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Abstract
A microscopic theory of longitudinal sound velocity in a manganite system is reported here.
The manganite system is described by a model Hamiltonian consisting of charge density wave
(CDW) interaction in the eg band, an exchange interaction between spins of the itinerant eg

band electrons and the core t2g electrons, and the Heisenberg interaction of the core level spins.
The magnetization and the CDW order parameters are considered within mean-field
approximations. The phonon Green’s function was calculated by Zubarev’s technique and
hence the longitudinal velocity of sound was finally calculated for the manganite system. The
results show that the elastic spring involved in the velocity of sound exhibits strong stiffening in
the CDW phase with a decrease in temperature as observed in experiments.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Ever since the discovery of the colossal magnetoresistance
(CMR) effect in hole doped manganites R1−xAx MnO3

(R = trivalent rare earth; A = divalent alkaline-earth element),
a considerable amount of research has been devoted to
the investigation of microscopic mechanism of the CMR
effect in this class of materials [1–4]. The system shows
a negative CMR effect near the Curie temperature for
low doping levels (0.15 � x � 0.5); but at higher
doping (0.5 � x � 0.85) a charge ordering (CO)
transition has been observed for several systems such as
R0.5Sr0.5MnO3 (R = La, Pr, Nd) [5–7], Pr1−x Cax MnO3 [8, 9],
La0.5Sr1.5MnO4 [10, 11] and La1−xCax MnO3 (0.5 < x <

0.8) [12, 13]. The doped carriers are ordered below the
charge ordering temperature (TCO) which is usually associated
with orbital ordering and antiferromagnetism (AFM). The
system La0.5Ca0.5MnO3 shows an unpredicted co-existence
of ferromagnetism and incommensurate charge ordering with
AFM transition temperature TC ≈ 240 K [14, 15]. With
the anomalous magnetic transition occurring near TCO, the
lattice parameters show significant changes and the charge and
orbit become ordered with a wavevector q = 2π/a[1/2 −
3 Author to whom any correspondence should be addressed.

ε, 0, 0] just below TCO [16]. These features indicate that the
competition between charge, spin, orbit and lattice degrees of
freedom plays an important role in the electric, magnetic and
structural properties in the charge ordering materials.

The recent experiments indicate charge disproportion
(<1) [17, 18], exclude charge delocalization [19] and show
that the charge modulation remains uniform when passing from
commensurate to incommensurate doping [20]. A collective
sliding of the charge system is observed at x = 0.5 [21].
All these results indicate that, in several manganites, the CO
phase can be described [22] in terms of the charge density
wave (CDW) model [23, 24]. The spectroscopic measurements
on Pr0.7Ca0.3MnO3 [25] show a peak at 25 cm−1 and a
broad shoulder at lower frequencies which attribute collective
excitations to the CDW. In the optical conductivity of four
different manganites with commensurate charge, a strong
CDW excitation peak appears in the meV range below TCO

for frequency ω > 2�C, with a CDW gap of 2�C (T =
0) � 800 cm−1 or 0.1 meV for LCMO and ∼0.2 meV in
Nd1/2Ca1/2MnO3 (NCMO) [26]. Further, the calculated Fermi
surface [27] shows pronounced nesting features along the �–
X direction in the undoped case, and this implies a possible
charge or spin density wave instability in the half-metallic
double layered compound La1−2xSr2−2xMn2O7 [27].
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It is well known that ultrasonic measurement is a very
sensitive probe for all kinds of phase transitions, including
ferroelectric, magnetic and structural ones. It has also been
proved to be successful in studying the electron–phonon
coupling systems and spin–phonon coupling in hole doped
magnetoresistive manganites [13, 28]. Ultrasonic sound
velocity and attenuation on the system La1−x Cax MnO3 [29]
shows a dramatic stiffening below TCO. It has been suggested
that this structural transition is due to the Jahn–Teller distortion
of oxygen octahedra around the Mn-ion and is related to
the charge ordering transition. Recently Zainullina et al
[30] have reported the longitudinal sound measurements on
La0.80A0.20MnO3 showing a Curie temperature TC � 300 K
and structural transition at TS = 95 K for A = Sr and
TS = 190 K for A = Ba. More recently Ewe et al
[31] have observed a metal–insulator transition at TIM ≈
272 K in the measurement of longitudinal sound velocity in
La0.67Ca0.33MnO3. The magnetic ordering effect in the phonon
spectra of RMnO3 compounds was investigated recently [32]
by a model study based on spin–phonon interaction.

In view of the large number of experimental data available
on ultrasonic studies in manganites, it becomes important to
carry out model studies of ultrasonic sound velocity, ultrasonic
attenuation and Raman spectra to interpret the experimental
results. Recently Rout et al have reported a model study
on manganites and discussed the effect of the Jahn–Teller
interaction on the conductance current and magnetic response
in CMR systems [33, 34]. In the present paper, we propose a
model study which includes the CDW state in the itinerant eg

band and the exchange interaction between the spins of eg and
the core level t2g spin along with the Heisenberg interaction
among the spins of the core t2g states. We calculate the phonon
Green’s function and hence the velocity of sound for the
manganite system. The rest of the work is organized as follows.
The model Hamiltonian is discussed in section 2. The phonon
Green’s function is calculated in section 3. The longitudinal
velocity of sound for the system is calculated in section 4 in the
long wavelength limit. The results and discussion are presented
in section 5 and finally the conclusion in section 6.

2. Theoretical model

In the octahedral environment of the Mn ion in the manganites,
the d levels of the Mn ions split into low lying three-fold
degenerate t2g states and higher energy two-fold degenerate
eg states separated by the crystal field energy (∼2 eV). In
LaMnO3, the four 3d electrons of Mn3+ are in a high spin
(S = 2) state and the inter-orbital Coulomb energy is large.
The three t2g electrons can have a total spin S = 3/2 and
are effectively ferromagnetically coupled with the eg electron
spin via the Hund rule coupling J , which is estimated to be
large (∼2–3 eV). On doping with a divalent alkaline-earth
metal which substitutes for the trivalent rare earths, a fraction
x of sites has Mn4+ ions. Every site Mn3+ (with four 3d
electrons) has the occupation probability of (1 − x). Thus, the
three t2g electrons exhibit low spin behaviour. The low energy
behaviour is determined by the eg electrons. The Hamiltonian

of the eg band electron representing the hopping term is given
by

Hc =
∑

k,σ

(ε(k) − μ − Bσ)c†
k,σ ck,σ (1)

where ε(k) = −2t0(cos kx +cos ky) is the band energy with 2t0
as the nearest neighbour hopping integral and μ is the chemical
potential. Here B is the external magnetic field, with σ = 1 for
spin up and σ = −1 for spin down. The operator c†

kσ (ckσ ) is
the creation (annihilation) operator of the eg electrons. Peierls-
type periodic lattice distortion in the system is associated with
a spatially periodic modulation of the electronic charge density,
called the charge density wave (CDW). The wavevector Q of
the CDW is related to the Fermi wavevector kF by Q = 2kF,
and consequently the formation of a CDW state opens up a
gap at the Fermi level, lowering the kinetic energy of the
conduction electrons. The Hamiltonian representing the CDW
in the eg band is given by

HCDW = �C

∑

k,σ

c†
k+Q,σ ck,σ (2)

where �C is the CDW order parameter. The CDW state has
a superperiodicity such that Q becomes the new reciprocal
lattice vector with a corresponding reduced Brillouin zone
(BZ). This satisfies the nesting property εk±Q = −εk ,
with a periodic wavevector Q. As mentioned earlier, one
strong interaction at each site j is effectively described as
ferromagnetic Hund rule coupling between t2g spins Sd

j and eg

spins σ c
j , namely

H ex
cd = −J

∑

jσ

σ c
j · Sd

jσ (3)

where J is the ferromagnetic exchange interaction (J > 0).
Within the mean-field approximation in the Ising limit, the
Hamiltonian can be written in terms of the dynamic electron
operators as

H ex
cd = J Md

2

∑

k,σ

σc†
k,σ ck,σ + J Mc

2

∑

k,σ

σd†
k,σ dk,σ (4)

where Md and Mc are the z-components of the magnetization
of the core electrons and band electrons respectively. The
Heisenberg type direct spin–spin interaction among the core
t2g electrons is given by

Hm = −JH

∑

i jσ

Sd
iσ · Sd

jσ . (5)

Within the Ising limit, the Hamiltonian Hm can be written
in terms of the z-component of magnetization Md for the core
electrons and its dynamic electron operators as

Hm = JH Md

2

∑

k,σ

σd†
k,σ dk,σ . (6)

The Hamiltonian of the localized core t2g band electrons is
given by

Hd =
∑

k,σ

(εd − Bσ) d†
k,σ dk,σ (7)

2
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where εd is the position of the t2g core level with respect
to the Fermi level (εF = 0) and d†

k,σ (dk,σ ) is the creation
(annihilation) operator of the core electron. The Fourier-
transformed Hamiltonian describing the phonon coupling of
the itinerant eg band electrons is written as

Hel−ph =
∑

k,q,σ

f (q)c†
k+q,σ ck,σ Aq (8)

with Aq = bq(t) + b†
−q(t), where bq (b†

−q) is the
phonon annihilation (creation) operator. The electron–phonon
coupling constant is given by f (q) = |q̄|/√(2N0 Mωq)εq ,
where εq is the Fourier transform of ∂ ti j/∂εi . The free phonon
Hamiltonian with phonon energy ωq of phonon wavevector q
is

Hph =
∑

q

ωq b†
qbq (9)

in the harmonic approximation. The total Hamiltonian is
written as

H = Hc + HCDW + H ex
cd + Hm + Hd + Hel−ph + Hph. (10)

3. Calculation of the phonon Green’s function

The double-time phonon Green’s function Dq,q ′ (t, t ′) is
evaluated by Zubarev’s technique [35] using the equation of
motion method. The phonon Green’s function is defined as

Dq,q ′(t, t ′) = 〈〈Aq(t); Aq ′(t ′)〉〉
= − i	(t, t ′)〈[Aq(t); Aq ′(t ′)]〉. (11)

We construct the equations of motion of the Green’s function
Dq,q ′(t, t ′) as

−d2 Dq,q′(t, t ′)
dt2

= 2ωqδ−q,q ′δ(t − t ′)

+ 2ωq

∑

kσ

f (−q)D1,k−q,k(t − t ′) + ω2
q Dq,q ′ (t − t ′).

(12)

The Green’s function containing the electron and phonon
operators is defined as

D1,k−q,k(t − t ′) = 〈〈c†
k−q,σ ck,σ ; Aq ′(t ′)〉〉. (13)

The Fourier transform of Green’s functions in equation (12) is
given as

Dq,q ′(ω) = D0
q(ω)δ−q,q ′ + 2π D0

q(ω)
∑

k,σ

f (−q)D1,k−q,k(ω)

(14)
where the free phonon propagator is D0

q(ω) = (ωq/π)[ω2 −
ω2

q]−1. Taking the equation of motion of Green’s function in
equation (13) and its Fourier transform we get

D1,k−q,k(ω) = 2π D0
q ′(ω)

×
∑

k′,σ ′
f (−q ′)�(k − q, k ′ − q ′, σ, σ ′, ω). (15)

On substitution of equation (15) in (14), Dq,q ′(ω) reduces to

Dq,q ′ (ω) = D0
q(ω)δq,q ′ + 4π2 D0

q(ω)χq,q ′(ω)D0
q ′(ω). (16)

Applying Dyson’s approximation to equation (16), the phonon
Green’s function is evaluated in the closed form as

Dq,q ′(ωq) = ωq

π

[
ω2 − ω2

q −
∑

(ω, q)
]−1

(17)

where
∑

(ω, q) = 4πωqχq,q(ω) is the phonon self-energy and
the electron response function χq,q(ω) is written as

χq,q(ω) = f 2(−q)
∑

k,σ

�(k, q, ω) (18)

with,
�(k, q, ω) =

∑

k′ ,σ ′
�(k, k ′, q, q ′, ω). (19)

For simplicity, we drop the functional parameters like
k, k ′, q, q ′ and ω from the Green’s function �(k, k ′, q, q ′, ω)

and other higher order Green’s functions �i . Now it is seen
that the Green’s function � defined in equation (19) is a two-
particle Green’s function and is coupled to other three two-
particle Green’s functions such as �1, �2, �3 which are defined
in terms of the electron operators αs and β as

� = 〈〈αa, β〉〉ω; �1 = 〈〈αb, β〉〉ω
�2 = 〈〈αc, β〉〉ω; �3 = 〈〈αd , β〉〉ω.

(20)

These α and β-operators are written in abbreviated form as

αa = c†
k−q,σ ck,σ ; αb = c†

k−q−Q,σ ck,σ

αc = c†
k−q,σ ck−Q,σ ; αd = c†

k−q−Q,σ ck−Q,σ

β = ck′−q,σ ck′ ,σ .

(21)

The coupled equations for the Green’s functions �,�1, �2 and
�3 are evaluated as

(ω + εk−q,σ − εk,σ )� = Aa

2π
− �C�1 + �C�2

(ω + εk−q−Q,σ − εk,σ )�1 = Ab

2π
− �C� + �C�3

(ω + εk−q,σ − εk−Q,σ )�2 = Ac

2π
− �C�3 + �C�

(ω + εk−q−Q,σ − εk−Q,σ )�3 = Ad

2π
− �C�2 + �C�1.

(22)

The above coupled equations involve expressions like
Aa, Ab, Ac and Ad , which are defined as

Aa = 〈[αa, β]〉; Ab = 〈[αb, β]〉

Ac = 〈[αc, β]〉; Ad = 〈[αd , β]〉.

These thermal expectation values of the number operators are
evaluated explicitly by using the commutation relations valid
for fermions and are given below:

Aa = δσ,σ ′δ−q,q ′δk−q,k′ (nc
k−q,σ − nc

k,σ )

Ab = δσ,σ ′δ−q−Q,q ′δk−q−Q,k′ (nc
k−q−Q,σ − nc

k,σ )

Ac = δσ,σ ′δ−q+Q,q ′δk−q,k′ (nc
k−q,σ − nc

k−Q,σ )

Ad = δσ,σ ′δ−q,q ′δk−q−Q,k′ (nc
k−q−Q,σ − nc

k−Q,σ ).

(23)

3



J. Phys.: Condens. Matter 21 (2009) 416001 G C Rout and S Panda

The electron occupation number present in the Green’s
functions is defined in general as nc

k−q−Q,σ = 〈c†
k−q−Q,σ ck,σ 〉.

The coupled equations given in equation (22) are solved
in a closed form for the two-particle Green’s function �.
Substituting the value of � in phonon Green’s function
Dq,q(ωq) given in equation (17), we can write

Dq,q(ω) = ωq

π

[
ω2 − ω2

q −
∑

(ω, q)
]−1

(24)

where the phonon self-energy reduces to

∑
(ω, q) = ω2

q s
∫ −W/2

+W/2
dεk

∑

σ

G(ω, σ, q, T ). (25)

Here the dimensionless electron–phonon coupling constant
s = N(0) f 2(−q)/ωq . The function inside the integral in
equation (25) is written as

G(ω, σ, q, T ) = [G1(Fa
1 − Fb

1 ) + G2 F2 − G3 F3]
|D(ω)| . (26)

The term in the denominator of the equation (26) is given by

|D(ω)| = ω4 − ω2(ε2
+ + ε2

− + 4�2
C) + ε2

+ε2
−.

Here, Gi (i = 1, 2, 3) are written as

G1 = (ω2 − ε2
+)(ω − ε−) − 4ω�2

C − 2�Cε+(ω − ε−)

G2 = (ω2 − ε2
+ + 2ω�C)(ω − ε−)

εk−q

Ek−q

G3 = (ω2 − ε2
+ − 2ω�C)(ω − ε−)

εk

Ek

(27)

where ε± = (εk−q ± εk) and Ek−q =
√

ε2
k−q + �2

C. The Fi s

(i = 1, 2, 3) appearing in the numerator of equation (26) are
expressed in terms of the Fermi functions as given below.

Fa
1 = f (βω1,k−q,σ ) + f (βω2,k−q,σ )

Fb
1 = f (βω1,k,σ ) + f (βω2,k,σ )

F2 = f (βω1,k−q,σ ) − f (βω2,k−q,σ )

F3 = f (βω1,k,σ ) − f (βω2,k,σ )

(28)

where the quasi-particle energies for electron wavevector k, the
phonon wavevector q and the nesting wavevector Q are written
as

ω1,k−q−Q,σ = ω1,k−q,σ ω2,k−q−Q,σ = ω2,k−q,σ

ω1,k−q,σ = Ek−q − μ − σ B + 1
2 J Md

ω2,k−q,σ = −Ek−q − μ − σ B + 1
2 J Md .

(29)

4. Velocity of sound

The velocity of sound in the crystal system can be calculated
by equating the denominator of the phonon Green’s function
given in equation (24) to zero:

[
ω2 − ω2

0 − Re
∑

(ω, q → 0)
]

= 0. (30)

In the long wavelength limit we can write ω = vq and
ωq = v0q with v and v0 representing the renormalized and
bare velocity of sound in the system. Hence, the velocity of
sound can be written as
(

v

v0

)2

=
(

ω

ω0

)2

= 1 + s

×
∫ +W/2

−W/2
dεk

[∑

σ

Re G(ω + iη, q → 0, σ )

]
(31)

where η is the spectral width given to the frequency. In the
long wavelength limit Re G is calculated explicitly and then
the relative velocity ṽ = (v/v0) is written as

ṽ2 = 1 + s
∫ +W/2

−W/2
dεk

[∑

σ

G4{ f (βω1,k,σ ) − f (βω2,k,σ )}
|D1(ω)|

]

(32)
where G4 and |D1(ω)| are given by

G4 = 4εk�C(ω2 − 4E2
k )

and
|D1(ω)| = Ek{(ω2 − 4E2

k )
2 + 4η2ω2}.

The denominator |D1(ω)| of equation (32) suggests that
the velocity of sound exhibits a discontinuity at the energy

ω → 2Ek = 2
√

(ε2
k + �2

C). In other words we expect a
jump in velocity of sound at a CDW transition temperature
corresponding to the CDW gap at 2�C. It is to be noted here
that the ferromagnetic transition in the Ising limit does not
appear along with the CDW gap in the |D1(ω)| appearing in
the expression for velocity of sound given in equation (30). For
the numerical results, all the energy parameters are normalized
in terms of the conduction electron band width W . The
dimensionless parameters are: the electron–phonon coupling
‘s’, the exchange coupling g = J

W , the CDW coupling

g1 = V0 N(0)

W , the Heisenberg coupling g2 = JH
W , the reduced

temperature t = kB T
W , the CDW parameter e = �C

W , the external
magnetic field b = B

W , the reduced core level position d = εd
W

and the reduced frequency � = ω
W .

5. Results and discussion

The clearest example of the influence of charge ordering
(CO) of Mn3+ and Mn4+ is observed in the studies of
Pr0.5Sr0.5MnO3 [6]. This material has a ferromagnetic
transition at TC = 270 K. The charge ordering occurs with
a simultaneous transition into an antiferromagnetic (AF) state
at the CO/AF transition temperature at TCO = TN = 140 K and
a large increase in resistivity due to the localization of charge
carriers. Similar CO phenomena in other distorted perovskite
manganese oxides have been reported in La1−x CaxMnO3 [36],
Pr1−x SrxMnO3 [6, 37] and Nd1−x Sr1/2MnO3 [7], for x =
0.5. In general, the cations of small ionic radii with (R,
A) sites of R1−xAx MnO3 cause a larger alternating tilting of
MnO6 octahedra and lead to a distortion dependent reduction
of the one-electron band width. Consequently a small one-
electron band width in the above cited manganites causes a

4
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Figure 1. The temperature dependence of CDW gap (e),
core-electron magnetization (md) and induced magnetization (mc) in
the eg band for fixed CDW coupling g1 = 0.1035, core–spin
coupling g2 = 0.0995 and c–d exchange coupling g = 0.025.

charged state. The substitution of Ca on Pr in PrMnO3 shows
the influence of CO which persists, albeit in a distorted or
locally clustered form, for x = 0.30 and 0.70 [38]. The
magnetic and CO effects are decoupled for x = 0.30 in these
compounds, for example the ordered AFM at TN = 170 K
developing at lower temperatures than the CO at TCO =
250 K [39]. The electron doped manganites R1−xAx MnO3

(x > 0.5) are in an AF or cluster glass (CG) state [40]. The
important features of electron doped CMR manganites is their
inhomogeneous electronic and magnetic states, sometimes
revealed as a magnetic–electronic phase separation (PS) [40].
In the electron doped regime for La0.16Ca0.84MnO3 there are
inverted insulator–metal transitions. However, in this case
the Néel and CO transition temperatures coincide. The end
member of the electron doped system CaMnO3 with x = 1 is a
non-collinear antiferromagnetic insulator below TN ≈ 125 K.
The nature of the negative magnetoresistance for electron
doped manganites is still unclear. Our model study is applied
below to study the longitudinal sound velocity for the magnetic
and charge ordered mixed valence manganites as discussed
earlier. For simplicity of calculation we have not considered
the orbital ordering and AF interactions in our model study.

It is seen from the Fermi functions in equations (28)
and quasi-particle energies in equations (29) that they
involve the temperature dependent CDW gap �C, mean-field
magnetization md of core electrons and the induced eg electron
magnetization mc. These three parameters are calculated from
the electronic Hamiltonian in equation (10) in the absence of
electron–phonon (EP) interaction and solved self-consistently
and their interplay is reported in [32]. The temperature
dependence of md , mc and e is shown in figure 1. For the
standard set of parameters s = 10, g = 0.025, g1 = 0.1035,
the ferromagnetic transition temperature appears at tc =
0.025 (TC ∼ 250 K) and the CDW transition temperature at
td = 0.035 (TCO ∼ 350 K). Under this condition, the transition
temperature td > tc and there is an interplay of magnetization
and CDW ordering below a temperature t < tc. The system
becomes paramagnetic for tc < t < td within the region in the

Figure 2. The curve of relative velocity (ṽ) versus reduced
temperature (t) for different values of electron–phonon coupling
s = 01, 05, 10, 20, 30 for fixed values of Kondo coupling g = 0.025
and CDW coupling g1 = 0.1035 in the absence of magnetic field
(b = 0) at the zone centre.

presence of a CDW distortion and pure paramagnetic at t > td .
The temperature dependence of (md) and the CDW gap (e)
exhibit mean-field behaviour. It is observed that the strong
core magnetization (md) induces a weak ferromagnetization
mc in the eg band which is also modulated by the CDW
interaction. As a result, the magnetization in mc is suppressed
considerably at lower temperatures due to the strong CDW
gap [32]. This interplay is reflected here in the temperature
dependent velocity of sound discussed below.

The temperature variation of relative velocity of sound of
the manganite system exhibits anomalies at the CDW transition
temperature (td) for certain physical parameters like phonon
coupling to the conduction electrons (s), CDW coupling (g1)

and Kondo coupling (g). The velocity of sound is calculated
at the BZ centre and at the zone boundary and the results are
discussed below.

5.1. Velocity of sound at the zone centre at q = 0

Figure 2 shows the reduced velocity as a function of
temperature for various EP coupling parameters s = 1–30.
As phonon coupling s to the conduction band increases, the
velocity of sound is suppressed throughout the temperature
range up to the CDW transition temperature td ∼ 0.035
(TCO � 350 K corresponding to the conduction band
width of 1 eV). It is observed that for the EP parameter
s = 30, the relative velocity becomes zero at t = td .
This value of EP coupling is much higher in comparison
to the case of s = 0.11–0.16 for CDW superconducting
systems [41, 42] and s = 0.0253 for heavy-fermion systems
in the normal phase [43–45]. Since Jahn–Teller (JT) coupling
is significant for d4 ions, such as Mn3+ in an octahedral
oxygen environment, it seems natural to ascribe the huge
lattice hardening in the CDW manganites to the larger
electron–phonon coupling. Similar effects are observed in
sound velocity measurement of La0.33Ca0.67MnO3 [13]. The

5



J. Phys.: Condens. Matter 21 (2009) 416001 G C Rout and S Panda

Figure 3. Plot of ṽ versus t for different values of CDW coupling
g1 = 0.08, 0.09, 0.10, 0.11, 0.12, 0.13 for fixed values of EP
coupling s = 10 and Kondo coupling g = 0.025 at the zone centre.
The inset shows the plot of the CDW parameter (e) versus t for the
different values of g1.

suppression of frequency near td is very sharp, indicating the
presence of a robust CDW transition. As the temperature
increases from 0 K, the relative velocity remains nearly
constant at low temperatures, falls sharply to a lower value
at td and then suddenly jumps to the reduced value ṽ = 1
for t > td at higher temperatures above the CDW phase.
For t > td , the frequency of the manganite system remains
constant equal to the bare phonon frequency ω0. The
temperature dependence of longitudinal sound velocity from
experiments on La0.5Ca0.5MnO3 [13, 29] shows that there is
slight softening on cooling down from a high temperature
to the charge ordering temperature TCO. However, nearly
temperature independent behaviour of the sound velocity is
observed in x-ray diffraction studies [46], as observed in our
study. Just below TCO, the sound velocity stiffens dramatically
and recovers to a high value as temperature decreases from
TCO, as observed in longitudinal sound velocity and attenuation
experiments [13, 29]. The dramatic softening and hardening
in the lattice near the transition temperature indicates that the
compound is intrinsically unstable like the CDW or Jahn–
Teller type structural phase transition observed in electron
diffraction experiment [12].

We know that the increase of CDW coupling g1 enhances
the CDW gap parameter e as well as its transition temperature
td (see the inset of figure 3). This is reflected in the temperature
dependence of relative velocity of the sound waves propagated
in the manganite system as shown in figure 3. With the increase
in the CDW coupling g1 from 0.08 to 0.13, the magnitude
of the velocity of sound increases towards its maximum value
ṽ = 1. Simultaneously the transition temperature is enhanced
from td ∼ 0.022 to ∼0.05 for the corresponding increase of
g1.

In figure 4, we show the sound velocity versus temperature
for different external magnetic fields, b = 0 to (−0.006). We
observe that the sound velocity is suppressed throughout the
temperature range, the suppression being very large below the
CDW transition (td). The CDW transition is also suppressed

Figure 4. Plot of ṽ versus t for different values of external magnetic
field b = 0,−0.003 and −0.006 at the zone centre.

Figure 5. Plot of ṽ versus t and ultrasonic attenuation (α) versus t
for constant EP coupling s = 20 at the zone centre.

with the increase of magnetic field. The large anomaly
appearing below td , which is very close to ferromagnetic
transition, may lead to a magnetoresistivity anomaly in CMR
manganites.

Figure 5 shows the temperature dependence of the
reduced sound velocity (ṽ) and ultrasonic attenuation (α) for
longitudinal waves at a frequency � = 0.01. Both the
longitudinal sound velocity and ultrasonic attenuation show
neither softening nor hardening on cooling down from a
high temperature to the CDW transition temperature (td).
Associated with a large decrease of sound velocity below td ,
there appears a pronounced increase in the attenuation near td .
Just below the CDW temperature, the sound velocity stiffens
dramatically and the attenuation decreases strikingly and levels
off below a temperature t ≈ 0.031. The dramatic stiffening of
sound velocity and ultrasonic attenuation peak near td indicate
that the compound is intrinsically unstable and the CDW phase
transition takes place at td . Similar temperature dependence
of change in longitudinal and transverse sound velocity as
well as ultrasonic attenuation are observed for the manganite
compound La1−xCax MnO3 for x = 0.50, 0.83 at a frequency
of 10 MHz near TCO ≈ 180 K [29].

6



J. Phys.: Condens. Matter 21 (2009) 416001 G C Rout and S Panda

Figure 6. Plot of reduced velocity versus temperature for different
values of EP coupling s = 0.01, 0.02, 0.03, 0.04, 0.05 and 0.055 at
the zone boundary, other parameters remaining constant.

5.2. Velocity of sound at the zone boundary at q = Q

In figure 6 we show the sound velocity versus temperature at
the BZ boundary, i.e. at q = Q for values of EP coupling
s = 0.01–0.055. The sound velocity is suppressed throughout
the temperature, both in the CDW phase t < td and the
paramagnetic phase at higher temperature (i.e. t > td). The
higher EP coupling (s ≈ 0.058) gives rise to a nearly zero
magnitude of sound velocity at td . This shows that EP coupling
for sound velocity at the BZ boundary is much smaller
compared to its zone centre value. However, the value of EP
coupling at the BZ boundary is comparable to s = 0.11–0.16
for CDW superconducting systems [41, 42] and to s = 0.0235
for heavy-fermion systems in the normal phase [43–45]. There
is substantial stiffening as the CDW transition is approached
from higher temperatures. There is also substantial stiffening
of the sound velocity as the temperature is decreased from
the CDW transition. This type of temperature dependence is
observed for the system La0.67Sr0.33MnO3 [13, 29]. Further,
charge modulation at the wavevector Q = (2π/a)[0.3, 0, 0]
is also observed in this system from the electron diffraction
measurements [13]. It is to be noted further that the sound
velocity is suppressed more in the paramagnetic phase than in
the low temperature CDW phase with increase in EP coupling.
This indicates that the phonons couple strongly to the electrons
in the paramagnetic phase than in the insulating CDW phase.

In figure 7 we show the temperature dependence of
sound velocity for different CDW couplings g1 = 0.10–0.14.
With the increase of CDW coupling, the magnitude of sound
velocity increases throughout the temperature range resulting
in enhancement of the CDW transition temperature. The inset
of the figure 7 shows the enhancement of the CDW gap as
well as the CDW transition temperature with the increase of
CDW coupling, and hence this enhancement is reflected in the
corresponding enhancements in the sound velocity.

In figure 8, we show the effect of an external magnetic
field on the temperature dependent velocity of sound at q = Q.
In the paramagnetic phase (for t > td ), the velocity of sound
increases with application of a magnetic field, because the

Figure 7. Plot of ṽ versus t for different values of
g1 = 0.10, 0.11, 0.12, 0.13, 0.14 for a fixed value of s = 0.05 at the
zone boundary. The inset shows the plot of the CDW parameter (e)
versus t for the different values of g1.

Figure 8. Plot of ṽ versus t for different values of external magnetic
field b = 0,−0.003 and −0.005 at the zone boundary.

external field orders the electrons due to the Zeeman split and
hence reduces the phonon coupling to the eg electron resulting
in the increase in sound velocity. But in the CDW phase
(for t < td), the external magnetic field strongly interacts
with the lattice and hence causes the suppression of the sound
velocity with the application of the magnetic field. Recently
Tomioka et al have reported that an applied field can cause a
melting of charge ordering and then results in the insulator–
metal (I–M) transition in the systems Pr1−x CaxMnO3 [47]
as well as Pr1/2Sr1/2MnO3 [6]. A field of a few tesla can
also cause a lattice symmetry switching in related compounds
La1−x Srx MnO3, x = 0.17 [48]. Such varieties of charge spin
coupled properties in distorted perovskite manganese oxides
can open the possibilities of controlling magnetic and transport
properties and even lattice structure by an external magnetic
field. Furthermore, the magnetostriction below and above TC

in mixed valent manganites is suppressed by thermal activation
and the applied magnetic field [49].

Figure 9 shows the temperature dependence of the reduced
sound velocity and ultrasonic attenuation for the BZ boundary

7
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Figure 9. Plot of ṽ versus t and ultrasonic attenuation (α) versus t
for constant EP coupling s = 0.05 at the zone boundary.

phonons at q = Q. The elastic spring involved in the sound
velocity stiffens considerably below the CDW transition. With
decrease in temperature from higher temperatures, attenuation
slowly increases up to td in the paramagnetic phase, and
just below the CDW transition temperature the attenuation
decreases strikingly and levels off below t = 0.033. No
attenuation peak is observed at td contrary to the observed
attenuation peak for the q = 0 case.

6. Conclusion

We present a model study of the CDW interaction and its effect
on some elastic properties of CMR manganites. The model
Hamiltonian mainly consists of Heisenberg type direct spin–
spin interactions among the core t2g electrons and exchange
interaction between spins of the itinerant eg electrons and
t2g core electrons. The itinerant nature of the eg electrons
is controlled by a CDW insulating interaction present in the
eg band. We have explored possible consequences of the
charge ordering phase for mixed valent manganites. From
this model calculation, it is observed that CDW interaction
completely suppresses the eg electron magnetization (mc)

at low temperatures and interplays strongly with it near
ferromagnetic transition. From the model Hamiltonian,
we have calculated the temperature dependent longitudinal
velocity of sound and ultrasonic attenuation at the BZ centre
and at its boundary. In both cases the elastic spring involved
in the velocity of sound exhibits strong stiffening on cooling
down from the CDW transition temperature, as observed
in experiments [13, 29, 46]. Associated with a dramatic
change in sound velocity near CDW transition, the ultrasonic
attenuation peak appears where the elastic spring involved in
the sound velocity exhibits sharp stiffening. Further, it is
also observed that strong EP coupling s = 1–20 exists in
the zone centre results of sound velocity, while normal EP
coupling (s ≈ 0.058) exists for the zone boundary values of
sound velocity. It is worthwhile comparing the results of this
model with those of a stronger coupling model, for example
the small polaron physics proposed by Millis et al [50].

Due to strong coupling of the electron to the local phonon
modes, a small polaron is formed. At low temperatures
the small polaron occupies a narrow band which narrows
further as the temperature rises. Thus the band narrows
on passing into high temperature state, while the criterion
fails in the low temperature ferromagnetic state. This is
reflected in the temperature dependent resistivity calculation
based on the static Jahn–Teller effect [34]. Ibarra et al
[49] have reported thermal expansion and magnetostriction
results for a Y doped La–Ca–Mn–O compound which shows
strong charge–lattice and spin–lattice coupling. They have
observed charge localization (polaron effect) well above the
Curie temperature TC � 160 K. This localization is gradual
and produces a local distortion with decrease of temperature, as
has been observed in other related compounds [6, 51]. Hence
in the polaron model sound velocity would be renormalized
well away from the transition, while the velocity of sound
is strongly renormalized near the transitions in our charge
ordered model. Thus this may be a method of distinguishing
the two models.
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