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Inelastic neutron scattering has been used to study the magneto-elastic excitations in the multi-
ferroic manganite hexagonal YMnOs. An avoided crossing is found between magnon and phonon
modes close to the Brillouin zone boundary in the (a,b)-plane. Neutron polarization analysis reveals
that this mode has mixed magnon-phonon character. An external magnetic field along the c-axis
is observed to cause a linear field-induced splitting of one of the spin wave branches. A theoretical
description is performed, using a Heisenberg model of localized spins, acoustic phonon modes and a
magneto-elastic coupling via the single-ion magnetostriction. The model quantitatively reproduces
the dispersion and intensities of all modes in the full Brillouin zone, describes the observed magnon-
phonon hybridized modes, and quantifies the magneto-elastic coupling. The combined information,
including the field-induced magnon splitting, allows us to exclude several of the earlier proposed
models and point to the correct magnetic ground state symmetry, and provides an effective dynamic
model relevant for the multiferroic hexagonal manganites.

I. INTRODUCTION

Multiferroic materials display an intriguing coupling
between structural, magnetic and electronic order. These
properties make the material group interesting for ap-
plications in multi-functional devices, e.g. as transduc-
ers, actuators, or multi-memory devices!'™. Since most
known multiferroics are functional only at low temper-
atures, however, the route to practical application goes
through an improved understanding of their basic mate-
rial properties®®,

To determine the mechanisms behind multiferroicity,
the magnetic and structural dynamics of the materials
are studied, using e.g. Raman or THz spectroscopy, or in-
elastic neutron scattering (INS). In type-II multiferroics,
where the ferroelectric ordering generally takes place
at the same temperature as the (antiferro-) magnetic
ordering, these techniques have revealed a hybridiza-
tion of magnons and electrically active optical phonons,
known as electromagnons®. In type-I multiferroics, where
the ferroelectric transition takes place at higher tem-
peratures than the magnetic ordering, INS was used
to measure magnon dispersions, obtaining the spin-spin
interactions ™1, The spin-lattice coupling, involved in
multiferroicity, has been studied in both CuCrO5*' and
in the only room temperature multiferroic, BiFeO3%2.

An important class of multiferroics is the hexagonal
rare-earth manganites RMnQj3, which are of type-1 for

R being Sc, Y, Ho Er, Tm, Yb and Lul4, Due to
its simplicity, with only one magnetic species, hexagonal
(or h-) YMnOg is the most studied rare-earth manganite.
The elementary cell of h-YMnOj is displayed in Fig. e).
The low magnetic ordering temperature of the material,
Tn = 72 K, together with a high Curie-Weiss tempera-
ture, Tow = —500 K, provides a large frustration ratio
of f ~ 6.91048]

A giant magneto-elastic structural change has been
reported in h-YMnOgs: Below Ty, the Mn ions move
from their symmetric positions, tripling the unit cell as a
resultl®, This observation was backed up theoreticallyZ,
but has later been debated. The counter-agument is that
due to overlapping magnetic and structural diffraction
signals, the underlying Rietveld refinement could suffer
from systematic errors&H2l,

In h-YMnO3s, the S = 2 spins on the Mn?* ions or-
der antiferromagnetically on triangles in the a-b-plane
with a 120° angle between the neighboring spins4t*42,
The 3D nature of the spin structure has recently been
under intense debate. Using symmetry analysis, it was
found that only the P6’scm’ magnetic group would fit
all observationst?. In contrast, a different group con-
cluded that the magnetic order belongs to the magnetic
P6’s space group, due to the observation of a small fer-
romagnetic component?3. Four of the often investigated
antiferromagnetic ground states are shown in Fig.

The magnon modes?® and the magnon-phonon
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FIG. 1. Panels (a-d) show four proposed antiferromagnetic
ground states of h-YMnOj3 as seen along the ¢ axis. Their
corresponding magnetic symmetry groups are P6zcm (T'1),
P6sc’'m’ (I'2), P65cm’ (I's), and P63c'm (I's). The lines indi-
cate the nearest neighbor interaction, J. Blue and green col-
ors indicate different Mn-O layers. (e) the Mn atoms in the
simple unit cell are colored accordingly, as drawn by Vesta??.
(f) the inter-layer couplings are indicated with red, J.,, and
black, J.,. (g) two different paths in reciprocal space in the
h-k-plane used in our scattering experiments. The blue lines
indicate the main g-directions used for the scattering maps
presented in Fig. 2]

interaction® in h-YMnO3 were earlier studied with INS.
The coupling between the two types of excitations was
characterized with neutron polarization analysis and it
was found that a hybridization occurs between the acous-
tic phonon and a magnon mode close to the zone center;
at a value of the scattering vector of q = (h 0 6) for
0 < h < 0.228, Recently, the magnon dispersion in the
full zone was measured in a single crystal and a pow-
der phonon spectrum was modeled??. From knowledge
of the excitation spectra, assuming a classical 120° 2D
magnetic structure, a magnon-phonon interaction model
was proposed. The non-linear terms in the Hamiltonian
were found to cause a decay of the magnetic excitations.
This model captures the measured magnon dispersion,
but describes the obtained magnon intensities with lim-
ited accuracy. So far, no single model has been able to
simultaneously describe the complexity of both magnons,
phonons, and their interactions in h-YMnO3.

In this work, we present single crystal INS measure-
ments of magnons and phonons. We observe an avoided
crossing at the zone boundary in the (a,b) plane. Neu-
tron polarization analysis shows that the modes are of
mixed magneto-structural character at this point. Fur-
thermore, INS measurements with magnetic field along
the ¢ direction reveal a linear splitting of the magnon in
the entire zone, providing independent information about
the 3D arrangement of the magnetic moments. Our the-
oretical model captures all experimental findings, includ-
ing INS intensities. The model allows us to quantify the
spin-lattice coupling and to identify P6scm and P63c'm’

as the two possible symmetries of the magnetic ground
state.

Both the experimental results and theoretical modeling
are presented in the main text below, while more details
on the modeling can be found in the Appendix.

II. EXPERIMENTAL DETAILS

The sample used in the experiments were grown us-
ing the floating zone method?®. The crystal structure
is hexagonal, with lattice constants @ = b = 6.11 A;
¢ =11.39 A. X-ray and neutron Laue investigations and
neutron diffraction proved them mostly good single crys-
tals with only a single phase and limited mosaicity. The
crystals contained few completely misaligned grains, too
small to contribute significantly to the inelastic scattering
signal. Neutron diffraction was consistent with the lat-
tice parameters and the magnetic ordering temperature
(72 K), earlier reported for h-YMnO3%?. The sample con-
figuration and mount have been changed for the different
experiments carried out to obtain the data presented in
the paper. The experiments without an applied mag-
netic field were carried out on a single rod with a mass
of 5.25 g. In order to fit the sample in the tight space
of the cryo-magnet the sample had to be cut into two
pieces. These were then co-aligned on top of each other.
The data shown in Fig. [l were measured using a different
piece (0.20 g) of sample with a larger mosaicity of 1.5°

Inelastic scattering with cold neutrons was performed
at the Paul Scherrer Institute (PSI), CH, using the
RITA-2 triple-axis spectrometer in the monochromatic
imaging mode??3U, All experiments were performed with
a constant final energy of 5.0 meV, with a Be-filter placed
on the outgoing side. This gave an energy resolution of
0.2-0.5 meV, depending on the value of energy transfer.
The experiment was performed with 80’ incoming colli-
mation and a natural outgoing collimation of 40’ from
the imaging mode.

Inelastic scattering with thermal neutrons without po-
larization analysis was performed on the triple axis in-
strument EIGER®! at PSI with a constant final energy
of 14.7 meV. Double focusing of the monochromator and
horizontal focusing of the analyzer was used. A 36 mm
thick pyrolytic graphite filter was placed between the
sample and the analyzer in order to suppress higher order
neutrons.

At both spectrometers at PSI, we used either a liquid
He cryostat or an Oxford 15 T split-coil vertical field
cryo-magnet. The latter was used without its lambda
stage, meaning that the maximum achievable field was
13 T.

INS with neutron polarization analysis was performed
at the thermal triple axis spectrometer C5 at Chalk River
Laboratories, Canada. During the experiment, the neu-
tron polarization was directed along the scattering vec-
tor, q. The non-spin-flip data therefore represent the
phonon signal only, while the spin-flip signal is purely
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FIG. 2. Color-maps of the magnon and phonon dispersions along the main symmetry directions in the (a, b)-plane in reciprocal
space as indicated in Fig.[I|g). Panels (a-d) show our experimental results. (a) and (d) are measured in BZ(300) at 100 K and
2 K, respectively. (b) and (c) are measured in BZ(100) at 2 K and with an applied magnetic field of 0 T and 13 T, respectively.
The high resolution data in (b) and (c) close to I are measured at RITA-II, while the rest of the data are from EIGER; both
instruments are located at PSI. Panels (e-h) show the theoretically calculated intensities of the dispersions at the same g-values,
temperatures and applied magnetic fields using the most probable magnetic ground state.

magnetic - given that the polarisation of the beam is
perfect. For this particular experiment the measured flip-
ping ratio was 13.8; a number that has been taken into
account in our modeling. The experiment was performed
using a constant final energy of 14 meV giving an energy
resolution of 1-2 meV, depending on energy transfer.

III. EXPERIMENTAL RESULTS

An overview of our main results is displayed in Fig.
showing the magnon and phonon dispersions along the
high symmetry directions in reciprocal space, as indi-
cated in Fig. g).

The unperturbed acoustic phonon dispersion is mea-
sured above Ty, at T = 100 K, in the (3 0 0) Brillouin
zone (or “BZ(300)”), see Fig. [J(a). Scanning from T’
over K to M, a clear signal from the transverse phonon is
present. The diffuse intensity below the phonon branch
between K and M is only observed above T and is at-
tributed to magnetic critical scattering. Fig. e) shows
our model calculation of the neutron scattering intensity,
as detailed in the theory section.

Fig. [[b) displays the data obtained in BZ(100) at
T = 2 K. Due to the small nuclear dynamical structure
factor at these low g-values the phonon cross section is
negligible and the data shows a pure magnon signal. The
corresponding result of our model is shown in Fig. f).

With an applied magnetic field of 13 T along the c-axis,
the degenerate upper magnon dispersions split. This is
particularly clear close to I', as shown in Fig. (c) Our

model also captures this splitting, as shown in Fig. [[g).
The complete field dependence of the splitting at the
zone center in BZ(100) can be seen in Fig. Due to
the instrument resolution, the two peaks are only clearly
distinguished at fields above 4.5 T. Both branches are
seen to have a Zeeman-like linear field dependence. Our
model captures this behavior, as seen in Fig. g). The
split mode is really two almost-degenerate doublets that
each split linearly with field. The difference between the
modes is that one has the spin fluctuations in different
planes parallel - the other has antiparallel fluctuations,
leading to the difference in the energy shift in field. For
comparison, the 2 meV mode is non-degenerate and is
not affected by the field.

A subtle effect of an applied magnetic field in the a-
b-plane is observed as shown in Fig. There are signs
of a possible field-induced splitting of the lower magnon
mode between 2 and 3 meV, while the upper magnon
mode (that was found to split in a field along c) here
only shifts to slightly higher energies. However, these
measurements were performed with significantly worse
instrumental resolution than those with field along the
c-axis. Hence, more precise measurements are needed to
draw firm conclusions on the effect of a field along this
direction.

Fig.[2(d) shows the magnon and phonon dispersions at
T =2 K in BZ(300). Here, the two signals are compara-
ble in intensity. There is a clear avoided crossing at the
K point, which indicates a pronounced coupling between
the two types of excitations. This effect is also captured
by our model as seen from Fig. [2(h).

To investigate the nature of the excitations, polariza-
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FIG. 3. The magnon energies at q = (100) as a function of
magnetic field along the c-direction. The colors represents the
calculated intensities with the black lines being the magnon
positions. The circles show the center positions of the experi-
mental data, measured at 2 K. Bottom panel shows raw data
with Gaussian fits. The data were measured at RITA-II, PSI.
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FIG. 4. Raw neutron data of constant ¢ scan at q = (100)

in zero magnetic field, and with an applied magnetic field of
12 T along the (110) direction. The data were measured at
EIGER, PSIL

tion analysis was performed in three constant-q scans
close to the K point. The data are shown in Fig. |5/ along
with simulations of relative intensities. The non-spin-flip
data capture the phonon signal, while the spin-flip signal
is purely magnetid3?. On the left side of the crossing, at
q = (2.8 0.4 0), a pure transverse acoustic phonon branch
and a pure magnon branch can be distinguished. The
data at the crossing, qx = (2.67 0.67 0), do show a sin-
gle branch with simultaneous signal in both spin-flip and
non-spin-flip scattering. This could indicate either two
modes of mixed magnon-phonon nature (merged due to
limited energy resolution), or a mode crossing. However,
we know from the data in Fig. d) that the latter possi-
bility can be ruled out. Finally, at qy; = (2.510) , we see
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FIG. 5. Constant-q scans at 40 K, measured with neutron po-
larization analysis. (a) q = (2.8 0.4 0), (b) g = (2.625 0.75 0),
(c) dy = (2.510). Blue and green lines represent calculations
for the spin-flip and non spin-flip channels using Eq. and
Eq. , respectively. In the inserted color map, the vertical
orange lines indicate the positions of the three scans. The
data were measured at C5, Chalk River Laboratories.

that the lower mode is of pure magnetic character, while
the upper mode seems to be mixed magneto-structural.

IV. THEORY

We now outline the theoretical framework to describe
coupled magnetoelastic excitations and describe the steps
needed to model the INS data?3.

A. Spin Hamiltonian

The starting point is a Hamiltonian of localized spins
S;,r with total spin S = 2 at the Mn positions of h-
YMnOs. Here, R labels the elementary cell and ¢ =
1...6 labels the positions within the cell, see Fig. e).
The spins interact by a Heisenberg interaction J;; rr/, an
easy plane-anisotropy D, and are subject to an effective
site-dependent magnetic field h;

Hg = Z Jij,RR/SiRSjR/ +Z(hi'SiR+DSiZRSiZR) :
ij,RR/ o.R
(1)

We consider a nearest neighbor Heisenberg coupling, J,
in the plane and out-of-plane couplings, J,, and J,,,
which are inequivalent due to the dislocation of the Mn
atoms from the 2 = 1/3 positions, see Fig. [[[f). The ef-
fective magnetic field is given by h;, = h— Hm; where h is
the external field, H is an easy-axis anisotropy and m; is
the direction of the local magnetization. The spin opera-
tors S;r are mapped to bosonic operators via a Holstein-
Primakoff transformation. For this purpose, we find the



classical ground state of the system and parametrize the
local magnetization via a rotation angle. This is used
to define a local coordinate system at each lattice point.
Details on the calculations, which are standard within a
spin-wave approach®#3 can be found in Appendix

B. Lattice Hamiltonian

The lattice degrees of freedom are modeled in the har-
monic approximation by a general phonon Hamiltonian
of s =1... M modes written in terms of bosonic opera-
tors ak s with eigenenergies wy s,

HL = ZwkaaLSakﬁs . (2)
k,s

To be specific, we restrict ourselves to the acoustic
phonons in a hexagonal lattice which are describing the
observed phonon modes in the absence of magnetic order
in h-YMnOg3, see Appendix [B]

C. Magnon-Phonon interaction

where G is the spin-phonon coupling tensor. We rewrite
these in terms of irreducible representations o of the spin

and lattice functions in the hexagonal symmetry class
38
as

Ho ==Y L FOX 80, @

where the symmetry allowed couplings are B =
[B$,, BS,, BY, B€]. The irreducible representations of the
strain tensor eiy s are linear combinations of the Cartesian
strain tensor

. 1 1/0x”
i = (Eug + Egy) = ~ i
6046 2( B+ B8 ) 2(@{],,&

n 8Xf‘)7 (5)

37’3

and the spin tensors S% (i) are products of two compo-
nents of the spin operators such that we can rearrange
into

Hsy, =— Y SRESr 6
The coupling of magnons and phonons via the crys- % iR (6)
talline field can be described by the Hamiltonian=:37
Hgr, = Z Z G(XB’Y‘SS'ZXSiﬁéyé (3)  with the matrix=®
i afyd |
B¢ BY B
3126 — %60"2 £ 765
BY BS: BY Be
B = T Bfye! — S22 — Soe] 5e§ (7)
B¢ Be B
2 € 2 Bfye®! + \/252042+7

and use Eq. (A4]). The nonlocal contributions of the
strain tensor can be obtained by a method introduced in
Ref. B9 where the local strain is replaced by a nearest
neighbor contraction

Zeaﬁzz—i—é (8)

QB_>€

where ¢ is the sum over nearest neighbors and n is a
normalization constant that ensures that € ; reduces to
¢’,p in the long-wavelength limit*".
the matrix F; are given by

The components of

aﬁakg+ak8 7kR (9)

EX =
NZQ ks,/QmwKS ’

and the coupling constants gk are sums of products of
B? from the spin-lattice Hamiltonian and momentum-
dependent structure function and the phonon polariza-
tion g - ex . For the triangular lattice, we obtain the

following structure function g(k) = (¢%, ¢¥, g%):

. L . [(h h k

9 =5, sm(2) COS(6 + 3) (10a)
Y= sin h—i—ﬁ cos h + sin ﬁ—l—%

9_2Jb 3 2 3773

(10b

= —sinl 10

g° = _sin (10c)

where the momentum (hkl) is already expressed with re-
spect to the relevant magnetic elementary cell. Writing
in momentum space,

[e3

B = SIZakﬁakg)ka (11)

we can see that the spin-lattice Hamiltonian is a hy-
bridization term between the Holstein-Primakoff magnon
operators and the phonon operators with a product Gy s ;



and the vectors of the rotated coordinate systems as ma-
trix elements.

D. Magnetoelastic waves

In summary, or model is given by
H=Hs+ Hsy +Hp, (12)

which can be rearranged within linear spin-wave theory
into the compact form

o b
H =" (b, b_1) D < ngk > : (13)
- "

For the calculation of the ground state and the Fourier
transforms of the terms from the spin Hamiltonian, we
use the SpinW#4 package, and therefore follow the nota-
tion for the matrices A(k), B(k) and C of that reference.
The grand dynamical matrix is then given by

Ak)—-C T(k)  B(k) r'(k)

o | Tk Wk Q) 0

K71 Bf(k) 0f(k) A(-k)-C Qk) |’
I'f(k) 0 Qf(k)  W(-k)

(14)
where the phonon dispersions appear in W(k) =
diag({wk s}) and the elements of the matrices describ-
ing the magnon-phonon vertices are given by

I'(k)"* =e; " Gy,,m;
Q(k)is = miTG,k,s’ie;

(15a)
(15b)

Following Colpat!, we use the algorithm to diagonalize
the Bosonic Hamiltonian giving the para-unitary matrix
T ! to diagonalize the Hamiltonian Eq. 42,

T Ak = o (16)
e.g.,

1 o = 2
H, = 3 ;’Yltngk + E(() ) (17)

with the diagonal matrix & = diag({wk,;}). In other
words, Jx is the wave function of the coupled magne-

toelastic waves. With our choice of the ordering in by,
we can split up to the spin and lattice part of the wave
function by

i
5= (18)

and define the matrices A/ and M via

N:<%I> M=<ﬁ1> (19)

E. Dynamical structure factor

The magnon part of the wave function A (k) and the
phonon part of the wave function Mg; (k) are given by the
matrix elements of the matrices N and M as defined in
Eq. . Using the general expression for the magnetic
neutron scattering cross section, see Appendix and
inserting the magnon wave function, we obtain for the
dynamical structure factor for magnetic INS?#

2(N+M)
Z [./V'Teaﬁ(k)./\q

=1

S8 (q,w) = Aw,aq,l). (20)

i

The matrix e®?(k) contains products of the components
of the spherical unitary vectors defining the local coor-
dinate system®*, and A(w,q,l) = §(w — wq)n(w) for
I < N+ M and A(w,q,l) = §(w + wq,)[n(w) + 1] for
I > N + M where wq; < 0. As we derive in more de-
tail in Appendix [B| by inserting the phonon part of the
wavefunction into the expression for the nuclear neutron
scattering cross section®?, the dynamical structure factor
for nuclear INS is given by

ANHM)
Snuc(qaw) = Z|q'es|2 Z %%A(wv(Ll)a (21)
s =1 MWqs

where e, is the polarization vector of the phonon mode
s, and m is the mass of the atoms.

It turns out that a minimal model of 6 magnetic ions
in the elementary cell’¥43 together with the 3 acoustic
phonon modes is sufficient to explain all our experimen-
tal findings up to 20 meV energy transfer. The geometry,
the considered ground states, and the in-plane couplings
are shown in Fig. |1} The layers can couple ferromagnet-
ically or antiferromagnetically as revealed by a symme-
try analysist?. The Heisenberg couplings as well as the
anisotropies are free parameters within our theory and
have been fitted to yield agreement with our experimen-
tal data for each of the magnetic ground states shown in
Fig. We have also considered linear combinations of
two pairs of ground state configurations*# which did not
yield a better agreement between theory and experiment.

To be more quantitative, a fit of the acoustic phonon
bandwidth as one free parameter for the lattice vibra-
tions gives good agreement with the measured spectra
at 100 K, yielding \/C/m = 6.05(5) meV, see Appendix
At low temperatures, this value is 6.25(9) meV, due
to hardening of the crystal. Next, we calculate the
transverse part of the spin dynamical structure factor
(including the magnetic form factor of a Mn?* ion*?),
since it is proportional to the measured neutron signal®3.
The optimized model parameters are J = 2.43(2) meV,
D =0.32(2) meV, H = 0.49(4) peV and for the ferromag-
netic out-of-plane couplings J,, = —150.9(6) eV, and
Jzy — J2y = —2.4(2) ueV. The values of the symmetry-
allowed elastic coupling constants are [BS,, BY, B¢] =
[19(4), 15(3),10(2)] meV3/2ay/m, (see Appendix @)



V. DISCUSSION

Experimentally, we observe an avoided crossing of the
magnon and phonon branches in the (a,b)-plane, at the
boundary of the Brillouin zone (the K-point). This com-
plements earlier reports on a similar crossing closer to the
zone center along the c-directiont®2%, Both findings un-
derline the significance of the magneto-elastic coupling in
h-YMnO3. We discovered a clear Zeeman-like splitting
of the 5 meV magnon mode with a magnetic field ap-
plied along the c-axis. The observed symmetric splitting
cannot be explained by a pure 2D model or by a num-
ber of the possible 3D models of the magnetic ground
state. Hence, the splitting has been used to obtain solid
information on the 3D nature of the magnetic structure.
The magnetic field dependence of the magnon mode was
earlier studied by optical spectroscopy??, revealing, cu-
riously, only the upper branch of the split modes. We
speculate that this could be due to the selection rules of
the optical spectroscopy, combined with the difference in
c-axis polarization of the magnon modes.

Combining the Zeeman splitting with the information
on the measured magnon and phonon intensities, we are
able to exclude two of the magnetic ground states, I's
and I'y (see Fig.[I). The two other ground states, I'y and
I's, are both overall compatible with the observations,
This is in agreement with the results from neutron pow-
der diffraction?®, where the two states are homometric
and thus cannot be distinguished!?. By polarized neu-
tron diffraction, it was concluded that I's (corresponding
to P6’sc’'m) was close to the correct ground state, but
most probably the spins were turned by approximately
11° with respect to this stateé?!. Likewise, based upon
the selection rules of second harmonic generation, it was
earlier concluded that I's was the true ground statet’.
Our INS data give independent evidence that the true
ground state is either P6scm or P6’3¢’'m, and our mod-
eling shows that these states are not homometric in the
inelastic channel. However, our data is not of sufficient
quality to uniquely select one of the two states.

The magnon-phonon interaction was recently modeled
by Oh et al“?, although they did not observe the phonon
dispersion directly. Their model was based upon a 2D
magnetic ground state. We believe this to have caused
the observed discrepancies between their model and the
measured magnon intensities. In contrast, the present
model, using either of the two possible 3D ground states
of the magnetic system, gives a much better account of
the measured magnon and phonon spectra and quanti-
tatively model the magnon-phonon coupling, with agree-
ment in both dispersions and intensities. Hence, we be-
lieve that our model for the low energy structural and
magnetic dynamics in h-YMnOQOs is essentially correct.

VI. CONCLUSION

We have observed a strong magneto-elastic coupling in
h-YMnOs;, leading to mixed magneto-structural excita-
tions at the zone boundary in the (a,b)-plane. In addi-
tion, we have observed a linear field-induced splitting of
the magnon dispersion, which in turn has led us to give
an independent suggestion for the 3D magnetic ground
state of the system to be of either the I'; or I's type. Us-
ing either of these as the ground state, we can model the
magnon-phonon interaction and reproduce both the ob-
served dispersion relations and intensities accurately in
the full Brillouin zone. Our results underline the impor-
tance of using the correct 3D ground state for modeling
the otherwise predominantly two-dimensional Mn spin
system. For this reason, and because h-YMnOj3 is the
most simple of the hexagonal manganites, our results are
of general relevance for the understanding of magnetism
and magneto-elastic coupling in multiferroic materials.
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Appendix A: Spin-wave expansion

As discussed in the main text, we start from a localized
spin Hamiltonian with spin S = 2 operators S;gr located
at the positions of the Mn atoms in the crystal structure
with setting x = 0.3151343]

Hg = Z Jij,RR'SiR'SjR'+Z(hi'SiR+DSfR R)
i, RR/ iR
(A1)
with in-plane coupling J;; rrr = J if (¢,R) and (j,R’)
are nearest neighbors, and two non-equal out-of plane
couplings J,, and J,.

The in-plane exchange interactions are not equal by
symmetry as well due to the deviations from the perfect
x = 1/3 positions of the Mn atoms. Taking this into
account in the modeling would not reveal any new infor-
mation because a small difference in the non-equivalent
in-plane exchange couplings does not result in a qualita-
tively different behavior of the spin-wave modes at any
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FIG. 6. Measured spectra (error bars) at T = 2K at selected momenta in direct comparison to the full model in the ordered
state for fits to calculations assuming 6 different ground states. The corresponding spin structures are shown in the respective

insets.

point in the Brillouin zone and the small quantitative dif-
ference cannot be detected within the experimental reso-
lution. Hence, we have not modeled this potential small
in-plane coupling difference.

The matter is different for the out-of plane couplings:
While the exact values of these couplings as well are dif-
ficult to fix from a fitting procedure, the spectra show
a qualitatively different behavior at some points of the
Brillouin zone if they are nonzero. The sign of the out-of
plane couplings then selects the ground state and leads
to different nature of the eigenmodes which is visible in
the scattering intensities.

The easy plane-anisotropy D forces the spins in the
classical ground state into the plane. We write the easy-
axis anisotropy H in terms of an effective magnetic field,
h; = h — Hm; where h = he, is an external magnetic
field and m; is the direction of the local magnetization at
site ¢. For calculation purposes, we use a non-symmetric
effective g-tensor g; and we can express the effective mag-
netic field in terms of an magnetic induction that is ar-
bitrarily directed parallel to the crystallographic ¢ direc-
tion, b = e,, via h; = g;b.

Next, the classical ground state is determined by re-
placing the spin-operators in the above expression by
S;,r = Sm,; and parametrization of the local coordinate
system {m;, egl), el(-Q)}Eﬂ@'. Introduction of the spherical

+

vectors e;” = egl) j:iegz) allows us to rewrite this rotation

as

1 —
Sir = Slpm, + 52 Sl (A2)
p==

With the Holstein-Primakoff transformation (up to lead-
ing order in 1/5)

St~ V2Sbhr, (A3a)
Sir ~ V2Sblg (A3b)
Sig =5 —blrbir , (A3c)

we obtain the form

S
Sig = \/; (e bir +€/blg) +m;(S —bighir) (A4)

such that all coefficients for the magnon operators b;r
in the quadratic Hamiltonian can be collected straight
forward®? and transformed to momentum space.

Appendix B: Phonon modes in a triangular lattice

To calculate the phonon modes from a simple model,
we use a triangular lattice of Mn atoms (for simplicity
located at the ideal x = 1/3 positions) with lattice con-
stant a, mass m and the positions of the corresponding
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1} calculated using Eq. l} setting 1/C/m = 6.05 meV.

Bravais lattice {R,;} coupled to their nearest neighbors
with a spring constant C'. Writing down the equations of
motion we obtain the eigenfrequencies wy s and the cor-
responding eigenvectors ey s via a normal mode analysis
and write the Hamiltonian describing lattice vibrations®,

1
o= S (ks 5 )

ks

(B1)

where ay s annihilates a phonon with wave-vector k and
polarization s. In our system, the phonon modes are
modeled as three acoustic modes s = 1,2, 3, two of them
obtained from the two dimensional system as discussed
above, the third obtained from a rotation of the polariza-
tion vector ey , of the transverse mode out of the plane by
keeping the eigenenergy degenerate. A plot of the phonon
dispersions along high symmetry directions is shown in

Magnon signal, B=13T, 2K Magnon + phonon signal, B=13T, 2K
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o

(9]
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FIG. 9. Calculation of the total INS cross section along the
experimental momentum path around (100) and (300) with-
out magnon-phonon coupling (a,b), with the magnon-phonon
coupling as deduced in the main text (c,d) and a magnon-
phonon coupling enhanced by 50% (e,f). On increasing the
magnon-phonon coupling, one can see the opening of a gap
close to the K-point (red circle) and a softening of the phonon

mode until it is very close to an instability (arrow).

Fig. [7l We now have the dynamic positions of the atoms
in the full elementary cell r; = R; + X;. The lattice dis-
tortions in momentum space are quantized in the usual
way,

Xk = (B2)

+
aks+a7 o)
> s )

Appendix C: Nuclear neutron scattering cross
section

In this section we derive the nuclear INS cross section
in presence of magnetoelastic waves as derived above.
The starting point is the expression for the coherent nu-
clear INS cross section in Ref. 33| chapter 4.4:

“e o4 te —iwt 72W(k)
47r k' 27Th/ d

Xzezk (Ri—R;) (kX k-X; (1))

j

inel

d*o
dQdE"|

(C1)
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FIG. 10. Measured spectra (error bars) at T' = 2 K at selected
momenta in direct comparison to the full model in the ordered
state. The EIGER data represents scattering with defined
momentum transfer q as indicated. The data shown cannot
be used to distinguish the different considered ground states
as the modeled intensities are almost identical.

We know the time dependence of the magnetoelastic op-
erators

w(a, ) = yi(q)e™a’ (C2)
such that we use Eq. to evaluate the expectation

value (k-X; k-X,(t)). Finally, we arrive at the expression

d2 inel M .
= Pnuc k- s 2 >
dQdE' |, %' Sl o

Alw, k1) (C3)

with A(w,k,l) = 5(w — wk,ldu)[n(w) —+ %(1 — d”)],
dj;; is a generalized Kronecker delta being negative for
I > N+ M and n(w) is the Bose function. The prefactor

’ 3
P = Z—;%%e’QW(q) contains the Debye-Waller

factor, the nuclear cross section of the corresponding
atom and the kinematic factor k’/k. It is omitted in the
main text, since it is a momentum-independent constant
which has to be adjusted to the experimental data.
When evaluating the expression above, we broaden
the result in energy by a convolution with a Gaussian
containing the experimental resolution.
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Appendix D: Magnetic neutron scattering cross
section

For the magnetic INS cross section, we follow the
standard procedure in calculating the dynamical struc-
ture factor from the magnon operators in the Holstein-
Primakoff basis®3, given the eigenstates of the full Hamil-
tonian. Performing all transformations, one arrives at the
result®?

2(N+M)

S NP (QN], Alw.a,]).

=1

(D1)
For the total magnetic INS cross section we use the ex-
pression

d?o
dQdE’

2 : qaq .
= Pmagf(q)Q (606,3 - Qﬁ )Smgg(qvw) )
coh aB q

(D2)

where we use the magnetic form factor f(q) of Mn?+43
and a experiment-specific prefactor Py, containing cross
section prefactors and the kinematic prefactors.

We have considered four magnetic ground states as
proposed earlie™?, as shown in Fig,. As discussed in
the main text, two of the states are not compatible with
the measured intensities, e.g. even a fit with allowing a
change of all model parameters could not give a reason-
able agreement, see Fig. [6]

As first step, we compare the model for the phonons
to the measured spectra at T = 100 K, e.g. above the
magnetic ordering temperature. In this case, the Bose-
factor in Eq. (C3)) enhances the low energy intensities
significantly. While in the main text, we show the full
data along the cut in the Brillouin zone as a color plot,
we present in Fig. a direct comparison of the spectra
revealing that our simple model of acoustic phonons is
sufficient to describe the lattice excitations at low ener-
gies.

In the magnetically ordered state, our model includes
the parameters of two additional terms Hg and Hgry,.
In order to fix them, we first minimize the difference
between calculated and measured spectra at momenta
where Hgy, does not perturb the magnon modes, e.g. at
the I point to get an estimate of the magnon-only model
parameters, then include further momenta where signif-
icant hybridization takes place to also fix the magnon-
phonon couplings B = [BY,, BS,, B, B], see Fig.
Note that B, does not enter the result and will not be
considered further, and the values of the magnon-phonon
couplings are large such that the system appears to be
close to an instability as demonstrated in Fig. [0 Note
that in order to reproduce the structure of magnon ex-
citations in the magnetic field, it is required to take into
account all 6 magnetic ions in the elementary cell, e.g,
also the interlayer coupling is needed.
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