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Supplementary Figure 1 Phonon density of states (DOS). It compares the measured experimental 
phonon DOS with the theoretical results: the inelastic neutron scattering data taken at 100 K (black), 
the calculated gDOS (blue), manganese gDOS (red) and rare-earth elements gDOS (green). 
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Supplementary Figure 2 Q-dependent dynamical structure factor of the magneto-elastic mode. It 

depicts the manganese displacement for the two cases, where there are variations in (a) a bond angle 

and (b) a bond length, respectively. The q-dependent dynamical structure factor of the high energy 

magnetoelastic mode calculated using Eq. (14) is given for the case of the structural modulation in (c) 

a bond angle change and (d) a bond length change. We note that our calculated dynamical structure 

factor for a scenario of bond-angle modulation (a & c) fails to reproduce the experimental momentum 

dependence shown in Fig. 1(b) as compared with those for a scenario of bond-length modulation (b & 

d). 

  



3 

 

 

Supplementary Figure 3 Comparison of experimental and theoretical results. Constant q-cuts (circle) 

along the BD direction compared to the two theoretical cases: one is the 1/S expansion results for one 

phonon model using Eq. (14) (red line) and the other is LSWT without magnon phonon coupling 

calculated using Eq. (4) (black line) for (a,b) LuMnO3 and (c) YMnO3. The dashed line shows the fitting 

results using multi Gaussian functions, and the shaded area indicates the linewidth broadening of the 

magneto-elastic mode. Broad signals at high energy are attributed to two magnon continuum. 
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Supplementary Figure 4 Polarized neutron spectra at the B point in LuMnO3. (a) The measured 

spectra are shown for the following four cases: for the vertical field non-spin flip channel (green), the 

horizontal field non-spin flip channel (black), the horizontal field spin flip channel (blue) and the 

vertical field spin flip channel (red). The error bars are the standard deviation of each data points 

experimentally measured. (b) The calculated spectra with the magnon phonon coupling using the first-

principle phonon result. (c) The calculated spectra without the magnon phonon coupling. 
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 J1 (meV) J2 (meV) D1 (meV) D2 (meV) α 
YMnO3 4 1.8 0.28 -0.02 0 

2.5 2.5 0.28 -0.02 16 
Y0.5Lu0.5MnO3 12.5 0.97 0.18 -0.018 0 

2.7 2.7 0.28 -0.02 20 
LuMnO3 9 1.4 0.28 -0.02 0 

3 3 0.28 -0.02 16 
 

Supplementary Table 1 Summary of parameters for models with (હ ് ૙) and without (હ ൌ ૙) 

magnon phonon coupling 
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Supplementary Note 1. Phonon calculation 

We calculated the full phonon dispersion curves for Y1-xLuxMnO3 using the PHONOPY code [1] based 

on the force constant method [2]. The force constants were constructed by means of a supercell approach 

based on the density functional perturbation theory (DFPT) [3], implemented in the VASP code. It is 

well-known that the highly-localized levels such as Mn-3d orbital are not well described by normal 

DFT calculations, and thus we applied the Perdew Burke-Ernzerhof (PBE) method [4] including U in 

order to restore the strong electron-electron exchange-correlation effect [5]. This method was employed 

for the better description of the Mn-3d orbital in RMnO3. Specifically, we used the value of U for the 

3d orbital of Mn as 4 eV, which is slightly larger than 2.6 eV estimated from previous calculations [6]. 

Then, we constructed a rhombohedral-shape supercell, corresponding to 3 unit cells containing 90 

atoms. Although manganese spins couple antiferromagnetically, we used a ferromagnetic spin structure 

to preserve the crystal symmetry. Another way to preserve the crystal symmetry is neglecting the spin 

character of Mn3+ spin, but the associated energy error is much larger for the latter [7]. All the atomic 

positions were fully relaxed until the Hellmann-Feynman force on each atom was reduced to 0.01 eV/Å. 

The calculated phonon DOS reproduces the peak structures well in the measured powder phonon spectra 

of YMnO3 and LuMnO3. We also checked that our calculated phonon dispersion along the [H 0 12] 

direction for YMnO3 is in a good agreement with the result reported in Ref. [8]. 

 

Supplementary Note 2. Calculation of spin waves with a magnon phonon couplingPhonon 

The phonon Hamiltonian and the displacement vector of the j-th atom in the l-th unit cell are given by: 

phܪ ൌ ∑ ܺph
ற ሺ݇ሻ ቀߗ 0

0 ߗ
ቁܺphሺ݇ሻ௞   (1) 

ܺphሺ݇ሻ ൌ ൫ܾ௞ଵ ⋯ܾ௞ఒ ⋯ܾି௞ଵ
ற ⋯ܾି௞ఒ

ற ⋯ ൯
୘
, ߗ ൌ

ۉ

ۈ
ۇ

ఠೖభ

ଶ

⋱
0

0
ఠೖభ

ଶ

ی⋰

ۋ
ۊ

  (2) 

௝,௟܃ ൌ ට
԰

ଶே௠ೕఠೖഊ
∑ ௝,௞ఒ݁܄

௜௞⋅൫ோ೗ା௥ೕ൯൫ܾ௞ఒ ൅ ܾି௞ఒ
ற ൯௞,ఒ ,  (3) 

 

where R and r indicate the unit cell and atom positions, while λ is a band index. The phonon frequencies 

ωkλ and eigenvectors Vj,kλ have been calculated as described in the section 1 for the phonon calculations. 
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Magnon 

For our spin waves calculations, we used the following ground states from Ref. [9]: Γ3 for YMnO3, Γ4 

for LuMnO3, and Γ3+Γ4 for (Y0.5Lu0.5)MnO3. The spin Hamiltonian is given by:  

୫ܪ ൌ ଵܬ ∑ ௜܁ ∙ ௝܁ ൅ ଶܬ ∑ ௜܁ ∙ ௝܁ ൅ ଵܦ ∑ ሺ ௜ܵ
௭ሻଶ௜ ൅ ଶܦ ∑ ሺ ௜ܵ

௡ሻଶ௜interintra   (4) 

Here, n denotes the direction of easy axis anisotropies, which is different for each of the three 

compounds. For the 120 magnetic structure, the spin Hamiltonian can be written in the following form 

using Holstein Primakoff operators: 

୫ܪ ൌ ܵ∑ ܺ୫
ற

௞ ሺ݇ሻ ቀ ܮ ܯ
ܯ ܮ

ቁܺ୫ሺ݇ሻ  (5) 

L ൌ ൬ ଵܲ ൅ Δܫଷ 0
0 ଶܲ

∗ ൅ Δܫଷ
൰ , ܯ ൌ ൬

3 ଵܲ ൅ ଷܫଵܦ 0
0 3 ଶܲ

∗ ൅ ଷܫଵܦ
൰	  

ଵܲ ൌ ቌ
0 ଵଶܣ

∗ ଷଵܣ
ଵଶܣ 0 ଶଷܣ

∗

ଷଵܣ
∗ ଶଷܣ 0

ቍ , ଶܲ ൌ ቌ
0 ସହܣ

∗ ଺ସܣ
ସହܣ 0 ହ଺ܣ

∗

଺ସܣ
∗ ହ଺ܣ 0

ቍ , ଷܫ ൌ ൭
1 0 0
0 1 0
0 0 1

൱  (6) 

ܺmሺ݇ሻ ൌ ൫ܽ௞ଵ ⋯ܽ௞଺	ܽି௞ଵ
ற ⋯ܽି௞଺

ற ൯
୘

  

௟௠ܣ ൌ
ଵ

଼
∑ ∙௜௝݁௜௞ܬ

ሺோሺ௝ሻିோሺ௜ሻሻ
௜ሺ௟ሻ,௝ሺ௠ሻ ߂			, ൌ

ଵ

ଶ
ሺܬଵ ൅ ଶܬ2 ൅ ଵܦ െ  ଶሻ  (7)ܦ2

Here,  i l  is the index of atoms belonging to the sublattice l and  R i  is the unit cell position of 

such atoms.  

 

Magnon-phonon coupling 

The coupling term for an exchange-striction model is given as follows:  

mpܪ ൌ ෤ߙ ∑ ቀ܍୓೔ೕ௜ ∙ ௜܃ ൅ ୓೔ೕ௝܍ ∙ ௝ቁ܃ ௜܁ ∙ ௝௜௝܁   (8) 

Here, Ui is the displacement vector of i-th manganese atom, ܍୓೔ೕ௜ denotes the unit vector connecting 

the i-th manganese atom and the neighbouring oxygen atoms between the i-th and j-th manganese atoms 

as shown in Fig. SI2, ߙ෤  is the exchange striction, ߙ෤ ൌ ݎ߲/ܬ߲ , which is naturally made into a 

dimensionless exchange-striction constant ߙ ൌ ෤ߙ ∙  .and d is Mn-O bond length at the equilibrium ,ܬ/2݀

We ignore the oxygen vibrations due to a small oxygen DOS below 20 meV, where the magneto-elastic 

excitations is present. After substituting the displacement vectors and spin operators into phonon and 

Holstein Primakoff operators as described above, the total Hamiltonian becomes 
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totܪ ൌ ܵ∑ tܺot
ற ൮

ܮ െ݅ܰற

݅ܰ Ω
ܯ െ݅ܰற

െ݅ܰ 0
ܯ ݅ܰற

݅ܰ 0
ܮ െ݅ܰற

݅ܰ Ω

൲௞ tܺot  (9) 

Xtot ൌ ൫ܽ௞ଵ ⋯ܽ௞଺	ܾ௞ଵ ⋯ܾ௞ఒ 	⋯	ܽି௞ଵ
ற ⋯ܽି௞଺

ற 	ܾି௞ଵ
ற ⋯ܾି௞ఒ

ற ⋯ ൯
୘

  (10) 

Nሺλ, 1ሻ ൌ
ଵ

଼
ට

ଷ԰ௌ

௠Mnఠೖഊ
൫۰ଷଵ ∙ ଷ,௞ఒ܅

∗ െ ۰ଶଵ ∙ ଶ,௞ఒ܅
∗ ൯  

Nሺλ, 2ሻ ൌ
ଵ

଼
ට

ଷ԰ௌ

௠Mnఠೖഊ
൫۰ଵଶ ∙ ଵ,௞ఒ܅

∗ െ ۰ଷଶ ∙ ଷ,௞ఒ܅
∗ ൯  

Nሺλ, 3ሻ ൌ
ଵ

଼
ට

ଷ԰ௌ

௠Mnఠೖഊ
൫۰ଶଷ ∙ ଶ,௞ఒ܅

∗ െ ۰ଵଷ ∙ ଵ,௞ఒ܅
∗ ൯  

Nሺλ, 4ሻ ൌ
ଵ

଼
ට

ଷ԰ௌ

௠Mnఠೖഊ
൫۰଺ସ ∙ ଺,௞ఒ܅

∗ െ ۰ହସ ∙ ସ,௞ఒ܅
∗ ൯   (11) 

Nሺλ, 5ሻ ൌ
ଵ

଼
ට

ଷ԰ௌ

௠Mnఠೖഊ
൫۰ସହ ∙ ସ,௞ఒ܅

∗ െ ۰଺ହ ∙ ଺,௞ఒ܅
∗ ൯  

Nሺλ, 6ሻ ൌ
ଵ

଼
ට

ଷ԰ௌ

௠Mnఠೖഊ
൫۰ହ଺ ∙ ହ,௞ఒ܅

∗ െ ۰ସ଺ ∙ ସ,௞ఒ܅
∗ ൯  

and 

۰௟௠ ൌ ෤ߙ ∑ ୓೔ೕ௜݁܍
௜௞∙ሺோሺ௝ሻିோሺ௜ሻሻ

௜ሺ௟ሻ,௝ሺ௠ሻ   (12) 

Here, ܅௜,௞ఒ ൌ ௜,௞ఒ݁௜௞∙௥೔܄ . Then dynamical structure factors have been calculated following the 

standard method as discussed in Ref. [10]. By comparing with the experimental data, we obtained the 
best fitting results with the following sets of the parameters: J1=J2=2.5 meV, D1=0.28 meV, D2=-0.02 

meV and α=16 for YMnO3; J1=J2=2.7 meV, D1=0.28 meV, D2=-0.02 meV and α=20 for 

Y0.5Lu0.5MnO3; J1=J2=3 meV, D1=0.28 meV, D2=-0.02 meV and α=16 for LuMnO3. Note that the 

phonon energies of Y0.5Lu0.5MnO3 have been increased by 15 % in order to reproduce the high energy 
additional peaks described in the main texts. It may be due to the error caused by the unrealistic Y and 
Lu positions of Y0.5Lu0.5MnO3 we had to use in the first-principle phonon calculation to avoid the site 
dilution problem. 

 

Supplemantary Note 3. Decay rate of magneto-elastic excitation 

One phonon model 

In the following Hamiltonian, we assumed one dispersionless optical phonon mode to form the magnon-

phonon hybrid mode: 
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ܪ ൌ ∑ܬ ቀ ௜ܵ
௫
௝ܵ
௫ ൅ ௜ܵ

௬
௝ܵ
௬ ൅ ෤ߛ ௜ܵ

௭
௝ܵ
௭ቁ ൅ ԰߱଴ ∑ ܾ௞௫ሺ௬ሻ

ற ܾ௞௫ሺ௬ሻ ൅ ෤ߙ ∑ ቀ܍୓೔ೕ௜ ∙ ௜܃ ൅ ୓೔ೕ௝܍ ∙ ௝ቁ܃ ௜܁ ∙ ௝௜௝௞௜௝܁  

 (14)  

Here, ܍୓೔ೕ௜denotes a unit vector parallel or perpendicular to the line connecting i-th Mn atoms and Oij 

depending on the spin-phonon coupling mechanism. After the successive application of Holstein 

Primakoff transformation and Bogoliubov transformation, the first term in the above equation can be 

summarized by the following equations: 

ܬ ∑ ቀ ௜ܵ
௫
௝ܵ
௫ ൅ ௜ܵ

௬
௝ܵ
௬ ൅ ෤ߛ ௜ܵ

௭
௝ܵ
௭ቁ௜௝ ൌ ܵ ∑ ௞ܽ௞ܣ

றܽ௞ െ
ଵ

ଶ
௞൫ܽ௞ܤ

றܽି௞
ற ൅ ܽି௞ܽ௞൯௞ ൌ ∑ ௞ߙ௞ߝ

றߙ௞௞   (15) 

௞ߝ ൌ ܵටܣ௞
ଶ െ ௞ܤ

ଶ	,			ܽ௞ ൌ ௞ߙ௞ݑ ൅ ௞ିߙ௞ݒ
ற 	, ௞ݑ

ଶ ൅ ௞ݒ
ଶ ൌ

ௌ஺ೖ
ఌೖ
, ௞ݒ௞ݑ2 ൌ

ௌ஻ೖ
ఌೖ

   (16) 

௞ܣ ൌ ܬ3 ൬ቀߛ෤ െ
ଵ

ଶ
ቁ ௞݂ ൅ 1൰,				ܤ௞ ൌ

ଷ௃

ଶ
ሺ1 ൅ ෤ሻߛ2 ௞݂  (17) 

௞݂ ൌ
ଵ

ଷ
∑ cosሺܓ ∙ ઼௜ሻ௜   (18) 

઼ଵ ൌ ሺ1,0ሻ, ઼ଶ ൌ ቀെ
ଵ

ଶ
, √
ଷ

ଶ
ቁ , ઼ଷ ൌ ቀെ

ଵ

ଶ
, െ √ଷ

ଶ
ቁ  (19) 

The quadratic part of the Hamiltonian can be written in the following matrix form: 

ଶܪ
௞ ൌ ܻற݄ܻ  (20) 

Y ൌ ൫ߙ௞	ߚ௞	ିߙ௞
ற ௞ିߚ	

ற ൯
୘
	,				݄ ൌ

ଵ

ଶ
ቀܨ ܩ
ܩ ܨ

ቁ  (21) 

௞ߚ ൌ ሺ߯௞௫ܾ௞௫ ൅ ߯௞௬ܾ௞௬ሻ |૏௞|⁄   (22) 

ܨ ൌ ቀ
௞ߝ ܿ௞
ܿ௞ ԰߱଴

ቁ ܩ			, ൌ ൬
0 ܿ௞
ܿ௞ 0 ൰  (23) 

Here, the operator ߚ௞ represents a linear combination of the two degenerate phonon modes that is 

coupled to the magnon branch.  

When the bond length change is important, the coupling factor ૏௞ in (22) is given by 

૏௞ ൌ ૛઼∙ܓଵ൫݁௜܍ െ ݁ି௜ܓ∙઼૜൯ ൅ ૜઼∙ܓଶ൫݁௜܍ െ ݁ି௜ܓ∙઼૚൯ ൅ ૚઼∙ܓଷ൫݁௜ࢋ െ ݁ି௜ܓ∙઼૛൯  (24) 

ଵ܍ ൌ ሺ0,1ሻ,			܍ଶ ൌ ቀെ √ଷ

ଶ
, െ

ଵ

ଶ
ቁ,			܍ଷ ൌ ቀ√ଷ

ଶ
, െ

ଵ

ଶ
ቁ  (25) 
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Alternatively, when the bond angles are relevant, the coupling term is also given by eq. (20) with ૏௞ ൌ

઼ଶ൫݁௜ܓ∙઼భ ൅ ݁ି௜ܓ∙઼య൯ ൅ ઼ଷ൫݁௜ܓ∙઼మ ൅ ݁ି௜ܓ∙઼భ൯ ൅ ઼ଵ൫݁௜ܓ∙઼య ൅ ݁௜ܓ∙઼మ൯. 

The magnon-phonon coupling parameter ܿ௞ in (23) can be written as 

ܿ௞ ൌ ݃ ∙ ටܵܬ
ଷௌ

଼
ሺݑ௞ ൅  ௞ሻ|૏௞|   (26)ݒ

where 

݃ ൌ ߙ ∙
ଵ

ଶௗ
ට

԰

ଶ௠Mnఠబ
   (27) 

Here, g is the product of the dimensionless exchange-striction strength α and the average zero-point 

atomic displacement in units of 2d associated with the phonon mode ߱଴: 
ଵ

ଶௗ
ට

԰

ଶ௠౉౤ఠబ
. Although the 

former constant is large, meaning that the dimensional exchange-striction ߙ෤ ൌ  is several times ݎ߲/ܬ߲

larger than the exchange energy, the latter quantity is only about 0.015. Therefore, the overall magnon-

phonon coupling strength still remains small compared to exchange energy. Using estimates for α 

above, altogether, ݃~0.1 െ 0.2. This value of the magnon-phonon coupling is in agreement with the 

general discussion of it given in Refs. [11,12]. The smallness of the coupling also justifies neglecting 

the higher-order coupling terms as well as the more traditional two-magnon—one-phonon couplings as 

these lead to the effects of order ݃ଶ. 

For the convenience of our calculations, we define the original magnon branches located below 20 meV 

as the “mode 0” and the top branches at about 20 meV as the “mode 1”. Now, the Hamiltonian can be 

transformed to the diagonalized form [13] with the energies given by the following equations: 

଴௞ܧ ൌ
ඨఌೖ

మା԰మఠబ
మିට൫ఌೖ

మା԰మఠబ
మ൯
మ
ିସ൫԰మఌೖ

మఠబ
మିସ԰௖ೖమఌೖఠబ൯

ଶ
  

ଵ௞ܧ ൌ
ඨఌೖ

మା԰మఠబ
మାට൫ఌೖ

మା԰మఠబ
మ൯
మ
ିସ൫԰మఌೖ

మఠబ
మିସ԰௖ೖమఌೖఠబ൯

ଶ
  (28) 

We note that away from the level-crossing region, ߝ௞ ൎ ԰߱଴ , Eq. (28) closely describes original 

magnon and phonon modes, but near that region they are strongly intermixed.  

The additional Bogoliubov transformation that diagonalizes the Hamiltonian by mixing magnons and 
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phonons is 

ܽ௞ ൌ ଴,௞ߛ଴௞ݑ ൅ ଵ,௞ߛଵ௞ݑ ൅ ଴,ି௞ߛ଴௞ݒ
ற ൅ ଵ,ି௞ߛଵ௞ݒ

ற   (29) 

where ߛ଴ሺଵሻ,௞ are the operators of the new quasiparticles: magneto-phonon modes. Using the smallness 

of the magnon-phonon coupling parameter ܿ௞ in (26), associated with the smallness of the magnon-

phonon coupling g, one can write the parameters of this transformation as: 

଴௞ݑ ≃ ௞ݑ ට1 ൅ ቀ ௖ೖ
ாబೖି԰ఠబ

ቁ
ଶ

ൗ   

ଵ௞ݑ ≃ ቂ ௖ೖ
ሺாభೖିఌೖሻ

௞ݑ െ
௖ೖ

ሺாభೖାఌೖሻ
௞ቃݒ ට1 ൅ ቀ ௖ೖ

ாభೖିఌೖ
ቁ
ଶ

ൗ   

଴௞ݒ ≃ ௞ݒ ට1 ൅ ቀ ௖ೖ
ாబೖି԰ఠబ

ቁ
ଶ

ൗ
	
  

ଵ௞ݒ ≃ ቂ ௖ೖ
ሺாభೖିఌೖሻ

௞ݒ െ
௖ೖ

ሺாభೖାఌೖሻ
௞ቃݑ ට1 ൅ ቀ ௖ೖ

ாభೖିఌೖ
ቁ
ଶ

ൗ   (30) 

When the original, unperturbed magnon band is near the phonon branch, ߝ௞ ൎ ԰߱଴, the energies of the 

magneto-phonon modes can be written as 

଴௞ܧ ≃ ௞ߝ െ   ௞߂

ଵ௞ܧ ≃ ԰߱଴ ൅    ௞߂

where the splitting  

௞߂ ൌ ܿ௞  (31) 

is linear in the magnon(spin)-phonon coupling. The physics here is that of the mode mixing and level 

repulsion. One can, therefore, be able to determine the dimensionless exchange-striction strength α 

directly from the value of the gap between the modes 0 and 1. Using the magnon bandwidth from Fig. 

SI3 of 20 meV, spin value S=2, and the splitting 2߂௞ ൎ 2meV, an estimate from Eqs. (26,27) yields 

10~ߙ െ 20, in agreement with the other approaches. 

 

Cubic anharmonicity  

The cubic term from the spin Hamiltonian is given by 
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ଷܪ
଴ ≅ ටܬ

ௌ

ଶ
∑ sinߠ௜௝ൣܽ௜

றܽ௜൫ ௝ܽ
ற ൅ ௝ܽ൯ െ ௝ܽ

ற
௝ܽ൫ܽ௜

ற ൅ ܽ௜൯൧௜௝   

ൌ 2ܵ√ܬ݅ ∑ ∑ sin൫ۿ ∙ ઼௜௝൯	sin൫ܓଷ ∙ ઼௜௝൯൫ܽି௞భ
ற ܽ௞మܽ௞య ൅ ܽି௞భ

ற ܽ௞మܽି௞య
ற ൯௞భ,మ,య௜௝   (32) 

Here, ۿ ൌ ሺ43ܽ/ߨ, 0ሻ is the ordering vector associated with the 120 ordering structure. 

Note that the cubic term from the spin phonon coupling is negligible due to small mean fluctuations of 

atoms as discussed in Section 2.5. Using Eq. (29), the symmetrized Hamiltonian becomes 

ଷܪ ൌ ∑ ቂଵ
ଶ!
Γଵ
ఓఔఎሺݍ, ݇ െ ;ݍ ݇ሻߛఓ,௤

ற ఔ,௞ି௤ߛ
ற ఎ,௞ߛ ൅

ଵ

ଷ!
Γଶ
ఓఔఎሺݍ, െ݇ െ ,ݍ ݇ሻߛఓ,௤

ற ఔ,ି௞ି௤ߛ
ற ఎ,௞ߛ

ற ቃ௞௤,ఓఔఎ   (33) 

Γଵ,ଶ
ఓఔఎ ൌ ටܬ3݅

ଷௌ

ଶ
Γ෨ଵ,ଶ
ఓఔఎ  (34) 

Γ෨ଵ
ఓఔఎ ൌ ݂ଵ̅൫ݑఓଵ ൅ ఎଷݑఔଶݑఓଵ൯൫ݒ ൅ ఎଷ൯ݒఔଶݒ ൅ ݂ଶ̅ሺݑఔଶ ൅ ఎଷݑఓଵݑఔଶሻ൫ݒ ൅ ఎଷ൯ݒఓଵݒ െ ݂ଷ̅൫ݑఎଷ ൅

ఔଶݒఓଵݑఎଷ൯൫ݒ ൅   ఔଶ൯ݑఓଵݒ

Γ෨ଶ
ఓఔఎ ൌ ݂ଵ̅൫ݑఓଵ ൅ ఎଷݒఔଶݑఓଵ൯൫ݒ ൅ ఎଷ൯ݑఔଶݒ ൅ ݂ଶ̅ሺݑఔଶ ൅ ఎଷݒఓଵݑఔଶሻ൫ݒ ൅ ఎଷ൯ݑఓଵݒ ൅ ݂ଷ̅൫ݑఎଷ ൅

ఔଶݒఓଵݑఎଷ൯൫ݒ ൅   ఔଶ൯ݑఓଵݒ

݂௜̅ ൌ
ଵ

ଷ
∑ sin൫ܓ௜ ∙ ௝൯௝܌   (35) 

Here ߤ, ,ߥ  .are 0 or 1 indices of the magneto-phonon modes in Eq. (29) ߟ

The relevant decay channel for the quasiparticle with energy 1kE  (magneto-phonon mode) should be 

ଵ߁
଴଴ଵሺݍ, ݇ െ ;ݍ ݇ሻߛ଴,௤

ற ଴,௞ି௤ߛ
ற  ଵ,௞  (36)ߛ

due to the kinematic condition. To investigate the decay rate of each mode, the decay channels should 

be specified. Following the same notation for the modes we used for Eq. (29), we can neglect the 0→

{0,0} decay channel due to a large easy-plane anisotropy close to the critical value of 0.92, below which 

the decays are completely eliminated [15]. Similarly, 1→{1,1} and 1→{1,0} decays are also forbidden 

since two quasi-particles states of the decay products should lie at much higher energies. Therefore, 1

→{0,0} decay is the only relevant channel and the calculated minimum of two quasi-particles 

continuum from mode 0 is clearly below mode 1 Then, the decay rate of mode 1 is given by the 

following equation. 
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ଵ,௞߁ ൌ
ଵ

ଶ
Im ൬∑

ห௰భ
బబభሺ௤,௞ି௤;௞ሻห

మ

ாభ,ೖିாబ,೜ିாబ,ೖష೜ା௜଴
௤ ൰  (37) 

The calculated result shown in Fig. 3 in the main text shows clear signatures of singularity in the decay 

rate. Although the actual decay rate should be regularized by a proper self-consistent approach, the 

decay rate would remain significant [14,15]. 

 

Dynamical structure factor 

The general spectral properties of branch  can be obtained from the spectral function  

,ݍఓሺܣ ߱ሻ ൌ െ
ଵ

గ
Imܩఓሺݍ, ߱ሻ  (38) 

The Green function for branch   is given by 

,ݍఓିଵሺܩ ߱ሻ ൌ ߱ െ ఓ௤ܧ െ ,ݍఓሺߑ ߱ሻ  (39) 

Since we are interested in linewidth broadening due to decays, only the imaginary part of the decay rate 
is considered. Then, the on-shell self-energy is given by 

,ݍஜ൫ߑ ߱ ൌ ఎ,௤൯ܧ ൌ െ݅ ∑
గ

ଶ
ห߁ଵ

ఓఔఎሺ݌, ݍ െ ;݌ ሻหݍ
ଶ
δ൫ܧఎ,௤ െ ఓ,௣ܧ െ ఔ,௤ି௣൯௣,ఓఔܧ   (40) 

The dynamical structure factor can be calculated using the spectral function Eq. (38). 

ܵሺݍ, ߱ሻ ൌ ቀδఈఉ െ
௞ഀ௞ഁ
௞మ

ቁ ܵఈఉሺݍ, ߱ሻ  (41) 

Up to the ܱሺ1 ܵ⁄ ሻ order, each component of dynamical structure factor is given by the following 
equations [16]. 

ܵ௫బ௫బሺݍ, ߱ሻ ൌ ܵ௭బ௭బሺݍ, ߱ሻ ൌ
ଵ

ସ
൫ܵ௫௫ሺିݍ,߱ሻ ൅ ܵ௫௫ሺݍା,߱ሻ ൅ ܵ௭௭ሺݍା, ߱ሻ൯  

ܵ௬బ௬బሺݍ, ߱ሻ ൌ ܵ௬௬ሺݍ, ߱ሻ   (42) 

Then, Eq. (42) can be rewritten by 

ܵሺݍ, ߱ሻ ൌ ቀ1 െ
௞೤మ

௞మ
ቁ ܵ௬బ௬బሺݍ, ߱ሻ ൅ ቀ2 െ

௞ೣమା௞೥మ

௞మ
ቁ ܵ௫బ௫బሺݍ, ߱ሻ  (43) 

ܵ௫௫ሺݍ, ߱ሻ ൎ ∑ ௌ

ଶ
൫ݑఓ,௤ ൅ ఔ,௤൯ݒ

ଶ
ଵଵܣ
ఓ ሺݍ, ߱ሻఓ   

ܵ௬௬ሺݍ, ߱ሻ ൎ ∑ ௌ

ଶ
൫ݑఓ,௤ െ ఔ,௤൯ݒ

ଶ
ଵଵܣ
ఓ ሺݍ, ߱ሻఓ   

ܵ௭௭ሺݍ, ߱ሻ ൌ
ଵ

ଶ
∑ ൫ݑఓ,௣ݒఔ,௣ି௤ ൅ ఔ,௣ି௤൯ݑఓ,௣ݒ

ଶ
൫߱ߜ െ ఓ,௣ܧ െ ఔ,௣ି௤൯௣,ఓఔܧ   (44) 



14 

 

The result summarized in Supplementary Figure 3 describes the high energy peak intensities as well as 

the linewidth broadening. 

 

Supplementary Note 4. Polarized inelastic neutron scattering 

Polarized inelastic neutron scattering experiment on two coaligned LuMnO3 single crystals 

(size~5515 mm3 each) has been performed using the C5 triple axes spectrometer at Chalk River 

Laboratories, Canada. A vertically focusing Heusler and two pyrolytic graphite filters are used as an 

analyzer. A five coil assembly has been used to control the field direction, and the final energy has been 

fixed to 13.7 meV. We performed the polarization analysis of the bottom mode at the B point. The spin 

flip and nonspin flip channel for horizontal (H//Q) and vertical applied field (H//c) together with the 

calculation results are summarized in Fig. SI3. It shows that the spin phonon model explains the peak 

splitting of the bottom mode at B point as well as the polarization of the mode.     
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