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∗

Cao Xian-Sheng(曹先胜) and Chen Chang-Le(陈长乐)†

Shaanxi Key Laboratory of Condensed Matter Structures and Properties, School of Science, Northwestern Polytechnical

University, Xi’an 710072, China

(Received 30 July 2008; revised manuscript received 25 December 2008)

This paper presents a microscopic theory to explain different Raman modes of La0.5Ca0.5MnO3 based on the

electronic Hamiltonian of the Kondo lattice model, which adds phonon interaction to the hybridization between the

conduction electrons of the system and the l-electrons. The spectral density is calculated by the Green function technique

of Zubarev at zero wave vector and in the low temperature limit. It finds that there are three Raman-active modes and

the spectral densities of these modes are substantially influenced by model parameters such as the position of l-level

(εJT), the effective electron–phonon coupling strength (g) and the hybridization parameter (v). Finally, the intensity

changes of those peaks are investigated.

Keywords: perovskite, Raman spectra
PACC: 7000, 6320K

1. Introduction

The perovskite-like manganites R1−xAxMnO3,
are characterized by a strong interplay of mag-
netism, electric transport and crystallographic distor-
tion where R is a trivalent rare earth or Y , and A

is a divalent alkaline earth element. At doping lev-
els 0.15 < x < 0.45 these materials exhibit colos-
sal magnetoresistance near the concomitant ferromag-
netic and insulator–metal transitions. At a fractional
doping level, such as x = 0.5, the crystallographic and
magnetic environment is strongly modified and charge
ordering between Mn3+ and Mn4+ or phase separation
takes place.[1−6]

Raman spectroscopy is a sensitive tool for the
study of both local and spatially coherent structural
changes. The formation of a superstructure usually
results in the appearance of additional lines in the Ra-
man spectra due to folding of the Brillouin zone and a
decrease of the site symmetry for some atoms. There-
fore, it is plausible to expect that changes of the Ra-
man spectra in the charge- and orbital-ordered (COO)
phase could provide valuable information about the
structure and lattice dynamics of the COO state.[7−9]

Thus, this technique affords a means by which energy
and symmetry information regarding phonons, elec-
trons, and spin excitations can be simultaneously ex-
plored. The first-order Raman phonon spectrum of a
nominally perfect crystal consists of a series of nar-
row lines, which correspond to Raman-allowed zone-

centre (Γ -point) phonon modes and obey definite po-
larization selection rules.[9,10] Therefore, we can use
Raman spectroscopy to study the lattice distortions
of La0.5Ca0.5MnO3. In addition, no theoretical work
has been done on Raman spectra of perovskite with a
composition of 0.5.

In the present work, we use Raman active
phonons to study the normal state behaviour of the
doped system. For this purpose we describe the elec-
tronic Hamiltonian of the Kondo lattice model and in-
troduce an electron–phonon interaction in Section 2.
The phonon Green function is calculated in Section 3.
The phonon spectral density is reported in Section 4.
The results and discussion are given in Section 5.

2. Model

We start from the pictorial characteristic of sys-
tems with Jahn–Teller (JT) ions having an inter-
play between electrons localized due to lattice dis-
tortions and those in the band states. This situa-
tion is typical for manganites and can be described
in terms of the Kondo-lattice model in the double-
exchange limit taking account of the JT distortions
and the super-exchange interaction between the local-
ized electrons.[11] The intra-atomic exchange coupling
is assumed to be large enough to align the spins of eg

electrons in a Mn ion parallel to the spin S of the core
(t2g) electrons. The Jahn–Teller effect leads to a split-
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ting of the double-degenerate eg level. Then, following
Ref.[12], we can divide eg electrons into two groups:
‘localized’ (l, t(l) → 0) electrons which produce the
maximum splitting of the eg level and itinerant ‘band’
(b) electrons with non-zero hopping integrals t lead-
ing to smaller distortions of the MnO6 octahedra. For
simplicity of calculation, t does not change with θij

(the angle between local spin Si and Sj), so the cor-
responding effective Hamiltonian has the form[11]

Heff = −t
∑

〈ij〉

(
c+
i cj + h.c.

)− εJT

∑

i

nli

+ J
∑

〈ij〉
cos θij + U

∑

i

nlinbi, (1)

where εJT is the JT energy gain for l electrons count-
ing from the center of the b-electron band, J is the
exchange interaction energy and U is the Coulomb
repulsion energy. Equation (1) describes the intra-
atomic Hubbard interaction between the l-electrons
and l − b-electrons, where nli = l+i li and nbi = c+

i ci.
We linearize the on-site l-electron interaction terms
l+i li and c+

i ci in the Hamiltonian in the Hartree–Fock
approximation as nlinbi → 〈nli〉nbi + nli 〈nbi〉, where
〈nli〉 =

〈
l+i li

〉
and 〈nbi〉 =

〈
c+
i ci

〉
are the expecta-

tion values of nli and nbi respectively, and we take
〈nli〉 = nl, 〈nbi〉 = nb for all i. The number of local-
ized electrons nli, and band electrons nbi per lattice
site obey an obvious relation nb +nl = 1−x (x is dop-
ing concentration, its value is 0.5). Then Hamiltonian
Heff reduces to

Heff = −t
∑

〈ij〉
c+
i cj − εJT

∑

i

nli + J
∑

〈ij〉
cos θij

+ U

(∑

i

nlic
+
i ci +

∑

i

l+i linbi

)
, (2)

where nbi = c+
i ci; nli = l+i li εJT = −g2/2K (in which

K is the elastic energy and g is the electron–lattice
coupling constant). The Fourier-transformed Hamil-
tonian of Eq.(2) is written as

Heff = −
∑

k

Ekc+
k ck − E0

∑

k

nlk + J
∑

〈ij〉
cos θij , (3)

where E0 = εJT + Unb, Ek = εk + Unl, εk =
−2t (cos kxa + cos kya + cos kza) .

In the event of a large JT distortion resulting in
band splitting (∼ 1 eV) there is the possibility that the
lower eg orbital (i.e. the one described by the opera-
tors ck) hybridizes with the localized t2g orbitals (i.e.,
the operators lk) which will modify the magnetic or-
dering of the t2g electrons. Thus the hybridization of
the localized electrons with the conduction electrons is
considered, and the Hamiltonian Hv which represents

this hybridization effect is given by

Hv = V
∑

k

(
c+
k lk + l+k ck

)
. (4)

Electron–phonon interaction results from the volume
dependence of the bare hybridization parameter V .
Due to factors like pressure, temperature, doping and
other interactions, the hybridization parameter be-
comes a function of volume or volume strain εi at site.
We expand the hybridization parameter:

V (εi) = V (i) + εi
∂Vi

∂εi
. (5)

The instantaneous volume strain (εi) can be expressed
in terms of phonon creation (annihilation) operators
b+
q (bq) at the site Ri as

εi =
(
|q| /

√
2N0Mωq

) (
bq + b+

−q

)
exp (iq ·Ri) , (6)

where M , N0 and ωq are the ion mass, the number of
sites and the phonon energy, respectively.

The electron–phonon interaction term in the site
representation can be written as

He−p =
∑

i

(
c+
i li + l+i ci

)
εi

∂Vi

∂εi
. (7)

The Fourier transformed electron–phonon interaction
Hamiltonian is

He−p =
∑

i

f (q)
[
c+
k+qlk + l+k+qck

] (
b+
−q + bq

)
, (8)

where bq(b+
q ) are annihilation (creation) operators for

phonons with wave vector q, and f (q) is the electron–
phonon coupling constant. The electron–phonon cou-
pling constant is given by

f (q) =
(
|q| /

√
2N0Mωq

) ∂Vi

∂εi
. (9)

The free phonon Hamiltonion with phonon energy ωq

is written as

Hp =
∑

q

ωqb
+
q bq. (10)

The total Hamiltonian of the system then becomes

H = Heff + Hv + He−p + Hp. (11)

3. Calculation of the phonon

Green function

The phonon self-energy is evaluated by the
double-time Green function technique of Zubarev[13]

using the method of the equation of motion. The
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phonon Green function is defined as

Dqq′ (t− t′) =¿ Aq (t) ; Aq′ (t′) À
= −iΘ (t− t′) 〈[Aq (t) , Aq′ (t′)]〉,

(12)

where
Aq = bq + b+

−q (13)

is the qth Fourier component of the displacement. To
derive the phonon Green function Dq,q′ (t− t′), we use
the equation of motion for phonon operators,

i
dAq (t)

dt
= [Aq (t) ,H] = Aq (t) H −HAq (t) . (14)

The equation of motion[14] for the Fourier trans-
formed phonon Green function Dq,q′ (ω) is evaluated
for the system using the total Hamiltonian H given in
Eq.(11). The Green function is expressed as

Dq,q′ = δq,q′D
0
q (ω)+4f2 (−q) D0

q (ω) χq,q′ (ω) D0
q (ω) ,

(15)
where

D0
q (ω) = 2ωq

[
ω2 − ω2

q

]−1
. (16)

is the free phonon propagator, and χq,q′ (ω) is the elec-
tron response function. Applying the Dyson approx-
imation to Eq.(15), we can write the phonon Green
function as

Dq,q (ω) = 2ωq

[
ω2 − ω2

q −
∑

q

(ω)

]−1

, (17)

where the phonon self-energy
∑

q

(ω) = 4f2 (−q) ωqχq,q (ω) (18)

depends on the electron response functions χq,q (ω).
During the calculation we make some approximations
in order to keep the essential physics intact. We use

certain decoupling schemes for the higher-order Green
functions such that all the physical parameters such
as l-level, hybridization term (∼ V 2) and phonon cou-
pling term are retained. The limit of zero wave vector
(q → 0) and low temperature (T → 0) is considered
here in evaluating the response function.

4. Phonon spectral density

The phonon self-energy depends on different
model parameters through the electron response func-
tion χ0,0 (ω). In order to compare the theoretical cal-
culations with the experimental results, we need to
calculate the spectral density function S (0, ω), which
is a measurable quantity in Raman scattering ex-
periments. The spectral density function is defined
through the equation

S (0, ω) = −2ImDqq (ω + iη)q=0 . (19)

The S (0, ω) is calculated by attributing a finite width
(η) to the phonon frequency (ω2 → ω2 + 2iωη). The
spectral density function is written as

S (0, ω) =
2ω0B1 (ω)

A2
1 (ω) + B2

1 (ω)
. (20)

Where

A1 (ω) = ω2 − ω2
0 − η2 + ω2

0A2 (ω) ,

B1 (ω) = 2ηω + ω2
0B2 (ω) . (21)

A2 and B2 are written as

A2 (ω) = 8g

∫
dεkA3

ω1 − ω2
H (Ek) [f (ω1)− f (ω2)],

B2 (ω) = 8g

∫
dεkB3

ω1 − ω2
H (Ek) [f (ω1)− f (ω2)]. (22)

Where

A3 =
A4

A2
4 + B2

4

, B3 =
B4

A2
4 + B2

4

,

A4 = ω2 − (Ek − E0)
2 − 4V 2 − η2, B4 = 2ωη,

H (Ek) = 2 (Ek − E0)
2
,

ω1,2 =
εk + εJT + 0.5U ±

√
[εk − εJT + U (2nl − 0.5)]2 + 4V 2

2
. (23)

To understand the influence of the physical
quantities on the phonon spectral density function,
we scale the parameters by the Debye tempera-

ture ωD (= 430K). The dimensionless parameters are
the position of the bare l-level d = εJT/ωD, the
hybridization between the l-electrons and the con-
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duction v = V/ωD, the reduced temperature t =
kBT/ωD, the energy of the conduction electrons x =
εk/ωD, the phonon coupling to the hybridization be-
tween the l-electrons and conduction electrons g =
N (0) f2 (0)/ω0, where N(0) is the density of states
of conduction electrons at the Fermi level (εF), the
Coulomb interaction u = U/ωD and the bare phonon
frequency (p = ω0/ωD).

5. Results and discussion

Figures 1–3 show the variation of spectral density
function S (0, ω) with reduced frequency ω̃ = ω/ω0 for
different values of d, v and g at fixed values of reduced
temperature t. We observe that there are three peaks
in each of these plots. These three peaks appear at
ω̃ ∼ 0.27, ω̃ ∼ 0.64 and ω̃ ∼ 1.18 corresponding to P1,
P2 and P3 phonon peak respectively. To compare with
the experimental results, we estimate the wave num-
ber from the relation hnc = kBpωDω̃ (h is Planck’s
constant, n is the wave number, c is the speed of
light). When ω̃ ∼ 0.27, ω̃ ∼ 0.62 and ω̃ ∼ 1.18, the
corresponding wave numbers are 105 cm−1, 249 cm−1

and 458 cm−1 respectively. Granado et al [15] found
that the Raman peaks of La0.5Ca0.5MnO3 appear at
110(ω1), 261(ω2) and 448 cm−1(ω3), which are very
similar to our results. It also confirms the experi-
ments of Antonakos et al,[16] whose peaks appear at
80(ω1), 230(ω2) and 400–480 cm−1(ω3). It is generally
accepted that in the ω1 region the band at 110 cm−1 of

Fig.1. Plot of spectral density function S(0, ω) vs re-

duced frequency ω̃ = ω/ω0 at fixed values of v = −0.05,

g = 0.055, t = 0.09, u = 0.49, p = 1.3: (curve a) d = −1.0;

(curve b) d = −0.94.

Ag symmetry is attributed to the R(x) mode of its se-
lection rules, the ω2 mode appearing as a strong broad
band of Ag symmetry is related to the Ag (2) tilting
mode and the ω3 mode has the B2g symmetry.[15,16]

It can be observed from Fig.1 that the P1 and
P2 peaks show a red shift, and the P3 peak does not
shift with the increase of |d|. We also found that the
intensity of the peaks P1 and P3 increases with the in-
crease of |d|, but the intensity of the P2 peak does not
change. Figure 2 exhibits the influence of hybridiza-
tion parameter in the S (0, ω) vs ω̃ plot. Here we take
v = 0.09, 0.05 respectively. We found that the three
peak positions remain unchanged. In order to distin-
guish clearly, we made a figure for v = 0.05 and inset
it into Fig.2. It is observed that the intensity of the
peaks P1 and P3 increases with the increase of v, but
the intensity of the P2 peak does not change. Figure
3 presents the plot of S (0, ω) vs ω̃ for g = 0.055
and g = 0.065. Since the phonon is coupled to
the weak hybridization between conduction electrons

Fig.2. Plot of spectral density function S(0, ω) vs re-

duced frequency ω̃ = ω/ω0 at fixed values of d = −0.94,

g = 0.055, t = 0.09, u = 0.49, p = 1.3: (curve a) v = 0.09;

(curve b) v = 0.05.

Fig.3. Plot of spectral density function S(0, ω) vs reduced

frequency ω̃ = ω/ω0 at fixed values of d = −0.94, v = 0.05,

t = 0.09, u = 0.49, p = 1.3: (curve a) g = 0.055; (curve b)

g = 0.065.

and l-electrons, the electron–phonon coupling param-
eter g is small in magnitude. It is observed that the P1
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and P2 peaks show a red shift and the P3 peak shows
a blue shift with the increase of g. It is also observed
that the intensity of the P1 and P2 peaks increases
with increasing of g while the P3 peak does not change.
It is well known that a longitudinal phonon always
accompanies a change of crystal volume and a local
change of lattice constant. From deformation poten-
tials of the electron–phonon interaction δεc = c1∆(r)
(δεc is deformation potentials, c1 is constant, ∆ (r)
is volume change),[17] an increase of g means that
electron–phonon coupling increases, which leads to an
increase of distortion of the lattice and an appearance
of blue shift of the Raman spectrum peaks, which can

also be found in Ref.[18].
In our model v is a function of pressure. From the

above discussions, we found that all peak positions re-
main unchanged while their intensities increase with
v. In other words, when pressure increases, the inten-
sities of the peaks increase but their positions remain
unchanged, which is consistent with the experimen-
tal results of Refs.[8, 17]. The parameter d correlates
with JT distortions: the increase of d means that JT
distortions increase. When JT distortions increase,
the Raman spectrum peaks exhibit a shift to higher
frequencies, which is noted in Ref.[18].
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