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Phonon dynamics of multiferroic SrysBagsMng¢7Tig 0303 was investigated by means of inelastic x-ray
scattering. We found that the mode which corresponds to the soft mode in the paraelectric materials
becomes prominent below the antiferromagnetic phase transition temperature. On the other hand, the
energies of transverse optical phonon modes remain almost constant upon the magnetic ordering. This

suggests that dynamical fluctuation of electric dipole moments is crucial for a large spin-phonon coupling.
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Background and Purpose

Multiferroics, where magnetic ordering and ferroelectric polarization coexist, can be categorized into
several classes based on the mechanism. One of well-known mechanisms is spin-driven ferroelectricity 21
When cycloidal spin structure is realized, the anions located in the middle of the two magnetic ions shift to
the off-center position due to the spin current or inverse Dzyaloshinskii-Moriya mechanism. The
prototypical multiferroic in this class is perovskite TbMnO;. In this mechanism, the ferroelectricity
emerges as a result of magnetic ordering, and thus coupling between the magnetism and ferroelectricity is
inevitably strong. However, the magnitude of the electric polarization observed in this class of material is
typically small as compared with proper ferroelectrics, such as perovskite BaTiO3;. Another well-known
multiferroic is perovskite BiFeO; B1 where the 6s lone pair of Bi ion is responsible for ferroelectricity and
localized magnetic moment of Fe ion is responsible for the magnetism. Electric polarization of BiFeO; is
large, but the coupling between magnetism and ferroelectricity is small, because the magnetism and
ferroelectricity are governed by different ions.

Perovskite Sr;,Ba,MnO; is a multiferroic material which has different origin from the mechanisms
mentioned above . The pristine StMnOj is paraelectric with large dielectric constant at low temperatures.
Upon doping the larger Ba ion into the Sr site, the ferroelectric instability increases, resulting in an increase
of dielectric constant. Phonon mode softening is also observed with increasing x by optical reflectivity and
inelastic x-ray scattering measurements. Increasing x > 0.45 causes the system to become ferroelectric with
off-center displacement of magnetic Mn*" ions. The electric polarization of SrgsBagsMnO; is 13.5 uC/crn2
at 2 K, which is comparable with a proper ferroelectric material BaTiO;3. Srgs;BagsMnO; orders
antiferromagnetically below 7y = 185 K. At that temperature, the magnitude of the lattice distortion which
reflects the electric polarization changes by 70 %, which indicates the strong coupling between magnetism

and ferroelectricity of the system, as expected from the fact that the Mn* governs both ferroelectricity and
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magnetism. In order to clarify the coupling between magnetism and phonon dynamics, we measured

inelastic x-ray spectra of the ferroelectric perovskite manganite.

Experimental Summary

A single crystal of SrysBagsMng¢7Tig 0303 was grown by a two-step procedure as described in Ref. [4].
The properties of magnetism and ferroelectricity of SrysBagsMng¢7Tig 0303 are qualitatively the same as
those of SrysBagsMnO;. We observed electric polarization value of 8.7 MC/cm2 at 2 K and ferroelectric
transition temperature is 400 K. Antiferromagnetic transition was observed to take place at 188 K. Inelastic

X-ray scattering measurements were
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Results and Discussion

Fig. I shows the inelastic x-ray scattering  gjo | (2) Inelastic x-ray scattering spectra for

spectra at 300 K. Elastic scattering was g Ba; ;Mng;Tig;05 at 300 K at the wave vector of

removed by using the instrumental (,.5) The solid circles correspond to the measured data,

resolution function, and the intensity is

divided by the Bose factor [n(w)+1] . The

where the peak due to the elastic scattering is subtracted by

fitting the resolution function to the pseudo-Voigt function.

spectrum at ¢ = 0.10 has two distinct  rpe golid lines denote the fitting results based on the

features at £ = 7 and 23 meV. These peak damped harmonic oscillator model [Eq. (1)], and the green

structures are also observed in the jj,oq are the individual damped harmonic oscillator peaks.

paraelectric phase of Sri.BaMnO; (x = () Color plot of the intensity in the energy- wave vector

0.3), where lower and higher energy peak  ,jane The solid circles are the oscillator energies obtained

are assigned to transverse acoustic (TA) by fitting the spectra to Eq. (1)
and optical (TO2) modes, respectively [

In addition, a broad feature is observed in between. The feature corresponds to another optical (TO1) mode,
which exhibits softening in the paraelectric phase. Three modes are discernible in this energy range for the
paraelectric Sr;Ba,MnO;. Considering the lower lattice symmetry of the tetragonal ferroelectric material
(as compared to the cubic paraelectric) we fit the obtained spectrum to five phonon modes modeled as

damped harmonic oscillators, whose intensity is [8]:
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where g is the wave vector, w is the energy transfer, w, and y,; are the frequency and linewidth of the jth
mode with intensity /. We were not able to fit all the parameters simultaneously, and therefore, we first
varied [j and w,j, and then changed y,, separately. This fitting reproduces the observed spectra well as
shown in Fig. 1(a). The lowest energy peak is assigned to the TA mode, next lower two modes are to TO1
modes, and other modes are to TO2 modes. With increasing ¢, the intensity of the (Bose normalized) peak
originating of the TA mode increases and it disperses to higher energy. The TO2 peak is less pronounced
and merges with the TO1 modes in the high g region. The mode energies, w,;, obtained by fitting are shown
as a function of ¢ in Fig. 1(b).

The temperature dependence of the spectra at
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function of temperature in Fig. 3. The intensity of
the lower TO1 mode increases below Ty, as shown

in Fig. 3(a), implying the coupling between the

Fig. 2. Temperature dependence of the inelastic
x-ray scattering spectra at (a) ¢ = 0.10 and (b) g =
0.39.

phonon and magnetic ordering in the system. This
observation is in accord with general cases of magnetic ordering where a tiny structural distortion occurs
simultaneously, and indeed a drastic change of lattice distortion was observed in this system 4" As shown
in Fig. 3(c), the linewidth of the TOl mode at ¢ = 0.39 decreases, as in the case of the paraelectric
SriBa,MnO; with x = 0.3 7 However, in the case of x = 0.3 material, the reduction in the linewidth in the
magnetically ordered state becomes more significant as g vector becomes smaller, and this is apparently not
the case in the present result.

The change in the energy of the damped harmonic oscillator upon magnetic ordering is barely visible, as
shown in Fig. 3(b). This is in contrast to the results of the paraelectric Sr;..Ba,MnO; materials, where
hardening of the TO1 phonon mode is clearly observed upon magnetic ordering 7] The hardening in the

paraelectric materials can be described by a spin-phonon coupling model:
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wi=a)§+a<Sl.-Sj>, (2)

where @, (wo) is an energy of the phonon mode with (without) spins, «a is a coupling constant, and (S; - S;)
is a nearest-neighbor spin pair correlation function. Within this model, the magnitude of « in the present
ferroelectric Sry.,Ba,Mng¢7Ti0 0303 is smaller than those of paraelectric materials with x < 0.3. This suggests
that the dynamical fluctuation of electric dipole is needed for larger o ) and this type of spin-phonon
coupling is rather reduced once long-range ferroelectric order is established. For more detailed discussion,

quantitative comparison with the appropriate theoretical model is indispensable.
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Fig. 3. Temperature dependence of (a) intensity, (b) energy, and
(c) linewidth assigned to the two transverse optical (TO1) modes
as obtained by fitting based on Eq. (1). The values at two different
q (¢ = 0.10 and 0.39) are shown. The values of the TA and TO2

modes are not displayed.
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