed the signal coupled through the sample to be cancelled 
under any particular illumination conditions. The out-of-balance bridge signal was then 
fed to a lock-in amplifier, with the output being the photoconductive signal of interest. 
For the collection of spectra, as in Figure 1, the readout laser was additionally chopped at 
40 Hz, and a second lock-in amplifier was used to process the photoconductive signal and 
detect only the component resulting from the chopped readout laser. 
 

Supplementary Text 
Photoneutralization 

At the low impurity concentrations used here, donor-acceptor-pair recombination is 
very slow (34). After illumination with above-gap light the majority of the donors and 
acceptors will remain neutral for very long times in the absence of light capable of 
photoionizing the impurities, although it is possible that some recombination, and thus 
loss of D0 population, takes place during the long dark times needed to measure T2n. At 
4.2 K we obtained resonant D0X hyperpolarization and AEDMR signals for hours after 
only a brief photoneutralization, but as the temperature was lowered these signals rapidly 
weakened, requiring the application of a small amount of 1047 nm radiation during the 
polarization and readout periods. We believe that this change with temperature resulted 
from the formation of overcharged acceptor centers (A+) on the excess boron, since the 
problem was absent in n-type material, and the A+ centers have a very small binding 
energy (35), explaining the temperature dependence. Note that the lasers tuned to lines 4 
and 6 will, in addition to any resonant D0X creation, also cause a very weak nonresonant 
photoionization of all D0 and A0 via their photoionization continua. The A+ formed by 
free hole capture on A0 would compete with D+ in capturing e‒, forming acceptor bound 
excitons (A0X), and then via Auger recombination A‒ and h+, resulting eventually in all 
of the donors becoming ionized in the absence of above-gap excitation. 
 
Comparison of new hyperpolarization method with previous scheme  

The necessity of having above-gap excitation at 1047 nm to achieve donor 
photoneutralization in the present p-type sample required changes to the previous method 
of donor hyperpolarization (18), which was used in the preliminary study of optically 
hyperpolarized/detected NMR of 31P in n-type 28Si (19). In comparison to our new 
method as outlined in Figure 1 (B), the previous scheme used only the high power 
polarizing laser tuned to line 6, Auger-ionizing donors in state |2〉, with some of the 
thermalized electrons being recaptured with opposite spin into |3〉. D0 in |1〉 and |4〉 
transfer via the W and R relaxation processes, which are very slow in the dark but more 
rapid in the presence of free carriers, to |2〉 where they are rapidly ionized. While this 



method could give Pn = 0.76 for n-type material in the absence of above-gap excitation 
(18), with the present p-type sample and the necessary above-gap excitation the 
maximum nuclear polarization achievable with the previous method was Pn = 0.35. The 
reduced nuclear (and electronic) polarization in the presence of above-gap excitation 
result both from the increased speed of relaxation processes induced by the free carriers, 
as well as from the Auger ionization of D0 in all four hyperfine states by the formation of 
D0X via the random capture of free excitons onto D0. 

 
The Pn = 0.90 achieved by the new hyperpolarization scheme is a major 

improvement on these earlier results. In addition, the new scheme also shortened the 
polarization time constant under these conditions from ~1 s to 100 ms. Taken together, 
this method is much faster and more effective than any previous (7, 11, 19) nuclear 
polarization scheme for impurities in semiconductors. Note that the nonresonant optical 
hyperpolarization method reported (11, 20) for donor nuclear spins would not be useful 
under the present conditions, since it requires a high magnetic field to produce a large 
equilibrium electron polarization, which is transferred to the nuclear spins. 
 
Quantum process tomography 

The density matrix of a quantum state can be experimentally uncovered through a 
number of repeated measurements in different bases (requiring multiple copies, or 
preparations, of the state). This is known as quantum state tomography, and can be 
performed in a variety of different ways (36). Having established a method for 
experimentally determining quantum states, one can also characterise the nature of a 
process applied to a quantum state, be it a unitary operation such as a coherent 
manipulation or a non-unitary one such as relaxation or decoherence. This requires 
preparing a number of known initial states (characterized by state tomography), applying 
the process, and then measuring the outcome. For a single qubit, we prepare four input 
states (corresponding to |0〉, |1〉, |+〉 and |i〉, or in terms of a spin magnetization, +Z, −Z, 
+X and +Y), and use the resulting output states to compose a process matrix, in the basis 
of the operators I, X, Y, Z (36). In practice, the initial state preparation is imperfect, so 
we perform the tomography of i) the state preparation process, χprep, and ii) the combined 
process of state preparation process followed by dynamical decoupling, χtotal. We can 
then use these to compose the process describing the dynamical decoupling alone, χdd. In 
summary: 

 
χtotal(ρ) = χdd(χprep(ρ))      (S.1) 
 
In Figure S2 we show the quantum process matrix, χdd, for both 16 s and 112 s of 

dynamical decoupling, as well as some ideal process matrices to guide the interpretation 
of what we observe (namely, those for the Identity operator, pure dephasing, and 
relaxation to a maximally mixed state). After 16 s, the process matrix has amplitudes 
<0.02 in all elements apart from |I〉〈I|, showing a good approximation to the Identity 
operator, as desired for state preservation. The next greatest element is |Z〉〈Z|, 
corresponding to pure dephasing. After 112 s, we see that the Identity component has 
decreased, indicating the corruption of the initial state. Although the |Z〉〈Z| component is 
greatest, suggesting that there is some dephasing, the considerable amplitude of |X〉〈X| 



and |Y〉〈Y| is consistent with some relaxation to a maximally mixed state. Given that the 
nuclear T1 is expected to be extremely long (hours) under these conditions, we attribute 
this to pulse imperfections, although as discussed previously there may also be some loss 
of D0 due to ionization. We can therefore conclude that if pulse errors are reduced, for 
example using composite pulse sequences, that the storage time in the 31P nuclear spin 
could be even longer. 

 
 
 

 

Fig. S1. 
A schematic of the hyperfine-resolved optical hyperpolarization and photoconductive 
readout apparatus used to detect NMR of dilute 31P in highly enriched 28Si. 



 

Fig. S2 
Quantum process matrices. The application of dynamical decoupling to the nuclear spin 
state for a duration of (A) 16 s and (B) 112 s is characterised by the process matrices 
shown. For reference, we show the quantum process matrix for (C) the ideal Identity 
operator, (D) a pure dephasing process, and (E) a relaxation process, which drives the 
system to a mixed state. The experimentally observed processes can be understood in 
terms of contributions from these three processes. 
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