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Color centers provide an optical interface to quantum registers based on electron and nuclear spin
qubits in solids. The T center in silicon is an emerging spin-photon interface that combines telecom
O-band optical transitions and a long-lived electron spin in a scalable photonics platform. In this
work, we demonstrate the initialization, coherent control, and state readout of a three-qubit register
based on the electron spin of a T center coupled to a hydrogen and a silicon nuclear spin. The spin
register exhibits long spin echo coherence times of 0.41(2) ms for the electron spin, 112(12) ms for
the hydrogen nuclear spin, and 67(7) ms for the silicon nuclear spin. We use nuclear-nuclear two-
qubit gates to generate entanglement between the two nuclear spins with a fidelity of F = 0.77(3)
and a coherence time of T ∗

2 = 2.60(8) ms. Our results show that T centers can realize a long-lived
multi-qubit register with an optical interface in silicon photonics.

Spin-photon interfaces based on color centers in solids
are well-suited as optically interconnected multi-qubit
registers for quantum information processing [1–3]. Ran-
domly placed nuclear spins surrounding color centers can
form a multi-qubit register, which couples to the optically
addressable electron spin of the color center via hyperfine
interaction [4, 5]. In host materials with low nuclear spin
concentrations [6], the electron and nuclear spins display
long coherence times and are ideal platforms for storing
quantum information [7]. In particular, long-lived nu-
clear spins with an optical interface via the electron spin
can serve as quantum repeater nodes [8–10].

Color centers in silicon are emerging spin-photon inter-
faces [11, 12] and show promise due to their compatibil-
ity with scalable integrated photonics and potential for
foundry-level fabrication [13]. Among the silicon color
centers studied so far [14], the T center is the only sys-
tem combining a telecom O-band emission with a co-
herent electron spin in the ground state [11]. T centers
integrated into photonic devices allow an efficient opti-
cal interface for this defect [15–18]. Coherent control of
the electron and hydrogen nuclear spin associate with a
single T center has been demonstrated in isotopically pu-
rified substrates [18]. However, the possibility of building
a coherent multi-qubit register based on T centers cou-
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pled to the 29Si nuclear spin bath in natural silicon has
not been explored.

In this work, we report a three-qubit register based
on a single T center in a silicon photonic waveguide.
The three-qubit register consists of the T center elec-
tron spin, the T center hydrogen nuclear spin, and a
nearby 29Si nuclear spin. We demonstrate coherent con-
trol of all three qubits and multi-qubit controlled-NOT
gates. All three qubits show long coherence times with
T echo
2,e = 411(15) µs, T echo

2,H = 110(10) ms, and T echo
2,Si =

70(7) ms. We create entanglement between the two nu-
clear spins with a fidelity of 77(3)% and a coherence time
of 2.60(8) ms. The observed long coherence times for
single qubits and entangled states demonstrate that the
T center can be used to realize a multi-qubit quantum
memory.
T center in a photonic waveguide. The T center in
silicon is a point defect that contains two carbon atoms,
one hydrogen atom, and an unpaired electron in a sili-
con substitutional site (Fig. 1d) [19, 20]. The T center
ground state (GS) comprises an electron spin (S = 1

2 ),
while its first excited state (TX0) is a defect-bound ex-
citon state with an unpaired hole spin (S = 1

2 ) [20].
The optical emission from TX0 has a zero-phonon line
(ZPL) around 1326 nm in the telecom O-band with a
Debye-Waller factor of 0.23 [11]. Under a static mag-
netic field, the Zeeman splitting results in spectrally re-
solved, spin-dependent optical transitions (Fig. 1b). The
electron spin g-factor is isotropic (ge = 2.005), while the
hole spin g-factor (gh) depends strongly on the relative
alignment between magnetic field direction and T center
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FIG. 1. a, False-colored scanning electron microscope image
of the optical waveguide (silicon, blue) and the superconduct-
ing transmission line (niobium, pink). A magnet provides a
static in-plane magnetic field B⃗DC. b, c, Energy level dia-
gram of a T center in a magnetic field. The electron spin is
coupled to H and Si nuclear spins via hyperfine interactions.
d, Atomic structure of a T center with a neighboring 29Si
atom. e, Two-tone photoluminescence excitation (PLE) mea-
surement of the electron spin-dependent optical transitions.
The blue (red) trace shows the PLE spectrum with a pump
frequency indicated by the blue (red) arrow. Transitions B
and C exhibit a linewidth of 0.76 GHz and are detuned by
3.35 GHz. Black: single laser PLE spectrum. f, Upper: pulse
sequence for optically detected magnetic resonance (ODMR)
of the fe,3 transition. The sequence initializes the system in
the |↓e⇓Si⇓H⟩ state. Driving optical transition C polarizes
the electron spin to the |↓e⟩ manifold and driving fe:1,2,4 de-
pletes the population in |⇑⇓⟩, |⇑⇑⟩, and |⇓⇑⟩ nuclear states.
Lower: Pulsed-ODMR spectra of nuclear spin-dependent elec-
tron spin resonances for different nuclear initialization states.

orientation [21]. Each T center intrinsically contains a
hydrogen nuclear spin (I = 1

2 ). Additionally, the silicon
lattice contains 4.67% of 29Si with nuclear spin I = 1

2 .
Our first-principles calculations show that 46 lattice sites
surrounding the T center can have a hyperfine coupling
strength above 1 MHz (Appendix C). Consequently, the
T center electron is likely to strongly couple to nearby
29Si nuclei, forming a quantum register with one electron
spin and hyperfine coupled nuclear spins.

We generate T centers by implanting ions (
[
12C

]
=

1×1012 cm−2, [H] = 7×1012 cm−2) into a high-resistivity
silicon-on-insulator (SOI) wafer followed by rapid ther-

mal annealing. The low implantation dose [22] results
in spatially resolvable T centers under free space exci-
tation. We integrate T centers in single-mode photonic
waveguides. Each photonic waveguide is terminated with
a Bragg reflector and is adiabatically tapered to mode
match to a lensed fiber for efficient single-sided pho-
ton collection (Fig. 1a). A superconducting transmission
line is patterned adjacent to the photonic waveguides for
spin control. The device is cooled down to 3.4 K in a
closed-cycle cryostat. Device fabrication and measure-
ment setup details are available in Appendix A, B.

We locate T centers by scanning an off-resonant laser
(635 nm) across a photonic waveguide and detecting T
center zero-phonon line (ZPL) emission into the waveg-
uide centered at 1325.4 nm. To resolve spin-dependent
transitions of a T center, we perform resonant photolumi-
nescence excitation (PLE) through free space excitation
and collect the T center fluorescence in the phonon side-
band (PSB) via the waveguide. Due to the presence of
an external magnetic field, excitation with a single res-
onant laser optically pumps the electron spin to a dark
state, preventing the observation of steady-state PLE sig-
nal (Fig. 1e, black line). We perform two-tone laser spec-
troscopy by scanning two lasers around the ZPL. The T
center fluorescence shows up only if the two lasers excite
transitions from different electron spin states simultane-
ously (Fig. 1e). Using the splitting of optical transitions
and assuming ge = 2.005 [21], we infer the electron spin
resonance (ESR) frequency to be fe = 7.3 GHz and the
local magnetic field to be B = 0.26 T.
Electron spin control and coherence. We use op-
tically detected magnetic resonance (ODMR) to study
the electron spin coherence and hyperfine structure. In
the presence of strongly coupled nuclear spins, the elec-
tron spin resonances split into spectrally resolved, nu-
clear spin-dependent transitions which cannot be simul-
taneously addressed with a single microwave tone. We
use pulsed ODMR measurements involving multi-tone
microwave pulses (see Appendix D) to identify the nu-
clear spin-dependent electron spin resonances and to ini-
tialize the electron-nuclear spin register. The pulsed
measurements in Fig. 1f reveal a hyperfine structure
consisting of four electron spin resonances at frequen-
cies fe,1, fe,2, fe,3, fe,4, consistent with having a T cen-
ter strongly coupled to nuclear spin of the hydrogen and
a nearby 29Si (Fig. 1c). These transitions are spec-
trally resolved, enabling controlled rotation gates (e.g.
CH, SiNOTe) where the electron spin rotations are con-
ditioned on the nuclear spin states. Due to perpendicular
components of the hyperfine interaction, we also observe
nuclear spin non-conserving electron spin transitions (see
Appendix F).

We initialize the nuclear spins using a multi-tone
pulse sequence (Fig. 1f) to allow high-fidelity control
of the electron spin with resonant pulses (Fig. 2a).
The electron spin shows a Ramsey coherence time of
T ∗
2,e = 2.7(1) µs (Fig. 2b), which is likely limited

by the 29Si nuclear spin bath [18]. Using a Hahn-echo
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FIG. 2. T center electron spin coherence. a, Rabi oscil-
lation of the electron spin with tπ = 90 ns. b, Ramsey fringes
of the electron spin show T ∗

2,e = 2.7(1) µs. A 5 MHz virtual
detuning (θ(τ)) is added to the second π/2 pulse phase. c,
Electron spin coherence time using different dynamical decou-
pling sequences: T echo

2,e = 411(15) µs, TCPMG2
2,e = 623(43) µs,

TXY4
2,e = 1.33(17) ms, and TXY8

2,e = 1.68(22) ms. Inset: coher-
ence time versus number of refocusing pulses. The system is
initialized in |↓e⇓Si⇓H⟩ before all measurements. MW pulses
resonant with the nuclear spin conserving transition frequency
(fe,3) are used to drive the electron spin. A stretching factor
of 2.5 is used when fitting coherence decays.

sequence suppresses the slow magnetic noise and ex-
tends the spin coherence time to T echo

2,e = 411(15) µs
(Fig. 2c). Interestingly, our observed spin coherence
time T echo

2,e for a device-integrated T center in natural
silicon is longer than that in isotopically-enriched sili-
con (T echo

2,e = 270(10) µs) in Ref. [18]. The discrep-
ancy suggests that the noise induced by implantation and
fabrication may affect T2,e. Applying dynamical decou-
pling with an XY8 sequence further extends the coher-
ence time to 1.68(22) ms (Fig. 2c). We fit the coherence
time as a function of the number of refocusing pulses
(N) using Tcoh(N) ∝ αNn and find a stretching factor of
n = 0.62(16), in agreement with a noise spectrum from
a Lorentzian bath where n = 2/3 [23]. Our measure-
ments show no evidence of electron spin depolarization,
consistent with a long electron spin lifetime [12].
Nuclear spin control and coherence. To probe nu-
clear spin coherences, we first perform pulsed-ODMR
to measure the nuclear magnetic resonances (NMR).
The nuclear spin readout consists of a controlled NOT
(CH, SiNOTe) gate that selectively maps the nuclear spin
state to the electron spin (Fig. 3b), and is followed by
an optical readout of the electron spin. Fig. 3b shows
repeated applications of the readout sequence and the
resulting fluorescence signal. The nuclear spin state is
partially preserved during optical excitation for electron

spin state readout. Based on the spin cyclicities under
optical excitation, we use two repetitive readout cycles
to increase the signal-to-noise ratio [24, 25].

We measure the nuclear magnetic resonances in the
|↓e⟩ manifold by sweeping a radio-frequency pulse. We
observe four nuclear spin resonances consisting of two
groups centered at 5.817 MHz and 10.004 MHz that cor-
respond to silicon and hydrogen nuclear spins, respec-
tively (Fig. 3c). Within each group, the transition fre-
quency of the nuclear spin (e.g. fn,1 and fn,2) shifts by
2 kHz conditioned on the initialization state of the other
nuclear spin. The 2 kHz effective longitudinal coupling
between the two nuclear spins results in frequency resolv-
able state-dependent transitions, enabling CHNOTSi and
CSiNOTH gates. The longitudinal coupling originates
from a combination of direct nuclear dipolar interaction
and electron spin mediated nuclear spin interactions [26–
28].

With the nuclear resonances known, we calculate the
nuclear gyromagnetic ratio to confirm the assignment
of the nuclear resonances to the silicon and hydro-
gen spin. For the hydrogen nuclear spin, the tran-
sition resonance is at fn,3 = 10.005 MHz for the
|↓e⇓Si⟩ state, and 12.141 MHz for the |↑e⇓Si⟩ state
(Fig. S8a). We calculate the nuclear Zeeman splitting to
be 11.073 MHz and the hyperfine longitudinal coupling
to be 1.07 MHz. Using the strength of the local mag-
netic field obtained from optical splittings, the experi-
mental gyromagnetic ratio of the hydrogen nuclear spin is
γ/(2π) = 42.49 MHz/T, which closely matches with the
literature value of γH/(2π) = 42.577 MHz/T. For com-
parison, the silicon gyromagnetic ratio is γ29Si/(2π) =
−8.465 MHz/T. We identify the 5.8 MHz resonances with
the silicon nuclear spin, which has the highest abundance
in the host lattice (see Appendix G).

We demonstrate coherent control of hydrogen and sil-
icon nuclear spins using resonant RF pulses (Fig. 3d).
At the same RF power, the hydrogen nuclear spin ex-
hibits a higher Rabi frequency than silicon, consistent
with hydrogen’s larger gyromagnetic ratio. The larger
gyromagnetic ratio also implies stronger coupling to the
noisy spin bath, which explains the shorter Ramsey co-
herence time for hydrogen T ∗

2,H = 4.0(2) ms compared to
silicon T ∗

2,Si = 13.9(8) ms (Fig. 3e). Noise cancellation
using a Hahn-echo sequence extends the nuclear coher-
ence times to T echo

2,H = 112(10) ms, and T echo
2,Si = 70(7) ms

(Fig. 3f). Our observation of T echo
2,H > T echo

2,Si suggests
that further studies are needed to understand the differ-
ent noise sources that the two nuclear spins experience.
Finally, nuclear spin lifetime (T1) measurements show no
population decay up to 300 ms, indicating that the Hahn-
echo coherence time is not lifetime-limited.
Nuclear spin entanglement. We use controlled-NOT
gates between the H and Si nuclear spins to entangle the
two nuclear spins. An example sequence of entanglement
generation between H and Si in the |↓e⟩ manifold is shown
in Fig. 4a. The system is first initialized in |↓e⇑Si⇑H⟩ us-
ing the sequence shown in Fig. S9a. Then, two controlled
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FIG. 3. Nuclear spin resonances and coherences. a, A zoomed-in view of the hyperfine structure of the T center under
a magnetic field. b, Upper: pulse sequence to readout population in the |↓e⇑Si⇓H⟩ state. A readout unit contains a CnnNOTe

pulse and a laser pulse that probes the population in the |↑e⟩ manifold. Lower: A histogram of repetitive nuclear spin readout
with N = 6. The dashed box indicates a readout cycle. Electron spin flips during optical excitation results in the decay of
fluorescence in each readout cycle. Nuclear spin flips during optical excitation leads to the decay of total fluorescence with
increasing N. c, Nuclear spin resonances in the |↓e⟩ manifold. Inset: state-selective π pulses constitute CnNOTn gates between
the two nuclear spins. d, Rabi oscillation of the H and Si nuclear spins driven with resonant RF pulses. e, Ramsey coherence
measurement of the H and Si nuclear spins, T ∗

2,H = 4.0(2) ms, and T ∗
2,Si = 13.9(8) ms. f, Hahn-echo decay traces of the H and

Si nuclear spins (navy). Measurements of nuclear spin lifetime (T1) show no observable decay up to 300 ms (yellow).

rotation gates (pulses at frequencies fn,1 and fn,4) are ap-
plied to create the Bell state |Φ−⟩ = 1√

2
(|⇑⇑⟩ − |⇓⇓⟩). To

quantify the fidelity of the Bell state, we perform phase
reversal tomography [29, 30]. The two controlled rotation
gates used for Bell state generation are applied in reverse
order with the rotation axes offset by azimuthal angles
(φ1 = θ, φ2 = 3θ) via microwave pulse phases. This to-
mography scheme maps the non-zero off-diagonal density
matrix elements of a Bell state to the diagonal matrix el-
ements of the final state, which can be measured by the
expectation value of the nuclear spin ⟨σz⟩Si (Fig. 4b).
Varying θ creates an oscillation in ⟨σz⟩Si, whose phase
and amplitude encode the non-zero off-diagonal matrix
elements of the Bell state density matrix. Together with
diagonal matrix elements obtained from population mea-
surement directly after Bell state preparation (Fig. S9d),
we reconstruct key elements of the density matrix and
calculate the fidelity to be F|Φ−⟩ = 77(3)% (Fig. 4c).
To probe coherence of the entangled states, we mea-
sure the dephasing times of |Φ+⟩ = 1√

2
(|⇑⇑⟩+ |⇓⇓⟩) and

|Ψ+⟩ = 1√
2
(|⇑⇓⟩+ |⇓⇑⟩) by adding a free evolution time

(τ) between state generation and reversal sequences. For
the two reversal pulses, the azimuthal angles are set to
φ1 = 0, φ2 = ωτ via microwave pulse phases, where ω
is a virtual detuning. By fitting the decay of ⟨σz⟩Si, we
measure T ∗

2,|Φ+⟩ = 2.60(8) ms, and T ∗
2,|Ψ+⟩ = 3.75(8) ms

(Fig. 4d). The odd-parity |Ψ+⟩ state has a longer de-

phasing time than the even-parity |Φ+⟩ state, suggesting
the noise sources on the two nuclear spins are partially
correlated [31].
Discussion. We demonstrated the initialization, coher-
ent control, and readout of a three-qubit register in a sil-
icon photonics platform. Our results show that electron-
nuclear and nuclear-nuclear two-qubit gates are readily
available for T centers in natural silicon, and can be used
to generate entangled states within the spin-qubit regis-
ter. The nuclear spins show long echo coherence times of
∼ 100 ms and the nuclear spin Bell states show Ramsey
coherence times of ∼ 3 ms without any isotopic purifica-
tion.

Several factors contribute to errors in single- and two-
qubit gate operations within the nuclear register and
state readout. The 2 kHz conditional frequency shift be-
tween the nuclear spins poses a challenge for performing
high-fidelity nuclear single-qubit gates. A single-qubit
gate (unconditional on the other nuclear spin) requires
a large driving field and Rabi frequency (≫ 2 kHz),
but is not achievable using our transmission line without
breaking superconductivity and causing heating (see Ap-
pendix E). Using superconducting films with higher crit-
ical currents, together with careful microwave and ther-
mal engineering, may enable high-fidelity single-qubit
gates. The nuclear two-qubit gates rely on selective ex-
citation of two transitions split by 2 kHz. Similarly,
electron-nuclear two qubit gates rely on selective excita-
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tions split by ∼ 2−3 MHz. The finite detunings limits the
two-qubit gate rates and fidelities, and can be improved
by composite pulses and pulse shape engineering [32–35].
Finally, magnetic field orientation can be optimized to
achieve higher optical cyclicities for both electron spin

and nuclear spins [21] to realize high-fidelity single-shot
readout of the qubit register.

Although this work focused on a strongly coupled 29Si,
the T center also interacts with a large bath of weakly
coupled 29Si nuclei. The S = 1

2 ground state of T cen-
ter makes it challenging to control weakly coupled nu-
clear spins individually with dynamical decoupling (DD)
gates. However, recently developed dynamically decou-
pled radio frequency (DDRF) gates [36] increase the con-
trol fidelity of nuclear spins with S = 1

2 . Leveraging the
DDRF gates, it might be possible to extend the qubit
register size [5] for use as quantum memories in long-
distance quantum communication.
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Appendix A: Experimental setup

The sample is mounted in a cryostat (Montana In-
struments Cryostation s200) and cooled down to 3.4 K.
We fix a Halbach array, assembled with three permanent
magnets (K&J Magnetics B888-2PA-N52 and B888-2PE-
N52), below the sample to provide the external magnetic
field. A lensed fiber (OZ Optics TSMJ-X-1550-9/125-
0.25-7-3.5-19-2) is mounted on a 3-axis nanopositioner
(Attocube ANPx101/LT and ANPz102/LT) for coupling
to the photonic waveguide (efficiency ∼ 30%). Photons
are detected with a superconducting nanowire single pho-
ton detector (Quantum Opus QO-NPD-1200-1600) with
a quantum efficiency of ∼ 60%. Fig. S1 shows the ex-
perimental configuration. For free space excitation, the
laser beam is focused by a microscope objective (Mitu-
toyo LCD Plan Apo NIR 50, NA = 0.42) outside the

cryostat and sent through the top vacuum window of the
cryostat. The objective is mounted on a 3-axis motor-
ized micromanipulator (Sutter Instrument MP-285) for
scanning.

To locate T centers, we spatially scan a free space
continuous-wave laser at 635 nm (Thorlabs S1FC635)
to excite T centers off-resonantly and collect fluores-
cence centered at 1325.4 nm (1.2 nm bandwidth) using
a tunable bandpass filter (WL Photonics WLTF-BA-U-
1310-100-SM-0.9/2.0-FC/APC-USB). For photolumines-
cence excitation (PLE) measurements, we use two tun-
able O-band lasers (Santec TSL-570) for resonant excita-
tion. Each laser is intensity modulated by a fiber-coupled
acousto-optic modulator (AOM, Aerodiode 1310-AOM-
2 for laser 1, IntraAction FCM-40.8E5C for laser 2).
The laser power is measured using a power meter (Thor-
Labs PM100USB) with a fiber photodiode power sen-
sor (ThorLabs S154C). The laser power is controlled in-
dependently with variable optical attenuators (Agiltron
MSOA-02B1H1333). We combine the two laser beams
with a 50:50 fiber beam splitter and use a fiber-coupled
polarizing beam splitter to set identical polarization for
the two lasers. A polarization controller is added before
the objective to optimize the laser excitation efficiency
based on T center signal. In the collection path, we use a
free space longpass filter (ThorLabs FELH1350) to filter
out the resonant excitation photons and collect fluores-
cence in phonon side band (PSB).

Microwave (MW) pulses are used to drive electron spin
transitions. We first amplify the MW power from a local
oscillator (Agilent Technologies E8257D) using a linear
amplifier (Mini-Circuits ZX60-83LN-S+). The amplified
LO signal is sent to the LO port of an IQ mixer (Marki
microwave MMIQ-0218LXPC) and mixed with I and Q
signals generated by the analog channels of the Swabian
Instruments Pulse Streamer 8/2 for phase modulation
and frequency upconversion. We add a MW switch (Ana-
log Devices HMC547ALP3E) after the IQ mixer to at-
tenuate LO leakage when IQ modulation is off. The up-
converted MW signal is amplified with a linear amplifier
(Mini-Circuits ZRON-8G+) and filtered by a DC block
and a high pass filter (Mini-Circuits VHF-3100+). We
use a circulator (DigiKey SFI4080A) after the filter to
protect the amplifiers from reflected power. A digital at-
tenuator (Vaunix LDA-908V) controls the power of the
upconverted MW pulses. The MW signal is sent to the
H port of a diplexer (Mini-Circuits ZDSS-3G4G-S+).

Radio-frequency (RF) pulses are used to drive nuclear
spin transitions. We use an arbitrary waveform genera-
tor (AWG: Siglent SDG6022X) to directly synthesize the
RF signal and then attenuate it with a 20 dB attenua-
tor to achieve higher amplitude resolution. After going
through a lowpass filter (Mini-Circuits VLF-80+), the
RF signal is sent to the L port of the diplexer. The com-
bined MW and RF signals are sent to a custom printed
circuit board (PCB) which is wire bonded the niobium
(Nb) transmission line on the chip inside the cryostat.

When measuring nuclear spin Hahn echo coherence
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Fig. S1. Experimental setup. Black lines represent optical fibers and coaxial cables. Blue lines represent coaxial cable
connections for sequence control and synchronization. BS: Beam splitter. PC: Polarization controller. AOM: Acousto-optic
modulator. VOA: Variable optical attenuator. PBS: Polarizing beam splitter. WM: wavemeter. PM: Power meter. SNSPD:
Superconducting nanowire single photon detector. TT: Time tagger. Rb Std: Rubidium frequency standard. AWG: Arbitrary
waveform generator. Att: Attenuator. LO: Local oscillator. AMP: amplifier. The dashed box shows extra setup for nuclear
Hahn echo measurement.

times, we add an extra AOM (Aerodiode 1310-AOM-
2) before the polarizing beam splitter to further reduce
laser leakage. We also change the RF line setup to
the configuration shown in the dashed box in Fig. S1.
The AWG is used as local oscillator and two MW
switches (Mini-Circuits ZASWA-2-50DRA+) are cas-
caded to pulse RF signals to accommodate memory lim-
itations on the AWG. We keep other configurations the
same.

Pulses are generated using a Swabian Instruments
Pulse Streamer 8/2. The photon clicks from SNSPD
are time-tagged with a Swabian Instruments Time Tag-
ger Ultra. Pulse streamer, time tagger and AWG are
all synchronized to a reference Rubidium clock (Stanford
Research Systems Rubidium Frequency Standard).

Appendix B: Device fabrication

We fabricate our device on a 1 cm × 1 cm chip diced
from a 200 mm silicon-on-insulator (SOI) wafer (SEH
America). The 220 nm thick, float-zone grown device
layer has a high resistivity (≥ 3000 Ω cm) and (100)
orientation. To create T centers, we first implant 12C
ions at 36 keV (average depth 110 nm) with a fluence
of 1 × 1012 cm−2 and a 7◦ tilt. The implantation is fol-
lowed by rapid thermal annealing in N2 atmosphere at

900 ◦C for 20 seconds to repair lattice damage from im-
plantation. We then implant H at 9 keV (average depth
110 nm) with a fluence of 7× 1012 cm−2, and anneal the
device at 450 ◦C in N2 atmosphere for 3 min to form T
centers. Details for device fabrication and T center cre-
ation processes are shown in Fig. S2. The single mode
photonic waveguide is along the ⟨110⟩ direction and is
terminated with a Bragg mirror at the end, following the
design presented in Ref. [17].

Appendix C: First principles calculations of
hyperfine interaction with silicon

The hyperfine simulations are performed using
VASP [37, 38] and the projector-augmented wave (PAW)
method [39]. T center defect structure is simulated us-
ing a 1002-atom supercell. In our setup, the C-C axis
is aligned along the Z axis, with the C-C-H defect lying
in the [110] defect plane. Structural optimizations are
performed with fixed supercell volumes until the ionic
forces are smaller than 0.01 eV/Å. Spin-polarized Heyd-
Scuseria-Ernzerhoff (HSE) [40] with 25% exact exchange
is employed to simulate its doublet ground state. The hy-
perfine coupling constants are evaluated using the imple-
mentation in VASP. The hyperfine tensor AI

ij of nucleus
I comprises the isotropic Fermi-contact term
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removal
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Fig. S2. Device fabrication. 1-3, 7) Ion implantation and rapid thermal annealing for T center generation. 4-6) Electron-beam
lithography and optical lithography steps for defining photonic waveguides. 8-10) Niobium sputtering and optical lithography
for metal transmission line. We use electron-beam lithography to pattern SiO2 masks (FOX15) to protect photonic waveguides
during metal etching. 11) Side view of the photonic waveguide, the tapered waveguide end of the chip is exposed for fiber
coupling. 12) Wet release of the device with buffered oxide etcher (BOE). FOX15 masks are also removed with BOE.

a b

Fig. S3. Distribution of hyperfine coupling strength between 29Si and the T center electron spin. a, Distribution
of diagonal Azz of 29Si with respect to the distance to the unsaturated carbon of T center. The color bar and marker size stand
for the values of Azz. The horizontal line stands for Azz = 2 MHz. Every lattice site is populated with 29Si. b, Distribution
of diagonal Axz = Ayz of 29Si with respect to the distance to the unsaturated carbon of T center. The color bar and marker
size stand for the values of Axz = Ayz. The horizontal line stands for Axz/Ayz = 2 MHz.
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AI
iso =

2

3

µ0γeγI
S

δij

∫
δT (r)ρs (r+RI) dr, (C1)

and the anisotropic spin dipolar term

AI
ani =

µ0

4π

γeγI
S

∫
ρs (r+RI)

r3
3rirj − δijr

2

r2
dr, (C2)

where µ0 is the permeability of vacuum, γe and γI are
the gyromagnetic ratios of the electron and nuclei. δT (r)
is a smeared out δ function in the relativistic case [41]. ρs
is the spin density of spin state S at coordinates r with
respect to the position of the nucleus RI .

The spin quantization axis in simulations is defined
along the carbon–carbon bond of the T center, corre-
sponding to the z-axis in our setup. We populate all the
silicon lattice sites with 29Si atoms in a 1000-atom super-
cell. The distribution of hyperfine couplings is plotted in
terms of the diagonal (Azz) and off-diagonal (Axz = Ayz)
terms in Fig. S3a and Fig. S3b, respectively. The hori-
zontal line indicates hyperfine values larger than 2 MHz.
This statistical analysis can guide the estimation of 29Si
distribution. For instance, it shows that 28 lattice sites
within approximately 10 Å have Azz > 2 MHz. Given
that the simulation contains 1000 atoms, we estimate ap-
proximately 1.3 29Si atoms have Azz > 2 MHz within
approximately 10Å for natural silicon (28 sites × 4.66%
natural abundance of 29Si).

A defect structure of the T center is shown in Fig. S4;
only atoms with Azz larger than 1 MHz are shown for
simplicity. The Azz values of 29Si atoms are visualized
using a color code, with detailed numerical values sum-
marized in Table S1. The distribution of Azz along the
quantization axis reflects the defect’s C1h symmetry, as
the values are mirrored across the C–C–H defect plane.
The complete hyperfine tensor dataset simulated in this
work is publicly available on Zenodo [42].

Appendix D: Identification of nuclear spin
dependent electron spin transitions

For T centers, the combined effect of nuclear Zeeman
splitting and nuclear-electron hyperfine interactions re-
sults in nuclear spin dependent electron spin resonances
(ESRs). If the nuclear spins are not initialized, we ob-
serve a broad and small peak at f0 = 7.257 GHz in CW-
ODMR (Fig. S5a, black), consistent with having a single
MW tone off-resonantly driving multiple ESRs. There-
fore, we use two-tone ODMR to address different nuclear
spin states. First, we sweep the detuning (2δ) of the two
MW tones while keeping their average frequency fixed at
f0. We observe a two-tone resonance at δ = 3.75 MHz
(Fig. S5b). We then move on to pump-probe ODMR.
With one MW tone fixed at f0 + δ, scanning the sec-
ond MW tone shows a resonance at (fe,left ≈ f0 − δ ).
By optimizing the two MW frequencies iteratively based
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Fig. S4. Defect structure of a T center where only the atoms
with |Azz| > 1 MHz are presented. The diagonal Azz values
are visualized by the color bar. The defect structure shows a
C1h symmetry along the C–C–H plane. This is also reflected
on the labeling of the atoms.

on the resonance contrast, we identify two ESRs in cw-
ODMR (Fig. S5a). To probe finer structures in ESR, we
reduce the MW driving power. With the pump-probe se-
quence (Fig. S5d), each ESR peak further splits into two
peaks (Fig. S5c), suggesting the T center under study is
coupled to a second nuclear spin in addition to its intrin-
sic hydrogen nuclear spin. With a full mapping of the
electron spin transitions, we develop the pulse sequence
shown in Fig. 1f for initialization and optimize the MW
driving frequencies based on the resonance contrast.

Appendix E: Meissner effect induced electron spin
resonance shifts

During early stages of our pulsed-ODMR experiments,
we observed transient frequency shifts in electron spin
resonance (ESR) that depended on the microwave pulse
power and duration. To understand such shifts, we use
Ramsey sequences to measure their dynamics. We add
a 5 MHz virtual detuning to the second π/2 pulse of the
Ramsey sequence (Fig. S6a). By analyzing the oscillation
frequency in the signal and comparing it against 5 MHz,
we can extract the precise ESR. Surprisingly, we notice
two frequency components in the Ramsey signal oscilla-
tion (Fig. S6b) and find that the frequency jump occurs
around 1.25 µs after the first π/2 pulse.



11

Frequency (GHz)

fe,left fe,right
PL

E 
(c

ps
)

fe,rightfe,left

Frequency (GHz)

PL
E 

(c
ps

)

δ (MHz)

PL
E 

(c
ps

)

Laser

MW

C C
fe, pump

ReadoutInitialization

a b

c d

fe, probe

Fig. S5. Identification of electron spin resonances. a,
Two-tone continuous-wave (CW) ODMR measurements. The
arrows indicate the pump MW frequency, while the traces
sharing the same color show the ESR response when sweeping
the probe MW frequency. The two ESR peaks are separated
by 6.9 MHz and the linewidth of each peak is 3.1 MHz. Single-
tone CW-ODMR is shown as a reference (black). b, Two-tone
CW-ODMR showing a resonance at δ = 3.75 MHz (black).
The detuning of the two MW tones 2δ are swept while keeping
the center frequency f0 = 7.257 GHz fixed. The dark count
is shown as a reference (gray). c, Pulsed-ODMR. The arrows
indicate the MW frequencies used in initialization (fe, pump).
The traces sharing the same color show the pulsed-ODMR
response. Each ESR peak observed in a is further split to
two peaks. The splitting between two small peaks within the
same trace is 2.5 MHz. d, Pulse sequence for c.
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Fig. S6. ESR shifts due to Meissner effect. a, Ramsey
fringes of the electron spin. A ∆ = 5 MHz virtual detuning
is added to the second π/2 pulse phase θ = ∆τ . We fit an
oscillation frequency at 4.91(2) MHz for τ < 1.25 µs and
at 4.23(1) MHz for τ > 1.25 µs. b, Fourier Transform of
the raw data in a showing two frequency components of the
oscillation. c, Ramsey fringe using a 3π/2 pulse as the first
pulse while applying the same virtual rotation on second π/2
pulse as discussed in a. The oscillation frequency of the signal
changes at τ = 1.825 µs. d, DFT of the signal trace in c
showing two frequency components in the oscillation.

TABLE S1. Values for diagonal Azz (MHz) and off-diagonal
Axz = Ayz (MHz) for atoms A-X for that have |Azz| > 1 MHz.
In Axz = Ayz column, the values separated by / stands for
the atoms with the same labeling on the left and right of the
defect [110] plane, respectively.

Atom Azz (MHz) Axz = Ayz (MHz)
A 31.9 0.8
B 33.31 -0.91
C -27.22 3.96 / -3.06
D -31.58 3.12 / -4.16
E -6.89 -0.93 / -1.05
F 1.9 0.16 / -0.17
G -7.7 1.09 / 0.98
H -2.19 0.42 / -0.35
I -1.59 -0.25 / -0.2
J -1.22 0.17 / -0.16
K -2.23 0.36 / -0.42
L -1.63 0.2 / 0.25
M 1.62 -0.02 / -0.14
N 1.14 -0.25 / 0.25
O 1.54 0.08 / -0.00
P -87.61 -6.93 / 5.31
Q -3.18 -0.17 / -0.10
R -2.33 0.14 / 0.23
S -7.47 1.34 / 1.28
T -1.34 -0.77 / -0.59
U -2.38 0.35 / 0.25
V -2.94 -0.48 / 0.32
W -1.38 -0.18 / 0.26
X -1.41 -0.16 / -0.2

We hypothesize that this frequency jump is due to
the Meissner effect in superconductors. In our mea-
surements, we use a superconducting transmission line
to minimize the heating effects of MW and RF control
pulses. However, if the metal film undergoes supercon-
ducting to normal phase transition, the change in mag-
netic screening by the metal trace would induce a small
change in the local magnetic field seen by the T cen-
ter. In Ramsey measurements, if the AC current for
the initial π/2 pulse is above the critical current of our
metal film, the film turns normal. During the delay time
(τ), the film thermalizes with the cryostat and returns
to superconducting phase after a delay. When the phase
transition occurs, the Meissner effect leads to a part per
ten thousand change (shift: 0.7 MHz, carrier frequency:
7.3 GHz) of the local magnetic field and the T center
ESR, which appears as a frequency jump in Ramsey sig-
nal (Fig. S6a). We verify this hypothesis by changing the
initial π/2 pulse to a 3π/2 pulse for more heating. We
observe that the frequency jump occurs later with the
longer pulse, which is well explained by the longer time
needed for the metal film to cool down to below critical
temperature after more heating.

To maintain the phase of Nb film and avoid frequency
jumps in our measurements, we carefully choose our ex-
perimental parameters such that the metal film is either
always superconducting or always normal in any given
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Fig. S7. Nuclear spin non-conserving electron spin
transitions. a, A zoomed-in view of ground state level struc-
ture of the T center. b, Pulsed-ODMR spectra of the silicon
nuclear spin flipping ESRs. The arrows indicate nuclear spin
conserving ESRs. c, Pulsed-ODMR spectrum of a hydrogen
nuclear spin flipping ESR (fc_H,2). d, Rabi oscillation of the
electron spin with MW driving a silicon nuclear spin flipping
ESR (fc_Si,3). The system is initialized in |↓e⇓Si⇓H⟩, the pop-
ulation in |↓e⟩ is shown in yellow dots, while the population
in |↑e⟩ is shown in blue dots.

measurement. During the measurement in Fig. 2b, we
send in a low frequency RF signal (30 MHz) that is de-
tuned from the nuclear spin resonances to keep the metal
film normal. Similarly, we also keep the metal film nor-
mal for measurements shown in Fig. 2c.

Appendix F: Nuclear spin non-conserving electron
spin transitions

Due to the off-diagonal components in hyperfine in-
teraction, the nuclear spin non-conserving electron spin
transitions are weakly allowed. We measure those transi-
tions and realize that they are close to nuclear spin con-
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Fig. S8. Nuclear spin resonances in |↑e⟩ manifold.
a, Pulsed-ODMR for hydrogen nuclear spin resonance. b,
Pulsed-ODMR around the predicted region for silicon nuclear
spin resonance. No resonance is observed within our measure-
ment sensitivity.

serving ESRs. In Fig. S7b, we show silicon nuclear spin
flipping ESRs (fc_Si,1−4). In Fig S7c, we show hydrogen
nuclear spin flipping ESR (fc_H,2). Driving nuclear spin
flipping electron spin transitions also allow coherent con-
trol. An example of Rabi oscillation by driving fc_Si,3 is
shown in Fig. S7d.

Appendix G: NMR in |↑e⟩ manifold

In the main text, we show the mapping of NMR tran-
sitions in |↓e⟩ manifold. We also investigate NMRs in
|↑e⟩ manifold. The T center system is initialized in
|↑e⇓Si⇓H⟩ with optical pumping at transition B and MW
pumping at fe:1,2,4. After initialization, we measure
the transition resonance for hydrogen nuclear spin at
12.141 MHz (Fig. S8a). Using the measured frequencies
of nuclear spin conserving ESRs and nuclear spin transi-
tion resonances, we predict silicon NMR in |↑e⟩ manifold
at around 1.65 MHz. However, we are unable to de-
tect silicon NMR peak in pulsed-ODMR centered around
1.65 MHz when initializing the T center system in the
|↑e⇑Si⇓H⟩ state (Fig. S8b).

The lack of a silicon NMR in the |↑e⟩ manifold requires
further investigation. It is possible that the quantization
axis of the silicon nuclear spin deviates significantly from
the external static magnetic direction (B⃗DC) due to the
transverse hyperfine interaction. Since the AC driving
field direction (B⃗AC) is roughly perpendicular to B⃗DC,
a large deviation of the nuclear spin quantization axis
from B⃗DC will lead to inefficient driving and challenges
in observing Si NMR peak in the |↑e⟩ manifold.

Appendix H: Phase reversal tomography

Our system of strongly coupled electron and nuclear
spins naturally provides various CNOT gates to generate
entangled states between nuclear spins. However, the
controlled nature of the gates (i.e. no true single qubit
gate available) presents significant challenges in perform-
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Fig. S9. State initialization, entangled state genera-
tion and tomography. a, Pulse sequence for Bell state
generation and phase reversal tomography. The sequence ini-
tializes the system in the |↓⇑⇑⟩ state. Compared to Fig. 1f,
we add an additional step in initialization: we apply nuclear
spin-flipping electron spin π pulse that maps the register to
|↑⇑⇑⟩, and followed by a laser pulse that pump the electron
spin to |↓⟩ state. b, Examples of population readout traces
when the system is initialized in |↓⇑⇑⟩. The readout is re-
peated for each state. The background readout signal (gray)
is shown as a reference. c, Calculated population of each state
after background subtraction based on measurement results
in b. d, e, Population measurements after Bell state, |Φ−⟩,
generation. The equal amount of population in |⇑⇑⟩ and |⇓⇓⟩
demonstrates correlation between the two nuclear spins.

ing full state tomography of the nuclear spin register.
Therefore, we use phase reversal tomography, a partial
tomography technique, to benchmark our entanglement
fidelity [29, 30].

Realizing high fidelity entanglement requires high fi-
delity state preparation. In addition to the initialization
sequence shown in Fig. 1f, we include additional initial-
ization sequences that map the nuclear spin to the target
state using nuclear spin flipping electron spin transitions

(Fig. S9a). To quantify the initialization, we measure
the population for each state (⟨σz⟩) by counting the pho-
tons collected in the first two readout pulses (N = 2).
A reference readout sequence without MW π pulses is
used to calibrate the background counts of the measure-
ment (PLbg). We then subtract PLbg from the PL counts
of each state and calculate the population of each state
(|αβ⟩) by

p|αβ⟩ =
PL|αβ⟩

PL|⇑⇑⟩ + PL|⇑⇓⟩ + PL|⇓⇑⟩ + PL|⇓⇓⟩
(H1)

For state tomography, the Bell state can be represented
using a generic density matrix (ρexp):


|⇓⇓⟩ |⇓⇑⟩ |⇑⇓⟩ |⇑⇑⟩

|⇓⇓⟩ p1 a b c
|⇓⇑⟩ a∗ p2 d e
|⇑⇓⟩ b∗ d∗ p3 f
|⇑⇑⟩ c∗ e∗ f∗ p4

 (H2)

An ideal Bell state only has four non-zero elements in its
density matrix (ρideal). For example, ρideal of |Φ−⟩ has
p1 = p4 = 0.5 (population), c = c∗ = −0.5 (coherence).
For diagonal elements (p1−4) of ρexp, we perform direct
population measurements as discussed in Fig. S9d, e.
To measure the non-zero off-diagonal term c = a + b · i
for |Φ−⟩, we use the phase reversal tomography where
we measure the expectation value of silicon nuclear spin,
⟨σz⟩Si, as a function of phases in the reversal pulses where

⟨σz⟩Si = (p3−p2)−2a·cos(φ1+φ2)+2b·sin(φ1+φ2) (H3)

In our measurement, we set φ1 = θ, φ2 = 3θ, and per-
form population measurement for each θ. We define
⟨⇓ |σz| ⇓⟩ = −1 and ⟨⇑ |σz| ⇑⟩ = 1, therefore the ex-
pectation value of silicon qubit is

⟨σz⟩Si = −(PL|⇓⇑⟩ + PL|⇓⇓⟩) + (PL|⇑⇑⟩ + PL|⇑⇓⟩) (H4)

Using our measured data shown in Fig. 4b, we extract c =
−0.35(2)− i ·0.03(2) when preparing the nuclear spins to
|Φ−⟩. We note that we cannot reconstruct the full density
matrix using phase reversal tomography. However, the
extracted elements related to population and coherence
are sufficient for determining the fidelity

F = Tr(ρexp ∗ ρideal) (H5)

For |Φ−⟩, the expression simplifies to F = 0.5(p1+p4)−a
and we estimate the fidelity to be 0.771± 0.028.
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