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The temperature dependences of the elastic and magnetic properties of polycrystal-
line perovskite manganite La,;3Ba; ;3sMnO3 were studied using ultrasonic and SQUID
magnetometer techniques. The minimum of the temperature-dependent sound veloc-
ity v(T) and corresponding maximum of the decrement 8(7") were found in the vicin-
ity of the structural phase transition R3¢ <> Imma at Ty ~ 200 K. Large alterations of
v and 9 indicate a structural phase transition of the soft mode type. A high sensitivity
of dc magnetization to a low uniaxial pressure caused by the softening was found
in the T region. A negative value of the linear thermal expansion coefficient along
one of the crystallographic axis was found in the Imma phase near T,. The proposed
microscopic mechanism explains the appearance of the soft mode in the vicinity of
the structural phase transition temperature associated with the displacement of the
manganese atom from the center of the oxygen octahedron. © 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4928075]

I. INTRODUCTION

Interest in mixed valence manganites with the general formula R;_,A,MnO;3 (R = rare-earth
cation, A = Ca, Ba, Sr) is caused by the colossal magnetoresistance effect they exhibit.'~> The
strong interaction between charge carriers, localized spins, and the lattice is a characteristic feature
of these materials, which results in the great variety and complexity of physical phenomena and
phase transitions observed. Special attention has focused on phase-separation phenomena, which
play a key role in the physics of this class of materials.>*” In particular, the coexistence of
metallic and insulating phases leads to a percolative metal-insulator transition and unusually high
magnetoresistance.>*>%

Phase separation in manganites may have two origins: 1) electronic (microscopic) phase sepa-
ration between phases with different charge carrier densities, which result in nanometer scale co-
existing clusters, and 2) disorder-induced phase separation with percolative characteristics between
equal-density phases, driven by disorder near first-order phase transitions.>*~'> The latter leads to
coexisting clusters as large as a micrometer in size. It has become clear by now that first-order phase
transformations, which result in the coexistence of two crystalline phases in a wide temperature
range (so-called martensitic transformations), play an important role in the physics of manganites.
Strong electron correlations and interactions between the coexisting crystalline phases lead to
unique properties of a number of manganites.”'!"'>!¢ The physical properties of martensitic systems
are governed by long-range deformations of the crystal lattice, i.e. accommodation strain, which
are induced as a result of the nucleation of martensitic particles within the parent high temperature
phase.!”
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Considerable attention has been given to the martensitic character known as charge ordering
(CO) transition, as the transport properties of this class of manganites are governed in many respects
by the charge-disordered insulating phase stabilized at low temperature by virtue of martensitic
accommodation strain.® The martensitic nature of a magnetic field-induced CO insulating anti-
ferromagnetic to ferromagnetic phase transition has been reported to lead to unusual relaxation
phenomena in these compounds, such as magnetic-field-induced ultrasharp magnetization steps.' 2

First order structural transformations are still little studied for wide band manganites which
do not exhibit charge ordering, although experiments on La;_,Sr,MnQO53'32! and La,_Ba,MnO;
(x = 0.15 - 0.33)!4?>°2 have revealed many interesting peculiarities of their behavior, such as the
strong dependence of the structural transition temperature 7y on the magnetic field and hydrostatic
pressure and the wide temperature range of phase coexistence.

The Lay/3Ba;,3MnO3; compound experiences a structural phase transition at 75~200
This transition possesses certain features of a martensitic transformation and causes a crystal phase
separation in the compound: below room temperature, the compound represents a mixture of the
high temperature rhombohedral phase R3¢ (austenite) and the low temperature orthorhombic phase
Imma (martensite).

Ultrasonic testing is one of the most widely used techniques for the characterization of perov-
skites over a wide temperature range. In the present study, we performed an ultrasonic and magnetic
study of the La,;3Ba;;3MnO3; manganite. The ultrasound anomalies found were associated with the
appearance of a soft mode in the vicinity of the structural phase transition, which was confirmed by
magnetic measurements. On the basis of the structural data,'* a negative coefficient of linear thermal
expansion was found. A microscopic mechanism for the phase transition is offered.

K 14,26,27

Il. EXPERIMENTAL DETAILS

Samples for the experiments were made from polycrystalline pellets of the Lay/3Ba;;3MnO3
compound which were prepared using a standard solid-state reaction with stoichiometric amounts
of LayO3, BaCOs, and Mn,O3 powders; the details have been published.'* Sample quality was
confirmed by x-ray and neutron diffraction studies.

The acoustic properties were investigated by the two-component oscillator technique.”® The
longitudinal standing ultrasonic waves with a frequency of about 70 kHz and ultrasound strain
amplitude of 1 - 1077 were excited in the samples by means of a quartz transducer. The logarithmic
decrement ¢ and resonant frequency f of the forced vibrations were measured. The longitudinal
sound velocity v was determined as v = 2If where [ is the sample length. The measurements were
carried out in gaseous “He under at a pressure of 100 Pa in the temperature range of 5-340 K with a
mean rate of thermocycling of 1 K/min.

The effect of uniaxial pressure P of 0.05 kbar on dc magnetization was measured in the
temperature range of 50-250 K in an external magnetic field H = 20 Oe by means of SQUID
magnetometry.

lll. ELASTIC AND MAGNETIC PROPERTIES

Ultrasonic measurements can give direct information on structural phase transitions in solids, in
particular in manganites.?*=3!

The study of the elastic properties of the La,/3Ba;3sMnO3 compound performed in the present
work brought out a number of features (Fig. 1) which are characteristic for martensitic transforma-
tions.* Upon decreasing the temperature from 340 K to 190 K the ultrasound velocity v strongly
decreased from 3433 m/s to 2746 m/s. Such a strong decrease in the velocity was attributed to the
appearance of a soft mode.>* A deep minimum of v(T") was observed at 190 K on cooling and at 202
K on heating (Fig. 1, upper panel). The temperature dependences of the decrement 8(7) on cooling
and heating show the corresponding maxima (Fig. 1, lower panel). Further cooling below 190 K
resulted in an increase in sound velocity v up to about 4000 m/s. At the same time, the decrement o
decreased from 0.02 to 0.005.
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FIG. 1. Temperature dependences of the sound velocity v (upper panel) and logarithmic decrement & (lower panel) of the
Lay/3Ba;;3MnO3 compound on cooling (O) and heating (®).
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These clear anomalies of the temperature dependences of the elastic characteristics are asso-
ciated with the structural phase transition from the R3c to the Imma space symmetry lattice. The
temperature hysteresis of ultrasound properties reflects the first order character of the transition.

The specific anomalies of the elastic properties, together with the neutron diffraction and ESR
data,'*?%?7 are evident of the martensitic character of the observed structural phase transition, which
results in the coexistence of two phases with different crystal structures stabilized by the induced in-
ner strain. The coexisting phases form a microstructure in the substance, which probably represents
a sort of “red cabbage” structure.>* Marked dips in the temperature dependences of the sound ve-
locity on heating and cooling (Fig. 1, upper panel) define a difference in the transition temperatures
for the direct and reverse martensitic transformations. The lowest value of sound velocity and the
corresponding highest value of sound damping correspond to the equal coexisting phase fraction,
i.e. to the region of the maximal rate of the interchange of crystal phases.

The hysteresis loops of v(T) and &(T') (Fig. 1) are asymmetrical: they extend much further
toward higher temperatures (about 150 K) compared with low temperatures (about 55 K). They do
not “converge” at 340 K, so the low temperature residual phase exists up to this temperature. Thus
the reverse martensitic transformation completes at higher temperature (about 370 K'#).

The character of the obtained dependences is typical for martensitic compounds and alloys.
For example, temperature dependences of ultrasound velocity for Nis 1sMng §oGa® in the tempera-
ture region of the direct and reverse martensitic transitions are similar to those presented in Fig. 1
(upper panel). In this regard, it should be noted that the dependences found have much in common
with those for La;_4SryMnOj (x = 0.15-0.20) manganites, which experience structural phase transi-
tion.!??% This implies that the transition in La;_,Sr,MnO3 has a martensitic nature as well, and so
the martensitic transition in Lay;3Ba;,3MnOj3 is not something unique for the perovskite manganites.

32,35
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FIG. 2. Change in the static magnetization of the Las;3Ba;;3MnO3 compound under uniaxial pressure P =0.05 kbar as a
function of temperature measured in the magnetic field H =20 Oe on heating (upper panel); temperature dependence of the
static magnetization on cooling and heating (lower panel).

The Lay/3Ba;3MnOjs is ferromagnetic below T¢ ~ 340 K,?% so the structural phase transition
R3¢ Imma takes place while the compound is in the ferromagnetic state. It is known that martens-
itic transitions are very sensitive to different external factors (pressure, applied magnetic fields)
and the history of the experiment. The effect of low uniaxial pressure (P = 0.05 kbar) on low field
magnetization appeared to be very strong: a strong temperature dependence of the change in magne-
tization under uniaxial pressure %(T) was found (Fig. 2). A pronounced minimum of ‘j]—nf’,’(T) was
seen in the vicinity of the T temperature, which implies high sensitivity of magnetization to applied
pressure, which confirms a softening of the crystal lattice in the vicinity of the phase transition
temperature.

A significant decrease in the elastic modulus found in the martensitic phase transition means
that slow acoustic waves may propagate in such systems. Slow acoustic waves are important from
the standpoint of their practical use (ultrasonic filters, delay lines, amplifiers).>® This suggests the
possibility of practical applications of manganites in acoustic electronic devices. It is important
that the martensitic transformation temperature can be varied within a wide temperature range by
varying the composition.

IV. MICROSCOPIC MECHANISM OF THE STRUCTURAL TRANSFORMATION

As mentioned above, when cooling below the room temperature, La,;3Ba;;3sMnO3 experiences
a structural transition from the rhombohedral R3c to the orthorhombic Imma space symmetry. A
difference between these crystal structures is seen in Fig. 3, where the positions of the Mn and O
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FIG. 3. Positions of Mn (small circles) and O (large circles) ions in the thombohedral R3¢ (upper panel) and orthorhombic
Imma (lower panel) crystal structures of the Lay;3Ba;;3MnO3; compound. In the orthorhombic structure (lower panel), the
large light circles represent oxygen ions at the O1 positions (six of eight ions are shown), while the large dark circles represent
those at the O2 positions (eight of twelve ions are shown). La and Ba ions are not shown.

ions are presented. The transition between such symmetries is the 1st order one as based on group
theory,*” our previous studies'#?”-?% and the present ultrasonic and magnetic measurements.

The expansion of free-energy density in the powers of the order parameter components Q; for
the first order phase transition should be carried out to the terms of the sixth power: 3!

Fo(QiT) = FoT) + 3a(T ~TOLAQ) + 3asful@) + gasfo(@) + 3HVQP. (1)

In this equation, f,,(Q;) denoted the n-order invariants of the components of the order parameter,
which are homogeneous functions of degree n in the Q; components, and which remain unchanged
under all possible symmetry operations. All the coefficients weakly depend on temperature except
for a; = a(T — T,), which goes through zero at T.. If a4 < 0, the first order phase transition is
observed in the system. VQ; denotes space derivations of the order parameters Q;. If a system is
described by two order parameters (namely, displacement and elastic deformation), the free energy
can be written as:

F(Qi,er;T) = Fo(Qi; T) + Fiu(ex) + Fe(Q,ex), )

where F,,(ex) corresponds to the elastic part of the energy only, F.(Q;, ex) describes coupling of the
order parameters (coupling term), and ey is a strain tensor. For a longitudinal wave, elastic energy
takes the form: F,,(e) = Eei/2. In the terms that describe the interaction, we take the minimal
powers of the order parameters:

F.(e,0;) = BijQiej +vijkQiQjex + dijrQiejex 3)

The interaction in (3) defines a type of the dependence of sound velocity on temperature.*® The
first and second terms in (3) give the dependence v(T') with a jump. The experimental dependence
v(T) with a minimum at 7 (Fig. 1) corresponds to the third term in the equation (3). Therefore, to
describe the interactions in the system, we can restrict ourselves this term. In the phase transition,
this term, 6;;,Q;ejex,makes a significant contribution to the free energy and can change the relative
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height of the potential minima. It may change the relative depth of the potential wells for Q and
cause the displacement of atoms at ultrasound frequency. This mechanism gives a microscopic
picture of the absorption and the appearance of the soft mode in the spectrum of the lattice vibra-
tions. Therefore, the attenuation and the velocity behavior are connected with the dynamics of the
order parameter.

It should be noted that the unit cell construction of La,;3Ba;;3sMnOs is typical for perovskites
and is similar to the classical perovskite compound BaTiO3;, which exhibits a set of first order
structural phase transitions, one of them between the orthorhombic and rhombohedral phases in
the vicinity of 183 K. The last transition has been described in detail,***° where it was shown that
the order parameter of the transition has to be chosen as the displacement of the Ti atom from the
center of the surrounding oxygen octahedron. Typical perovskites have a cubic paraphase, where a
titanium or manganese atom is in the center of the oxygen octahedron and in the center of the cube
formed by Ba or Ba/La atoms, in the case of BaTiOs and Lay;3Ba;;3sMnQOs, respectively (Fig. 4).
The studied Lay;3Ba;;sMnO3; compound is of the mixed-valance type: Mn3* ions with an ionic
radius 7~0.70 A coexist with Mn** ions with an ionic radius 7~0.52 A, which is close to the ionic
radius of Ti** (r~0.64 10\). It is clear that the difference in the size of the ionic radii, as well as
a chaotic arrangement of Mn** and Mn**, as well as La*" and Ba®* ions, does not allow one to
expect an exact match of temperatures and the sequence of phase transitions in La,;3Ba;;3MnO3 and
BaTiO3 compounds.

The thermodynamic potential is a multiwell function on this order parameter; in the simplest
case, it is a double-well potential.*' It means that minima of free energies of the coexisting phases
have the same value at the phase transition point (Fig. 5, upper panel). This model has been exten-
sively used to describe different phase transitions, including martensitic ones.*> Possible displace-
ments of the central atom in the Imma phase in the vicinity of the structural transformation are
shown in Fig. 4. There are twelve possible positions of equilibrium, two along each of the [110]
type direction, that correspond to the minima of the multiwall potential. Below T, only the Imma
phase is stable (Fig. 5, lower panel).

The main element of the perovskite structure is the oxygen octahedron surrounding a mangan-
ese (titanium) ion. The displacement of the central atom reduces the symmetry of the crystal lattice.
When the central ion is displaced from the center of the oxygen octahedron, the initially-centered
cubic structure becomes tetragonal, orthorhombic, or rhombohedral, depending on the direction
of displacement.?3-3*%0 The initially cubic lattice of the paraphase is elongated in the direction of
displacement of the central ion. Typically, such transitions occur according to the mechanism of the
soft mode. In this case, the potential barrier between the minima was greatly reduced. The central

Oy )

4

FIG. 4. The unit cell of the cubic perovskite paraphase. The La/Ba ions are at the vertices of the cube; in the center of the
cube is a Mn ion surrounded by oxygen octahedra. Possible displacements of the central Mn atom that cause the structural
transformation in the /mma phase are shown.
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FIG. 5. Thermodynamic potential F(Q;) (Eq. (1)) in the (110) plane. Points 1, 2, 3 correspond to equiprobable positions of
Mn ion in Ty temperature (upper panel) and to the non equiprobable energy state of Mn ion in Imma phase below T's (lower
panel). The potential is soft in the phase transition point 7’5 and becomes rigid below this temperature.

ion moves nearly freely between all equilibrium sites with very low potential barriers (Fig. 5),
which agrees well with the soft mode mechanism found in our ultrasound data (Fig. 1). Almost free
movement of the central ion should lead to a highly symmetric (cubic) perovskite structure near
the temperature of the structural phase transition. Therefore, the crystal lattice parameters should be
close to each other near 7. The temperature dependences of the /mma lattice constants reduced to
the cubic paraphase lattice a’ = a/ \/E, b’ =b/ V2 are shown in Fig. 6; where a,b and c are the Imma
lattice constants.'* The lattice parameters converge with increasing temperature. The parameters a’
and b’ converge with increasing temperature and become equal in the vicinity of the phase transition
temperature 7. The parameter ¢’ shows the most interesting temperature behavior: it reaches its
highest value in the vicinity of T, and then begins to decrease with increasing temperature. That is,
the coefficient of linear expansion a along the c-axis becomes negative (Fig. 7). The nature of the
negative thermal expansion was investigated both experimentally and theoretically in compounds
of various types, such as strongly anisotropic structures,**** high-temperature superconductors,*
carbon structures,***’ and niobium diselenide.*® In our case, the appearance of the negative linear
coeflicient of expansion can be attributed to the appearance of the soft mode in the structural phase
transition region.

The elastic properties of the lattice are characterized by the following relation between the
stress 0, Young’s modulus E and strain &:

o=E-¢ “
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FIG. 6. Temperature dependences of the Imma lattice constants reduced to the cubic paraphase lattice.
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FIG. 7. Linear expansion coefficient a along the c-axis (/mma phase) as a function of temperature.

The appearance of the soft mode indicates a presence of weak coupling (low stiffness) in the crystal
lattice, i.e. a decrease in Young’s modulus E. As follows from (4), a decrease in E at a fixed o
results in an increase in strain €. The crystal lattice becomes less stable, which ultimately leads
to a structural phase transition. Since the magnetoelastic interaction is considerable in the studied
compound, the appearance of the soft mode should be clearly seen in magnetic experiments. The
acute minimum of v(7") was similar to the corresponding anomaly of the uniaxial pressure effect on
magnetization M(T) (Fig. 2), which was associated with electronic transition.'**’

V. SUMMARY

Structural phase transformation in the polycrystalline La,;3Ba;3MnO3; compound was studied
using an ultrasonic technique. The minimum of the temperature-dependent ultrasound velocity v(T)
and the maximum of the decrement O(7) indicate a first order phase transition at Ty ~ 200 K.
The considerable change in both the sound velocity and the decrement indicate a structural phase
transition of the soft mode type. The high sensitivity of dc magnetization to low uniaxial pressure
confirms the appearance of the soft mode. A microscopic mechanism of this phenomenon associ-
ated with the displacement of the manganese atom from the center of the oxygen octahedron was
proposed. The transformation /mma — R3c occurs via a structure similar to the cubic perovskite
paraphrase. A negative value of the linear thermal expansion coefficient along the crystallographic
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c axis in the Imma phase was found in the vicinity of 7. It is of interest to conduct further studies
of this compound for the possible detection of multiferroic properties. As the order parameter of
this transition is the displacement of ions, a polarization is possible. So, we can expect anomalous
temperature-dependent behavior of the dielectric constant.
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