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Colossal magnon-phonon coupling in multiferroic Eugy75Y(,5;MnO;3
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We report the spectra of magnetically induced electric dipole absorption in Euj75Y(,5MnO5; from
temperature-dependent far-infrared spectroscopy (10—250 cm™'). These spectra, which occur only in the ella
polarization, consist of two relatively narrow electromagnon features with onset at 77;=30 K and a broad
absorption band that persists to temperatures well above Ty=47 K. The observed excitations account for the
step up of the static dielectric constant in the ferroelectric phase. The electromagnon at 80 cm™ is observed to
be strongly coupled to the nearby lowest optical phonon which transfers more than 1/2 of its spectral weight
to the magnon. We attribute the origin of the broad background absorption to the two-magnon-emission decay

process of the phonon.
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In multiferroic materials the simultaneous magnetic and
ferroelectric order can produce cross coupling between elec-
tric and magnetic signals.! This prospect has important im-
plications for electronic memory and logic applications. On
the other hand, multiferroics exhibit interesting new funda-
mental features. The absence of both time and space inver-
sion symmetry in relatively low-symmetry crystal structures
can produce a rich array of novel magnetoelectric phenom-
ena. One such effect is the coupling between the low-lying
magnetic and lattice excitations to produce spin waves that
interact strongly with light by acquiring electric dipole activ-
ity from the phonons.>® These excitations, called
electromagnons,* can thereby produce contributions to the
static dielectric constant which appear in the ordered phases
and that can be manipulated with an applied magnetic field.
This may be the origin of the giant magnetocapacitance ef-
fect observed in these materials.” The magnitude of this
effect is related to the strength of the coupling between the
optically active phonons and the low-lying spin waves.
Therefore, further enhancement of the effect may be
achieved in materials that favor a strong magnon-phonon
coupling.

Few multiferroic systems with strong magnetoelectric ef-
fects are known since proper ferroelectricity and magnetism
are usually antithetic.® Much of the current interest is in mul-
tiferroicity with improper ferroelectricity, which is induced
by exchange striction in magnetically ordered states with
broken spatial inversion symmetry.! This produces strongly
coupled multiferroics. They are found in materials with frus-
trated magnetic exchange and noncollinear spin order. One
example is the family of compounds RMnOs; (R
=Tb,Dy,Gd,Eu-Y), whose static properties have been stud-
ied extensively.”” In TbMnOs;,'? for example, the appearance
of ferroelectricity coincides with the transition of the Mn
spin system into an antiferromagnetic structure with spiral
order.

The understanding of the origin of the magnetically in-
duced improper ferroelectricity is still evolving. The broken
inversion symmetry of the magnetic structure is only a nec-
essary condition for the existence of spontaneous
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polarization'"!? and cannot be used to uniquely identify the

coupling mechanism. The presence of competing exchange
processes produces the ferroelectric order but complicates
the understanding. Therefore we have studied the dynamical
response, which provides additional symmetry information
through the optical selection rules and gives insight into the
low-lying magnetic and lattice excitations.

Pimenov et al.*'® reported the observation of an electric
dipole active magnon, an electromagnon, in the low-energy
electrodynamic response of Tb and GdMnO;. However, this
identification was not conclusive as Tb has partially filled f
shells with low-lying levels that can also give rise to electric
dipole excitations in this frequency range.'* A positive iden-
tification of the electromagnon has been made in the related
multiferroic compound YMn,Os.> Since the f shell in Y3*
ion is completely empty, the observed excitations arise en-
tirely from the Mn spin system.

However, the RMnOj; system is attractive because it has
simpler crystalline and magnetic order, which may facilitate
the unraveling of the complex physics of multiferroicity.
Moreover, in addition to the ambiguity due to f levels, the
accuracy of the infrared (ir) data in the original reports on Tb
and GdMnO; was limited. In this Rapid Communication we
report ir measurements on Eu;_,Y,MnOj in which Mn** is
the only magnetic ion. We have chosen Euj75Y,5sMnO5 be-
cause it is close in structural, magnetic, and multiferroic
properties to TbMnOs. In addition to observing electromag-
nons in this compound without low-energy f levels, which
affirms the existence of electromagnons in the orthorhombic
RMnOj; system, we also report a strikingly strong coupling
between magnons and phonons in Euy75Y(,5sMnO3, in which
more than 1/2 of the dipole oscillator strength of a phonon is
transferred to a spin excitation.

Single crystals of Euj,5Y(,sMnO3; were grown as de-
scribed elsewhere.!> The samples were characterized by
x-ray diffraction and dielectric measurements in the kilohertz
range. Our samples are ferroelectric below Trz=30 K with
static polarization in the a-c plane (P,>>P,), and magneti-
cally ordered with transition temperature Ty=47 K; the mag-
netic structure is still unknown. Optical measurements of re-
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FIG. 1. (Color online) (a), (b), (c) Transmission spectra of
Euy.75Y025MnOj5 in different polarization configurations; (d) optical
conductivity from fits of spectra in (c). e and h are electric and
magnetic fields of light.

flectance and transmission were made as a function of
temperature as described elsewhere.’> The transmission of an
a-b plane crystal was measured at thicknesses of 1.93, 0.45,
0.080, and 0.020 mm. A second crystal was measured in a-c
plane geometry at 1.28 mm thickness.

To extract the temperature dependence of the optical con-
ductivity we fit the transmission spectra with a Lorentzian
model of the dielectric constant &(w) for electric dipole
and/or magnetic permeability u(w) for magnetic dipole tran-
sitions as described elsewhere:>:!?

S
o(w) = sx+2+ (1)
w; - 0" —1wY;

w)_1+2— (2)

A wk w’ - WY

where €., is the high-frequency dielectric constant, j,k enu-
merate the oscillators, S; and M, are spectral weights, w;; is
the resonance frequency, and 7, is the damping rate.

The striking difference between Figs. 1(a) and 1(b) corre-
sponds to the magnetic dipole and electric dipole absorptions
at low temperature for the same thickness. The transmission
spectra show that a strong low-frequency absorption in
Euj75Y(-,sMnO; occurs only in ella polarization—as was
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FIG. 2. (Color online) Spectral weight of the features below
140 cm™'. Curves show data for (1) 25 cm™' peak, (2) 120 cm™!
phonon, (3) peak at ~80 cm™!, and (4) total spectral weight below
140 cm™! (excluding the phonon). Inset: Total spectral weight of the
eight phonons above 140 cm™.

reported for TbMnO; and GAMnO5.# In ellc, the ir-active
phonons are the only electric dipole features observed (not
shown). In the (ellb,hlla) polarization we found only one
weak absorption mode below Ty [Fig. 1(a)]. Fitting this
mode as an hlla magnetic-dipole-active antiferromagnetic
resonance (AFMR) gives the values ®=20cm™', 7y
=23 cm™!, and M=2.5 cm™ at 8 K which are typical for
AFMR.3 In this fit we used £=17.5, which was obtained by
fitting ellb phonon reflectivity spectra. This resonance was
also observed in the ellc, hlla configuration on the a-c plane
sample (not shown).

We used a much thinner sample to quantify the ella spec-
tra as shown in Fig. 1(c). Below Ty, two relatively narrow
features appear: a low-energy peak at 25 cm™' and a broader
absorption at 80 cm™!. The gap in the Fig. 1(c) data near
140 cm™! is due to absorption in the cold quartz window. An
isosbestic point (frequency of constant absorption) is found
at 105 cm™! which signifies spectral weight conservation be-
tween the low-frequency absorption and the phonons. We
have observed similar features at 25 and 65 cm™' in a poly-
crystal of TbMnOs;.

A broad background in absorption is observed [Fig. 1(b)]
in ella (but not in the ellb or ellc polarizations) and persists
to temperatures as high as 150 K. In Fig. 2 we show that this
background absorption grows in strength as 7T decreases
(filled upright triangles) and this growth accelerates below
T=Ty. At T=10 K the background accounts for approxi-
mately half of the total low-frequency oscillator strength be-
low 140 cm™

The optical conductivity obtained by fitting the transmis-
sion spectra of Fig. 1(c) is shown in Fig. 1(d). We used three
Lorentzians to fit the spectra. Their parameters are (w, y,S)
at 5 K (25, 4, 467), (65, 70, 7708), (79, 17, 7506). The spec-
tral weight of the lowest-frequency peak is comparable to the
corresponding values for the electromagnons in YMn,O5 and
TbMn,0s.> The phonon parameters are (122, 15, 2662) at
5 K and (118, 12, 7456) at 80 K.
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FIG. 3. (Color online) (a) Temperature dependence of the pho-
non frequency that shows hardening at Trz. (b) Dielectric constant
of Eug 75Y 9 ,5sMnO5 from fits of infrared spectra in comparison with
30 kHz measurements.

The frequencies of the 25 and 80 cm™! peaks show very
little temperature dependence and the damping rate de-
creases, both below Tpz (not shown). The temperature de-
pendence of the spectral weight of the low-frequency modes
is shown in Fig. 2. We note that the phonon spectral weight
begins changing significantly around 7 and shows an inflec-
tion point at Ty, signaling coupling to the magnetic system.
It is seen that the total spectral weight below 140 cm™! is not
conserved; there is a net gain of about 6000 cm™2. To clarify
this point, we plot the total spectral weight of the high-
frequency phonons in the inset. The high-frequency phonons
are seen to suffer a net loss of 5000—10 000 cm~2 below Ty,
which compensates for the gain of spectral weight below
140 cm™" within experimental error. The change in the pho-
non strength in the 50-295 K range is the usual behavior
from thermal contraction. Thus, we believe that the addi-
tional low-frequency modes in Euy75Y,5MnO5 are coupled
to, and acquire their optical activity from, all the phonon
modes.

Further evidence of coupling between the phonons and
magnons is visible in the temperature dependence of the pho-
non frequency in Fig. 3(a). In the temperature range where
phonon hardening usually saturates, we see an onset of ad-
ditional hardening at Trr and a smaller effect at Ty. Figure
3(b) shows the dielectric constant of Eug75Y(,sMnO5. The
peak at 30 K in the low-frequency curves (ella and ellc)
signals the onset of the static ferroelectric (FE) moment and
is related to the dynamical response of ferroelectric domains.
The ir dielectric constant at ~10 cm™' only reproduces a step
up in g,, which is the signature of electric dipole activity of
the additional modes in ella polarization. Signatures of these
modes were not found for ellc in either transmission spectra
or (7).

We now discuss the possible origin of these additional
ir-active modes. We clearly observe the main signature of
electromagnons (EMs)—spectral weight transfer from pho-
non to magnons.*> However, before developing this interpre-
tation further we consider several other possibilities.

Additional phonons. The activation of additional phonons
is expected due to the structural distortions associated with
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the phase transitions. These can arise from the lowered crys-
tallographic symmetry or from zone folding from a reduced
Brillouin zone. In either case the strength of these modes is
proportional to the square of the order parameter associated
with the lattice distortions—P. As the lattice distortions are
very small in these improper ferroelectrics, the correspond-
ing phonons are also very weak. One example is provided by
TbMn,O5 in which two phonons that are Raman active in the
paraelectric phase become ir active in the FE phases.'> Their
ir strength is ~50 cm™ compared with 10* cm™ for typical
ir phonons in oxides and much weaker than the features we
observe in Euj75Y(,sMnO;.

Ligand field levels. Low-frequency f-level transitions
have been observed and reported in many rare earth
compounds.14 However, our observations of additional
modes in Eug 75Y,5MnO5 and YMn,O5 cannot be explained
in this way. Y has no f levels near the Fermi level and Eu**
has a ground state with J=0, and its first excited state is
located around 300 cm™' above the ground state.'®

Double-well lattice model. Golovenchits et al.'” inter-
preted a similar absorption observed in EuMn,Oj5 in terms of
two-level states induced by magnetic inhomogeneities at do-
main walls. This mechanism would predict unobserved
variations in strength with samples and materials. In addi-
tion, the observed crystal-structure-related polarization selec-
tion rules are incompatible with effects associated with the
variable orientation of domain boundaries.

Electromagnons. The coupling of the magnons to the lat-
tice leads to mode mixing and therefore spectral weight
transfer between the electric dipole active phonons and the
magnetic-dipole-active magnons.®> The electric-dipole-
activated magnon can be thought of as the Goldstone bosons
of multiferroicity.> In general the lowest-order coupling can
be written as a trilinear term in the Hamiltonian,'? H ~ uSS,
where u is the lattice displacement and S is the spin variable.
The form of the interaction that can couple the g=0 phonon
to one magnon is H~uoS_p(S, ), where (S, ) corresponds
to the static magnetic structure.

A quantitative comparison of experiments with theory is
limited by the lack of a theoretical treatment for realistic
structures including both symmetric and antisymmetric ex-
change. Katsura et al.® have reported a theory of the EMs for
the case of a spin chain with cycloidal order coupled to the
lattice by Dzyaloshinskii-Moriya (DM) antisymmetric super-
exchange. They predict that the EM should be observed as a
e L P 1 QO absorption. However, the observation is that the
EM is parallel to the a axis for Euy75Y(,5sMnO5 as well as
for TbMnO; and GdMnOs5, where the static polarization di-
rection and value are different for the three compounds.
Therefore the EM in the RMnO; multiferroics has a unique
selection rule (ella) which is not borne out by the Katsura
model. The model also predicts that the frequency of the EM
should be lower than the AFMR, but, as shown above in Fig.
1, we have observed the opposite. However, the model does
predict that the EM and the AFMR are separate modes, as
our result also implies.

The 80 cm™! feature is even more problematic within the
Katsura picture. In this case the magnon at g=Q is an inter-
nal mode in the unit cell and is nearly degenerate with the
lowest-frequency phonon. However, since mode mixing has
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generic features, it is interesting to examine the predictions
of the Katsura model for this nearly degenerate case. The
model can produce the large oscillator strength transfer for a
large DM coupling constant but this is accompanied by a
large shift, ~20 cm™', in the optical phonon. The phonon is
observed to shift to higher frequencies, consistent with mode
repulsion, but only ~2 cm™ L,

Symmetric exchange coupling should produce similar
mode mixing behavior and in principle the coupling strength
can be larger than is expected for DM exchange. Mostovoy'®
has shown that symmetric exchange coupling would produce
a response of the form with the electromagnon parallel to P
for simple models. While this is the observed selection rule
for YMn,O5 and TbMn,O5 where the EM is parallel to both
b and P, it is not correct for the RMnO; systems. Therefore,
a full symmetry analysis of the lattice and magnetic order
will be required to account for the EM selection rules.
Clearly, extending the simple EM models to include more
accurate depictions of the materials is an important priority.

We note that inelastic neutron scattering can provide im-
portant additional information. Data reported by Senff et
al."® shows good agreement with the low-frequency ir data of
TbMnO;.* Also Lee et al.?® have recently reported good
agreement between the sharp EM features in YMn,O5 and
the magnons observed in neutron scattering at g=Q favoring
the mode mixing scenario for that material. Mode mixing
also implies the onset of magnetic dipole activity of the
phonons at Tgp.

The trilinear coupling also allows a two-magnon decay of
the phonons, by the terms H~u,S,S_,. The corresponding
frequency-dependent phonon self-energy can produce modi-
fications of the phonon absorption line shape related to the
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two-magnon (q,=—¢,) density of states. As the two-magnon
density of states is broad with no narrow spectral features,
this process is unlikely to produce the observed relatively
narrow electromagnon absorption. However, the two-
magnon process is a good candidate for understanding the
broad background absorption observed below as well as
above Ty in the ella polarization. The gradual decrease of
this background signal with temperature (Fig. 2) above Ty
suggests that it originates from magnetic fluctuations. Since
there are no long-lived magnons for 7> T} this background
arises from the coupling of the phonon to the dynamic fluc-
tuations of the magnetic system in the paramagnetic phase.
Confirming evidence for this interpretation would be the ob-
servation of short-range magnetic order in these materials
above Ty by inelastic neutron scattering.

Summarizing the above discussion we interpret our obser-
vations as follows: (1) the well-defined absorption peaks at
25 and 80 cm™! arise from mode mixed phonon-magnon
excitations—electromagnons, and (2) there exists colossal
coupling between magnons and phonons that leads to the
spectacular loss of spectral weight of the 120 cm™' phonon.
We assert that electromagnon excitations provide a powerful
window into the physics of multiferroics and that a treatment
of the magnon-phonon interaction that includes the crystal
and magnetic structure may allow a better understanding of
the exchange coupling mechanism responsible for the exotic
magnetoelectric properties of these materials.
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