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Dielectric loss of half-doped manganite Laj sCaysMnO;*
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The dielectric loss tand of half-doped manganite Lag 5Cag sMnOj is investigated using Green’s function technique.
The Lag 5Cap sMnO3 is described by the Kondo-lattice model in the double exchange limit, taking into account the Jahn—
Teller distortion and the super-exchange interaction between the localized electrons. It is found that the intensity of tand
decreases with increasing |&yr|, V, and U. It is also observed that the transition temperature 7p rises as |€yr| and U increase.
It is worth noting that 7p remains unchanged and the strength of tand increases with increasing g. The calculated dielectric

loss results are explained theoretically, and these behaviors are in qualitative agreement with the experimental results.
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1. Introduction

The half-doped manganite Lay 5Cag sMnO3 (LCMO) has
become a hot research topic again in recent years due
to the rich underlying multiferroicity and magnetoelectric
(ME) effects, as well as the great potential for technological
applications.l'=3! Very recently, the peculiar multiferroics of
the LCMO were experimentally verified by Zou ef al.,'* and
Indu Dhiman et al."® experimentally studied the dielectric re-
sponses of Lag sCags—SryMnO3 (0.1 < x < 0.4) manganites
with different magnetic ground states. Recently, Giovannetti
et al.!% proposed theoretically that the combination of pecu-
liar charge-orbital ordering tends to form a spin dimmer in
LCMO, which breaks the inversion symmetry and results in
polar states with relatively strong ferroelectricity. Generally,
there are two kinds of theoretical research methods:!”! one is
the first-principles calculation method, which is based on the
density functional theory (DFT) and appears to be well suited
to addressing some of the critical issues that are not easily ac-
cessible through experiments, such as the value of P and the
structural and electronic mechanisms of ferroelectricity; and
the other is the Hamiltonian modeling method, which is key
to investigating the microscopic mechanisms on the basis of
the multiferroic behavior in manganites. To our knowledge,
only a small amount of theoretical work has been done on the
dielectric loss of LCMO using microscopic Hamiltonian mod-
eling.

In the present work, a quantum microscopic model is used
to study the dielectric loss of the LCMO. The rest of this paper
is organized as follows. The Hamiltonian of LCMO model is
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described in Section 2. The phonon Green function is calcu-
lated and the dielectric loss is also reported in Section 3. Fi-
nally, the results and discussions are given in Section 4. Some
conclusions are drawn from the present study in Section 5.

2. The model
The half-doped manganite LCMO can be described as!®!

H =H,+H)+H;+ Hy, ()

where H; describes the system with Jahn—Teller (JT) ions hav-
ing an inter-play between electrons localized due to lattice dis-
tortions and those in the band states. This case is typical for
manganites and can be described in terms of the Kondo-lattice
model in the double exchange (DE) limit, taking into account
the Jahn-Teller (JT) distortions and the super-exchange in-
teraction between the localized electrons.!®! Then, following
Ref. [10], we can divide eg electrons into two groups: ‘lo-
calized’ electrons (I, PLOJEN 0), which produce the maximal
splitting of the e, level, and itinerant ‘band’ electrons (c) with
non-zero hopping integral ¢, leading to a smaller distortion of
the MnQOg octahedron. For simplicity of calculation, we as-
sume that ¢ does not change with 6;; (the angle between local
spins S; and S;), and then the Hamiltonian H; can be written

asl9l

H, = 71‘2 (Cj-—Cj +h.C.) — 8JTani
(i) i

+ 7Y cos6;+UY mine, )
) i
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where gy is the JT energy gain for / electrons counting from
the center of the c-electron band, J the exchange interaction
energy, and U the Coulomb repulsion energy. Equation (2)
describes the intra-atomic Hubbard interaction between the /
electrons and [-c electrons, where n;; = llT l; and n.; = cjci.

H, represents the lower e, orbital (i.e., the one described
by the operators c;) and hybridizes with the localized ty, or-
bitals (i.e., the operator /i), which will modify the magnetic
ordering of the tyg electron. Thus the hybridization of the ‘lo-
calized’ electrons with conduction electrons is expressed as

H,=VY (L'Zlk n z,jck). 3)
k

Hj3 describes the electron—phonon interaction, and is written
as

=Y £ @ [l e+ o] (5140, @

where b, (bjz') is the annihilation (creation) operator for the
phonon with wave vector ¢, and f (g) is the electron—phonon
coupling constant.

The free phonon Hamiltonian with phonon energy @, is
written as

Hy=Y ogb}b,. Q)
q

3. The phonon Green function and dielectric loss
The retarded phonon Green function is:
G (1—1") = ((Ag(1):A, (1))
= —i0 (1—1") ([A4 (1), Ay (F')]), (6)
where
Ay =by+ biq @)

To de-
rive the retarded phonon Green function G* (f —t'), we use the

is the g-th Fourier component of the displacement.

equation of motions for phonon operators

40O

- —A,()H—HA,(t). (8

To Fourier transform the equation of motion, the retarded
phonon Green function G(w) is evaluated for the system us-
ing the total Hamiltonian H as given in Eq. (1). The retarded

Green function is expressed as!!!]

G' () = §,4D)(0)+4f*(—q) D) (®)
X Xa.q' ((D) Dg ((D) ) 9
where
D) () =20, [0° — o] - (10)

is the free phonon propagator, and y, (@) is the electron

response function. Applying the Dyson approximation to

Eq. (9), the retarded phonon Green function can be written
as

1

G' (o) =20, [0 — 0] —Z,(0)] . (11)

In the cases of long wavelength and finite temperature,
the retarded phonon Green function is written as

20
G (w,q=0)= . 12
The phonon self-energy is
2(0,q=0) = —8gay], (13)
where
-W/2 "
(Ex — Eo)
L =2— —
L= 2 (o)~ f (@),
D] = [0 — (B —Eo) —4v?],
w2 = (€k+SJT+0.5U
/e — e +U (2m —0.5) +4v2) /2,
1
n; = o —(02[((0] —Sk—Un[)f(O)])
— (@ —&—Un) f (o)) (14)

The dielectric loss (tand) is defined as the ratio between

imaginary G} part and real G, (@) part of dielec-

1magmary ( )
tric constant and can be written as[!213]

tand = Glmagmary ( )/Greal ( ) (15)

4. Results and discussion

(0)/ax is the phonon cou-
pling to the hybridization between the / electrons and the con-

The parameter g = N (0) f2

duction electrons, where N(0) is the density of states of the
conduction electrons at the Fermi level (&), parameter @y is
the soft-mode frequency of the pure harmonic, and o is the
microwave frequency.

Figures 1-3 show the variations in the dielectric loss tan §
with temperature T for different values of &r, U, and g at the
fixed values of frequency @y = 5.0 and @ = 8.0. The first im-
portant feature of these curves is that there is a peak in the tand
at Tco. The second is the absence of any large anomaly in tand
at the magnetic transitions. Similar results have also been re-
ported in experiments with other perovskite-type ferroelectric
oxide materials. 1418l

The CO transition in the LCMO is found to be accom-
panied by a structural transition from an orthorhombic phase
with a space group Pnma to a lower symmetry monoclinic

[19]

phase with P2;/m space group.''”! The space group accounts

for the two inequivalent sites for the Mn3* and Mn** ions,
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which are created as a result of charge ordering, leading to
a highly distorted octahedron. In this model, the Mn oxida-
tion state is constant (+3.5) and the supernumerary electron
relates to the DE Zener mechanism and ferromagnetically cou-
ples the Mn ions in pairs, resulting in the Zener polaron. ]
While Komskii e al.*") argued that the Zener polaron state
may be favored in a certain part of the phase diagram in these
compound systems. In this case, a net polarization appears due
to the favoring of a ferroelectric state. In such a scenario, an
anomaly on the dielectric loss at the charge ordering tempera-
ture is expected.
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Fig. 1. The temperature-dependence of the dielectric loss at two differ-
ent values of electron—phonon coupling parameter g.
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Fig. 2. The temperature-dependence of the dielectric loss at two differ-
ent positions of the bare /-level gr.
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Fig. 3. The temperature-dependence of the dielectric loss at two differ-
ent values of Coulomb interaction U.

Figure 1 describes the temperature-dependence of the di-
electric loss at the different strengths of phonon coupling to the
hybridization between the [ electrons and conduction electrons
(g)- Since the phonon is coupled to the weak hybridization be-
tween the conduction electrons and / electrons, the electron—
phonon coupling parameter g is small in magnitude.

It is observed that the peak intensity increases with in-
creasing g. The increase in g means that the electron—phonon
coupling increases, which causes the distortion of the lattice
to increase, and the dielectric loss shows enhanced intensity.
As is well known, the longitudinal phonon is always accom-
panied by the change in crystal volume and local lattice con-
stant. (The electron—phonon coupling deformation potential
is €. = 1A (r), where 0¢ is the deformation potential, ¢; a
constant, and A (r) the volume change?'!). These can also be
found in Ref. [5].

It can be observed from Fig. 2 that the peak intensity in-
creases with increasing |&r|. In addition to strong electron
phonon interactions, the JT lattice distortions lead to a cant-
ing instability of the antiferromagnetic (AFM) state. This be-
havior favors the formation of spin dimers that drive charge
ordering from site-centered to bond-centered, leading to the
appearance of ferroelectric properties in the charge ordered
manganites. [©]

Figure 3 shows the plots of tand versus T for two dif-
ferent values of the Coulomb interaction, i.e., U = 7.5 and
7.0 with fixed values of g = —3.5, V = 0.5, and g = 0.02.
It is found that the peak intensity decreases with increasing
U. From the above discussion, it is found that the Coulomb
interaction has an influence on the peak position of the di-
electric loss and the peak intensity. As U increases, the DE
ferromagnetic (FM) interaction increases, while the AFM and
electron—phonon interaction decreases. The increase in W
(electron eg band width) favors electron transfer and hence the

n.[>2] This is the reason for the peak positions of

FM interactio
the dielectric loss shifting toward high temperature, while the

peak intensity decreases as U increases.

5. Conclusions

In this paper, the dielectric loss tand of the LCMO is
studied using the quantum microscopic model. It is found
that at the AFM—CO transition temperature, the dielectric loss
presents a sharp peak, and it is observed that the transition
temperature 7p rises as |gr| and U increase. It is also found
that the peak intensity of tan § decreases with increasing U. It
is worth noting that 7p remains unchanged and the strength of
tand is augmented with increasing g. These results are consis-
tent with the experimental results.*! Electronic phase separa-
tion is invoked as one possibility to explain the observed di-
electric behavior of these manganites. The coexistence of FM
(metallic) and CO AFM (insulating) regions in the solid could
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increase the capacitive response of the system, as reported in

several studies dealing with metallic particles embedded in in-

sulating matrices.>3] This behavior is controlled by the vol-

ume fraction of the metal in the composite. For LCMO, the

fraction of the FM region strongly depends on temperature, as

reported experimentally in Ref. [24].
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