
 

 

1 

 

 1 

Main Manuscript for 2 

Mutual Spin-Phonon Driving Effects and Phonon Eigenvector 3 
Renormalization in Nickel (II) Oxide. 4 

Qiyang Sun1, Bin Wei1,3, Yaokun Su2, Hillary Smith4, Jiao Y. Y. Lin5, Douglas L. Abernathy6, and Chen 5 
Li1,2* 6 

1Department of Mechanical Engineering, University of California, Riverside, Riverside, CA 92521, USA 7 

2Materials Science and Engineering, University of California, Riverside, Riverside, CA 92521, USA 8 

3Henan Key Laboratory of Materials on Deep-Earth Engineering, School of Materials Science and 9 
Engineering, Henan Polytechnic University, Jiaozuo 454000, China 10 

4Department of Physics and Astronomy, Swarthmore College, Swarthmore, PA 19081, USA 11 

5Neutron Data Analysis and Visualization Division, Oak Ridge National Laboratory, Oak Ridge, TN 37830, 12 
USA 13 

6Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN 37830, USA 14 

*Chen Li. 15 

Email:  chenli@ucr.edu 16 

Author Contributions: Q.S., B.W., Y.S., H.S., D.L.A., and C.L. performed the inelastic neutron 17 
scattering experiments. Q.S. performed data analysis, first-principles calculations, and structure 18 
factor simulations. J.L. and Q.S. performed data folding. Q.S. and C.L. prepared the manuscript 19 
and all authors contributed to the discussion and editing of the manuscript. 20 

Competing Interest Statement: The authors declare no competing interests.  21 

Classification: Applied physical science, condensed matter physics 22 

Keywords: Spin-phonon coupling, phonon dynamics, broken of symmetry, phonon eigenvector 23 
renormalization, anomalous inelastic neutron scattering intensity. 24 

  25 



 

 

2 

 

Abstract 26 
The physics of mutual interaction of phonon quasiparticles with electronic spin degrees of freedom, 27 
leading to unusual transport phenomena of spin and heat, has been a subject of continuing interests 28 
for decades. Despite its pivotal role in transport processes, the effect of spin-phonon coupling on 29 
the phonon system, especially acoustic phonon properties, has so far been elusive. By means of 30 
inelastic neutron scattering and first-principles calculations, anomalous scattering spectral intensity 31 
from acoustic phonons was identified in the exemplary collinear antiferromagnetic nickel (II) 32 
oxide, unveiling strong spin-lattice correlations that renormalize the polarization of acoustic 33 
phonon. In particular, a clear magnetic scattering signature of the measured neutron scattering 34 
intensity from acoustic phonons is demonstrated by its momentum transfer and temperature 35 
dependences. The anomalous scattering intensity is successfully modeled with a modified magneto-36 
vibrational scattering cross section, suggesting the presence of spin precession driven by phonon. 37 
The renormalization of phonon eigenvector is indicated by the observed “geometry-forbidden” 38 
neutron scattering intensity from transverse acoustic phonon. Importantly, the eigenvector 39 
renormalization cannot be explained by magnetostriction but instead, it could result from the 40 
coupling between phonon and local magnetization of ions. 41 

Significance Statement 42 
Nickel (II) oxide is a prominent candidate of antiferromagnetic spintronic devices, largely thanks 43 
to its high Néel temperature. We present scattering signatures of mutual driving interactions 44 
through strong spin-lattice coupling and acoustic phonon eigenvector renormalization in this 45 
important material for the first time. Our results provide a new approach to identify and quantify 46 
strong spin-phonon interactions, shedding lights on engineering functional spintronic and spin-47 
caloritronic materials through these interactions.  48 
 49 
 50 
Main Text 51 
 52 
Introduction 53 
 54 
Phonons, as the quanta of lattice vibrations, are known to strongly couple with spin and electronic 55 
degrees of freedom in a variety of magnetic materials, leading to many intriguing novel phenomena. 56 
In magnetic insulators, the large electron band gap accompanied with high energy of crystal electric 57 
field excitations prevents the direct coupling of phonon or spin system to the electronic system, 58 
whereas the transport processes are affected predominately by spin-phonon coupling. Unusual spin 59 
and phonon transport phenomena, including phonon pumping of spin current [1-5] and pumping of 60 
phonon by magnetization dynamics [6, 7], suggest phonon propagation can greatly affect the 61 
transport of spin and vice versa, and have made spin-phonon dynamics an active field of research. 62 
However, some aspects of the interaction between lattice and spin degrees of freedom are still 63 
unclear, e.g., the selection rule for spin-phonon interactions, the underlying mechanism of spin 64 
dissipation through lattice, quantification of spin-phonon coupling strength. In contrast to optical 65 
phonons, acoustic phonons with large group velocity play an important role in transport process. 66 
Resolving acoustic phonon characteristics in magnetic insulators will help understand spin-phonon 67 
interactions and engineer functional spintronic [8] and spin-caloritronic [9, 10] devices. 68 

Antiferromagnetic (AFM) insulators have been of particular interest for applications in next-69 
generation signal processing devices due to their ultra-low dissipation in spin transportation. The 70 
collinear AFM nickel (II) oxide (NiO) with a Néel temperature (TN) of 523 K, is a promising 71 
candidate material for spintronic and spin-caloritronic applications at ambient temperature, thanks 72 
to its high efficiency in spin transport [11-14]. It has a simple face center cubic (FCC) structure in 73 
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the paramagnetic (PM) phase and takes on a slight rhombohedral 0.09° distortion (deviating from 74 
60°) in the AFM phase at 5 K [15]. While the AFM spin order together with the asymmetry of Born 75 
effective charge on Ni2+ ion gives rise to the splitting of two transverse optical (TO) phonons [16, 76 
17] that are degenerate in FCC crystal symmetry, their effects on acoustic phonon remains 77 
unexplored. Moreover, a sudden increase of thermal conductivity beyond TN in NiO [18] hints at 78 
the existence of strong spin-phonon interactions and motivates the current work.  79 

The most well-known spin-phonon coupling process is the modulation process, which refers to the 80 
dynamic modulation of exchange coupling between magnetic ions induced by phonons. While the 81 
spin-phonon coupling is known to result in modifications on magnon dispersions by the modulation 82 
process [19, 20], the effect on phonon system is less well understood. For example, the spin-driven 83 
renormalization of phonon energy is only phenomenologically characterized by a spin-phonon 84 
coupling coefficients in many magnetic systems [21-23]. The interaction of magnons and acoustic 85 
phonons has been extensively studied in various magnetic systems [24-29], revealing the formation 86 
of hybrid magneto-acoustic modes, which manipulate the acoustic phonon dispersion and pass 87 
angular momentum to acoustic phonons [30]. However, existing observations are constrained to 88 
the vicinity of crossing points of magnon-phonon dispersions, and do not provide the effects of 89 
such interactions on whole dispersion branches. Inelastic neutron scattering (INS) measurements 90 
on single crystals have been proved to be a powerful probing technique in resolving acoustic 91 
phonon characteristics. Previous INS experiments reveal that phonon INS intensity can be modified 92 
with spin-phonon coupling and “magneto-vibrational” modes, which do not follow the wavevector 93 
(𝐐 ) and temperature dependences of phonons, are formed [31-35]. Therefore, a theoretical 94 
simulation of phonon dynamic structure factor will shed light on identifying such modes and their 95 
scattering origin in a system with strong spin-phonon coupling.  96 

Here, we report INS experiments and atomistic simulations that demonstrate the existences of 97 
mutual spin-phonon driving effects and the renormalization of acoustic phonon eigenvectors in 98 
bulk NiO. A strong INS intensity that follows acoustic phonon dispersions is observed at low 𝐐 99 
region, where the lattice INS cross section is small, suggesting its magnetic origin. The unusual 100 
temperature dependence of such intensity is associated to the temperature dependence of magnetic 101 
order, suggestive of a strong coupling between phonon and spin. The observed intensity at low 𝐐 102 
is successfully reproduced by magneto-vibrational scattering cross section based on a strong 103 
magneto-elastic correlated picture, indicating the presence of spin precession driven by phonon. 104 
More strikingly, strong INS intensity from “geometry-forbidden” transverse acoustic (TA) phonons 105 
is observed at high 𝐐 and shown to originate from lattice INS, indicating the renormalizations of 106 
acoustic phonon eigenvectors. The renormalization process can be related to the coupling between 107 
phonon and local magnetization and suggestive of spin driven effects on lattice vibration. 108 

Time-of-flight INS measurement are performed on both single crystal and polycrystalline NiO (see 109 
Methods) to measure the dynamic structure factor S(𝐐, E). The simulation of dynamic structure 110 
factor (see Supplementary Information) based on first-principles phonon calculations (see 111 
Methods) has a good agreement with measured phonon dispersions, as shown in Fig.1 a,b and 112 
Fig.S1 a-d in Supplementary Information. 113 

 114 

Results and Discussion 115 
 116 
Anomalously large INS intensity that follows acoustic phonon dispersion is observed at low 𝐐 and 117 
has magnetic origin. In Fig.1 a, pronounced spectral intensity below 45 meV is observed in the first 118 
BZ (0 < L < 1) along [0, 0, 1] in AFM phase. Such intensity follows the dispersion of acoustic 119 
phonons, but it does not follow the 𝐐! dependence of coherent one-phonon INS process, as shown 120 
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by the simulation in Fig.1 b. Instead, strong intensity is shown at 0 < L < 1, with the mode 121 
weakening at 1 < L < 3	and strengthening again at L > 3. Such trend is visualized by constant 𝐐 122 
cuts at various equivalent reciprocal points, as presented in Fig.1 d,e. This is highly unusual because 123 
phonon INS cross section is expected to be smaller at low 𝐐. The anomalously strong intensity and 124 
its 𝐐 dependence suggest that it cannot arise solely from lattice scattering. On the other hand, the 125 
magnetic INS cross section, which is subject to the Ni2+ magnetic form factor, is expected to 126 
decrease with 𝐐. Therefore, the intensity of theses modes at L < 4	can be understood as a combined 127 
contribution from magnetic and lattice scattering processes, where magnetic scattering gives 128 
diminishing intensity at higher 𝐐 while lattice scattering increases with 𝐐. These observations also 129 
suggests that the acoustic-phonon-like intensity in the first BZ (L < 2	 ) may predominantly 130 
originate from magnetic scattering. For simplicity, such modes will still be referred as phonon 131 
modes. 132 

Interestingly, strong spectral intensities from acoustic phonon modes are also observed in the first 133 
BZ along [−1, 1, 1]  and [−1	,1, 0] , as shown in Supplementary Information (Fig.S1, Fig.S2), 134 
indicating such behavior was not limited to [0, 0, 1] direction. To elucidate the appearance of 135 
anomalous phonon INS intensity in small 𝐐 regime, volumetric views of simulated (one-phonon) 136 
and measured dynamic structure factors at 10 K are shown in Fig.2 a,c. The LA, TO, and LO 137 
phonon branches are well captured by the lattice dynamic structure factor calculation. At 10 K in 138 
the vicinity of (0, 0, 2)  and (−2, 2, 0) , the calculated intensity of LA modes is 2 orders of 139 
magnitude stronger than that in the measurement, further indicating that such intensity in low 𝐐 140 
regime cannot be solely from one-phonon coherent scattering and hinting the magnetic origin of 141 
these modes. 142 

Temperature dependence of such spectral intensity at low 𝐐 is also consistent with the proposed 143 
magnetic origin. At elevated temperature, both static and dynamic correlations of magnetism are 144 
weakened by increased thermal fluctuations. Indeed, the magnetic INS cross section is directly 145 
related to the thermal average of spin correlations (Supplemental Information Eq. 3). Hence, it is 146 
natural to expect such anomalous intensities to weaken with increasing temperature if they have 147 
magnetic origin. On the other hand, INS spectral intensities from phonon lattice scattering are 148 
supposed to be stronger at high temperatures because, at low 𝐐 regime, the Debye-Waller factor 149 
contribution is trivial and the temperature-dependent lattice scattering cross section is only subject 150 
to the Bose-Einstein statistics (Supplemental Materials Eq. 1). As shown in Fig.2 a,b by the cropped 151 
slice, the measured INS spectrum in lower order BZs reveals dramatic weakening at elevated 152 
temperature. Such trend can also be observed in powder INS measurement (Fig.S3). 153 

This trend is clearly illustrated by integrated mode intensities extracted from Lorentzian fitting of 154 
S(E) cuts at equivalent BZ boundaries. As shown in Fig.2 d1,e1, both TA and LA intensities 155 
decrease with increasing temperature at 𝐐 = (0,0,1) . Again, this is unexpected because such 156 
descending trend cannot be explained by phonon scattering. More importantly, the spectral 157 
intensities of acoustic modes at (0,0,1) is stronger in AF phase and the intensities drastically 158 
decrease from 300 to 540 K through the phase transition temperature. This further suggests the 159 
anomaly is related to the magnetic order.  160 

More strikingly, the pronounced intensity from TA mode, which is “forbidden” by the scattering 161 
geometry, is observed below 30 meV at 10 K (Fig.1 a, Fig.2 a, Fig.S1, Fig.S4, Fig.S5) in a broad 162 
range of 𝐐. This feature is unexpected because the momentum transfer 𝐐 is perpendicular to the 163 
TA phonon eigenvectors 𝐞 (|𝐐 ∙ 𝐞|! = 0) for this orientation, making the lattice INS cross section 164 
zero for these modes (Supplementary Information Eq.1), except near Bragg points (Fig.1 b), where 165 
some intensity is expected due to finite integration width along other perpendicular 𝐐 directions. 166 
The observed intensity is not a result of the AFM-striction induced lattice distortion, which has 167 
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been included in our scattering simulation. One plausible explanation is the formation of magnon 168 
polarons [24, 25, 28], which emerge from magnon-phonon hybridization and possess 169 
characteristics of both magnon and phonon. Because the magnon group velocity is much larger 170 
than that of phonon, the intersections of magnon and acoustic phonon dispersion in this system 171 
only exist in a small range of 𝐐 in the vicinity of the lattice BZ boundaries (magnetic BZ centers). 172 
Because the “forbidden” intensity is found not only around BZ boundaries but also elsewhere in 173 
reciprocal space without magnon-phonon crossings, the intensity cannot be solely from the 174 
magnon-phonon hybridization. Moreover, ignoring the small rhombohedral lattice distortion in 175 
AFM phase, the symmetry of all phonons at long wavelength limit has a irreducible representation 176 
of Γ"#  in Bouckaert-Smoluchowski-Wigner (BSW) notation [36]. Following the compatibility 177 
relations, the representation Γ"#  splits into ∆"⨂∆#  along [0, 0, 1]  direction. In comparison, the 178 
magnon symmetry is of ∆"$⨂∆!$  [37], none of which are compatible with that of the phonon modes, 179 
as shown in Fig.1 c. As a result, magnons are not expected to hybridize with acoustic modes in 180 
NiO, and the anomalous spectral intensity from acoustic branches cannot be attributed to magnon-181 
phonon hybridization.  182 

Also surprising is that at higher order BZs, the temperature dependence of INS intensity from TA 183 
modes still shows a descending trend, suggesting its correlation to the magnetic order. As shown 184 
in Fig.2 d2-d4,e2-e4, at equivalent BZ boundaries of higher 𝐐  at L > 2	 ,TA modes behave 185 
similarly to that in the first BZ and its intensity decreases with temperature, whereas LA intensity 186 
increases monotonically. This suggests that, at higher 𝐐, the weakening of “forbidden” TA modes 187 
with temperature still shows their relation to the magnetic order. On the other hand, the temperature 188 
dependence of LA intensity at L = 3, 5, 7 agrees well with the phonon INS simulation, showing 189 
normal phonon behavior (Fig.2 e2-e4).  190 

Although the appearance of phonon INS intensity at small 𝐐 is reminiscent of magneto-vibrational 191 
scattering (MVS), it cannot be modeled by MVS cross section. As part of magnetic INS, the MVS 192 
is elastic in spin system, inelastic in phonon system, and proposed based on the assumption of no 193 
correlation between lattice and spin [38]. While the MVS cross section has the same 𝐐! 194 
dependence as coherent one phonon scattering, it also contains a term related to the magnetic form 195 
factor |F(𝐐)|!, giving weaker intensity at small 𝐐 (see Supplementary Information). A detailed 196 
comparison of phonon spectral intensities between the experiment and MVS models is shown in 197 
Fig.3 a,b. Clearly, the calculated lattice + MVS (see Supplementary Information) still fails for lower 198 
order BZs, suggesting the MVS model cannot satisfyingly explain the observations. On the other 199 
hand, the appearance of low-𝐐 anomalous intensity cannot originate from neutrons scattered by 200 
phonon orbital magnetic moments [39-41], because they are only on the order of nuclear magneton 201 
[40], and the corresponding magnetic cross section will be 6 orders of magnitude smaller than that 202 
of typical magnetic INS by electronic dipoles. Therefore, anomalous intensity in the low-𝐐 region 203 
may still originate from magnetic INS by electronic dipoles through a modified MVS process, in 204 
which lattice and spin are strongly correlated. 205 

A magnetoelastic-correlated picture, in which the atomic displacements induced by phonon 206 
modulates the magnitude of magnetic moment (spin precession driven by phonon), explains the 207 
phonon INS intensity anomalies at small 𝐐. Following the methodology discussed in Ref. [32], a 208 
modified MVS (mMVS) model, which contains an extra term related to the driving coefficient, was 209 
derived (see Supplementary Information). By fitting the driving coefficient 𝜉%& to the experimental 210 
data, the obtained calculated lattice + mMVS intensity can reproduce the experimental LA intensity 211 
at lower order BZs (Fig.3 a). This indicates that the observed anomaly can be attributed to the effect 212 
of spin precession driven by phonons and reveals strong dynamic correlations between magnetic 213 
moment and phonon induced lattice displacements. Meanwhile, one may expect such effect applies 214 
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to TA phonons even though they are “forbidden” by the scattering geometry. This is because the 215 
mMVS model is non-zero under non-trivial driving coefficient even when |𝐐 ∙ 𝐞|! = 0  [32]. 216 
Moreover, the driving coefficient of TA and LA modes can be similar in magnitude. This can be 217 
deduced from the non-collinear frozen phonon calculations (presented in Supplementary 218 
Information), which reveal the similar driving effects of TA and LA phonon induced atomic 219 
displacements to the magnitude of magnetic moment (Supplementary Information Fig.S6 a). This 220 
effect is analogous to the typical magnetoelastic coupling through dynamic modulation of exchange 221 
coupling strengths, which are of similar scales among various phonon branches by DFT calculation 222 
in NiO [42]. The driving coefficient for TA modes, 𝜉'&, is obtained by fitting the experiment data, 223 
and its magnitude ( 𝜉'& ≈ 0.7𝜉%& ) reasonably agrees with the frozen phonon calculations 224 
(Supplementary Information Fig.S6 a). As shown in Fig.3 b, the calculated lattice + mMVS 225 
intensity successfully reproduces the TA intensity at small 𝐐. Henceforth, the anomalously strong 226 
TA intensity at small 𝐐 originates from the effects of spin precession driven by phonons like LA.  227 

However, at large 𝐐, the appearance of the “forbidden” TA intensity cannot be modeled by mMVS. 228 
This is because the mMVS cross section is subject to |F(𝐐)|!, and will approach zero at large 𝐐 229 
(𝐿 > 4) (Fig.3 a,b). In fact, similar “forbidden” phonon modes have been observed in Fe65Ni35 [31, 230 
32] by INS. Despite the success of mMVS model in explaining the “forbidden” TA modes in 231 
Fe65Ni35, the observed 𝐐-dependence is completely different in NiO. While in Fe65Ni35 such mode 232 
shows a decrease in intensity at higher 𝐐, our measurement presents an ascending trend, as can be 233 
seen in Fig.3 b. Clearly, the lattice + mMVS model still fails for TA modes at large 𝐐 (L > 4). In 234 
contrast, the experimental intensity from LA modes at	L > 4 was successfully reproduced by the 235 
lattice scattering simulation, indicating that the LA intensity at larger 𝐐 is predominantly from 236 
lattice INS by phonons and is consistent with temperature dependent analysis above. The gigantic 237 
discrepancy between experimental intensity from TA modes and lattice scattering simulation 238 
indicates that the appearance of such “forbidden” TA modes is related to the spin-phonon coupling 239 
which is beyond the scope of mMVS model. 240 

In the case of NiO, the “forbidden” TA intensity at L > 4 must predominantly result from lattice 241 
scattering instead of magnetic scattering and is suggestive of phonon eigenvector renormalization. 242 
The lattice INS origin is because magnetic INS intensity is always weaker at large 𝐐, following the 243 
magnetic form factor. From the experiment data shown in Fig.1 a, magnon spectral intensity 244 
decrease with the increase of 𝐐 and vanish at L > 4. It should be noted that the lattice counterpart 245 
of MVS (neutrons create or annihilate magnetic excitations via lattice scattering) can be safely 246 
ignored because the hyperfine coupling between the nuclear and electronic moments are weak [38]. 247 
The scattering intensity of this mode may have similar scattering origin as the “forbidden” intensity 248 
observed in iron chalcogenides [34]. For iron chalcogenides, the “forbidden” intensity vanishes 249 
under the spin-flip channel by spin polarized INS measurements, indicating it primarily originates 250 
from lattice INS by phonons. Therefore, the “forbidden” TA phonon INS intensity at high 𝐐 must 251 
predominantly originate from lattice INS by phonons. It is worthwhile mentioning that, such 252 
intensity cannot result from the instrument resolution or	𝐐 integration (Supplementary Information 253 
Fig.S7). If such INS intensity has a pure lattice origin, a renormalization of phonon eigenvector is 254 
necessary to explain the observed “forbidden” modes. 255 

Renormalization of phonon eigenvector is usually associated with the change of phonon eigen-256 
energy, which majorly comes from lattice thermal expansion, phonon-phonon, and spin-phonon 257 
couplings in magnetic insulators. To estimate the phonon energy renormalization from spin-phonon 258 
coupling, calculations based on quasi-harmonic approximation (QHA) are carried out to evaluate 259 
energy change contributed by lattice thermal expansion in the AFM spin configuration (see 260 
Methods). Comparing experimental acoustic phonon energy at BZ boundary with QHA 261 
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calculations, the phonon energy of TA (LA) shows a 4%-5% (1%-2%) softening at 640 K (Fig.3 262 
c,d). Moreover, the TA and LA phonon energy dramatically decreases above TN, showing a 263 
coincidence with the intensity change of the “forbidden” TA modes across TN. This suggests both 264 
phonon energy and polarization are renormalized by the spin-phonon coupling. 265 

The renormalization effect may originate from direct coupling between phonons and the local 266 
magnetization on ions. Although such renormalization process is related to the symmetry breaking 267 
because phonon eigenvectors follow the symmetry of the lattice, it’s worthwhile emphasizing that, 268 
the static distortion induced by the AFM-striction cannot explain the observed “forbidden” TA 269 
modes, henceforth the symmetry breaking needs to be dynamic, as was pointed out in [34]. An 270 
early work suggested that the “forbidden” INS intensity in Fe65Ni35 [31, 32] may result from slow 271 
local orthorhombic distortions [43], which modulate the local magnetization of magnetic ions, then 272 
indirectly modify the dynamic matrix through magnetoelastic coupling, thereby cause the 273 
renormalization of eigenvectors. The modulation on local magnetization will result in an effective 274 
dynamical symmetry breaking of the phonon system and the corresponding “forbidden” intensity 275 
may originate from spin driven effects on lattice vibrations. In NiO, the orbital is not fully quenched 276 
(the ratio between orbital and spin moment (

)
= 0.34) [44, 45], so the local magnetization includes 277 

both spin and orbit parts. In addition, previous INS studies reporting observations of “forbidden” 278 
phonons suggested that perturbations to orbital states can be critical in affecting phonon 279 
characteristics [33] and the renormalization effect may be related to the coupling between phonons 280 
and electron orbit degrees of freedom [34]. In the present case, the renormalization of phonon 281 
eigenvector can result from an effective dynamical symmetry breaking, which modify the dynamic 282 
matrix through magnetoelastic coupling, and is driven by the coupling between phonon and the 283 
spin and orbital states on the Ni2+ ions.  284 

Importantly, this can be reflected by the in-zone intensity of TA modes (Fig.3 b), which is found 285 
to be maximal at BZ boundaries (𝐿 = 1, 3, 5, 7 ). The TA modes at BZ boundary are non-286 
propagating and shares the same spatial periodicity as the ground state magnetic order. Therefore, 287 
the renormalization effect is expected to be the most prominent at BZ boundaries because the 288 
coupling between phonons and sublattice magnetization is in phase. Above TN, with the loss of 289 
long-range magnetic order, the renormalization effect lessens and the corresponding “forbidden” 290 
intensity decreases. However, the renormalization effect is not absent above TN because the short-291 
range magnetic order still exists. Similar to the observed coherent scattering intensity of magnon 292 
at 540, 640K (Fig. S3 c3-c4), the “forbidden” intensities of TA modes exist above TN. 293 

Magnetic order induced anharmonicity of the phonon potential, magnon-phonon hybridization, 294 
electronic excitation-phonon couplings, and the presence of magnetic domains, are ruled out as 295 
possible origins of the phonon renormalization. Firstly, while the renormalization of eigenvectors 296 
can be closely related to the anharmonicity of the phonon potentials [46], frozen phonon 297 
calculations show that the phonon potentials of both TA and LA modes are quite harmonic 298 
regardless of their spin configuration (Supplementary Information Fig.S6 b). Secondly, 299 
renormalization of phonon eigenvectors have been found to be related to the interaction between 300 
phonons and magnetic excitations (magnons) in bulk YIG [47] and YbB12 [33, 48]. In YbB12, the 301 
anomalous temperature-dependent phonon INS intensity was successfully explained by the 302 
symmetry compatibility between phonons and magnons, the latter of which were assumed to be of 303 
the same symmetry as crystal field excitations. However, this is not the case for NiO, in which the 304 
symmetry of phonon and magnon are not compatible, and thereby prevents hybridizations of 305 
magnon and phonon modes, as mentioned previously. Finally, even though the symmetry of TA 306 
phonons (Δ#) and the first crystal field excitation state (Γ!#$ ) are compatible, the first crystal field 307 
excitation state (~1 eV) cannot be excited thermally in the studied temperature range, henceforth 308 
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phonons are not expected to couple with the crystal field excitations. Further, the presence of 309 
magnetic domains should not affect the observed anomaly in the scattering intensity, as shown in 310 
Fig.S8. Due to the instrument energy resolution limitation, magnon gaps and their correlation to 311 
the observed anomalies cannot be characterized. 312 

 313 

Conclusion 314 

In summary, our measurement and simulations reveal the INS signature of mutual driving effects 315 
through strong spin-phonon coupling and acoustic phonon eigenvector renormalization in NiO for 316 
the first time. In particular, the measured anomalous INS intensity that follows the dispersion of 317 
acoustic phonon first weakens, then strengthens with increasing 𝐐, suggesting a combination of 318 
magnetic and lattice scattering. The intensity at low 𝐐 is described by the mMVS model, unveiling 319 
the presence of spin precession driven by phonon. A spin-phonon driving coefficient determined 320 
by fitting the experiment data is used to quantify spin-phonon interaction strength. Additionally, 321 
the renormalization of phonon eigenvectors indicated by “forbidden” intensity at high 𝐐 is related 322 
to the magnetic order by its anomalous temperature dependence. Such renormalization may result 323 
from the coupling between phonon and local magnetization via spin driven effects on lattice 324 
vibration. Our study sheds light on the controlling of spin and lattice dynamics through spin-phonon 325 
couplings in antiferromagnetic spintronic materials. The mutual spin-phonon driving effects and 326 
the renormalization of phonon eigenvector may deserve investigation in other magnetic insulators, 327 
particularly those with strong spin-phonon coupling. 328 

 329 
 330 
Method 331 

INS measurement. Time-of-flight INS measurements were performed on single crystal NiO with 332 
the Wide Angular Range Chopper Spectrometer (ARCS) at the Spallation Neutron Source (SNS). 333 
Sample was placed on an Al holder and mounted in low-background electrical resistance vacuum 334 
furnace. Four-dimensional dynamic structure factors S(𝐐, E) were obtained at T = 10, 300, 540, 335 
and 640 K using incident energy of 150 meV, which covered multiple BZs and measured magnon 336 
and phonon simultaneously. Two extra measurements at 10, 300K were done with 5T magnetic 337 
field applied along [110] direction perpendicular to the scattering plane. Data reduction was done 338 
with MANTID [49]. The data was normalized by the proton current on target and corrected for 339 
detector efficiency. Since no detectable difference can be found in binning experimental data (10, 340 
300K) with distorted rhombohedral or FCC lattice coordinates, the slight structure distortion in the 341 
AFM phase was neglected and the FCC crystal structure was used for data analysis. The data was 342 
sliced along high symmetry 𝐐-directions in reciprocal space to produce two-dimensional energy-343 
momentum views of dispersions.  344 

Time-of-flight INS measurements were also performed on polycrystalline NiO. The sample was 345 
loaded in an Al sample can and mounted in a low-background electrical resistance vacuum furnace. 346 
Two-dimensional dynamic structure factors S(|𝐐|, E) were obtained at T = 50, 150, 300, 450, and 347 
640 K using incident energy of 150 meV, which covered multiple BZs. INS measurements on an 348 
empty Al can were performed at the same temperatures and the measured intensity, as the INS 349 
background induced by the sample holder, was subtracted from the polycrystalline data.  350 

INS data folding. Data folding was used to increase counting statistics and remove the neutron 351 
scattering form factor in the dynamic structure factors S(𝐐, E). The data folding was done by 352 
summing up the S(𝐐, E) data from over 100 BZs into an irreducible wedge in the first Brillouin 353 
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zone. Offsets of the 𝒒 grid were corrected by fitting the measured Bragg diffractions. This folding 354 
technique has been used in the previous study [50] and proved to be reliable. 355 

First-principles calculations. The ab initio density functional theory (DFT) calculations were 356 
performed with the VASP (Vienna Ab initio Simulation Package) [51, 52] on a plane-wave basis 357 
set, using the projector augmented wave (PAW) pseudopotentials [53, 54] with local spin density 358 
approximation (LSDA) exchange correlation functionals [55] and the Hubbard-U model [56]. U = 359 
5 eV was chosen to obtain a best match with experimental phonon dispersion although it 360 
underestimated the electron band gap [57]. An energy cutoff of 550 eV was used for all calculations. 361 
LSDA+U ionic relaxation was done based on a primitive cell containing 2 nickel and 2 oxygen 362 
atoms with collinear antiferromagnetic (AFM) spin order. A Gamma-centered k-point grid of 363 
13 × 13 × 13 was used in LSDA+U ionic relaxation. The relaxed cell has a slight contraction 364 
along [1,1,1] direction. The calculated distortion angle of 0.15 ˚, which deviate from 60 ˚ in the 365 
FCC primitive cell, is larger than the experiment value in Ref [15]. The relaxed rhombohedral cell 366 
(space group 166) with a lattice constant of 4.95 Å, an angle of 33.66 ˚ (from an undistorted value 367 
of 33.55 ˚) and was used in phonon dispersion calculations. The static dielectric tensor and Born 368 
effective charges were obtained to calculate non-analytical term in phonon calculations. The second 369 
order interatomic force constants were obtained from a 2 × 2 × 2 supercell of 32 atoms with a 370 
Monkhorst-Pack k-point grid of 6 × 6 × 6  using the density functional perturbation theory 371 
(DFPT). Phonon eigenvalues and eigenvectors were obtained by diagonalizing the dynamical 372 
matrix as implemented in the Phonopy [58]. The atomic mean squared displacements at various 373 
temperatures, and the projected phonon density of state were obtained based on the calculated 374 
phonon dispersion with a 𝒒-point sampling mesh of 30 × 30 × 30. 375 

Phonon dispersion calculations based on quasi-harmonic approximation (QHA) were carried out to 376 
estimate phonon energy change induced by lattice thermal expansion. The collinear AFM spin 377 
order was applied to all QHA calculations. The QHA calculations were based on measured thermal 378 
expansion at 10, 300, 540, 640 K. Specifically, the LSDA+U relaxed lattice constant was used as 379 
the value at 0 K, and the lattice constants at other temperatures were determined by thermal 380 
expansion measurements from Ref.[59]. The QHA calculations followed the same configurations 381 
discussed above.  382 

To simulate modulations of the magnetic moment and the frozen phonon potential associated with 383 
TA and LA modes under different spin configurations, LSDA+U calculations were performed with 384 
atoms in the supercell displaced according to the eigenvectors of TA and LA modes at BZ boundary 385 
along [1,1,1]. Atomic displacements were set to be smaller than the calculated atomic root mean 386 
squared displacements at T = 500 K. Three types of spin configurations, standard collinear spin 387 
order (STD), non-collinear spin order with spin-orbit coupling (NCL), and non-spin-polarized 388 
(NSP) configurations, were considered. Under NCL spin configuration, the spin and orbit 389 
quantization axis were set to [1,1,-2] based on previous experiment results [60, 61]. For the original 390 
cell without atomic displacements, the obtained ratio between orbit and spin moment on the nickel 391 
ion was 0.1, smaller than the experiment value 0.34 [44]. Modulations of the on-site magnetic 392 
moment and frozen phonon potentials were obtained by varying displacement magnitudes under 393 
different spin configurations with a Gamma-centered k-point grid of 13 × 13 × 13. 394 
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Figures and Tables 555 

 556 
Figure 1. The measured and calculated dynamic structure factor, 𝑆(𝑸, 𝐸), of NiO at 10 K. (a, d) 557 
The dynamic structure factor of NiO measured by INS along the [0, 0, 1]	direction in the 558 
reciprocal space. The intensity is integrated over ±0.1 (r.l.u) along perpendicular axes and scaled 559 
by multiplying 𝐸. (b) Simulation of phonons and magnons with the same 𝑸 integration ranges 560 
and instrument resolution function. Both experimental data and theoretical calculations are 561 
plotted on logarithmic scale.  (c) Calculated phonon and magnon dispersion along 𝚪 − 𝚾 with 562 
BSW notation [36] for phonon and magnon [37]. Zone-folding phonon branches that do not 563 
contribute to the scattering intensity are not shown. (e) Constant 𝑸 cuts at various equivalent 𝑸 564 
points, labelled by red dashed lines in (d). 565 
  566 
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 567 

Figure 2. Anomalous temperature dependence of phonon INS intensity reveals strong coupling 568 
between acoustic phonon modes and spin. Volumetric view of the measured (a) (10 K), (b) (640 569 
K), and calculated (c) (10 K) lattice scattering spectral intensity of coherent one phonon 570 
scattering in the (110) plane near 𝐐 = (0,0,0). Black lines indicate the limits of the cropped 571 
cross section. The intensity is in arbitrary unit. The spectral intensity of experiment data and 572 
calculation has been rescaled by multiplying E. (d1-d4) 1D spectral cuts at	L = 1, 3, 5, 7	(r. l. u. ) 573 
with 𝐐 integration ranges of ∓0.2 on perpendicular directions. Symbols and colored curves 574 
represent experimental data and Lorentzian fits at 10, 300, 540, and 640 K. (e1-e4) Temperature 575 
dependence of mode intensity from Lorentzian fits of phonon modes at equivalent BZ boundaries 576 
along [0,0,1]. There is no magnetic Bragg peak along this direction, so that the spectral weights 577 
from magnons are negligible comparing to that of phonons in the experiment data below 40 meV 578 
and the peak areas represent the intensities of TA and LA, as is denoted by blue and red dots, 579 
respectively. Black squares represent the mode intensity from simulated dynamic structure factor 580 
with the same 𝐐 integration configurations for LA. Error bars indicate fitting errors. 581 
 582 
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 584 

Figure 3. 𝑸-dependence of TA and LA phonon INS intensity at 10 K and the temperature 585 
dependent TA and LA phonon energies at BZ boundary. (a,b) The 𝑸-dependent spectral intensity 586 
comparisons between measurement and simulated 𝑆(𝑸, 𝐸) of LA and TA modes along [0,0,1] are 587 
presented. The mode spectral intensities are obtained by subtracting a background and integrating 588 
a width of 13 meV following the calculated phonon dispersion. The red (Blue) circles represent 589 
experimental spectral intensities for LA (TA) modes. Data near Bragg points is masked. (c,d) The 590 
temperature-dependent acoustic phonon energy at BZ boundary plotted with quasi-harmonic 591 
approximation (QHA) calculations. Phonon energies are obtained from Gaussian fitting of the 592 
“folded” experiment data (see Supplementary Information). Red and blue dots denote relative LA 593 
and TA phonon energy E(T)/E(10K) at temperature T. The error bars denote fitting errors. 594 
Atomic motion corresponding to TA and LA modes at BZ boundary are sketched in the insets, 595 
where the red (blue) arrow indicate the phonon eigenvectors of LA (TA) and the black arrow 596 
indicates the phonon propagation direction in the real space. 597 
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Mutual Spin-Phonon Driving Effect and Phonon Eigenvector Renormalization in 599 
Nickel (II) Oxide  600 

 601 
Supplementary Information 602 

 603 

 604 

1. Dynamic structure factor calculation of phonon and magnon: 605 

The double differential lattice scattering cross section for coherent one phonon creation reads [38], 606 

𝑆*+,(𝑸,𝜔) =
𝒌$(2𝜋)-

2𝒌𝑣.
UU

1
𝜔/
VU

𝑏0XXX

Y𝑀00

𝑒1𝑸∙𝒅56!(𝑸 ∙ 𝒆0/)V
!

× 〈𝑛/ + 1〉𝛿(𝜔 − 𝜔/)𝛿(𝑸 − 𝒒 − 𝝉)
𝝉/

(1) 607 

where 𝒌$  and 𝒌  are incident and scattered neutron wavevectors; 	𝑸 = 𝒌$ − 	𝒌  denotes the 608 
momentum transfer to the sample; 𝜔 is the energy transfer to the sample; 𝑣. is the volume of the 609 
unit cell; 𝑠 is the index of phonon branch; 𝒒 is phonon wave vector; 𝝉 is any reciprocal lattice 610 
vector; 𝒅 refers to the position index of atom in the unit cell; 𝑏0XXX and 𝑀0 are coherent scattering 611 
length and mass for atom 𝑑 ; 𝑊0  is Debye-Waller factor, i.e., 𝑊0 = −< 𝑸 ∙ 𝒖0(𝑇) >! , where 612 
𝒖0(𝑇) is the root-mean-squared displacement for atom 𝑑; 𝑛/ is Boltzmann factor; 𝜔/ is the phonon 613 
energy for branch 𝑠 at wave vector 𝒒 and 𝒆0/ is phonon eigenvector of atom 𝑑 for branch 𝑠 at wave 614 
vector 𝒒. 615 

The double differential magnetic scattering cross section for magnon reads [38], 616 

𝑆(𝑸,𝜔)8+9 =
𝒌$

𝒌 𝑟.
! j
𝑔𝛾
2 𝐹(𝑸)j

!
e:!6(𝑸)Uo𝛿=> − 𝑺=𝑺>q𝑆=>(𝑸,𝜔)

=>

(2) 617 

𝑆=>(𝑸,𝜔) =
1
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>(𝑡)〉

**#
(3) 618 

where 𝛾 = 1.913, 𝑟. is classical electron radius;	𝑔0,	𝐹0(𝑸) are Landé g-factor and magnetic form 619 
factor; (𝛿=> − 𝑺=𝑺>)  is the polarization term; 𝑆=>(𝑸,𝜔)  is dynamic spin-spin correlation 620 
function.  621 

The phonon structure factor simulation was done using Phonopy [58] and our own code with the 622 
calculated interatomic force constants from first-principles calculations. The magnon structure 623 
factor simulation was done using SpinW [62] that based on Heisenberg Hamiltonian including the 624 
nearest neighbor (NN) and the next-nearest neighbor (NNN) exchange interactions. The slight 625 
distortion induced by AFM-striction is neglected and an FCC crystal structure is used in calculating 626 
the magnon band structure. Exchange constants 𝐽DD = 1.4	𝑚𝑒𝑉  and 𝐽DDD = −19	𝑚𝑒𝑉  were 627 
obtained from fitting our INS experiment data at 10 K and are in good agreement with previously 628 
reported INS measurements [61]. The scattering coefficients 𝒌$

𝒌
 was set to unity in both phonon and 629 

magnon structure factor simulations. The calculated 𝑆(𝑸,𝜔)8+9  and 𝑆*+,(𝑸,𝜔) functions were 630 
rescaled to compare with the experiment one. The total dynamic structure factor S(𝐐,𝜔) was 631 
evaluated by a weighted summation of phonon and magnon contributions and convolved with 632 
ARCS instrumental resolution. 633 
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2. Conventional magneto-vibrational scattering (MVS) cross section: 635 

In the unpolarized neutron scattering cross section, the nuclear-magnetic interference (NMI) term 636 
vanishes [38]. The total inelastic structure factor for unpolarized incident neutron reads: 637 

𝑆FGHI* = 𝑆JIK% + 𝑆1GJ% + 𝑆L (4) 638 

where 𝑆JIK%  and  𝑆1GJ%  are structure factors for coherent and incoherent lattice INS, and 𝑆L is the 639 
magnetic INS structure factor. Under the assumption that the motion of ions is uncorrelated with 640 
either its spin or magnitude, the magnetic scattering is comprised of four terms: elastic magnetic 641 
scattering, inelastic magnetic scattering, magneto-vibrational scattering (MVS) and scattering 642 
which is inelastic in both the spin and the phonon systems. The term of interest here is MVS, which 643 
is elastic in spin system and inelastic in phonon system. The lattice + MVS scattering cross section 644 
related to coherent one phonon creation process could then be written as [38]: 645 

𝑆*+,58M/(𝑸,𝜔) =
𝒌$(2𝜋)-

2𝒌𝑣.
UU

1
𝜔/
U
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𝑀00
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!
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 646 

For a lattice with the spins aligned to the 𝒛{ direction, the 𝜎,I, can be expressed as 647 

𝜎,I, = 𝜎JIKD + 𝜎L = |𝑏X0
! +

1
2
|𝛾𝑟.𝑔0𝐹0(𝑸)𝑆0𝒛 sin(𝜃)|!Å	 (6) 648 

where 𝑔0 ,	𝐹0(𝑸) are Landé g-factor and magnetic form factor for atom 𝑑 , and 𝜃  is the angle 649 
between momentum transfer 𝑸  and the ordered magnetic moment direction 𝒛{ . For acoustic 650 
branches corresponding to the motion of Ni2+ ions, a good approximation can be made by 651 
neglecting the intensity contributions from the vibration of O2- ions because the eigenvectors 𝒆0/ 652 
associated with these phonon modes are small (Fig. S2). The lattice + MVS scattering cross section 653 
for acoustic branches can be written as: 654 

𝑆*+,58M/(𝑸,𝜔) = Ç1 +
𝜎L

𝜎JIKD
É𝑆*+, (7) 655 

 656 

3. Modified magneto-vibrational scattering (mMVS) cross section: 657 

If the lattice and spin degrees of freedom were strongly correlated, the conventional MVS model 658 
is not applicable to the system. We use a modified MVS (mMVS) model [32] based on the 659 
assumption that the local magnetic moment was driven by atomic displacements from phonons, 660 

𝑺1 = 𝑺1. Ñ1 − 𝑥U𝜀1OáΔ𝑹1 − Δ𝑹Oâ
O

ä (8) 661 

where 𝑺1 (𝑺1.) is the perturbed (unperturbed) magnetic moment associate to magnetic ion	𝑖; 𝜀1O is 662 
the strain between next-nearest-neighbor (NNN) atoms, which dominates the AFM super-exchange 663 
coupling between Ni2+ ions; 𝑥 is a constant describing linear dependency of phonon driving effect 664 
to the magnitude of magnetic moment of ion 𝑖 ; Δ𝑹1  is the phonon induced displacement of 665 
magnetic ion 𝑖 from its equilibrium position. Following Ref.[32], the modified MVS cross section 666 
from coherent one phonon creation process could be expressed as: 667 
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𝑆88M/(𝑸,𝜔) =
𝒌$(2𝜋)-

4𝒌𝑣.
UU

1
𝜔/
U

1
𝑀00

𝜎L × j𝑒1𝑸∙𝒅56!
#
o(𝑸 + 𝜉𝑞𝒓{) ∙ 𝒆0/qj

!

𝝉/
× 〈𝑛/ + 1〉𝛿(𝜔 − 𝜔/)𝛿(𝑸 − 𝒒 − 𝝉) (9)

 668 

where 𝒓{  are unit vectors connecting NNN magnetic ions, 	𝜉 = P
|R|$
 is the normalized coupling 669 

coefficient; 𝑊0
$ = −< (𝑸 + 𝜉𝑞𝒓{) ∙ 𝒖0(𝑇) >! is the modified Debye-Waller factor of mMVS for 670 

the atom 𝑑; 𝑞 is the value of the in-zone wave vector and is maximal at BZ boundaries. 671 

From the equation above, the 𝑸-dependence of scattering intensity depends on three factors: 672 

1. The magnetic form factor, which makes the mMVS cross section decays at larger 673 
momentum transfer. This should not be omitted because mMVS is still a magnetic 674 
scattering process. 675 

2. The modified Debye-Waller factor, 𝑊0
$ , which is small at low temperature due to the small 676 

mean square displacements 𝒖0. 677 
3. The modified term, (𝑸 + 𝜉𝑞𝒓{) ∙ 𝒆0/ , which leads to spectral intensity even if the 678 

momentum transfer from neutrons to the lattice is perpendicular with phonon eigenvectors 679 
under non-trivial driving coefficient 𝜉. 680 

In our simulation of the mMVS cross section, the spectral intensity from O2- ions was ignored as 681 
discussed in the previous section, and the Debye-Waller factor 𝑊𝒅

$	was assumed to be unchanged. 682 
All phonon eigenvectors in the following calculation are from the phonon calculations discussed in 683 
Methods. For LA modes, the modified MVS can be expressed as: 684 

𝑆88M/%& (𝑸,𝜔) =
𝜎L|(𝑸 + 𝜉%&𝑞𝒓{) ∙ 𝒆%&|!

𝜎JIKD |𝑸 ∙ 𝒆%&|!
𝑆*+,(𝑸,𝜔) (10) 685 

Because the eigenvectors of TA modes are perpendicular to 𝑸 (|𝑸 ∙ 𝒆'&|! = 0), Eq.10 cannot be 686 
used to evaluate the mMVS cross section for TA modes. Instead, the mMVS cross section for TA 687 
modes can be estimated as following, 688 

𝑆88M/'& (𝑸,𝜔) =
2|(𝜉'&𝑞𝒓{) ∙ 𝒆'&|!𝜔%&,𝑸
|(𝑸 + 𝜉%&𝑞𝒓{) ∙ 𝒆%&|!𝜔'&,𝑸

𝑆88M/%& (𝑸,𝜔)	 (11) 689 

The coupling coefficients 𝜉%& = 9 , 𝜉'& = 6.5 was obtained by fitting the experimental data at 690 
𝑸 = (0,0,1).  691 

  692 
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Supplementary Figures 693 

 694 
Fig. S1 The measured and calculated dynamic structure factor 𝑆(𝑸, 𝐸) of NiO at 10 K. (a, c) The 695 
dynamic structure factor of NiO measured by INS on ARCS at T = 10 K along the [-1,1,1] and [-696 
1,1,0] directions in the reciprocal space. Experimental data is integrated in a 𝑸 range of ±0.1 697 
(r.l.u) along other perpendicular axes and renormalized by multiplying 𝐸 . (b, d) Instrument 698 
resolution convoluted phonons and magnons simulation at T = 10 K with the same 𝑸 integration. 699 
Kinematic limits have been applied according to the experiment setup and the ARCS geometry. All 700 
panels are plotted on logarithmic scale.  701 

As shown in Fig. S1, the neutron measurement and the DFT calculation show excellent agreements 702 
in the phonon and magnon dynamic structure factor along the [-1,1,1] and [-1,1,0] directions, except 703 
for certain acoustic phonon branches as discussed in the main text. The results indicate that the 704 
observed anomalous intensities show up along all directions in the reciprocal space.  705 
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 706 

Fig. S2 (a, b) 𝑸-dependence of measured dynamic structure factor at BZ boundaries along [-707 
1,1,0] and [-1,1,1]. All these constant 𝑸 cuts were taken with 𝑸 integration range of ±0.1 r.l.u. 708 
and error bars indicate statistical uncertainties.  709 

As can be seen in Fig. S2 a1-a4, the measured dynamic structure factors at Brillouin zone centering 710 
at (0,0,0) are anomalously large for [-1,1,0] direction, and clearly fails to follow 𝑸! monotonic 711 
increasing trend for pure lattice scattering. The same conclusion can be reached for [-1,1,1] 712 
direction by comparing b1 and b4, where the measured intensity has similar magnitude and do not 713 
follow expected 𝑸!  relation for pure lattice scattering. Therefore, the anomalous intensity is 714 
expected to present in all three high symmetry directions. 715 

 716 
Fig. S3 The difference of the measured INS intensity between 50 and 640 K (lower panel). Thermal 717 
occupation correction was not applied. The intensity is in arbitrary units. The calculated phonon 718 
density of state (upper panel) indicates the energy ranges of different phonon branches. The green, 719 
red, and black curves represent calculated total, and projected density of state contributed by nickel 720 
and oxygen ions, respectively.  721 
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As can be seen in Fig. S3, the intensity of TA phonon is stronger at 50 K for 𝐐	< 4 Å:". This result 722 
is unexpected for one-phonon coherent scattering process, suggesting such anomaly may result 723 
from magnetic scattering. 724 

 725 
Fig. S4 The measured and calculated dynamic structure factor 𝑆(𝑸, 𝐸) of NiO at 10, 300, 540 and 726 
640 K. (a), (b), (c) show the dynamic structure factor along [0,0,1], [-1,1,0] and [-1,1,1] directions 727 
in the reciprocal space, respectively. Experimental data is integrated in a 𝑸 range of ±0.1 (r.l.u) 728 
along other perpendicular axes and renormalized by multiplying 𝐸.  729 

 730 
Fig. S5 Temperature dependence of mode intensity from Lorentzian fits of phonon modes at BZ 731 
boundaries at 𝑸=(-5,5,0) and 𝑸=(-4.5,4.5,4.5). (a, b) Experiment data at 𝑸=(-5,5,0) and 𝑸=(-732 
4.5,4.5,4.5) with a 𝑸  integration range of ±0.2 (r.l.u). (c) Temperature dependence of mode 733 
intensity from Lorentzian fits of phonon modes at equivalent BZ boundaries at 𝑸=(-5,5,0) and 734 
𝑸=(-4.5,4.5,4.5). The peak areas represent the intensities of TA and LA, as is denoted by blue and 735 
red dots, respectively. 736 
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In Fig.S4, one may observe both the scattering intensity of “forbidden” TA phonon and magneto-737 
vibrational scattering intensity at small Q weakens with temperature. The measured dynamic 738 
structure factor at 640K become analogous to normal lattice scattering patterns presented in Fig.1 739 
b and Fig.S1 b,d. As can be seen in Fig. S5, the INS intensity of TA phonon weakens with 740 
temperature, while that of LA strengthens with temperature, showing normal lattice scattering 741 
signature. This indicates the effect of phonon eigenvector renormalization is not unidirectional. 742 

 743 

 744 
Fig. S6 LSDA+U frozen phonon calculations. Three types of spin configurations were considered, 745 
including standard collinear spin order (STD), non-collinear spin order with spin-orbit coupling 746 
(NCL) and non-spin-polarized (NSP). (a) Change of electron magnetic moment. The inset shows 747 
temperature dependent atomic root-mean-squared displacements. (b) Frozen phonon potential at 748 
various displacements with quadratic fitting.  749 

The modulation of magnetic moment induced by the LA mode is larger than that by the TA mode 750 
(Fig. S6 a). The frozen phonon potential can be well fitted by quadratic functions under various 751 
spin configurations (NCL, STD, NSP), indicating the potentials are quite harmonic regardless of 752 
the underlying spin order (Fig. S6 b).  753 

 754 
Fig. S7 Comparisons between measured and calculated 𝑆(𝑸, 𝐸) with different 𝑸 integration 755 
ranges of ±0.1 (a,b), ±0.2 (c,d), ±0.4 (e,f) along [0,0,1] direction. The unit of 𝑸 is in reduced 756 
lattice unit. The intensity is plotted in logarithmic scale. 757 

As shown in Fig. S7, TA modes are not predicted by the calculated S(𝐐, E) under 𝐐 integration 758 
ranges of ±0.1 and ±0.2. The results confirm that the anomalous TA phonon intensity cannot 759 
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result from data integration or instrument resolution, the latter of which is narrower than our 760 
integration range.  761 

 762 

Fig. S8 The measured dynamic structure factor below TN with and without external magnetic 763 
field. (a1, a2) shows the data at 10, 300 K without external magnetic field. (b1, b2) show the 764 
experiment data with magnetic field of 5 T applied vertically to the scattering plane. 765 
Experimental data is integrated in a 𝑸 range of ±0.1 (r.l.u) along other perpendicular axes and 766 
renormalized by multiplying 𝐸. 767 

Experimentally, we found that the presence of magnetic domains does not affect observed 768 
anomalies in the scattering intensity. Two TOF INS measurements at 10, 300K were done with 769 
5T magnetic field applied along [110] direction perpendicular to the scattering plane. It was 770 
indicated that the magnetic moment would be locked in (110) plane by the field [63, 64] and only 771 
a pair of domains remain. Comparing these measurements to the data with no external magnetic 772 
field, no noticeable difference (MVS intensity or intensity of TA in higher order zones) was 773 
observed, as shown in Fig.S8. All magnetic scattering intensities were calculated based on one 774 
single domain with spin aligned along [112X] direction. Because neutron scattering only “sees” 775 
magnetic moment component that are perpendicular to the direction of neutron momentum 776 
transfer, the magnetic scattering intensity would merely be rescaled by a factor with multiple 777 
domains considered instead of changing qualitatively by an extra 𝐐 dependence. Therefore, it 778 
won’t affect the ratio between 𝜉𝑇𝐴 and 𝜉𝐿𝐴, or the results presented in Fig. 1 b; Fig. S1 b, d; Fig. 3 779 
a,b. 780 
 781 
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