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In this work, we present the calculated results on the pressure dependent phonon properties of rhombohedral
(R3c¢) Lay;SrysMnO; manganite by using a lattice dynamical model theory. The effect of internal pressure
determined by the average A-site atomic radius is also investigated and compared with the effect of applied
pressure. The computed zone center phonon frequencies at ambient pressure agree fairly well with the experi-
mental results and the modes related to the octahedral distortion exhibit hardening with the increase in pres-
sure. The Raman active A;, mode is most sensitive to pressure with a slope of 1.0 cm™!/GPa and shows
unusual couple of slope change. Both internal and external pressures harden the A;, phonon mode and reduce
the electron-phonon interactions. Change in the frequency of the Raman active £, modes with frequency is
also observed. Different effect is observed for the low and high average A-site atomic radius. The phonon
dispersion curves in high symmetry directions of the Brillouin zone and phonon density of states are also
calculated. The pronounced shift of the peak positions in phonon DOS is observed with the increase in
pressure. The analysis of the reduction of the high frequency phonon peak width and effective mode-Griineisen
parameter allows us to draw a conclusion for the decrease in lattice distortion and to some extent Jahn-Teller
(JT) distortion, a signature of rhombohedral structure for the manganites. The role of pressure on the lattice

specific heat is also discussed.
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I. INTRODUCTION

During the last decade R,_,A MnO; (R=rare earth La, Pr,
Nd, Dy; A=alkaline earth ions Sr, Ca, Ba, Pb) manganites
have attracted great attention due to their interesting physical
properties that makes these systems a promising candidate
for the applications as magnetic sensors. The phase diagram
of these compounds is rich and complex and many variables
such as pressures,! temperature,>> magnetic field,>* and
A-site average ionic radius (chemical pressure) (Ref. 5) de-
termine a wide range of ground states in these systems. Since
the physical properties of these states are often sensitive to
even a small change in intrinsic and external conditions,
there appears to be a number of colossal effects. The colossal
magnetoresistance (CMR) effect in these perovskite manga-
nites is one of the best known examples of such an effect.’ It
is observed that the application of a magnetic field induces a
transition from a paramagnetic insulating (PI) to a ferromag-
netic metallic (FM) phase. The large difference between the
resistivity of these two phases lies at the heart of the CMR
effect, which can be qualitatively explained by the double
exchange (DE) model, first proposed by Zener.” But the DE
model could not predict measured resistivity quantitatively
and a large difference is observed in predicted and measured
values. Millis et al.® argued that the DE alone could not
explain the resistivity in these systems and the Jahn-Teller
(JT) type lattice distortions of the MnOy octahedra should be
considered owing to JT distortion. This JT distortion results
into the splitting of Mn*3 e, orbital and therefore the energy
of the occupied orbital reduces and localizes the states.

In the cubic perovskite ABOj3, due to the radius mismatch
of the A- and B-site atoms, structural distortion is induced.
The chemical substitution (doping elements and concentra-
tions “x”) at A-site changes the number of electrons in 3d
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band of Mn, lattice parameters, Mn-O bond length, and Mn-
O-Mn bond angle.”"'> The changes in the doping levels also
result in changes in the MnOg octahedra and therefore the
local distortion is affected. The similar effects can also be
achieved by the externally applied hydrostatic pressure. The
application of pressure also results in the stabilization of
rhombohedral phase of La;_ Sr,MnO; (x=0.12-0.18) (Refs.
16 and 17) and Laj¢Bay,MnO5 (Ref. 18) systems. The ap-
plication of pressure reduces the lattice constants, increases
the Mn-O-Mn bond angles and the unit cell becomes more
cubic, and reduces the local distortion of the MnOg4 octahedra
and electron-phonon coupling.!®! In addition, an increase
in T, is observed as the pressure is increased.'?' It is an
established fact that the JT distortion plays an important role
and hence influences many properties in the manganites. The
application of pressure both chemical and external reduces
the volume around the A ion in the cage of MnOg octahedra
which results into the symmetrization of the surrounding
structure and reduction in JT distortion.’’?> The coherent
and incoherent distortions affected by the high pressure and
doping are abruptly reduced when crossing into the ferro-
magnetic (FM) phase.?® The electron-phonon (el-ph) interac-
tion is affected by the pressure through the modification of
the frequency of the octahedral bending and stretching
modes.?*-?’

In recent times, there have been some speculations that
for pressures above 2 GPa, the behavior of manganites may
be different from that observed in the low-pressure measure-
ments.”®2° However, Hwang et al.' found that the effect of
pressure could be mapped onto the average radius of the
A-site atoms with a conversion factor of 3.75X1073
A/GPa in the pressure range below ~2 GPa. The Raman
scattering study of orthorhombic Lag;5S1;,sMnO5; by Con-
geduti et al.?® showed that the pressure above 7.5 GPa in-
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duces a new phase other than the predicted metallic phase.
The lattice compression due to the application of pressure
results in abrupt change in phonon frequency and strong pho-
non broadening suggesting increase in electron-phonon inter-
action. A long-range static/dynamic Jahn-Teller distortion
and more distorted MnOg octahedra are observed by Me-
neghini et al.>°

To the best of our knowledge, the high pressure effects on
the CMR and its related properties including phonon proper-
ties of the optimally doped manganites with the rhombohe-

dral crystal structure of (R3c) symmetry are not studied so
far. The present study reports the results on the complete
phonon properties of rhombohedral Lag-;Sry3MnO5; under
high pressure by using a lattice dynamical model theory un-
der the framework of shell model. The super-exchange inter-
action between the localized spins is neglected in the present
calculation as this is beyond the scope of the present model
calculation. The rhombohedral Lag4Sry;MnO; (LSMO)
compound exhibits the metallic-like temperature behavior of
resistivity and transforms to the ferromagnetic (FM) state at
Tc~370 K3! The dT-/dP~5 K GPa™! for LSMO (Ref. 32)
is much smaller in comparison to that obtained in the same
pressure range for the other manganites with a close chemi-
cal content but in the orthorhombic phase.?33* The present
study also reports the results on the investigation of the effect
of A-site average atomic radius ({r4)) on some of the se-
lected phonon modes and phonon spectra. The effect of two
different kinds of pressure is also correlated. To see the effect
of ({ry)), Ba and Pb doped LaMnO; systems are selected
with Sr doped LaMnOj as reference system. It will be seen
in what follows that the effect of these two pressures is dif-
ferent and there is a clear difference in the phonon properties
for low and high (r,). Section II describes the brief theoret-
ical methodology for calculating the lattice vibrations. Sec-
tion III contains the results and discussion followed by the
main conclusion in Sec. IV.

II. THEORETICAL METHODOLOGY

In order to calculate the phonon properties of the consid-
ered manganites, interatomic potential in the form of a Buck-
ingham potential is used. It has been shown to perform suf-
ficiently well and it is widely used for modeling various
oxides. This potential takes the form

Z,-Z<e2 ri'
Uij(rij)z +b; exp(— _L>, (1)
Tij Pij

where the first and second term represent the Coulomb po-
tential and Born-Mayer repulsion energies, respectively.
Here, r;; is the interatomic distance between ith and jth at-
oms, Z; and Z; are the effective charges of the respective
atoms, b;; and p;; are the short-range potential parameters for
each pair of atoms usually found by fitting to experimental
data. For the potentials described, O-O short-range interac-
tions were chosen from Ref. 35, which was successfully used
for the modeling of several oxides.*3” The electronic polar-
ization of the lattice is included by the shell model where in,
an ion is represented by a massless shell of charge Y and a
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TABLE I. Input parameters for rhombohedral La,, ;Sr);MnO; at
0, 2.2, 5.0, and 7.5 GPa.

Interactions b (eV) p (A)
La/Sr-O 1500.0 3.2615
La/Ba-O 1555.0 3.3582

La/Pb 1575.0 3.4237
Mn-O 3030.0 2.9815
0-0 2100.0 2.1978
Shell model?
Ton Y (e) K (eV A?)
0> —2.86902 74.92

2Y and K refer to the shell charge and harmonic spring constant,
respectively.

core of charge X which are coupled by a harmonic spring
constant K. To calculate the phonon properties the software
LADY for lattice dynamical simulation is used.*® Only the
oxygen ions are considered to be polarizable. This model has
been quite successfully used in recent times by us.3**0 We
use the same set of model parameters to determine the pho-
non properties of La;Sry;MnO; at all considered pressures
but a variation of 3 to 5 % in the case of A/A’-O short-range
interactions for Ba and Pb doped systems are allowed. It is
ensured that the parameters yield stable structure. The pa-
rameters so obtained are listed in Table I.

III. RESULTS AND DISCUSSION

The rhombohedral Laj;Sry3sMnO; compound has the

symmetry of the space group (R3c) (DS,), which can be
generated by the rotation of the adjacent MnOgq octahedra in
opposite directions about the cubic [111] directions. Thus, at
zone center following irreducible modes result for the

Lay ,Sry sMnO; in R3¢ structure
T(DS,) =2A,,+3As + A1, + 44y, +4E,+ 6E,,  (2)

where the A|,+4E, are Raman active, the 3A4,,+5E, are in-
frared (IR) active, and the remaining 2A,,+3A,, modes are
silent modes. La atoms participate in four I"-point (zone cen-
ter) phonon modes (A,,+A,,+E,+E,). While Mn atoms
contribute to four (A,,+A,,+2E,) I'-point phonon modes, O
atoms take part in twelve (A, +A;,+A,,+2A,,+3E,+3E,)
I'-point phonon modes in the rhombohedral lattice. The
structure parameters of La,;Sry;MnO; at selected pressures
and ambient temperature for the calculation of phonon prop-
erties in the present study are used from Ref. 19. Since the
main aim of the present study is to see the effect of pressure
on the phonon properties of Lag;Sry3sMnO; and find the
most affected phonon modes with the application of pressure
and therefore responsible for any unusual behavior particu-
larly related to JT distortion and MnOg octahedra. For this
reason, present study reports the zone-center phonon fre-
quencies, phonon dispersion curves, phonon density of
states, and thermal properties of LSMO at pressure up to
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TABLE II. The zone center phonon frequencies for rhombohe- 216
Flral L_alo.7Sr0.3MnO3 at 0, 2.2, 5.0, and 7.5 GPa. All frequencies are A 1g
mcm . : 215 4
IE
Phonon frequencies (cm™) -“‘; 314 |
Modes 0 GPa 2.2 GPa 5.0GPa 7.5GPa  Experimental § -~
A, 21078 21144 214.62  215.05 1992 g
180° e 2121
230¢ 2
Ay, 344,14 346.84 350.38  353.26 f 211 A
478.49  486.24 49537  503.87 )
538.04 54648  556.20  565.46 210 - ; '
E, 2908 2934 2988  30.14 420 0 2 4 B 8
17425 17632 179.84  182.02 Frexsnce [5Fa)
408.72 41444  421.66  427.86 420¢
44757 45496 46336  471.50 500 e e
A, 17561 17638 17926  179.89 _ b - . _
550.17 55447  560.18  564.78 40T
Ay, 6731 6794 6926  69.90 £ 350 4
561.51 57034 580.67 59036 6419 580, 576 § 300
648.22 65329 65999  665.41 % 250 ~
E, 4377 4417 4500  45.40 2 om0 ‘ )
7250 7353 7513 7625 £ 150 ] * - B
113.07 11445 11679  118.25 E 100 4
180.36 182.74  186.50  189.05 o £
41691 423.04 430.64 437.32 5 + + +
aRaman data at 10 K (Ref. 41). i 2 4 g g8
PRaman data at 300 K for La 4751y 33MnO5 (Ref. 42). Pressure(GPa)
‘Raman data at 30 K for Lag gSry,MnO5 (Ref. 43).
dCalculated and experimental IR data at 405 K respectively (Ref. 00
44). . i — 4
Z?Slculated and experimental IR data at 405 K respectively (Ref. R s D —
"nelastic neutron scattering data (Ref. 45). :g 500 4 A,y
7.5 GPa. The computed zone center phonon frequencies for g 400 4
ambient and high pressures have been presented in Table II. e
They are seen to match reasonably well with the available 3 300 -
data.*'"* Since the A, and E, modes are directly related b
with the MnOg octahedra and hence the appearance of JT S 200 -
distortion in these compounds,? the discussion on the effect &
of pressure is limited to these phonon modes only. The A, z 100 " " .
mode is due to the rotation of MnOgy octahedra around the
hexagonal ¢ axis, while the E, modes are due to the bending 0 ' ' '
of MnOg octahedra.*> The Raman active A, mode corre- g 2 4 6 B
sponding to an in-phase rotation of the MnOg octahedra Pressure (GPa)
around the b axis in lower symmetry (distorted) orthorhom-
bic structure of these compounds is closely related to the A, gIG- 1. Pressure variation of some zone center phonon
modes.

mode in higher symmetry rhombohedral La;Sr,;MnO5 and
found to be the most sensitive to the kind and value of the
dopant.”? Figure 1 presents pressure variation of some se-
lected zone center phonon modes. It is seen from this figure
that the frequencies of both IR and Raman modes involving
the vibrations of La atom do not show any change with pres-
sure while the modes (E, and A,,) involving oxygen atom
vibrations (high frequency) and related to the MnOg octahe-

dra show linear pressure induced hardening. The low fre-
quency phonons are ascribed to pure A-atom vibrations,
which actually do not depend on the octahedral distortion.
The pressure variation of the Raman active A;, mode shows
an unusual couple of slope changes in the considered pres-
sure range, which may be ascribed to some abrupt change of
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FIG. 2. Pressure variation of phonon dispersion curves (PDC) of
Laj 7Sy 3MnO;. Open and filled symbols represent INS data at am-
bient pressure (Ref. 45).

the JT distortion. The dw/dP is not too large for this mode
but it saturates for pressures above 5.0 GPa. The pressure
behavior of the stretching and rotational modes (A,, and E,,
respectively)*® with dw/dP of about 4 cm™'/GPa suggests
that the Mn-O-Mn angle is close to the ideal 180° value of
the cubic structure and therefore the system would be of
more metallic character.!” It is known that the electron-
phonon coupling affects the transport properties of mangan-
ites and it is strong for insulating phase and weak in metallic
phase. Therefore, the present observations prompted us to
conclude qualitatively that the pressure causes a decrease of
electron-phonon coupling as system transforms to metallic
state from its original insulating state. Also, these frequency
shifts indicate that the Mn-O-Mn bond angle and the Mn-O
distance changes meet the metal-insulator transition. The ro-
tational frequency of MnOg octahedra is not changing fast
indicating that the octahedra are not severely distorted by the
application of pressure. Therefore, it can be concluded that
the hardening of phonon frequencies is consistent with the
increase in T with pressure.'” The similar increase in the
stretching mode is observed earlier for Laj75Cag,5sMnO;
(Refs. 20 and 21). The concentration and temperature depen-
dent Raman investigation performed by Bjornsson et al.*
shows the appearance of new phonon modes at about
230 cm™ and 420 cm™' in rhombohedral phase of
La,_,Sr,MnOj; (x=0.2). With increase in doping concentra-
tion the mode at ~230 cm™' (4, o) shifts towards lower fre-
quencies at low temperature. Such a mode does not appear
for x=0.1. The pressure induced blueshift in A;, phonon
mode frequency as observed from Table II could be due to a
modification of the local symmetry at room temperature.
Eigenvalues of the dynamical matrix obtained from the
potential expressed in Eq. (1) are the squared eigenfrequen-
cies a)jz(ﬁ) of the oscillators. The band index j labels the 3r
phonon branches of a solid with r atoms in the unit cell. The
phonon band structure w;(g) is known as the dispersion re-
lation, i.e., the relation between the phonon mode frequency
w; and wave vector (g). There are in all 30 vibrational de-
grees of freedom of atoms in the primitive cell of rhombo-
hedral Laj;5Cay,sMnO;5 giving rise to 30 vibrational modes
at the Brillouin zone center (g=0), which are well distributed
among the various irreducible representation of D, in the
fashion presented in Eq. (2). Figure 2 presents the phonon
dispersion curves (PDC) of Laj;Sry3sMnO;5 in high symme-
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try direction (ggq) of the Brillouin zone (BZ) at four differ-
ent pressures. The ambient pressure phonon dispersion
curves of Lag;Sry3sMnO; presented in Fig. 2 can be utilized
to quantitatively explain the behavior of modes and their
origin based on some conjectures drawn by using a quite
crude classification.’® Based on this classification the modes
at high (500-700 cm™), intermediate (200—500 cm™"), and
low (below 200 cm™") frequencies can be ascribed to Mn-O
bond stretching, tilting, or rotation of the octahedra and vi-
brations of the heavy rare earth La and Sr atoms, respec-
tively. Figure 2 also includes the low temperature experimen-
tal data obtained from the inelastic neutron scattering (INS)
experiments at ambient pressure for rhombohedral
Lag;SrosMn0;.% It is seen from Fig. 2 that the phonon
modes of the intermediate and higher frequency ranges are
hardened with the application of pressure. This reflects that
the frequencies of the modes related to the Mn-O bond and
tilting or rotation of octahedra increase with the pressure
which may be due to the increase of strain in the Mn-O bond.
From Fig. 2, it is clear that a distinct gap between 200 and
350 cm™! at zone center increases with the pressure.

In order to investigate the phonon properties, the under-
standing of phonon density of states is vital, as it requires the
computation of phonon modes in the entire BZ. In addition,
the phonon density of states presents an overall view of the
range and extent of various phonon modes in the lattice and
is expressed as

N
gw=4] X do-wlgldg, (3)

BZ i=1

where A is the normalization constant and other forms have
usual meaning. The phonon density of states can be used to
compute the specific heat and Debye temperature. The cal-
culations for the partial phonon density of states, g,(w) for

the kth atom associated with eigenvector sk(q_j), where j is
the mode index, can be expressed as

gk(w) =B 2 E é[w_ wj(‘]p)]|8k(qp9‘,)|2dqp’ (4)

unitcell jp

where B is the normalization constant. The knowledge of
partial phonon density of states enables us to determine the
mean square displacements of various atoms, which in turn
leads to the determination of the vibrational amplitudes of
individual atoms. This also tells us how particular atoms
move in particular directions as a function of phonon energy,
which is very useful for the interpretation of the inelastic
neutron scattering data.

To understand the origin of peaks in the total phonon
density of states (DOS), we examine the ambient condition
spectra of total DOS along with the partial DOS displayed in
Fig. 3(a). From the partial and total phonon DOS some con-
jectures can be drawn exploiting a crude classification based
on the atomic contributions. Hence, the total DOS can be
classified into three regions: (1) in region below 100 cm™,
peaks in DOS correspond to La/Sr, Mn, and O vibrations.
(2) The region between 100 and 400 cm™! is prominently due
to La/Sr and O vibrations. (3) The major contribution of
oxygen atoms prevails in the region after 400 cm™!, which is
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FIG. 3. (a) Total and partial one phonon density of states of Lag;SrysMnOs. (b) Pressure variation of the total phonon density of

states.

mainly due to the frequencies associated to the Mn-O bond
stretching. The classification based on the octahedra has al-
ready been discussed above. Figure 3(b) presents the total
phonon DOS at different pressures and reveals that there is a
pronounced shift in the peak positions and change in their
shapes as the pressure is increased. The most prominent
change observed is that the peaks after 600 cm™!, 400 cm™,
and 300 cm™! evolve and further sharpens with the increase
in pressure. The sharpening of the peaks can be attributed to
the reduction of broadening of phonon peaks due to the
shortage of charge introduced by the pressure, which reduces
the JT distortion in MnOg octahedra and decreases to some
extent the lattice disorder. As a matter of fact, both electron-
phonon interaction and structural disorder cause an increase
of phonon lifetime thus closing the peak profiles.?*?® The
shift of the peak positions in the DOS can be attributed to the
variation in the percentage contribution of individual atoms
with the pressure.

For a solid at a temperature 7, the mean number of
phonons with energy 7w;(g) is given by the Bose-Einstein

C [ [fho(@)] ]—1 .
distribution n;,(T)=Lexp —7——11 . The mean square dis-

placement of a single quantum mechanical harmonic oscilla-
tor, <u2)=(ﬁ)(n+%) can easily be generalized to that of a
single atom in the direction i as

[V ] i) f _ 2[{n.m<r>+%}] _
<Mki>_|:2ﬂ_3:| (mk E BZ|8jkl(61)| wj@) dq.
(5)

It can be seen from the above expression that light atoms
vibrating at low frequencies exhibit large zero point motions.
The off diagonal elements (ity;it;;) can be calculated in a
similar way. The thermal and zero point motion of the atoms
are often described using the matrix of anisotropic tempera-

ture factors B. For an atom k, it is defined by
Byj(k) = 87Xty (6)

The pressure dependent anisotropic temperature factors B at
300 K calculated by using Eq. (6) are presented in Table III.
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TABLE III. Vibrational amplitudes of individual atoms of
Laj7Srp3MnOj at 0, 2.2, 5.0, and 7.5 GPa at room temperature.
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TABLE 1IV. A}, and E, phonon modes in La;_,A MnO; (A’
=Sr, Ba, and Pb; x=0.3).

87X(u?)/3 (A)

Modes (Cm_l) LaOA7Sr0A3MnO3 La0'7Ba0A3MnO3 Lao_7Pb0A3MnO3

Atoms 0 GPa 2.2 GPa 5.0 GPa 7.5 GPa
La/Sr 3.2680 3.2063 3.0889 3.0301
Mn 1.5516 1.5117 1.4513 1.4126
(0] 0.6954 0.6777 0.6542 0.6368

The lattice excitations play a key role in the discussion of
two generic ground states, ferromagnetism and charge order
observed in the perovskite manganites. The lattice excitation
is proportional to exp(-2W), where W being the Debye-
Waller factor and expressed as 2W(g)={(g-u)?) with the
atomic displacement (u(7)%). Normally the temperature de-
pendence of the atomic displacement is corrected with the
lattice distortion via the effective Griineisen parameter 7,
for any system. Since the pressure also causes the distortion
such as the temperature, pressure dependence of the atomic
displacement at fixed temperature can be correlated with the
lattice distortion and the effective Griineisen parameter 7,
The effective Griineisen parameter can be expressed as
w_[ V(P2) [2vesr 47
w(py) —Lv(p) ’
ume at pressure P;. It is observed that the typical value of
effective Griineisen parameter is in the range of 2-3 for most
of the ordered solids.!# In the present case, the effective Grii-
neisen parameter 7, has been calculated for three different
regions between 0 to 7.5 GPa. The value of vy, is 2.78,
1.19, and 0.87 for 0-2.2, 2.2-5, and 5-7.5 GPa, respectively.
The variation in 7, is so dramatic that its value drops rap-
idly from the quite high value of 2.78 in the range of
0-2.2 GPa to 0.87 in the range of 5-7.5 GPa. These values
of vy, reflect that the v, decreases for the range of pressure
going from lower to higher which is in agreement with the
idea of a pressure-induced reduction of the JT distortion.'

The pressure dependent lattice specific heat at constant
volume of Lag;Sry3MnOj5 has been calculated by using the
phonon density of states and can be expressed as

exp
ho \? 27K T
Cy(T) =K do,
WT) Bf(szBT) { ( ho ) lJz g(w)dw
xp 27KgT

where V (P)): i=1,2 represents the vol-

)

where g (w) is the total phonon DOS. The values of room
temperature specific heat at constant volume for the consid-
ered manganite are 104.6, 105.07, 104.55, and 104.1
J/mol K at 0, 2.2, 5.0, and 7.5 GPa, respectively. It can be
seen that there is no significant difference between the values
of Cy for all considered pressure; however, a slight increase
in Cy at 2.2 GPa indicates lattice expansion under pressure
which further reduces upon increase in pressure. Since the
present results could not be compared with the experimental
data, however, their values are reasonably close to the ex-

Al 210.78 216.08 264.10
E, 29.08 52.15 83.80
174.25 188.05 257.50
408.72 464.05 449.60
447.57 506.78 489.32

perimental value of Cp (125 J/mol K) for Lag 755ty ,sMnO;
(Ref. 48) and give confidence to the present model calcula-
tion.

It is a known fact that the phase diagram of manganites
depends very much on several variables such as pressure,
applied magnetic field, doping concentration x, temperature,
and A site average atomic radius ((r,)).'”> Temperature de-
pendent diffraction measurements show that the JT distortion
of MnOg octahedra in the insulating state reduces at IM
transition.*” The Mn*3 to Mn** ratio changes due to the ef-
fect of external parameters and results into a change in the
Mn-O bond length and Mn-O-Mn bond angle and hence in
the perovskite structure. Increase in {r,) has been found re-
sponsible for the reduction of the octahedral distortion, en-
hancement of the metallic character and increase in 7~ (Refs.
50 and 51) similar to the effect of external pressure."?! Since
IM transition can be related with the narrowing of octahedra
and frequency hardening of the octahedral bending and
stretching modes, it will be of interest to see the effect of
internal pressure determined by (r,) on the phonon modes of
manganites and find if there is any correlation between the
internal (chemical) and external (applied) pressure effect at
least on phonons. It is expected that the increase in average
atomic dimension at the A site will enhance the pressure
(internal) which may reduce the free volume around the A
site and finally the IM transition. In this case the octahedra
become distorted and the Mn-O-Mn angle tends to 180°.! We
therefore, extend our investigation to the phonon properties
of Lag,A);MnO3 (A’, Pb, and Ba) at ambient pressure not
only to see the behavior of phonons in Ba and Pb doped
LaMnOj; in addition to Sr doped system reported above but
also to see the effect of internal pressure determined by the
average atomic radius, (r,). Since the present study mainly
focuses on the pressure (external) dependent phonon behav-
ior in LaySry3;MnOj, the detailed (r,) dependent phonon
properties are not reported here. However, an effort is made
to analyze the effect of internal and external pressures on the
phonon modes particularly related to the MnOg octahedra
and phonon spectrum (DOS). Our choice for the Ba and Pb
doped systems along with the Sr doped LaMnOs is due to the
crystallographic structure as they all belong to the same
rhombohedral structure at x=0.3 doping concentration. The
crystallographic structure parameters of the Lag;Baj;MnO5
and Laj,Pby sMnOj for the calculation of phonon properties
are used from Refs. 49 and 52.

Table IV presents the A;, and E, Raman active pho-
non modes of Lay;SrysMnO;, Lay;BaygsMnO;, and
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Lay ;Pby3MnO5. The results for Pb and Ba doped systems
could not be compared with any measured data, while the
comparison for the Sr doped system is already made in Table
IT and discussed above. As mentioned above, A, and E,
modes are directly related with the octahedron, we restrict
the discussion to these phonon modes only. Table IV reveals
that the A, mode arising due to the rotation of MnOg octa-
hedra shows different behavior in the present case than the
one observed under external pressure. The frequency of the
A, mode increases with the increase of (r,) similar to the
effect of external pressure, but a dramatic increase is ob-
served for Pb-doped LaMnO; which has the highest (r,) of
1.399 A (Ref. 53) in these considered manganite systems.
The average A-site atomic radii for Sr and Ba doped
LaMnO; are 1.24 A and 1.29 A, respectively.*’ This increase
of the frequency of A;, mode for the Pb doped system is
quite large in comparison to the external pressure even at
maximum considered pressure of 7.5 GPa for Sr doped com-
pound in the present study. The hardening of A;, phonon
mode with increasing internal pressure determined by (r,)
indicates that there is a reduction in the el-ph interaction and
hence in the distortion of the octahedral with the increase of
internal pressure similar to the external pressure. The similar
trend is observed for the E, modes except for the higher
frequency modes involving oxygen atom vibration and
Mn-O bond length. A remarkable feature is observed for the
Pb doped LaMnO5; compound that the frequency of higher
E, modes involving oxygen atom vibrations and Mn-O bond
length decreases in spite of the increase of (r,), a trend op-
posite to the Ba doped system. While the small increase of
(ry) i.e., going from Sr to Ba doped system shows more or
less the same trend of increase of frequency similar to the
effect of applied pressure, the frequencies for Pb doped sys-
tem where there is a large increase in (r,), are different. In
considered manganites, a distinct increase in the frequency
of Aj, and two E, phonon modes and a significant decrease
in the higher frequency E, modes of Pb doped system are
observed with reference to Ba doped LaMnOj. Although
these calculated frequencies or the trend could not be com-
pared with any theoretical or experimental data, a conclusion
can be drawn for the different trend in frequencies based on

changes in octahedra of rhombohedral (R3¢) Sr, Ba, and Pb
doped LaMnO; cause due to two different modes of pres-
sure. An analogy can be seen from the temperature and con-
centration dependent Raman measurement on La;_ Sr,MnO;
performed by Bjornsson et al.** which shows the appearance
of a new A, Raman active phonon mode with the increase of
Sr concentration from x=0.1 to x=0.2, i.e., increasing the
internal pressure. The reason for the frequency of A,, and
two lower E, modes closure in Sr and Ba doped and rela-
tively significant difference for A;, mode and decrease of
two E, modes frequency in Pb doped system may be corre-
lated with the low and high (r,). At low (r,) both the in-
crease of the Mn-O-Mn bond angle and the decrease of
Mn-O bond length contribute to the Ay, and E, modes, while
at high (r,), the two structural parameters have opposite
effects.*” This may be the reason for the increase in A, ¢ and
E, frequencies of Ba doped system and significant increase
in A, and decrease in the higher frequency E, modes of Pb
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FIG. 4. Total phonon density of states of La;_ A’ MnO; (A’
=Sr, Ba, and Pb; x=0.3).

doped system in comparison to the Ba doped LaMnO; com-
pound as these modes arise due to the Mn-O-Mn bond angle
and Mn-O bond length, respectively. It is also observed that
A, phonon mode frequency is expected to increase both as
functions of increasing (r,) and applied pressure. However,
the rate of increase of frequency for low (r,) and applied
pressure is similar and slow but for high (r,), it is faster. The
application of external pressure on these compounds pro-
duces quite different structural effects than the chemical or
internal pressure. The external pressure compresses all bond
lengths and a slight increase of the Mn-O-Mn bond angle
while the internal pressure enhances Mn-O-Mn bond angle
but suppresses Mn-O bond length. The anomalous change in
the frequency of A, mode for La, ;Pby sMnO3 may be due to
some abrupt reduction of JT distortion and el-phonon inter-
actions.

In Fig. 4, we present the phonon density of states (phonon
spectrum) of Sr, Ba, and Pb doped LaMnO; compounds for
the same value of concentration (x) to see the effect of A site
average atomic radius {r,) on the phonon spectrum. Figure 4
reveals that there are prominent shifts of the peak positions

134406-7



MINA TALATI AND PRAFULLA K. JHA

and change in their shapes on increasing (r,). There is a
gradual shift of last peak in Sr doped system to lower wave
numbers going from Sr to Pb, i.e., increasing (r,). Also the
three small peaks at ~500 cm™" in Sr doped system gets
converted into two with sharpness in the case of Ba doped
system and to a very sharp peak at 500 cm™' and one broad
and small peak centered around 550 cm™ in the case of Pb
doped system. The prominent peak at about 450 cm™' ob-
served in Sr doped system almost disappears in Ba and Sr
doped LaMnOs. A noticeable difference in the middle region
of the spectra is clearly visible. The peaks in the spectrum
from 200 to 275 cm™! in Lay 7Sty 3MnOj5 start diminishing in
Ba doped system and finally disappear in Pb doped system.
A shoulder in the case of Sr doped system evolves in a well
defined peak below 200 cm™! in the case of Pb doped sys-
tem. The two phonon peaks observed below 100 cm™' in
La-Pb and La-Sr system convert into one very prominent and
sharp peak in Ba doped system due to almost the same mass
for La and Ba atoms. As far as the comparison between the
phonon spectra under the influence of two different modes of
pressure is concerned, it is seen from Figs. 4 and 3(b) that the
effect of internal pressure determined by average A-site
atomic radius is more prominent and spectra changes signifi-
cantly.

IV. CONCLUSIONS

In conclusion, the present paper reports a theoretical lat-
tice dynamical model calculation to investigate the phonon
properties of Lag;Sry3MnO5; under pressure up to 7.5 GPa.
Pressure dependence of the zone center phonon modes, pho-
non dispersion, and phonon DOS have been obtained for
rhombohedral Laj;Sry3MnO;5. The computed zone center
phonon frequencies at ambient pressure are seen to agree
fairly well with the available experimentally observed val-
ues. The A}, mode is the most sensitive to pressure variation,
which seems to be related with the changes in JT distortion.
High frequency phonon modes, which are associated with
the MnOg octahedra show almost linear pressure induced
hardening while the low frequency phonon modes, which
actually do not depend on the octahedral distortion, are al-
most pressure independent. The hardening of phonon modes
with the increase in pressure accompanied by the dispersion
in high symmetry directions are well observed in phonon

PHYSICAL REVIEW B 74, 134406 (2006)

dispersion curves. The shift in peak positions and changes in
their shapes associated with the lattice structure modifica-
tions with increase in pressure are also observed in the total
phonon density of states. The phonon peaks in the higher
energy side of the phonon DOS show decrease in peak width
with the increase of pressure and hence there appears reduc-
tion in electron-phonon interaction and lattice disorder re-
sponsible for the JT distortion. It is observed that the
phonons in manganites are sensitive to both chemical pres-
sure induced by average A-site atomic radius (r4) and ap-
plied external pressure. Therefore, it is seen from the present
study of the internal pressure determined by the average
A-site atomic radius (r,) and applied pressure that the effect
of both pressures is to reduce the el-ph interaction. The effect
of pressure which decreases the Mn-O-Mn bond length of
MnOg octahedra results into the reduction of el-ph interac-
tion and therefore can be correlated with the observed mag-
netostructural properties. The weakening of el-ph interaction
reflects the metallicity of the system and therefore the hard-
ening of phonon modes which is responsible for reducing the
el-ph interaction makes the system insulator to metal through
the IM transition. Substantially linear pressure dependence
of Aj, phonon mode and comparison within the observed
(r,) dependence suggests the equivalence between internal
and external pressure to hold for low (r,) while for larger
(ry) both effects are different. Our investigation indicates
that the pressure tuned el-ph interaction for low (r,) and
lower applied pressure the structural effects become more
important at larger (r,). The effective mode Griineisen pa-
rameter depicts that the pressure induces the reduction of JT
distortion, which is the signature of the rhombohedral struc-
ture.
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