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Long-distance entanglement distribution is a vital capability for quantum technologies. An outstanding
practical milestone towards this aim is the identification of a suitable matter-photon interface that pos-
sesses, simultaneously, long coherence lifetimes and efficient telecommunication-band optical access. In
this work we report upon the 7 center, a silicon defect with long-lived spins and spin-selective bound exci-
ton optical transitions at 1326 nm in the telecommunications O-band. In this first study of 7 centers in 28Si,
we present the temperature dependence of the zero-phonon line, report ensemble zero-phonon linewidths
as narrow as 33(2) MHz, and elucidate the excited state spectrum of the bound exciton. Magnetophoto-
luminescence, in conjunction with magnetic resonance, is used to observe twelve distinct orientational
subsets of the T center, which are independently addressable due to the anisotropic g factor of the bound
exciton’s hole spin. Here we show that the T center in 28Si offers electron and nuclear spin lifetimes beyond
amillisecond and second, respectively, as well as optical lifetimes of 0.94(1) s and a Debye-Waller factor
0f 0.23(1). This work represents a significant step towards coherent photonic interconnects between long-
lived silicon spins, spin-entangled telecom single-photon emitters, and spin-dependent silicon-integrated

photonic nonlinearities for future global quantum technologies.

DOI: 10.1103/PRXQuantum.1.020301

I. INTRODUCTION

The global search for a high-performance quantum
interface between telecom photons and long-lived matter
qubits is ongoing [1]. The predominant photon-spin candi-
dates presently under study either do not operate at telecom
wavelengths or are not hosted within silicon. Technologies
such as frequency conversion [2] or evanescent integration
with silicon photonics [3,4] are being developed to address
the individual shortcomings of such interfaces.

Silicon is a convenient and attractive host for a photon-
spin interface as it underpins both the most established
integrated electronics and integrated photonics platforms.
Silicon, and in particular isotopically purified 28Si, is a
host to many atomically reproducible defects with excep-
tional spin and/or optical properties. Phosphorus donors
possess ultra-long spin lifetimes of up to 3 h [5] but do
not interact strongly with light. Singly-ionized chalcogen
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donors, such as 7’Se*, offer both long-lived spins and rel-
atively strong interactions with light [6,7], however the
wavelengths involved are in the technically challenging
mid-infrared. Erbium defects in silicon [8,9] offer weak
dipole-forbidden telecom optical transitions and poten-
tially long-lived spins [10], yet complex readily with other
silicon defects into a wide selection of symmetry sites and
complexes, only a small fraction of which are optically
active [11].

The family of silicon defects known as radiation dam-
age centers, including the well studied G, C, and W centers,
have been the subject of a number of recent studies [12—16]
due to their bright luminescence, submicrosecond lumines-
cence lifetimes, near radiatively limited optical linewidths
in 28Si, and wavelengths in the telecommunication bands.
However, despite early reports that the G center in par-
ticular is connected to an optically detected magnetic reso-
nance (ODMR) signal [17], the dominant zero-phonon line
(ZPL) transitions of the G, as well as the C and W radiation
damage centers, have each been shown to be singlet-to-
singlet transitions with no ground state unpaired electron
or hole spins in which to hold quantum information.

A few less well-studied radiation damage centers, in
particular the T [18-31], I [24-27], and M [27-31]
centers, were previously reported to have emission in
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the telecommunication bands that split under a magnetic
field, and their ground states were believed to possibly
have an unpaired electron spin. However, the most impor-
tant photon-spin interface properties of these centers were
unknown. Encouraged by this, and the knowledge that
many defects in isotopically purified 2*Si boast exception-
ally long electron [32,33] and nuclear [5] spin lifetimes,
the goal of this work is to assess the T center in 28Si for its
potential as a silicon telecom photon-spin interface.

Isotopically purified silicon improves upon the proper-
ties of photon-spin interfaces in multiple ways. For one, the
coherence lifetimes of the spins are increased by remov-
ing the 2%Si nuclear spins as a source of dynamic magnetic
noise [5]. Secondly, the inhomogeneous line broadening
of optical transitions is reduced by removing static local
band-gap and binding energy variations that arise from
the silicon isotope mass mixture inherent in natural sili-
con [34]. Accordingly, to obtain the results in this work,
unless otherwise specified, the sample under investigation
is a piece of isotopically purified ?8Si crystal obtained from
the Avogadro project [35] that is enriched to 99.995% 28Si,
with less than 10'* O/cm? and less than 5 x 10'* C/cm?.
An ensemble of T centers is fabricated within this sample
by 10 MeV electron irradiation followed by an annealing
recipe in stages up to 450 °C as described in Appendix A.

Here we report upon a variety of isotopic, luminescence,
magneto-optical, thermal, bound exciton excited state, and
spin properties of the T center that further support its posi-
tion as a photon-spin frontrunner in the technological race
for a global quantum platform.

This paper is organized as follows. In Sec. Il we begin
with a brief introduction and review of what has been
reported in the literature about the T center. In Sec. Il we
present photoluminescence (PL) results, previously unob-
served isotopic shifts, a Debye-Waller factor of 0.23(1)
(equivalently written 0.23 4= 0.01) and a 0.94(1) ps emitter
lifetime. In Sec. IV we apply photoluminescence exci-
tation (PLE) spectroscopy to reveal an ensemble ZPL
full-width half-maximum linewidth as narrow as 33(2)
MHz, and report upon the temperature dependence of the
ZPL, whose linewidth, position, and amplitude all vary
with temperature over the range 1.2—4.2 K in a predictable
manner. In Sec. V we use PLE to identify the energies of
many of the 7 center’s bound exciton (BE) excited states.
In Secs. VI-VIII we study T centers under an applied
magnetic field. In Sec. VI we show magnetophotolumi-
nescence, which reveals that the T center has a number
of different orientations that become inequivalent when
a magnetic field is applied in an arbitrary direction. In
Sec. VII we reveal a hyperfine interaction with the 7 cen-
ter’s hydrogen nuclear spin, and explore the combination
of continuous-wave spin resonance and resonant optical
excitation for electron and nuclear spin state hyperpolar-
ization and readout. In Sec. VIII we study a specific orien-
tational subset to measure spin qubit characteristics using

pulsed magnetic resonance, and demonstrate Hahn-echo 7,
lifetimes beyond 1 s. We conclude with a discussion of
prospects and future work. The appendices include tech-
nical details on the sample preparation methods and the
experimental methods used in this work.

II. REVIEW

Luminescent silicon defects have been studied for
decades, with the vast majority of this work taking place
before the advent of quantum technology hardware devel-
opment in the late 1990s. In the 1970s, luminescent defects
in silicon, and in particular sharp spectral features cre-
ated as a result of irradiation and/or heat treatment, were
often labeled with a letter. A number of these so-called
radiation damage centers have been studied extensively
[22,36]. These centers can be formed by electron, neutron,
or ion radiation damage followed by an annealing treat-
ment, although some radiation damage centers, including
the T center, can be created with heat treatment alone
[20,25]. Most centers in this category have ZPL transitions
that are unsplit by magnetic fields, with no unpaired elec-
tron spins in their unexcited states, limiting their usefulness
as photon-spin interfaces. The T [18-31], I [24-27], and
M [27-31] centers are notable exceptions to this gen-
eral trend. The little-studied T center was thought to have
a spin —% to spin — % optical transition directly in the
telecommunications O-band, although the composition of
the ground state was in dispute [19,20].

Level structure—In 1981, Minaev and Mudryi [18] dis-
covered that the ZPL of the “T line” photoluminescence
feature near 935 meV was in fact a doublet. In 1985, Irion
et al. [19] confirmed that the 1.8 meV-split doublet (later
estimated in Ref. [20] to be 1.75 meV) is a result of two
states in the same defect, which we refer to as TX, and
TX;. In the same work, Irion et al. presented the non-
linear and orientation-dependent stress dependence of the
T center’s TXy and TX; ZPL optical transitions, reveal-
ing a rthombic-/ (C;,) defect symmetry. Later studies [20]
revealed even more splitting under stress, indicating that
the T center is of monoclinic / (C;) symmetry.

Based upon early magnetic field dependence studies
[19], Irion et al. concluded that the TXy ZPL consists of a
transition between a level possessing a highly anisotropic
spin — % particle and a level possessing a highly isotropic
spin — % particle. The isotropic and anisotropic spin g fac-
tors were determined in Ref. [19]. Irion et al. proposed,
erroneously, that an anisotropic hole spin and an isotropic
electron spin both reside in the bound exciton state, which
this work disproves. The magnetic resonance results in
Sec. VII are consistent with the later model proposed by
Safonov et al. [20]. In this model the T ground state has
an unpaired electron, and the TX state includes an addi-
tional bound exciton. The two bound electrons in the TX
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state pair into a spin-0 singlet state and the unpaired spin-
3/2 hole spin state is split by the reduced symmetry of the
defect, which can be modeled as an internal stress, into two
doublets, TX, and TX;. The unpaired hole spin determines
the magnetic splitting of the TX state.

The total binding energy of the electron-hole pair is
approximately 235 meV, whereas the bound exciton is
known to thermally disassociate around 40 K [19], corre-
sponding to a binding energy of approximately 22 meV
[19] or approximately 32 meV [20], which reflects the
binding energy of the hole to the negatively charged 7~
center. A first look at ZPL shifts and temperature shifts of
radiation damage centers in isotopically purified *°Si was
undertaken in Ref. [23]. A T center level diagram, which
summarizes these earlier findings, is shown in Fig. 1.

Atomic composition and formation—Studies in 1985
[19], and then later in 1996 [20], identified the presence
of at least one carbon atom and one hydrogen atom in
the T center, by observing shifts and splittings of the T
center TX, ZPL with the incorporation of '3C and deu-
terium in the studied samples. Furthermore, a fourfold
splitting observed in a local vibrational mode (LVM) seen
in PL revealed that there are two inequivalent carbon atoms
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FIG. 1. (a) Level structure and magnetic field dependence

of the ground 7 level and the bound exciton TX, state. The
anisotropic unpaired hole spin in TXj reveals 11 distinct ori-
entational subsets. (b) The optical transitions A4;, By, C;, D,
correspond to those available to a single orientational subset,
here subset 1. (c) Schematic of the spin levels and transitions of
subset 1, relevant to the discussion in Secs. VI-VIII, under our
experimental conditions. The nuclear spin states are not optically
resolvable. (d) Atomic structure of the 7 center as proposed in
Ref. [20]. (e) Lifetime measurements of the TX, BE.

present in the defect [20]. There was early evidence in
1981 that oxygen is not involved in the formation of the T
center (as opposed to the / center) [18]. The resemblance
of the T center with All [37] and Gal [38] defects, with
regard to LVM shifts, carbon isotope shift, and alleged
symmetry, led to early speculation that boron was involved
in the atomic structure of the 7 center [19,38]—there is
however no direct evidence supporting this conjecture.

Ab-initio cluster calculations [20,21], drawing upon a
detailed analysis of the PL sideband LVM data first pre-
sented in Ref. [19] and expanded upon in Ref. [20], pre-
dicted an atomic structure for the 7 center. In this model,
two carbon atoms are directly bonded and together share
the substitutional site of a silicon atom; one of these car-
bon atoms is terminated with a hydrogen atom, leaving
an unpaired electron dangling bond on the other carbon
atom [20]. This model is visualized in Fig. 1(d). The
paramagnetic nature of the 7, /, and M centers in their
neutral ground states are consistent with the presence of
one hydrogen atom in each of these defects [27].

T center formation—While it has been suggested that M
centers are involved in the formation of T centers [19,27],
it has been claimed [25] that M centers have never been
observed in nonirradiated material, as opposed to T cen-
ters. From ab-initio studies [20,21], the suggested T center
formation mechanism is the capture of an interstitial C-
H pair by a substitutional carbon atom [20-22]. T centers
have been observed both in Czochralski grown and float
zone grown silicon [20], and the major step common to all
studies is the need to apply a heat treatment with tempera-
ture between 350 °C and 600 °C. Hydrogen can be already
present in the silicon, or introduced by water vapour or
gaseous hydrogen during the thermal anneal [25]. It has
been observed that excess hydrogen in the silicon sample
passivates the T center [21], rendering it optically inactive.

III. LUMINESCENCE SPECTRA

In the PL experiments using nonresonant excitation in
this work, whose technical details are given in Appendix
B, above-band-gap light creates free carriers that pair up to
form free excitons, which in turn are captured by T centers,
as well as other defects in the sample. Once bound to a T
center, the bound exciton recombines and, with some prob-
ability (given by the quantum radiative efficiency), this
process generates a photon. Of these radiative cases, with
some probability (given by the Debye-Waller factor [39]),
this process generates a photon in the ZPL without any
accompanying vibrational excitations (phonons or LVM),
and the remainder of the time it produces vibrational
excitations as well as light in the phonon sideband.

The lifetime of the TX level can be measured by apply-
ing pulsed above-band-gap excitation and measuring the
luminescence decay of light emitted into the ZPL line, as
described in Appendix B. This data is shown in Fig. 1(e)
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and reveals a TX, BE lifetime of 0.94(1) us. Repeating
these lifetime measurements using a range of silicon sam-
ples with different defect concentrations at either 1.4 or
4.2 K reveals the same lifetime values within the margin
of error. This increases our confidence that this reported
lifetime is inherent to the T center and is not due to, for
example, the free-exciton decay time. These excited state
lifetimes are sufficiently long to consider the excitonic
degree of freedom as an additional local quantum resource.

The radiative quantum efficiency of this optical tran-
sition is presently unknown. Silicon’s maximum phonon
energy of approximately 65 meV implies that pure nonra-
diative decay would require the simultaneous emission of
at least 15 phonons. We are unable to observe any sample
conductivity changes due to nonradiative Auger recombi-
nation processes, which is a highly successful method for
measuring the nonradiative BE decay of low-concentration
phosphorus donors in silicon [5]. Working under the
assumption that the recombination lifetime is entirely from
radiative processes, this BE lifetime corresponds to a total
transition dipole moment of 1.52(1) Debye and a ZPL
transition dipole moment of 0.73(2) Debye. From single-
center linewidth upper bounds of 33(2) MHz as presented
in Sec. IV, the above ZPL transition dipole moment would
give a single-defect cooperativity of 1 in a photonic cavity
with a Q factor of 1 x 10* with a realistic mode volume of
(A /n)3.

In Fig. 2 we report PL spectra of T centers in silicon.
This spectrum agrees with previous 7 center PL spectra in
the literature [19]. A low-resolution view of the Tcenter
ZPL and phonon sideband is shown in Fig. 2(a), which
includes sharp features like the LVM replica labeled L,
following Ref. [20]. In Figs. 2(b)-2(d) we show high-
resolution spectra around the TXy ZPL. The "Si spectrum
shown in Fig. 2(b) is from the brightest 7" center sample
in our possession, which was electron irradiated and heat
treated in 1995 and stored at room temperature since then.
Additional sample details are presented in Appendix A.

In Fig. 2(a) the phonon sideband relative to the nor-
malized ZPL is shown. Other luminescent defects in the
sample may also contribute to the observed PL signal, as
can clearly be seen from the broad PL at energies both
higher and lower than the TX, ZPL. In order to mea-
sure the Debye-Waller factor accurately, we suppress this
non-7-related PL by employing resonant PL spectroscopy,
as described in Appendix B. The resulting resonant PL
phonon sideband spectra, taken with the same resolution
as the matching above-band-gap PL data, and with the sil-
icon laser Raman line subtracted, is shown in Fig. 1(a).
The sharp LVM feature L, is used to normalize the two PL
traces so that an accurate Debye-Waller factor of 0.23(1)
can be determined.

In Fig. 2(b) we report the first high-resolution optical
spectroscopy of the TX, ZPL of T centers in 28Si. As
has been observed with group-V donors [34,40], group-VI
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FIG. 2. (a) PL spectra of the T center using above-gap and res-
onant excitation. The above-gap PL is normalized to a 7 line
(TXy) intensity of unity, and the resonant PL is normalized to
the above-gap PL using the L, local vibrational mode intensity.
Together this data is used to extract a Debye-Waller factor of
0.23(1). The detection window used for the PLE experiments in
Secs. 1V, VII, and VIII is shown in grey. (b) High-resolution
above-gap PL spectra of the T center TXy ZPL in "™Si and in
enriched 28Si. Weak features in the 28Si spectrum attributed to
13 isotope-shifted replicas for the T center’s two inequivalent
carbon atoms are visible at (c) 935.060 93(7) meV, with an inte-
grated area ratio of 1.1(1)% relative to the TXy ZPL, and (d) a
doublet at 935.142 04(10) meV and 935.14240(6) meV, with a
combined integrated ratio of 1.16(9)% relative to the TX, ZPL.

double donors [6,7], and other radiation damage centers
[12], the removal of inhomogeneous local isotopic varia-
tions in the silicon lattice has a significant effect on the
observed linewidth of the 7' center ZPL in isotopically
enriched 28Si. In high-purity "Si we observe a linewidth
of 26.9(8) eV, whereas in 28Si the linewidth is below the
0.25 peV lower-resolution limit of our Fourier transform
infrared spectrometer. A higher-resolution temperature-
dependent linewidth study using PLE techniques presented
in Sec. IV reveals 28Si ensemble ZPL linewidths to be
as low as 0.14(1) ueV (33(2) MHz)—nearly a 200-fold
reduction in linewidth. In addition to a narrowing of the
TX, line, we also observe a peak wavelength shift from
935.167(2) meV in "Si to 935.0643(1) meV in 28Si at
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1.4 K. Similar spectral shifts, due to the dependence of
the band gap on average isotopic mass, electron-phonon
coupling, and the defect binding energy, have been widely
documented in silicon [34], including in work studying T
centers in 3°Si [23].

A closer look at the 1.4 K high-resolution 2Si PL
spectrum in Fig. 2(b) reveals the presence of a nega-
tively shifted satellite at 935.06093(7) meV [Fig. 2(c)]
and a positively shifted doublet at 935.142 04(10) meV and
935.14240(6) meV [Fig. 2(d)] with integrated area ratios
relative to the main ZPL of 1.1(1)% and 1.16(9)%, which
are consistent with the 1.1% natural isotopic abundance of
13C and the fact that the T center contains two inequivalent
carbon atoms. Both features provide new understanding
afforded by the isotopically purified Si host material. The
negatively shifted *C peak is fully obscured in "Si. The
positively shifted feature, although characterized at low
resolution in earlier isotopic composition studies [19,20],
reveals a previously hidden structure: an 86(20) MHz split-
ting that is unobservable in "Si and is possibly connected
to the '3C nuclear spin.

IV.ZPL TEMPERATURE DEPENDENCE

PLE experiments with tunable single-frequency lasers,
as described in Appendix B, can measure linewidths below
the resolution limits of high-resolution spectrometers used
for PL spectroscopy. Here we scan a laser over the TX,
ZPL at different sample temperatures and detect sideband
photons with wavelengths within the PLE detection win-
dow shown in Fig. 2(a). The raw data as well as the fit
results are shown in Fig. 3.

Lorentzian line shapes provide an excellent fit to the
raw data across the entire temperature range studied, giv-
ing linewidths of 1.18(3) eV at 4.2 K and 0.14(1) pueV
at 1.4 K. Fit parameters for all temperatures are plotted in
Figs. 3(b)-3(d). The linewidth versus temperature data is
fitted to a thermally induced transition model [12], i.e.

Pr

I'(T) =Py + exp(Eq/kgT) — 1

(1)

yielding Py = 0.137(8) peV, Pr = 78(12) ueV, and an
activation energy E, = 1.6(1) meV. This is in reasonable
agreement with the 1.76(1) meV TX, to TX; state split-
ting measured in PL at 4.2 K. This demonstrates that the
thermal broadening of the TX, line is due to thermally
activated transitions between TX, and TX.

Evidence for the transition from a thermally broadened
homogeneous line to an inhomogeneous line includes the
PLE signal amplitude and integrated area decrease at tem-
peratures below 2.4 K, as seen in Fig. 3(c). A similar
signal decrease is not observed in PL. In an inhomoge-
neously broadened line, local degrees of freedom such as
spin states can shift the position of a given center’s ZPL.
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FIG. 3. (a) Photoluminescence excitation spectra of the TX

ZPL transition as a function of temperature, normalized to the
2.4K spectrum. The decrease in the PLE signal at low temper-
atures indicates a shift from homogeneous to inhomogeneous
broadening, as discussed in the text. (b)~d) Lorentzian fit param-
eters for the spectra in panel (a). Error bars are smaller than
the size of the data points. (b) The ZPL linewidth increases as
a function of temperature following a thermally induced tran-
sition model with an activation energy of 1.6(1) meV (details
in the text). (¢) Normalized ZPL amplitude (filled circles) and
integrated area (open squares) as a function of temperature. (d)
Peak position shift, where the filled circles show the raw data and
the open diamonds show the shift when corrected for hydrostatic
pressure effects.

If resonant optical driving changes these degrees of free-
dom, for example by flipping a spin state, that center’s
cycling transition frequency may no longer be in resonance
with the optical driving frequency and the number of emit-
ted photons will drop accordingly. This effect increases
as the ratio of homogeneous to inhomogeneous linewidth
decreases with lower temperatures. The lower bound
on the homogeneous linewidth, from the temperature-
independent lifetime data, is 1/(2w x 940 ns) = 0.169(2)
MHz (or 0.700(8) neV). The observation that an inhomo-
geneously broadened line is Lorentzian is not uncommon
and could be due to strain from residual impurities, random
electric fields from ionized impurities, or crystal damage
[41]. Further data in support of this interpretation are given
in Sec. VIL.

The peak position also changes with temperature, as
seen in Fig. 3(d). The peak position shift includes both
hydrostatic pressure and temperature shift effects, since
the temperature is controlled by reducing the gas pressure
over the liquid helium. As is the case with many silicon
defects, the sample’s ambient pressure should have a linear
effect on the peak position because of the band-gap energy
shift [42]. To measure the constant governing this linear
shift, we compare two spectra—one in liquid “He, the
other in gas “He—and make sure that they are at the same
temperature by comparing their low-power (unsaturated)
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linewidths, which assumes that pressure changes have a
negligible effect on the ZPL linewidth. Using this tech-
nique, the resulting constant is 1.47(34) x 10~ eV/Torr,
which we subtract from the total peak position shift. The
remaining peak shift is well fitted by an AT* temperature
dependence for A = —3.58 neV/T*, which is proportional
to the known T* behavior of the band-gap energy in the
asymptotic low-temperature limit [42].

V. BOUND EXCITON EXCITED STATES

In the neutral ground state the 7 center contains an
unpaired electron. During the lifetime of the bound exci-
ton the TX center can be thought of as a pseudo-acceptor.
Characteristics of this pseudo-acceptor include the exis-
tence of effective-mass-like excited states for the hole

not unlike those of group-IIl acceptors such as boron.
These excited states are labeled NT'{ or NT; for even-
or odd-parity states, respectively, counted with principal
quantum numbers N = 1, ..., where K indicates the state’s
symmetry group (See Ref. [43] and the references therein).

The ground state of TX has a hole in an acceptor-like
fourfold degenerate 1Ty state, split into the two Kramers
doublets by the strain field of the defect, giving rise to
TXo and TX;. The electronic excited state spectrum of
TX is thus expected to be acceptor-like, as seen before
for other pseudo-acceptor isoelectronic bound excitons
(IBEs) in silicon [44]. However, the excited state spectra
of pseudo-acceptor IBEs as seen in PLE [44] differ from
the well-known absorption spectra of shallow acceptors
such as boron, since the IBE spectra involve the creation
of an electron-hole pair, resulting in strong transitions to
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FIG. 4.

(a) PLE spectrum revealing higher excited states of the T center bound exciton level TX. (b) Transition energies of all the

known TX states, where TX, and TX; are determined using PL, and the TX. | are determined from the PLE data shown in (a). The
PLE peak amplitudes are shown relative to that of the TX4 transition. The NT'y state labels for N < 7 refer to the fourfold degenerate
shallow acceptor states from which the two doubly degenerate TX states originate. This splitting can no longer be resolved for 7'y
(TX35). (c) The known binding energies of boron even-parity excited states (B(+), filled circles) and odd-parity states (B(—), open
circles) are matched with the observed TX excited states shown in (a) in order to determine the hole binding energies of the TX states.
The assignment of three TX transitions to 2I'g’, while only two are expected, is discussed in the text.
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even-parity states beginning with the 1T’y ground state,
while acceptor absorption transitions take an existing hole
from the 1y acceptor ground state to predominantly
odd-parity excited states [45].

The excited states of acceptors can be observed using a
range of techniques [43]. In the case of the T center’s BE,
a number of the excited states can be mapped out directly
with PLE techniques. For the data presented in Fig. 4,
a tunable single-frequency laser was scanned above the
energy of the TX, states, resonantly populating various
TX excited states. We measured this excitation by detect-
ing TXy ZPL luminescence, resulting from phonon cas-
cade from the excited states down to the TX state, using a
spectrometer and a single-photon detector as described in
Appendix B. We report the higher excited states of the TX
center in silicon.

The identification of the excited states given in Fig. 4(b)
is obtained by matching the excited state spectrum of TX to
the known even- and odd-parity excited state binding ener-
gies of boron in silicon [43,45], as shown in Fig. 4(c). Note
that both the even- and odd-parity NT'g states can be split
into doublets by the strain field of TX, and this splitting
decreases with increasing principal quantum number N.
The observation of three components, TXs 7, where only
two are expected for 2Ty, is not understood. It is possible
that one of these components might result from the 17

state [43] of the TX center. The even- and odd-parity ['¢
and I'; states are not split by strain. As expected, the chem-
ical shifts, or central cell effects, are much smaller for the
odd-parity states, which have a node at the binding cen-
ter core, than for the even-parity states, where the central
cell effects decrease rapidly with increasing N. Even-parity
states above 5F; are not known for boron, but we label
TX states up to 7'y based on the clear repetition of the
3Ty —1If—4T¢ pattern.

By matching the 1Ty, 1’7, and 5T'§ transitions of TX
and boron, and the known binding energies [43,45] of these
states for boron, we arrive at the energy of 970.05(10) meV
required to promote a 7 into a 7~ plus a free hole with zero
kinetic energy, or a hole binding energy for TX of 35.0(1)
meV. This agrees reasonably well with the earlier estimate
of 32 meV deduced from the thermal deactivation of the
TX PL [20]. We note that these results provide the most
complete existing matching of pseudo-acceptor IBE states
with shallow acceptor states.

VI. MAGNETOPHOTOLUMINESCENCE

The substantial reduction in optical inhomogeneous
broadening afforded by the 28Si host material encouraged
the re-examination of the PL of T centers under an applied
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FIG. 5.

Photoluminescence of the T center TXy ZPL under an applied magnetic field with B approximately parallel to the [110]

crystal axis. The four optical transitions available to each identifiable orientational subset are grouped by color. Orientational subset 1
(purple) has optical transitions labeled 4;, B;, C;, D; in accordance with Fig. 1(b). Also labeled are the transitions of the subset having
the smallest hole g factor, 41, By, C11, and D;;. The colored lines are fits to Eq. (2), with resulting fit parameters given in Table 1.
A multiplier of x5 has been applied to the wings of the spectra to enhance the visibility of lower amplitude lines.
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magnetic field. As seen in Fig. 5, the PL spectrum is sub-
stantially richer in 2%Si than those of previous reported
spectra in ™'Si [19], even in the moderate magnetic fields
explored here.

From the known Cy;, symmetry of the center, we expect
twelve possible orientational subsets of T centers relative
to an arbitrary By field axis [46]. The unpaired spin — %
electron was known to be highly isotropic in contrast with
the highly anisotropic spin — % hole. Together this implies
up to 48 observable optical transitions for a low-symmetry
field axis, where each T center orientational subset gives
rise to four allowed optical transitions, as schematically
shown in Fig. 1(b). Further optical substructure, for exam-
ple due to nuclear spin Zeeman and hyperfine effects, could
not be resolved directly in these ensemble measurements.

In Fig. 5 we reveal eleven T center orientational subsets
that are identified by color. Here we define “orientational
subset 1 as an orientational subset addressable with opti-
cal signals Ay, By, Ci, D;, which underpins the spin
resonance studies in Secs. VII and VIII. Furthermore, in
Sec. VII we reveal through magnetic resonance techniques
that the purple subset with assigned 4;, B;, C;, D labels in
Fig. 5 addresses two near-degenerate orientational subsets,
bringing the total observed number of orientational subsets
in this work to twelve. Note that subset 1 has the largest
hole g factor of all the subsets. We also label the transitions
of the subset having the smallest hole g factor as 4;;, By,
C11, and Dy;. Note that the ABCD labels indicate transi-
tions connecting specific spin states, and not the energetic
ordering of the transitions, so the energy of B versus C is
reversed for subsets 4 through 11.

Each orientational subset’s optical transition frequencies
are well fit to a spin Hamiltonian model with Zeeman terms
for each of the unpaired ground state electron and excited
state hole spins as well as a diamagnetic term. Specifically,
we fit using the following set of four equations:

ge.ilts|Bol n gu,ils|Bol

{A5 B> C’ D}l =4
2e 2e

+ x:|Bol*.
(2

Here {4, B, C, D}; are the peak position shifts from the
zero-field value for subset i, gz ; is the ground state electron
g factor constant for orientational subset i under our exper-
imental conditions, up is the Bohr magneton, By is the
magnetic field vector, e is the elementary charge, gy ; is
the bound exciton hole g factor for orientational subset i
under our experimental conditions, and x; is the diamag-
netic shift for orientational subset i under our experimental
conditions. The gz ; are equal within error, with an aver-
age of 2.005(8). Results of the fit for the hole g factors and
diamagnetic shifts of all identifiable subsets are given in
Table 1.

The relative amplitudes of the four lines associated with
a given orientational subset measured using PL are affected

TABLE I. TX, hole spin g factors and diamagnetic shift con-
stants for the different 7 center orientational subsets observed
with this magnetic field axis (approximately parallel to the [110]
crystal axis), whose colors and labels match the subsets labeled
in Fig. 5.

TX, hole spin g factor Diamagnetic shift

i gH,i Xxi (neV/T?)
T 3.457(7) —0.11(2)
om 2.233(9) —1.05(6)
3| 2.165(14) —1.03(6)
4 1.970(12) —1.26(4)
5 1.871(22) —1.36(9)
6 1.851(14) —1.03(6)
7 1.770(8) —1.10(7)
8 1.596(6) ~123(5)
9 1.497(11) —1.26(9)
10 1.082(7) —235(3)
11m 1.069(7) ~235(3)

by: (i) spin selection rules, and (ii) the hole spin thermal
populations, where we observe that the hole spin relaxation
time is comparable to or shorter than the TX BE lifetime
0f 940 ns. As discussed in the next section, the relative line
intensities in spectra obtained by PLE in a magnetic field
are quite different from those obtained using PL.

VII. CONTINUOUS-WAVE SPIN RESONANCE

The many optical transitions seen in magnetophoto-
luminescence are not immediately observable under the
resonant optical driving of a PLE measurement. As shown
in the bottom trace of Fig. 6(a), without the application of
any external signals, only a small central peak is visible
under an applied magnetic field of 80 mT when using the
optically detected magnetic resonance apparatus described
in Appendix B. The absence of most optical transitions in
PLE is an expected consequence of ground state electron
spin hyperpolarization resulting from spin-selective reso-
nant excitation, as shown schematically in Fig. 6(b). Under
such a model, the central peak remains visible because, for
a few orientational subsets, the ground and exciton spin
states share approximately the same g factor value, which
is to say that their B and C transitions almost overlap, and
so both electron ground spin states can be continually opti-
cally excited at that central frequency and electron spin
hyperpolarization does not occur.

To regain some of the structure observed in mag-
netophotoluminescence, resonant continuous-wave (CW)
electron paramagnetic resonance (EPR) in the form of
microwave (MW) irradiation can be applied to contin-
ually depolarize or mix the electron spin, as shown
schematically in Fig. 6(c). Spin mixing depopulates the
spin shelving state(s) that is (are) not being optically
pumped and allows the optical excitation cycle to
resume.
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FIG. 6. (a) PLE spectrum of the TX, ZPL under a static mag-

netic field of about 80 mT oriented approximately parallel to
the [110] crystal axis, with and without electron spin depolar-
ization. Line labels 4, B, C, D match those of Figs. 1(b) and 5.
Brackets display the gz = 2.005(8) electron splitting at this field.
The black trace (bottom) is collected without any MW excitation.
The green trace (top) is obtained when pumping MW = 2.2504
GHz and MW, = 2.2533 GHz, which maximizes the signal from
subset 1. The grey trace (middle) includes a single central MW
signal that drives both MW, and MW from subset 11. (b),(c)
Ground state energy levels created by the hyperfine interaction
between the electron spin and the nuclear spin, as per Eq. (3). The
schematic level diagrams picture electron spin hyperpolarization
in (b) and electron spin mixing in (c). Shelving is indicated by a
thicker energy level.

Overall the spin Hamiltonian for the 7 ground state H
with two '2C constituents is given by

Hr1 = usBogeS + ungyBol + hSAI (3)

where pp is the Bohr magneton, By is the magnetic field
vector, gg is the electron spin g factor tensor that is approx-
imately isotropic with gg = 2.005(8), S is the electron spin
vector, (y is the nuclear spin magneton, gy is the hydro-
gen nuclear spin g factor, I is the hydrogen nuclear spin
vector, & is the Planck constant, and A is the hyperfine
tensor. To obtain the results in this work, we find A is
approximated well by a constant 4.¢ for orientational sub-
sets 1 and 11 and field vector By approximately parallel
to the [110] crystal axis. This spin Hamiltonian gives rise
to the level structure shown in Figs. 6(b) and 6(c) under
our experimental conditions, where we label the two condi-
tional MW frequencies MW, and MW according to their
respective nuclear spin states.

Even though we will find that these orientational sub-
sets have small hyperfine splittings due to the nuclear spin
of the hydrogen, a relatively strong MW field resonant

with the gz = 2.005(8) transition frequency at approxi-
mately 80 mT is sufficient to simultaneously pump both
MW, and MW resonances thanks to power broadening,
partially depolarizing the ground state electron spins and
strengthening the central PLE component, as well as allow-
ing many of the other PLE components to be observed,
as shown in the middle trace (grey data) of Fig. 6(a).
From this observation we can definitively conclude that the
isotropic unpaired electron spin occurs in the unexcited 7
center, and not in the TX BE state.

We find that, for specific orientational subsets, spe-
cific pairs of microwave frequencies centered on the gz =
2.005(8) value mix the ground state spins most effectively,
maximizing the PLE signal from that orientational sub-
set. For example, the top trace of Fig. 6(a), where the
subset-1 signal is maximized with MW, = 2.2504 GHz
and MW = 2.2533 GHz, reveals an effective hyperfine
splitting |Aeg| = 2.9 MHz for subset 1 (we will later show
that closer study of subset 1 actually reveals two different
values of |4.|). The differences between the top and mid-
dle traces of Fig. 6(a) demonstrate that the hydrogen spin
hyperfine interaction of the T center is anisotropic.

The specific MW frequency combination used to gen-
erate the green data in Fig. 6(a) is chosen as a result
of magnetic resonance spectroscopy experiments. This
optimization process is described next.

For orientational subset i, the tunable laser is first set
to a B; or C; transition energy as determined in Sec. VI.
For example, for orientational subset 1, this energy is
indicated by the letter B; (green arrow) in Fig. 6(a). In
this case both the B; and D; optical transitions promote
the T' || g) electron states to TX,, consequently hyperpo-
larizing the electron into the |1g) electron state; the 4,
and C; optical transitions generate the opposite electron
spin hyperpolarization. Two tunable MW sources are ini-
tially each set to the central MW frequency given by the
electron spin g factor value. Following this, a symmetric
MW frequency sweep is applied to reveal the pair of MW
frequencies, split by the hydrogen hyperfine interaction,
able to most effectively depolarize that particular orienta-
tional subset and generate an optically detected magnetic
resonance (ODMR) signal.

For a single orientational subset and accurately cen-
tered initial MW frequencies, the result of this sweep
should display a single peak at the effective hyperfine value
associated with that orientational subset at the chosen mag-
netic field direction. The result of this scan applied to
orientational subset 11, with the laser set to the C;; opti-
cal transition [grey arrow in Fig. 6(a)], reveals that the
subset-11 PLE signal is maximized for a MW frequency
difference of |4 = 0.40(3) MHz. The result of this scan
applied to orientational subset 1 is shown in Fig. 7. The
doublet observed in Fig. 7 reveals that orientational sub-
set 1 actually comprises a pair of orientational subsets,
hereafter referred to as subset 1 and subset 1’, thus bringing
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FIG. 7. ODMR response at approximately 80 mT when pump-

ing optical transition B; and symmetrically sweeping two
microwave frequencies outwards from the central MW fre-
quency under these conditions, ggup|Bo| = 2.255 GHz, plotted
as a function of the difference between the two swept frequen-
cies. The observed doublet depolarization response at difference
frequencies of 2.57(1) MHz and 2.93(1) MHz reveals two dis-
tinct hyperfine splittings from two slightly different orientational
subsets of subset 1, which are not optically resolvable.

the total number of orientational subsets to twelve. A two-
Lorentzian fit reveals effective hyperfine magnitudes |4.g|
of 2.93(1) and 2.57(1) MHz for subset 1 and subset 1/,
respectively. This has implications for the magnetic res-
onance experiments discussed later in this section. For the
purpose of generating the green data in Fig. 6(a), a single
| s near the average of these two values is used.

Starting from the average |A.q| for subsets 1 and 1’ mea-
sured above, it is possible to refine the MW frequency
estimates by fixing one MW frequency and sweeping the
other. The results of this are seen in Figs. 8(a) and 8(c).
In both instances, if only one MW transition is being res-
onantly driven, no substantial ODMR signal is observed,
yet if both “allowed” MW transitions are being driven,
the ODMR signal is recovered. Equivalently put, both the
electron and nuclear spins can be efficiently hyperpolarized
using a single optical frequency and a selectively reso-
nant MW frequency, similar to what has been reported
for excitons bound to shallow donors [47]. Interestingly,
the ODMR signal could also be recovered by driving the
so-called “forbidden” MW transitions, labeled X, (which
connect the mixed spin eigenstates) and Xp (which con-
nect the pure spin eigenstates) in Fig. 8. Forbidden MW
transitions can be driven in systems with an anisotropic
hyperfine interaction [48].

Notably, the hyperpolarization mechanism for 7 centers
is not presently believed to include a substantial Auger
bound exciton recombination component as is known to
be the case for the shallow donors. Efforts are made at zero
magnetic field to observe a change in sample conductivity
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FIG. 8. ODMR peaks reflecting a relaxation of the hyperpo-

larization generated by pumping a fixed optical and microwave
transition are observed as a second MW or rf frequency is
scanned across specific resonances. (a) ODMR intensity as a sec-
ond MW source is scanned while pumping optical transition B,
as well as either MW, = 2.231 98 MHz (blue data and arrow)
or MW = 2.23458 MHz (yellow data and arrow). (b) Level
scheme for (a) showing the shelving level for both fixed fre-
quencies in the absence of depolarization as a thick appropriately
colored line. (c),(d) As for (a) and (b) but while pumping optical
transition C;. (¢) ODMR response while scanning a rf pump fre-
quency across the region corresponding to the rf transition shown
in (f) while also pumping optical transition B as well as MW ;.

when the laser is applied on resonance with the ZPL, as
is used with great success to indirectly measure the spin-
dependent creation of excitons bound to shallow donors
[32]. For T centers, these efforts did not reveal any evi-
dence for Auger recombination whatsoever. Moreover, we
have not observed any optical bleaching effects by driving
the TX transition. Together this indicates that, with a high
probability, an unpaired electron remains bound to the T
center following bound exciton recombination.

Starting from a spin-polarized configuration obtained by
applying both on-resonant optical B; and MW signals, we
can perform nuclear magnetic resonance (NMR) by apply-
ing radio frequency (rf) signals resonant with the nuclear
spin transition frequencies. The predicted hydrogen spin
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transition frequencies near 2.1 and 4.9 MHz correspond
to the cases where the hydrogen spin is coupled to the
two different electron spin states. With MW, continu-
ously driven and the B; optical transition as chosen, which
is pumping from the electron spin-down state, only the
electron spin-up rf frequency should depolarize the oth-
erwise hyperpolarized nuclear spin state and generate the
PLE signal. This configuration is shown in Fig. &(f). The
sign of A.x determines whether the electron spin-up rf fre-
quency is near 2.1 MHz or near 4.9 MHz. In Fig. 8(e) we
observe two rf transitions near 4.9 MHz, corresponding to
the two addressable orientational subsets 1 and 1’ first iden-
tified in Fig. 7, which are more clearly distinguished here.
From this we infer that 4. for these orientational sub-
sets under these conditions are negative: dey = —2.93(1)
and —2.57(1) MHz. A negative A can be observed when
the anisotropic dipolar hyperfine component reaches val-
ues larger than that of the isotropic contact hyperfine
component of the overall hyperfine interaction [48].

In this work the T centers under investigation are those
with '2C constituents. Upcoming studies with 1*C will offer
four spin — % qubits per T center, with a correspondingly
richer spin Hamiltonian for each orientational subset.

VIII. PULSED SPIN RESONANCE

From Sec. VII we have determined spin Hamiltonian
values for orientational subset 1 as well as techniques able
to efficiently hyperpolarize both the electron and nuclear
spin states. In this section, we introduce pulsed optical and
magnetic resonance techniques that are able to manipulate
and measure the 7 center spin populations. These tech-
niques are employed to extract spin 7' times substantially
longer than 16 s and Hahn-echo 7, times exceeding a mil-
lisecond and a second for the electron and nuclear spins,
respectively.

All spin measurements are predicated upon having spin
initialization and readout techniques. The electron-nuclear
spin hyperpolarization process outlined in Sec. VII,
whereby resonant optical and MW frequencies are applied
to the entire ensemble, is used to initialize the spins. Next,
we discuss pulsed optical techniques to readout the T
center spin populations.

We begin with the electron spin polarization, which
could be measured most easily by switching the optical
pump signal back and forth between By, which pumps the
system towards electron polarization +1 (all electron spins
up), and C;, which pumps the system towards electron
polarization —1 (all electron spins down). In both cases the
steady-state sideband luminescence approaches zero, since
all systems are pumped into a shelving state that the optical
pump does not access, but when switching from one pump
to the other, there will be an initial luminescence transient
whose amplitude is proportional to the difference in the
polarization state just before the pumping is switched and

the steady-state polarization that the pumping eventually
produces. This scheme would require two single frequency
lasers, so we used a different approach.

A mixed electron spin state (electron polarization 0) can
be produced by applying B;, MW, and MW simultane-
ously, as shown in Fig. 9(b). An electron spin polarization
transient is produced by shutting off MW, and MW and
letting B; hyperpolarize the electron spin into [1g), as
shown in Fig. 9(c). The transient luminescence shown in
Fig. 9(a) (blue data) is the signal generated when the pump-
ing is switched from Figs. 9(b) and 9(c), or in other words
the electron polarization is driven from 0 to +1.

In principle, the electron spin state can be deduced
optically during this process by detecting the result-
ing sideband luminescence transient. However, this
electron-spin-selective optical excitation cycle leads to
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FIG. 9. (a) Nuclear spin (red) and electron spin (dark blue)

polarization transients. (b),(c) Energy level diagrams illustrat-
ing the electron spin mixing (b) and polarization (c) transient
schemes. (b) Populations are first prepared into a mixed popu-
lation distribution by activating B as well as MW, and MW ;.
(c) To observe the electron spin polarization transient, the MW
signals are halted. Shelving is indicated by a thicker energy level.
(d),(e) Energy level diagrams illustrating the nuclear spin polar-
ization transient scheme. (d) Populations are first prepared into
the [tz n) state by pumping B; and MWj. (e) To collect the
transient, MW, is turned off while MW, is turned on, changing
the shelving state from |1g{y) to [1en)-
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very rapid electron spin hyperpolarization. The branching
ratios from the BE states back down to the ground elec-
tron spin states are presumably relatively balanced, and the
electron spin is hyperpolarized within a few optical cycles.
As a result, very few sideband luminescence photons are
collected during electron spin transient measurements.

Instead of measuring the electron spin using these tran-
sients, an indirect method measuring the nuclear spin state
is employed. The nuclear spin luminescence polarization
transient data is shown Fig. 9(a) (red data), and the prepara-
tion and readout schemes are shown in Figs. 9(d) and 9(e),
respectively. The pumping in Fig. 9(d) polarizes the sys-
tem to the |1zl n) state, while that in (e) polarizes it to
the |1 gfty) state. The red luminescence transient data in
Fig. 9(a) is generated when the pumping is switched from
(d) to (e). A very similar transient is observed when the
pumping is switched from (e) to (d).

What is noteworthy in Fig. 9(a) is the much longer decay
time, and thus integrated transient area, of the nuclear
polarization transient (red) compared to the electron polar-
ization transient (blue). This must result from the fact that
the T centers can go through many optical absorption-
emission cycles before the nuclear spin is flipped. The
direct measurement of the electron polarization as in Fig. 9
has a much lower signal-to-noise ratio than the measure-
ment of the nuclear polarization. In the following mea-
surements the electron polarization is therefore measured
indirectly, by mapping it onto the nuclear spin using an
electron-spin-selective nuclear 7 pulse.

Furthermore, the alternating initialization and readout
cycles used in Fig. 9 can be simplified by using a sin-
gle polarization combination, in our case that shown in
Fig. 9(e), which leaves the system in |1 g} x), to both detect
any polarization transient and then reinitialize the system.
This initialization-readout procedure is labeled “POL” in
Fig. 10, and the pump laser is mechanically blocked in
the interval between POL cycles. If the nuclear spins do
not change between one cycle and the next, there will be
no transient, and if the nuclear spin state polarization dif-
fers through decay or spin manipulation, a transient will
be generated whose amplitude will be proportional to the
fraction of centers having nuclear spin down.

In Fig. 10(a) we combine these methods to measure Rabi
oscillations when driving the nuclear spins with variable
length rf pulses at the electron spin-up rf frequency. For
zero tf pulse length, there is no change in nuclear spin, so
there is zero transient area, and the nuclear spin polariza-
tion is near +1, as it is at the end of the POL period. When
the rf pulse length reaches m, the population is flipped to
[1£{n), and the nuclear polarization is near —1.

In Fig. 10(b) we measure the Rabi oscillations due to
variable length MW pulses that drive the electron spin.
As before, the system is initialized to |1z {}y) before the
POL pumping is stopped and the spin pulse sequence is
applied. The MW, pulse applied to this state rotates the
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FIG. 10. Rabi oscillations for (a) the nuclear spin and (b)
the electron spin. The signal decay is limited by the EPR and
NMR resonators’ magnetic field inhomogeneities. The normal-
ization is determined from exponentially decaying cosine fits.
The pulse sequence colors match the transition energies in the
level diagrams shown in Figs. 6, 8, and 9.

electron spins, and the rf 7 pulse flips any remaining pop-
ulation within |[1gfty) to |1gdn), generating a nuclear
polarization transient when B; and MW are turned on
again in the POL cycle. For zero MW pulse length, the rf
7 pulse flips all of the systems back to |1 g} x), and a max-
imum sideband luminescence transient area is observed,
corresponding to electron spin polarization near +1.

In Fig. 10 the normalization of the observed Rabi oscil-
lations is determined from exponentially decaying cosine
fits. The decay of the Rabi oscillations seen in Fig. 10 is
thought to be due to MW and rf field inhomogeneities, and
the observed spin control fidelities are typical for ensemble
measurements in home-built resonators.

Pulse durations are chosen based upon these Rabi oscil-
lations in order to extract the 77 and Hahn-echo 7, times
of both the electron spin and hydrogen nuclear spin, with
pulse sequences shown in Figs. 11(a) and 11(b). In the case
of the electron spin 7} and T, data, the electron spin Sz
observable is mapped to the nuclear spin I, observable for
readout using a leading conditional 7 pulse (a controlled
NOT gate). The signal-to-noise ratio on a single shot is just
above 1 in the case of the nuclear spin observable, and
below 1 for the electron spin, due to imperfect pulses gen-
erated by our home-built magnetic resonance assembly. As
such, averaging is required to extract accurate lifetimes and
coherence times.

The resulting normalized 7 lifetimes and 7, Hahn-echo
coherence times of the electron spin and nuclear spin are
shown in Figs. 11(c) and 11(d), respectively. The 7} times
for both the electron spin (7g) and nuclear spin (77y) are
far beyond their measured Hahn-echo times; we observed
no signal decay out to 16 s for both the electron spin
and nuclear spin. Averaged Hahn-echo times, extracted
by fitting the averaged data to stretched exponentials, are
2.1(1) ms [stretch factor 4.1(7)] and 0.28(1) s [stretch
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FIG. 11. (a),(b) Pulse sequences used to measure the electron

spin (a) and nuclear spin (b) 77 and 7, times. The pulse colors
match the spin transition frequencies in Fig. 1(c). The initial-
ization and measurement POL protocols are common to all four
sequences. (¢),(d) Normalized 7} and Hahn-echo 7, decay curves
for the electron (c¢) and hydrogen nuclear spin (d) for one orienta-
tional subset of T centers. The electron spin Hahn-echo T3y, time
is limited by phase noise beyond 2 ms. The hydrogen nuclear
spin Hahn-echo T3}, time is limited by phase noise beyond
280 ms, which can be partially circumvented by using maximum
magnitude techniques (see the text), revealing 755" > 1 s.

factor 2.9(4)] for the electron spin (75);) and nuclear spin
(T5y), respectively. These high stretch factors are consis-
tent with instrumental phase noise as has been observed
in similar spin measurements [5]. In the case of the
nuclear spin there is a sufficient signal-to-noise ratio to use
maximum-magnitude techniques [5] to partially mitigate
this instrumental limitation. The top 10% highest mea-
surement values per time point are averaged to establish a
tighter lower bound on the true Hahn-echo 7, resulting in
an exponential decay of 753" = 1.1(2) s (stretch factor 1).
Moving forward, dynamical decoupling [5] or clock tran-
sition [33] techniques could be employed to extract even
longer coherence times.

IX. CONCLUSION

We have reported upon the promising optical and
spin properties of an ensemble of 7 centers in 28Si.
We have performed above-band-gap PL, resonant PL,
PLE, and ODMR upon this ensemble. We have reported
submicrosecond optical lifetimes in the telecommunica-
tions O-band near 1326 nm, which is very close to the
zero dispersion wavelength of standard silica single-mode
fibers, with no observable Auger nonradiative recombina-
tion, and a Debye-Waller factor of 0.23(1). As has been
reported with other radiation damage centers’ ZPL tran-
sitions in 28Si, we observe a significant (here nearly 200-
fold) reduction in ensemble inhomogeneous linewidth, to
as low as 33(2) MHz at approximately 1.4 K. PLE traces at

approximately 1.4 K confirm that this ensemble linewidth
is inhomogeneously broadened. We have observed two dis-
tinct carbon isotope shifts of the ZPL, which is consistent
with existing atomic models of the 7 center. This opens
up avenues for the future study of T centers with up to
three spin — % nuclei, which may prove useful for modu-
lar quantum information processing, error detection, and
quantum state purification objectives.

In a magnetic field, we have observed twelve orienta-
tional subsets, consistent with the Cj;, symmetry of the
center. The hyperpolarization dynamics observed in PLE
in a magnetic field allowed for ODMR and the deter-
mination of MW and rf transition frequencies for a sin-
gle orientational subset of T" centers. From this we have
proven that the unexcited ground state contains an unpaired
electron spin, conclusively resolving this open question
in the literature. Furthermore, we have shown that there
exists an anisotropic hyperfine interaction with the defect’s
hydrogen nuclear spin, suitable to support spin readout
via the nuclear spin’s slow hyperpolarization optical tran-
sient. Using this readout mechanism, we performed opti-
cally detected magnetic resonance upon the electron and
hyperfine-coupled hydrogen nuclear spin, and extracted
competitive Hahn-echo 7 spin lifetimes for each.

Taken together these results pave the way for T centers
to successfully hybridize silicon’s two dominant quan-
tum platforms, and provide a long-lived multiqubit back-
bone for future telecom-wavelength integrated quantum
photonic circuits.
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APPENDIX A: SAMPLE PREPARATION

Unless otherwise specified, all measurements are per-
formed upon an isotopically purified 28Si crystal obtained
from the Avogadro project with 99.995% 28Si, less than
10'* oxygen/cm?, and less than 5 x 10'* carbon/cm® [35].
An irradiation dose of 320 kGy is applied to the crys-
tal using 10 MeV electrons, with intermittent application
of cooling dry ice to maintain a relatively low sample
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temperature during irradiation. To increase hydrogen con-
centration, the sample is first annealed in boiling water for
24 h [49], and then annealed in air from 300 °C to 450 °C
in steps of 30 min on a hotplate [25]. To reduce laser scat-
ter at the silicon interface, a coarse polish is applied to the
larger faces of the sample, followed by a brief etch in a
1:10 HF/HNO; solution to remove sutface strain.

A second isotopically purified 28Si crystal, with a higher
carbon concentration of 1.5 x 10" cm™3, is used for the
phonon sideband spectra. The same radiation and anneal-
ing treatment is applied to this sample as the first, and the
TX PL signal is approximately 3—4 times stronger. Lastly,
a ™Si sample that is lightly doped with gallium, electron
irradiated, and then annealed at 500 °C in the year 1995
and stored at room temperature since then is used for the
"Si PL spectrum.

APPENDIX B: METHODS

Cryogenics.—The samples are loosely mounted in
a strain-free manner and immersed in liquid helium-4
(LHe*) at temperatures ranging from 1.4 to 4.2 K. The
temperature is set by pumping on the LHe* bath.

Pulsed photoluminescence—To measure the lifetime of
the 7' ZPL, 965 nm light pulses, at a repetition rate of
125 kHz and with subnanosecond duration, are generated
by a Picoquant PLD 800-D and directed to the sample held
at a temperature of either 1.4 or 4.2 K. The 7' ZPL emission
is filtered through a double spectrometer and routed into an
ID230 single-photon detector whose output is directed to a
multichannel scaler with 40 ns time resolution.

CW photoluminescence—To generate nonresonant
photoluminescence, the sample is illuminated with up to
300 mW of 1047 nm (beam diameter 2—4 mm) above-gap
excitation. The resulting luminescence from the sample
is directed into a Bruker IFS 125 HR Fourier transform
infrared (FTIR) spectrometer with a CaF, beam split-
ter and liquid nitrogen cooled Ge diode detector, and
measured at spectral resolutions ranging from 0.25 to 62
neV. The apodization method used in shown spectra is
Blackman-Harris three term, except for the 935.142 meV
13C peak doublet [Fig. 2(d)] where the boxcar (no apodiza-
tion) method is used. For the magnetophotoluminescence
measurements, the sample is centered in a 6 T supercon-
ducting magnet with the field approximately parallel to the
[110] orientation.

For the resonant PL measurements, a single-frequency
Toptica DL100 tunable diode laser is amplified by a Thor-
labs BOA1017P amplifier to reach powers of approxi-
mately 75 mW (beam diameter 2—4 mm), then filtered by
an Edmund Optics 87-830 1350 nm (£12.5 nm) band-
pass filter and an Iridian Spectral Technologies DWDM
1329.22 200 GHz 1329nm (£0.5 nm) bandpass filter
before reaching the sample. Both filters are tilted down to
shift their respective passbands to the laser frequency. In

the optical detection path, two custom 1330 nm longpass
filters (3 nm cut-on) from Iridian Spectral Technologies
are used to filter back-reflected laser light from the sam-
ple. The resulting luminescence is directed to the FTIR
spectrometer as above.

Photoluminescence  excitation—Photoluminescence
excitation involves tunable resonant excitation of the TX
ZPL followed by the optical detection of lower energy
photons resulting from the TX phonon sideband. In the
case of resonantly driving the 1326 nm ZPL transition,
a single-frequency Toptica tunable diode laser DL100 is
first amplified by a Thorlabs BOA1017P amplifier to reach
powers of approximately 100 mW (beam diameter 2—4
mm), then filtered by 1325 nm (£25 nm) bandpass filters
and directed onto a polished face of the sample.

In the optical detection path, a Semrock BLP02-1319R-
25 1319 nm longpass laser rejection filter is found to give
good rejection of the TXy pump photons. To remove con-
tributions from a silicon Raman replica at 1426 nm, a
1375 nm bandpass filter (50 nm bandwidth) is also in the
detection path, giving rise to a spectral PLE detection win-
dow as depicted in Fig. 2(a). The resulting photons are
directed to an IDQuantique ID230 high-sensitivity InGaAs
photon-counting detector.

PLE is also used for excited state spectroscopy, wherein
the Toptica DL100 tunable diode laser is scanned over
higher energies and TX, ZPL photons are detected by
replacing the aforementioned detection filters with a % m
focal length double monochromator set to filter out all
light apart from a small window of luminescence around
1326 nm.

Optically detected magnetic resonance—Unless other-
wise specified, the magnetic resonance experiments are
performed with the sample in an applied magnetic field
of approximately 80 mT delivered using an iron core
electromagnet. The sample is mounted in the PLE setup
as described above, and placed within two nested mag-
netic resonance resonators: a split-ring resonator (fres =
2.25 GHz, bandwidth = 10 MHz) for electron param-
agnetic resonance, and a Helmoltz coil pair (fies = 4.8
MHz, bandwidth = 300 kHz) for nuclear magnetic reso-
nance. The radio frequency signals are generated using
signal generators SRS SG384 and SRS SG386, switches
ZASWA-2-50DR+ are combined using a power split-
ter ZB2PD-63-S+ and are amplified to up to 1 W of
power using amplifiers ZHL-16W-43-S+ and ZHL-1-2W+
as needed. For pulse sequencing, a Spincore Pulseblaster
DDSII-300 is used.
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