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We report novel Raman measurements made on PrgsCag s MnOgs thin
films grown on SrTiOs and LaAlOs; (PCMO/STO and PCMO/LAO, re-
spectively). The measurements were performed for a temperature range
78 K< T <295 K. Different scattering polarizations (zz, zz, ¢'z’, and z'z’)
have been selected for certain temperatures in order to make the assign-
ment of the modes, appearing in the Raman spectra. X-ray diffraction mea-
surements have shown that the PCMO/STO film is [010]-oriented and the
PCMO/LAO film is [101]-oriented due to the lattice mismatch. Close to the
transition temperature to the charge ordered state, Tco, an increase in rela-
tive intensities of the high energy modes has been observed with decreasing
temperature.

PACS numbers: 75.47.Gk, 78.30.—j, 63.20.—

1. Introduction

In the past decade the interest in doped manganites has increased due to the
discovery of the colossal magnetoresistance effect (CMR) [1]. One of the most ex-
citing phenomena of these materials is the charge-ordering (CO). This phenomenon
1s observed when the electrons become localized in real space and the heterovalent
cations in the two sublattices (Mn®+ and Mn**) become ordered.

The Pr,Caj;_,MnOs system has a more distorted structure than other
CMR materials, in addition to a rich phase diagram. The charge ordering in
Pr;Ca;_MnOs occurs in the regime 0.3 < z < 0.75. The transition temperature
takes place at approximately 220-240 K, depending on the amount of Ca doping.
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The charge-ordering phenomenon is optimized for & = 0.5, where the carriers are
exactly commensurate with the 1:1 ordering of the Mn3+:Mn**t species [2].

Most of the technological applications require thin films, which have different
physical properties compared to the bulk [3]. This has been attributed to the strain
effects induced by the substrate on the film. Moreover, the orientation of the film
may induce changes in the structural and physical properties of the material.

An extensive amount of Raman data exists for various compounds of the
R1_5Az;MnOs3 series (R being a trivalent rare earth and A a divalent alkaline earth)
and an assignment for the phonons has been proposed [4-7]. To the best of our
knowledge, for the Pr;_,Ca,MnQOgs compound, the Raman data exist only for # ~
0.35 [8] and « ~ 0.37 [9]. In a previous work [10] we have pointed out a correlation
between the Raman spectra modifications due to the charge-ordering, studying
thin films of Pri_,Ca,MnQOs, of 180 nm thickness, as a function of temperature
and hydrostatic pressure.

In this work, we have oriented the research in pointing out the assignment
of the Raman active phonons, since there has been no anambiguous assignment
for most of the modes. For this purpose, systematic measurements have been
carried out using different scattering selection rules, resulting in the disclosure of
the assignment for certain modes. Furthermore, the temperature dependence of
the Raman spectra has been studied in the films of 100 nm thickness. Finally, the
effects from the substrates are briefly discussed.

2. Experimental

Films of PrgsCapsMnOs (PCMO) were measured on two different sub-
strates, one SrTiOs (STO) and one LaAlOs (LAO). The films were grown in-sttu
using pulsed laser deposition (PLD) and had a thickness of 100 nm and 180 nm.
The substrates were kept constant during deposition. A more detailed optimization
of the growth procedure is described elsewhere [11, 12].

X-ray diffraction studies have shown that the films were of a single phase and
highly crystalized. Furthermore, it was shown that the films on the STO substrate
were oriented with the [010] axis perpendicular to the substrate, while the one
on the LAO substrate the [101] axis was perpendicular to the substrate, which
was [100]-oriented. The specific orientation of the films was a result of the lattice
mismatch between the films and the substrates [13]. Using the XRD results, the
out-of-plane lattice parameter of the substrates was calculated to be 3.778 A for
STO and 3.834 A for LAO, confirming that the film is under tensile stress on
STO and under compression on LAO. The structure of bulk Prys5CagsMnQOs is
orthorombic (Pnma), with the lattice constants ¢ = 5.395 A, b = 7.612 A and
c=5.403 A [14].

The Raman spectra were obtained using a T64000 Jobin Yvon triple spec-
trometer, equipped with a liquid nitrogen cooled charge coupled device (CCD) and
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a microscope. The 514.5 nm laser line of an Art laser was used for excitation, at
low power of ~ 0.1 mW on the surface of the film. Raman spectra were obtained
at a temperature range of 20-295 K. A backscattering geometry was used with the
sample placed under the microscope with a X 100 magnification lens. For the low
temperature measurements, an Oxford cryostat was used, appropriately modified
for the application of the scattering selection rules. The temperature instability
was less than 1 K and the local heating due to the laser beam was estimated to
be less than 10 K [15, 16]. All presented spectra have been corrected for the Bose
thermal factor at the nominal temperatures, but any uncertainties from a laser
local heating could not induce appreciable changes in the shapes of the peaks.

3. Results and discussion

In Figs. 1 and 2 typical low temperature Raman spectra of the PCMO/STO
and PCMO/LAO films, respectively, are shown, excited by the 514.5 nm laser line.
The films had a thickness of 100 nm. The spectra shown here are typical of all
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Fig. 1. Typical Raman spectra from the PCMO/STO film with the 514.5 nm excita-

tion wavelength in a temperature range of 78-295 K. The spectra have been corrected

with the Bose thermal factor.
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Fig. 2. Typical Raman spectra from the PCMO/LAO film with the 514.5 nm excitation

wavelength in a temperature range of 20-280 K. The spectra have been corrected with

the Bose thermal factor.

disordered manganites. The crystal structure of Prg5CagsMnQOgs is the same as
that of LaMnOs3, the symmetry assignment thus used here, is the one used by Iliev
et al. for LaMnOs [4].

The most pronounced peaks exhibited for the entire temperature range,
at 78 K, are centered approximately around 143 ecm~', 268 cm~', 300 cm™!,
403 em~1, 430 em™', 460 cm~', 476 em~!, and 610 em~!. In addition, be-
low approximately 200 K an additional peak appears at 220 cm™!. Similar mea-
surements have been performed at thicker PCMO/STO and PCMO/LAO films
(180 nm) [10] using the 530.9 nm, 488 nm, and 647.1 nm laser lines for excitation.
It was seen that the excitation photon energy does not modify considerably the
spectra. However, in the thicker films the modes at 403 em™! and 430 cm ™! was
not observed, while the 143 em™"! was only observed with the 647.1 nm laser line.

In Fig. 3 the Raman spectra of the PCMO/STO film are shown for different
scattering configurations (zx, zz, 'z’, and 2'2’) for 300 K and for 78 K. The first
symbol indicates the direction of the polarization of the incident light and the
second, the polarization of the scattered light. The spectra taken at zz and zz
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Fig. 3. Polarized Raman spectra measured on the PCMO/STO film at 300 K and

78 K, using the 514.5 nm laser line. The scattering configuration for each spectrum is

indicated.
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Fig. 4. Polarized Raman spectra measured on the PCMO/LAO film at 300 K, using

the 514.5 nm laser line. The scattering configuration for each spectrum is indicated.
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(or 2’2" and z'z") scattering configurations (not shown in the figure) are identical
and therefore the # and z directions are equivalent. In Fig. 4 similar spectra for
different selection rules are shown for the PCMO/LAO film, for 300 K. However,
the PCMO/LAO film is [101]-oriented, resulting in a mixture of polarizations in
the Raman scattering. Using the spectra of the different scattering configurations,
it is possible to determine the symmetry of the Raman lines, depending on their
relative intensities on the different spectra.

There are two high energy bands, centered around 610 cm~! and 470 em~!
which consist of several overlapping modes. These modes appear at 640 cm™?,
600 cm™!, 476 cm ™', 460 cm ™', 430 em ™! and ~ 403 ecm ™!,

From the different scattering configurations in PCMO/STO (Fig. 3) comes
out that the mode at 640 cm™! is of Bag, whereas the 600 cm™" is of A; symme-

~! seen by Iliev et al. [4] in

try. The line at 600 em~' correspond to the 611 cm
LaCaMnO3 and is of breathing type. The peak at 640 em™" has also been observed
by the same authors in YMnOs, and is believed to be of defect origin.

The modes at 430 ecm ™' and 476 cm ™! are pronounced in both zx and #’2/
and thus have a Bsg symmetry. Similarly, the peak at 403 cm™! is a weak mode,
displayed at «’z’ and 2’2’ and thus must be of By symmetry. A corresponding
line has been observed by Abrashev et al. [6] on the bulk Lag 5Cap sMnOs and has
been assigned to the same symmetry.

Comparing Figs. 1 and 2, it becomes obvious that there are differences
in the relative intensities of the high energy modes of the two samples. In the
PCMO/STO film, the 476 cm~! mode is stronger than the 460 cm ™! one, while in
the PCOM/LAO film the reversed situation is realized and the mode at 460 ecm~1!
is slightly stronger than the 476 cm~! one. This result is shown clearer in Fig. 3,
where the spectra from different scattering configurations are shown for the two
films. In the #’z’ spectrum of PCMO/STO, the 476 cm~*! phonon is quite strong,
whereas the 460 cm~! one is absent. In the PCMO/LAO case, the 460 cm™! mode
is present, while the 476 cm~! one is absent. This points out the Bag-like symmetry
of the 476 cm~! phonon and the Big or the Bsz symmetry of the 460 cm~! one.
However, Abrashev et al. in measurements on thin films of CaMnQOz/LAO and
CaMnO3/STO [7] and on the bulk Lag5CagsMnOs [6] have assigned the lower
energy mode, of the two corresponding modes, to Bag and the higher energy one
to Ag. In our case however, the different growth orientation of the two films has
made possible to differentiate the Big (or Bsg) symmetry of the 460 em™! mode
from the Bag of the 476 em™! one.

The assignment of the low energy modes is more straightforward. As shown
in Fig. 3, the phonon at 300 cm™! only appears at parallel polarizations, so it is
of Ay symmetry as well. Relating this mode with the assignment of Iliev et al. [4],
it can be attributed to the tilting vibrations of the octahedra, represented by the
Ag mode at 284 em™! in LaMnOQOs.
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The mode at 268 cm ™1 is very well defined at parallel polarizations (zz and
z’z"), while it is not observed at crossed polarizations (zz and z’z’). Tt is hence of
Ag symmetry. A corresponding mode is also observed in the case of LaMnOs [4]
and has been assigned to the rotations of the b axis of the octahedra.

The low energy mode at 143 cm ™' is more like a wide band, which is temper-
ature independent. It appears to be quite weak at all temperatures and no definite
assignment could be carried out.

As seen from the Raman spectra in Figs. 1 and 2, there is an additional
mode appearing below 7' ~ 160 K at ~ 220 ecm~'. This phonon is more well
defined at PCMO/LAO film. It has been sometimes observed by other authors as
well [6, 8] and has been identified as a soft mode. However we have not observed
any softening of this mode.

From the temperature dependence of the spectra there is some evidence for
the transition of the materials to the CO state. It has been shown previously [10]
that below 7' ~ 225 K a rapid softening takes place for the mode at 268 em™1,
decreasing in energy by 12 em~! in the temperature range of 78-300 K. The tem-
perature, at which the rapid softening occurs, is close to the transition temperature
to the CO state, Tco. As seen in Figs. 1 and 2, the high frequency bands around
470 em~! and 610 cm~? consist of different overlapping modes. With decreasing
temperature, their relative intensities to the lower energy modes increase consid-
erably and the different peaks become clearer. This behavior has been attributed
to the formation of the CO state [8, 10]. Hence, the transition to the charge or-
dered state, where the carriers are more localized, results in an increase in relative
intensities of the modes in this phase.

Moreover, we have performed measurements under high hydrostatic pres-
sure, at room temperature, disclosing the anharmonicity of certain phonons [10]. It
was seen that both phonons at 268 cm™! and 300 cm~* show a strong dependence
on the hydrostatic pressure due to the anharmonic behavior of the correspond-
ing rotations of the octahedra. In contrast, however, to the 268 ecm ™! mode, the
300 e~ ! one is temperature independent.

As mentioned before, in the Raman spectra of the PCMO/STO film, there
appears a strong band centered at ~ 610 cm™'. It consists of a main mode at
approximately 600 cm ™! and an accompanying one at ~ 640 em™'. These modes
are clearer seen with decreasing temperature. This situation is changed in the
PCMO/LAO film, where the accompanying mode can hardly be seen. We believe
that these spectral modifications are mainly due to the different orientations of
the two films, as well as the lattice mismatch [7].

4. Conclusions

The Raman spectra of two thin films of Prg 5Cag sMnO3 developed on SrTi03
and LaAlO3z substrates, respectively, have been studied, and there has been an at-
tempt for the assignment of all the modes appearing, carrying out measurements
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with different scattering configurations. Furthermore, the transition to the CO
state has been briefly discussed in relation with the Raman spectra taken as a
function of temperature.

We have not observed major spectra modifications, as shifts or splitting
of the modes, due to the different substrates, but only minor ones due to the
different orientations of the two films. Two modes at 403 cm~! and 430 cm ™! gain
considerably in intensity for the thinner films. However, further measurements are
necessary for a fuller insight into this matter.
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