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Controlled interaction between localized and delocalized solid- state spin systems offers 
a compelling platform for on- chip quantum information processing with quantum spin-
tronics. Hybrid quantum systems (HQSs) of localized nitrogen- vacancy (NV) centers 
in diamond and delocalized magnon modes in ferrimagnets—systems with naturally 
commensurate energies—have recently attracted significant attention, especially for 
interconnecting isolated spin qubits at length- scales far beyond those set by the dipolar 
coupling. However, despite extensive theoretical efforts, there is a lack of experimental 
characterization of the magnon- mediated interaction between NV centers, which is 
necessary to develop such hybrid quantum architectures. Here, we experimentally deter-
mine the magnon- mediated NV–NV coupling from the magnon- induced self- energy 
of NV centers. Our results are quantitatively consistent with a model in which the NV 
center is coupled to magnons by dipolar interactions. This work provides a versatile 
tool to characterize HQSs in the absence of strong coupling, informing future efforts 
to engineer entangled solid- state systems.

quantum information | spin qubits | magnons | spintronics | condensed matter physics

Quantum two- level systems coupled to bosonic fields are ubiquitous in quantum infor-
mation science (1–12). Engineering such fundamental quantum interactions in the form 
of hybrid quantum systems (HQSs) provides new opportunities for quantum information 
processing (QIP). Among these promising hybrid quantum architectures, nitrogen- vacancy 
(NV) centers in diamond coupled to magnons in ferrimagnets, such as yttrium iron garnet 
(YIG), have recently attracted a great deal of attention (13–20) and have been theoretically 
proposed to provide opportunities for on- chip long- distance entanglement of NV centers 
(17). This is due to the NV center's desirable qubit characteristics, including long 
spin- coherence times (21), optical addressability (22), and intrinsic coupling to magnonic 
systems through magnetic dipolar interactions (23). In parallel, magnonic nano-  and 
microdevices have been extensively studied and developed in the field of magnonics for 
coherent transfer of spin information (24–26), paving the way for experimental realizations 
of proposed HQSs.

A key requirement for HQSs is strong coupling (1–4) between the constituents of the 
system. NV- magnon coupling in general has been demonstrated experimentally using 
both coherent (27–32) and incoherent (33–42) magnons. Surface magnons, or magne-
tostatic surface spin waves (MSSWs), generated coherently by microwave transducers, 
have been shown to efficiently drive Rabi oscillations of NV centers over long distances 
(27, 28, 43). This observation implies nonzero NV- MSSW coupling (see ref. 43, and 
SI Appendix). Additionally, thermally or incoherently driven magnons have been shown 
to increase the longitudinal relaxation rate and influence the optically detected magnetic 
resonance (ODMR) of NV centers (33–40), also indicative of NV- magnon coupling.

However, quantifying the magnon- mediated coupling between NV centers remains an 
experimental challenge. Notably, the coupling of magnons to the NV center induces a 
self- energy associated with the NV center (see SI Appendix). This self- energy modifies the 
NV qubit’s dynamics via i) a shift of the qubit energy, also known as the self- energy shift 
and ii) a change of the qubit lifetime. Critically, the self- energy shift provides an upper- bound 
estimate of the magnon- mediated NV–NV coupling. Therefore, experimentally accessing 
the self- energy sheds light on the interactions of a given NV- magnonic HQS.

In this work, we experimentally extract the magnon- mediated coupling from the 
magnon- induced self- energy of NV centers interfaced with YIG. The self- energy is deter-
mined by combining room- temperature longitudinal relaxometry measurements with an 
analysis using the fluctuation- dissipation (44) and Kramers–Kronig (45) relations. Motivated 
by the efficient driving of NV centers via MSSWs (27, 28), we study the longitudinal relax-
ation of NV centers placed on top of a YIG film hosting such MSSW modes. We observe a 
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sharply increased longitudinal relaxation rate of the NV centers 
driven by thermally populated MSSWs. Our experimental observa-
tions agree quantitatively with a theoretical model in which the NV 
center is coupled to magnons by the magnetic dipole–dipole inter-
action (17). This work builds a foundation for the hybrid quantum 
architecture of spin qubits coupled to magnons at the interface of 
quantum information science and magnonics.

Experiments are performed on NV centers created by nitrogen 
implantation into a 100- μm- thick diamond slab, which is placed 
on top of a 3- μm- thick YIG film grown on a 500- μm- thick gad-
olinium gallium garnet (GGG) substrate by liquid phase epitaxy 
(Matesy GmbH), as illustrated in Fig. 1 (see SI Appendix). The 
diamond slab is laser cut (Syntek Co. Ltd) out of a bigger diamond 
crystal (Sumitomo) with an angle such that one of the four NV 
centers’ main symmetry axes (NV axis) is parallel to the diamond 
surface as shown on the Left schematic of Fig. 1. The NV centers 
are approximately 7.7 ± 3.0 nm from the diamond surface based 
on Stopping Range of Ions in Matter simulations (46). The 
implanted side of the diamond slab faces down toward the YIG 
film in Fig. 1. An ensemble of NV centers is used to increase the 
photoluminescence (PL) signal and consequently the signal- to- noise 
ratio. An external magnetic field H = H∥ + H⊥ is applied parallel 
to the diamond/YIG surface, where H∥ (H⊥) is parallel (perpen-
dicular) to the NV axis. The perpendicular field H⊥ is zero except 
for unless otherwise specified Fig. 3B. A copper wire is placed over 
the sample for applying microwaves to address the NV centers’ 
electron spin transitions. A 532- nm (green) laser is focused through 
the diamond to the NV centers for the initialization of the NV 
centers’ spin state to |ms = 0⟩ with a confocal microscope and the 
PL is detected by an avalanche photodiode for the readout. 
Experiments are performed at room temperature and ambient 
conditions.

Results

We show a heat map of the NV center ODMR of the system as 
a function of both the external magnetic field and the applied 
microwave frequency in Fig. 2A. The distance hNV = 400(5) nm 
between the NV centers and the YIG top surface is calibrated  
via optical interference fringes (see SI Appendix). While the 
ODMR shows multiple detailed features (see refs. (33, 38), and 
SI Appendix), including PL reduction due to transitions of off- axis 
NV centers and the ferromagnetic resonance of YIG, we focus on 
the NV centers’ |ms = 0⟩ ↔ |ms = −1⟩ transition frequency fNV = 
ωNV/2π and the plateau frequency fp = ωp/2π of the MSSW modes, 

which are highlighted in Fig. 2A by the solid green and the dotted 
red lines, respectively. Here, the magnetic field dependence of fNV 
and fp are given by fNV(H) = (DNV − ωH)/2π and fp(H) = (ωH + 
ωM/2)/2π, respectively, where DNV = 2π × 2.87 GHz is the zero- 
field splitting of the NV center, ωH = γµ0H, ωM = γµ0Ms, H = |H|, 
γ = 2π × 2.8 MHz/G is the absolute value of the electron gyro-
magnetic ratio, µ0 is the vacuum permeability, and Ms is the sat-
uration magnetization of YIG. This plateau frequency fp is the 
frequency of the weakly dispersive surface- magnon mode with 
minimal group velocity (Fig. 2C), which coincides with the large 
wavenumber limit of the MSSW frequency when exchange inter-
actions are negligible (see ref. 47, and SI Appendix).

The longitudinal (T1) relaxometry measurements are performed 
using the NV centers’ electron spin transition |ms = 0⟩ ↔ |ms = −1⟩. 
To eliminate the PL contribution from off- axis NV centers, we 
measure the PL with and without applying a π- pulse for the |ms = 
0⟩ → |ms = −1⟩ transition at the end of a variable elapsed time t 
between the initialization and the readout of the NV centers (see 
SI Appendix). The resulting differential PL signal is proportional to 
⟨σz(t)⟩, where σz = |e⟩⟨e| − |g⟩⟨g| and |g(e)⟩ = |ms = 0(−1)⟩. We fit 
the elapsed time t dependence of the differential PL signal by ⟨σz(t)⟩/
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Fig. 1. Illustration of NV center spins interacting with magnons. The central 
image shows the schematic of NV centers in a diamond slab placed on top 
of a YIG film. The NV axis (111) is parallel to the YIG surface, as shown in 
the Left drawing of the diamond crystal. An in- plane external magnetic field  
H = H∥ + H⊥ is applied, where H∥ (H⊥) is parallel (perpendicular) to the NV axis. 
The perpendicular field H⊥ is zero except for Fig. 3B. NV measurements are 
performed via confocal microscopy (laser illumination and PL collection) and 
pulsed microwave tones are applied with a copper wire. The thickness of the 
YIG film, the GGG substrate, and the diamond slab is 3 µm, 500 µm, and 100 
µm, respectively. An ensemble of NV centers is implanted at approximately 
7.7 ± 3.0 nm from the bottom surface of the diamond.
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Fig.  2. Surface- magnon induced longitudinal relaxation. (A) ODMR of NV 
centers on YIG. The NV transition |ms = 0⟩ ↔ |ms = −1⟩ and the calculated 
surface spin- wave (magnon) plateau are highlighted by the solid green and 
the dotted red lines, respectively. The vertical dotted gray line indicates the 
field where the surface wave plateau is resonant with the NV transition. 
(B) Longitudinal relaxation rate of NV centers for the transition |ms = 0⟩ ↔ 
|ms = −1⟩, which is obtained by taking the differential PL signal between 
measurements with and without applying a π- pulse at the end of elapsed 
times. The blue and the gray markers represent experiment (with YIG) and 
control (without YIG) measurements, respectively, and the red curve is 
a theoretical calculation. On the vertical axis, the Δ symbol indicates that 
1/T1 is referenced to the value at µ0H∥ = 600 G. The NV- YIG distance is hNV = 
400(5) nm (Inset). Inset shows the cross- section of the YIG with surface (red) 
and volume (gray) magnon mode profiles. k is the wave vector. (C) Magnon 
dispersion relations (for k ⊥ H) and corresponding noise spectra (�) at µ0H∥ 
= 82 G (Left) and µ0H∥ = 150 G (Right). The surface- magnon dispersion is shown 
with a pink curve with the gray gradient at large k indicating a suppression 
of the surface- wave feature, while the gray shaded area represents the band 
of volume waves (see Inset of B). The sharp peak in (�) corresponds to the 
surface- wave plateau frequency fp as indicated by the horizontal red line. The 
blue horizontal line denotes the NV frequency fNV.
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⟨σz(0)⟩ = exp(−t/T1) with the longitudinal relaxation time T1. 
Magnetic field dependence of the longitudinal relaxation rate is 
shown in Fig. 2B. Here, the rate is referenced to the value at Hr = 
600 G/µ0 to eliminate the offset, i.e., ∆(1/T1) ≡ 1/T1(H) − 1/T1(H 
= Hr). This reference field is chosen because there are no resonant 
magnon modes for µ0Hr ≥ DNV/2γ ≈ 513 G, as the magnon- mode 
frequencies are lower bounded by ωH (see SI Appendix).

In Fig. 2B, we observe a sharp peak of Δ(1/T1) (blue markers) 
at the critical field Hc = 82 G/µ0 where fNV(H) is resonant with 
fp(H) (see the vertical dotted line). The Inset shows a typical 
MSSW mode profile (red) and volume spin wave profiles (gray) 
to visualize the surface localization of the MSSW mode. The gray 
markers in Fig. 2B show control measurements with NV centers 
in the same diamond slab without the YIG film, confirming that 
the peak in Δ(1/T1) originates from the interaction between the 
NV centers and YIG. We compare the experimental observation 
with a theory in which the NV center is coupled to the 
dipole- exchange magnons in YIG via magnetic dipole–dipole 
interactions, as shown with a solid red curve in Fig. 2B. Here, 
we apply the theory model provided in ref. 17 to our YIG film 
geometry and vary the saturation magnetization Ms as a fitting 
parameter, where we obtain Ms = 1,716 G/µ0 (consistent with 
literature values) (see SI Appendix). We emphasize that there is 
no added scaling factor, indicating quantitative agreement 
between theory and experiment (see SI Appendix) for the good-
ness of the agreement.

Dispersion relations of magnons (see ref. 48, and SI Appendix), 
are shown in Fig. 2C under two field conditions, 82 G (Left) and 
150 G (Right), to elaborate more on the origin of the peaked 
feature of ∆(1/T1). We select the in- plane wave vector k of the 
magnon modes shown in Fig. 2C to be k ⊥ H, the condition for 
MSSW modes. Dispersion relations of the surface- localized 

magnon modes are shown with pink curves (see the mode profiles 
shown in the Inset of Fig. 2B with corresponding colors). The 
corresponding magnon- induced magnetic noise spectra (�)   at 
the NV position are shown on the Right, where ω is the angular 
frequency. These calculations show that the sharp peak in (�)   
corresponds to ω = ωp (see the horizontal red line in the Right 
figure). As the longitudinal relaxation rate is proportional to 

(

� = �NV

)

   , Fig. 2C indicates that the peaked feature in Fig. 2B 
is due to the combination of both the enhanced magnon- induced 
noise near fp and the resonant condition between fNV and fp. The 
enhanced noise spectrum near the frequency fp is due to the max-
imized NV- MSSW coupling gk,MSSW ∝ √|k|exp(−|k|hNV) at |k| = 
1/2hNV (see SI Appendix) approximately corresponding to fp, as 
well as the large density of states of the MSSW modes near fp (see 
the dispersion relation in Fig. 2C).

To further substantiate the consistency between theory and 
experiment, we measure ∆(1/T1) at multiple hNV in Fig. 3A for a 
field range 100 G ≤ µ0H∥ ≤ 450 G, in which the NV frequency 
overlaps with a broad band of magnon- mode frequencies. The Inset 
shows hNV dependence of ∆(1/T1) at the critical field Hc. The the-
oretical predictions shown with the solid red curves agree well with 
experiments. The overall dependency on hNV can be understood as 
a result of the NV- magnon coupling gk ∝ exp(−|k|hNV) that decays 
exponentially with hNV, which originates from magnetostatics (see 
SI Appendix). The coupling gk is essentially the magnetic field gen-
erated by magnons at the NV position. In the magnetostatics, the 
generated field is proportional to the magnetic potential ϕk(h). At 
the NV position outside the YIG, it satisfies the Laplace’s equation 
(k2−(∂/∂h)2)ϕk = 0, the solution of which takes the form of ϕk(h) 
∝ exp(−kh). We did not perform experiments with hNV < 400 nm 
because ∆(1/T1) becomes larger than the initialization rate ≈ 0.2 
µs−1 of the NV centers under the green laser illumination (see 
SI Appendix), reducing the spin polarization and the PL contrast. 
This reduced spin polarization efficiency is the reason why we inten-
tionally probed NV centers with hNV ≥ 400 nm despite the shallow 
NV center location ≈7.7 nm from the diamond surface. However, 
based on the way the diamond plate is placed on top of the YIG 
film in our experiment, it is difficult to achieve much smaller hNV 
in our setup. Therefore, different approaches of positioning NV 
centers are needed to study smaller hNV regimes (35). We note that 
the shallow NV location still benefits our experiment via the small 
statistical distribution of hNV among the ensemble of NV centers 
created by the nitrogen implantation.

Furthermore, we apply the orthogonal magnetic field H⊥ as 
shown in Fig. 1 to investigate the response of the MSSW modes 
to the external magnetic field orientation (27). In Fig. 3B, we show 
the parallel magnetic field H∥ dependence (as in Fig. 2B) near Hc 
under multiple orthogonal fields H⊥. As the field H⊥ is increased, 
we observe that Hc decreases and the amplitude of the peak height 
decreases. We find a good agreement between the experimental 
observation and the theoretical predictions as shown by the solid 
curves. These dependencies are qualitatively explained by the com-
bination of the changes in the MSSW plateau frequency, the 
propagation direction of the MSSW, as well as the circular polar-
ization of the magnetic noise (36, 39) generated by the MSSWs 
(see SI Appendix).

To characterize the NV- magnon HQS, we determine both the 
real (χ′) and imaginary (χ′′) parts of the self- energy χ = χ′ + iχ′′ 
originating from the NV centers’ interaction with magnons. It 
modifies the NV frequency as ωNV → ωNV − χ, indicating that 
the time evolution of the NV center wave function is modified to 
ψ(t > 0) ∝ exp[−i(ωNV −χ)t] = exp(−χ′′t)exp[−i(ωNV − χ′)t] (see 
SI Appendix). Hence, χ′ and χ′′ represent the self- energy shift [or 
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Fig. 3. Robust consistency between theory and experiment. (A) Magnetic field 
H∥ and NV- YIG distance hNV dependence of the longitudinal relaxation rates 
∆(1/T1). Blue markers and red curves represent experimental observations and 
theoretical predictions, respectively. Inset shows hNV dependence of ∆(1/T1) at 
the critical field Hc = 82 G/µ0. (B) Parallel field H∥ dependence of the longitudinal 
relaxation rates ∆(1/T1) under additionally applied perpendicular fields H⊥ 
(Fig. 1). Markers and curves are experimental observations and theoretical 
predictions, respectively, with corresponding colors.
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Lamb shift (49)] and the decay rate of the NV center spin, respec-
tively. While the strength of χ in our system is small due to the 
lack of magnon confinement in the YIG film, making it hard to 
measure directly, we are able to determine it by taking advantage 
of the fundamental fluctuation- dissipation and Kramers–Kronig 
relations (44, 45). To this end, for the imaginary part, we use the 
fluctuation- dissipation relation (see ref. 44, and SI Appendix)

 
[1]

where β = 1/kBT is the inverse temperature, kB is the Boltzman 
constant, T = 299.6(3) K is the temperature measured by the 
thermometer attached to the sample base, and we set ℏ = 1. At 
room temperature, the denominator on the right- hand side of Eq. 
1 becomes 2coth(βωNV/2) ≈ 4kBT/ωNV, indicating that the effect 
of χ′′ on 1/T1 is amplified by the temperature. This enables us to 
experimentally probe the small magnon- induced self- energy at 
room temperature. For the real part, we use the Kramers–Kronig 
relation (see ref. 45, and SI Appendix)

 [2]

where  indicates the Cauchy principal value. We note that the 
Kramers–Kronig relation is usually stated for a frequency- dependent 
response function. The magnetic- field- dependent form of Eq. 2 
is allowed by the linear relation between the frequency shift and 
the applied magnetic field in the NV- magnon HQS (see 
SI Appendix for detail). Applying Eqs. 1 and 2 to the measure-
ments of Δ(1/T1), we obtain both the real and imaginary parts of 
χ(H).

Fig. 4A shows the real and imaginary parts of χ(H) as a function 
of the external field. Importantly, the real part χ′ provides an 
upper- bound estimate of the magnon- mediated NV–NV inter-
action geff. More accurately, it provides geff(r = 0), where r is the 
distance between two NV centers placed on top of the YIG film 
(see the illustration in Fig. 4B). This is because χ′ can be regarded 
as a special case of the two- qubit interaction (between qubits i 
and j) where the two qubits are in fact identical (i = j) (see 
SI Appendix). More specifically, geff(r) asymptotically approaches 
χ′ as r tends to zero, which makes sense as both are proportional 
to the NV- magnon coupling squared divided by the energy detun-
ing, based on the second- order perturbation theory that renor-
malizes the NV energy. The theoretical prediction of geff(r = 0) is 
shown in Fig. 4A with a solid red curve to be contrasted with χ′ 
(also see Fig. 4B at r = 0 and the horizontal dotted line). Notably, 
χ′ can be tuned by changing the external magnetic field by a few 
Gauss (17). This tunability is practically important as one option 
for the time- dependent gating of the interaction between NV 
centers is to modulate the external magnetic field in time. If the 
required amount of the magnetic- field change were instead far 
larger than this few Gauss then performing this change within a 
short gate- switching time would be difficult. As the electric fields 
or strain required for NV- magnon- NV gate modulation via those 
spatially localized mechanisms would be similarly small, we antic-
ipate such approaches to be feasible as well within short 
gate- switching times (17). Additionally, for magnon- mediated 
two- qubit gates, it is desirable to work with small χ′′ and large |χ′| 
by adding a detuning from the resonance condition (17), such as 
µ0H∥ ≤ 80 G. In Fig. 4C, we show |χ′/χ′′| as a function of the 
external magnetic field, which quantifies the relation between the 
magnon- mediated two- qubit coupling geff(0) = χ′ and the 

magnon- limited decoherence rate at low temperature χ′′. The fig-
ure shows that the increase in dissipation as the magnetic field is 
tuned closer to resonance is a much larger effect than the modest 
increase in coupling strength. We observed as large as |χ′/χ′′| ≈ 2.5 
near 72 G, showing that the magnon- mediated coupling in prin-
ciple allows for a useful two- qubit gate by overcoming the deco-
herence rate if the decoherence is limited only by magnons. 
Although this is not the case in our system as the NV center’s 
coherence time (see SI Appendix) is much shorter than 1/χ′′, we 
expect it to be achievable in systems with a lower nitrogen con-
centration (50) and larger NV- magnon coupling at low temper-
ature. We further note that the time required for the √iSWAP 
entangling gate is τ√iSWAP = (1/8) × 2π/|geff| (17). This implies that 
the magnon- limited gate- to- decoherence ratio (GDR) (17) in our 
system near 72 G is (GDR) = (4/π) × |χ′/χ′′| ≈ 3.

We show in Fig. 4B the calculated r dependence of geff(r) at 
multiple magnetic fields, where geff(0) varies significantly with H∥, 
to verify that χ′ = geff(0) provides an upper- bound estimate of geff(r). 
It shows that the magnitude of geff(r) is typically the largest at r = 
0, indicating |geff(r)| ≲ |geff(0)| = |χ′|. We note that the r dependence 
of geff is highly geometry dependent as shown in Fig. 4D. In the 
figure, we calculate geff in two different YIG structures, an infinite 
waveguide and a nanobar, for the identical conditions as calculated 
in ref. 17. While the coupling in the infinite waveguide drops off 
at length- scales relevant for long- distance entanglement, the nano-
bar sustains the coupling strength over two micrometers. We exper-
imentally obtain |χ′| ≈ 2π × 2 Hz in Fig. 4A, which is notably 
greater than the bare magnetic dipole–dipole interaction |gdip| at r 
= 0.5 µm [see the gray curve in Fig. 4B with |gdip(r = 0.5 µm)| ≈ 
2π × 0.4 Hz, where gdip(r) = −μ0γ

2/(4πr3)]. We further calculate 
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Fig.  4. Magnon- mediated coupling determined from magnon- induced 
self- energy. (A) Magnon- induced NV center self- energy χ as a function of 
the magnetic field H∥. The red (blue) markers represent the experimentally 
determined real (imaginary) part of χ. The red and blue curves show the 
theoretical predictions of geff(r = 0) = Re(χ) and Im(χ), respectively. (B) Calculated 
NV–NV distance r dependence of the effective NV–NV coupling strength geff(r) 
mediated by magnons at multiple fields H∥. Two NV centers are placed at 
the same distance hNV = 400 nm from the YIG surface and displaced in the 
direction of H∥ as shown in the Top illustration. The dipole- dipole interaction 
strength gdip(r) is shown with a gray curve as a reference. (C) Ratio of the real 
and imaginary parts of χ as the magnetic field is swept through the MSSW 
resonance, indicating how the ratio of NV–NV coupling to dissipation varies 
with the NV frequency. Markers and the gray curve are experimental and 
theoretical results, respectively. (D) Calculated geff as a function of r in different 
geometries of YIG, an infinitely long waveguide and a nanobar. Two curves 
are calculated for the identical conditions as in ref. 17. The vertical axis is 
normalized by geff(r = 0).
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approximated expressions for geff as a function of r, describing the 
asymptotic behaviors of geff in Fig. 4B (see SI Appendix). We obtain 
geff ∝ 1/r3 with a large prefactor or geff ∝ exp(−κr)/r1/2 with a decay 
constant κ, depending on the assumptions used. In both cases, we 
validate |geff|>|gdip| within the range of r shown in Fig. 4B. The 
condition |geff(r)| ≫ |gdip(r)| is necessary for the magnon- mediated 
NV–NV interaction to be useful in QIP (see SI Appendix). While 
these results are promising, more generally, this analysis procedure 
is widely applicable to any hybrid quantum architecture with 
qubits coupled to magnons, while being particularly validated for 
our system where the MSSW modes play a major role (see 
SI Appendix).

Discussion

To quantify the NV- magnon interaction of the system, we define 
a dimensionless parameter  ≡ �

��T ∗
2

 , where T ∗
2

 is the Ramsey 
decoherence time of the NV center (see SI Appendix). This param-
eter becomes the cooperativity (51–53) if we have a single magnon 
mode, i.e., our definition is a generalization of the cooperativity. 
In our experiments, decoherence is dominantly caused by nearby 
P1 centers (50) which leads to a short Ramsey decay time T ∗

2
 ≈ 

180 ns, resulting in  ≈ 3 × 10−6 . However, assuming a single 
NV center with a long coherence time T ∗

2, ref
 ≈ 1 ms (21), the 

projected value of the parameter is proj ≈ 2 × 10−2 (see 
SI Appendix). Furthermore, based on the scaling (54) of Δ(1/T1) 
∝ h�

NV
 with α = −2.4(1) obtained by fitting the Inset of Fig. 3B 

(see SI Appendix), an approximately 250- fold enhancement in  
and in geff are estimated when hNV is smaller by a factor of ten. As 
reducing hNV improves the coupling significantly, it is desirable to 
have a smaller hNV. To explore this smaller hNV regime, however, 
room- temperature experiments result in too large longitudinal 
relaxation rates, e.g., 1/T1 ≈ 250 × 0.18 µs−1 ≈ 45 µs−1 (T1 ≈ 22 
ns) at 82 G. Therefore, experiments need to be performed at lower 
temperatures to suppress the thermal magnon occupation nB = 1/
(exp(βωNV) − 1) [see Eq. 1 indicating Δ(1/T1) = 2χ′′ × (2nB + 1) 
and recall the limitation of the T1 measurement due to the ini-
tialization rate]. For example, at T = 4 K, it is anticipated that T1 
is extended approximately by a factor of 75 (T1 ≈ 1.7 µs at 82 G) 
as compared to the room- temperature value, making it more 
experimentally accessible to polarize the NV centers optically. 
Importantly, even larger cooperativities are expected when mag-
nonic micro-  or nanostructures are used (26), motivating further 
experimental studies of the HQSs of NV centers and magnons.

In conclusion, we experimentally quantify the magnon- induced 
self- energy of NV centers to characterize the interaction strength 
between NV centers and magnons in a HQS. We observe an increased 
longitudinal relaxation rate of the NV centers caused by thermal 
surface magnons, which is complementary to refs. 27 and 28. With 
this observation, the upper- bound of the surface- magnon- mediated 
NV–NV interaction in our system is estimated to be |geff| ≈ 2π × 
2 Hz. The experimental observation agrees quantitatively with a 
theory model developed in ref. 17 after the current sample geom-
etry is taken into account. By combining room- temperature lon-
gitudinal relaxometry measurements with an analysis using the 
fluctuation–dissipation and Kramers–Kronig relations, our char-
acterization approach does not require the millikelvin temperatures 
needed for entanglement generation (17), simplifying experimental 
implementation. This work provides a versatile method to leverage 
incoherent interactions in weakly coupled systems to characterize 
HQS platforms.

Data, Materials, and Software Availability. Datasets and scripts used in this 
work are deposited in Zenodo at https://zenodo.org/records/10087030 (55).
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