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ABSTRACT: Currently, thermally excited magnons are being intensively investigated owing to 12 

their potential in computing devices and thermoelectric conversion technologies. We report the 13 

detection of thermal magnon current propagating in a magnetic insulator yttrium iron garnet 14 

under a temperature gradient using a quantum sensor: electron spins associated with 15 

nitrogen-vacancy (NV) centers in diamond. Thermal magnon current was observed as modified 16 

Rabi oscillation frequencies of NV spins hosted in a beam-shaped bulk diamond that resonantly 17 

coupled with coherent magnon propagating over a long distance. Additionally, using a 18 

nanodiamond, alteration in NV spin relaxation rates depending on the applied temperature 19 

gradient were observed under a non-resonant NV excitation condition. The demonstration of 20 

probing thermal magnon current mediated by coherent magnon via NV spin states serves as a 21 

basis for creating a device platform hybridizing spin caloritronics and spin qubits. 22 

  23 
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I. INTRODUCTION 24 

The utilization of magnons, i.e., the quanta of collective spin excitation, in magnetic media for 25 

transmitting and processing information has flourished in the recent decade and is known as 26 

magnon spintronics [1–4]. Moreover, the emerging field of spin caloritronics [5], which utilizes 27 

the interplay between spin and heat currents, resulted in an alternative strategy in creating more 28 

efficient computing devices [6,7] and versatile thermoelectric conversion technologies [8]. The 29 

progress in magnon spintronics and spin caloritronics field is benefited from the ubiquitous use 30 

of spin transport measurement based on the inverse spin Hall effect (ISHE) [9], in which a 31 

paramagnetic heavy metal is patterned on a ferromagnetic medium [2,6,8]. 32 

Quantum sensors based on the electron spins in diamond with nitrogen-vacancy (NV) centers 33 

have been regarded as eminent sensors for various condensed matter phenomena [10–12], 34 

including spin waves, as it offers high spatial resolution at nanoscale enabling to probe 35 

fluctuating magnetic fields with broad frequency band from static to GHz, and non-perturbative 36 

operation [10,13]. NV centers are well coupled to coherent magnetostatic spin waves (MSWs) 37 

owing to their energy matching [14–20]. Recently, magnon population has been measured and 38 

controlled via pumping the NV center by spin waves with a single NV spin sensitivity [21–23]. 39 

Furthermore, the same effect was observed nonlocally using the ISHE [24]. Additionally, NV 40 
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spin excitations and modulations via the spin-transfer-torque oscillation of spin waves by 41 

electrical methods through the spin Hall effect have been demonstrated recently [25–27].    42 

In contrast, thermally excited magnons with significantly higher energy [28] (defined by 43 

ℏ𝜔 = 𝑘𝐵𝑇) than NV spins cannot resonantly excite NV spins, whereas the high-energy magnons 44 

can affect the NV relaxation rate in a non-resonant way [29,30]. These high-energy magnon 45 

current is known to interact with lower-energy MSWs through the thermal magnon spin-transfer 46 

torque [31–36]. Thus, probing thermal magnon current via NV spin can be realized using MSWs 47 

as a mediator.  48 

Herein, we report the detection of thermally excited magnon current mediated by MSW by 49 

exploiting the thermal magnon spin-transfer torque (Fig. 1), bridging the energy gap between the 50 

thermally excited magnons and NV spin. Using an ensemble of NV spins in a bulk diamond, we 51 

observed the modification of the magnetostatic surface spin waves’ (MSSWs’) magnetization 52 

dynamics under resonant NV spins excitations influenced by the thermal magnon current in a 53 

magnetic insulator yttrium iron garnet (YIG). Besides, under a non-resonant NV spins excitation 54 

condition in a nanodiamond, we also observed NV relaxation-rate changes related to the thermal 55 

magnon current. 56 

II. METHODS 57 
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We used a liquid-phase-epitaxy grown YIG sample in the form of a trilayer of 58 

single-crystalline YIG/gadolinium gallium garnet (GGG)/YIG of thicknesses 100, 550, and 100 59 

µm, respectively, measuring 6 mm × 3 mm (Fig. 2(a)). To improve the lattice matching between 60 

YIG and GGG, a small amount of yttrium in the YIG was substituted with bismuth.  61 

Throughout the experiment, external magnetic fields ±𝐵ext were applied along the y-axis 62 

with a tilted angle 𝜙 to the surface plane of the YIG/GGG/YIG (Fig. 2(a)). Two gold-wire 63 

antennas A and B (50 m in diameter) were overlaid on the surface near both edges of the upper 64 

YIG, separated approximately 2 mm away to excite MSSWs by electrical microwave field, and 65 

the MSSWs propagates along the 𝒌 ∥ 𝑩𝒆𝒙𝒕 × �̂� direction (�̂� is a vector normal to the YIG’s 66 

surface) [37]. In this setup, the MSSWs are predominantly excited on the upper YIG layer 67 

surface by one of the antennas and propagate to the other end of the sample depending on the 68 

polarity of the applied external magnetic field, where +𝐵ext (−𝐵ext) is along the +𝑦 (−𝑦) axis 69 

(Fig. 2(a) shows the case for antenna A excitation). 70 

We used two types of diamond NV centers: a diamond beam ((110) oriented) measuring 2.5 71 

mm × 0.1 mm × 0.1 mm containing a layer of the NV spin ensemble (occupying a depth ranging 72 

up to 60 nm and a mean depth of 33 nm beneath the surface, see supplemental Note 1 [38]), and 73 

a nanodiamond with a diameter of approximately 40 nm containing several NV spins (Adámas 74 
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Nanotechnologies). It is noteworthy to mention that the use of the diamond beam with a 75 

well-known NV axis direction is suitable for efficient resonant NV spin excitations but not for 76 

non-resonant excitations owing to the significant distance of approximately 1 µm separating the 77 

NV spins and the YIG surface [20,39]. As shown in Fig. 2(a), the diamond beam was placed on 78 

the upper YIG’s layer at the middle of its longitudinal direction, where an external magnetic field 79 

+𝐵ext directed along the y-axis ([001̅] crystal direction of the diamond beam) creates an angle 80 

𝜙 of 32°  to the (110) plane (157° to NV3 (∥ [111])) of the diamond beam (Fig. 2(a)). This 81 

setup separates the resonance transitions of the four possible NV spins directing to the 〈111〉 82 

symmetrical axes (NV1 ∥ [11̅1̅], NV2 ∥ [1̅11̅], NV3 ∥ [111], and NV4 ∥ [1̅1̅1]).  83 

A temperature gradient ∇𝑇 was created along the YIG’s longitudinal direction by increasing 84 

or lowering the temperature at either site A (𝑇A) or site B (𝑇B). Such temperature control keeps 85 

the temperature at the middle of the YIG’s longitudinal dimension constant, as well as the 86 

diamond beam’s temperature, under the application of temperature differences Δ𝑇 up to 10 K 87 

(Fig. 2(a)). This was confirmed using the temperature sensing capability of the NV spins [40–42] 88 

and infrared thermography (see Supplemental Note 4 and 5 [38]). Δ𝑇 is defined as the 89 

difference between 𝑇A and 𝑇B (Δ𝑇 = 𝑇A − 𝑇B).  90 
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For the optically detected magnetic resonance (ODMR) measurements, the NV spins’ ground 91 

triplet (3A2) states, 𝑚𝑠 = 0 and 𝑚𝑠  = ±1, are optically addressed using an in-house scanning 92 

confocal microscope (see Supplemental Note 2 [38]). In this study, spin-state manipulation, 93 

𝑚𝑠 = 0 ↔ ±1, was performed by the MSSWs-generated electromagnetic microwave radiation 94 

(Fig. 2(b)), propagated from one of the gold-wire antennas to the laser spot position separated by 95 

approximately 1 mm away [17,18]. 96 

III. RESULTS 97 

A. Spin wave and NV spin resonance mapping 98 

The MSSWs were excited from antenna A with microwave (MW) power 𝑃MW = 1 mW in an 99 

increasing +𝐵ext, and the YIG’s global coherent spin-waves resonance spectra were mapped out 100 

by performing microwave absorption (𝑆11-parameter) measurement using a vector network 101 

analyzer (Rohde & Schwartz ZVB8) at Δ𝑇 = 0. Figure 2(c) shows a map of the spin-wave 102 

spectra, exhibiting lines of resonance of the MSSWs spanning to the higher frequencies from the 103 

uniform Kittel mode (ferromagnetic resonance (FMR)). The solid red and yellow lines indicate 104 

the NV spins’ upper (𝑚𝑠 = 0 ↔ +1) and lower (𝑚𝑠 = 0 ↔ −1) bound resonance transitions 105 

defined by the Zeeman energy, respectively [18]. When an energy matching condition between 106 

the MSSW and NV spins is fulfilled (𝑓MSW = 𝑓NV), the NV spins can be coherently excited by 107 
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the MSSW [17,18]. From the result in Fig. 2(c), we can expect excitations of the NV spins by the 108 

MSSWs within the red and yellow lines. 109 

Next, we mapped out the MSSWs-driven NV spins resonance frequencies by performing 110 

ODMR spectroscopy with an increasing +𝐵ext at Δ𝑇 = 0 using the diamond beam. Figure 111 

2(d) shows a color map of the MSSWs-driven ODMR in the diamond beam. As expected, only 112 

the NV spins’ resonance transitions that matched with the MSSW’s resonance frequencies 113 

underwent a PL intensity quenching as a consequence of the transition from 𝑚𝑠 = 0 to 𝑚𝑠 =114 

±1 [17,18]. In Fig. 2(d), only the 𝑚𝑠 = 0 ↔ −1 transitions that overlapped with the MSSW’s 115 

resonance frequencies appeared. Furthermore, by zooming in around the NV3 spectral line in 116 

Fig. 2(d), a discretized and broadened resonance line owing to the frequency matching between 117 

the NV spins and the MSSWs with different allowed k wavenumbers (Fig. 2(e)) was observed 118 

(Fig. 2(f)) [19,43]. The spectra at a matching condition with +𝐵ext = 19 mT, 𝑓MW = 2.58 GHz 119 

between a MSSW with a specific wavenumber and the NV spins are shown in Figs. 2(g) and (h). 120 

B. Detection of thermal magnon current via coherent driving of NV spins 121 

In a magnet under a temperature gradient, thermal magnon current is generated [4,8] and exerts 122 

a thermal spin-transfer torque 𝝉tm to a precessing magnetization of coherently excited MSSWs 123 

(Figs. 1 and 2(b)). The phenomenon has been well known to be detected through microwave 124 
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response (Yu et al. [36]) and the ISHE [33–35]. Here an ensemble of NV spins in a diamond 125 

beam is utilized to detect the thermal magnon current mediated by MSSWs (Figs. 2(a) and (b)). 126 

Note that the applied magnetic field is perpendicular to the MSSWs propagation and the 127 

temperature gradient direction (Fig. 2(a)), different from that of Yu et al.’s setup [36] (parallel). 128 

Within this geometry, thermal magnon current is not detectable through ISHE since there is no 129 

measurable ISHE voltage along the paramagnetic heavy metal stripe if it is deposited parallel to 130 

spin polarization vector 𝝈 along the lateral dimension of the YIG as 𝑽ISHE ∥ 𝑱𝑠 × 𝝈, where 131 

𝑉ISHE and 𝑱𝑠 are ISHE voltage and spin current vector, respectively [9,34]. 132 

First, the ODMR spectra of the NV spins excited by the MSSW were analyzed under a 133 

temperature gradient. We tuned the resonance frequency to one of the matching condition 134 

frequencies of 2.58 GHz as shown in Figs. 2(g) and (h) and analyzed the PL contrast of the 135 

ODMR as the Δ𝑇 varied. In Figure 3(a), the ODMR spectra with resonance dip at 2.58 GHz 136 

(+𝐵ext = 19 mT, 𝑃MW = 1 mW) are shown with an increasing Δ𝑇 (−10 to +10 K). The 137 

ODMR’s PL contrast is enhanced as Δ𝑇 evolved from positive to negative, though the MSSWs 138 

are driven by the same MW power 𝑃MW = 1 mW. Their intensities were plotted together with 139 

linear fitting in Fig. 3(b). This indicates a change in the amplitude of microwave AC field from 140 
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the MSSWs [44], as thermal magnon current was generated under the application of temperature 141 

gradient in the upper layer of the YIG.  142 

Next, we drove the NV spins into the Rabi oscillations between the 𝑚𝑠 = 0 and 𝑚𝑠 = −1 143 

via the MSSW-driven pulse sequence shown in Fig. 3(c) with the same matching condition of 144 

2.58 GHz between the qubit states of 𝑚𝑠 = 0 and 𝑚𝑠 = −1 (Fig. 3(d)). The frequency of the 145 

Rabi oscillation 𝛺𝑅
− is proportional to the amplitude of the MSSWs oscillating driving field 𝑏1 146 

(Ω𝑅
− ∝ 𝑏1). The negative-sign superscript denotes the left-handed polarization component of the 147 

oscillating field of the MSSWs driving the NV spins transition (𝑚𝑠 = 0 ↔ −1) [20,45,46]. The 148 

Rabi frequency was enhanced for Δ𝑇 = 0 to −10 K and was suppressed for Δ𝑇 = 0 to +10 149 

K (Figs. 3(d) and (e)). This is explained by the change of polarity of the thermal magnon 150 

spin-transfer torque [36] (Fig. 1). The amplitude of the Rabi field 𝑏𝑅
−, defined as an effective 151 

oscillating electromagnetic field acting at the NV position above the YIG surface (Fig. 2(b)), can 152 

be estimated from the Rabi frequency through the relation 𝑏𝑅
− = Ω𝑅

−/𝛾𝑒  [14,45,46], with 𝛾𝑒 =153 

2𝜋 ⋅ 28 GHz/T being the gyromagnetic ratio of electrons. The Rabi field amplitude 𝑏𝑅
− evolved 154 

from 19  0.5 T at Δ𝑇 = 10 K to 26  0.4 T at Δ𝑇 = −10 K, based on its plot as a function 155 

of Δ𝑇 (Fig. 3(f)), indicating a change of approximately 18  1 % from 22 0.6 T at Δ𝑇 = 0. 156 
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The unidirectional propagation of the MSSWs is inverted according to 𝐤 ∥ 𝐁ext × �̂� es by 157 

applying different polarity of 𝐵ext at the upper YIG surface and in this condition the thermal 158 

spin-transfer torque is applied with different polarity [36]. Hence, we can expect to observe the 159 

same but inverted sign effect when we switch the external magnetic field to the −𝑦 axis 160 

(assigned as −𝐵ext) and launch the MSSWs from the antenna B [36]. We tuned the NV 161 

resonance frequency to a matching condition of 2.60 GHz (−𝐵ext = 19 mT, 𝑃MW = 1 mW). 162 

As expected, the Rabi frequency was suppressed for Δ𝑇 = 0 to −10 K and was enhanced for 163 

Δ𝑇 = 0  to +10 K (Figs. 3(g) and (h)). In this geometry, the Rabi field amplitude is estimated 164 

to evolve from approximately 18  0.6 T at Δ𝑇 = −10 K to approximately 22  0.3 T at 165 

Δ𝑇 = +10 K (Fig. 3(i)), indicating a change of approximately 16  2 % from 19  0.5 T at Δ𝑇 166 

= 0. 167 

The observed effect can be interpreted as a thermal magnon spin-transfer torque 𝝉𝑡𝑚 via the 168 

thermal magnon current generated by a temperature gradient [4,49,50], which interacts with the 169 

MSSW and relaxes by transferring its spin angular momentum (Fig. 1). The transfer of spin 170 

angular momentum contributes to the development of the thermal magnon torque 𝝉tm , which 171 

alters the MSSW’s magnetization dynamics [31,32,36] and perceived by the NV spins as an 172 

altering Rabi field amplitude (Fig. 2(b) and see Supplemental Note 9 [38]): 173 
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𝑏𝑅
− ∝ 𝜆𝑀𝑠

𝛾𝑒𝑏MW

(𝛼𝑖+𝑎∇𝑇)𝜔𝑟
𝑘𝑒−𝑘𝑥,     (1) 174 

where 𝜆, 𝑀𝑠 , 𝑏MW, 𝛼𝑖 , 𝜔𝑟 , and 𝑥 are respectively the proportionality constant, saturation 175 

magnetization of the YIG, microwave field driving the MSSWs, intrinsic damping parameter of 176 

the YIG, resonance frequency of the MSSW, and the distance separating the NV spin and the 177 

magnetization precession. The contribution from the thermal magnons can be quantified by the 178 

thermal magnon damping parameter, which is proportional to the temperature gradient 𝛼tm =179 

𝑎∇𝑇 (see Supplemental Note 8 [38]). Using a constant 𝑎 in Eq. (1) as a fitting parameter, 𝛼tm 180 

was estimated to be (10 ± 0.9) × 10−4 for +𝐵ext and (4.3 ± 1) × 10−4 for −𝐵ext using an 181 

effective temperature difference of Δ𝑇eff = 6.6 K over 2 mm distance at the YIG’s top surface 182 

under an applied Δ𝑇 =10 K.  183 

The thermal magnon damping parameter values agree well with those reported 184 

previously [33–36], confirming the existence and contribution of thermal magnon current in the 185 

evolution of MSSW magnetization dynamics [26,31,32,36]. Furthermore, we confirmed our 186 

observation of the thermally excited magnon current electrically by analyzing the spin-wave 187 

resonance linewidth from the absorption microwave signal (𝑆11) (see Supplemental Note 7 for 188 

the experimental details and data [38]).  189 

C. Local detection and non-resonant NV spin excitation 190 
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We extended the capability to detect the thermally excited magnon current locally and 191 

non-resonantly to NV spin transition frequency via a small number of NV spins in a 192 

nanodiamond (Fig. 4(a)). The nanodiamonds with 40 nm of averaged diameter were transferred 193 

to the middle of the YIG’s longitudinal direction by dropping a small amount of nanodiamond 194 

solution with a micropipette.  195 

With the same setup and technique as in the experiment using the diamond beam, we mapped 196 

out the ODMR spectra of the NV spins in a nanodiamond to obtain information regarding the 197 

coupling between the long-distance propagating magnons and the NV spins. Figure 4(b) shows 198 

the magnon-driven ODMR spectral map exhibiting PL quenching at the resonance transition 199 

(𝑚𝑠 = 0 ↔ −1) of the NV spins together with PL image of the nanodiamond used in the 200 

measurement (inset) (𝑃MW = 1 W). Additionally, a strong non-resonant PL quenching was 201 

observed away from the NV spin transitions [15,39] at frequencies ranging from 2.5 to 2.7 GHz 202 

at the +𝐵ext  between 11.5 and 13.5 mT (Fig. 4(b)), where the MSSWs with higher k 203 

wavenumbers are within a range as observed in Fig. 2(e). 204 

 Next, we performed longitudinal spin relaxation measurements, in which the NV spins were 205 

polarized to 𝑚𝑠 = 0  by the first laser pulse, followed by a dark time 𝜏 before another laser 206 

pulse was applied to read the remaining population (Fig. 4(c)). By varying 𝜏, the time-trace 207 
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relaxation of the 𝑚𝑠 = 0 state to its equilibrium state was observed. Under the application of 208 

∇𝑇 to the YIG, MW pulse with the frequency of 2.66 GHz and +𝐵ext and −𝐵ext = 13 mT 209 

(marked by dashed-black circle in Fig. 4(b)) was applied with 𝑃MW = 1 W during time 𝜏.  210 

Figures 4(d) and (e) show the measurements of NV spin longitudinal relaxation rate 𝛤 as a 211 

function of applied temperature gradient with MW drive in the YIG under opposite polarity of 212 

external magnetic fields, +𝐵ext  and −𝐵ext . For +𝐵ext , the longitudinal relaxation rate 213 

increased for Δ𝑇 = 0 to −10 K and decreased for Δ𝑇 = 0 to +10 K (Fig. 4(d)). Opposite 214 

polarity of slope-change of 𝛤 was observed when the polarity of 𝐵ext is inverted (Fig. 4(e)), 215 

reasonable with the MSSW’s unidirectional propagation character. 216 

Here, we assume that the observed effect is originated from the modulation of magnon density 217 

at NV-resonant frequency via the scattering between the non-resonant MW-excited magnons and 218 

the thermal magnons [21,29,31,32]. In this case, 𝛤 is related to the oscillating AC magnetic 219 

field amplitude generated by the NV-resonant magnons, as described by 𝛤~
𝛾𝑒

2
|𝐵⊥|2, with 220 

|𝐵⊥|2 is the AC magnetic field component perpendicular to the NV’s quantum axis [14]. By 221 

assuming that the AC magnetic field from the NV-resonant magnons evolved proportionally with 222 

the increase or decrease of magnetization precession of the MW-excited magnons [21] and based 223 

on the fact that the magnetization precession evolved under a variation of ∇𝑇 (Equation (1) and 224 
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Figs. 3(f) and (i)), we can approximate an equation relating the longitudinal relaxation rate 𝛤 225 

and temperature gradient as [14,19,20,26]  226 

Γ ∝
𝛾𝑒

2

2
|

𝜆𝑀𝑠𝛾𝑒𝑏𝑀𝑊

(𝛼𝑖+𝑎∇𝑇)𝜔𝑟
𝑘𝑒−𝑘𝑥|

2

.    (2) 227 

The data in Figs. 4(d) and (e) were fitted with equation (2), and 𝛼𝑡𝑚 was estimated as 228 

(4.3 ± 1) × 10−4   for +𝐵ext  and (2.5 ± 0.9) × 10−4  for −𝐵𝑒𝑥𝑡 , that show a good 229 

agreement with those estimated from the Rabi oscillation experiments. We note that the 230 

temperature measurements at the middle of YIG using bulk diamond beam and infrared 231 

thermography (see Supplemental Note 4 and Supplemental Note 5 [38]) confirmed a base 232 

temperature change of less than 1.5 K, which will give 0.7 % of the change in 𝛤 [21]. This 233 

change of 𝛤 is small compared with the observed change of about 37.5 % (for +𝐵ext) and 23 % 234 

(for −𝐵ext) under the applied Δ𝑇 from +10 K to −10 K to the YIG, showing that the 235 

observed effect is not due to the base temperature change in the nanodiamond.  236 

IV. DISCUSSION 237 

We demonstrated the detection of thermally excited magnon currents mediated by MSSWs via 238 

NV spins, where the thermal magnon spin-transfer torque emanated from the thermal magnon 239 

current altered the MSSWs magnetization precession when the YIG sample was subjected to a 240 

temperature gradient. The modulation of the magnetization dynamics of the MSSWs was 241 
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perceived by the NV spins as the alteration of the Rabi oscillation frequency with the resonant 242 

NV spin excitation using a diamond beam.  243 

Besides, the longitudinal spin-relaxation rate change was observed with a non-resonant NV 244 

spins excitation using a nanodiamond. The possible explanation for the observed effect at 245 

non-resonant excitation may come from the four-magnon scattering process, where a magnon at 246 

the microwave frequency scatters with a thermal magnon resulting in two additional magnons, 247 

one of which possesses a frequency resonates to the NV frequency [29,30]. The increase or 248 

decrease in the relaxation rate as a function of a temperature gradient indicates the modulation in 249 

the population of the thermal magnon [Figs. 4(d) and (e)]. However, to nail down a definite 250 

mechanism, it will require further experiments through changing excitation parameters, and also 251 

using a nanodiamond or diamond nanobeam with a well-defined NV axis [21,39]. 252 

This study provides a detection tool for thermal magnon currents via NV centers, which can be 253 

located locally and in a broad range of distances to spin waves. This feature cannot be obtained if 254 

only conventional methods, such as ISHE, are used to investigate magnon dynamics, as the 255 

conventional method requires a relatively large electrode and specific configurations with 256 

proximal distance to the spin waves. Owing to the NV spin’s single spin detection sensitivity 257 

enabled by its atomic-scale size [51], nanoscale probing and imaging of thermal magnon 258 
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dynamics can be realized in the future. For example, a scanning probe-based NV 259 

magnetometry [13] will be useful for studying the nonuniformity of the thermal magnon current 260 

throughout the material at the nanoscale. Such a measurement will be impractical through 261 

patterning a large area of a paramagnetic metal for ISHE measurements. A study of the thermal 262 

magnon dynamics with high spatial resolution can provide insights into practical applications in 263 

spin caloritronics and magnon spintronics [14,19,25].  264 
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 446 

FIGURES AND CAPTIONS 447 

 448 

FIG. 1. Mechanism of thermal magnon current detection via NV center. In a magnet, thermal 449 

magnon current is created by applying temperature gradient 𝛁𝑻 , exerting a torque 𝛕𝐭𝐦 (with 450 

the damping torque 𝝉𝒅) to spin wave (coherent magnon)’s precessing magnetization 𝑴 excited 451 

by a microwave AC field. Then, information of the thermal magnon current can be probed by 452 

nitrogen-vacancy (NV) center spin in diamond near the magnet through the spin wave. 453 
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 454 

FIG. 2. Experimental setup with a diamond beam and mapping of spin waves and NV spin 455 

resonance spectra. (a) Experimental setup for probing thermally excited magnon current via NV 456 

centers in a diamond beam centered on the upper YIG’s surface. (b) A schematic toy model of 457 

thermal magnon current spin-transfer torque system with an NV spin (dark blue ball with red 458 

arrow) and a precessing magnetization 𝑴 in YIG (red arrow) under a magnetic field 𝑩𝐞𝐱𝐭. The 459 

transverse component 𝒎 of 𝑴 produces an AC magnetic field amplitude 𝒃𝑹
− that drives the 460 

NV spin into its Rabi oscillation. Thermal magnon spin-transfer torque produced by the 461 

temperature gradient ∇𝑇 is exerted to the 𝑴 resulted in the modification of 𝒃𝑹
−. 𝑴𝒔 is the 462 

saturation magnetization of the YIG. (c) Microwave absorption (𝑃MW = 1 mW) spin-wave 463 
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resonance spectra as a function of externally applied magnetic field +𝐵ext (Solid lines indicate 464 

the upper (red, 𝑚𝑠 = 0 ↔ +1) and the lower (yellow, 𝑚𝑠 = 0 ↔ −1) bounds of possible 465 

ground state resonance transition of NV spins). MSSWs are observed at higher frequencies 466 

above the Kittel mode (FMR). (d) ODMR spectra of the NV spins in the diamond beam as a 467 

function +𝐵ext field. The region between the two dashed white lines indicates the resonance 468 

frequency band of MSSWs. NV1 to NV4 indicate the four possible NV spins directed to 〈111〉 469 

symmetrical axes as shown in (a). (e) Zoomed spin-wave resonance spectra at dotted-white 470 

square in (c). Dashed-white line indicates resonance transitions of NV3 spins in (d). (f) Zoomed 471 

ODMR spectra in dotted-white square in (d), showing a discretized ODMR resonance line of 472 

NV3 owing to the crossing with MSSWs’ resonant frequencies. (g) Line cut of (e) at +𝐵ext =473 

19 mT. (h) Line cut of (f) at +𝐵ext = 19 mT. Both (g) and (h) show a matching condition at 474 

frequency of 2.58 GHz. 475 

 476 
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 477 

FIG. 3. ODMR spectra and Rabi oscillation frequencies under temperature differences. (a) 478 

ODMR spectra with various temperature differences Δ𝑇 applied to the YIG at +𝐵ext = 19 mT 479 

and 𝑃MW = 1 mW. ODMR dip contrast evolved monotonically (solid line) with Δ𝑇 applied to 480 
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the YIG. (b) ODMR contrast as a function of Δ𝑇 applied to the YIG. The error bars were 481 

obtained from the standard deviation error of the curve fitting to the data in (b) using a single 482 

Lorentzian function (not shown here). (c) Measurement protocol to excite Rabi oscillation on the 483 

NV spins. Laser pulse 1 initializes the NV spins to the 𝑚𝑠 = 0 state followed by a microwaves 484 

pulse with duration 𝜏 that drives MSSW in the YIG which then excite the NV spins to the 485 

𝑚𝑠 =  −1 state. Laser pulse 2 probes the remaining NV spins population at the 𝑚𝑠 = 0 state. 486 

𝜏 is varied to produce a stroboscopic oscillation between 𝑚𝑠 = 0  and 𝑚𝑠 =  −1 states. (d) 487 

Rabi oscillations at three different Δ𝑇 applied to the YIG for +𝐵ext = 19 mT. Frequency of 488 

Rabi oscillation evolved with applied Δ𝑇. Colored solid lines are damped sinusoidal function. 489 

(e) Variation in Rabi oscillation frequency 𝛺𝑅
−/2𝜋 with Δ𝑇. (f) Calculated Rabi field amplitude 490 

𝑏𝑅
− inferred from the Rabi frequency in (e) as a function of applied Δ𝑇. (g)-(i) Rabi oscillations, 491 

Rabi frequencies, and Rabi field amplitudes, respectively as a function of Δ𝑇 with −𝑩ext = 19 492 

mT. The error bars in (e), (f), (h), and (i) were obtained from the standard deviation of the curve 493 

fitting to the data in (d) and (g), respectively, with a damped sinusoidal function. Colored solid 494 

lines in (e), (f), (h), and (i) are fittings to equation (1). Shaded red and blue areas in (f) and (i) are 495 

the possible variation in the fitting curve based on the uncertainties of the fitting parameters in 496 

equation (1) (see Supplemental Note 10 [38]). 497 
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 498 

FIG. 4. Local detection of thermal magnon current using a nanodiamond. (a) Experimental setup 499 

for local detection of the thermally excited magnon current with a nanodiamond containing 500 

several NV spins. (b) ODMR spectra map of the NV spins in the nanocrystal diamond on the 501 

YIG under zero temperature difference Δ𝑇 (𝑃MW = 1 mW). Non-resonant PL quenching was 502 

observed beside the straight lines of the NV spins’ resonant transitions 𝑚𝑠 = 0 ↔ −1. Inset 503 

shows a fluorescence image of the nanodiamond used in the measurement. (c) Longitudinal spin 504 

relaxation rate measurement protocol to detect the thermally excited magnon current comprising 505 

of a polarizing laser pulse followed by a variable duration  pulse of the non-resonant NV spin 506 

excitation via MSSW at the frequency of 2.66 GHz with ±𝐵ext = 13 mT (dashed black circle in 507 

(b)). (d), (e) NV spin relaxation rate 𝛤 as a function of Δ𝑇 applied to the YIG for +𝐵ext ((d)) 508 

and −𝐵ext ((e)). Solid red line in (d) and blue line in (e) are the fitting curve to the data with a 509 
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model in equation (2). The error bars in (d) and (e) were obtained from the standard deviation of 510 

the curve fitting to the longitudinal spin relaxation data with a single exponential function (see 511 

Supplemental Note 6 [38]). Shaded red and blue areas in (d) and (e) are the possible variation in 512 

the fitting curve based on the uncertainties of the fitting parameters in equation (2) (see 513 

Supplemental Note 10 [38]). 514 


