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Version 0: 

Reviewer comments: 

Referee #1 

(Remarks to the Author) 
In this manuscript, the authors present a study based on a specially engineered, microwave-frequency nanomechanical
resonator, and they observe the acoustic Purcell effect between SiV spin qubits and the acoustic mode of the
nanomechanical resonator. Furthermore, utilizing this system, the phonon spectra of the nanomechanical resonator across a
broad frequency range of 9–27 GHz have been measured using SiV center spin. This marks the first observation of the
acoustic Purcell effect in single-phonon level spectroscopy, with the highest spin-phonon cooperativity reported to date.
Additionally, the nanomechanical resonator structure developed in this manuscript introduces a new regime of control for
quantum defects in solids. 

Overall, the manuscript presents robust results and offers a detailed explanation of the methodology. However, concerns
arise regarding the quality of the data and the treatment of uncertainties, which require further clarification. Additionally, the
manuscript does not cite some previous studies on the acoustic Purcell effect, which is essential for the current work. Most
importantly, the originality and significance of the article are insufficient to publication in NATURE. Therefore, we conclude
that this manuscript is not currently suitable for publication in NATURE. Specific comments are provided below: 

The nanomechanical resonator proposed in this manuscript has been previously described in the author's earlier
publications (Nano Letters 2024, 24(23), 6831-6837 and Nature Physics 2025, 21, 77-82). Furthermore, the acoustic Purcell
effect has also been reported in Phys. Rev. Lett. 120, 114301, and FUNDAMENTAL RESEARCH 4(1), pp. 57-62. These
literature indicate that the current manuscript may lack sufficient novelty. 
The linear term g_sm (b ̂σ ̂_++b ̂^† σ ̂_-) is employed to describe the spin-phonon interaction. However, the nonlinear effects
have not been addressed in the manuscript. 
Multiple resonance signals are observed in Fig. 4(a) of the manuscript. The authors attribute these to other mechanical
modes and provides numerical simulation results in Fig. 19. However, only the first two resonances in this figure align well
with the observations, while the last two resonances are not evident in the simulation results. 
In Fig.5, the presence of excessively large error bars undermines the validity of the author's conclusion that the transition
frequency varies linearly with the magnetic field. 
As previously noted, the acoustic Purcell effect has also been reported in Phys. Rev. Lett. 120, 114301 (2018), and
FUNDAMENTAL RESEARCH 4(1), pp. 57-62（2024）. These references, however, are not cited within this manuscript. 

In conclusion, this work makes valuable contributions to hybrid quantum systems by establishing an acoustic interface with
record performance metrics. However, the current evidence for paradigm-shifting advancement over existing approaches
remains incomplete. With comprehensive revisions addressing the above concerns, this study would constitute a strong
candidate for high-impact publication in the journal such as Nature Communications. 

Referee #2 

(Remarks to the Author) 



I co-reviewed this manuscript with one of the reviewers who provided the listed reports. 

Referee #3 

(Remarks to the Author) 
The manuscript “Observation of the acoustic Purcell effect with a color-center and a nanomechanical resonator” by Graham
Joe, et al., demonstrates (for the first time, as far as we can tell), the Purcell-enhanced decay of a single atomic defect via the
increased acoustic density of states of a phononic microcavity. The defect under consideration here is the SiV in diamond,
and the enhanced decay is that of the electron spin in the ground state. This constitutes a seminal demonstration. The
results have far-reaching impact and permit development of applications such as transduction for quantum coherent links.
Overall, the paper is well-written, the data is convincing, and the supplementary information contains a wealth of background
and additional information. We would, however, ask to consider the below comments, which we believe will make the
manuscript more approachable 

1. Introduction: In the sentence “The physics of an atom in an open continuum also applies to the emission of acoustic
waves from an artificial atom in a solid, and is known to limit spin relaxation times in several color-centers [12–15] and rare-
earth ion impurities [16, 17] at low temperatures.”, what exactly is the message? That spin relaxation via phonon emission is
the dominant decay process at low temperatures? 

2. Introduction: In “and control of phonon-induced orbital relaxation processes using phononic crystals [36].”, it might be good
to mention that the suppression of the phonon-induced orbital relaxation processes is due the phononic crystal bandgap. 

3. Introduction: In “A central challenge in this context has been to realize an experimental system that provides high spin-
phonon co-operativity, …”, it might worth replacing “experimental system” with “resonator-defect system” or “resonator-
emitter system”. 

4. Introduction: “Structuring a solid and crafting an acoustic environment with well-defined modes around an atomic-scale
impurity could enable quantum acoustodynamics”, this reads as if quantum acoustodynamics is a field that simply does not
exist which is not true (for example [Science 349, 199 (2017)]). What is true is that it opens the field of quantum
acoustodynamics to colour centres. 

5. Results: “The optical resonator used in this work is single-sided…” There are a few instances in the paper where the
reader does not have any knowledge, yet, and is left wondering about how the system is implemented. This is one of them.
For a reader, it might be more satisfying to read “The optical resonator used in this work is a 1D photonic crystal
resonator…”, of if there was a reference to a figure or a later description. 
Another instance is “The resonant frequency of the optical mode can be 
frequency-tuned into resonance with the SiV zero-phonon line…”, where the reader is left wondering how the tuning
mechanism works. Here, either mentioning gas tuning or referring to the appropriate section would help. 

6. Results: During the introduction of the Hamiltonian, it could be mentioned that the photon-phonon interaction is negligible.

7. Results: Some justification of parameters and operating settings are missing. Mainly why a 12 GHz mechanical mode was
chosen, or why the authors use a 55° angle for the magnetic field given the strain susceptibility of the SiV spin is magnetic
field angle dependent. 

8. Results: There seem to be some discrepancies between the \Deltas that are used throughout the text, or at least they need
to be properly introduced. 
- In the caption for Fig. 2b, \Delta_m should be defined. 
- In the caption for Fig. 2b, \Delta_o is defined as (\kappa/2)/(2\pi). Should \kappa here be \kappa_o? If not, what is \kappa
here? 
- In Fig. 2c, is \Delta_a the same as \Delta_o? 
- In Fig. 3a, how is \Delta_a defined? 
- In “When the detuning between the spin transition frequency and the mechanical breathing mode frequency Δm =
(ωs−ωb)/(2π) approaches zero,…”, the definition of \Delta_m is different to the one in Fig. 2b, isn’t it? Previously, \Delta_m
was the detuning between the analyser and the mechanical mode. Also, for simplicity, \omega_b should be replaced with
\omega_m here? 

9. Results, Fig. 2 caption: Both DUT and RSA are undefined. 

10. Results: “The optically detected noise power spectral density (NPSD) of thermal motion of the mechanical breathing
mode at 4K is shown in Fig. 2b.” How is the NSPD obtained from the data? 

11. There are many instances where the authors refer to a supplementary section. It would be helpful if instead of just writing
“(5.6)”, it would read “(see Sec. 5.6)”, to not confuse with other numbered items. 

12. Results: Nowhere in the paper is it mentioned what kind of gas is used for the tuning. Which gas is used? Does the gas
form a liquid or a solid at these temperatures – there is both talk about condensation, which would indicate a liquid, but also
ice, which would indicate a solid. Would that make a difference to the mechanical Q-factor? Previously, both nitrogen and
xenon have been used for tuning photonic crystals. Would the authors expect a difference using a noble gas? 



13. Results: It would be more correct to refer to the “ALD tuning” method as “ALD + gas tuning”, both in the text as well as in
Fig. 3b – legend. 

14. Results: The sentence “While the former is commonly used in cryogenic nanophotonic cavity QED experiments [8], the
latter technique allowed us to minimize reduction in the Q-factor of the mechanical resonator upon material deposition.”
implies that gas tuning is lowering the mechanical Q-factor, but it might be good explicitly mention this here. 

15. Results: “We initialise the SiV spin state by pumping on one of the Zeeman split transitions”. Which one? 

16. Results: In “After initializing the spin into the |↑⟩ state, the population decay rate γs/(2π) is proportional to the acoustic
density of states…” it would probably be good to add “at these temperatures”. 

17. Results, Fig. 3a: Can all 4 peaks be labelled? 

18. Results, Fig. 3b: Can the authors explain why there is such a large difference between the right and left sides of the peak
in Fig. 3b. Also, since there is so much discussion about the linewidths of these peaks, it would be nice to see how the
linewidth was extracted (I am assuming it was a fit). 

19. Results, Fig. 3c: Can the extracted decay times be added to the panel? 

20. Results, Fig. 3a caption: “to estimate the the spin qubit transition” 

21. Results, Fig. 3c caption: It would be good here to refer to the markers in Fig. 3b when describing the 0 GHz and -0.1 GHz
datasets. 

22. Results: “The difference between this maximum value and the experimentally measured value is well explained by the
non-ideal conditions in the studied device, including the presence of static strain (5.2) and the typical expected error in SiV
placement.” Was another SiV measured in this device? If yes, what is the quantitative difference between them? 

23. Results: “…could attain a maximum value of 9 MHz (5.13).” The 9 MHz maximum spin-phonon coupling seems overly
optimistic given (according to Section 5.12) it assumes there is vanishing static strain and a static magnetic field oriented
perpendicular to the SiV symmetry axis. However, in these operating conditions, the splitting between the two spin sub-
levels also vanishes and is ultimately limited by the Jahn-Teller effect. Therefore, it may not be possible to apply a sufficient
magnetic field to tune the SiV splitting to the mechanical resonance. Ideally, a more conservative estimate based on
experimentally achievable values would be better. 

24. Results, Fig. 4a: What is the expected T1 vs B0 dependency? How does mixing with the orbital states enter here? Could
the theoretically expected curve be added in the figure? And where does the jump at 22 GHz come from? 

25. Sec. 5.1: “…we get a conversion constant of 2.700±0.186 GHz/kG.” Should this value not be 2.8 GHz/kG? How precisely
was the sample mounted in the center of the superconducting magnet? 

26. Sec. 5.2: “The data in Fig. 6 was taken after the device was cladding in ALD alumina”, “cladding” should be “clad” here. 

27. Sec. 5.3: “Further gas condensation was required ... but a comparatively small amount relative to the bare device.” Is
there a way of quantifying this? 

28. Sec. 5.4, Figure 8: Please define RSA. 

29. Sec. 5.4: The etch chemistry for the silicon nitride is not stated. Additionally, the manuscript states, “OMC pattern is
transferred into the diamond by oxygen plasma RIE”. Diamond is very difficult to etch in a standard RIE and typically a ICP-
RIE is required. Similarly, it is mentioned “create the mask for the deterministic ion implantation process”. Without saying
how, I am assuming EBL but this should be clearly stated. 

30. Sec. 5.10: “at alignments close the SiV axis” should be “at alignments close to the SiV axis”. 

31. Sec. 5.12: “…and the components of the static strain tensor ϵ are in the coordinate frame of the SiV center.” Equation 6
does not make sense unless this is the single phonon strain tensor of the resonator. Similarly, the stated resonance
condition “\omega_s = \omega_m * g_{sm}” also does not make sense. Was \omega_s = \omega_m intended. Furthermore,
the relation “gamma_s B_x = \omega_s / \sqrt{2}” is only an approximation, since tan55° ~ \sqrt{2}. The approximately equals
sign should be used. 

Referee #4 

(Remarks to the Author) 
I co-reviewed this manuscript with one of the reviewers who provided the listed reports. 



Referee #5 

(Remarks to the Author) 
The manuscript entitled “Observation of the acoustic Purcell effect with a color-center and a nanomechanical resonator”
reports experimental studies on the coupling between highly confined mechanical modes in a diamond optomechanical
crystal and the spin states of a SiV color center. The main result is the demonstration of enhanced spin relaxation rate when
the spin transition is tuned to a mechanical resonance, which can be viewed as the acoustic or mechanical version of the
well-known Purcell effect. 

For a SiV center, the direct spin-phonon coupling depends on the B-field induced spin-state mixing and thus depends on the
magnitude of the B-field normal to the SiV axis (B_normal or Bx in the supplement). The strong dependence of the spin
relaxation rate on the orientation of the magnetic field (for the 21 GHz mechanical mode) shown in 4b (and in Fig. 15 of the
supplement) as well as the related resonance behavior provide a convincing demonstration of the acoustic Purcell effect. 

Overall, the experimental realization of the acoustic Purcell effect represents a major milestone in the field of spin-mechanics
and is a major step toward coherent coupling between spins and phonons at the level of single phonons and single spins,
which can open a new frontier for pursuing spin-mechanics based quantum information processing. 

I have a few detailed questions and comments in terms of the interpretation and analysis of the experimental results for the
authors to consider: 

1) For a SiV center, the spin relaxation can take place through the direct spin-phonon coupling (i.e., first order spin-coupling
coupling) as well as high order spin-phonon coupling (such as two-phonon processes). The first order coupling is a resonant
or nearly resonant process. The corresponding Purcell effect should thus depend on the resonance condition, as
demonstrated in the manuscript for a few select mechanical modes). Furthermore, the corresponding enhanced spin relation
rate is expected to be roughly proportional to the square of B_normal (due to B-field induced spin-state mixing). Both of
these behaviors are nicely shown in Fig. 15 of the supplement. 

For the broadband spectrum shown in Fig. 4a, the spin relaxation rates vary with the B-field (i.e., the spin transition
frequency). However, there is no overall strong increase in the spin relaxation rate with increasing B-field. This lack of an
overall or global B-field dependence suggests possible contributions of higher order spin-phonon interactions, which have
no or only a weak dependence on the B-field induced state mixing. Specifically, the spin relaxation can take place via two-
phonon spin-flip transitions [see Phys. Rev. B 111, 035421 (2025)]. The authors should give some consideration on how the
nanomechanical system affects these two-phonon spin relaxation processes and whether the broad spectrum shown of Fig.
4a can be better understood by including the relevant two-phonon processes. 

By the way, why the theoretical calculations in Fig. 19b do not show stronger increase with increasing spin transition
frequency (i.e., the B-field)? 

2) The manuscript highlights the acoustic Purcell effect due to the 12 GHz mode. Figure 3b shows the expected resonance
behavior. I wonder if the author can also show the dependence on B-normal (which they have shown for the 21 GHz mode). I
understood that in this case, the spin transition frequency will vary considerably with the orientation of the B-field.
Nevertheless, the dependence on B-normal can still be carried out by suitably adjusting the overall magnitude of the B-field
(while varying B-normal). 

Assuming that the same SiV is used for the results obtained for resonant coupling to the 12 and 21 GHz modes, it would be
nice if the authors can show that the Purcell effects including the dependence on B-normal for the two modes can be
described by the same set of SiV parameters. 

3) For the sample fabrication, can the authors provide the dosage used for the masked implantation, along with the
estimated average number of SiV centers per implantation aperture? 

4) The relation between spin transition frequency and B-normal used in section 5.13 (see the paragraph above Eq. 6) is only
an approximation. The transition frequency might also depend on the Jahn-Teller coupling parameter as well as the spin-
orbit coupling rate. Can the authors provide a reference for the limits of the approximation or provide some discussions on
the approximation? 

Version 1: 

Reviewer comments: 

Referee #1 

(Remarks to the Author) 
In this revised manuscript, the authors reply all my comments point to point. 



1) For my previous comments on the acoustic Pucell effects being reported previously. I aggree with the authors's reply that
the current study is based on a single spin in single phonon level, while the previouse ones only in classical regime.
However, I donnot think that they are completely irrelevant. I strongly suggest the authors to cite and discuss them. 

2) In present manuscript, the authors move the Fig. 5 to supplementary material as new Fig. 12. I think that this is because
the quaulity of the data is not high enough. I donnot think it is proper. 

Overall, I donnot think the revised manuscript could be published in Nature. 

Referee #2 

(Remarks to the Author) 
I co-reviewed this manuscript with one of the reviewers who provided the listed reports. 

Referee #3 

(Remarks to the Author) 
The authors have provided very detailed replies to all questions, and we are very happy with their answers. 
The only point of contention is maybe the question from Referee #1 on the error bars in Fig. 5 (now Fig. 12). For statistical
errors, the error bars are way too large for the observed distribution of data points and are likely overestimated. It seems the
authors are using the optical linewidth as the error bar which does not make sense, since from Fig. 3a, the transitions are
spectroscopically resolvable, and the fit error would be a much better estimate. 
In conclusion, this manuscript constitutes a major advancement, and we support publication in Nature. 

Referee #4 

(Remarks to the Author) 
I co-reviewed this manuscript with one of the reviewers who provided the listed reports. 

Referee #5 

(Remarks to the Author) 
I thank the authors for their detailed response to my questions and comments. Most of these have been adequately
addressed. The remaining one is with regard to the B_normal dependence of the acoustic Purcell effect for the 12 GHz
mode. 

The main reason I have asked for this additional data is that Fig. 19 shows good agreements between the experiment and
simulation for the 12 GHz mode but does not show the strong Purcell effect observed for the 21 GHz mode. On the other
hand, the B_normal dependence (see Fig. 13), which I consider as the most conclusive data for the acoustic Purcell effect, is
demonstrated for the 21 GHz mode, but not for the 12 GHz mode. 

I understood that the B_normal dependence is much harder to obtain for the 12 GHz mode than that for the 21 GHz mode
and that the leading author has since left the group. In this context, I wonder if the authors can do the following: 

1) Revise/expand Fig. 19 to reproduce the strong Purcell effect observed for the 21 GHz mode in the simulation. 
2) Include experimental data on the characterization of the 21 GHz mechanical mode as well as the 12 GHz mechanical
mode in the supplement. 

I would be glad to recommend the publication of the manuscript in Nature after the suggested revisions. 

Version 2: 

Reviewer comments: 

Referee #3 

(Remarks to the Author) 
The thank the authors for considering all of the reviewers' questions and comments and providing detailed replies. We are
satisfied on all points and recommend publication. 

Referee #4 

(Remarks to the Author) 
I co-reviewed this manuscript with one of the reviewers who provided the listed reports. 

Referee #5 

(Remarks to the Author) 



The authors present one additional data point related to the 12 GHz mode. Figure 14 now compares the data obtained when
the B field is 90 and 55 degrees away from the SiV axis. The new data point provides additional supporting evidence,
though it does not have the systematic and conclusive nature of Fig. 13, as I pointed out earlier. 

The authors noted in their response the absence of direct characterization data for the 21 GHz mode and the lack of clear
confirmation of the observed enhancement for the 21 GHz mode in the numerical simulation due to various complications. 

Overall, I would like to give the authors the benefit of the doubt and believe that their interpretation of the experimental data
is likely to be correct. 

Open Access This Peer Review File is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made.
In cases where reviewers are anonymous, credit should be given to 'Anonymous Referee' and the source.
The images or other third party material in this Peer Review File are included in the article’s Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/























































Manuscript Modifications: To meet Nature’s 75 character title requirement, we have changed 
the title of our manuscript to “Purcell-enhanced spin-phonon coupling with a single color-center” 
and we have included references in the abstract. All changes to the manuscript since the last 
submitted version use red text. 
 
Text Format: Original comments made by referees are shown in black text, our response is 
given in blue text, and any quotations and/or changes made to our manuscript are shown in red 
text. 
 
 
Referees' comments: 
 
Referee #1 (Remarks to the Author): 
 
In this revised manuscript, the authors reply all my comments point to point. 
 
1) For my previous comments on the acoustic Pucell effects being reported previously. I aggree 
with the authors's reply that the current study is based on a single spin in single phonon level, 
while the previouse ones only in classical regime. However, I donnot think that they are 
completely irrelevant. I strongly suggest the authors to cite and discuss them. 
 
We appreciate the referee’s recognition of the distinction between our single-spin, single-
phonon regime work and the classical acoustic Purcell effects reported in the suggested 
references. We agree that these works share a broad conceptual lineage with ours, but the 
experimental regimes are substantially different. 
 
Our introduction is structured to guide the reader from the original discovery and formulation of 
the Purcell effect to the most directly relevant developments in nanophotonics and 
nanomechanics, which provide the conceptual and technical foundations for our results. 
Incorporating a discussion of the classical acoustic Purcell effect, in our view, would not 
meaningfully enhance the reader’s understanding of our work. Nonetheless, we appreciate the 
referee’s perspective and are willing to include a brief clarifying discussion if the editor feels it 
would benefit the manuscript. 
 
If we were to include this discussion in the introduction, it would be as follows: 
 
“We observe the acoustic Purcell effect between the SiV spin qubit and the 12 GHz acoustic 
mode of the nanomechanical resonator, near its motional ground state at milliKelvin 
temperatures. While the acoustic Purcell effect has been previously observed in 
macroscopic classical systems [Phys. Rev. Lett. 120, 114301, FUNDAMENTAL 
RESEARCH 4(1), pp. 57-62], this is the first such observation near the single-phonon 
level. The resonator is created in an optomechanical crystal (OMC) [41] that can co-localize 
photons at the optical frequency linking the spin qubit with the color-center’s excited state.” 
 



2) In present manuscript, the authors move the Fig. 5 to supplementary material as new Fig. 12. 
I think that this is because the quaulity of the data is not high enough. I donnot think it is proper. 
 
The reordering of the Supplementary material was done solely to improve the logical flow: 
sections now appear in approximately the same order in which they are referenced in the main 
text, except where one section must naturally precede another for clarity. The relocation of the 
former Fig. 5 (now Fig. 12) was not motivated by concerns about data quality. We have full 
confidence in the quality of these measurements. 
 
As referee #3 correctly noted, our original use of the optical full-width at half maximum (FWHM) 
as error bars in Fig. 12 was not the most appropriate representation of uncertainty. The spin 
transition frequency is estimated from a difference between peak optical frequencies, so the 
relevant uncertainty is that of the peak frequency, which is significantly smaller than the FWHM. 
We have therefore updated Fig. 12 to use the fit uncertainties as error bars. Note that these 
error bars are smaller than the data points and are therefore not visible in the figure. 
 
The nuance that we were attempting to communicate here is that using this difference in peak 
frequencies of broad optical lines is not a direct measurement of the narrow spin transition 
frequency. While the statistical uncertainty in this estimator is very small, reflecting its high 
precision, this does not account for systematic errors like differential AC stark shifts between the 
various optical line measurements which limit its accuracy. In this work we use these 
calibrations as a coarse spin-transition frequency measurement and then use sharp identifiable 
features in the observed spin-decay spectra to line up and compare measurements under 
different conditions. Observation of the 12 GHz mechanical breathing mode (whose frequency is 
known to high precision from optomechanical measurements) then offers a useful reference to 
identify the frequency of other features with high confidence. We have modified the discussion 
in SI Sec. 5.8 to reflect this discussion and clarify this issue: 
 
“In the case of a perpendicular field shown in Fig. 12, we get a conversion constant of 2.700 ± 
0.186 0.001 GHz/kG. Due to the wide optical linewidths, the uncertainty in this conversion 
constant is somewhat large, reflecting the high precision but limited accuracy of the magnetic 
field magnitude as an estimator of the spin transition frequency. We note that using the 
difference in peak frequencies of these broad optical lines is not a direct measurement of 
the narrow spin transition frequency. While the statistical uncertainty in this estimator is 
very small, reflecting its high precision, this does not account for systematic errors like 
differential AC stark shifts between the various optical line measurements which limit its 
accuracy. Here, we use these calibrations as a coarse spin-transition frequency measurement 
and then use sharp identifiable features in the observed spectra to line up and compare 
measurements under different conditions. Observation of the ~12 GHz mode (whose frequency 
is known to high precision from optomechanical measurements) then offers a useful reference 
to identify the frequency of other features with high confidence.” 
 
We hope that the revised figure and clarified discussions address the referee’s concern. 
 



Overall, I donnot think the revised manuscript could be published in Nature. 

We thank the referee for their consideration, but we again respectfully disagree with the 
conclusion. We reiterate that this work demonstrates, for the first time, an acoustic interface 
between a spin qubit and a nanomechanical resonator at the single phonon level in a fully 
nanoscopic system, with record spin-phonon cooperativity. These results represent a 
meaningful advancement in spin-mechanical quantum systems and open new avenues for 
hybrid quantum technologies. We believe that our revised manuscript warrants consideration for 
publication in Nature. 

 
Referee #2 (Remarks to the Author): 
 
I co-reviewed this manuscript with one of the reviewers who provided the listed reports. 
 
We thank the referee for their comments. Anything raised by this referee in the listed reports is 
addressed in that report. 
 
Referee #3 (Remarks to the Author): 
 
The authors have provided very detailed replies to all questions, and we are very happy with 
their answers. 
The only point of contention is maybe the question from Referee #1 on the error bars in Fig. 5 
(now Fig. 12). For statistical errors, the error bars are way too large for the observed distribution 
of data points and are likely overestimated. It seems the authors are using the optical linewidth 
as the error bar which does not make sense, since from Fig. 3a, the transitions are 
spectroscopically resolvable, and the fit error would be a much better estimate. 
In conclusion, this manuscript constitutes a major advancement, and we support publication in 
Nature. 
 
We sincerely thank the referee for their positive assessment of our manuscript and for their 
strong endorsement of publication in Nature. We also appreciate their attention to the point 
regarding the error bars in Fig. 5 (now Fig. 12). This issue was raised by referee #1 and our 
response is reproduced here for completeness: 
 
As the referee has correctly noted, our original use of the optical full-width at half maximum 
(FWHM) as error bars in Fig. 12 was not the most appropriate representation of uncertainty. The 
spin transition frequency is estimated from a difference between optical peak frequencies, so 
the relevant uncertainty is the fit uncertainty in the peak frequency, which is significantly smaller 
than the FWHM. We have therefore updated Fig. 12 to use the fit uncertainties as error bars. 
 
The nuance that we were attempting to communicate here is that using this difference in peak 
frequencies of broad optical lines is not a direct measurement of the narrow spin transition 
frequency. While the statistical uncertainty in this estimator is very small, reflecting its high 
precision, this does not account for systematic errors like differential AC stark shifts between the 



various optical line measurements which limit its accuracy. In this work we use these 
calibrations as a coarse spin-transition frequency measurement and then use sharp identifiable 
features in the observed spin-decay spectra to line up and compare measurements under 
different conditions. Observation of the 12 GHz mechanical breathing mode (whose frequency is 
known to high precision from optomechanical measurements) then offers a useful reference to 
identify the frequency of other features with high confidence. We have modified the discussion 
in SI Sec. 5.8 to reflect this discussion and clarify this issue: 
 
“In the case of a perpendicular field shown in Fig. 12, we get a conversion constant of 2.700 ± 
0.186 0.001 GHz/kG. Due to the wide optical linewidths, the uncertainty in this conversion 
constant is somewhat large, reflecting the high precision but limited accuracy of the magnetic 
field magnitude as an estimator of the spin transition frequency. We note that using the 
difference in peak frequencies of these broad optical lines is not a direct measurement of 
the narrow spin transition frequency. While the statistical uncertainty in this estimator is 
very small, reflecting its high precision, this does not account for systematic errors like 
differential AC stark shifts between the various optical line measurements which limit its 
accuracy. Here, we use these calibrations as a coarse spin-transition frequency measurement 
and then use sharp identifiable features in the observed spectra to line up and compare 
measurements under different conditions. Observation of the ~12 GHz mode (whose frequency 
is known to high precision from optomechanical measurements) then offers a useful reference 
to identify the frequency of other features with high confidence.” 
 
We hope that the revised figure and clarified discussions address the referee’s concern. 
 
 
Referee #4 (Remarks to the Author): 
 
I co-reviewed this manuscript with one of the reviewers who provided the listed reports. 
 
We thank the referee for their comments. Anything raised by this referee in the listed reports is 
addressed in that report. 
 
Referee #5 (Remarks to the Author): 
 
I thank the authors for their detailed response to my questions and comments. Most of these 
have been adequately addressed. The remaining one is with regard to the B_normal 
dependence of the acoustic Purcell effect for the 12 GHz mode. 
 
The main reason I have asked for this additional data is that Fig. 19 shows good agreements 
between the experiment and simulation for the 12 GHz mode but does not show the strong 
Purcell effect observed for the 21 GHz mode. On the other hand, the B_normal dependence 
(see Fig. 13), which I consider as the most conclusive data for the acoustic Purcell effect, is 
demonstrated for the 21 GHz mode, but not for the 12 GHz mode. 
 



I understood that the B_normal dependence is much harder to obtain for the 12 GHz mode than 
that for the 21 GHz mode and that the leading author has since left the group. In this context, I 
wonder if the authors can do the following:e 
 
1) Revise/expand Fig. 19 to reproduce the strong Purcell effect observed for the 21 GHz mode 
in the simulation. 
2) Include experimental data on the characterization of the 21 GHz mechanical mode as well as 
the 12 GHz mechanical mode in the supplement. 
 
I would be glad to recommend the publication of the manuscript in Nature after the suggested 
revisions. 
 
We are grateful for the referee’s positive assessment of our manuscript and for their willingness 
to recommend publication following the requested clarifications. We also appreciate the 
referee’s thoughtful comments regarding the B⟂ dependence of the 12 GHz mode. 
 
Regarding the B⟂ dependence of the 12 GHz mode, we agree that an equivalent of Fig. 13 for 
the 12 GHz mode would have been a more ideal measurement due to the thorough 
characterization of that mode. As the referee notes, the full angular dependence measurement 
for the 12 GHz mode is technically challenging, particularly near the SiV high symmetry axis 
where the optical transitions used for spin initialization cross. These constraints ultimately led us 
to focus on the cleaner and more complete dataset for the 21 GHz mode presented in Fig. 13. 
 
However, we do have measurements of the 12 GHz mode taken under gas-tuning-only 
conditions for both a 55° and 90° aligned field. This data was originally omitted from the 
manuscript and SI to avoid presenting extraneous experimental details that could distract from 
the main narrative. The measurements were performed by tuning the optical mode into 
resonance with the SiV C-Line using gas deposition, then boiling off the gas with a high power 
laser and the re-gas tuning. This repeated procedure further degraded the mechanical 
resonance - likely due to residual gas outside the cavity center - resulting in a mildly distorted 
resonance shape (see Fig. 14 below and now in SI Sec. 5.9). The mode quality was later 
restored after cleaning the chip and depositing ALD Alumina. 
 



 
Figure 14 Spin decay spectra for the 12 GHz mechanical breathing mode under different gas-
tuning-only experimental conditions. The gray curve is the data presented in Fig. 3b with a 55° 
aligned magnetic field after a single gas tuning. The lighter purple uses the same 55° aligned 

magnetic field but after boiling off the deposited gas with a high power laser and re-gas tuning. 
The darkest purple trace is under the same deposited gas conditions as the lighter purple trace, 

but with a 90° aligned magnetic field. 
 
Despite these complications, the data clearly shows the theoretically expected angular 
dependence of the 12 GHz mode, more perpendicular magnetic field leads to faster spin-decay 
rates. This is consistent with the trend established in Fig. 13 for the 21 GHz mode, and with all 
other measurements performed throughout the course of this experiment. We have included this 
new figure and its caption in SI Sec. 5.9 along with the following text to reflect this discussion: 
 
“In Fig. 14 we show measurements of the 12 GHz mode taken under gas-tuning-only conditions 
for both a 55° and a 90° aligned field. The gray curve is the data presented in Fig. 3b after a 
single gas tuning for a 55° aligned magnetic field. The other two measurements were performed 
by then boiling off the gas with a high power laser and re-gas tuning. This repeated procedure 
further degraded the mechanical resonance - likely due to residual gas outside the cavity center 
- resulting in a mildly distorted resonance shape. The mode quality was later restored after 
cleaning the chip and depositing ALD Alumina. The data clearly shows the theoretically 
expected angular dependence of the 12 GHz mode; a more perpendicular magnetic field leads 
to faster spin-decay rates. A full angular dependence for the comparatively low frequency 12 
GHz mode is experimentally challenging due to a crossing of the optical transitions used for spin 



initialization at alignments close to the SiV center's high symmetry axis, and was not 
performed.” 
 
Regarding the referee’s two specific requests: 

1) The absence of a strong simulated coupling to the ~21 GHz mode reflects current 
limitations in our modelling approach. In addition to the large sensitivity to the precise 
location of the SiV within the diamond cavity, the simulations do not fully capture real-
world imperfections - such as Q-factor degradation from ALD alumina or residual gas 
deposition (as seen in Figs. 3b and 7), underside roughness and device non-uniformity 
resulting from the quasi-isotropic etching method. While a better physical model might 
better reproduce the observed data, developing such a model would require detailed 
knowledge of device specific imperfections which are challenging to measure. 

 
In SI Sec. 5.14, we discuss these modelling challenges, we have included the additional factors 
mentioned above which were not previously mentioned. 
 
“The highly local nature of spin-phonon coupling poses a modeling challenge due to the 
uncertain position of the SiV center within the implantation aperture, which is 50 nm wide in both 
the x and y directions. As seen in Fig. 20, even a few nanometer change of the in-plane location 
of the SiV center results in qualitatively distinct spin decay spectra. While this sensitivity could, 
in principle, be used to determine the precise SiV location, in practice, the complexity of the 
spectrum and the difficulty of modeling real-world imperfections—such as the aforementioned 
Q-factor degradation from ALD alumina and deposited gas (as shown in Fig. 3b and Fig. 11) 
and device roughness and non-uniformity resulting from the quasi-isotropic etching 
method, limit the accuracy of such simulations.” 
 

2) The ~21 GHz mode does not exhibit sufficiently strong optomechanical coupling to allow 
independent characterization using the same NPSD methods employed for the 12 GHz 
mode. Under identical measurement conditions, no detectable NPSD signal appears 
near 21 GHz. The 21 GHz mode is therefore characterized exclusively via spin-decay 
spectroscopy via the couple SiV center. 

 
At the end of SI Sec. 5.2 we address the strong optomechanical coupling of the 12 GHz, and 
the negligible optomechanical coupling of all other modes. 
 
“Finally, Fig. 6c shows the optomechanical coupling rate of the breathing mode (orange dot) as 
well as those of all simulated mechanical modes from 5 - 28 GHz, which covers the range of 
data measured as part of the spin T1 spectrum in Fig. 4. With the exception of modes around 12 
GHz, nearly all modes display negligible optomechanical coupling to the TE-like mode due to 
the strict symmetry requirements for such coupling [62].” 
 
We hope that the additional data of the 12 GHz mode and the clarifications above adequately 
address the referee’s remaining concern. 
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