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The low-energy electrodynamic response of a series of La0.25Ca0.75MnO3 samples of different morphology
is systematically studied in the frequency range from 4 to 700 cm−1 �0.1–20 THz, quantum energies 0.4–90
meV� with particular attention focused at frequencies below 40 cm−1. In the antiferromagnetically ordered
phase below 140 K, a resonancelike absorption band appears in the spectra around 20–40 cm−1 that is
assigned to acoustical phonons which acquire optical activity due to a fourfold superstructure appearance in the
crystallographic a direction and correspondent Brillouin-zone folding. Nanosize effects in charge and magnetic
subsystems are investigated by measuring the spectra of samples with grain diameters reduced from several
micrometers down to 40 nm. A strong relaxation in the lowest-frequency spectra is observed above 100 K in
all samples, indicating that the charge-order transition shows characteristics typical for order-disorder
transitions.
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I. INTRODUCTION

The family of manganese oxides R1−xAxMnO3 �with R,
rare earth and A, alkaline elements� has originally attracted
attention due to the effect of colossal magnetoresistance.1,2

Eventually it was realized that these compounds are of much
broader importance because they represent a diverse play-
ground for investigation of electronic-correlation effects in
solids. A unique feature of these materials is the closeness of
energies of various types of ground states resulting from
comparable strength of different competing interactions and
order parameters in magnetic, charge, orbital, and crystal-
lattice subsystems.3–5 This delicate balance makes it possible
to tune between various phases by relatively small variations
in external and internal parameters—temperature, magnetic
and electric fields, pressure, strain, irradiation, and even mor-
phology, such as the granularity with different grain
sizes.6–14 The interplay of different order parameters be-
comes evident in a rich phase diagram of manganites that
contains certain kinds of charge, magnetically and orbitally
ordered phases, or even an intrinsically driven mixture of
phases �phase separation�.5 The microscopic nature of these
states and the mechanisms of corresponding phase transitions
are presently far from being completely understood; and this
keeps the study of manganites in the focus of today’s solid-
state physics, also in the broad context of physics of
transition-metal oxides including cuprate and noncuprate
high-temperature superconductors.

In recent years much effort has been devoted to the in-
triguing phenomenon of charge ordering �CO� which under-
lies most effects in overdoped manganites. For the
La1−xCaxMnO3 �LCMO� the CO transition takes place in the
concentration range 0.5�x�0.85, at rather high tempera-
tures; for instance, at TCO=250–260 K in the case of x
=5 /8.15 Below TCO the magnetic sector of this LCMO sys-
tem changes its state, from paramagnetic �PM� to antiferro-
magnetic �AFM�. Although it is clear that all degrees of free-
dom, such as spin, charge, orbital, and phonon, must
participate in the charge-ordering process, its detailed

mechanism is under intense debate and the experimental re-
sults are contradictory. It was believed first that doping of
LaMnO3 by Ca leads to dissociation of the mixed-valenced
manganese ions into two subsystem with integer valences,
Mn3+ and Mn4+, which occupy different atomic sites of the
lattice16 and can form spatial stripes composed of Mn3+ and
of Mn4+ for commensurate dopings �x= 1

2 , 2
3 , 3

4 �, with periods
of integer multiples of the lattice constant in the a direction,
or bistripes for intermediate dopings,17–19 composing mix-
tures of phases with periodicities corresponding to adjacent
commensurate dopings. However, this oversimplified picture
was called into question19,20 and it was demonstrated that the
spatial charge modulation possesses an amplitude smaller
than one and a periodicity with the wave vector q� that is
concentration dependent, q�=a��1−x� �here a� is the
reciprocal-lattice wave vector� and not necessarily tied to
atomic sites.21–24 The situation looks similar to that in
BaBiO3 where the “breathing” instability in the lattice was
associated with the presence of bismuth ions with the differ-
ent integer valences, Bi3+ and Bi5+, with the Bi4+ ions as-
sumed to be unstable. However, as was shown by one of the
present authors,25 there is no dynamic instability of the Bi4+

ion and also the breathing instability appears together with
the small charge transfer from one Bi ion to another
�Bi4+�-Bi4−��.

Recently, an idea was put forward26 that the driving force
of the ordering might be of the Peierls-Fröhlich type when
the system minimizes its energy due to electron-phonon in-
teraction leading to the formation of a charge-density wave
�CDW�.27 Some groups claimed, that the typical prerequisite
for the CDW-state occurrence are observed in manganites
systems: such as the Fermi-surface nesting,28 superstructure
in the crystal lattice,23,29 together with the transport
signatures of the CDW state, such as the nonlinear dc resis-
tivity and broadband noise.30,31 Terahertz �THz� and infrared
�IR� spectroscopic measurements32,33 on Nd1−xSrxMnO3,
La1−xCaxMnO3, and Pr1−xCaxMnO3 reveal resonances in the
far-IR range which are interpreted by the authors as collec-
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tive phase modes arising from the CDW condensate. Al-
though the general idea seems intriguing,34 several important
questions arise, and more optical experiments, but also other
probes, are needed to unambiguously identify or disprove the
CDW state in charge-ordered manganites.35,36

Optical spectroscopy has proved to be a powerful experi-
mental technique in studying correlation effects in
solids.37–39 It provides fundamental microscopic characteris-
tics of charge carriers such as concentration, scattering rate,
mobility, plasma frequency, effective mass, their tempera-
ture, magnetic field, and energy dependences. As for manga-
nites, the majority of optical investigations have been per-
formed in the course of studying the mechanism of colossal
magnetoresistance, for example, Refs. 40–42. Besides pho-
non and polaron bands, these measurements indicate the
presence of a charge gap 2� in the infrared conductivity
spectra in the CO state. The gap disappears under application
of magnetic field of several Teslas, when an intense Drude
component shows up that is related to metallic conduction.
The value of the ratio 2� /TCO can be as large as 30 �in
LCMO for x=0.5� and a pseudogap is seen also above TCO
which can be assigned to the CO fluctuations. Only few op-
tical experiments explore the charge-ordered state in the en-
ergy range of few millielectron volts where characteristic
fingerprints of cooperative charge dynamics typically reveal
themselves.37,38,43

Our aim was to investigate the charge-ordering phenom-
ena in manganites by examining their electrodynamic re-
sponse at very low energies down to 0.4 meV. In this paper
we present our results obtained for La0.25Ca0.75MnO3. For
this composition, upon cooling the compound first undergoes
a PM charge-disordered to charge-ordered phase transition at
about TCO�240 K with coexistence of PM phase and AFM
clusters. With further reducing the temperature, the AFM
phase evolves around TN�140 K with coexistence of C and
CE-type magnetic structure. The CO phase is very stable and
insensitive to magnetic fields up to 14 T due to a strong
Jahn-Teller distortion and firm AFM structure.44 Since single
crystals of that high Ca concentrations are not available, we
have to restrain ourselves to polycrystalline samples. We
were, in fact, able to draw advantage out of this constrain,
that provided us with extra means to gain insight into mag-
netic and charge properties of the compound. By varying the
samples morphology, that is reducing the sizes of the grains
to nanoscale, the coupling between the two corresponding
order parameters can be affected. As shown in a series of
experiments on magnetic properties of nanosized
manganites,13,14,45,46 with decreasing the particle size from
2000 to 20–40 nm, the AFM order in the particles is sup-
pressed leading to the weakening �in La0.25Ca0.75MnO3� or
complete disappearance �in Pr0.5Ca0.5MnO3� of the charge
order.

II. EXPERIMENT

Polycrystalline samples of La1−xCaxMnO3 were prepared
according to the procedures described in Ref. 13. With the
sol-gel method, the stoichiometric amounts of La2O3,
CaCO3, and 50% Mn�NO3�2 solution were taken as starting

materials. La2O3 and CaCO3 were converted into metal ni-
trates by adding nitric acid. These metal nitrates and exces-
sive ethylene diamine tetraacetic acid �EDTA� were dis-
solved in distilled water to obtain a clear solution with a
initial molar ratio of La:Ca:Mn=1:3:4. The pH of solution
was adjusted to 6–7 by adding ethylenediamine and then an
appropriate amount of ethylene glycol �EG� was added. Sub-
sequently the solution was heated with stirring to evaporate
most of the solvent water. The resultant gel precursors were
decomposed at about 300 °C to obtain black precursor pow-
der, which then was separated into several parts and annealed
at temperatures from 600 to 1280 °C to gain samples with
different particle sizes. The average particle sizes were char-
acterized by field emission scan microscopy �FE-SEM,
JEOL, JSM-6700F� and x ray using Scherrer formula. The
structure characterization of the samples was done by x-ray
diffraction on a MacScience MAXP18AHF diffractometer
using Cu K� radiation.

For the optical measurements, we prepared pellets of 10
mm diameter and thicknesses varying from approximately
0.1–0.6 mm using a press machine with 6 tons force. All
pellets had the same density. Optical measurements were per-
formed on two spectrometers. In the THz range a coherent-
source spectrometer �with backward-wave oscillators as ra-
diation sources� was utilized, which allows for direct
measurements of the complex conductivity ����� or complex
permittivity ����� at frequencies from �=1 cm−1 up to �
=50 cm−1 and in the temperature interval from 2 up to 300
K. In a quasioptical arrangement of a Mach-Zehnder inter-
ferometer the complex transmission coefficients �amplitude
and phase� of a plane-parallel samples are measured. Using
standard Fresnel expressions for optics of layered
structures,37,47 any pair of optical parameters �complex con-
ductivity, permittivity, refractive index, etc.� of the sample
material is directly determined. All steps are described in
details in Refs. 48–50. We can rule out any nonlinear effects
in the interaction of the monochromatic THz radiation of a
backward-wave oscillator with the samples that could influ-
ence the response functions. First, the intensity of the radia-
tion �maximum of several milliwatts� is too small to heat up
our samples mounted of a metal aperture that serves as an
effective heat sink. The absence of radiation heating during
the measurements on the THz spectrometer has been verified
in many experiments, including measurements of very thin
superconducting films when no effect on the transition tem-
perature has been detected �see, for example, Refs. 51 and
52�. Second, during the frequency scan the output intensity
of the backward-wave oscillator changes by orders of mag-
nitude; thus any nonlinearity would immediately appear in
the spectra which, however, are always smooth. On the same
pellets of La1−xCaxMnO3 also the far-infrared reflectivity was
measured up to a frequency 700 cm−1 using a Fourier-
transform IR �FTIR� spectrometer Bruker IFS 113 V. Com-
bining these data with the THz reflectivity, measured or cal-
culated from directly determined ���� and �����, and
performing the Kramers-Kronig analysis allowed us to ob-
tain spectra of real part of conductivity, ����, and real part of
permittivity, �����, in a wide frequency interval from 4 up to
700 cm−1 �corresponding quantum energies from 0.4 to 90
meV�.

ZHANG et al. PHYSICAL REVIEW B 81, 125132 �2010�

125132-2



III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Bulk polycrystalline La0.25Ca0.75MnO3

Figure 1 exhibits broadband permittivity and conductivity
spectra of La0.25Ca0.75MnO3 pellets with grains of 1 �m
size. Our data obtained above ��100 cm−1 are similar to
the IR spectra of polycrystalline samples of the same com-
position presented by Nucara et al.;33 the phonon features are
coinciding and there is only a small difference in absolute
values of conductivity caused by different samples prepara-
tion procedures. This enables us to consider the electrody-
namic properties of these samples as those of bulk polycrys-
talline material. From Fig. 1 it is seen that above the charge-
ordering temperature TCO�240 K the spectra of
La0.25Ca0.75MnO3 are typically metallic:37,53 the conductivity
���� is almost frequency independent, below 30 cm−1, and
decreases for higher frequencies; the permittivity ����� is
negative at small � and increases toward high frequencies.
Above 200 cm−1 phonon features are incompletely screened

by itinerant carriers and are observed in the spectra ���� and
�����.

When the sample is cooled below TCO, the conductivity
and permittivity spectra change their character qualitatively,
from metallic to dielectriclike. Also the values of ���� and
����� change drastically, especially at the lowest frequencies
of few wave numbers. For T=5 K, the conductivity drops by
more than an order of magnitude and the permittivity in-
creases from negative values �at 300 K� up to large positive
values. As demonstrated in the inset of Fig. 1�b�, in the range
TN�140 K	T	TCO�240 K the conductivity is thermally
activated �T
exp�−Eact /kBT� with an activation energy Eact
=0.13 eV, indicating an energy gap �pseudogap for T
�TCO� in the density of states. Corresponding gap features at
this energy scale are seen in the infrared conductivity spectra
of a series of manganites in the charge and/or orbitally or-
dered states,41,42,54 Kim et al.42 report a decrease in the gap
values 2� and of the ratio 2� /TCO on calcium content x for
La1−xCaxMnO3 �0.48�x�0.67�. Our vales of 2�=Eact and
2� /TCO for x=0.75 are in accord with this tendency �Fig. 2�.

Below TCO, the Drude-type metallic dispersion seen in the
���� and ����� spectra changes to the relaxational-like
behavior,55 the permittivity increases and the conductivity
decreases toward low frequencies. To estimate the strength of
the relaxation ��D, we fit the corresponding dispersion by
the Debye expression for the complex permittivity,55

�D
� ��� =

��D

1 − i�D
, �1�

where �=2�c� is circular frequency and D=1 /2�c�D is
the relaxation time and c is the speed of light. We find that
the strength of the relaxation ��D weakens significantly upon
cooling. Along with that, an absorption band appears in the
range of 20–40 cm−1. It starts to be reliably detected in the
AFM phase, at T	TN=140 K, getting most pronounced at
the lowest temperatures and bearing the character of a reso-
nance absorption, according to the “oscillating” dispersion of
permittivity �for damping not exceeding the resonance fre-
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FIG. 1. �Color online� �a� Real part of dielectric permittivity of
La0.25Ca0.75MnO3 sample made of grains with 1000 nm diameter, as
a function of frequency at temperatures T=300, 140, and 5 K. The
symbols correspond to data directly obtained by a Mach-Zehnder
interferometer; the solid and dashed lines result from reflectivity
measurements via Kramers-Kronig analysis. �b� Optical conductiv-
ity plotted as a function of frequency for various temperatures as
indicated. Again, the symbols correspond to data directly obtained
by a Mach-Zehnder interferometer, solid and dashed lines are cal-
culated from reflectivity measurements; the lines below 40 cm−1

are guides to the eye. The thin dotted line represents the �2 behavior
of the conductivity indicating the low-frequency tail of the lowest
infrared phonon. In the inset of panel �a� the transmission through a
0.076 mm thick plane-parallel pellet is shown �dots�, measured at
T=5 K. The solid line is obtained by a fit employing the Fresnel’s
expressions for a plane-parallel slab. The inset in panel �b� demon-
strates in an Arrhenius plot the activated behavior of the low-
frequency ��=4.7 cm−1� conductivity with an activation energy
0.13 eV �straight blue line�.

FIG. 2. Dependence of the charge-ordering temperature TCO, the
energy gap 2�, and of the ratio 2� /TCO of La1−xCaxMnO3 on cal-
cium concentration x. The data given by open circles are obtained
from infrared conductivity spectra from Ref. 42. The solid dots
correspond to the values obtained in the present work based on the
activated temperature behavior of the low-frequency ��
=4.7 cm−1� conductivity of polycrystalline La0.25Ca0.75MnO3 with
grains of 1 �m diameter.
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quency, see expression �2� below�.37 A close inspection re-
veals that the band consists of two resonances �absorption
lines� located at frequencies around 25 and 40 cm−1. Note,
our spectra do not exhibit any resonance absorptions below
10 cm−1, as reported in Ref. 33. This is also demonstrated in
Fig. 1 and in the inset of panel �a� where the transmission
coefficient is presented of a pellet 0.076 mm thick: here the
low transmissivity of a pellet above 20 cm−1 is caused by
absorption bands just discussed and the oscillating behavior
at lower frequencies is connected to an interference �multi-
reflection, Fabry-Perrot effect� of the radiation within a
plane-parallel transparent layer of the sample.37,47

We fit the resonance dispersions seen at 20–40 cm−1 us-
ing the Lorentzian expression for complex conductivity,

����� =
0.5���0

2�

�� + i��0
2 − �2�

, �2�

where �� is the dielectric contribution �strength�, �0 is the
resonance frequency, and � is the damping. The quality of
our samples �pellets pressed of a powder� does not allow
precise determination of all parameters, ��, �0, and �, of the
two modes separately. We are able, however, to evaluate
their resonance frequencies, 25�3 cm−1 and 38�3 cm−1,
and to find that they are practically temperature independent
down to T=5 K. Most likely, also the strengths and the
damping constants of the these modes are temperature inde-
pendent; this is demonstrated in Fig. 3, where we show the
temperature dependences of the dielectric strength, reso-
nance frequency, and damping which would have the absorp-
tion band if considered as a single mode.

B. Nanosized La0.25Ca0.75MnO3

After the analysis of the results for bulk material, we now
move to the dependence of the electrodynamic properties on
the grain size. In Fig. 4 we show how the broadband spectra
of conductivity and permittivity of La0.25Ca0.75MnO3 evolute
when the grain size changes, from 1000 to 40 nm. In com-
parison with the bulk material, described in the previous sec-
tion �Fig. 1�, the dielectric response of samples with grain
sizes 200 nm and smaller reveals significant quantitative and
qualitative transformations, especially at the low-frequency
side. At room temperature, in the paramagnetic state above

TCO, not only the values of conductivity and permittivity of
these samples differ notably from those of the bulk sample,
but also the type of the dispersion of the ���� and �����
spectra has changed. Instead of a metallic Drude-type behav-
ior, a typical relaxational dispersion55 is observed in these
spectra: a growth of ���� and a decrease in ����� toward high
frequencies. Upon cooling down, similar to the bulk mate-
rial, the strength of the relaxation ��D decreases for all
samples. Their granular structure has also crucial influence
on the absorption band observed at frequencies 20–40 cm−1:
reducing the grain size, the band gradually disappears, as is
demonstrated by Fig. 5, where the lowest temperature �5 K�
spectra of permittivity and conductivity of 1000, 150, and 40
nm samples are summarized.

Besides the band around 20–40 cm−1, a less intense and
broad absorption band is quite reliably observed in the ����
and ����� spectra at higher frequencies 60–100 cm−1. Com-
paring Figs. 1 and 4, it becomes obvious that this band is
pronounced in the AFM phase but looses its intensity in the
samples with smaller grains.

To see how the low-frequency features, the lowest-
frequency relaxation and the resonancelike absorption band
at 20–40 cm−1, depend on the grain size of the samples, in
Figs. 6�a� and 6�b� we plot the dependencies on the grain
size of correspondent strengths, ��D and �� �obtained from
Eqs. �1� and �2��. It is seen that the relaxation and the reso-
nance absorption are loosing their weight for samples with
granularity below 1000 nm, the strongest changes happening
between 300 and 1000 nm. It is interesting that in the same
range of grain sizes also the activation energy strongly de-

FIG. 3. Temperature dependence of the parameters of the ab-
sorption band observed in La1−xCaxMnO3 in the spectral range from
20 to 40 cm−1: resonance frequency �0, damping constant �, and
dielectric strength ��.
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creases �Fig. 6�c�� that governs the temperature variation in
the lowest frequency �about 10 cm−1� conductivity �Fig.
1�b��. Grain-size effects influence also the charge-ordering
temperature, as determined by the magnetization curves,13

TCO is significantly reduced for grains of size less than
100–200 nm, as depicted in Fig. 6�d�.

In Figs. 6�e�, 6�f�, and 7 we plot the grain size and the
temperature dependences of the “background” dielectric re-
sponse of La0.25Ca0.75MnO3, i.e., the temperature depen-
dences of �� and � at frequencies below the resonance fea-
tures. Variations in �� and � with the grain size are most
pronounced above TCO, indicating that they are caused
mainly by delocalized charge carriers dominant at room tem-
perature. Again, the largest variation takes place between 300
and 1000 nm. For all samples the CO phase transition is
clearly pronounced in both, ��T� and ���T� �for 1000 nm
sample only data below 140 K are available�. For the 200 nm
specimen the dielectric permittivity starts to decrease at TCO
and saturates in the AFM phase. For samples with smaller
grains the CO-transition temperature shifts down and the
transition region becomes broader, similar to what is seen in
magnetic measurements.13 The same behavior is observed in
the temperature dependence of the conductivity: ��T�
changes much stronger than the values of permittivity, de-
creasing by more than an order of magnitude while cooling
from 300 to 5 K. Interestingly, while the permittivity changes
only for temperatures between TCO and TN and stays constant
below TN, the conductivity exhibits a strong temperature de-
pendence also in the AFM phase. For comparison, in Fig. 7
the temperature dependence of the dc conductivity is pre-
sented for polycrystalline bulk sample of the same composi-
tion La0.25Ca0.75MnO3, data taken from Ref. 56. Above TCO
the dc conductivity is higher and below TCO smaller than the
ac conductivity which can be attributed to an intrinsic or

extrinsic localization of charges and hopping conduction, as
discussed in the next section.

IV. DISCUSSION

A. Bulk polycrystalline La0.25Ca0.75MnO3

The room-temperature spectra of the optical conductivity
and permittivity displayed in Fig. 1 are typical for materials
containing free charge carriers with phonon features super-
imposed in the infrared range above 100–200 cm−1. This
picture changes with decreasing temperature. The activated
thermal behavior of the lowest-frequency conductivity �inset
in Fig. 1�b�� is a clear manifestation of an energy gap �or
pseudogap for T�TCO� with the value 2�=Eact=0.13 eV
�corresponding frequency is approximately 1000 cm−1�
present in the density of states at temperatures 100–300 K.
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This gap feature is also detected as a thresholdlike increase
around 1000 cm−1 in the infrared conductivity spectra of
manganites of different compositions, including
La0.25Ca0.75MnO3.33,40–42,57 It is generally accepted that these
gaps or pseudogaps are caused by the long-range charge or-
der below the critical temperature TCO or by correspondent
order-parameter fluctuations above TCO.

We argue that optical experiments do not provide any evi-
dence of a CDW state in manganites. First of all, the optical
gap values are too large compared to what is expected from
the mean-field value 2�CDW /kBTCDW�3.5. For LCMO these
values range from 2� /kBTCO�30 for x=0.5 �Ref. 42� to
2� /kBTCO�6 for x=0.75 �present data�. Also the low-
energy band around 20–40 cm−1 cannot be assigned to a
pinned CDW phason mode since: �i� this band consists of
two peaks while the CDW phason excitation is represented
by a single mode.27 �ii� Usually the CDW mode is signifi-
cantly broadened and overdamped; this would also be ex-
pected in manganites with “dirty Peierls transition.”31,58 In
our spectra, however, the band is clearly underdamped, as
seen in the permittivity spectra plotted in Fig. 1�a�. �iii� The
dielectric strength �� of the band is temperature indepen-
dent, contrary to what is observed for CDW in low-
dimensional conductors.27 We propose a more trivial origin
of the absorption features observed in our optical investiga-
tions. We suggest that they originate from acoustic phonons
activated by the folding of the Brillouin zone caused by a
superstructure which appears in the crystal lattice of manga-
nites in the CO and AFM ordered states. The x-ray investi-
gations of La0.25Ca0.75MnO3 �Ref. 29� demonstrated that the
high-temperature phase has the orthorhombic unit cell with a
space group Pnma. It was shown also that additional diffrac-
tion peaks appear below the charge-ordering temperature
TCO=240 K, signaling the development of a superlattice: the
unit cell multiplies by a factor of 4 along the a axis. Below

we present simple symmetry-related considerations that con-
firm our suggestion. The 4a superstructure is related to a new
phase with symmetry of the space group P21 /m�C2h

2 �. Con-
sequently, the phase transition at the temperature TCO should
be described by the order parameter that is transformed with
the wave vector qx=� / �4a� of the Brillouin zone of the high-
temperature phase according to the irreducible representation
of the space group Pnma. There are four one-dimensional
irreducible representations corresponding to the point sym-
metry group C2v of the wave vector qx=� / �4a� in the Pnma
phase. Since the vectors �qx of the points within the Bril-
louin zone are not equivalent, the full representations are two
dimensional; we can denote them as �i �i=1–4�. Each of the
order parameters ��i� induces three low-symmetry phases. A
simple group-theoretical analysis shows that the phase with
the P21 /m�C2h

2 � symmetry is only realized during a conden-
sation order parameter ��1�. If we know the order parameter
that induces the P21 /m�C2h

2 � phase, we can perform correla-
tions of irreducible representations of the groups Pnma and
P21 /m. Let us first consider the transformation of the acous-
tic modes in La0.25Ca0.75MnO3. In an orthorhombic phase
their symmetries are described by the following representa-
tions: two transverse-acoustic modes have the symmetry
�3�TA,z� and �4�TA,y�, and the longitudinal-acoustic mode
has the symmetry �1�LA,x�. In parentheses the character of
the mode and its polarization are shown. As a result of the
Pnma↔P21 /m structural phase transition, the phonons with
the wave vector qx=� / �4a� are folded to the Brillouin-zone
center of the monoclinic phase and are split into two
phonons symmetric and antisymmetric, relative to the center
of inversion; in other words, they are split into the �g ,u�
pairs. The gerade modes �Ag and Bg�, which are symmetric
relative to the inversion center, become optically Raman-
active phonons, while the ungerade modes �Au and Bu� are
antisymmetric relative to the inversion center, they form po-
larization waves and become IR active. In the case of
La0.25Ca0.75MnO3 the optical activity of these modes is pro-
moted by a dipole moment produced by spatial charge dis-
proportionation which includes all ions of the new unit cell
together with the valence difference on manganese ions.
Note that the Brillouin-zone folding accompanying the
Pnma↔P21 /m phase transition also reflects the phonons
from the X point �i.e., from the Brillouin-zone boundary of
the phase Pnma� onto the � point of the P21 /m phase Bril-
louin zone.

The described transformation, corresponding to the ob-
served evolution of the low-frequency spectra of
La0.25Ca0.75MnO3, is depicted in Fig. 8. The figure should be
considered only semiquantitatively since the data of single-
crystalline solid solutions of this composition are presently
not available. Though, there are calculations of the phonon
branches for LaMnO3 �Ref. 59� that are expected to be close
to the results of Fig. 8. In constructing Fig. 8�c� we took into
account also that in the paraphase of La0.25Ca0.75MnO3 the
phonon resonances appear at frequencies 120–130 cm−1.
From that figure it is obvious that the absorption band we
observe in La0.25Ca0.75MnO3 around 30–40 cm−1 corre-
sponds to the modes with the wave vector qx=� / �4a� while
the broad set of superimposed bands at frequencies below
100 cm−1 has to be associated with the Brillouin-zone
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FIG. 7. �Color online� Temperature dependence of the low-
frequency ��=12 cm−1� permittivity and conductivity of
La0.25Ca0.75MnO3 samples with different grain sizes as indicated.
For the 1000 nm sample, data are available only below T=140 K.
The solid lines are guides to the eye. The dashed line shows the
temperature dependence of the dc conductivity of polycrystalline
La0.25Ca0.75MnO3 taken from Ref. 56.
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boundary modes of wave vectors qx=� / �2a�. It is apparent,
that the blurred character of the two groups of folded
phonons is a consequence of a polycrystalline nature of the
samples with all three crystallographic directions contribut-
ing to the optical response. Also multiple phases might be
present below TN, such as a phase with the 3a superlattice.29

Finally, we want to note that the appearance of the broad-
band at 30–40 cm−1 only in the AFM phase and not right
below the CO transition temperature correlates well with the
temperature evolution of the weight fraction of the new 4a
phase which starts to increase below TCO and reaches its full
strength only below TN.29 We definitely rule out the magnetic
origin of the band because the antiferromagnetic-resonance
modes are of much smaller strengths �10−2 or less� compared
to ���20 in our case. In addition, their resonance frequen-
cies are strongly temperature dependent, in contrast to our
observations presented in Fig. 3 �see, for example, Ref. 60�.

B. Nanosized La0.25Ca0.75MnO3

As seen from Figs. 4, 5, and 6�b�, the phonon bands that
appear in the AFM phase of La0.25Ca0.75MnO3 due to
Brillouin-zone folding weaken gradually as the sample grain

size becomes smaller, indicating suppression of the 4a super-
lattice in small grains. Considering this superlattice as one of
the essential constituents of the charge-ordered phase,23 we
thus conclude from our optical measurements that the CO
correlations get weaker in small grains, which is consistent
with the results of magnetic measurements.13,14 The partial
suppression of the charge order is also illustrated by the de-
creasing CO gap 2�=Eact and decrease in the CO correla-
tions strength 2� /TCO �Figs. 6�c� and 6�d��. When the par-
ticle size gets below 200–300 nm, both quantities decrease
significantly: they do not vanish completely with a sizable
values remaining down to the smallest grains of 40 nm. At
the same time the dielectric strength of the folded phonon
modes and of the corresponding 4a superlattice almost com-
pletely disappear for the 40 nm particles at T=5 K, suggest-
ing that the dynamics of the crystal lattice does not play a
crucial role in the formation of the CO state. These our ob-
servations indicate that these structural effects are only some
by-products of a complex interplay between charge, spin,
and orbital interactions. This important conclusion is
strongly supported by the fact that the 4a superstructure and
corresponding folded phonon modes are fully stabilized not
right at TCO but only by cooling well into the AFM phase.23

Supporting evidence could be obtained from a study of the
folded phonons and their evolution in bulk and in nan-
ograined manganites consisting of other concentrations of
alkali element since a variation in x drastically alters the
stability of and the balance between the different interac-
tions. For instance, the small FM surface component in
La0.25Ca0.75MnO3 is a consequence of a stable AFM
state,44,56,61 in contrast to the La0.5Ca0.5MnO3 compound
where both CO and AFM phases are fully suppressed in
nanoparticles of 10–20 nm size.46 The charge gap 2� and the
interaction strength measured by 2� /TCO systematically de-
crease from 2�=0.45 eV and 2� /kBTCO=30 at x=0.5 to
2�=0.2 eV and 2� /kBTCO=9 for x=0.67 �Ref. 42� and fur-
ther to 2�=0.13 eV and 2� /kBTCO=6.3 for the composition
x=0.75 �present data�. According to the results of Kim
et al.,42 we predict a pronounced dependence of frequency
positions of the folded phonon modes on the variation in the
alkali-metal concentration x because the lattice modulation
wave vector q� is unambiguously connected to the com-
position, q�=a��1−x� �a� is the reciprocal-lattice vector
along a�.23,62,63

As for the mechanism of suppression of the superlattice in
nanograins, it is unlikely that it is connected with a commen-
surability of its period 4a with the grain sizes; the difference
between the period 4a�2 nm and the minimal grain size of
40 nm is too large. Alternatively Sarkar et al.14,46 suggested
that the tension on the grain surface produces considerable
hydrostatic pressure in the bulk that hinders the lattice
parameter to grow in the CO or AFM states and thus stabi-
lizes the high-temperature paramagnetic phase. Since the
main changes of charge and magnetic characteristics in
La0.25Ca0.75MnO3 and La0.5Ca0.5MnO3 �Ref. 46� take place
in the same particles dimension, we suppose that in this
range the hydrostatic pressure reaches a certain critical value
�several gigapascals�, comparable to the intrinsic forces that
drive the structural transformations.
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C. Low-frequency relaxation

Finally let us consider the relaxational behavior of permit-
tivity and conductivity, observed at our lowest frequencies,
��10 cm−1, as shown in Fig. 1 and in more details in Fig.
9. As seen in the Fig. 9, no maximum is recorded in the
spectrum of imaginary part of the permittivity, ��=2� /�, as
would be expected in case of a simple Debye relaxation with
the maximum in ����� at a specific frequency of the relax-
ation process �=1 / �2�cD� �D is the relaxation time�.55

This implies that either the characteristic frequency �D of
relaxation is located below the frequency window accessible
by our experiments or a distribution of relaxation times �fre-
quencies� exists that leads to a significant broadening of the
spectral response. The relaxation is most pronounced at the
elevated temperatures; it becomes weaker as the temperature
is lowered and the free carrier concentration decreases, ac-
cording to the ac and dc conductivity �Fig. 7�. It is obvious
from our data that the origin of the relaxation is intimately
related to the itinerant charge carriers. However, its connec-
tion to simple geometrical localization of carriers within the
grains—which may be considered as “boxes”—can be ruled
out; it would cause a dispersion similar to the one expected
in the “metallic strands model” of Rice and Bernasconi64 that
does not correspond to our observations. In the present case
of a grain size d=1 �m and a Fermi velocity vF
=109 cm /s �Ref. 28� the characteristic relaxation frequency
is estimated at �rel�vF /d=1013 Hz�300 cm−1, which falls
well above the frequency range where we observe the corre-
sponding dispersion of ����� and ����. Also for smaller
grains, the characteristic frequency would move to higher
frequencies, in contrast to our observations. Alternatively,
one may suggest that the carriers are localized by grain
boundaries producing a Maxwell-Wagner-type relaxation in
the spectra. However, for smaller grains the ratio surface/
volume increases, which would lead to an enhanced relax-
ation strength ���D�; opposite to what is observed in our
measurements, as demonstrated in Fig. 6�a�.

We therefore conclude that the relaxational dispersion ob-
served in the low-frequency permittivity and conductivity
spectra of La0.25Ca0.75MnO3 is intrinsic and connected to the
charge-ordering process. This dielectric response resembles
the “order-disorder” phase transitions, found in ferroelec-
trics, for instance, or in ferroelectrics and dipole glass
�relaxors�,65 where the potential energy of the system is char-
acterized by two or more minima.66 At high temperatures,
the minima are randomly occupied due to thermal disorder.
Below the transition temperature, the system components
drop into the deepest minima, and the order parameter �po-
larization in case of ferroelectrics, for example� acquires
a nonzero value. The dynamics of such phase transitions
are commonly described by a relaxation behavior of a
certain response function with a relaxation time or distribu-
tion of relaxation times revealing definite temperature
dependences.65 The phase transition to the charge-ordered
state in manganites might be of this kind: i.e., an order-
disorder transition where the itinerant charges experience the
periodical array of localizing sites on manganese or oxygen
positions. It is also possible that the relaxational dispersion
in the spectra is due to a phase transition to the ferroelectric
state. Efremov et al.67 reported that in manganites the inter-
play between charge and magnetism can lead to ferroelectric-
ity with the dipole moment aligned along the diagonal be-
tween the a and b axes. It is caused by a coupling between
the charge and magnetic density waves on the bonds. Al-
though the correspondent polarization would be much
smaller than that in “classical” ferroelectrics such as BaTiO3,
this novel type of ferroelectricity deserves experimental veri-
fication. Hence we suggest detailed measurements of the di-
electric spectra of manganites of various compositions, in
particular, looking at the low-frequency relaxation spectra in
the THz and microwave frequency ranges.

V. CONCLUSION

By using the coherent-source THz spectroscopy, com-
bined with FTIR measurements, we have investigated the
conductivity and dielectric permittivity spectra of
La0.25Ca0.75MnO3 at frequencies from 4 to 700 cm−1. In bulk
polycrystalline samples with grains of several micrometers,
the low-frequency conductivity is thermally activated with
an energy gap 2�=0.13 eV in the density of states at tem-
peratures T�140 K, that is seen as a gap below, or a
pseudogap above the charge-ordering temperature TCO
�240 K. In the antiferromagnetically ordered phase at T
	140 K, a resonancelike absorption band appears in the
spectra around 20–40 cm−1. We assign it to acoustical
phonons, which gain optical activity when folded to the
Brillouin-zone center due to a structural phase transition con-
nected with an appearance of a fourfold 4a superstructure in
the crystallographic a direction. In contrast to previous
claims by other groups, we did not observe any optical ex-
citation at energies down to 0.4 meV that could be associated
with the collective response of the charge-ordered electronic
condensate. In order to study the nanosize effects, we studied
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the response of samples with grain diameters ranging from
several micrometers �considered as polycrystalline bulk
samples� down to 40 nm. With decreasing grain size, the 4a
superlattice and hence the absorption band are gradually sup-
pressed while the charge and the antiferromagnetic orders
survive, indicating a weak coupling of the correspondent or-
der parameters to the crystal lattice. At the lowest frequen-
cies 4–20 cm−1 a strong relaxation in the conductivity and
permittivity spectra is observed above 100 K in all samples.
It may indicate an order-disorder character of the charge-
order phase transition in this compound.
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