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The breakdown of magnons, the quasiparticles of magnetic systems, has rarely been seen. By using an

inelastic neutron scattering technique, we report the observation of spontaneous magnon decay in

multiferroic LuMnO3, a simple two dimensional Heisenberg triangular lattice antiferromagnet, with large

spin S ¼ 2. The origin of this rare phenomenon lies in the nonvanishing cubic interaction between

magnons in the spin Hamiltonian arising from the noncollinear 120� spin structure. We observed all three

key features of the nonlinear effects as theoretically predicted: a rotonlike minimum, a flat mode, and a

linewidth broadening, in our inelastic neutron scattering measurements of single crystal LuMnO3. Our

results show that quasiparticles in a system hitherto thought of as ‘‘classical’’ can indeed break down.
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The notion of a renormalized and stable quasiparticle,

introduced by Landau for the Fermi liquid [1], where the

behavior of strongly interacting real particles is replaced

by weakly interacting collective excitations or quasipar-

ticles, is fundamental to modern theories of condensed

matter physics. For example, an understanding of the

electron quasiparticle dispersion is central to research in

high temperature superconductors [2–4]. Despite the suc-

cess of the theories based on stable quasiparticles, their

breakdown has been predicted and indeed observed in

some rare cases. The prime example is the breakup of

electrons into spinons and holons in 1D quantum spin

systems [5,6].

The magnon is the quasiparticle of magnetic systems

with long-range order. Arguably, the most detailed infor-

mation on such systems, particularly on the interactions

between magnetic moments, can be obtained by measuring

the properties of magnons, such as their dispersion curve,

for which inelastic neutron scattering is especially suited

[7,8]. However, just like the breakdown of electron quasi-

particles in a 1D chain, magnons can break down under

certain unique conditions, which have been observed in

cases with S ¼ 1
2
[9].

Recently, spontaneous magnon decay has been proposed

to occur even in more classical-like large spin systems

[10–13]. The essence of this theory is that in the 2D

triangular lattice Heisenberg antiferromagnet with a non-

collinear ground state, the cubic terms in the expansion of

the Holstein-Primakoff expression for the spin operators

are not prohibited by symmetry, unlike for collinear mag-

netic order. The noncollinear order permits coupling

between Sz spin components along the moment direction

on one sublattice with Sx;y transverse components on other

sublattices. The transverse (longitudinal) fluctuations

include one-magnon (two-magnon) terms, so mixing these

terms allows the decay of single magnons into two when

kinematic constraints are met [12]. This coupling is also

responsible for a q-dependent renormalization of the

single-magnon energies, which results in a rotonlike mini-

mum in the dispersion and flattening of the top of the

spectrum [11,12].

In this Letter, we report direct experimental evidence of

magnon breakdown in LuMnO3, which is a 2D triangular

lattice Heisenberg antiferromagnet with a noncollinear

120� structure and S ¼ 2. Our results demonstrate that

although the overall features of the measured dispersion

curves are consistent with linear spin wave theory, there are

unmistakable signs of magnon breakdown exactly where

the theory [14] predicts such highly unusual behavior to

occur.

LuMnO3 forms in a layered structure with the P63cm
space group and belongs to the famous multiferroic hex-

agonal manganites [15,16]. As an improper ferroelectric, it

undergoes a ferroelectric transition at 1050 K from cen-

trosymmetric P63mmc to the noncentrosymmetric P63cm.

The origin of this ferroelectric transition was shown to be
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due to the buckling of the MnO5 bipyramid and pd hy-

bridization [17,18], which also results in a trimerization of

the 2DMn triangular lattice [19]. Upon further cooling, the

2D Mn network undergoes an antiferromagnetic transition

to the so-called 120� structure [20,21]. Below this transi-

tion, the Mn moments become involved in a very unusual

spin-lattice coupling leading to a giant off centering of the

Mn position [22,23]. At the same time, this off centering

gives rise to a very large volume reduction below TN ¼
90 K, where the anharmonic phonons are frozen, so no

thermal expansion is expected [24].

In the antiferromagnetic phase, Mn moments form a

distorted triangular lattice as shown in Fig. 1. The spin

dynamics of the Mn moments can be described by the

following spin Hamiltonian:

H ¼ �J 1

X

intra

Si � Sj � J 2

X

inter

Si � Sj � J 3

X

next nn

Si � Sj

� J c
1

X

out intra

Si � Sj � J c
2

X

out inter

Si � Sj

�D1

X

i

ðSz
i Þ
2 �D2

X

i

ðn � Sz
i Þ
2; (1)

where J 1 (J
c
1) and J 2 (J

c
2) are the intra- and intertrimer

in-plane (out-of-plane) exchange couplings, respectively,

J 3 is the in-plane next nearest coupling, while D1 and D2

are magnetic anisotropy constants. The distinction between

J 1 and J 2 arises from the off centering of Mn a-axis
displacement x below TN [22]. This further doubles the

number of allowed spin wave modes to six, although they

are nearly degenerate except near the � point [25].

The full dispersion curves of the spin waves of LuMnO3,

shown in Fig. 2, were measured by inelastic neutron scat-

tering on a single crystal with total mass � 3 g grown by

using a commercial infrared mirror furnace (Crystal

Systems, Japan). Measurements were carried out using

the MAPS time-of-flight (ToF) spectrometer at the ISIS

facility, UK, and the C5 triple-axis spectrometer (TAS) at

the Canadian Neutron Beam Center, Chalk River, Ontario.

The incident energy was 40 meV for the ToF measurement,

with the chopper speed set at 250 Hz in order to optimize

the resolution, and the sample was mounted with the

c

b

b

a

FIG. 1 (color online). The structure of LuMnO3 showing the

Mn-O plane (left), triangular lattice (right), the trimer units (light

triangles), and exchange interactions considered in the spin

Hamiltonian (thick lines).
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FIG. 2 (color online). Inelastic neutron scattering data along high symmetric directions: fitted peak positions from TAS data (filled

circle), ToF data (open square and the contour map), and the fitted dispersion (solid curves) calculated by linear spin wave theory. The

first Brillouin zone labels for the hexagonal unit cell (bottom text line) and triangular unit cell (line above) are also shown, together

with a sketch of the triangular Brillouin zone (top right corner). The top panel shows the fitted FWHM of the 20 meV peaks from the

ToF data, indicating broad peaks, possibly due to magnon decay, only near ( 1
2
1
2
0) and ( 1

2
00).
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(HHL) scattering plane horizontal and ki along (001), such
that the (HK0) plane is imaged on the (vertical) detectors.

A different horizontal scattering plane (H0L) was used for
the TAS measurement, with the following spectrometer

configuration: 0.55�-PG(002)-0.48�-sample-0.55�-PG(002)-

1.2�-detector, where the angles denote horizontal collima-

tion and PG(002) is the Bragg reflection used for the

monochromator and analyzer. In both cases, the data

were taken at 13 K, well below TN .

The dispersion was calculated using standard methods

with the best fit to the measured inelastic neutron spectra

obtained by a minimal set of parameters: J 1 ¼ �9 meV,
J 2 ¼ �1:4 meV, J c

1 ¼ �0:018 meV, J c
2 ¼ J 3 ¼

0 meV, D1 ¼ �0:28 meV, and D2 ¼ 0:006 meV. Except
for some discrepancies related to the magnon decay dis-

cussed later, the key features of the measured spin waves

are well captured by this model.

The fits yield jJ 1j> jJ 2j, consistent with our high

resolution neutron diffraction studies [22], which found a

large Mn off-centering distortion below TN , resulting in

two of the six nearest neighbor Mn-Mn bonds (correspond-

ing to J 1) becoming shorter than the others. This contrasts

with previously reported TAS spin wave measurements

[26] which suggested the opposite. In particular, the

authors reported only two peaks at the M point ( 1
2
00),

which is only consistent with the case of jJ 1j � jJ 2j, as
shown in Fig. 3. Our data show three modes at M and a

mode crossing at K which may only be explained by

jJ 1j> jJ 2j.
The large ratio J 1=J 2 � 6:4, albeit within the stability

limit of the long-range 120� structure, unlike in LiVO2

[27], is unexpected. In terms of the spin wave dispersion, it

is required by the large gap between two upper spin wave

modes, which is degenerate when J 1 ¼ J 2. A ferromag-

netic next nearest neighbor interaction has the same effect,

permitting a lower J 1=J 2. However, this also decreases

the energy of the spin waves at �, requiring a higher single
ion anisotropy to compensate. The best fit in this case was

with J 1¼�6:4meV, J 2 ¼ �1:3 meV, J 3 ¼ 0:15 meV,
J c

1 ¼ 0:009 meV, J c
2 ¼ �0:009, D1 ¼ �0:5 meV, and

D2 ¼ 0:009 meV, yielding J 1=J 2 � 5. However, we

found no improvement in fit quality by including the J 3

term, with " ¼ ð1=NÞ
P

ijE
meas
i � Ecalc

i j ¼ 1:19 compared

to " ¼ 1:17 for the case J 3 ¼ 0. Furthermore, such a large

J 3 ¼ 0:15 meV may not be realistic.

Physically, we may relate the J 1=J 2 ratio to the frus-

tration parameter �CW=TN , since in a mean field model

�CW /
P

J ij but TN is proportional to the average of the

exchanges. As �CW=TN � 10 in LuMnO3, we may expect

J 1=J 2 to be large. Indeed, using a Monte Carlo model

[28] with our exchange parameters yields TMC
N ¼

0:31S2 �J =kB ¼ 56 K. Together with the mean field result

�MF
CW ¼ ð1=3kBÞSðSþ 1Þ

P

ijJ ij ¼ 550 K, these estimates

are not qualitatively dissimilar to the measured values

TN ¼ 90 K and �CW � 800 K. However, ab initio calcu-

lations [29] found a much lower J 1=J 2 � 1:2.
Furthermore, it is curious that a larger Mn displacement

in YMnO3 [22] gives a smaller ratio � 1:7 [30] compared

with LuMnO3, which may be related to the nature of the

Mn displacements: In LuMnO3, the distortion creates

trimers, whereas in YMnO3, a connected kagomelike

network is formed. Finally, another possibility is that the

J values obtained from linear spin wave theory may be

changed by taking into account terms for magnon decay.

A closer inspection of the experimental spin wave dis-

persion curve reveals further interesting discrepancies,

which cannot be explained by the linear spin wave calcu-

lations. The most notable discrepancy is seen near ( 1
2
1
2
0)

(labeled B in the single sublattice triangular Brillouin

zone), where the experimental dispersion curve not only

deviates from the theoretical results but also shows a

minimum (see the region marked by the box in Fig. 2).

Surprisingly, this minimum occurs exactly at the same

point where nonlinear spin wave theory predicts a rotonlike

minimum [11,12]. Interestingly enough, a similar rotonlike

minimum was observed in an S ¼ 1
2
[31] quantum spin

liquid.

In order to further demonstrate this connection with

the theoretical predictions, we have plotted an enlarged

view of the spin waves near ( 1
2
1
2
0) together with the

linear spin wave theory calculations (solid lines) in

Fig. 4. The thick dashed lines in Figs. 4(a) and 4(b)

are taken from a series expansion calculation of the

nonlinear spin wave dispersion [11] for an ideal triangu-

lar lattice with S ¼ 1
2
after adjusting the overall J value

to 13.2 meV in order to match the spin wave energies of

LuMnO3. We note that the S ¼ 1
2
theoretical calculations
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FIG. 3 (color online). Data (a) and linear spin wave theory

calculated neutron structure factors convoluted with a 0.8 meV

Gaussian (b),(d). (c) Cuts along the vertical lines in the disper-

sion curves at theM, ( 1
2
00), (square and solid line) and K, ( 1

2
�1
2
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(circle and dashed line) wave vectors and in between, at Q ¼
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show a large quantum renormalization due to mode

repulsion between the two-magnon continuum and the

single-magnon dispersion, which is expected to be much

weaker for the current S ¼ 2 case and thus accounts for

the apparent downward shift of the calculated curve

compared to our measurements. Moreover, as indicated

by the arrows in our data, the experimental spin wave

becomes considerably flattened around ( 1
2
1
2
0) as pre-

dicted from the nonlinear spin wave theory [13]. The

downward shift at this flat mode is about 5% of the

linear spin wave energy. Note that it has been predicted

to be 8% for S ¼ 3
2
[32].

In addition to the rotonlike minimum and the flat mode,

the decay of a single magnon into two magnons is also

predicted by the nonlinear spin wave theory. In fact, our

results show such line broadenings near ( 1
2
1
2
0) and ( 1

2
00),

as shown in the top panel of Fig. 2 by the larger full width

at half maximum (FWHM) of the fitted peaks from energy

cuts to the data. Figure 4(c) shows such cuts around ( 1
2
1
2
0)

where the highest energy mode is several times broader

than the instrument resolution while the three other

branches have a FWHM similar to the instrument resolu-

tion. The signal at higher energy transfer is likely to be

caused by two-magnon scattering [32]. Similar scattering

at high energies was also observed in earlier measurements

on YMnO3 [33].

Furthermore, this observation of magnon decay is consis-

tent with the calculated two-magnon density of states in

Fig. 4(d) [34] which show that the top of the single-magnon

dispersion coincides with a line of strong two-magnon den-

sities of states permitting many decay channels. This may

explain the large energy linewidth observed in Fig. 4(c).

Together with the rotonlike minimum and flat mode, this

constitutes convincing experimental evidence that cubic and

higher order terms in the bosonization of the spin operators,

neglected in linear spin wave theory, are important in

LuMnO3. We note that a rotonlike minimum, but not the

other two features, was reported previously in �-CaCr2O4

[35]. The presence of the cubic term in the spin Hamiltonian

may also contribute to the observed reduction of the ordered

moment (�ord ¼ 3:3�B=f:u:) comparedwith the ionic value

of 4�B [12,36].

In conclusion, we have shown with LuMnO3 that a 2D

triangular lattice antiferromagnet with relatively large spin

S ¼ 2 exhibits all three key features of nonlinear quantum

effects in its spin wave: a rotonlike minimum, a flat dis-

persionless mode, and magnon decay. These nonlinear

effects arise from the noncollinear spin structure, which

in the case of LuMnO3 is the 120� structure, suggesting

that the nonlinear quantum effect may still be observed

in systems closer to the classical limit. As there are

many other triangular lattice antiferromagnets with a

(a) (b) (d)(c)

FIG. 4 (color online). Cuts near the roton minimum showing the three signatures of magnon decay. (a),(b) The minimum in the

dispersion of the lowest energy mode at ( 1
2
1
2
0), the flat dispersion of the higher energy mode at the same point, indicated by the arrows

in (a) and (b), and the anomalously broad width of the � 20 meV mode in the cuts in (c). In (a) and (b), points (filled circle) indicate

the fitted peak positions from energy cuts through the data. In (c), solid lines at the bottom directly below the peak centers indicate the

instrumental resolution width. Thin dashed lines indicate individual fitted Voigt peaks, while the solid line is their sum, and points are

measured data. The very broad peak at � 32 meV in (c) is attributed to two-magnon scattering. (d) The two-magnon density of states

calculated using linear spin wave theory from the single-magnon dispersion (solid lines).
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noncollinear ordered structure, we expect to see many

more spin systems exhibit such highly interesting effects.
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