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Abstract 13 

The initialization of nuclear spin to its ground state is challenging due to its small energy scale 14 

compared with thermal energy, even at cryogenic temperature. In this Letter, we propose an 15 

opto-nuclear quadrupolar effect, whereby two-color optical photons can efficiently interact 16 

with nuclear spins. Leveraging such an optical interface, we demonstrate that nuclear magnons, 17 

the collective excitations of nuclear spin ensemble, can be cooled down optically. Under 18 

feasible experimental conditions, laser cooling can suppress the population and entropy of 19 

nuclear magnons by more than two orders of magnitude, which could facilitate the application 20 

of nuclear spins in quantum information science.  21 

 22 

 23 

Introduction. Physical qubit platforms are one of the foundations of quantum information 24 

science and technology. Nuclear spins have long been perceived as ideal quantum information 25 

carriers, thanks to their robustness against environmental perturbations and unparalleled 26 

coherence time [1,2]. However, the application of nuclear spins is hindered by several 27 

challenges, one of which is the initialization problem – For a typical nuclear spin under a 1 T 28 

magnetic field, a 99% initialization fidelity by thermal equilibration requires a demanding 29 

temperature below 0.1 mK. The initialization of the nuclear spins can be facilitated by the 30 

hyperfine interaction with electron spins, using e.g., dynamic nuclear polarization [3] or optical 31 

orientation [4]. But the necessity of ancillary electrons engenders other shortcomings, such as 32 

limited applicability only in systems with non-zero electron spins and shortened nuclear spin 33 

coherence time [5,6]. 34 
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Laser cooling of (quasi)-particles, including neutral atoms [7], mechanical modes [8–11], 35 

semiconductors [12], and electron magnons [13], has witnessed great success. Optical lasers 36 

have also been used to initialize qubit systems, such as electron and nuclear spins (indirectly 37 

via the hyperfine interaction) in nitrogen-vacancy centers [14]. If nuclear spins can be cooled 38 

down and initialized optically, their applications would be significantly facilitated. However, 39 

there is a lack of effective optical interfaces to nuclear spins without electron spins.  40 

In this work, we first introduce the opto-nuclear quadrupolar (ONQ) effect, whereby two-41 

color photons can efficiently interact with nuclear spins without the need for ancillary electron 42 

spins. Then we describe the properties of nuclear magnons (NMs), which are the collective 43 

excitations of a nuclear spin ensemble (NSE) in crystalline solids such as zinc blende GaAs 44 

(zbGaAs) [15–18] and have an exceptionally low decay rate down to ∼ 0.1 kHz. As the ONQ 45 

coupling strength between optical photons and NMs scales with the number of nuclear spins 46 

as √𝑁 , the ONQ effect is suitable for controlling large NSE. Taking advantage of these 47 

properties, we demonstrate the laser cooling of the NM via the ONQ effect. From an initial 48 

temperature of mK obtainable in dilute refrigerators [19], the population and the entropy of the 49 

NM can be simultaneously reduced by more than two orders of magnitude under feasible 50 

experimental conditions. 51 

Opto-nuclear quadrupolar effect. The Hamiltonian of a nucleus with spin 𝐼 >
1

2
 is 𝐻𝑛 =52 

𝛾𝑛𝓑 ⋅ 𝑰 + 𝑰 ⋅ 𝓠 ⋅ 𝑰 = 𝛾𝑛 ∑ ℬ𝑖𝐼𝑖𝑖 + ∑ 𝒬𝑖𝑗𝐼𝑖𝐼𝑗𝑖𝑗 , where the first and second terms are the nuclear 53 

magnetic (Zeeman) and nuclear electric quadrupole interactions, respectively. 𝛾𝑛 is the nuclear 54 

gyromagnetic ratio, 𝓑 is the magnetic field, 𝑰 is the nuclear spin operator, and 𝑖, 𝑗 = 𝑥, 𝑦, 𝑧 are 55 

Cartesian indices. The Zeeman interaction comes from the nuclear magnetic dipole. Then in 56 

non-spherical nuclei, an electric quadrupole moment 𝓆 also arises as the leading order electric 57 

moment when one performs the multi-pole expansion (the nuclear electric dipole is zero 58 

because of inversion symmetry, see e.g., Chapter 3 in Ref. [20]). The interaction between the 59 

nuclear electric quadrupole moment and the electric field gradient (EFG) at the site of the 60 

nucleus leads to the nuclear quadrupole interaction 𝒬𝑖𝑗 ≡
𝑒𝓆𝒱𝑖𝑗

2𝐼(2𝐼−1)
, where 𝒱𝑖𝑗  is the EFG 61 

operator.  62 

 Traditional techniques for controlling nuclear spins (e.g., nuclear magnetic resonance) rely 63 

on modulating the Zeeman interaction using microwave magnetic fields. It is also possible to 64 

control nuclear spins by modulating the EFG through electric interaction with the nuclear spin. 65 

Particularly, one can use external electric field(s) to drive the orbital motion of electrons, so 66 
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that there is a change Δ𝒱 in the EFG generated by electrons. Under two-color electric fields 67 

ℰ𝑝(𝑞)(𝑡) = ℰ𝑝(𝑞)𝑒𝑖𝜔𝑝(𝑞)𝑡, the electron cloud oscillates in real space with a frequency 𝜔𝑝 − 𝜔𝑞 68 

(Figure 1a). Consequently, the EFG generated by electrons and thus the nuclear electric 69 

quadrupole interaction will also have an oscillating part with frequency 𝜔𝑝 − 𝜔𝑞, which can 70 

match nuclear spin energies. This is what we call the ONQ effect. The ONQ effect is a cousin 71 

process of Raman scattering or difference frequency generation (DFG) [21]. In Raman (DFG), 72 

the oscillation of electrons leads to the emission of phonons (photons) at the difference-73 

frequency 𝜔𝑝 − 𝜔𝑞 ; In ONQ, the oscillation of electrons results in the oscillations of the 74 

nuclear electric quadrupole interaction at the difference-frequency.  75 

Formally, the oscillating nuclear quadrupole interaction can be expressed as  76 

 𝐻ONQ = 𝒟𝑖𝑗
𝑝𝑞(𝜔𝑝 − 𝜔𝑞; 𝜔𝑝, −𝜔𝑞)ℰ𝑝(𝜔𝑝)ℰ𝑞(−𝜔𝑞)𝐼𝑖𝐼𝑗ei(𝜔𝑝−𝜔𝑞)𝑡 + ℎ. 𝑐.  ,  (1) 

where ℎ. 𝑐. stands for Hermitian conjugate. Terms with frequencies 𝜔𝑝, 𝜔𝑞, and 𝜔𝑝 + 𝜔𝑞 are 77 

far off-resonance with nuclear spin dynamics and are omitted. 𝒟𝑖𝑗
𝑝𝑞 ≡

𝜕2𝒬𝑖𝑗

𝜕ℰ𝑝𝜕ℰ𝑞
 is the second-78 

order response function of the quadrupole tensor. In the single-particle approximation, one 79 

has [22] 80 

𝒟𝑖𝑗
𝑝𝑞

(𝜔𝑝 − 𝜔𝑞; 𝜔𝑝, −𝜔𝑞) 

=
𝑒3𝓆

2𝐼(2𝐼 − 1)
∑

[𝒱𝑖𝑗]
𝑚𝑛

𝐸𝑚𝑛 − ℏ(𝜔𝑝 − 𝜔𝑞)
× {

𝑓𝑙𝑚[𝑟𝑝]
𝑛𝑙

[𝑟𝑞]
𝑙𝑚

𝐸𝑚𝑙 − ℏ𝜔𝑝
−

𝑓𝑛𝑙[𝑟𝑞]
𝑛𝑙

[𝑟𝑝]
𝑙𝑚

𝐸𝑙𝑛 − ℏ𝜔𝑝
} + (𝑝 ↔ 𝑞)

𝑚𝑛𝑙

, 
(2) 

where (𝑝 ↔ 𝑞) indicates the exchange of the 𝑝 and 𝑞 subscripts, which symmetrizes the 𝜔𝑝 81 

and 𝜔𝑞-fields.  𝑚, 𝑛, 𝑙 label the electronic states, 𝐸𝑚𝑛 and 𝑓𝑚𝑛 are the energy and occupation 82 

differences between two electronic states |𝑚⟩ and |𝑛⟩. Meanwhile, [𝑟𝑖]𝑚𝑛 ≡ ⟨𝑚|𝑟𝑖|𝑛⟩ is the 83 

position operator, and [𝒱𝑖𝑗]
𝑚𝑛

=
𝑒

4𝜋 0
⟨𝑚 |

3𝑟𝑖𝑟𝑗−𝛿𝑖𝑗𝑟2

𝑟5 | 𝑛⟩ is the EFG operator of the electrons, 84 

with 휀0 being the vacuum permittivity. 85 

Notably, electron spin operators do not explicitly appear in Eq. (2), corroborating that the ONQ 86 

effect does not need ancillary electron spin. Besides, the light frequency 𝜔𝑝(𝑞) only appears in 87 

the denominators. Hence, the 𝒟 tensor is insensitive to 𝜔𝑝(𝑞) when they are not close to the 88 

electron bandgap 𝐸𝑔 , leading to flexibility in choosing 𝜔𝑝(𝑞) ; Moreover, all electrons 89 

contribute to the ONQ response, as indicated by the summation over (𝑚, 𝑛, 𝑙) indices. When 90 

𝜔𝑝(𝑞) > 𝐸𝑔, electrons can do resonant interband transitions. When 𝜔𝑝(𝑞) < 𝐸𝑔, the electron 91 
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interband transitions are virtual. We will consider 𝜔𝑝(𝑞) < 𝐸𝑔, to avoid resonant one-photon 92 

absorptions (Section 3 of Ref. [23], which also contains Refs.  [1,2,24–64]). 93 

 94 

Figure 1 The ONQ effect in zinc-blende GaAs. (a) Yellow (green) bubbles denote positive (negative) changes in 95 

electron charge density when an electric field ℰ𝑥 is applied. Pink (blue) spheres are Ga (As) atoms. (b) Δ𝒱𝑖𝑗 at the 96 

site of As nuclei as a function of ℰ𝑥. 97 

 98 

Magnitude of the 𝓓 tensor. For an order-of-magnitude estimation of the 𝒟 tensor, we use 99 

⟨𝑚 |
3𝑟𝑖𝑟𝑗−𝛿𝑖𝑗𝑟2

𝑟5 | 𝑛⟩ ≈
1

𝑎0
3 and [𝑟𝑖]𝑚𝑛 ≈ 𝑎0 in Eq. (2). Here 𝑎0 is the Bohr radius, which is also 100 

approximately half the bond length in typical materials. In addition, we only consider the 101 

(𝑚, 𝑛, 𝑙) pair that satisfies 𝐸𝑚𝑛 =  𝐸𝑚𝑙 = 𝐸𝑔, which makes the major contribution to 𝒟 when  102 

𝜔𝑝(𝑞) < 𝐸𝑔 . Then, one has 𝒟 ∼
𝑔𝑆

2𝐼(2𝐼−1)

𝑒4𝓆

4𝜋 0𝑎0

1

𝐸𝑔(𝐸𝑔−𝜔𝑝 )
 with 𝑔𝑆 = 2  the electron spin 103 

degeneracy. As an example, this estimate yields 𝒟 ∼ 0.24 ×
2𝜋⋅Hz

(MV/m)2  for 75As nuclei in 104 

zbGaAs when 𝐸𝑔 − 𝜔𝑝 = 0.2 eV. The 𝒟 tensor can also be evaluated using density functional 105 

theory (DFT, Section 4.1 of Ref.  [23]). We apply a static electric field ℰ and calculate the 106 

change in EFG Δ𝒱. Then 𝒟 in the static limit (𝜔𝑝 = 𝜔𝑞 = 0) can be obtained by fitting the Δ𝒱 107 

- ℰ  curve (Figure 1b, 1 V/Å = 104 MV/m ), yielding 𝒟(0; 0,0) ≈ 0.20 ×
2𝜋⋅Hz

(MV/m)2  for 75As 108 

nuclei in zbGaAs, in reasonable agreement with the analytical estimate above. Notably, due to 109 

the tetrahedral symmetry of zbGaAs, one has 𝒬 = 0 when ℰ = 0. However, 𝒟 is non-zero. 110 

The validity of the estimation of the 𝒟 tensor is assessed in Section 4.2 of Ref.  [23]. We will 111 

adopt 𝒟 = 0.2 ×
2𝜋⋅Hz

(MV/m)2 hereafter. For a single nuclear spin (Section 2.5 of Ref.  [23]), the 112 

ONQ coupling strength is only 20 Hz when ℰ𝑝 = ℰ𝑞 = 10 MV/m. Fortunately, as we will 113 

show later, the collective ONQ coupling of an NSE can be boosted by a √𝑁 factor. Hence, we 114 

will focus on NSE hereafter. 115 

Properties of nuclear magnons. In analogy with electronic spin magnons [64,65], nuclear 116 

spin magnons are collective excitation modes of nuclear spins. For brevity, we assume the 117 



5 

 

nuclei are of the same species. The Hamiltonian of an NSE is ℋ = ∑ (𝛾𝑛𝑰𝛼 ⋅ 𝓑 + 𝑰𝛼 ⋅ 𝓠 ⋅𝛼118 

𝑰𝛼) + ∑ 𝑰𝛼 ⋅ 𝓙𝛼𝛽 ⋅ 𝑰𝛽
𝛼𝛽 , where 𝒥𝛼𝛽 describes the interaction between two nuclear spins 𝛼 and 119 

𝛽. The spin operators 𝑰𝛼 can be converted to NM creation (annihilation) operators 𝑎𝒌
†
 (𝑎𝒌) with 120 

𝒌 the wavevector (Section 1 of Ref.  [23]). Figure 2a shows a semi-classical one-dimensional 121 

illustration of the NM. Each nuclear spin precesses around its ground state, and the phase of 122 

the precession is 𝑒𝑖𝒌⋅𝒓𝛼  with 𝒓𝛼 the location of the 𝛼-th nucleus, so the wavelength is 𝜆 =
2𝜋

|𝒌|
. 123 

This resembles the phonons, whereby the atomic vibrations have a 𝑒𝑖𝒌⋅𝒓𝛼 phase factor.  124 

 125 

 126 

Figure 2 (a) A semi-classical one-dimensional illustration of the NM mode. (b) Band dispersion of the NMs (not 127 

to scale). One has 𝛾𝑛ℬ ≫ 𝒥𝐼[𝑧𝑐 − 𝒵(𝒌)]. (c) Illustration of the four-NM scattering process.  128 

 129 

In the basis of 𝑎𝒌
†
 (𝑎𝒌), ℋ can be decomposed as ℋ = ℋ(2) + ℋ(3) + ℋ(4) + ⋯, where 130 

ℋ( ) contains 휁 NM annihilation/creation operators (Section 1.2 of Ref.  [23]). The quadratic 131 

term, ℋ(2) = ∑ 𝜔𝒌𝑎𝒌
†𝑎𝒌𝒌 , sets the NM frequency 𝜔𝒌. Higher-order terms such as ℋ(3) and 132 

ℋ(4), which arise from the 𝓙 and 𝓠 terms, correspond to multi-NM interactions and lead to 133 

the relaxation of NMs [24]. We will set 𝓠 = 0, suitable for GaAs. We also assume a nearest-134 

neighbor Heisenberg interaction 𝒥𝑖𝑗
𝛼𝛽

= 𝒥𝛿⟨𝛼𝛽⟩𝛿𝑖𝑗, where 𝛿𝑖𝑗 is the Kronecker delta, and 𝛿⟨𝛼𝛽⟩ 135 

enforces 𝛼 and 𝛽 to be nearest neighbors. These approximations would not change the order-136 

of-magnitude of the results below (Section 1.1 of Ref.  [23]). Then, one has 137 

 𝜔𝒌 = 𝛾𝑛ℬ + 𝒥𝐼[𝑧𝑐 − 𝒵(𝒌)], (3) 

where 𝑧𝑐 is the coordination number, while 𝒵(𝒌) depends on the lattice structure and is on the 138 

order of unity (Section 1.1 of Ref.  [23]). Notably, the NM bandwidth (𝒥𝐼 ∼ kHz) is much 139 

smaller than 𝛾𝑛ℬ (above MHz when ℬ is on the order of Tesla), and thus one has 𝜔𝒌 ≈ 𝜔0 ≡140 
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𝛾𝑛ℬ. The subscript 0 denotes the near-Γ-point NM mode (𝒌0 ≈ 0), which can interact with 141 

optical photons and will be the focus henceforth.  142 

 The relaxation rate 𝜅0 of the near-Γ-point NM is a crucial parameter in the laser cooling 143 

processes, as we will show below. Due to the small NM bandwidth, three-NM scatterings 144 

always violate the conservation of energy, and thus cannot lead to NM relaxation. The leading-145 

order contribution to NM relaxation comes from four-NM scatterings described by ℋ(4) =146 

∑ 𝐶01230123 𝑎0𝑎1𝑎2
†𝑎3

† + ℎ. 𝑐. (the 𝒌0 + 𝒌1 → 𝒌2 + 𝒌3  scattering, Figure 2c). Here 𝑙 = 1,2,3 147 

label three other NMs interacting with the near-Γ-point NM (𝑙 = 0). The four-NM coupling 148 

strength 𝐶0123  depends on 𝒥 . Note that ℋ(4)  also contains other terms such as 𝑎0𝑎1
†𝑎2

†𝑎3
†

, 149 

which are excluded because they violate energy conservation. The relaxation rate due to four-150 

NM scatterings is 𝜅0
(4)

≈
𝜋

2
(

3

4𝜋
)

4

3 𝒥

𝐼ℏ
𝑛0(𝑛0 + 1). Notably, the relaxation rate depends on 𝒥 and 151 

𝐼 , which are respectively the inter-nuclear interaction strength and the nuclear angular 152 

momentum. Specifically, one has 𝜅0
(4)

≲ [0.1 ∼ 1] kHz when 𝑛0 ∼ 1. .We set the total NM 153 

relaxation rate as 𝜅0 = 𝜅0
(4)

 henceforth, as contributions from higher-order terms ℋ( >4) are 154 

minor (Section 1.2 of Ref.  [23], see also Refs. [60,66,67]).  155 

ONQ interaction of nuclear magnons. Next, we discuss the collective ONQ interaction 156 

between optical photons and NMs. To achieve a laser cooling effect, the system is put in an 157 

optical cavity resonant with the 𝜔𝑞 -photon and is pumped with the 𝜔𝑝 -laser. Hence, we 158 

second-quantize the 𝜔𝑞-photon and treat the 𝜔𝑝-laser as a classical field. The conservation of 159 

energy enforces 𝜔𝑞 = 𝜔𝑝 ± 𝜔0. Specifically, an optical photon with shifted frequency 𝜔ℎ =160 

𝜔𝑝 + 𝜔0  (𝜔𝑙 = 𝜔𝑝 − 𝜔0 ) is emitted when an NM is annihilated (created), which can be 161 

described by (Section 1.3 of Ref.  [23]) 162 

 ℋONQ = 𝒢ℎ𝑏ℎ
†𝑎0 + 𝒢𝑙𝑏𝑙

†𝑎0
† + ℎ. 𝑐., (4) 

where 𝑏ℎ(𝑙)
†

 is the creation operator of the 𝜔ℎ(𝑙)-photon, and 163 

 𝒢ℎ(𝑙) ≡ 𝑔√𝑁ℰ𝑝ℰℎ(𝑙)
zpf

 (5) 

is the collective ONQ coupling strength for NMs with 𝑔 ∼ 𝒟𝑖𝑗
𝑝𝑞 ≈ 0.2 ×

2𝜋⋅Hz

(MV/m)2. ℰℎ(𝑙)
zpf

 is the 164 

zero-point field strength of the 𝜔ℎ(𝑙)-photon. Remarkably, 𝒢ℎ(𝑙) is enhanced by a √𝑁 factor, 165 

similar to the collective coupling between photons and Dicke atomic states or phonons [68,69]. 166 
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This √𝑁 factor indicates that the ONQ effect is suitable for controlling large NSE, which can 167 

have sizable interaction with a single cavity photon even if the pumping field ℰ𝑝 is mild.  168 

Laser cooling mechanism. The possible transitions of the NM mode under the 𝜔𝑝-laser are 169 

illustrated in the inset of Figure 3c. Green (red) arrows correspond to the first (second) term in 170 

Eq. (4). Efficient laser cooling requires 𝒢ℎ ≫ 𝒢𝑙 [68], which can be realized by using an optical 171 

cavity resonant with the 𝜔ℎ-photon, whereby one has ℰℎ
zpf

= √
ℏ𝜔ℎ

2 0𝑉ℎ
 with 𝑉ℎ the mode volume 172 

of the 𝜔ℎ -cavity. The solid green arrows indicate the 𝜔𝑝 + 𝜔0 → 𝜔ℎ  process, which 173 

annihilates and cools down the NMs. The reverse 𝜔ℎ → 𝜔𝑝 + 𝜔0  transition (dashed green 174 

arrows) creates NMs and is the back-heating effect. Fortunately, the back-heating can be 175 

suppressed by keeping the population of the 𝜔ℎ-photon small (ideally zero) via a thermal 176 

energy much lower than 𝜔ℎ. This cooling mechanism is similar to the anti-Stokes cooling of 177 

phonons [8–11,68].  178 

In the rotating frame of 𝜔𝑝, the Hamiltonian of the combined system of 𝜔ℎ-photons and 179 

NMs is 180 

 ℋ𝐶 = 𝜔0𝑎0
†𝑎0 + (𝜔ℎ − 𝜔𝑝)𝑏ℎ

†𝑏ℎ + (𝒢ℎ𝑏ℎ
†𝑎0 + ℎ. 𝑐. ). (6) 

We further assume 𝜔ℎ = 1 eV and 
𝑁

𝑉ℎ
≈ 𝜌

𝑛
. Here 𝜌𝑛 is the number density of the nuclear spins, 181 

which basically is also the number density of atoms. In solid-state systems, 𝜌𝑛  can reach 182 

1028 ∼ 1029 m−3 (for example, one has 𝜌 ≈ 4.2 × 1028 m−3 for As in zbGaAs). For clarity, 183 

we will use 𝜌𝑛 = 1028 m−3 hereafter. This leads to 𝒢ℎ[kHz] ≈ 1.9 × ℰ𝑝[MV/m], that is, a 184 

1 MV/m  pumping field (intensity ≈ 1.3 mW ⋅ μm−2 ) leads to a collective ONQ coupling 185 

strength of 1.9 kHz . In practice, much higher laser power above tens of Watt can be 186 

obtained [70]. Note that 𝒢ℎ scales as √𝑁/𝑉ℎ, which is the achievable number density 𝜌𝑛 in the 187 

cavity volume 𝑉ℎ (Section 3.1 of Ref.  [23]). 188 

 189 
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 190 

Figure 3 Laser cooling dynamics. The initial NM population is 𝑛th = 1. (a) Time evolution of 𝑛0 in the weak-191 

coupling regime. (b) 𝑛0
steady

 as a function of 𝜅0 and 𝜅ℎ  in the weak-coupling regime. 𝒢ℎ = 10 kHz. (c) Time 192 

evolution of 𝑛0 and 𝑛ℎ in the strong coupling regime. 𝒢ℎ = 1 MHz. Inset of (c) shows possible transitions of the 193 

NMs. Circles denote optical photons/lasers with frequencies marked inside. The hexagon denotes the NM. Green 194 

and red arrows denote ONQ transitions. Grey wavy lines denote coupling with the heat bath. (d) 𝑛0
steady

 as a 195 

function of 𝒢ℎ. The red (green) curve denotes laser cooling without (with) 𝑄-switching of the optical cavity. The 196 

cyan-shaded area corresponds to the strong-coupling regime. In (a, c, d), 𝜅0 = 0.1 kHz and 𝜅ℎ = 1 MHz are used.  197 

 198 

Laser cooling dynamics. To demonstrate the laser cooling dynamics, we numerically solve 199 

the master equation 200 

 

𝜕𝜌

𝜕𝑡
= 𝑖[𝜌, ℋ𝐶] + 𝜅ℎ𝜉[𝑏ℎ]𝜌 + 𝜅0(𝑛th + 1)𝜉[𝑎0]𝜌 + 𝜅0𝑛th𝜉[𝑎0

†]𝜌 , (7) 

where 𝜌 is the density matrix of the total system. The Lindblad operator for a given operator 𝑜 201 

is 𝜉(𝑜) = 𝑜𝜌𝑜+ −
1

2
(𝑜+𝑜𝜌 + 𝜌𝑜+𝑜). The dissipation rate of the 𝜔ℎ-photon is 𝜅ℎ =

𝜔ℎ

𝑄ℎ
 with 202 

𝑄ℎ the quality factor of the 𝜔ℎ-cavity. 𝑛th = [exp (
𝜔0

𝑘B𝑇
) − 1]

−1

 is the thermal population of 203 

the NM mode at temperature 𝑇. Considering that 𝜔0 can be tens of MHz under a magnetic field 204 

of 1Tesla, while 𝑇 can reach mK in a dilution refrigerator, we fix 𝑛th = 1 hereafter. It is also 205 

possible to start from a higher temperature and larger 𝑛th, but this would make 𝜅0 larger and 206 

the laser cooling less efficient. The thermal population of the 𝜔ℎ-photon is ignored since 𝜔ℎ ≫207 

𝑘B𝑇.  208 

The laser cooling behavior is characterized by two parameters 
𝒢ℎ

𝜅0
 and 

𝒢ℎ

𝜅ℎ
. 𝜅0 is usually in 209 

the sub-kHz range, while 𝒢ℎ can be well above 1 kHz. Hence, we are in the “strong-coupling” 210 
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(
𝒢ℎ

𝜅0
≳ 1 ) regime regarding NM dissipations. Meanwhile, 𝜅ℎ  can be kept below MHz 211 

considering that 𝑄ℎ ≳ 1010 has been realized [71–73]. The photon decay rate is analyzed in 212 

Section 3.3 of Ref.  [23], where we show that 𝜅ℎ = 1 MHz can be reached if two-photon 213 

absorption is avoided. We first fix 𝜅0 = 0.1 kHz and 𝜅ℎ = 1 MHz. In Figure 3a, the time 214 

evolution of the NM population 𝑛0(𝑡) is plotted for 𝒢ℎ in the weak-coupling (
𝒢ℎ

𝜅ℎ
≪ 1) regime. 215 

𝑛0(𝑡)  monotonically decays with time, until reaching a steady-state value 𝑛0
steady

=216 

𝑛th
𝜅0𝜅ℎ

4𝒢ℎ
2+𝜅0𝜅ℎ

 (dashed line in Figure 3a, see Section 2.2 of Ref.  [23] and Ref. [68]). With 𝒢ℎ =217 

10 kHz (30 kHz), one has 
𝑛0

steady

𝑛th
≈ 0.20 (0.027). Remarkably, the von Neumann entropy of 218 

the NM mode is suppressed as well. The entropy of the final steady state is close to that of a 219 

thermal state with a population of 𝑛0
steady

 (Section 2.3 of Ref.  [23]). Then, we fix 𝒢ℎ =220 

10 kHz. 𝑛0
steady

 as a function of 𝜅0 and 𝜅ℎ  is shown in Figure 3b. A sizable cooling effect 221 

exists even when 𝜅0 = 1 kHz and 𝜅ℎ = 1 MHz.  222 

Next, we set 𝒢ℎ = 1 MHz (Figure 3c) to demonstrate the laser cooling behavior in the 223 

strong-coupling regime. Note that this requires a strong pumping field ℰ𝑝 ∼ 103 MV/m, which 224 

can be challenging in practice. In this strong-coupling regime, there is a swap process between 225 

the NM and the 𝜔ℎ-photon with a frequency of 2𝒢ℎ , while the total population (𝑛0 + 𝑛ℎ) 226 

drops with an envelope function 𝑒−�̅�𝑡 . The overall decay rate is �̅� ≈
1

2
(𝜅0 + 𝜅ℎ), because 227 

approximately the NM and the 𝜔ℎ-photon mode each exists for half of the time 𝑡 during the 228 

swap process. Finally, 𝑛0
steady

 reaches ∼ 10−4. Interestingly, when 
𝒢ℎ

𝜅ℎ
≳ 1, further increasing 229 

𝒢ℎ does not improve the cooling effect. Instead, 𝑛0
steady

 is almost a constant 𝑛th
𝜅0

𝜅ℎ
 due to the 230 

back-heating effect (red curve in Figure 3d). Similar effects have also been observed in the 231 

case of optical cooling of phonons [74–76]. This limitation can be circumvented by 𝑄 -232 

switching [30] (Section 2.4 of Ref.  [23]). This would minimize the back-heating effect, and 233 

𝑛0
steady

 can be further suppressed when 
𝒢ℎ

𝜅ℎ
≳ 1 (green curve in Figure 3d). 234 

 In summary, we introduce the ONQ effect, which can efficiently couple optical photons 235 

and nuclear spins. We demonstrate the laser cooling of NMs via the ONQ effect. The NM 236 

cooling process could be detected by monitoring the emission of cavity photons, and the 237 

occupation number reached could be measured by the dispersive frequency shift induced on a 238 

detuned anharmonic cavity (Section 3.4 of Ref.  [23]). Since laser cooling suppresses both the 239 
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population and the entropy of the NM mode, it could facilitate potential applications of nuclear 240 

spins, especially those based on the interface between nuclear spins and optical photons.  241 
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