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In this Letter, we devise a fast and effective nuclear spin hyperpolarization scheme, which is, in principle,
magnetic field independent. We use this scheme to experimentally demonstrate polarizations of up to 66%
for phosphorus donor nuclear spins in bulk silicon, which are created within less than 100 us in a magnetic
field of 0.35 T at a temperature of 5 K. The polarization scheme is based on a spin-dependent recombination
process via weakly coupled spin pairs, for which the recombination time constant strongly depends on the
relative orientation of the two spins. We further use this scheme to measure the nuclear spin relaxation time
and find a value of ~100 ms under illumination, in good agreement with the value calculated for nuclear
spin flips induced by repeated ionization and deionization processes.
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Nuclear spins in semiconductors have been intensively
studied in the last decades as sensitive probes of the
electronic structure of defects and, due to their exception-
ally long decoherence times [1,2], also as qubits for
quantum information processing [3] or as a potential
resource for a quantum memory [4]. However, their small
magnetic moments and the resulting small polarization
often impede their direct detection by nuclear magnetic
resonance techniques, so that one has to resort to indirect
detection schemes [5-8]. An alternative strategy has
focused on increasing the nuclear spin polarization above
its thermal equilibrium value. Such hyperpolarization
techniques have found widespread applications in magnetic
resonance imaging (MRI) [9], where, in particular, hyper-
polarized silicon nanoparticles have been suggested as
versatile agents for in vivo imaging [10,11]. Further, in
the context of spin-based quantum information processing,
hyperpolarization schemes might be useful to initialize
spin-based qubits [12,13] or to improve the coherence
times of electron spins coupled to a nuclear spin bath [14].

Different hyperpolarization schemes of nuclear spins in
silicon have been discussed, which mostly rely on the
transfer of angular momentum from a polarized electron
spin bath to the nuclear spins. While in direct semi-
conductors, circularly polarized light can be used to create
spin-polarized electrons or holes [15], this approach is not
applicable to indirect semiconductors such as Si, where, in
most cases, high magnetic fields and low temperatures are
required [16-19] to allow for an implementation of
dynamical nuclear polarization schemes [13,20,21].
Recently, an efficient hyperpolarization procedure has been
demonstrated for 3'P in silicon based on the hyperfine
selective optical excitation of donor-bound excitons, which,
however, requires the use of ultrapure isotopically enriched
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28Si [22]. In addition, all of these hyperpolarization
schemes in silicon require time constants of at least 100 ms.
Here, we devise a fast and effective nuclear spin hyper-
polarization scheme based on a spin-dependent recombi-
nation process via weakly coupled spin pairs [23] as
detailed below. We use this technique to experimentally
demonstrate a large polarization of phosphorus donor
nuclear spins in bulk silicon with natural isotope compo-
sition, which is created within less than 100 us in a
magnetic field of 0.35 T at a temperature of 5 K.
Considering a weakly coupled spin pair consisting of
two electron spins ¢; and e, (blue and red arrows in Fig. 1,
respectively) with an additional nuclear spin n (green
arrow) coupled by a hyperfine interaction to e, the
difference in the recombination time constants 7, and
Ty Of parallel and antiparallel electron spin pairs, respec-
tively, leads to large steady-state population differences
under above-band-gap illumination [24]. States with both
electron spins oriented in parallel are occupied (gray boxes)
while antiparallel states are basically empty as shown
exemplarily for e, spin-up in Fig. 1. This population
difference can be transferred to the nuclear spins by the
combination of a resonant microwave (mw) and radio-
frequency (rf) 7 pulse similar to a standard Davies ENDOR
experiment [25], as illustrated in detail in the first three
panels in Fig. 1. However, since the recombination of
antiparallel spin pairs takes place on time scales of the order
of microseconds [24], which is significantly shorter than
the typical rf pulse length, this population transfer is rather
inefficient [26]. Therefore, by introducing a waiting period
T i between the mw and rf pulse (Fig. 1), which is chosen
much longer than the recombination time of antiparallel
spin pairs and much shorter than the recombination time of
parallel spin pairs, all antiparallel spin pairs created by the
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FIG. 1 (color online). Pulse sequence for the hyperpolarization
of 3P nuclear spins (upper part) and the corresponding time
evolution of the spin state populations (lower part) for nuclear
spins with I = 1/2 (green arrow, n) hyperfine coupled to electron
spins with S = 1/2 (blue arrow, e;). The electron spins form
weakly coupled spin pairs with electron spins e, in spatial
proximity (red arrows). Only the four states with one orientation
(spin-up) of e, are shown here. A similar line of arguments can be
applied to the four states with e, in the spin-down state. The two
states at the bottom denote the nuclear spin states of the 3'P+. See
text for details.

mw 7z pulse have recombined before the rf pulse.
In addition, the illumination can be switched off during
the pulse sequence to prevent new e;-e, spin pairs to be
formed by electron and hole capture processes [27]. After
these modifications, the population differences are stable
on the much longer time scale 7, allowing for an efficient
manipulation of the nuclear spins.

This modified hyperpolarization scheme enables an
almost complete transfer of the initial population difference
between the antiparallel and parallel states to the nuclear
spins by a single application of the pulse sequence shown in
Fig. 1. Since the initial population difference is determined
by the parallel and antiparallel recombination rates and,
therefore, is independent of the magnetic field, an almost
complete polarization of the nuclear spins is possible even at
low magnetic fields in contrast to most conventional hyper-
polarization schemes, which transfer at most the thermal
equilibrium electron spin polarization to the nuclear
spins [28].

For 3'P nuclear spins in silicon, at least two spin pairs
can be employed for the presented hyperpolarization
scheme, namely, the 3'P-dangling bond (P,) spin pair at
the Si/SiO, interface [29] and the 3'P-SL1 spin pair in
y-irradiated bulk silicon [30]. As a proof-of-concept experi-
ment, we will focus in the following on the latter to
demonstrate the hyperpolarization using a crystalline
bulk phosphorus-doped Czochralski-grown silicon sample
which has been exposed to y irradiation from a %°Co source.
This creates oxygen-vacancy complexes which, under
above-band-gap illumination, are excited into a metastable
triplet state (SL1) [31] with a lifetime of the order of
hundreds of microseconds at 5 K [32]. SL1 centers and 3!P
donors in spatial proximity form weakly coupled spin pairs
giving rise to an efficient spin-dependent recombination
process, which can be observed using electrically detected

magnetic resonance (EDMR) as a resonant change in the
photoconductivity [30].

To verify the presence of 3!'P-SLI spin pairs in the
sample, we first record a pulsed EDMR spectrum [33,34].
To this end, we place the sample at 5 K in a dielectric
resonator for pulsed ENDOR, illuminate it with above-
band-gap light from a light emitting diode (LED) (wave-
length 635 nm), and irradiate it with mw pulses of fixed
length (70 ns) and frequency (f,w = 9.739 GHz). The
illumination intensity /; gp is calibrated by a photodetector
inside the resonator. The current transients after the pulse
sequence are amplified by a current amplifier, recorded
with a fast data acquisition card and are box-car integrated,
yielding a charge AQ which is proportional to the number
of antiparallel spin pairs at the end of the mw pulse
sequence [33]. Further details of the method are given in
Ref. [27]. The corresponding spectrum [Fig. 2(a)] reveals
the two hyperfine-split 3'P peaks and eight peaks at
magnetic field values in perfect agreement with the expected
peak positions of the SL1 center [31]. The presence of a
3P-SL1 spin pair recombination process already indicated
by the observation of both electron spin transitions in
Fig. 2(a) can be directly confirmed using electrically
detected electron-electron double resonance [35].

To further assess the suitability of the 3'P-SL1 spin pair
for hyperpolarization, we determine the 3'P-SL1 recombi-
nation time constants using a combination of pulsed optical
excitation and pulsed spin manipulation [27]. We find
values of 7,,~4 us and 7, ~300 us, confirming that
antiparallel 3'P-SL1 spin pairs recombine much faster than
parallel spin pairs as required for the hyperpolarization
scheme. We further characterize the spin transitions of
the 3!P nuclear spins both in the neutral and ionized state
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FIG. 2 (color online). (a) EDMR spectroscopy of the 3'P and
SL1 electron spin transitions. Four additional peaks related to the
SL1 are observed outside the magnetic field range shown here.
(b), (c) Spectroscopy of the nuclear spin transitions of the ionized
3P+ and the neutral 3'P° (open circles). Resonance frequencies
and peak widths are extracted from Lorentzian fits (red lines).
For comparison, the spectroscopy of 3'PY nuclear spins near the
Si/SiO, interface is shown as well (dashed green line, data taken
from [27]).
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of the donor using pulsed electrically detected electron
nuclear double resonance [26,27]. The spectra [Figs. 2(b)
and 2(c)] reveal a quenching of the echo signal at a
frequency of f = 6.0358(1) MHz, which corresponds
to a nuclear g factor of g, = —2.2606(3), in good agree-
ment with the value of g, = —2.2601(3) observed for
3P+ at the Si/SiO, interface [27] and with a rf pulse
excitation bandwidth-limited FWHM of 230 Hz.
Enhancements of the echo signal are found at frequencies
of 52.38(1) and 65.15(1) MHz (FWHM = 100 kHz)
corresponding to nuclear spin transitions of the neutral
3P donor. The corresponding hyperfine interaction of
A = 117.54(2) MHz is in good agreement with the value
of A =117.523936(1) MHz for *'P donors in bulk 28Si
[36]. In contrast, for the *'P donors near the Si/SiO,
interface [green dashed lines in Fig. 2(c)], the nuclear spin
transition frequencies correspond to a significantly
smaller hyperfine constant of A = 117.31(2) MHz [27],
which we attribute to strain at the surface [37,38] caused
by the evaporated metal contacts and their different
thermal expansion coefficient compared to Si.
Inhomogeneous strain might also explain the 4 times
larger linewidth of these transitions.

Based on the hyperpolarization scheme presented above,
polarization of the 3'P nuclear spins is created using the
pulse sequence shown in Fig. 3(a) (e, = 3'P,e, = SLI1)
with a rf 77 pulse on the nuclear spin transition of the 3'P at
6.036 MHz (cf. full green arrow in Fig. 1) or, alternatively,
on one of the two 3!'P° nuclear spin transitions at 52.38 or
65.15 MHz (cf. dotted green arrows in Fig. 1). For the ideal
case shown in Fig. 1, a polarization of 100% for the
6.036 MHz nuclear spin transition is expected after one
application of the pulse sequence. In contrast, only 50% can
be achieved for the 52.38 and 65.15 MHz transitions if only
one of the two hyperfine-split 3'P® nuclear spin transitions
[39] is excited. Application of two subsequent 1f 7 pulses with
52.38 and 65.15 MHz increases the maximum achievable
polarization from 50% to 100% also for these transitions.

The resulting nuclear spin polarization is determined
after repopulating the donors by optical excitation for
500 us to generate carriers in the conduction and valence
bands and subsequent capture processes, assuming that the
nuclear spin polarization is mostly unaffected by the
repopulation process, which we will confirm below.
Since only the nuclear spins of donors forming 3'P-SL1
spin pairs are polarized, we use an electrically detected spin
echo technique [40,41] instead of conventional electron
spin resonance to measure only the polarization of these
nuclear spins. The amplitude AQ,, of the spin echo is
compared with the spin echo amplitude AQ.; after
application of the same pulse sequence without or with
off-resonant rf pulses. The measured nuclear spin polari-
zation is given by p = |1 — AQ,,/AQs¢ | To determine the
value of p obtained after a single repetition of the pulse
sequence, we illuminate the sample for several hundreds of
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FIG. 3 (color online). (a) Pulse sequence for the hyperpolariza-
tion of 3'P nuclear spins. The resulting polarization is detected
using a spin echo after new spin pairs have been generated by a
500 us long LED pulse with an intensity of I} g = 20 mW /cm?.
The time interval 7,, = 1.8 us < Ty = 20 ps < 7, = 260 s
between the mw inversion pulse and the rf pulse is chosen to
ensure that all antiparallel spin pairs have recombined, while
the time interval of 20 us between switching off the LED and the
first mw pulse is chosen much longer than the fall time of the
LED pulse. (b) Detection spin echoes with a resonant (f; =
6.036 MHz) and an off-resonant rf pulse (f,; = 7.036 MHz) with
the mw inversion pulse and the detection echo resonantly exciting
the high-field 3!P hyperfine transition [cf. Fig. 2(a)] resulting in a
single shot nuclear spin polarization of p = 60%. (c) Spin echo
similar to (b), but with the detection echo on the high-field
hyperfine transition and the inversion pulse on the low-field
hyperfine transition resulting in p = 66%. (d) Detection spin
echoes with resonant rf pulses on the 3'P° nuclear spin transitions
(52.38 and 65.15 MHz) and without rf pulse with polarizations of
18% and 22%, respectively. (e) Exciting both 3'P® nuclear spin
transitions, a polarization of 33% is achieved.

ms before applying the pulse sequence. This is much longer
than the *'P nuclear spin relaxation time under illumination
(T, ~ 100 ms) as determined below, leading to an effec-
tive randomization or reset of the nuclear spin system.
Using the 6.036 MHz nuclear spin transition, we
experimentally achieve a hyperpolarization of |1 — AQ,,/
AQi| = 60% for a single pulse sequence. Figure 3(b)
shows the corresponding spin echoes with a resonant rf
pulse (red circles) and an off-resonant rf pulse (black
squares) for 7; = 300 ns as a function of z,, with waiting
times 7, and 7, after the first and second detection echo mw
pulse, respectively. The values of AQ,, and AQ.; are
determined by Gaussian fits (solid lines). The echo ampli-
tude for the case of hyperpolarized nuclei is reduced
compared with the reference as expected when the detec-
tion echo is measured on the same 3'P electron spin
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hyperfine-split transition as the mw inversion pulse
(cf. Fig. 1). Similarly, an increase of the echo amplitude
is expected for the case that the detection echo and the
inversion pulse are applied to different hyperfine transi-
tions. To demonstrate this, we use a second mw source for
the detection echo pulses detuned by the 3'P hyperfine
splitting of 117.5 MHz from the source for the inversion
pulse. As shown in Fig. 3(c), we indeed observe an increase
of the echo amplitude for a resonant rf pulse corresponding
to a hyperpolarization of 66%, also demonstrating that the
observed polarization is not a spurious effect due to, e.g.,
heating by the strong rf pulses.

We can also use the 52.38 and 65.15 MHz nuclear spin
transition of the neutral donor for hyperpolarization,
although we expect a smaller polarization value due to
the lower fidelity of the rf z pulse on the inhomogeneously
broadened 3'P° nuclear spin transition in Si with natural
isotope composition. This is, indeed, observed as shown in
Fig. 3(d), where polarization values of 18% and 22% are
achieved for the 52 and 65 MHz nuclear spin transitions,
respectively. The polarization can be increased to 33% by
applying two subsequent rf pulses on both nuclear spin
transitions as shown in Fig. 3(e).

The nuclear spin hyperpolarization values of 60% and
66% exceed the thermal equilibrium polarization of the 3'P
nuclear spins at 0.35 T and 5 K of 3 x 107 by a factor of
~2 x 10* and even exceed the thermal equilibrium electron
spin polarization of =~5% under these conditions by a
factor of 12. This is achieved after a single repetition of
the pulse sequence taking less than 100 us, demonstrating
that we have realized a fast and efficient nuclear spin
hyperpolarization scheme.

The fidelity of the polarization scheme depends on
several aspects. First, the excitation bandwidth of the mw
and rf polarization pulses has to be much larger than the
linewidth of the electron and nuclear spin transitions to
allow for high-fidelity z pulses. For both the 3'P electron
and the 3'P* nuclear spin, the excitation bandwidths of
~50 MHz and =20 kHz are much larger than the line-
widths of ~#8 MHz [42] and 230 Hz, respectively. From
these values, we estimate a pulse fidelity of > 90% and
~100% for the mw and rf z pulse, respectively. Further,
the difference between 7., and 7, has to be sufficiently
large so that the condition 7,, < Ty, + Ty < 7, can be
fulfilled, where we also take the length T of the rf pulse
into account. For the 3'P-SL1 spin pair, we estimate that in
addition to all antiparallel spin pairs, also a fraction of
1 — exp[=(Tyaic + Tst)/7,)] 0.2 of parallel spin pairs
recombines until the end of the rf pulse. Although only
a rough estimate, this partly explains the observed
maximum nuclear spin polarization of ~66%. A more
detailed analysis should include a detailed model of the
spin pair dynamics [24] and also take into account the
variation of recombination time constants over the spin
pair ensemble.

Having established a large single shot hyperpolariza-
tion, we proceed by measuring the nuclear spin relaxation
time T, for different illumination intensities. To this end,
we use the hyperpolarization and detection pulse sequence
discussed above and apply an additional light pulse of
variable length T7gp and intensity /; gp between the 1f 7
pulse and the detection [see Fig. 4(a)]. Again, a more than
500 ms long illumination pulse is applied before each
repetition of the pulse sequence to ensure that the nuclear
spins are randomized. Figure 4(b) shows the decay of the
nuclear spin polarization as a function of Tjgp for
different I;gp (open symbols) measured for the 3'P*
nuclear spin transition as in Fig. 3(b). We observe a
nuclear spin relaxation time of 7;,~ 100 ms for the
highest illumination intensity as determined by a single
exponential fit. For low I} gp, T, decreases approximately
o It as indicated by the dashed line in Fig. 4(b).
Without illumination, a small increase rather than a
decrease of the polarization is observed for time intervals
as long as 1 s [full diamonds in Fig. 4(b)]. The latter
observation is in line with the very long *'P nuclear spin
relaxation time of ~10 h that has been found in bulk Si:P
samples at 0.32 T and 1.25 K without above-band-gap
illumination [43].

T, is shortened by optical excitation of carriers into the
conduction and valence bands. Possible relaxation mech-
anisms are, e.g., the scattering of conduction band electrons
with the *'P nuclei, leading to spin flip-flop processes,
which, however, predicts relaxation times of several
hours at By~ 0.3 T [18,43,44]. Nuclear spin flips can
also be induced by repeated ionization and deionization of
the 3'P donor because of the mixing of the high-field
eigenstates by the hyperfine interaction [3].
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FIG. 4 (color online). (a) Pulse sequence to measure the 3'P
nuclear spin relaxation time 7;n for different illumination
intensities /;gp. (b) Polarization as a function of the optical
excitation pulse length T gp for different illumination intensities
on a log-log scale (open symbols). For comparison, the data
without a light pulse are shown as well (full diamonds). The
nuclear spin relaxation time 7';,, as shown in (c) is determined by
single exponential fits (solid lines) of the data in (b). The IEéD
dependence (dashed line) is a guide for the eye.
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The probability of a nuclear spin flip for each ionization
and deionization process is given by Pg;, = sin(17/2)* ~
3.6 x 1073 [3], where 5 = arctan(A/fp) denotes the mix-
ing angle as defined, e.g., in Ref. [36], with the 3p
hyperfine coupling A = 117.5 MHz and the 3'P electron
spin Larmor frequency fp=9.798 GHz at B, =
350.3 mT. A detailed analysis of the time evolution of
the spin system [39] shows that for high I;gpT;, =
Tap/ (Pprip) With 7,, =4 ps results in Ty, = 110 ms, in
very good agreement with the experimentally observed
relaxation time. For lower I} gp, the formation rate of new
spin pairs by electron and hole capture processes decreases
o I Ep [24], resulting in an increase of the average time the
spin pair spends in the ionized state. This reduces the
ionization rate and, therefore, the nuclear spin flip rate,
explaining the observed increase of T, with decreasing
ILED [Cf Flg 4(C)]

To summarize, we have demonstrated a fast and effective
nuclear spin-polarization scheme for 3'P nuclear spins in
natural Si at 5 K achieving a polarization of 66% within less
than 100 ps. The polarization scheme does not rely on
thermal equilibrium spin polarizations and, therefore,
works at easily accessible magnetic fields and temper-
atures. We further note that no electrical contacts are
needed to create the polarization; they were used solely
for the measurement of the polarization. The density of
polarized nuclear spins in the studied sample is at most
~10'? cm™3, limited by the concentration of SL1 centers
and, therefore, orders of magnitude too small for a possible
application in MRI. However, systems with a much larger
density of spin pairs can be envisaged like, e.g., P-doped
silicon nanoparticles [11]. Here, the nanoparticle diameter,
the doping concentration, and the density of dangling bond
defects can be adjusted such that each nanoparticle contains
one P donor and one defect with high probability [45,46],
so that spin pair densities of more than 10'7 ¢cm™3 could be
achieved, sufficient for nuclear MRI. For such 3'P-P, spin
pairs, we have obtained a nuclear spin polarization of
~30% at the Si:P/SiO, interface, indicating that the
described method is also applicable to them. For possible
MRI applications, a promising room temperature 7, of
78 min has been observed for ionized 3! P donors in 28Si [2].
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