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Spin-wave dispersion and magnon chirality in multiferroic ThMnQO;
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Inelastic neutron scattering experiments combining time-of-flight and polarized techniques yield a compre-

hensive picture of the magnon dispersion in multiferroic TbMnO; including the dynamic chirality. Taking
into account only Mn>* moments, spin-wave calculations including nearest-neighbor interactions, frustrating
next-nearest neighbor exchange, as well as single-ion anisotropy and antisymmetric terms describe the energy
dispersion and the distribution of neutron scattering intensity in the multiferroic state very well. Polarized neutron
scattering reveals strong dynamic chirality of both signs that may be controlled by external electric fields in the
multiferroic phase. Also above the onset of long-range multiferroic order in zero electric field, a small inelastic
chiral component can be inverted by an electric field. The microscopic spin-wave calculations fully explain also
the dynamic chirality of magnetic excitations, which is imprinted by the static chirality of the multiferroic phase.
The ordering of Tb®" moments at lower temperature reduces the broadening of magnons but also renders the

magnon dispersion more complex.
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I. INTRODUCTION

The observation of ferroelectricity in TbMnOj3 [1] initiated
the discovery of a new group of multiferroic materials, in
which a complex magnetic structure directly induces macro-
scopic electric polarization, so-called type-II multiferroics
[2,3]. TbMnOs; is a reference system for this class of mate-
rials due to its sizable ferroelectric polarization and its large
magnetoelectric coupling [4] and is thus well suited for eluci-
dating the magnetic excitations and the multiferroic coupling
mechanism.

Magnetic order in RMnQO3. TbMnOs; belongs to the se-
ries of rare-earth (R) manganates [6], RMnOs, in which
the mismatch of ionic radii induces rotations of MnOg; see
Fig. 1. The Mn-O-Mn bond in TbMnOs; strongly deviates
from a straight connection with an angle of only 145° [7,8].
Mn** has four electrons in the 3d orbitals in a tg’geél, state
[9]. The Jahn-Teller effect in RMnO; leads to a staggered
ordering of single-occupied d3>_,» and ds_,» orbitals [9],
which yields a strong ferromagnetic (FM) nearest-neighbor
exchange in the ab-plane, Jpy [7]. The coupling between
the planes along the c-axis is antiferromagnetic (AFM) [7],
in agreement with the A-type (i.e., AFM stacking of ferro-
magnetic perovskite layers) AFM order in LaMnO; [10,11].
The structural distortion for smaller R ions weakens Jry and
leads to an enhancement of the AFM next-nearest-neighbor
interaction Jyy in the ab-plane and thus to frustration [12,13].
This Jyn exchange is much stronger along b, because the
occupied e, orbitals are rotating towards the b direction;
see Fig. 1. The magnetic structure changes from A type in
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moderately distorted LaMnO3 to E-type ordering (i.e., an up-
up-down-down stacking along the orthorhombic b direction)
with IQE = (0,0.5,0) [7,12—-14] in orthorhombic HoMnO3,
which is also multiferroic. In the region of intermediate R
ion size, an incommensurate structure with propagation vector
k= (0, kinc, 0) and O < kjpc < 1/2 emerges [7,12,13].

Magnetic structure in TbMnO3;. In TbMnO;3, the Mn
moments order at Ty = 42K in an A-type longitudinal
spin-density wave (SDW) with a propagation vector of
/_émC = (0,~0.28,0) [15]. For this propagation vector, and
considering only Mn moments, there are four irreducible
representations, which just correspond to those at the com-
mensurate I point [25]. These representations can thus be
labeled by the four modes A, C, F, and G known for the
commensurate structures [16,17,25]. The ordering scheme A
is explained above, F' denotes FM order, G denotes the AFM
order with all nearest neighbors being antiparallel, and C
denotes the AFM order in the a, b layer with FM alignment
in the ¢ direction.

In the SDW phase, the value of the incommensurability
amounts to k;,c ~ 0.28 and the structure can be described
by a single irreducible representation I's = (Gy, Ay, F;) [17].
Neutron diffraction data in this phase could be described
using only the dominant A, mode in the form MSPW =
0, M, cos(l_c}nc - 7), 0) with M, = 2.9up [18]. A model of the
magnetic structure is shown in Fig. 1(b). Upon further cool-
ing, the incommensurability decreases slightly until about
31K where a quasi-lock-in at a value of gx ~ 0.276 sets
in [19]. Macroscopic and diffraction studies show that the
lock-in transition is separated from the onset of cycloidal and
multiferroic order [19,20] at Ty = 27.6 K. Magnetic order
in the multiferroic phase corresponds to an elliptic cycloid

©2023 American Physical Society
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FIG. 1. (a) Crystal structure of TbMnOj; with structural parame-
ters obtained by single-crystal x-ray diffraction [5]. The red, green,
and blue arrows at the lower left corners indicate the a, b, and ¢
directions, respectively. (b), (c) Magnetic structure of manganese
moments in TbMnO3. The zigzag chains of MnOg octahedra are
shown along the direction of the propagation vector, with darker
oxygen octahedra in the back and lighter in the front. The propaga-
tion vector was chosen to be k = (0, 0.25, 0) for better visibility. The
Mn moments order below 7Ty in a spin-density-wave with moments
modulated parallel to b (b), and below Tk in an elliptical spiral in the
bc-plane (c).

and is described by a coupling of two irreducible represen-
tations I'y x I'3, with T, = (G, Fy, A;) [17,18]. Kenzelmann
et al. described their data by an elliptical cycloid MMF =
(0, My, cos(Kine - ), M, sin(Kine - 7 + 8)) with M), = 3.9 and
M, = 2.8up [18], which is illustrated in Fig. 1(c). A smaller
Mn-spin component emerges along the a axis, which corre-
sponds to a G,-mode [17]. The Tb moments order separately
below T, = 7K and form an incommensurate SDW with
moments mainly oriented parallel to @ and a propagation vec-
tor of lsz = (0,0.415,0) [4,15,20,21], but magnetic Bragg
peaks are reported to be significantly broadened indicating
short-range order.

Although the Tb moments order at a lower tempera-
ture than the Mn subsystem, the two magnetic ions couple.
Already at 15K, the Tb moments contribute to the spiral
ordering of Mn moments, and this had to be taken into account
for the structure refinement of the Mn order [18]. At this
temperature, the Tb moments align primarily along a [25-28].
It was proposed that the Mn and Tb order remain coupled
below Tty through their wave vectors, 3k, — kvin = 1 [28].

Multiferroic order in TbMnOj;. The ferroelectricity in
TbMnOj3 induced through the magnetic order was microscop-
ically explained by the mechanism of the spin current [29],

the inverse Dzyaloshinskii-Moriya (DM) interaction [30], and
in a phenomenological approach [31] leading to the relation

P) X Fij X (S:, X S')j), (1)

with the neighboring spins S; and § > and their distance vector
7; j. In the RMnOjs series, the compounds with R = Tb, Dy,
Gd, and Eu,_,Y, develop such a spin-induced ferroelectric
polarization [1,4,13,32-34]. In TbMnO3, electric polarization
appears parallel to the orthorhombic ¢ axis, P., because spins
rotate in the bc plane and the propagation is along b. The
ferroelectric order in TbMnOj is a secondary effect limiting
the size of the polarization to P. = 0.08 uC/cm? at 10K in
comparison to P = 26 uC/cm? in BaTiO3 at 300K [35]. The
microscopic model of the multiferroic coupling for TbMnO3
has been corroborated by the application of magnetic and
electric fields [21,26,36].

Magnetic excitations in TbMnOs. The magnon dispersion
in TbMnO; was analyzed using inelastic neutron scatter-
ing (INS) by Senff er al. [22,37]. Three low-energy modes
were found at the magnetic zone center: An in-plane mode
(with respect to the cycloidal bc plane) at w; &~ 0.1 meV
and two out-of-plane modes at w, &~ 1.1 meV (elml) and
w3 ~ 2.5 meV (elm2), respectively, at 17 K. The exchange
interactions were estimated by fitting a Heisenberg model
to the different magnon branches, but without reflecting the
incommensurate character of the order [22,37]. Milstein and
Sushkov described the magnon dispersion in TbMnO3; and
DyMnO; using the o-model-like effective-field theory [38].
We will discuss this model in Sec. V. Magnetic fields along d
or b induce a magnetic transition to a commensurate cycloid
with moments in the ab plane (HF-C phase) [4,26,39]. The
magnetic excitations in this HF-C phase were studied by INS
experiments for both field directions [40,41].

Multiferroics exhibit hybridized excitations of phonon and
magnon character, which are called electromagnons, and they
were predicted in 1982 [42]. Electromagnons were reported
in TbMnOj3 or GdMnOs; by infrared (IR) spectroscopy [43]
and by INS [22]. Two such electromagnon modes are present
at low frequencies and match the energy of the out-of-plane
modes elml and elm2 found in INS [22,43,44]. This and
the matching temperature dependence of IR and INS mode
frequencies [41,45] strongly support the electromagnon in-
terpretation given in [46]. Concerning the HF-C phase, only
fields H || b were accessible in IR experiments due to instru-
ment limitations, and Shuvaev et al. reported the existence
of a weak c-polarized mode in the HF-C phase above the H,
transition [47], which perfectly agrees with the electromagnon
activated by the DM mechanism and INS measurements [41].
However, the various IR and optical measurements performed
on the RMnOs series yield an additional and even stronger
electromagnon signal at a larger energy of about 8 meV
[23,24,48,49]. This strongest IR signal appears always along
the @ direction [44], even for materials in the HF-C phase
associated with an ab cycloid. A magnetostrictive coupling, in
which the Heisenberg interaction is modulated by a variation
of the Mn-O-Mn bond angles, perfectly explains the strong
a-polarized electromagnon [23]. The corresponding magnon
polarization is illustrated in the lowest panel of Fig. 2 follow-
ing Ref. [24].

104404-2



SPIN-WAVE DISPERSION AND MAGNON CHIRALITY IN ...

PHYSICAL REVIEW B 108, 104404 (2023)

spphppyariset

k=1-0.28 bc-pol

FIG. 2. Sketch of the polarization patterns of magnetic excita-
tions at the zone center of the cycloid structure and at characteristic
propagation vectors. The static cycloid in the incommensurate multi-
ferroic phase is shown for a chain along b by blue arrows (moments)
and gray circles (plane in which the moments rotate). From top
to bottom one sees first the zone-center phason and the two elec-
tromagnon excitations corresponding to the rotation of the entire
cycloid around b (elml) and to the rotation of the cycloid plane
around ¢ (elm2); see Ref. [22]. The phason oscillations are polarized
parallel to the cycloid plane (always indicated by green arrows),
while for the two electromagnons the oscillation is parallel to 4,
which is indicated by red arrows. The next pictures present three
d-polarized modes for the wave vector (0,k,0) with k = 0, 0.5, and 1.
The lowest pattern corresponds to the in-plane mode atk = 1 — 0.28,
which is also a hybridized mode and even causes the strongest elec-
tromagnon signal in IR spectroscopy [23,24].

The sign of the ferroelectric polarization follows the chi-
rality of the magnetic structure; therefore, an electric field can
be used to pole the magnetic domains and to induce and invert
a monodomain system with respect to the chirality [19,36,50—
52]. Neutron scattering directly detects the chiral component
by comparing different channels in polarization analysis [53]

and is thus an ideal tool to study chiral domains [54], but it
can also be applied to the dynamic chiralities of the magnon
modes, which have been somewhat overlooked up to now.

New INS experiments and analyses in this work. So far
the magnon dispersion in TbMnO3 was studied by INS ex-
periments on a triple-axis spectrometer (TAS), in which a
single point in the scattering vector (Q) and energy (E) space
is analyzed. The magnon dispersion of an incommensurate
cycloid is, however, rather complex and exhibits more than
just one branch. Therefore, it is important to obtain a full
mapping of the intensity distribution in Q, E space. Such a
complete picture of the excitations can be obtained with the
time-of-flight (TOF) INS technique, which was the main aim
of this new analysis on IN5 at the Institut Laue Langevin
(ILL). We compare these new measurements to comprehen-
sive linear spin-wave theory calculations. In addition, we
apply polarization analysis to INS experiments in order to
examine the polarization and the dynamic chirality of selected
magnetic modes. This documents the complementarity of the
INS techniques that is required to obtain the full picture of
magnetic correlations in a multiferroic material.

After presenting the experimental details in Sec. II, we
first discuss the basic microscopic magnetic models to an-
alyze the magnon dispersion in TbMnO3 in Sec. III. The
new experimental results were obtained with TOF and
neutron-polarization techniques and are presented in Sec. IV.
Sections V and VI discuss possible extensions of the magnetic
model and the impact of the Tb-moment ordering, respec-
tively. Finally, we conclude this work.

II. EXPERIMENT

Single crystals of TbMnO3; were grown by the traveling
floating-zone method in an image furnace [55,56] and char-
acterized by single-crystal x-ray [5] and neutron diffraction
experiments as well as by specific heat and magnetic mea-
surements. Crystals cut from the same batch or from similar
growths were already used in Refs. [19,54], in which growth
and characterization are described. For the INS measurements
aimed at the dispersion, we studied large crystals to obtain
sufficient intensities in reasonable beam time.

To extend the previous INS studies on the magnon dis-
persion, which focused on single points in 0.E space, we
used the disk chopper TOF spectrometer INS at the ILL
[57]. This technique measures large parts of Q,E space,
but it does not allow for neutron polarization analysis. We
mounted a large cylindrical single crystal of 25 mm length
and ~6 mm diam in a cryostat in [0, 1, 0]/[0, 0, 1] scat-
tering geometry. The instrument is set by construction in
direct geometry: A monochromatic neutron pulse arrives at
the sample, and the position and flight time of the scattered
neutrons are measured in a detector bank covering a large
solid angle. The vertical angular range of the detector bank
is £20.55°, which limits the accessible O range vertically
to the scattering plane, i.e., the a direction. The accessible
energy and Q range as well as the resolution can be modu-
lated by the choice of the incident neutron wavelength. The
frequency of neutron pulses is set so that the highest en-
ergy transfer is 70 % of the incident energy. The experiment
was performed at 17K in order to be sufficiently below the
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multiferroic transition and to avoid dominant contributions
arising from the ordering of Tb moments. We used three
different incident neutron wavelengths: A;; = 2.0A (Eiy =
20.5 meV), Ais = 3.75A (Ej» = 5.8 meV), and A;3 = 5.2 A
(Ei3 = 3.0 meV). The corresponding energy resolutions de-
termined at the elastic line were AE; ~ 0.84 meV, AE, ~
0.22 meV, and AE3 = 0.08 meV. The resolutions are typical
for this instrument (incoming energy resolution AE;/E; ~
1.7-3.0 %) [58]. Intensities were corrected for detector
efficiency [59].

Another large single crystal of TbMnO3; was mounted in
[201]/[010] scattering geometry on the cold neutron TAS
IN14/Thales at the ILL using the CRYOPAD option for neutron
polarization analysis. Throughout the experiment, we worked
with a fixed final neutron energy of Er = 4.98 meV (kf =
1.55 A~") and a Be-filter on k. The neutrons were polarized
by a supermirror bender and analyzed by the Bragg reflection
of a Heusler crystal, and the CRYOPAD device was used for
spherical polarization analysis. The flipping ratio (FR) on a
magnetic Bragg peak was FR &~ 36, which corresponds to a
polarization of the neutron beam of approximately 95 %. The
resolution at the fixed final energy was determined on the elas-
tic line, AE = 0.2 meV. The crystal was placed between two
thin aluminum plates in order to apply an electric field along
the crystallographic c-direction, the direction of the electric
polarization in the multiferroic phase. The distance of about
22 mm between the two aluminum plates therefore requires
a high voltage to create the electric field needed to pole the
large crystal. We were able to apply a voltage of 7.8kV cor-
responding to an electric field of 355 V/mm. In a second run
of polarized experiments on IN14/Thales, we used the same
crystal mounting and instrument configuration besides a set
of Helmbholtz coils to enable longitudinal polarization analysis
[60]. In this part of the experiment, voltages of plus 10kV and
minus 5kV could be applied to the aluminum plates. On the
thermal neutron TAS IN20 we used the same crystal mounting
in a polarized configuration with the CRYOPAD device (Heusler
monochromator and analyzer crystals) and ky =1.55 AL
The flipping ratio on a magnetic Bragg peak and on the
(0, 2, 0) reflection amounted to FR ~ 13.2 and 13.0,
respectively.

To study the impact of the ordering of Tb moments on the
magnon dispersion, the same large crystal used in the IN5 ex-
periment was installed on the cold-neutron TAS IN14/Thales
at the ILL in [010]/[001] scattering geometry in an unpo-
larized configuration. The experiment was performed with a
fixed final neutron energy of £y = 4.64 meV (k; = 1.50 A
and a velocity selector on k;. Pyrolytic graphite monochro-
mator and analyzer crystals were horizontally and vertically
focusing. The energy resolution of AE = 0.19meV was de-
termined on the elastic line.

Data obtained at IN5 and at IN14/Thales are available in
Refs. [57,60], respectively.

III. MODELS OF MAGNETIC INTERACTION

The magnon dispersion of TbMnO; in the multiferroic
phase was initially described [22,37] based on a model for
the commensurate order in LaMnO3s by Moussa et al. and
Hirota et al. [61,62]. The spin-wave relations were derived

FIG. 3. Model of the crystallographic unit cell of TbMnOsj,
showing Mn moments in the spin spiral phase with exchange inter-
actions [FM Jgy (red) and AFM Jagy (blue) and Jyn (green)] and
elliptic easy-plane anisotropy along band & (ellipses).

for a Hamiltonian including Jgy and Jyn within the ab plane,
Jarm along ¢, and a single-ion anisotropy, and they describe
reasonably well the dispersion along 4 and ¢ [37]. How-
ever, the incommensurate magnetic structure was not properly
taken into account.

In a first attempt to model the magnon dispersion, a linear
spin-wave theory calculation was performed with a Holstein-
Primakoff transformation as described by Sdenz [63,64]. This
formalism is restricted to collinear magnetic structures with a
commensurate propagation vector. The bc spiral of TbMnO3
had to be approximated by a sinusoidal modulated spin-
density wave in a commensurate lattice, k= 0, 2/7, 0).
Howeyver, the results determined with this model could not
reproduce the experimentally observed dispersion, because
the ground state of the magnetic Hamiltonian strongly dif-
fers from this collinear magnetic structure. To describe the
excitations with the cycloidal structure, we use the program
SPINW [65]. The program is based on linear spin-wave theory
and was developed to account for canted and incommensurate
spin structures by Toth and Lake [66].

We consider magnetic Mn moments of spin S = 4/2 and
neglect Tb moments, which limits the applicability of the
model to temperatures significantly above the onset of Tb-
moment order. The simple model of the magnetic moments
and interactions is illustrated in Fig. 3. It includes the AFM
exchange along ¢ (blue), FM exchange Jgy (red) in the ab
plane, and the frustrating AFM nearest-neighbor interaction
Jxn (green) along b. The single-ion anisotropy (SIA) is indi-
cated as a gray ellipsoid.

In a first step, we model the excitations along Q =
(0, k, 1) for a circular spin-spiral with moments in the bc-
plane and a propagation vector of k= (0, 2/7, 0) (model
M-I). The value 2/7 ~ 0.2857 is close to the value that has
been found experimentally in TbMnOj3 [18,19]. Furthermore,
it allows the calculation of a commensurate structure with
a magnetic unit cell extended seven times along b with re-
spect to the crystallographic cell. Thereby, we could compare
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TABLE I. Comparison of exchange interaction parameters (in
meV per bond) and anisotropy energies (in meV) in the multiferroic
phase of TbMnOj; by Milstein and Sushkov [38] and this work (M-I,
M-II, M-III, M-IV). The next-nearest-neighbor exchange is fixed by
the propagation vector k = (0, kine, 0) as Jnny = Jpm/2 cos(kine). In
model M-III the single-ion anisotropy refers to the local one, that
is staggered following the orbital arrangement in TbMnO;. Model
M-II is the most simple one that properly describes the spin-wave
dispersion and its chirality. The results of this model are directly
compared to the experimental data in Figs. 5-9 and 12.

some calculations with those performed in the commensurate
collinear model [63,64]. The calculations presented through-
out the paper were performed with this seven times extended
magnetic structure, but we verified that directly implement-
ing the propagation vector of k = (0, 0.28, 0) in the Fourier
description of the magnetic structure in SPINW [65] yields
the same results. The following parameters were used for
the calculation: Japy = 0.82 meV, Jpy = —0.34 meV, Jyn =
0.24 meV, and SIA = 0 meV; see also Table I. The calculated
intensities are shown in Fig. 4(a). The total cross sec-
tion S*(w, Q) (left) and the components M*”(w, Q) (center)

Model J]:M JAFM SIA DM K . R
and M%(w, Q) (right) are given for a [010]/[001] scattering
Milstein etal.  —03 09 —0.125 —0.2 geometry. This setting allows us to distinguish fluctuations
Model M-I —034 082 0 of moments in the bc plane [in-plane, M*”(w, Q)] from fluc-
Model M-II —0.38 082 —(0,0.12,0.09) tuations along @ [out-of-plane, M¥(w, Q)]. Experimentally,
Model M-IIT —038 082 —(0,0.18,0.09) neutron polarization analysis is required in order to separate
Model M-IV —0.38  0.82 —0.1 (0.64,-0.2,0) these different polarizations of the magnon modes [22,37].
(a) in-plane out-of-plane
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FIG. 4. Calculated neutron intensity for TbMnOj; at 0 = (0, k, 1) of the total cross section S*(w, Q) (left) and the components, M (w, Q)
(center) and M¥(w, Q) (right). The scattering geometry was chosen in a way that y is in the bc plane and z is parallel to a. Different magnetic
models were used for the calculation: (a) model M-I: Spiral magnetic structure with moments in the bc plane and k=0, 2/7, 0), and
(b) model M-II: Elliptic spiral with moments in the bc plane, k= (0, 2/7, 0), and an elliptic easy-plane anisotropy.
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For a collinear spin chain with FM nearest-neighbor and
AFM next-nearest-neighbor interaction (J;-J, model), Jpm
and Jyn are constrained by the incommensurate pitch (here
along 5): cos(kinc X ™) = Jpm/(2 X Jnn). The magnetic zone
center splits into two satellites at 0= (0, +£2 /7, 1). Note that
the g; = 1 component is essential to imply a signal for the
A-type magnetic order. In addition, we get a clear separation
of an in-plane mode (in M*?), which is the phason or sliding
mode of the spiral, and an out-of-plane mode (in M%) with
moments oscillating along d; see Fig. 2. At the incommen-
surate zone center, both modes attain zero energy because
no anisotropy was inserted in model M-I, and thus there is
no preferred direction for the magnetic moments. The disper-
sion of the out-of-plane mode can be understood by looking
again at the J; — J, model with a cycloidal ground state. At
the zone boundary 0 = (0, 1, 1), the oscillations are out of
phase and one finds the polarization with the highest cost in
energy E ~ 4Jgy 4 2Jxn. The k = 0 mode at Q = (0, 0, 1)
reveals a much lower energy of —4Jpy + 2J/nn. Finally at Q =
(0, 0.5, 1), one finds an intermediate state whose polarization
corresponds to the E-type ordering scheme with an energy
—2Jxn- The polarization of these three out-of-plane modes
is illustrated in Fig. 2. For the in-plane modes, the mixing
of the static and dynamic components severely complicates
the interpretation. For k = 1 — ki, = 0.72, however, a sim-
ple picture is obtained that is illustrated in the lowest panel
of Fig. 2. This mode corresponds to the phason with every
second oscillation being inverted (green arrows in Fig. 2).
This mode modulates the scalar product of neighboring spin
and is therefore coupled to a structural distortion through
exchange striction, which yields a much stronger dynamic
magnetoelectric coupling [23]. This mode exhibits the highest
energy of in-plane polarized magnons. As can be seen in the
middle panels of Fig. 4, the maximum in-plane energy appears
at k = 0.72 and belongs to the branch starting at the Bragg in
the neighboring zone that is just Ak = 1 away.

The accurate magnetic structure of TbMnO3 corresponds
to an elliptic bc spiral with moments M, = 3.9up and
M. = 2.8 ug, k= (0, 2/7, 0), and to interaction parameters
Jarm = 0.82 meV, Jpy = —0.38 meV, and Jyny = 0.31 meV,
with single-ion anisotropy terms SIA;, = —0.12 meV and
SIA, = —0.09 meV, shown in Fig. 4(b) (model M-II). The
values of the ordered magnetic moment along b and € are
taken from the neutron diffraction study [18]. The elliptic spin
spiral is stabilized by an orthorhombic single-ion anisotropy,
where the ratio of the major and minor axes is roughly equal
to M;/M,. Since the ratio Jgy/JnN is determined by the in-
commensurability, only three independent parameters needed
to be determined by fitting the magnon energies at character-
istic propagation vectors, as is explained in the next section.
The errors of the independent parameters amount to 0.01,
0.03, and 0.01 meV for Japm, Jem, and SIA,, respectively.
The calculation shows an anticrossing of in-plane modes at
Q = (0, 2kine, 1) and at Q = (0, 1 — kipc, 1) for out-of-plane
modes, with kj,c = 2/7 ~ 0.28. The phason mode at the zone
center can attain finite energies due to pinning effects or to
the locking of the propagation vector. These effects appear
to be rather small. The out-of-plane (a-polarized) mode splits
up into two modes at the zone center, which results from the

orthorhombic single-ion anisotropy compared to a simple b, ¢
easy-plane anisotropy. Modes polarized along a with a static b
component are energetically preferred to @ modes with a static
¢ component [67].

IV. MAGNETIC EXCITATIONS IN THE
INCOMMENSURATE MULTIFERROIC PHASE

A. Refining interaction parameters with the magnon dispersion

We used the energies of the different modes extracted
from INS data taken with a TAS [22,37] to refine the inter-
action parameters of our model M-II [68]. Figure 5 shows
the calculated magnon intensity along the principal directions
[H,0.28, 1], [0, K, 1], and [0, 0.28, L]. The mode energies
determined by INS at 17K taken from Refs. [22,37] are
indicated with red points. The exchange and anisotropy pa-
rameters of the model have been refined with the experimental
data and are given in Table I (model M-II). The points ex-
tracted from INS data are very well described for propagation
vectors along the b direction. The commensurate approxi-
mation k = 2/7 ~ 0.286 of the incommensurate propagation
vector is sufficiently accurate. The dispersion along @ and ¢
can qualitatively be described, and only minor differences are
visible. At this point, we would like to recall the simplicity of
the model, which only consists of three exchange parameters
and two single-ion anisotropies as described in Sec. II. These
parameters must be consistent with the magnetic structure
yielding constraints, so that only three independent param-
eters need to be optimized to describe the experimental
dispersion. In the real system, several other effects may in-
fluence the spin dynamics of the Mn moments, such as the
DM interactions both along ¢ and in the ab plane [69], the
ferroelectric displacements [70], biquadratic [71], and ring
exchange interaction [72], and the influence of the strong Tb
moments via direct exchange or crystal field [28,31]. We will
further discuss such effects in Sec. V.

The accuracy of the estimated exchange values can be
verified by calculating the Néel temperature Ty and the Weiss
temperature using the mean-field equations [73]:

Invr = (4/3)S(S + 1)(2 x Jpm — Jarm — Inn) /K
~ 30K, 2

Omr = (4/3)S(S + 1D(2 x Jpm + Jarm + Inn) /K
~ —171K. 3)

These values can be compared to experimental observa-
tions. The AFM ordering temperature of TbMnOs3 is Ty ~
42 K, where the Mn moments form a spin-density wave. Yet,
the order is incomplete, as only the b component orders,
and full order sets in below Tyr = 27.6 K when the cycloid
forms. The mean-field value of the Néel temperature agrees
well with these experimental values. The Weiss temperature
was observed to be 6y = —21.9(1) K for a polycrystalline
sample of TbMnOs, but single-crystal data reveal strong dif-
ferences along the orthorhombic directions: 6, = 17.6(1) K,
6, = —9.3(5) K, and 6. = —128(1) K [74]. Tb moments
order below Ty, along d, and dominate already at higher tem-
perature along this direction, which thus cannot be analyzed
with our model for Mn moments. Also the b direction is
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FIG. 5. Calculated neutron intensity for TbMnOj; along the paths (a) [H, 0.28, 1], (b) [0, K, 1], and (c) [0, 0.28, L]. The calculation is based
on an elliptic spiral with moments in the bc plane, K = (0, 2/7, 0), and an elliptic easy-plane anisotropy. The parameters from model M-II
were optimized to describe the magnon energies obtained from INS (red points) taken from Ref. [37].

affected, because the Tb moments are polarized by the order-
ing of Mn moments in the SDW phase [18]. The c-direction
primarily sees the Mn moments, and the measured value cor-
responds best to the mean-field approach, which considers
only Mn ordering. The frustration of the Mn system is visible
in the enlarged ratio of mean-field values of Weiss and Néel
temperatures f = 0/Ty ~ —5.7.

B. Comparison with zone-center INS and IR data

In model M-II, there are two a-polarized out-of-plane
modes at the magnetic zone center, whose energies were
fitted to the experimental results of w;; = 1.0 meV and
w17 = 2.5 meV. The splitting is due to the distorted easy-
plane anisotropy: Modes polarized along 4 with a static b
component (rotation around b) are energetically preferred to
d modes with a static ¢ component (rotation around c). These
two oscillations correspond to the above-discussed elm1 and
elm2 modes. When we apply the DM mechanism to both ex-
citations [46], only elm1 changes the direction of the induced
electric polarization and should thus be electrically active (see
Fig. 2).

Senff et al. experimentally separated the in-plane mode
from the two out-of-plane modes using neutron polarization
analysis [22]. The phase of the out-of-plane modes could not
be experimentally determined, but taking the magnetic phase
diagram into account, the rotation around b must be lower in
energy since the cycloid rotates in modest magnetic fields H, ;,
[21,26]. The strict separation of both out-of-plane modes will
not be valid in the case of an elliptic structure, which would
allow a mixture of modes, rendering both magnon excitations
IR-active [37]. Pimenov et al. report two electrically active
modes, a stronger broad mode at 20/cm = 2.48 meV and a
weaker one at 10/cm = 1.24 meV [43,44]. Both positions
perfectly correspond to the out-of-plane modes of the model
and to the INS experiments, but their spectral weight seems
to be exchanged. Following the DM scenario, one would ex-
pect elm1 to be more strongly IR-active. This suggests some

additional mechanism involved in the electromagnon at
2.5 meV (see also Refs. [75,76]), which, however, is difficult
to validate due to the large number of magnon modes with
frequencies in this energy range. The strongest electromagnon
response arising from magnetostrictive coupling can be identi-
fied with the in-plane mode at the (0, k, 0) propagation vector
with k = 1 — kipe = 0.72, see the lowest panel in Fig. 2, and it
is observed at 8 meV in IR experiments in perfect agreement
with the model [23,24,77]. Even in a single material, electro-
magnons can arise from different mechanisms [23,46,71], and
the strongest electromagnon signal in TbMnOs is not caused
by the coupling driving the static multiferroic order [23,24].

C. Full magnon dispersion and scattering function

To obtain the full picture of the spin-wave dispersion, we
performed INS experiments on the INS TOF spectrometer.
The raw data were first reduced with LAMP [59] and then
processed by Horace under MATLAB [78] to generate the four-
dimensional S(Q, E) data sets and to extract the subsequent
cuts. No background subtraction was performed, because the
largest part of it stems from the sample and because the
spin-wave signal is sufficiently strong for direct observation.
Two-dimensional cuts were generated from the data set by
integrating over a specific range in Q and E. For an incident
neutron wavelength A;; = 2.0 A, the integration range was
0.2 (rl.u.) for Q and 1 meV for Ef [A;» = 3.75 A: 0.1 (rlu.)
and 0.4 meV, correspondingly]. The 2D cuts were reshaped
using the implemented smooth function for 2 x 2 pixels for a
better visualization of the data [78].

The TOF data were simulated using the distorted easy-
plane model M-II. 2D cuts were produced using SPINW by
taking into account the magnetic form factor of Mn®** and
the Bose factor for energy-loss scattering 1/[1 — exp(;’]—?)].

For the 0, E maps, the energy resolution was adapted to the
experimentally determined value. A finite O resolution and
an integration over the vertical Q component were considered
to be dispensable. Accordingly, the simulated constant energy
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FIG. 6. Comparison of inelastic scattering maps of TbMnO; ob-
tained from neutron TOF spectroscopy at INS (left) at 7 = 17 K and
simulation (right). The incident neutron wavelength and the energy
resolution are given in the plot headers. Model M-II (cf. Table I) was
used for the simulation, and the Bose factor as well as the magnetic
form factor were taken into account. On top of the upper right panel,
the logarithmic color bar of the intensities is shown.

maps were integrated over a finite energy range (correspond-
ing to the experiment), and no Q resolution was applied.

Figures 6 and 7 show the comparison of TOF data and
SPINW simulations for selected O scans along the principal
directions. The intensity is logarithmically color-coded. For
all maps, the data could be very well reproduced. The broad-
ening of the modes in the TOF data relative to the calculation
is only partly due to the neglected QO resolution or to the
vertical integration of the TOF data. Mainly, it arises from the
intrinsic linewidth of the excitations, which has been found
to be significantly larger than the best resolution used here,
i.e., higher than 0.2 meV [37]. The data sets using an incident
neutron wavelength of 4 = 2.0 and 3.75 A show spurious sig-
nals below 2 meV for wavelengths below the lattice constant
of aluminum A < 4.8 A stemming from the aluminum sample
holder and the cryostat. Moreover, there is a strong quasielas-
tic line arising from incoherent scattering and from the Tb
moments in addition to phonons that in particular contribute
at a large scattering vector.

IN5, A = 2.00A, T=17K

Simulation

-1 05 0 05 1 05 0 05 1
Q=(H,1.72,0) Q=(H,1.72,0)

IN5, A= 3.75A, T=17K Simulation
34 |
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= Ind w
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Q=(0,K 1) Q=(0,K 1)

IN5, A= 3.75A, T=17K Simulation

T m

Q=(0,0.28,L)

Q=(0,0.28,L)

FIG. 7. Comparison of inelastic scattering maps of TbMnO; ob-
tained from neutron TOF spectroscopy at IN5 (left) at 7 = 17 K and
simulation (right). The incident neutron wavelength and the energy
resolution are given in the plot headers. Model M-II (cf. Table I) was
used for the simulation, and the Bose factor as well as the magnetic
form factor were taken into account.

The comparison of TOF data and SPINW simulation for
constant energy cuts in the b*c* plane is shown in Figs. 8
and 9. The difference between the linewidth of experi-
mental data and simulation can again be attributed to the
broadened intrinsic linewidth of the magnon excitations in
TbMnOj5 and only partially to the missing O resolution in the
simulation.

The comparison of TOF data in the multiferroic phase of
TbMnOs; at 17 K with simulated neutron intensity maps using
model M-II (parameters given in Table I) is very satisfying; cf.
Figs. 6-9. The dispersion along all orthorhombic directions as
well as the intensities are reproduced quite well. In particular,
the various weaker branches visible in the data are correctly
reproduced. The model M-II assumes only the ordering and
interaction of Mn moments with a distorted planar anisotropy.
A quantitative description of the excitation spectra in this
phase is therefore possible without considering a Tb-Mn in-
teraction or the influence of intrinsic and ferroelectric DM
interactions. These effects may be hidden in the model in the
anisotropy term along ¢, which stabilizes the spin-spiral in the
bc plane.
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FIG. 8. Comparison of inelastic scattering maps of TbMnO; ob-
tained from neutron TOF spectroscopy at IN5 (left) at 7 = 17K
and simulation (right) in the [0, K, L] plane. The incident neutron
wavelength and the energy resolution are given in the plot headers.
Model M-II (cf. Table 1) was used for the simulation, and the Bose
factor as well as the magnetic form factor were taken into account.

The comparison between the simulated and experimen-
tal maps indicates significant broadening of magnons in
TbMnOj3, which can be attributed to the coupling with dis-
ordered Tb moments. Indeed, cooling into the phase with
ordered Tb moments results in sharper features, but yields a
more complex dispersion; see Sec. VI.

D. Chirality of excitations

Further insight on the complex excitation spectra can
be gained by applying experimental techniques to sepa-
rate the different branches. Polarized neutrons were al-
ready utilized to distinguish the polarization of the three
zone-center modes [22]. By the application of an elec-
tric field, it is possible to obtain a chiral monodomain
sample [19,50,51,79], which can be studied through the mag-
netic chiral component M, = —l(M X Mj)x, where M L is
the QOth Fourier component of the inelastic magnetization
distribution [53].

The chiral component can be directly determined by
comparing the two neutron-spin-flip intensities for neutron
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FIG. 9. Comparison of inelastic scattering maps of TbMnOj; ob-
tained from neutron TOF spectroscopy at IN5 (left) at 7 = 17K
and simulation (right) in the [0, K, L] plane. The incident neutron
wavelength and the energy resolution are given in the plot headers.
Model M-II (cf. Table 1) was used for the simulation, and the Bose
factor as well as the magnetic form factor were taken into account.

polarization parallel to the scattering vector, o,z —
2M,y, or by studying the rotation of the neutron polarization.
Here the indices of the cross section indicate the polarization
direction before and after the scattering, and the overbar in-
dicates a negative neutron polarization. The analysis of the
neutron polarization rotation (off-diagonal indices) requires,
however, spherical neutron polarization analysis and the cor-
responding experimental setups [53]. The chirality has been
studied in TbMnO3; on magnetic Bragg peaks [36,79] and
on the diffuse scattering above the long-range multiferroic
transition [19]. By using a time-resolved neutron technique, it
was possible to study the multiferroic relaxation as a function
of temperature and electric field over 8 decades in time [54].
The aim of our polarized experiments was the investiga-
tion of the chiral components of the magnons for scattering
vectors Q = (2, k, 1) in the multiferroic phase. In a simple
cycloidal incommensurate structure, one may expect the pha-
son branch to exhibit a strong chiral component which should
vary with the propagation vector, as can be seen in Fig. 2.
On the contrary, the out-of-plane modes should not carry any
chiral signal. An earlier INS study indeed found evidence for

Oxx =
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TABLE II. Coordinate system in a polarized neutron experiment
at Q = —(2, 0.28, 1) in TbMnO;3 mounted in [201]/[010] geometry.

0 (tlu.) 20, a  Z0.b  Z0, 0
X (=2.00,-028,—1.00)  20.8° 83.2° 70.4°
vy (0.56,-5.44, 0.28) 83.5° 6.8° 87.7°
2 (1.00, 0.00,—3.90) 70.3° 90° 19.7°

inelastic chiral contributions, but due to statistics limitations it
was only possible to count at the expected maximum positions
of the phason modes at (2 + £, 0.28, 1) [80].

To detect the chirality of the magnetic correlations, one has
to ensure that the scattering vector is nearly vertical to the
spin spiral. We performed the experiment around the position
0 = —(2, 0.28, 1). We recall the coordinate system used in
a polarized neutron experiment with x parallel to 0, z vertical
to the scattering plane, and y perpendicular to x and z [53].
The corresponding vectors and their angles to the principal
crystallographic directions are summarized in Table II.

The temperature dependence of the two spin-flip chan-
nels for neutron polarization along x is shown in Fig. 10(a)
at the elastic Bragg position 0 = —(2, 0.28, 1). The phase
transitions at Ty and Tyr are indicated by dashed lines. The
applied electric field poles the domains in the sample, and
the polarization analysis is able to distinguish between both
vector chiralities. We obtain a ratio between both channels of
about 3 : 1 at the magnetic Bragg peak, which corresponds
to a chiral ratio of repya = I-‘Y_’f* =~ 0.5. This chiral ratio
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FIG. 10. Chiral magnetic scattering of TbMnO; measured by
polarized neutrons. (a) Temperature dependence of the cross sec-
tions o,; and oy, at the magnetic Bragg peak Q =—(2,0.28, 1)
at IN14/Thales. An electric voltage of 7.8kV (=300 V/mm) was
applied along Z. (b) Energy scan at the magnetic zone center Q for
both channels at 7 = 17 K. Two Gaussian functions were fitted to
each curve to take account of the tail towards large energies. (c) Evo-
lution of the inelastic chiral intensity o,; — oz, along —[2, K, 1] at
T = 17K. The gray bars indicate the reported zone-center modes
[22] of which the lowest in energy indicates the phason and the two
modes at higher energies are a-polarized. The latter two modes are
efficiently suppressed by the scattering geometry (factor 1/8) and do
not contribute to the chiral signal.
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FIG. 11. Chirality of elastic and inelastic magnetic scattering in
TbMnO; studied on IN14/Thales. (a) Intensity of cross sections o,z
and oy, at Q = (=2, k, —1), (b) chiral ratio of elastic signal in two
Brillouin zones, (c) chiral ratio of low-energy phason mode along
0=(-2,k —1).

scattering vector Q is perpendicular to the spiral plane.
In TbMnOs3, the angle between Q = —(2, 0.28, 1) and the
spiral plane bc amounts to 70 °; see Table II. One also has to
take into account the elliptic shape of the spin spiral and the
orientation of Q relative to the ellipse. This yields a maximum
value of the chiral ratio at this position of rchira,Q,max = 0.93.
We can conclude that more than 75 % of the sample were in
one domain. In previous experiments, a higher ratio of up to
Fehiral & 0.8 was achieved [19,36,54,79]. This was only pos-
sible using smaller samples, which increased the maximum
applicable electric field. In our experiment, a large sample
was, however, necessary to investigate the weak inelastic sig-
nal. The achieved poling, nevertheless, is sufficient to probe
the chiral component of the magnetic excitations. In a consec-
utive experiment on IN14/Thales, a voltage of +10 kV could
be applied in one direction, but only —5 kV in the opposite
direction.

The magnetic excitations at the magnetic zone center at
17K inside the multiferroic phase are shown in Fig. 10(b).
At this scattering vector, the contribution of a-polarized out-
of-plane excitations is strongly suppressed by the sizable
component along &, sin’(a,) = 0.12, and the scattering inten-
sity stems primarily from in-plane modes. In addition, only
the low-energy phason mode carries a chiral component, and
it should be visible in the subtraction of the spin-flip channels
along x. The positions of the in-plane phason mode (w; ~
0.1 meV) and the two out-of-plane modes elm1 and elm?2 are
indicated by gray bars. Indeed, there is no scattering contribu-
tion at these latter two positions. The observed chiral signal is
broadened and can only be described by a combination of two
Gaussian functions (dotted lines), where the upper Gaussian
mimics the high-energy tail.

Figures 10(c) and 11(c) present the dispersion of the chi-
ral signal o,z — oz along Q = (=2, k, —1). The intensity
difference decreases away from the incommensurate zone
center and completely vanishes at Q =(=2,0, —1). At all
positions, the signal remains broadened with respect to the
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resolution of AE = (.24 meV. The large crystal exhibits a
sizable mosaic spread with a full width at half-maximum
(FWHM) of about 1.7 degrees, so that the steep dispersion
of the phason implies considerable broadening. The smear-
ing of the k component of the scattering vector and the
resulting sensing of the phason dispersion can, however, only
account for a broadening of about 0.4 meV, while the chiral
scattering clearly extends to above 1 meV. As the scatter-
ing vector is almost fully aligned along the a-direction, an
overlapping contribution of the out-of-plane modes can be
neglected (see above), and these modes are not expected to
carry chirality. In Fig. 11, the chirality at the two satellite
signals (—2, £0.28, —1) is compared with the dispersion of
the chirality of the phason mode. The elastic scan along
0 = (=2, k, —1) shows two magnetic Bragg reflections with
opposite chiral ratio. This is due to the scattering geometry
when k changes sign.

There is no indication that the application of an electric
field causes a significant variation of the mode energies. The
energy that the static field implies on the microscopic electric
dipoles is negligible in comparison to the magnetic interac-
tions. Accordingly, the models of the magnon dispersion do
not need to take the ferroelectric ordering in the spiral phase
into account.

The investigation of the chiral components of the magnons
in the spiral phase of TbMnOj revealed another interesting
finding. Figure 12(a) shows the chiral component, i.e., the
subtraction of both spin-flip channels for neutron polariza-
tion along the scattering vector, at the magnetic zone center
0 = (2, —0.28, 1) in a larger energy range. The same scan
was measured at IN14/Thales, as described above, and at the
thermal TAS IN20 using k; = 2.66 A~!. The latter experi-
mental setting allows one to measure at higher energy transfer,
with the cost of a relaxed resolution [81]. Both spectra were
matched by multiplying the IN14/Thales data by a factor of
20, which accounts for the higher flux on thermal instruments.
In spite of the different scattering and polarization geometries
in the two experiments, the data can be easily merged with
respect to the chirality of static signal. In both scans the iden-
tical sample was poled by an electric field. At low energies, the
intensity of the chiral component is positive and exceeds the
vertical scale [see Fig. 10(c) for the full scale]. Surprisingly,
at higher energies, the intensity difference not only decreases,
but changes its sign at an energy transfer of approximately
4 meV. This observation is visible in both scans and cannot
be explained by statistical variations. At the incommensurate
zone center there is a mode at intermediate energy, which
exhibits an opposite chirality with respect to the static Bragg
peak.

The mode of opposite chirality could be followed through
the Brillouin zone on IN20 (see the Appendix for original
data). We simulate the chiral magnetic scattering using the
model M-II to investigate the origin of these modes with in-
verted chiral signs. Figure 12(b) shows the calculated neutron
intensity M>* — M (which corresponds to the dynamic chiral
component) along 0 = (2, k, 1). The color scale ranges from
negative (green) to positive (blue) values. The calculation can
directly be compared to experimental values. Green and blue
dots denote the position and sign of chirality of the phason
modes. The values have been determined by Gaussian fits to
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FIG. 12. Dispersion of chiral magnetic scattering in TbMnO; at
T = 17K, poled by an electric field of £ &~ 355 V/mm. (a) Chi-
rality component, o,; — 0z, of zone-center modes measured on
IN14/Thales and IN20. The intensity of the IN14/Thales scan was
multiplied by a factor of 20. (b) Simulation of chiral magnetic scat-
tering Im(M>* — M%) in TbMnOj; along 0= (2, k, 1). The sign of
chirality is color-coded. The simulation is compared to data obtained
at IN14/Thales and IN20 at T = 17 K. The color of the symbols
corresponds to the sign of chirality of the modes.

the data (an example is shown in Fig. 10). In addition, we
show values of the high-energy modes obtained at IN20 with
reversed chirality, with respect to the static Bragg peak. The
data extracted from both experiments agree perfectly with the
calculated opposite chirality of the modes associated with the
phason branch starting at the neighboring incommensurate
Bragg position, which exhibits an opposite static chirality;
see Fig. 11(a). The coexistence of modes with different signs
of chirality is just a geometry effect, and it has also been
reported in BazNbFe3;Si, 04, whose structure is intrinsically
chiral [82,83].

The dynamic chirality of the in-plane phason modes is
thus well described by model M-II. The high-energy modes
of the reversed chiral component can be attributed to a pha-
son branch beginning at the neighboring incommensurate
Bragg position. The polarized measurements unambiguously
reveal the dispersion of the in-plane modes, which other-
wise are superposed with the out-of-plane modes underlining
the complementarity of polarized and unpolarized INS. The
experimental data in Fig. 12(b) (blue dots) agree well with
the calculation predicting a maximum in-plane energy at the
wave vector [0, (1 — ki) = 0.72, 0], which corresponds to
the high-energy electromagnon as discussed above. It may be
surprising that the splitting between in-plane and out-of-plane
modes extends to such high energies, as one expects the typ-
ical anisotropy terms to essentially influence the low-energy
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FIG. 13. Inelastic neutron intensity measured at

-

0 = (0, 0.28, 1) on IN14/Thales at the temperature 7 = 25 K and
in a field of +466 V/mm in the two neutron spin-flip channels (a).
Panel (b) shows the chiral ratio calculated from these data and for
data taken at the inverted electric field of —333 V/mm. The chiral
sign is inverted for the elastic response and for the two inelastic
features. Also the inelastic signal that exhibits the chirality opposite
to the static one gets inverted.

modes in an AFM system. However, the interplay between the
static cycloidal moments and the oscillation strongly modifies
only the in-plane dispersion, as any longitudinal polariza-
tion is suppressed at these moderate energies. The spin-wave
calculation with the rotating reference frame perfectly repro-
duces these chiral aspects.

In a second set of experiments on IN14/Thales, we focused
on the possibility to invert the chirality of the inelastic signal
by inverting the external electric field. To pole the multiferroic
phase, the sample was cooled through the multiferroic transi-
tion to 25 K in either positive or negative fields. At higher
temperature, the plates were short-circuited in order to avoid
charging effects. Figure 13(a) presents the data in the two
spin-flip channels taken at the incommensurate zone-center
for positive voltage from which the chiral ratio is calculated
in panel (b). We also show the chiral ratio for the inverted
voltage, which indeed changes sign. Also the chirality of
the contribution at higher energy, which was only partially
reached in this experiment, is inverted. In the Appendix, we
present further data at (0, 0.21, 1) and (0, 0.14, 1), which
also show that the inelastic chiralities are completely reversed
by inverting the multiferroic domains. These observations
unambiguously show that the dynamic chiralities are fully
imprinted by the sign of the static chirality, which is controlled
by external electric fields. The dynamic chirality of magnons
causes asymmetric effects in the neutron response [see, e.g.,
Fig. 12(b) for a comparison of scattering at (2, £0.28,
1)], similar to dichroism effects in studies with terahertz
radiation [84].

Polarized neutron diffraction experiments at finite electric
fields above the onset of long-range multiferroic order in zero
electric field, Ty, revealed that it is still possible to control
the chirality of the elastic signal and that this effect exceeds
the expectation deduced from Landau theory [19]. To further
analyze the multiferroic poling above the long-range transi-
tion, we studied also the inelastic signal slightly above Tyg.
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FIG. 14. Chiral ratio of polarized INS scans on IN14/Thales
taken at 0 = (0, 0.28, 1) and the temperature 7 = 27.93(4) K, i.e.,
above the onset of long-range multiferroic order at zero electric field.
In panel (a) chiral ratios taken at large electric fields of different
signs are shown; panel (b) presents the data values of the chiral ratio
obtained at zero electric field.

This scan is comparable to that in the multiferroic phase, but
the small amplitude of the chiral contributions considerably
hampers the experiments. Therefore, this new experiment had
to be performed on the large sample used for the poled inelas-
tic experiments, although the control of the applied electric
field is more difficult. The results are shown in Fig. 14 and
confirm the control of the elastic signal above Ty reported
in Ref. [19]. We emphasize that the temperature fluctuations
during these measurements could be kept below +0.04 K. The
inelastic part also exhibits a finite chirality that remains small,
however; in particular, it is much smaller than the inelastic
chirality seen in the multiferroic poled state. The applied field
is thus not sufficient to fully separate the excitations with dif-
ferent chiral signs in the SDW phase. The observed inelastic
chirality seems to follow the amount of static chirality that
can be implied by the external field. Nevertheless, this in-
elastic chiral poling will contribute to dielectric measurements
[85,86].

V. EXTENSION OF THE MODEL
OF MAGNETIC INTERACTION

Our calculations of the elliptic cycloid dispersion along the
direction of the propagation vector match a study by Milstein
and Sushkov [38]. Instead of linear spin-wave theory, they
use effective-field theory to model the magnon branches
in TbMnOs. They consider an incommensurate propagation
vector of k = (0, 0.28, 0) with a deformed elliptic spin spiral,
and they introduce an additional nearest-neighbor exchange
Js, along d. The anisotropy terms consist of an easy-axis
along b and a DM-type antisymmetric exchange along a,
which is equivalent to the easy-plane single-ion anisotropy in
our model [38]. Milstein and Sushkov attribute this feature
to the dipolar displacement of the FM polarization in the
multiferroic phase. In this model, the DM interaction amounts
to D = 0.2 meV, which appears to be rather strong in view
of the relatively weak ionic displacement. First-principles
calculations estimated very small displacements of the order
of 10~* A [87,88], in agreement with an experimental x-ray
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analysis [89]. We verified the influence of the additional
exchange J3, and of the elliptical deformation in our model.
The small deformation proposed by Milstein and Sushkov
[38] only leads to minor variation, and J3, did not affect the
dispersion along b.

A different calculation of the spin dynamics has been
reported by Mochizuki et al. [71]. The underlying Hamilto-
nian consists of five terms: H = Hyy + HﬁA + HSEIA + Hpm +
Hyiq. The isotropic exchange parameters in H,y are identical
to our model. The introduced anisotropies include a hard axis
H{, along ¢ and alternating local hard and easy axes HE
in the ab plane due to staggering of orbitals. The DM terms
along ¢ (DM, ) and in the ab plane (DM,;,) are taken from local
spin-density approximation calculations [90] and experiments
on LaMnOj [91]. They arise from the MnOg-octahedron ro-
tation in TbMnO3, which shifts the oxygen ions out of the
high-symmetry position between two Mn ions [73,90]. DM,
is four times stronger than in LaMnO3 [91] and plays a crucial
role in this model. It is able to stabilize the spin spiral in the bc
plane and, in competition with H,, it can explain the spiral
plane flop in HF-C phases [12,69,92]. Finally, the biquadratic
interaction term Hyq in the ab plane originates from the spin-
phonon coupling [93]. It helped to reproduce optical spectra
of DyMnO; [71]. The calculated magnon dispersion shows
very strong anticrossing and folding of modes. It does not
properly reproduce the INS results on the magnon dispersion
in TbMnO3 [37], as discussed above, or in DyMnO; [24] with
only weak anticrossing features.

An essential difference between the model developed here
and the model by Mochizuki et al. concerns the anisotropies.
Our model M-II stabilizes the bc cycloid by a distorted easy-
plane anisotropy, while the other model uses the combination
of easy-axis anisotropies and DM interactions. We modified
our model step-by-step in order to analyze the implications on
the dispersion by including a staggered easy-plane anisotropy
in the ab plane and a DM, anisotropy along ¢. The DM inter-
action in the ab plane was neglected because of its reported
weakness (DM./DM,;, = 4 in LaMnO3) [91].

First, we insert the staggering of the anisotropy direc-
tion in the ab plane. The model consists of an elliptic
bc-spiral with moments M, = 3.9up and M, = 2.8ug, k=
(0,2/7,0), and interaction parameters Japm = 0.82 meV,
JFM = —0.38 meV, JNN =0.31 meV, SIA” =—0.18 meV,
and SIA, = —0.09 meV (model M-III). The overall dis-
persion is unchanged by the staggering of the anisotropy.
Minor additional features are visible, which may arise due
to computational limitations. To introduce the staggered
anisotropy, the symmetry of the structure had to be set to P1,
which strongly increases the number of parameters for the
calculation.

In a second step, the anisotropy term along ¢ has
been removed and the DM interaction activated. The
model has the following parameters: Elliptic bc spi-
Eal with moments M, =39ug and M. =2.8up, and
k=10, 2/7,0), Japm = 0.82 meV, Jgpy = —0.38 meV,
Jan = 0.31 meV, SIA, = —0.10 meV, SIA, = 0 meV, and
DM, = (0.64, —0.2, 0) meV. In the presence of the DM, in-
teraction, the moments become alternately modulated [12]. To
account for this effect, the moments were tilted +4 ° around

the a-axis. The calculated intensity is shown in Fig. 15(b)
(model M-1V).

The result again reproduces the main features of the previ-
ous calculations. The calculation with model M-IV confirms
the assumption that the bc-spin cycloid can be stabilized by
the combination of an easy-axis anisotropy and a DM interac-
tion. However, this model yields a too low frequency for the
main scattering signal at the scattering vector (0,0,1). In the
presented calculation, a very strong antisymmetric exchange
of DM, = (0.64, —0.2, 0) meV is required to reproduce the
experimental dispersion. The strength of the DM interaction
seems to be overestimated for a relativistic effect induced
by spin-orbit coupling (Ref. [94], p. 144). The DM values
are eight times stronger than the values experimentally deter-
mined for LaMnO3 [DM, ~ (0.08, —0.025, 0) meV] [91].

To estimate the strength of the DM interaction in TbMnO3,
one can analyze the canting of the magnetic structure induced
by the antisymmetric terms. As explained in the Introduction,
the two irreducible representations involved in the cycloidal
structure allow for various canting modes in the longitudinal
spin-density phase and in the multiferroic state. In the SDW
phase G, and F, modes may occur, and in the multiferroic
phase also Cy and F, become allowed. Since all phases are
modulated, the F,; modes do not generate macroscopic po-
larization. The Tb moments can contribute to F,, C,, and
F, modes. Evidence for the admixture of such components
was found already in the first neutron diffraction experiments
[8,15,25], and resonant x-ray diffraction at the Mn L, 3 edge
clearly confirms such effects [95,96]. However, so far no
quantitative determination of the canting angles has been re-
ported. In the neutron single-crystal diffraction experiments
[25], it is not possible to compare the dominating A-type mag-
netic scattering with the much weaker components because
the strong principal magnetic diffraction intensities seem to
suffer from extinction or detector limitations. Furthermore,
it is difficult in general to quantitatively interpret resonant
magnetic x-ray diffraction intensities. In the neutron experi-
ments, the G, component seems to be the strongest admixture
[8,25] and it furthermore purely arises from the Mn moments.
Taking the Lorentz and geometry factors into account, the
powder neutron-diffraction data indicate a G, canting of ~6
degrees [8], while the other canting angles must be consid-
erably smaller. The value of the DM interaction required to
stabilize this a, b canting is obtained by classically calculat-
ing the exchange and single-ion energy as a function of the
canting angle with the parameters of model M-II plus a DM
term. The minimum yields a DM interaction of roughly 10%
of Japm, i.e., 0.08 meV, which agrees with the DM values
reported for LaMnO; [91]. The other DM terms in TbMnOj3
should be significantly smaller. A more precise determination
of all the canted admixtures can be realized with polarized
neutron diffraction, and it is desirable.

In a phenomenological approach, Mostovoy discussed the
influence of Tb anisotropies and the coupling to the Mn
moments [31], while Tb moments have not been taken into ac-
count in any of the models described above. The introduction
of Tb moments into the calculations presents a considerable
enhancement of complexity, since anisotropic interactions be-
tween Tb and Mn moments have to be considered. In view of
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FIG. 15. Calculated neutron intensity for TbMnO; along [0K 1] of the total cross section S*(w, Q) and the components M*(w, Q) and
M%(w, Q). The scattering geometry was chosen so that y is in the bc plane and z is parallel to d. Different magnetic models were used for the
calculation: (a) model M-III: Elliptic spiral with moments in the bc plane, k=(0,2/7,0)and a staggered elliptic easy-plane anisotropy, and
(b) model M-1V: Elliptic spiral with moments in the bc plane, k= (0, 1/4, 0), easy-axis anisotropy along b and anisotropic exchange (DM).

the good agreement with the data taken at 17 K, we did not
extend our model in this direction.

Summarizing these calculations, the spin waves in the
spiral phase of TbMnO3 have been modeled assuming three
different approaches extending the most simple isotropic
model M-I. Their main difference consists in the stabilization
of the cycloid along the bc plane: Model M-II assumes an
orthorhombic single-ion anisotropy, model M-III is based on
staggered anisotropy, and in model M-IV the spiral is stabi-
lized by an antisymmetric exchange along ¢. The comparison
of the models M-II, M-III, and M-IV shows that the principal
features of the dispersion can be reproduced equally well
by all models, but model M-IV, including a large DM term,
is slightly less suited. It may be surprising that DM terms
are not needed to reproduce the dispersion and the dynamic
chirality in this multiferroic material, whose ferroelectric
polarization clearly is implied through such an interac-
tion. However, this polarization is tiny while the dynamic

chirality essentially results from the frustrated interaction
parameters.

VI. INFLUENCE OF THE Tbh SUBSYSTEM

The Tb subsystem orders at Tt, = 7 K with a propagation
vector of kr, = (0, 0.42, 0) and with moments aligned par-
allel to the a direction. The R magnetic ordering has a clear
impact on the multiferroic phase [97], and Kajimoto et al.
observed the development of additional Mn structures (G-,
C-, and F-type) which arise due to the Tb subsystem [25].
Furthermore, Voigt et al. reported the induced ordering of 4 f
moments in the multiferroic phase [27]. The investigation of
the magnon dispersion in TbMnOj3 has so far been performed
at 17K or higher temperatures in order to avoid a stronger
influence from the R ions [37]. Nevertheless, even at this
temperature, Tb moments have an impact on the magnetic
excitations.
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FIG. 16. Inelastic neutron intensity of TbMnO; along O =
0, k,1)at T =17 K (a) and T =2 K (b) at IN14/Thales. The
intensity is logarithmically color-coded. The sharp diagonal features
visible at both temperatures can be attributed to spurious signals
arising from strong Bragg peak scattering.

Figure 16 compares the excitation spectrum in TbMnOj3
along Q = (0, k, 1) at 17K, in the multiferroic phase, and
at 2K, below Tr,. The sharp features can be attributed to
spurious scattering of the magnetic Bragg reflections. Usually
these spurious effects are eliminated using a Be-filter on k¢,
which was not available during the experiment. At the higher
temperature, only two spurions from the Mn Bragg reflections
are visible, and at the lower temperature also the Tb Bragg
reflections are visible. The overall features of the dispersion
are recovered below Tty,, but especially at the zone center,
significant changes occur. All modes shift to higher energies,
and at least one additional mode can be identified at 1.5 meV.
In addition, modes become sharper at 2 K, supporting our
conclusion that the interaction between Mn and Tb moments
causes considerable magnon broadening already far above
Tty in the multiferroic phase. We verified that the measured
linewidth of the magnetic excitations is intrinsic and did not
sharpen with higher instrument resolution at ky = 1.20 AL

The changes of the spectra are studied in more detail in
Figs. 17(a)-17(c). The temperature dependencies in the range
of 2-17 K are given for energy scans at (a) 0=1(0,0,1),
(b) O = (0, 0.28, 1), and (c) O = (0, 0.28, 1.5). First we
look at the magnetic zone center in panel (b). A peak ap-
pears at a finite but still low energy (at 2 K; well below the
onset of Tb ordering, this peaks lies at about 0.7 meV). The
smooth temperature dependence enables us to interpret this
low-energy peak as the phason mode which acquires finite
energy due to enhanced pinning at low temperatures. Fur-
thermore, the position of the mode at 2K agrees well with
an AFM resonance mode at 5/cm = 0.625 meV measured in
IR spectroscopy [44,45]. The hardening of the phason energy
indicates significant Mn-Tb coupling and suggests that Tb
moments also contribute to the pinning of multiferroic domain
walls [54]. At higher temperatures, the phason mode shifts to
smaller energies and moves out of the energy range accessible
by IR. The two a-polarized modes, i.e., the electromagnons
with energies of 1.1 and 2.5 meV at 17 K, harden considerably
upon cooling, in perfect agreement with the IR studies and
earlier experiments [41,44,45]. The upper mode shows a kink
at the inset of the Tb order, and near the lower mode there
is an additional feature appearing that can also be seen at
Q = (0, 0, 1) and that reaches 1.5 meV at 2 K; cf. Fig. 17(a).
The temperature and scattering-vector dependencies do not
suggest a crystal-field excitation as the origin, but such an in-
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FIG. 17. Temperature dependence of INS of TbMnOs at (a) Q =
(0,0, 1), (b) O0=1(0,0.28, 1), and (c) O =(0,0.28, 1.5) at
IN14/Thales. The intensity is logarithmically color-coded. Selected
scans corresponding to the color map are shown on the right side.

terpretation has been raised for the feature at 4.5 meV [10,22].
The data taken at (0, 0.28, 1.5) also confirm the sharpening
of magnons with the onset of Tb order; here a broad signal
changes into two well-separated peaks with a high-energy
shoulder; cf. Fig. 17(c).

VII. CONCLUSION

The combination of various INS experiments with lin-
ear spin-wave theory calculations yields a rather complete
picture of the magnetic excitations in multiferroic TbMnOs.
To analyze the overall dispersion of magnons, data covering
a wide range in reciprocal space and energy are essential,
because the magnon dispersion in the incommensurate cy-
cloid phase is complex, even when the Tb moments are
fully neglected. The incommensurate character of the order
results in a folding of branches and thus in a superposition
of many modes. The spiral magnetic arrangement yields an
essential difference between modes polarized perpendicular
to the spiral plane and modes polarized within this plane,
because static and dynamic moments strongly interfere only
in the in-plane case. This splitting differs from the usual
impact of single-ion anisotropy in a simple AFM material that
mostly affects low-energy modes. The experimental analysis
of the splitting between in-plane and out-of-plane modes,
however, requires neutron polarization analysis to distinguish
individual signals. The spin-wave calculations based on the
rotating reference system yield a very good description of the
entire data sets. The model describes well the dispersion of
the different magnons and their intensity distribution in the
INS experiments.
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In addition, the dynamic chirality of the magnon modes
is perfectly reproduced by the model. Even at the zone center
one finds inelastic chiral contributions of both signs that, how-
ever, simply arise from geometry effects. Measurements with
different signs of large external electric fields fully confirm
the picture that the dynamic magnon chirality is imprinted by
the chirality of the static order. Inelastic chirality can even be
controlled above the onset of long-range multiferroic order in
zero field.

The new experiments and the modeling fully agree with
the previously discussed electromagnon character of modes
at the incommensurate zone center or in the Brillouin zone.
Hybridization of phonons and magnons resulting in elec-
tromagnon features can arise from different mechanisms, as
previously discussed. In particular, the polarization of the
magnon modes at the incommensurate zone center is perfectly
reproduced by the model.

The theoretical models studied differ in the treatment of
single-ion anisotropy and in the inclusion of DM terms, which
are essential to stabilize the different magnetic structures as
a function of temperature and magnetic field. However, the
overall spin-wave dispersion covering energies up to ~8 meV
is similar in various models, and differences in the calculated
spin-wave energies remain small.

The magnetic excitations in the multiferroic phase at T =
17 K are considerably broadened, which can be at least
partially attributed to the interaction with disordered Tb mo-
ments. Indeed, modes become sharper upon cooling below
the onset of ordering of Tb moments, but the overall disper-
sion also becomes more complex due to the appearance of
additional features. The strong Tb-Mn interaction must also
be relevant for the pinning and the relaxation of multiferroic
domains [54].
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APPENDIX

The geometrical angles in the polarized neutron study that
are relevant for the interpretation are summarized in Table II.

On IN20 data similar to those shown in Fig. 12 were taken
for several scattering vectors (2, k, 1) covering the entire
Brillouin zone. The results are presented in Fig. 18. The red
points give the sum of the intensities in both spin-flip INS
channels, as one would observe in an unpolarized experiment.
In contrast, the difference data (shown in blue) correspond
to the chiral component and clearly illustrate the presence of
different signs. Just at the commensurate scattering vectors
(2,0, 1) and (2, 1, 1) there is no chiral component, in perfect
agreement with the model calculations. From the chiral sig-
nals at larger energy, we obtain the dispersion of the in-plane
polarized modes shown in Fig. 12(b). This dispersion exhibits
a maximum at (2, 0.72, 1) and not at the zone boundary
(2, 1, 1) due to the interference between the static and dynamic
bc moments. The experiment and the model are in perfect
agreement concerning this peculiar but essentially geometri-
cal effect.
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FIG. 18. Results of polarized INS experiments on the thermal
TAS IN20 performed at a temperature of 7 =17 K. The red
data points show the sum of I;; and I;, and the blue data points
the difference that is proportional to the chiral contribution for
(2, &, 1) with £ varying from 0.27 to 1. The corresponding data
obtained at (2, 0, 1) are added to the lower right panel in green and
black, respectively.

During the second set of experiments on IN14/Thales
with polarization analysis, we studied the possibility to invert
the chiral signs of inelastic magnon scattering, as illustrated
in Fig. 12. Comparable data in the multiferroic phase were
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FIG. 19. Chiral ratio calculated from polarized INS data taken
on IN14/Thales. The neutron polarization was analyzed along the
scattering vector (x axis), and the crystal was poled in positive and
negative electric fields. At both scattering vectors, one sees the chiral
signal stemming from the phason mode and first evidence for the op-
posite chiral contributions at higher energies. All chiral signs become
inverted by the external electric field.
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taken away from the magnetic zone center at (2, 0.21 1) and
(2,0.14 1) and are displayed in Fig. 19. Also for these scatter-

ing vectors, the dynamic chirality can be inverted by changing
the polarity of the external field.

[1] T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima, and
Y. Tokura, Magnetic control of ferroelectric polarization,
Nature (London) 426, 55 (2003).

[2] N. A. Spaldin and R. Ramesh, Advances in magnetoelectric
multiferroics, Nat. Mater. 18, 203 (2019).

[3] M. Fiebig, T. Lottermoser, D. Meier, and M. Trassin, The evo-
lution of multiferroics, Nat. Rev. Mater. 1, 16046 (2016).

[4] T. Goto, T. Kimura, G. Lawes, A. P. Ramirez, and Y.

Tokura, Ferroelectricity and Giant Magnetocapacitance in Per-

ovskite Rare-Earth Manganites, Phys. Rev. Lett. 92, 257201

(2004).

The crystal structure was studied by single-crystal x-ray

diffraction on a small crystal cut from the rods grown in

the mirror furnace. The lattice parameters are a = 5.3003(1)

A, b=58532(1) A, and ¢=7.3987(1) A (spacegroup

Pbnm); Tb at (0.98349(2), 0.08138(2), 1/4)U;s, =

0.00342(3) A%, Mn at (1/2,0,0) Uy, =0.00317(7), Ol

at  (0.1072(4), 0.4660(3), 1/4)U;, = 0.0047(4), O2 at

(0.7036(3), 0.3272(2), 0.05145(17))Uiso = 0.0048(2).  The

precision of the structure analysis underlines the high quality of

the crystals; additional information can be found in Ref. [98].

J. Jensen and A. R. Mackintosh, Rare Earth Magnetism: Struc-

tures and Excitations (The International Series of Monographs

on Physics), edited by J. Birman, S. F. Edwards, C. H. L. Smith,

and M. Rees (Clarendon Press, Oxford, 1991).

[7] T. Kimura, S. Ishihara, H. Shintani, T. Arima, K. T. Takahashi,
K. Ishizaka, and Y. Tokura, Distorted perovskite with ei, config-
uration as a frustrated spin system, Phys. Rev. B 68, 060403(R)
(2003).

[8] J. Blasco, C. Ritter, J. Garcia, J. M. de Teresa, J. Pérez-
Cacho, and M. R. Ibarra, Structural and magnetic study of
Tb;_,Ca,MnO; perovskites, Phys. Rev. B 62, 5609 (2000).

[9] J. Rodriguez-Carvajal, M. Hennion, F. Moussa, A. H. Moudden,
L. Pinsard, and A. Revcolevschi, Neutron-diffraction study of
the Jahn-Teller transition in stoichiometric LaMnOjs, Phys. Rev.
B 57, R3189 (1998).

[10] R. Kajimoto, H. Mochizuki, H. Yoshizawa, H. Shintani,
T. Kimura, and Y. Tokura, R-Dependence of Spin Exchange
Interactions in RMnOj; (R = Rare-Earth Ions), J. Phys. Soc. Jpn.
74, 2430 (2005).

[11] J. B. Goodenough, Theory of the Role of Covalence in the
Perovskite-Type Manganites [La, M(II)]MnOs, Phys. Rev. 100,
564 (1955).

[12] M. Mochizuki and N. Furukawa, Microscopic model and phase
diagrams of the multiferroic perovskite manganites, Phys. Rev.
B 80, 134416 (2009).

[13] J. Fontcuberta, Multiferroic RMnQj thin films, C. R. Phys. 16,
204 (2015).

[14] S. Ishiwata, Y. Kaneko, Y. Tokunaga, Y. Taguchi, T.-H. Arima,
and Y. Tokura, Perovskite manganites hosting versatile mul-
tiferroic phases with symmetric and antisymmetric exchange
strictions, Phys. Rev. B 81, 100411(R) (2010).

[15] S. Quezel, F. Tcheou, J. Rossat-Mignod, G. Quezel, and
E. Roudaut, Magnetic structure of the perovskite-like com-
pound TbMnQOj, Physica B+C 86, 916 (1977).

—
W
—_

—
2

[16] E. F. Bertaut, Representation analysis of magnetic structures,
Acta Cryst. A 24, 217 (1968).

[17] N. Aliouane, O. Prokhnenko, R. Feyerherm, M. Mostovoy, J.
Strempfer, K. Habicht, K. C. Rule, E. Dudzik, A. U. B. Wolter,
A. Maljuk, and D. N. Argyriou, Magnetic order and ferroelec-
tricity in RMnO; multiferroic manganites: Coupling between
R- and Mn-spins, J. Phys.: Condens. Matter 20, 434215 (2008).

[18] M. Kenzelmann, A. Harris, S. Jonas, C. Broholm, J. Schefer, S.
Kim, C. Zhang, S.-W. Cheong, O. Vajk, and J. Lynn, Magnetic
Inversion Symmetry Breaking and Ferroelectricity in TbMnOs,
Phys. Rev. Lett. 95, 087206 (2005).

[19] J. Stein, M. Baum, S. Holbein, T. Finger, T. Cronert, C. T6lzer,
T. Frohlich, S. Biesenkamp, K. Schmalzl, P. Steffens, C. H. Lee,
and M. Braden, Control of Chiral Magnetism Through Electric
Fields in Multiferroic Compounds above the Long-Range Mul-
tiferroic Transition, Phys. Rev. Lett. 119, 177201 (2017).

[20] D. Meier, N. Aliouane, D. N. Argyriou, J. a. Mydosh, and
T. Lorenz, New features in the phase diagram of TbMnOj;, New
J. Phys. 9, 100 (2007).

[21] T. Kimura, G. Lawes, T. Goto, Y. Tokura, and A. Ramirez,
Magnetoelectric phase diagrams of orthorhombic RMnO; (R =
Gd, Tb, and Dy), Phys. Rev. B 71, 224425 (2005).

[22] D. Senff, P. Link, K. Hradil, A. Hiess, L. P. Regnault, Y. Sidis,
N. Aliouane, D. N. Argyriou, and M. Braden, Magnetic Excita-
tions in Multiferroic ToMnO;: Evidence for a Hybridized Soft
Mode, Phys. Rev. Lett. 98, 137206 (2007).

[23] R. Valdés Aguilar, M. Mostovoy, A. B. Sushkov, C. L. Zhang,
Y. J. Choi, S.-W. Cheong, and H. D. Drew, Origin of Electro-
magnon Excitations in Multiferroic RMnOj;, Phys. Rev. Lett.
102, 047203 (2009).

[24] T. Finger, K. Binder, Y. Sidis, A. Maljuk, D. N. Argyriou, and
M. Braden, Magnetic order and electromagnon excitations in
DyMnO; studied by Neutron scattering experiments, Phys. Rev.
B 90, 224418 (2014).

[25] R. Kajimoto, H. Yoshizawa, H. Shintani, T. Kimura, and
Y. Tokura, Magnetic structure of TbMnO; by neutron diffrac-
tion, Phys. Rev. B 70, 012401 (2004).

[26] N. Aliouane, K. Schmalzl, D. Senff, A. Maljuk, K. Prokes,
M. Braden, and D. N. Argyriou, Flop of Electric Polarization
Driven by the Flop of the Mn Spin Cycloid in Multiferroic
TbMnO;3, Phys. Rev. Lett. 102, 207205 (2009).

[27] J. Voigt, J. Persson, J. W. Kim, G. Bihlmayer, and T. Briickel,
Strong coupling between the spin polarization of Mn and Tb in
multiferroic TbMnOj; determined by x-ray resonance exchange
scattering, Phys. Rev. B 76, 104431 (2007).

[28] O. Prokhnenko, R. Feyerherm, M. Mostovoy, N. Aliouane, E.
Dudzik, A. U. B. Wolter, A. Maljuk, and D. N. Argyriou,
Coupling of Frustrated Ising Spins to the Magnetic Cycloid in
Multiferroic TbMnOs, Phys. Rev. Lett. 99, 177206 (2007).

[29] H. Katsura, N. Nagaosa, and A. V. Balatsky, Spin Current and
Magnetoelectric Effect in Noncollinear Magnets, Phys. Rev.
Lett. 95, 057205 (2005).

[30] I. A. Sergienko and E. Dagotto, Role of the dzyaloshinskii-
moriya interaction in multiferroic perovskites, Phys. Rev. B 73,
094434 (2006).

104404-17


https://doi.org/10.1038/nature02018
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1038/natrevmats.2016.46
https://doi.org/10.1103/PhysRevLett.92.257201
https://doi.org/10.1103/PhysRevB.68.060403
https://doi.org/10.1103/PhysRevB.62.5609
https://doi.org/10.1103/PhysRevB.57.R3189
https://doi.org/10.1143/JPSJ.74.2430
https://doi.org/10.1103/PhysRev.100.564
https://doi.org/10.1103/PhysRevB.80.134416
https://doi.org/10.1016/j.crhy.2015.01.012
https://doi.org/10.1103/PhysRevB.81.100411
https://doi.org/10.1016/0378-4363(77)90740-9
https://doi.org/10.1107/S0567739468000306
https://doi.org/10.1088/0953-8984/20/43/434215
https://doi.org/10.1103/PhysRevLett.95.087206
https://doi.org/10.1103/PhysRevLett.119.177201
https://doi.org/10.1088/1367-2630/9/4/100
https://doi.org/10.1103/PhysRevB.71.224425
https://doi.org/10.1103/PhysRevLett.98.137206
https://doi.org/10.1103/PhysRevLett.102.047203
https://doi.org/10.1103/PhysRevB.90.224418
https://doi.org/10.1103/PhysRevB.70.012401
https://doi.org/10.1103/PhysRevLett.102.207205
https://doi.org/10.1103/PhysRevB.76.104431
https://doi.org/10.1103/PhysRevLett.99.177206
https://doi.org/10.1103/PhysRevLett.95.057205
https://doi.org/10.1103/PhysRevB.73.094434

S. HOLBEIN et al.

PHYSICAL REVIEW B 108, 104404 (2023)

[31] M. Mostovoy, Ferroelectricity in Spiral Magnets, Phys. Rev.
Lett. 96, 067601 (2006).

[32] K. Noda, M. Akaki, T. Kikuchi, D. Akahoshi, and H. Kuwahara,
Magnetic-field-induced switching between ferroelectric phases
in orthorhombic-distortion-controlled RMnOs, J. Appl. Phys.
99, 08S905 (2006).

[33] T. Arima, A. Tokunaga, T. Goto, H. Kimura, Y. Noda, and
Y. Tokura, Collinear to Spiral Spin Transformation without
Changing the Modulation Wavelength upon Ferroelectric Tran-
sition in Tb,_,Dy,MnOs3, Phys. Rev. Lett. 96, 097202 (2006).

[34] H. Kuwahara, M. Akaki, J. Tozawa, M. Hitomi, K. Noda, and D.
Akahoshi, Persistent and reversible phase control in GdAMnOs3
near the phase boundary, J. Phys.: Conf. Ser. 150, 042106
(2009).

[35] W. J. Merz, Double Hysteresis Loop of BaTiO; at the Curie
Point, Phys. Rev. 91, 513 (1953).

[36] Y. Yamasaki, H. Sagayama, T. Goto, M. Matsuura, K. Hirota,
T. Arima, and Y. Tokura, Electric Control of Spin Helicity in a
Magnetic Ferroelectric, Phys. Rev. Lett. 98, 147204 (2007).

[37] D. Senff, N. Aliouane, D. N. Argyriou, A. Hiess, L. P. Regnault,
P. Link, K. Hradil, Y. Sidis, and M. Braden, Magnetic ex-
citations in a cycloidal magnet: The magnon spectrum of
multiferroic TbMnO3, J. Phys.: Condens. Matter 20, 434212
(2008).

[38] A. I. Milstein and O. P. Sushkov, Magnetic excitations in the
spin-spiral state of TbMnO; and DyMnOs, Phys. Rev. B 91,
094417 (2015).

[39] L. E. Chupis, Magnetoelectric states of TbMnO; in magnetic
fields of different directions, Low Temperature Phys. 34, 422
(2008).

[40] D. Senff, P. Link, N. Aliouane, D. N. Argyriou, and M. Braden,
Field dependence of magnetic correlations through the polar-
ization flop transition in multiferroic TbMnOj3: Evidence for a
magnetic memory effect, Phys. Rev. B 77, 174419 (2008).

[41] S. Holbein, P. Steffens, T. Finger, A. C. Komarek, Y. Sidis,
P. Link, and M. Braden, Field and temperature dependence
of electromagnon scattering in TbMnO; studied by inelastic
neutron scattering, Phys. Rev. B 91, 014432 (2015).

[42] G. A. Smolenskii and I. E. Chupis, Ferroelectromagnets, Sov.
Phys. Usp. 25, 475 (1982).

[43] A. Pimenov, A. A. Mukhin, V. Y. Ivanov, V. D. Travkin, A. M.
Balbashov, and A. Loidl, Possible evidence for electromagnons
in multiferroic manganites, Nat. Phys. 2, 97 (2006).

[44] A. Pimenov, A. Shuvaev, A. Loidl, F. Schrettle, A. Mukhin, V.
Travkin, V. Ivanov, and A. Balbashov, Magnetic and Magneto-
electric Excitations in TbMnOj3, Phys. Rev. Lett. 102, 107203
(2009).

[45] A. M. Shuvaev, A. A. Mukhin, and A. Pimenov, Magnetic
and magnetoelectric excitations in multiferroic manganites,
J. Phys.: Condens. Matter 23, 113201 (2011).

[46] H. Katsura, A. V. Balatsky, and N. Nagaosa, Dynamical Mag-
netoelectric Coupling in Helical Magnets, Phys. Rev. Lett. 98,
027203 (2007).

[47] A. M. Shuvaev, V. D. Travkin, V. Y. Ivanov, A. A. Mukhin, and
A. Pimenov, Evidence for Electroactive Excitation of the Spin
Cycloid in TbMnOs3, Phys. Rev. Lett. 104, 097202 (2010).

[48] M. Mochizuki, N. Furukawa, and N. Nagaosa, Theory of
spin-phonon coupling in multiferroic manganese perovskites
RMnOs;, Phys. Rev. B 84, 144409 (2011).

[49] P. Rovillain, M. Cazayous, Y. Gallais, M.-A. Measson, A.
Sacuto, H. Sakata, and M. Mochizuki, Magnetic Field In-
duced Dehybridization of the Electromagnons in Multiferroic
TbMnOs3, Phys. Rev. Lett. 107, 027202 (2011).

[50] T. Finger, D. Senff, K. Schmalzl, W. Schmidt, L. P. Regnault, P.
Becker, L. Bohaty, and M. Braden, Electric-field control of the
chiral magnetism of multiferroic MnWOy, as seen via polarized
neutron diffraction, Phys. Rev. B 81, 054430 (2010).

[51] A. Poole, P. J. Brown, and A. S. Wills, Spherical neutron
polarimetry (SNP) study of magneto-electric coupling in the
multiferroic MnWOy, J. Phys.: Conf. Ser. 145, 012074 (2009).

[52] A. J. Hearmon, F. Fabrizi, L. C. Chapon, R. D. Johnson, D.
Prabhakaran, S. V. Streltsov, P. J. Brown, and P. G. Radaelli,
Electric Field Control of the Magnetic Chiralities in Ferroax-
ial Multiferroic RbFe(MoOQy),, Phys. Rev. Lett. 108, 237201
(2012).

[53] P.J. Brown, Neutron Scattering from Magnetic Materials (Else-
vier B. V., Amsterdam, 2006), Chap. 5, pp. 215-244.

[54] J. Stein, S. Biesenkamp, T. Cronert, T. Frohlich, J. Leist,
K. Schmalzl, A. C. Komarek, and M. Braden, Combined
Arrhenius-Merz Law Describing Domain Relaxation in Type-II
Multiferroics, Phys. Rev. Lett. 127, 097601 (2021).

[55] P. Reutler, O. Friedt, B. Biichner, M. Braden, and A.
Revcolevschi, Growth of La,Sr;,,MnQO, single crystals and
characterization by scattering techniques, J. Cryst. Growth 249,
222 (2003).

[56] A. C. Komarek, Complex ordering phenomena in transition
metal oxides and oxyhalides, Ph.D. thesis, Universitit zu Koln
(2009), https://kups.ub.uni-koeln.de/2982/.

[57] S. Holbein, P. Steffens, and M. Braden, Magnon dispersion
in TbMnOj; (Institut Laue-Langevin) (ILL), doi:10.5291/ILL-
DATA .4-01-1230.

[58] J. Ollivier and H. Mutka, In5 Cold neutron time-of-flight spec-
trometer, prepared to tackle single crystal spectroscopy, J. Phys.
Soc. Jpn. 80, SB003 (2011).

[59] D. Richard, M. Ferrand, and G. J. Kearley, Analysis and visual-
isation of neutron-scattering data, J. Neutron Res. 4, 33 (1996).

[60] S. Biesenkamp, P. Steffens, and M. Braden, Control of chiral
magnetism through E fields in multiferroic TbMnO;3 above
the long-range multiferroic transition (Institut Laue-Langevin)
(ILL), doi:10.5291/ILL-DATA.4-03-1730.

[61] F. Moussa, M. Hennion, J. Rodriguez-Carvajal, H. Moudden, L.
Pinsard, and A. Revcolevschi, Spin waves in the antiferromag-
net perovskite LaMnOs: A neutron-scattering study, Phys. Rev.
B 54, 15149 (1996).

[62] K. Hirota, N. Kaneko, A. Nishizawa, and Y. Endoh, Two-
Dimensional Planar Ferromagnetic Coupling in LaMnOs,
J. Phys. Soc. Jpn. 65, 3736 (1996).

[63] A. W. Sdenz, Spin waves in exchange-coupled complex mag-
netic structures and neutron scattering, Phys. Rev. 125, 1940
(1962).

[64] H. Ulbrich, P. Steffens, D. Lamago, Y. Sidis, and M. Braden,
Hourglass Dispersion in Overdoped Single-Layered Mangan-
ites, Phys. Rev. Lett. 108, 247209 (2012).

[65] S. Toth, SpinW, version 2.1 revision 238, Available online at
www.psi.ch/spinw.

[66] S. Toth and B. Lake, Linear spin wave theory for single-q
incommensurate magnetic structures, J. Phys.: Condens. Matter
27, 166002 (2015).

104404-18


https://doi.org/10.1103/PhysRevLett.96.067601
https://doi.org/10.1063/1.2177207
https://doi.org/10.1103/PhysRevLett.96.097202
https://doi.org/10.1088/1742-6596/150/4/042106
https://doi.org/10.1103/PhysRev.91.513
https://doi.org/10.1103/PhysRevLett.98.147204
https://doi.org/10.1088/0953-8984/20/43/434212
https://doi.org/10.1103/PhysRevB.91.094417
https://doi.org/10.1063/1.2920079
https://doi.org/10.1103/PhysRevB.77.174419
https://doi.org/10.1103/PhysRevB.91.014432
https://doi.org/10.1070/PU1982v025n07ABEH004570
https://doi.org/10.1038/nphys212
https://doi.org/10.1103/PhysRevLett.102.107203
https://doi.org/10.1088/0953-8984/23/11/113201
https://doi.org/10.1103/PhysRevLett.98.027203
https://doi.org/10.1103/PhysRevLett.104.097202
https://doi.org/10.1103/PhysRevB.84.144409
https://doi.org/10.1103/PhysRevLett.107.027202
https://doi.org/10.1103/PhysRevB.81.054430
https://doi.org/10.1088/1742-6596/145/1/012074
https://doi.org/10.1103/PhysRevLett.108.237201
https://doi.org/10.1103/PhysRevLett.127.097601
https://doi.org/10.1016/S0022-0248(02)02104-8
https://kups.ub.uni-koeln.de/2982/
https://doi.org/10.5291/ILL-DATA.4-01-1230
https://doi.org/10.1143/JPSJS.80SB.SB003
https://doi.org/10.1080/10238169608200065
https://doi.org/10.5291/ILL-DATA.4-03-1730
https://doi.org/10.1103/PhysRevB.54.15149
https://doi.org/10.1143/JPSJ.65.3736
https://doi.org/10.1103/PhysRev.125.1940
https://doi.org/10.1103/PhysRevLett.108.247209
http://www.psi.ch/spinw
https://doi.org/10.1088/0953-8984/27/16/166002

SPIN-WAVE DISPERSION AND MAGNON CHIRALITY IN ...

PHYSICAL REVIEW B 108, 104404 (2023)

[67] The same model with an incommensurate propagation vector
did not show the splitting of out-of-plane modes. We attribute
this discrepancy to problems of the implementation of incom-
mensurate structures.

[68] The values from Senff er al. differ by a factor of 2 due to a dif-
ferent definition of the parameters. Bonds between moments are
counted either once or twice in different definitions of magnetic
interaction.

[69] M. Mochizuki and N. Furukawa, Mechanism of Lattice-
Distortion-Induced Electric-Polarization Flop in the Multifer-
roic Perovskite Manganites, J. Phys. Soc. Jpn. 78, 053704
(2009).

[70] A. Malashevich and D. Vanderbilt, First-principles theory of
magnetically induced ferroelectricity in TbMnO3, Eur. Phys. J.
B 71, 345 (2009).

[71] M. Mochizuki, N. Furukawa, and N. Nagaosa, Theory of Elec-
tromagnons in the Multiferroic Mn Perovskites: The Vital Role
of Higher Harmonic Components of the Spiral Spin Order,
Phys. Rev. Lett. 104, 177206 (2010).

[72] N. S. Fedorova, C. Ederer, N. A. Spaldin, and A. Scaramucci,
Biquadratic and ring exchange interactions in orthorhombic
perovskite manganites, Phys. Rev. B 91, 165122 (2015).

[73] M. Tovar, G. Alejandro, A. Butera, A. Caneiro, M. T. Causa,
F. Prado, and R. D. Sdnchez, ESR and magnetization in Jahn-
Teller-distorted LaMnOss: Correlation with crystal structure,
Phys. Rev. B 60, 10199 (1999).

[74] D. O’Flynn, M. R. Lees, and G. Balakrishnan, Magnetic sus-
ceptibility and heat capacity measurements of single crystal
TbMnOs, J. Phys.: Condens. Matter 26, 256002 (2014).

[75] M. P. V. Stenberg and R. de Sousa, Model for twin electro-
magnons and magnetically induced oscillatory polarization in
multiferroic RMnOj, Phys. Rev. B 80, 094419 (2009).

[76] M. P. V. Stenberg and R. de Sousa, Sinusoidal electromagnon
in RMnOsj: Indication of anomalous magnetoelectric coupling,
Phys. Rev. B 85, 104412 (2012).

[77] Y. Takahashi, N. Kida, Y. Yamasaki, J. Fujioka, T. Arima,
R. Shimano, S. Miyahara, M. Mochizuki, N. Furukawa, and
Y. Tokura, Evidence for an Electric-Dipole Active Continuum
Band of Spin Excitations in Multiferroic TbMnOs3, Phys. Rev.
Lett. 101, 187201 (2008).

[78] Horace suite for MATLAB, available online at horace.isis.rl.ac.
uk.

[79] J. Stein, M. Baum, S. Holbein, V. Hutanu, A. C. Komarek, and
M. Braden, Control of multiferroic domains by external electric
fields in TbMnOs, J. Phys.: Condens. Matter 27, 446001 (2015).

[80] T. Finger, Analyse magnetischer Korrelationen in geschichteten
oder multiferroischen Ubergangsmetalloxiden durch Neutro-
nenstreuung, Ph.D. thesis, Universitit zu Koln (2013), https:
//kups.ub.uni-koeln.de/5493/.

[81] An aim of the experiment on IN20 was to search for a magnon
phonon hybridization of the high-energy magnons near the
zone boundary, but in spite of very long counting times at
0=(2,-1,1)and energies between 8 and 10 meV, no nuclear-
magnetic interference could be identified.

[82] J. Jensen, Chiral spin-wave excitations of the spin-% trimers
in the langasite compound Ba;NbFe;Si,O,4, Phys. Rev. B 84,
104405 (2011).

[83] M. Loire, V. Simonet, S. Petit, K. Marty, P. Bordet, P.
Lejay, J. Ollivier, M. Enderle, P. Steffens, E. Ressouche, A.
Zorko, and R. Ballou, Parity-Broken Chiral Spin Dynamics in
Ba;NbFe;Si, 0,4, Phys. Rev. Lett. 106, 207201 (2011).

[84] S. Bordics, I. Kézsmarki, D. Szaller, L. Demkd, N. Kida, H.
Murakawa, Y. Onose, R. Shimano, T. Rd66m, U. Nagel, S.
Miyahara, N. Furukawa, and Y. Tokura, Chirality of matter
shows up via spin excitations, Nat. Phys. 8, 734 (2012).

[85] F. Schrettle, P. Lunkenheimer, J. Hemberger, V. Y. Ivanov, A. A.
Mukhin, A. M. Balbashov, and A. Loidl, Relaxations as Key
to the Magnetocapacitive Effects in the Perovskite Manganites,
Phys. Rev. Lett. 102, 207208 (2009).

[86] F. Foggetti and S. Artyukhin, Soft magnon contributions to
dielectric constant in spiral magnets with domain walls (2020),
arXiv:2012.15383.

[87] H. J. Xiang, S.-H. Wei, M. H. Whangbo, and J. L. F. Da Silva,
Spin-Orbit Coupling and Ion Displacements in Multiferroic
TbMnOs, Phys. Rev. Lett. 101, 037209 (2008).

[88] A. Malashevich and D. Vanderbilt, First Principles Study of
Improper Ferroelectricity in TbMnO3, Phys. Rev. Lett. 101,
037210 (2008).

[89] H. C. Walker, F. Fabrizi, L. Paolasini, F. de Bergevin, J. Herrero-
Martin, A. T. Boothroyd, D. Prabhakaran, and D. F. McMorrow,
Femtoscale magnetically induced lattice distortions in multifer-
roic TbMnOs, Science 333, 1273 (2011).

[90] I. Solovyev, N. Hamada, and K. Terakura, Crucial Role of the
Lattice Distortion in the Magnetism of LaMnOj;, Phys. Rev.
Lett. 76, 4825 (1996).

[91] J. Deisenhofer, M. V. Eremin, D. V. Zakharov, V. A. Ivanshin,
R. M. Eremina, H.-A. Krug von Nidda, A. A. Mukhin, A. M.
Balbashov, and A. Loidl, Crystal field, Dzyaloshinsky-Moriya
interaction, and orbital order in Laj¢sSrg0sMnO; probed by
ESR, Phys. Rev. B 65, 104440 (2002).

[92] M. Mochizuki and N. Furukawa, Theory of Magnetic Switching
of Ferroelectricity in Spiral Magnets, Phys. Rev. Lett. 105,
187601 (2010).

[93] T. A. Kaplan, Frustrated classical heisenberg model in one
dimension with nearest-neighbor biquadratic exchange: Exact
solution for the ground-state phase diagram, Phys. Rev. B 80,
012407 (2009).

[94] D. Khomskii, Transition Metal Compounds (Cambridge Uni-
versity Press, Cambridge, 2014).

[95] S. B. Wilkins, T. R. Forrest, T. A. W. Beale, S. R. Bland,
H. C. Walker, D. Mannix, F. Yakhou, D. Prabhakaran, A. T.
Boothroyd, J. P. Hill, P. D. Hatton, and D. E. McMorrow, Nature
of the Magnetic Order and Origin of Induced Ferroelectricity in
TbMnOs, Phys. Rev. Lett. 103, 207602 (2009).

[96] H. Jang, J.-S. Lee, K.-T. Ko, W.-S. Noh, T. Y. Koo, J.-Y. Kim,
K.-B. Lee, J.-H. Park, C. L. Zhang, S. B. Kim, and S.-W.
Cheong, Coupled Magnetic Cycloids in Multiferroic TbMnO;
and Eus;4 Y ,4sMnOj, Phys. Rev. Lett. 106, 047203 (2011).

[97] T. Goto, Y. Yamasaki, H. Watanabe, T. Kimura, and Y. Tokura,
Anticorrelation between ferromagnetism and ferroelectricity in
perovskite manganites, Phys. Rev. B 72, 220403(R) (2005).

[98] M. Baum, Neutron-Scattering Studies on Chiral Multiferroics,
Ph.D. thesis, Universitidt zu Koln (2013), https://kups.ub.uni-
koeln.de/5258/.

104404-19


https://doi.org/10.1143/JPSJ.78.053704
https://doi.org/10.1140/epjb/e2009-00208-2
https://doi.org/10.1103/PhysRevLett.104.177206
https://doi.org/10.1103/PhysRevB.91.165122
https://doi.org/10.1103/PhysRevB.60.10199
https://doi.org/10.1088/0953-8984/26/25/256002
https://doi.org/10.1103/PhysRevB.80.094419
https://doi.org/10.1103/PhysRevB.85.104412
https://doi.org/10.1103/PhysRevLett.101.187201
http://horace.isis.rl.ac.uk
https://doi.org/10.1088/0953-8984/27/44/446001
https://kups.ub.uni-koeln.de/5493/
https://doi.org/10.1103/PhysRevB.84.104405
https://doi.org/10.1103/PhysRevLett.106.207201
https://doi.org/10.1038/nphys2387
https://doi.org/10.1103/PhysRevLett.102.207208
http://arxiv.org/abs/arXiv:2012.15383
https://doi.org/10.1103/PhysRevLett.101.037209
https://doi.org/10.1103/PhysRevLett.101.037210
https://doi.org/10.1126/science.1208085
https://doi.org/10.1103/PhysRevLett.76.4825
https://doi.org/10.1103/PhysRevB.65.104440
https://doi.org/10.1103/PhysRevLett.105.187601
https://doi.org/10.1103/PhysRevB.80.012407
https://doi.org/10.1103/PhysRevLett.103.207602
https://doi.org/10.1103/PhysRevLett.106.047203
https://doi.org/10.1103/PhysRevB.72.220403
https://kups.ub.uni-koeln.de/5258/

