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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 gq-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).
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Supplementary Figure 3 Comparison of experimental and theoretical results. Constant g-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) LuMnOs and (¢) YMnOs. 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 LuMnOs. (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.



Ji(meV) | L (meV) | Dy (meV) | Dy (meV) o

YMnO; 4 1.8 0.28 -0.02 0
2.5 2.5 0.28 -0.02 16

Yo.5LugsMnO; 12.5 0.97 0.18 -0.018 0
2.7 2.7 0.28 -0.02 20

LuMnO; 9 1.4 0.28 -0.02 0

3 3 0.28 -0.02 16

Supplementary Table 1 Summary of parameters for

magnon phonon coupling

models with (a # 0) and without (a = 0)




Supplementary Note 1. Phonon calculation

We calculated the full phonon dispersion curves for Y.xLuxMnOs 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 RMnOs. 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 Mn®" 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/A.
The calculated phonon DOS reproduces the peak structures well in the measured powder phonon spectra
of YMnO; and LuMnOs;. We also checked that our calculated phonon dispersion along the [H 0 12]

direction for YMnOs 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 1-th unit cell are given by:

N 0
Hy = Ze X5 (g ) X (1)
e
T .
Xon(k) = (bkl "'bkl"'bikl "'bjka ) 0= - o )
0 2
h ik- .
U= 2Nmjwiy Ziea Viere™ (Rl+r])(bk/1 + bika)v 3)

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

o and eigenvectors Vj iy have been calculated as described in the section 1 for the phonon calculations.



Magnon

For our spin waves calculations, we used the following ground states from Ref. [9]: '3 for YMnOs, [}

for LuMnOs3, and [3+4 for (Yo.sLuos)MnOs. The spin Hamiltonian is given by:

Hy=]1 Zintra S;- Sj +/; Zinter S;- Sj + Dy Zi(SiZ)Z + D, Zi(sin)z 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:

L M
H = ST X5 G0 (3 ] ) Xm(K) (5)
L= (Pl + Al 0 ) M= (3P1 + D, 15 0 )
- 0 Py + AL)’ o 0 3P; + D13
0 Al Az 0 Ais Aes 1 0 0
Pl = AlZ 0 A§3 B PZ = A45 0 AEG ) 13 = O 1 0 (6)
A3, Ay 0 Az Az O 0 0 1

T
X () = (agy -~ agg al oy -al )
1 ik-(R())—R(i 1
Aim = 5 Ziqy,jemJije ™ FD RO A =2y + 2], + Dy — 2Dy) (7)
Here, i(l ) is the index of atoms belonging to the sublattice [ 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:
Hmp = &EU (eoiji . Ui + eoijj : U]) Si : S] (8)

Here, U; is the displacement vector of i-th manganese atom, €o,;i 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, & is the exchange striction, & = dJ/dr, which is naturally made into a
dimensionless exchange-striction constant @ = & - 2d/J, and d is Mn-O bond length at the equilibrium.
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



L —iNt M —iNt

iN Q —iN 0

MoiNt L -t e ©)
iN 0 iN Q

Htot - SZk tot

T
Xiop = (akl e Qg g+ by a’ikl a’i% bikl "'bikl ) (10)
1 [ 3ns . .
N 1) = ot (Bs31 - W32 — Byy - W5 5)
1 * *
N, 2) = 3 ( 12" Wika — Baz 'W3,k/1)
1 [ 3ns . .
N, 3) = PN (B3 *W3 2 — Bis 'W1,k/1)
1 * *
N 4) = PN e (B64 "We k1 — Bsa 'W4,k/1) (11)
N@,5) = 5 ——— (345 W, 2 — Bes - W s2)
1 * *
N, 6) = — wkl( s6° W1 — Bas " Wi 1)
and

Bim = & Xi(1),jm) €08 FD RO (12)

Here, Wiy, = Vi,kleik'rl’. 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: Ji=/,=2.5 meV, D1=0.28 meV, D,=-0.02

meV and a=16 for YMnOs;; J;=/,=2.7 meV, D;=0.28 meV, D,=-0.02 meV and a=20 for
Yo.s5LuosMnOs; J;=/,=3 meV, D;=0.28 meV, D,=-0.02 meV and a=16 for LuMnO;. Note that the

phonon energies of Yo.sLuosMnO3 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 Yo.5LuosMnO3z 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:



H =] 5i(SFSF +57SY + 7SESF) + hwvo Tic by brxiyy + @ Bij (€00 Ui + €0, - U;) Si S,
(14)

Here, eo,; ;denotes a unit vector parallel or perpendicular to the line connecting i-th Mn atoms and O,

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:

~ 1
J5i(SESF +57SY +75287) = SN Avaja — > Bie(afaly + aspay) = S aafa,  (15)

&g =S fAi —BZ, ap = uay + vkaik , Uz + v = S:J, 2Uu vy = Sgﬂ (16)
k k
L1 3 -
ac=3 (-2 fe+1), Be=Za+2nfe a7
1
fie =5 Xicos(k- §;) (18)

8,=(10), 8, =(-2.2), 8,=(-1,-8) (9

The quadratic part of the Hamiltonian can be written in the following matrix form:
HY =ythy (20)

FG)

Y=(apeat, g1 n=2(5 %) e

Br = Ulrxcbiex + Xieybiey) / 1 Xk (22)
F_(sk Ck) G—(O Ck> (23)
T \ex hwe) T T\ O
Here, the operator S, 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 X, in (22) is given by

Xk = el(eik-ﬁz _ e—ik-Sg) + ez(eik-Sg _ e—ik-81) + eg(eik-ﬁl _ e—ik-ﬁz) (24)
e =00 e=(-2,-0), e;=(L,-) ()



Alternatively, when the bond angles are relevant, the coupling term is also given by eq. (20) with X, =

Sz(eik-ﬁl + e—ik-83) + Sg(eik-sz n e—ik-sl) + Sl(eik-83 n eik-sz).

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

s
k=49 ']5\/2(1% + vi) [ Xk (26)
where
g=a = i (27)

2d | 2mypwo

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

. . . . . . 1 h
atomic displacement in units of 2d associated with the phonon mode wy: 2a /Zm —. Although the
Mn®o

former constant is large, meaning that the dimensional exchange-striction & = dJ/dr is several times
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 a
above, altogether, g~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 g2.

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:

2
5,2(+h2w§—\/(£,2€+h2w§) —4(h2efwi—4hcp2ewo)
Eor =
2

2, 32,2 2 p22)? 22,2 2
ei+h w0+\/(£k+h w?3) —4(h2ei w3 —4hcy2epwo)
Ey = \/ (28)

2

We note that away from the level-crossing region, &, = hwg, 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

10



phonons is

g = UokYok + UrkV1k T UORVoT,_k + vlk}’f,_k (29)

where Yoy, 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:

Ug = u/ 1+ (C—k)z

Eok—hwo

N[ Ck o ]/ 1+( ck )2
tik = (E1k—£k)uk (E1k+8k)vk Eik—&k

Vo = Vie/ |1+ (C—k)z

Eok_h(l)o

2
N Ck ek Ck
Vik = [(E1k—8k) Vk (E1kter) uk]/ L+ (E1k—€k) (30)

When the original, unperturbed magnon band is near the phonon branch, ¢, = hw, the energies of the
magneto-phonon modes can be written as

Eop = & — 4y

Elk = h(l)o + Ak

where the splitting

Ak :Ck (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 o
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 24, =~ 2meV, an estimate from Eqgs. (26,27) yields

a~10 — 20, in agreement with the other approaches.

Cubic anharmonicity

The cubic term from the spin Hamiltonian is given by

11



H? E]\EZU sinf;; [azrai(a; +a;) — a;aj(azr +a;)]

= i]\/ﬁzij D sin(Q - Sij) sin(ks - Sij)(aiklakz ap, + aiklak2 aik3) (32)

Here, Q = (4r/3a,0) 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

1 1
H3 = qu,mm [; Ffvn (q' k — qQ; k)VJ,qVJ,k_qyn,k + ; lewn (q' —k — q, k)YJ,qYJ-k-qYJ_k] (33)

;5" =3ij \/? vyl (34)

ffwn = fl(u/,tl + Vul)(uvzuns + vvzvnS) + fo(uy, + vvz)(uulunS + vﬂlvnS) - f3(un3 +
vn3)(uu1vv2 + vuluvz)

lewn = fl(u/,tl + vul)(uvzvnS + Uvzuns) + fo(uy, + Uvz)(uulvn3 + vﬂlun3) + f3(un3 +
vn3)(uu1vv2 + vuluvz)

fi=33sin(k;-d;) (39

Here u,v,n are 0 or 1 indices of the magneto-phonon modes in Eq. (29).

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

L0Mq, k — @ K)Vg o Vor—qVie  (36)

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.

12



2
|r2°* (q.k—q;k)| )
1,k—Eo0,q—Eo,k—q+i0

1
M =2 (%, (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 x can be obtained from the spectral function

1
Ay (CI, 0.)) == = ImGy (CI, 0.)) (38)
The Green function for branch u is given by
G;'(qw) = w—Ey—2,(q0) (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

Zu(q’“’ = Enlq) = _izp.uvg |F1wn(p'q -bp q>|25(En.q —Eup— Ev.q—p) (40)

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

5@, ) = (8ap = “52) Sup(q, ) (@1

Up to the O(1/S) order, each component of dynamical structure factor is given by the following
equations [16].

1
Sxoxo (qw) = Szozo (q,w) = Py (Sxx (q-, 0) + Sxx (g4, @) + S,,(q4, w))

Syoye (@ @) = Syy(q, w) (42)

Then, Eq. (42) can be rewritten by

kZ+kZ

@) =(1-2)5,,,@ o) + (25255, o) @)

S 2
Sxx (Q: w) =~ Z,ug (u,u,q + 171/,q) Al1t1 (Qv w)
S 2 u
Syy(q,w) = Zu}(uu,q - 171/,q) A7, (q, w)

1 2
S22(q ) = Ezp,uV(uu.pvv,p—q + Vuplhyp-q) 6(0 = Eup = Evpq) (44)
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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 LuMnOs single crystals
(size~5x5x15 mm® 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//¢) 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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