
 
 

Delft University of Technology

Large-range tuning and stabilization of the optical transition of diamond tin-vacancy
centers by in situ strain control

Brevoord, Julia M.; Wienhoven, Leonardo G.C.; Codreanu, Nina; van Leeuwen, Elvis; Iuliano, Mariagrazia;
De Santis, Lorenzo; Waas, Christopher; Beukers, Hans K.C.; Turan, Tim; Errando-Herranz, Carlos
DOI
10.1063/5.0251211
Publication date
2025
Document Version
Final published version
Published in
Applied Physics Letters

Citation (APA)
Brevoord, J. M., Wienhoven, L. G. C., Codreanu, N., van Leeuwen, E., Iuliano, M., De Santis, L., Waas, C.,
Beukers, H. K. C., Turan, T., Errando-Herranz, C., Kawaguchi, K., & Hanson, R. (2025). Large-range tuning
and stabilization of the optical transition of diamond tin-vacancy centers by in situ strain control. Applied
Physics Letters, 126(17), Article 174001. https://doi.org/10.1063/5.0251211
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1063/5.0251211
https://doi.org/10.1063/5.0251211



View

Online


Export
Citation

RESEARCH ARTICLE |  APRIL 28 2025

Large-range tuning and stabilization of the optical transition
of diamond tin-vacancy centers by in situ strain control 
Special Collection: Quantum Networks

Julia M. Brevoord  ; Leonardo G. C. Wienhoven  ; Nina Codreanu  ; Tetsuro Ishiguro  ;
Elvis van Leeuwen  ; Mariagrazia Iuliano  ; Lorenzo De Santis  ; Christopher Waas  ;
Hans K. C. Beukers  ; Tim Turan  ; Carlos Errando-Herranz  ; Kenichi Kawaguchi  ; Ronald Hanson  

Appl. Phys. Lett. 126, 174001 (2025)
https://doi.org/10.1063/5.0251211

Articles You May Be Interested In

A low-temperature tunable microcavity featuring high passive stability and microwave integration

AVS Quantum Sci. (December 2024)

Thresholds for the distributed surface code in the presence of memory decoherence

AVS Quantum Sci. (July 2024)

 09 M
ay 2025 07:41:27

https://pubs.aip.org/aip/apl/article/126/17/174001/3345318/Large-range-tuning-and-stabilization-of-the
https://pubs.aip.org/aip/apl/article/126/17/174001/3345318/Large-range-tuning-and-stabilization-of-the?pdfCoverIconEvent=cite
https://pubs.aip.org/apl/collection/434187/Quantum-Networks
javascript:;
https://orcid.org/0000-0002-8801-9616
javascript:;
https://orcid.org/0009-0009-7745-3765
javascript:;
https://orcid.org/0009-0006-6646-8396
javascript:;
https://orcid.org/0009-0005-4409-244X
javascript:;
https://orcid.org/0009-0003-4300-3797
javascript:;
https://orcid.org/0009-0003-4859-0521
javascript:;
https://orcid.org/0000-0003-0179-3412
javascript:;
https://orcid.org/0009-0008-1878-2051
javascript:;
https://orcid.org/0000-0001-9934-1099
javascript:;
https://orcid.org/0009-0003-9908-7985
javascript:;
https://orcid.org/0000-0001-7249-7392
javascript:;
https://orcid.org/0000-0002-9301-6321
javascript:;
https://orcid.org/0000-0001-8938-2137
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0251211&domain=pdf&date_stamp=2025-04-28
https://doi.org/10.1063/5.0251211
https://pubs.aip.org/avs/aqs/article/6/4/041401/3325344/A-low-temperature-tunable-microcavity-featuring
https://pubs.aip.org/avs/aqs/article/6/3/033801/3300595/Thresholds-for-the-distributed-surface-code-in-the
https://e-11492.adzerk.net/r?e=&s=UkeJoOWda_Yi3neK3WcZ28ExEDM


Large-range tuning and stabilization of the optical
transition of diamond tin-vacancy centers
by in situ strain control

Cite as: Appl. Phys. Lett. 126, 174001 (2025); doi: 10.1063/5.0251211
Submitted: 30 November 2024 . Accepted: 11 April 2025 .
Published Online: 28 April 2025

Julia M. Brevoord,1 Leonardo G. C. Wienhoven,1 Nina Codreanu,1 Tetsuro Ishiguro,1,2

Elvis van Leeuwen,1 Mariagrazia Iuliano,1 Lorenzo De Santis,1 Christopher Waas,1 Hans K. C. Beukers,1

Tim Turan,1 Carlos Errando-Herranz,1,3 Kenichi Kawaguchi,2 and Ronald Hanson1,a)

AFFILIATIONS
1QuTech and Kavli Institute of Nanoscience, Delft University of Technology, Delft 2628 CJ, The Netherlands
2Quantum Laboratory, Fujitsu Limited, 10-1 Morinosato-Wakamiya, Atsugi, Kanagawa 243-0197, Japan
3Department of Quantum and Computer Engineering, Delft University of Technology, Delft 2628 CJ, The Netherlands

Note: This paper is part of the APL Special Topic, Quantum Networks.
a)Author to whom correspondence should be addressed: R.Hanson@tudelft.nl

ABSTRACT

The negatively charged tin-vacancy (SnV�) center in diamond has emerged as a promising platform for quantum computing and quantum
networks. To connect SnV� qubits in large networks, in situ tuning and stabilization of their optical transitions are essential to overcome
static and dynamic frequency offsets induced by the local environment. Here, we report on the large-range optical frequency tuning of dia-
mond SnV� centers using micro-electro-mechanically mediated strain control in photonic integrated waveguide devices. We realize a tuning
range of >40GHz, covering a major part of the inhomogeneous distribution. In addition, we employ real-time feedback on the strain envi-
ronment to stabilize the resonance frequency and mitigate spectral wandering. These results provide a path for on-chip scaling of diamond
SnV-based quantum networks.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0251211

Spin qubits in the solid state are promising building blocks for
the realization of large-scale quantum systems,1–8 with potential appli-
cations in computing and communication.1,2 An early workhorse for
the field has been the nitrogen-vacancy (NV) in diamond, which was
used for a loophole-free Bell test,9 the realization of a multi-node quan-
tum network,5 and heralded entanglement over metropolitan distan-
ces.6 However, the relatively low Debye–Waller factor and the
incompatibility with nanophotonic integration due to a first-order sen-
sitivity to electrical noise limits the development of large-scale quan-
tum networks and the integration into scalable photonic circuits based
on NV centers in diamond. Next-generation color centers in solid state
materials have started to emerge over the last decade to drive scaling of
quantum systems.8,10–13 The negatively charged tin-vacancy (SnV�)
center in diamond has attracted much recent attention due to its excel-
lent optical properties,14–16 high quantum efficiency,17,18 and signifi-
cant spin–orbit coupling,19,20 which allows for operation above
dilution refrigerator temperatures.19,21,22 Furthermore, the SnV�

center lacks a first-order sensitivity to electrical noise due to its inver-
sion symmetry, making it compatible with nanophotonic integra-
tion.7,23–27 The recent demonstration of entanglement between the
electron spin-1=2 SnV� center and a nearby 13C nuclear spin opens a
path toward multi-qubit experiments using this platform.22

For connecting SnV� qubits into larger networks, photonic links
mediating entanglement generation provide a modular and scalable
path.28–31 The entanglement generation requires the qubits to emit
indistinguishable photons. However, the photon emission of spin
qubits in solids is typically not indistinguishable due to different local
strain in the material resulting in a broad inhomogeneous distribution.
In addition, the optical resonance frequency variations over time due
to changes in, e.g., local strain and variations in the local electronic
environment limit the indistinguishability of the emitted photons. This
poses challenges for the realization of large-scale quantum networks.
SnV� centers in diamond are first-order insensitive to electric fields;
therefore, conventional tuning using DC Stark tuning is limited.32,33
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Previous work on strain engineering of other group-IV defects in dia-
mond demonstrated frequency tuning,10,34,35 the mitigation of phonon
interactions,36 and quantum interference of electromechanical stabi-
lized emitters.37 Recent work on strain engineering of SnV� centers
show heterogeneous integration with efficient state preparation and
readout7,25 and a tuning range up to � 25GHz. Here, we integrated
diamond waveguide devices containing SnV� centers with local optical
frequency control via an electromechanically induced strain. We dem-
onstrate a tuning range of >40GHz and use the strain control in a
feedback loop realizing a 12-fold improvement in the stabilization of
the optical transition.

The SnV� center in diamond consists of a tin-atom at the inter-
stitial position between two missing carbon atoms with a captured
electron, as shown in Fig. 1(a). A simplified level structure of the SnV�

center is given in Fig. 1(b). In the absence of a magnetic field, the
ground and optically excited states are composed of spin-degenerate
orbital doublets, resulting in four optical transitions.17,38 In the pres-
ence of strain, the energy levels shift. In this work, we control the opti-
cal transition linking the lowest branch of the ground and the optically
excited state, zero-phonon line (ZPL), the C-transition. The C-
transition is well suited for spin readout and photon emission for
photon-mediated entanglement generation. We study SnV� centers in
our device in an optical confocal set-up at an operating temperature of
4K, see the supplementary material for more details on the experimen-
tal setup. The variation in optical resonances between different color
centers in the diamond sample (inhomogeneous distribution) will
determine the tuning range required to produce indistinguishable

photons from multiple color centers within the same diamond sample.
The inhomogeneous distribution of the SnV� centers in the devices
fabricated on a diamond sample used for this work is determined by
photoluminescence (PL) measurements. We collect the emission in
free space using a spectrometer while illuminating the sample with an
off-resonant 515 nm laser with 200lW and integrating over 10 s at
173 different laser spot locations on different devices. We determine
the resonances of the C-transition using a peak-finding algorithm. The
cumulative inhomogeneous distribution is plotted in Fig. 1(c). About
40% of the resonances detected in the region of interest are within a
40GHz window. This range is not a fundamental limitation, in the
recent work of Li et al.,7 they found 40% of the resonances in a
� 20GHz window. Moreover, G€orlitz et al. reported a linewidth of
15GHz for the ZPL transition of an ensemble of SnV centers in a
high-pressure, high-temperature annealed diamond implanted with Sn
atoms.18 In addition to overcoming this static inhomogeneity, spectral
diffusion and bi-stability pose a second challenge, as reported by
others.15,24,26,39–41 In this work, we target both challenges using in situ
strain engineering of the SnV�, including real-time feedback.

Following Meesala et al.35 and Guo et al.,21 considering an infini-
tesimal strain regime, we use the Hamiltonian describing strain in the
basis of the SnV�,

Hstrain ¼
X
i;j

Aij�ij; (1)

where �ij is a component of the strain tensor, �, and Aij operators that
act on the electronic levels. Using group theory, we can write the
Hamiltonian in the irreducible representations of the D3d point group,
on the basis jex "i; jex #i; jey "i; jey #i

�
}, where ex , ey represent the

orbital and #, " the electronic spin-1/2 states. This shows that strain
does not couple the ground and excited states, resulting in identical
strain Hamiltonians forms for the ground and excited states. In this
basis and in the local coordinate frame of the SnV� center, where z is
along the high-symmetry axis, the [111] crystallographic direction, the
part of the Hamiltonian describing the presence of strain is

Hstrain ¼ �A1g � �Egx �Egy
�Egy �A1g þ �Egx

� �
� I2; (2)

where �A1g ; �Egx ; �Egy represent the strain induced deformation modes
in the D3d point group. Rewriting each term as a linear combination of
the strain tensor results in

�A1g ¼ t?ð�xx þ �yyÞ þ tk�zz;

�Egx ¼ dð�xx � �yyÞ þ f �zx;

�Egy ¼ �2d�xy þ f �yz;

(3)

where t?; tk; d, and f are the strain susceptibilities, with different values
in the ground and excited state. Diagonalizing the Hamiltonian and
including spin–orbit coupling results in expressions for the mean ZPL
frequency, �ZPL, and ground and excited state splitting, Du;g ,

�ZPL ¼ �0 þ �uA1g
� �

g
A1g

;

Du ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkuSOÞ2 þ 4ð�uEgx Þ2 þ 4ð�uEgy Þ2

q
;

Dg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkgSOÞ2 þ 4ð�gEgx Þ2 þ 4ð�gEgy Þ2

q
;

(4)

FIG. 1. (a) Schematic of the SnV� center structure. (b) The energy level scheme of
an SnV� center in diamond, indicating the ground state (GS) splitting and the
excited state (ES) splitting. We focus on tuning and stabilizing the C-transition,
which is the most relevant for quantum technology applications. Resonant excitation
at 619 nm results in zero-phonon line (ZPL) emission via the C-transition and the D-
transition, as well as their respective phonon sidebands (PSB, not shown). Strain
alters the energy levels. (c) The cumulative distribution function (CDF) of the inho-
mogeneous distribution from resonances obtained with PL.
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where �0 is the mean ZPL frequency in the absence of strain and kg;ðuÞSO
is the spin–orbit coupling of the ground (excited) state. The superscript
g (u) indicates the ground (excited) state contribution.

Our investigation focuses on SnV� centers embedded in
waveguide-based microelectromechanical system (MEMS) devices.
Figure 2(a) shows a false-colored scanning electron microscope (SEM)
image of the full MEMS device. The SnV� incorporated waveguide is
on one side connected via a mechanical spring-like structure to the
bulk, and on the other side clamped by two bars to two diamond bulk
support platforms. Niobium electrodes (with titanium as the adhesion
layer) are deposited on the spring (top electrode), indicated by the
blue-colored region in Fig. 2(a), and below the spring (bottom elec-
trode), indicated by the purple shaded region on Fig. 2(a). These elec-
trodes form a capacitive electromechanical actuator when a bias
voltage is applied between the electrodes. According to Eq. (4), by
varying the applied bias voltage, we can tune the optical resonance fre-
quency of the SnV� center due to the induced strain in the crystal.

Our device is fabricated from an electronic grade h001i -surface-
orientated diamond sample. The Sn atoms are uniformly implanted
with a dose of 1011 ions/cm2. After vacuum-annealing to activate the
SnV� centers, the color centers are predicted to end up at a mean

depth of 90nm below the surface with a straggle of 17 nm from stop-
ping and range of ions in matter (SRIM) simulations.42 Due to sub-
stantial graphite formation during vacuum-annealing, an additional
short plasma etching step was performed to remove the graphitic layer,
resulting in SnV� centers closer to the surface. Fabrication details can
be found in the supplementary material. The waveguides used in this
work are longitudinally aligned along the [110] direction. The four
possible orientations of the SnV�centers in the diamond crystal are
[111], [�1 11], [1�1 1], and [�1�1 1]. Considering the dominant uniaxial
strain along the [110] direction when a voltage is applied, two groups
of color centers that respond similarly to strain remain, indicated in
Fig. 2(b). We denote the SnV� centers with a component of the dipole
along (perpendicular) the long axis of the beam as axial (transversal)
color centers.

We perform a finite element method (FEM) simulation using
Ansys43 to determine the strain in the waveguide when a voltage is
applied over the electrodes. The �xx (lab frame) component of the
strain tensor on the surface of the beam is shown in Fig. 2(c) when
75 V is applied, resulting in a maximal strain of �xx ¼ 7� 10�5.
Additional information on the simulations can be found in the
supplementary material. We have indicated the estimated position

FIG. 2. (a) False colored scanning electron microscope (SEM) image of the devices. (b) Orientation of the axial (transversal) SnV� centers in the waveguide, indicated by the
blue (orange) arrows. (c) Finite element method (FEM) simulation of the strain distribution (�xx component) over the surface of the device when 75 V is applied. The estimated
positions of the SnV� centers evaluated in (f) are indicated. (d) Pulse sequence of a photoluminescence excitation (PLE) scan, consisting of a pump off-resonant green pulse,
a resonant (res) laser pulse, and photon counting by an avalanche photodiode (APD). (e) Fluorescence of PLE scans taken at different bias voltages of an axial (blue triangle)
[transversal (orange triangle)] SnV� center in the left (right) panel, showing an optical frequency shift of almost �40 GHz (6 GHz). The fluorescence is normalized to the maxi-
mal count rate of the 0 V scan for the axial (8680 counts/s) and transversal emitter (2320 counts/s). (f) Summary of the measured optical resonance frequency detuning of sev-
eral SnV� centers, indicated by different shaped data points, as a function of the applied bias voltage, the error bars lie within the data points. The shaded areas are the
simulated frequency shift as a function of the applied bias voltage for the SnV� center 20 nm below the surface at the hinge point (orange and blue triangle) and 4lm away
from it (blue square), the uncertainty is in the depth of the color center and the strain susceptibility parameter t?. (g) A summary of the obtained full-width half maximum
(FWHM) from fitting PLE scan fluorescence as a function of detuning, for multiple axial oriented SnV� centers, which we have fitted with a linear function.
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of the SnV� centers, positioned in different waveguides, evaluated
in this work.

By rotating the strain tensor obtained from the FEM simulation
from the lab frame to the axial/transversal SnV� center reference
frame and using Eqs. (3) and (4), we simulate the resonance frequency
shift of SnV� centers in our device as a function of applied voltage.
We use the strain susceptibilities d and f determined by Guo and
Stramma et al.21 and tk from studies on other group-IV color centers
by Meesala and Sohn et al.,35 and Maity and Shao et al.34 We note that
using the single reported value for tk for SnV

� in Ref. 25 resulted in a
discrepancy with the data well outside the uncertainty margin. For t?,
we take a lower and an upper bound based on reported values for
other group-IV color centers,34,35 and incorporate this into the uncer-
tainty margins of our simulations.

To determine the tuning range of the SnV� centers in this sam-
ple, we perform photoluminescence excitation (PLE) scans using the
pulse sequence shown in Fig. 2(d). We record the phonon sideband
(PSB) emission during the PLE scans. The bias voltage is applied in a
pulsed way concurrent with the resonant readout to avoid heating
originating from leakage current in the system. We have calibrated the
pulse time and the time between subsequent pulses to eliminate the
effects of heating. More information on the calibration can be found in
the supplementary material.

Figure 2(e) shows the PSB collection during PLE scans for differ-
ent applied bias voltages. We observe the two distinct tuning behaviors
attributed to the axial and transversal-oriented groups. The results of
multiple SnV� centers are summarized in Fig. 2(f), where we plot the
detuning as a function of the applied bias voltage. In the supplemen-
tary material, we plot the absolute frequency shift as a function of the
applied voltage. From the emitters evaluated, we can tune 4 pairs of
emitters to the same absolute frequency. For an axial and a transversal
SnV� center positioned close to the hinge point [indicated by the
orange and blue triangles in Fig. 2(c)] and an axial SnV� center further
away from the hinge point (indicated by the blue square), we simulate
the expected frequency shift, indicated by the shaded areas in Fig. 2(f).
We included an error bar representing our uncertainty in the depth of
the color centers in the beam and the strain susceptibility values. The
optical resonance of an SnV� in the bulk (indicated by the green cir-
cle), which should not experience strain due to the bias voltage, is
recorded for reference. This reference SnV� indeed shows no fre-
quency shift with increasing voltage. We find that SnV� centers that
show axial SnV� center behavior can be tuned up to � 43GHz and
transversal centers up to � 6GHz, covering a substantial part of the
inhomogeneous distribution.

We observe a linear increase in the linewidth with frequency shift
and hence strain in Fig. 2(g), where we summarize the fitted full-width
half maximum (FWHM) of the linewidth obtained from the PLE scans
of several axial SnV� centers. We observe a similar trend for these color
centers, with a mean linewidth increase in 3.42MHz/GHz. We did not
see this behavior for the reference emitter evaluated in the bulk. Further
investigation is needed to determine whether this behavior is intrinsic to
SnV� centers or device-related (e.g., induced by local heating).

The second challenge that we address in this work is the optical
transition frequency drift over time. Drifts of the optical resonance fre-
quency due to changes in the local charge environment can be com-
pensated by real-time logic protocols, called charge resonance (CR)
checks, that can herald the desired resonance condition.15,44 This

method relies on applying an off-resonant pulse, which alters the local
charge environment. However, drifts beyond the local charge-induced
distribution will lead to vanishing heralding success probabilities for
these protocols. In those cases, the drift can be compensated for by
dynamically adjusting the local strain.45 We implement a real-time
feedback loop, utilizing strain tuning to stabilize the SnV� center at a
desired resonant optical frequency. The experimental protocol is sche-
matically depicted in Fig. 3(a). It starts with a resonant readout pulse
at the target resonance frequency while counting the PSB photons. We
superimpose the strain-inducing DC bias voltage with a sinusoidal sig-
nal and correlate the number of counts with the phase of the control
modulation signal. This is followed by a CR check. Once this is passed,
the experimental sequence is started. By averaging the photon counts
obtained during the gate modulation phase of this sequence, we obtain
an error signal to adjust the static DC bias voltage using a standard

FIG. 3. (a) Pulse sequence and real-time logic of the gate-modulated CR-checked
PLE. (b) (Bottom panel) Fitted centers of the fluorescence of 50 gate-modulated
CR-checked PLE scans, taken over 7 h. For comparison the fitted centers of PLE
scans with no active feedback in green. The error bar lies within the data points.
(Top panel) Histogram of the fitted centers.
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proportional–integral–derivative (PID) feedback loop. The strain-
inducing DC bias voltage is updated at a 5Hz rate. This method effec-
tively compensates for slow drifts limited by the update rate and can
be used complementarily to the CR check, which addresses faster and
smaller drifts in the optical resonance frequency.

To test the stability, we probe the resonance frequency of an
SnV� for more than 7 h by PLE scans. We fit the photon counts
recorded per scan with a Voigt function and plot the fitted center fre-
quency as a function of time in Fig. 3(b) bottom panel. The stability
observed over the 7-h duration demonstrates the robustness of the
system, and there are no intrinsic limitations that would preclude
maintaining this stability over extended time periods. When no active
feedback is applied, the drifts of the optical resonance are larger than
can be compensated for by changes in the local charge environment.
We compare the gate-modulated CR-checked PLE scans with PLE
scans when no active feedback or CR checks are applied. The standard
deviation of the fitted centers with active feedback is 30MHz, while
for the non-feedback case, the standard deviation is 365MHz. In the
top panel of Fig. 3(b), we plot a histogram of the fitted centers. The
FWHM of the summed counts is 2296 2MHz and the mean of
the FWHM of the individual fitted scans is 225MHz. Comparing the
standard deviation in fitted centers with the non-feedback case results
in a 12-fold increase in optical frequency stability with this feedback
technique.

In summary, we have presented and demonstrated fabricated
devices that show a tunability up to >40GHz, covering a significant
part of the inhomogeneous distribution of the SnV� centers in this
sample. We have stabilized the optical resonance of an SnV� using a
dynamic strain feedback loop and demonstrated a 12-fold improve-
ment in stability. The strain tuning is applied locally to SnV� embed-
ded in waveguides and can be extended to tune numerous SnV� on
the same chip simultaneously. The methods demonstrated here pave
the way toward the generation of heralded indistinguishable photons
from many integrated SnV� qubits, providing an important element
for scaling SnV�-based quantum technologies.

See the supplementary material for a description of the fabri-
cation of the device used in this work, the experimental setup with
which the measurements were performed, a description of the volt-
age pulse calibration, a plot of the absolute frequency shift as a
function of the applied voltage, and further details about the FEM
simulations.
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