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Strain engineering is vital for tuning the optical and spin properties of solid-
state color centers, enhancing spin coherence and compensating emission
wavelength shift. Here, we develop an all-optical approach to directly modify
the local strain of color centers at the nanoscale by migrating the nearby
defect. High-power pulsed optical irradiation triggers defect migration, which
subsequently leads to the redistribution of the local crystal lattice of the host
material. This redistribution alters the strain experienced by nearby color
centers. Using silicon-vacancy centers in diamond, we validate this method
and demonstrate a ground state splitting enhancement of up to 1.8 THz. Unlike
conventional methods, our approach requires no external fields or nanos-
tructure modifications, enabling non-volatile strain control and optical mem-
ory functionality across wide temperature ranges. Its local, permanent nature

offers a scalable path for enhancing spin coherence in large-scale quantum
systems and has potential applications in photonic machine learning,.

Group-lV split-vacancy color centers in diamond are garnering
increasing interests for their potential in quantum information pro-
cessing and networking'”’. Critical demonstrations have been per-
formed based on the group-IV centers, such as the memory-enhanced
quantum communication and multi-qubit quantum network nodes
with built-in error detection ability®’. For quantum information pro-
cessing, the coherent time of photons and/or electron spins is arguably
the most important parameter to characterize the performance of
color centers. For group-1V split vacancy color centers, interaction with
the acoustic phonon bath has been identified as the critical factor that
reduce the spin coherence time in typical cryogenic environments (- 4
K) *. Without the need to decrease the operating temperature, strain
engineering has emerged as a promising method for reducing the
interaction between electron spin and the acoustic phonon bath. This
approach enhances the ground state (GS) splitting, elevating the
energy required for phonon absorption by the emitter well above the

thermal energy at 4 K. Consequently, this leads to an improvement in
the spin coherence time'°. Conventional methods of strain engi-
neering are typically implemented with suspended structures, such as
cantilevers™'>*", These approaches have the advantage to achieve
continuous and precise tuning, but the fabrication of intricate nanos-
tructures and the application of external electric fields to maintain the
strain inevitably increase the complexity of quantum photonic systems
based on color centers.

In this work, we present an all-optical approach to control the
local strain of color centers, which can be maintained without external
fields. We use picosecond pulsed lasers to directly modify the local
crystal structure of the host material. We verify this approach with
negatively charged silicon-vacancy (SiV) centers, and achieve an
enlarged GS splitting up to 1.8 THz. We further observe that the strain
change due to local crystal structure modification can be reconfigured.
Based on this effect, we demonstrate the nanoscale non-volatile
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classical memories using single SiV centers, which can operate up to 80
K temperature and support high-dimensional encoding. This work
provides a promising method to control local strain of color centers,
thus enhance the spin coherence time for quantum memories. The use
of reconfigurable SiV centers as non-volatile classical memories also
provides new opportunities for emerging applications such as pho-
tonic machine learning and neuromorphic computing'®°,

Results

The electronic level structure of SiV centers is illustrated in the inset of
Fig. 1a. Influenced by spin-orbit coupling and the Jahn-Teller effect, the
optical excited and GS are split into two unique two-fold branches with
frequency splittings around 259 GHz and 48 GHz, respectively?**. This
specific level architecture results in four unique optical transitions in
the zero-phonon line (ZPL), labeled as A, B, C, and D, respectively. The
presence of external crystal strain further increases this splitting,
forming the foundation for strain engineering aimed at reducing
interactions with the acoustic phonon bath®.

We introduced SiV centers via focused ion beam (FIB) implanta-
tion, previously demonstrated for a variety of group-IV color centers in
both bulk and nanodiamonds® . We use a home-built low-tempera-
ture confocal microscope to measure SiV centers. The photo-
luminescence (PL) spectrum is measured with cw pump at 532 nm. We
can clearly observe four characteristic peaks, corresponding to the
four optical transitions of SiV centers (Fig. 1a). The GS splitting can be
determined from the frequency difference between characteristic
peaks C and D. Before 532 nm pulsed laser irradiation, we extract a GS

splitting of 91 GHz, which is more than twice the zero-strain GS split-
ting (sl in Fig. 1a). This is due to the strain introduced during ion
implantation®**, The PL spectrum remains unchanged with the cw
pump. Next, we use pulsed laser to irradiate the sample (pulse width
30 ps, repetition frequency 60 MHz, pulse energy 0.15 nj). Then the PL
spectrum is measured with cw pump again. After the pulsed laser
irradiation, the location of all four characteristic peaks changes in the
PL spectrum (s2 in Fig. 1a). In particular, the GS splitting is increased to
270 GHz, indicating that the strain perpendicular to the SiV symmetry
axis is increased””’. The PL spectrum remains in the new state after the
pulsed laser irradiation ends (see Supplementary Fig. 1). Therefore, the
strain is maintained without keeping external fields.

Next, we verify that the change of the PL spectrum originates from
different strain states of a single SiV color center instead of different
SiV color centers. This is achieved by performing the second-order
correlation measurement of the SiV color center pumped by the
pulsed laser (Fig. 1b). A grating band-pass filter covering the wave-
lengths of the characteristic peak C in both PL spectra is used. While
the PL spectra can change between the two states, the strong anti-
bunching effect is observed at zero delay time. This confirms that there
is only one SiV color center, and different PL spectra arise from dif-
ferent states of the same single SiV center.

We further observe that the characteristic peak C in two different
states show a similar PL lifetime of 1.9 ns (Fig. 1c), which agrees with
previously reported values**°, Then we examine the optical polariza-
tion of the characteristic peak C. As shown in Fig. 1d, both states
demonstrated linear optical polarization, with a slight shift in the
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Fig. 1| Optical characteristics of two states of a single SiV color center. a PL
spectra before (s1) and after (s2) high-power pulsed laser irradiation. Both spectra
exhibit the characteristic quartet of peaks (A, B, C, and D) unique to SiV centers.
Inset: Simplified electronic level structure of SiV color centers in diamond. b The
second-order correlation function measured under high-power pulsed laser exci-
tation. A band-pass filter at the output covering the characteristic peak C location in
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both sl and s2 spectra is used. ¢ PL lifetime before (s1) and after (s2) high-power
pulsed laser irradiation. The pulsed pump for lifetime measurement is kept low to
avoid the change of the SiV state. d Polarization profiles of the characteristic peak C
before (s1) and after (s2) high-power pulsed laser irradiation. e PL signal saturation
measured under cw laser excitation before (s1) and after (s2) high-power pulsed
laser irradiation.
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Fig. 2 | Time-dependent PL measurement and ground-state splitting. PL spectra
of the SiV color center measured using pulsed pump with pulse energy (a) 0.04 nJ,
(b) 0.08 nJ, and (c) 0.15 nJ respectively. d Pump power dependence of the switching
frequency. Two different threshold powers are observed. Inset: schematic to show
the vacancy (blue dashed empty circle) and self-interstitial (green solid circle)
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defects. e Comparison of the GS splitting before and after high-power pulsed laser
irradiation. The red dotted line visually separates emitters with increased GS
splitting (above) from those with decreased splitting (below) after pulsed laser
irradiation.

maximum polarization orientation by approximately 6 degrees. Fur-
thermore, pump power saturation is observed for both states of the
SiV color center, but with different saturation values of 7.4 mW and 5.6
mW, respectively (Fig. 1le). In addition, we emphasize here that the
observed phenomena are distinctly different from charge state con-
version in SiV centers, which would result in different emission
wavelengths®*,

We further perform time-dependent PL measurement to explore
the dynamics of the SiV state change (Fig. 2). With continuous high-
power pulsed laser irradiation, the SiV color center randomly switches
between the two stable states. Moreover, the switching frequency
increases with the pulsed laser power. By measuring different SiV color
centers, we observed two different types of the switching frequency
dependence on the pulse energy (Fig. 2d). Threshold pulse energies
are estimated of 0.043 + 0.011 and 0.061 + 0.012 nJ, respectively (see
Supplementary Note 2). The ratio between the two threshold pulse
energy matches the diffusion activation energy ratio between the
vacancy and self-interstitial defects in diamond (2.3 eV and 1.6 eV
respectively)®~, Therefore, we attribute the reconfiguration of SiV
color centers to the lattice defect diffusion under high-power pulsed
laser irradiation. The FIB implantation step to create SiV color centers
inevitably introduces damages and distortion to the diamond lattice,
which manifest in two forms including vacancies and self-interstitials
(see the inset of Fig. 2d). This introduces the initial strain for SiV color
centers. Under high-power laser irradiation, local diamond lattice can

be modified through the relaxation of photoionized electrons*, The
migration of defects between nearby lattice sites has the lowest energy
barrier, thus highest occurrence probability. The change of the local
diamond lattice causes the strain modification, which leads to the shift
of characteristic peaks in the PL spectrum of SiV color centers. Given
the energy limitation of our pulsed laser (0.17 nJ), the most commonly
observed reconfiguration states are two. However, a few multi-state
cases have also been noted (see Supplementary Fig. 3). We anticipate
observing a greater variety of configurations with an increase in pulse
energy®. Furthermore, the diffusive behavior of both vacancies and
interstitials is influenced by the unique strain fields surrounding indi-
vidual SiV centers. Notably, in our experiments, approximately 52% of
the strained SiVs exhibited this reconfiguration phenomenon.

We also observe that the GS splitting of SiV color centers tends to
increase after the high-power pulsed laser irradiation (Fig. 2e). This is
because the annealing step repairs the lattice damage and releases the
strain in diamond lattice initially introduced during the FIB
implantation”®. The high-power pulsed laser irradiation excites the
local diamond lattice to a high-strain state with larger GS splitting. The
amplitude of the GS splitting increase after the high-power pulsed laser
irradiation is random as it depends on the distribution of diamond
lattice defects. Still, we have observed GS splitting as large as 1.8 THz
(see Supplementary Fig. 4). While the potential improvement on spin
coherence time under high local strain requires future studies to ver-
ify, previous works have demonstrated that larger GS splitting can
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Fig. 3 | DFT calculation of GS splitting. a Schematic representation of the intrinsic
SiV defect in diamond, the SiV is modeled by removing two adjacent carbon atoms
and placing a silicon atom at the midpoint of the resulting carbon vacancies.

b Optimized geometry of the SiV defect after structural relaxation, showing a cal-
culated Si-C bond length of approximately 1.991 A. ¢ Schematic representation of
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suppress the phonon absorption then improve the spin coherence of
the SiV centers ™. Furthermore, in some instances, the GS splitting of
SiV color centers decreases following pulsed laser irradiation, indi-
cating that local strain can be mitigated. This opens the possibility of
completely eliminating local strain, ultimately enabling the creation of
identical color centers.

Next, we developed a theoretical model and investigated the
strain experienced by SiV centers due to nearby carbon vacancies in
diamond using density functional theory (DFT) calculations based on
first principles, without using any empirical parameters (details pro-
vided in Supplementary Note 5). The calculations were performed
using a 5x5x5 diamond supercell comprising 1000 carbon atoms.
The intrinsic SiV defect was modeled by substituting two adjacent
carbon atoms with one silicon atom placed at their midpoint (Fig. 3a),
resulting in a structure of 998 carbon atoms and one silicon atom.
After structural relaxation, the equilibrium Si-C bond length was
determined to be approximately 1.991A without nearby defect per-
turbations (Fig. 3b). To examine the effect of additional carbon
vacancies, we introduced an extra vacancy at three different locations
(V;, wherei=1,2,3), corresponding to 15, 10, and 4 A away from the SiV
center respectively (Fig. 3c). Then we calculated the six Si-C bond
lengths surrounding the SiV in the presence of vacancies (Supple-
mentary Note 5). The vacancy with a large distance from the SiV center
(V; with 15 A) only resulted in uniform changes in Si-C bond lengths,
thus having negligible impact on ground state (GS) splitting. This
indicates that the effective range for local strain engineering via nearby
defects is limited to distances below 15 A. On the other hand, vacancies
closer to the SiV center (V, with 10A and V5 with 4 A) introduced
significant distortion of the Si-C bonds surrounding the SiV center,
thus large GS splitting.

Considering the four tetragonally coordinated carbon sites
around the closest vacancy V;, we further investigated vacancy
migration into four adjacent locations (denoted as V;-,, x=1-4,
Fig. 3d). Vacancy migration substantially altered the local Si-C bond
lengths and induced different strain distributions (Table 1). Given the
high strain sensitivity (- 1.3 PHz/strain) of the SiV electronic orbital
states”, we calculated the resulting GS splitting for each of these
vacancy positions (Fig. 3e; detailed calculations are shown in Supple-
mentary Note 5). Our results indicated that a very close carbon vacancy
(V3) could induce GS splitting up to -39.4 THz, while subsequent
migration to adjacent sites can further change the GS splitting with

Table 1| Strain values of the six Si-C bonds surrounding the
SiV in the presence of V3 4, V3 5, V3 3, V3 4, and V3, expressed
as percentages

Bond Vi, V3, Va3 Via Vs

a -1.77% -0.53% -0.47% -1.29% -2.31%
b -1.38% -0.87% -0.73% -3.03% -5.78%
c 3.55% -0.55% -0.54% 0.74% 1.26%
d 0.03% -0.57% -0.54% - 0.09% 0.50%
e -2.49% -0.13% -0.1% 4.75% 13.36%
f -2.33% -0.48% -0.47% -1.76% -2.91%

amplitudes ranging from 957 GHz to 12.4 THz. These findings under-
score the high site sensitivity of local strain. Our computational results
demonstrate vacancy migration as a promising mechanism to achieve
significant local strain and thus enhance GS splitting in SiV centers.
Experimentally, we observed a maximum GS splitting of approxi-
mately 1.8 THz, consistent with the DFT predictions. We also empha-
size that experimentally characterizing larger splittings is challenging,
as sufficiently large strain causes the disappearance of certain optical
transition lines (A, B, D), leaving only line C visible, complicating
accurate GS splitting measurements.

The unique reconfiguration capability of SiV color centers pro-
vides an ideal approach for non-volatile optical memory. The high-
power pulsed laser irradiation serves as the writing operation, and the
PL measurement under cw laser is used as the reading operation
(Fig. 4a). The two states of SiV color centers are used to encode 0 and 1
respectively. Due to the stochastic nature of the writing process, we
continuously monitor the PL spectrum during the writing operation.
Once the target state is achieved, we turn off the pulsed laser. After the
writing operation, we perform the reading operation with cw laser for
verification. As shown in Fig. 4b, high-fidelity writing and reading can
be achieved. No error is observed during the writing operation. Instead
of the whole PL spectrum, we can simply use the PL intensity of the
characteristic peak to distinguish O and 1 states (Fig. 4c). Contrast
above 6 dB is achieved between O and 1 states. Such non-volatile
memories have the potential to achieve high data storage densities,
which are constrained primarily by the diffraction effects of the writing
laser. However, the unique spectral signatures of different SiV centers
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Fig. 4 | Non-volatile optical memory. a Writing and reading operations with pulsed and cw lasers respectively. b Time-dependent PL spectra to verify the writing
operation. ¢ PL intensity of the characteristic peak C. d PL spectra of the two strain states under different temperatures.

enable the deterministic writing of each SiV into a specific strain state
within the same laser spot. This process is facilitated by real-time
spectral monitoring, allowing us to exceed the diffraction limit of the
writing laser***°. The non-volatile memory can function up 80 K
temperature, as the shift of the characteristic peak under strain
reconfiguration is still larger than the linewidth (Fig. 4d). We expect to
achieve a higher, or even ambient, functional temperature by selecting
emitters with a large peak shift under local strain reconfiguration. The
multiple configuration states, detailed in Supplementary Note 3, hold
promise for facilitating high-dimensional data storage within non-
volatile optical memories. These memories, based on SiV color cen-
ters, can deterministically write desired strain states while being
monitored in real-time through spectral analysis.

Discussion
Conventional methods, such as suspended structures and membranes,
can be classified as global strain engineering, as they involve applying
external forces that bend or expose the entire diamond lattice to tune
the target color centers. In contrast, the method presented here
employs high-energy laser pulses to directly modify the surrounding
lattice distribution, enabling local strain engineering. Given the
exceptionally high elastic modulus of diamond (-1050 GPa), achieving
significant strain for color center emitters through global approaches
remains a formidable challenge. However, the local strain engineering
method circumvents this limitation, offering the potential to induce
larger strains with greater convenience. Furthermore, we propose a co-
implantation strategy, where selected ions with larger atomic sizes and
lower activation energies are implanted as impurity atoms near color
centers*°. This approach introduces localized strain in a controllable
manner, enhancing strain tunability and broadening the scope of
potential applications. By integrating both local and global strain
engineering methods, a broader tuning range can be achieved while
maintaining high precision, making strain engineering a significantly
more powerful tool for optimizing color centers.

Future works using high-efficiency nanostructures with enhanced
collection efficiency and strong Purcell effects can enable detailed
studies on the switching timescale between the different strain

states***, The recent development of the direct laser writing techni-
que for color center creation can also be leveraged to refine the laser
irradiation condition for deterministic strain state reconfiguration***5,
We anticipate that pulsed lasers with wavelengths longer than ZPL can
also be used as the relaxation of photoionized electrons for strain state
reconfiguration is introduced by multi-photon processes with broad
absorption spectrum***¢, This case is interesting as it may change the
ground state splitting and optical transition without impacting elec-
tron spin states. It is also worth noting that this method can be applied
widely to other solid-state systems such as color centers in silicon
carbide and doped rare-earth ions.

In conclusion, our work has successfully developed an all-optical
method to reconfigure single SiV color centers in diamond. This
approach has unique advantages including no requirement of delicate
nanostructures, maintaining strain without continuously applying
external fields, and localized control of individual color centers at
nanoscale. Through the power dependence of reconfiguration fre-
quency, we identify the migration of local crystal lattice defects as the
major dynamics for the reconfiguration of SiV color centers. Based on
the reconfiguration capability, we further propose and demonstrate
the use of SiV color centers in diamond as non-volatile optical mem-
ories. This method not only establishes a new paradigm for the direct
manipulation of local strain in color centers for quantum photonics,
but also heralds the development of ultra-compact optical data sto-
rage solutions for emerging classical applications such as photonic
machine learning and neuromorphic computing.

Methods

Sample preparation and ion implantation

The electronic-grade diamond sample (Element 6) has a purity of
approximately 1 ppb. The diamond sample was cleaned in 3:1 =
H,S04:H,0, piranha solution for 20 min, to remove organic residues.
To remove the strained surface, we etched the top 10 um of the dia-
mond sample with oxygen plasma. Subsequently, metal alignment
markers were fabricated with the lift-off process. Focused ion beam
implantation was executed using an A&D nanolmplanter—a specialized
100kV focused ion beam system designed for high-precision
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patterning and single ion implantation. The fluence of 28-Si** ions was
set at 20 ions/spot with a spot pitch of 3 um. With an ion beam energy
of 70 keV, a penetration depth is 48 + 12 nm, simulated by SRIM*. After
FIB implantation, metal markers were removed using wet etchant.
Then, the sample was annealed in an ultra-high vacuum environment
of 1x1078 Torr. The anealing step includes a temperature ramping to
400 °C over 4 h, followed by an increase to 800 °C for an additional
4 hours, and culminating at 1200 °C for a final 2 h duration. The heating
rate was consistently maintained at 100 °C/h during both ramp-up and
cool down phases. Post-annealing, the samples were treated with a tri-
acid mixture comprising equal parts of H,SO,4, HNOj3, and HCIO,. This
concoction was boiled and refluxed for 1.5 hours at 250 °C, aided by a
water-cooled condenser. In the end, a final piranha cleaning step was
implemented®*°.

Optical Measurements

Optical measurements of SiV color centers in diamond were executed
using a home-built confocal microscope, operating at temperatures
approximately 8 K, in a Montana cryostat. A 100x objective lens
(Olympus) with a numerical aperture of 0.85 was mounted inside the
cryostat. The sample can be excited with either cw and pulsed 532 nm
green lasers (pulse width 30 ps, repetition frequency 60 MHz). PL
emitted from SiV color centers centers are collectived by the same
objective lens, separated from the pump with a dichroic mirror and a
long-pass filter, before coupled into a single-mode fiber. PL emission
was analyzed using a spectrometer, followed by silicon avanlanche
detectors. Photon correlation and lifetime measurement were imple-

mented with a fiber-integrated Hanbury-Brown-Twiss (HBT)
interferometer.
Data availability

All raw data generated during the current study are available from the
corresponding authors upon request. Source data are provided with
this paper.
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