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Abstract
Micro-Raman measurements under high hydrostatic pressures (up to ∼6.5 GPa) have been
carried out on Pr0.6Ca0.4MnO3 thin film grown on LaAlO3 substrate at room and low
temperatures (down to 80 K). We had investigated in detail the temperature and hydrostatic
pressure dependence of the Raman phonons and calculated their β = d lnω/dp values and the
Gruneisen parameters. Under the external pressure, certain peaks attributed to metallic phase
gain intensity and become narrower. The charge ordered insulating phase, characterized by the
orthorhombic-type Jahn–Teller broad band, is suppressed up to a critical pressure pc1 ≈ 2 GPa,
and the diffuse electronic scattering intensity decreases, implying that the compound becomes
more conductive. However, the pressure is not enough to melt the charge ordered phase, while
upon further increase (pc2 ≈ 4 GPa) the macroscopic state remains insulating, at least up to the
magnitudes studied. The behaviour of the system is ascribed to the electronic phase separation
between a ferromagnetic metallic phase and an antiferromagnetic charge ordered insulating one.

1. Introduction

During the past decades considerable theoretical and experi-
mental research has been carried out on rare-earth manganites
with the general formula R1−x AxMnO3 (R: a trivalent rare-
earth ion; A: a divalent alkaline-earth ion) [1], due to their
colossal magnetoresistance (CMR) effect [2, 3]. In the
doped manganites the mixed valence of the manganese ion
can be treated by assuming the coexistence of Mn3+ and
Mn4+ ions in a suitable ratio. The complex physics of the
manganites can be described by a Jahn–Teller (JT) induced
charge localization competing with the magnetic interactions
(double exchange-DE-model [4]) [5]. Therefore, the transport
and magnetic properties are affected by internal (doping
concentration, average atomic radius 〈rA〉) and external
perturbations (temperature, pressure, and magnetic field). In
the latter case one must take under consideration the strains in
thin films from the substrate, which lead to changes in their
physical properties [6]. All these variables lead to the complex
phase diagram of manganites, which contains several magnetic

(ferro—FM, antiferro—AF, para—PM) and charge (metallic—
M, insulating—I, charge ordered—CO) phases [7–9].

The compound Pr1−x CaxMnO3 (PCMO) is characterized
by the absence of size mismatch, i.e., a constant 〈rA〉
value ∼1.18 Å and shows both hole and electron doping
regions [10, 11]. The large size difference between the Pr/Ca
and Mn cations leads to a small tolerance factor and a small
transfer integral between the Mn atoms in the whole doping
range [12]. The eg electrons are localized and the CO phase
occurs at 0.3 � x � 0.75 for T � TCO(x), where 220 K �
TCO(x) � 260 K, depending on the amount of Ca doping (x).
The compound remains a paramagnetic insulator for all Ca
doping levels at zero applied magnetic field. It is a common
opinion that PCMO samples are always phase separated
and in particular for 0.3 � x � 0.5, the ferromagnetic
metallic regions coexist with the antiferromagnetic and charge
ordered ones [13–20]. Within the CO phase, there is a
magnetic transition to an AFI phase at temperature TN<TCO.
Across the CO transition, where the carriers become strongly
localized, strong electron–phonon (e–ph) interactions induce
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structural changes in the compound. The CO phase is sensitive
to external perturbations such as magnetic [21] or electric
fields [22], external pressure [23, 24], and the irradiation by
x-rays [25, 26] or visible light [27, 28]. All these perturbations
can destroy the CO phase and lead to a more conductive
state and to an insulator to metal (IM) transition. The phase
separation phenomenon is regarded as an important factor for
the large resistivity change accompanied by the first order
IM transition [29]. In addition, it was found that the critical
magnetic field necessary to destroy CO is greatly reduced when
the compound is made in the form of a thin film [6].

An unusual FMI state has been detected for PCMO(x =
0.5)/LAO thin films [30]. This phenomenon has been
explained by assuming an electronic phase separation with the
coexistence of an FM phase (observed in the magnetization
measurements) and a nonmetallic modulated phase (observed
in electron microscopy). In order to explain the resistivity
results, it has been speculated that the metallic phase does not
percolate. Under pressure the CO phase is expected to melt
and a metallic state is induced [23, 24]. The IM transition
temperature increases with pressure below a critical pressure
p∗ [24]. Above this p∗ the material returns to the insulating
state. When x is near 0.5 the CO is more robust and the
required pressure for the IM transition is increased. The CO
state is optimized at x = 0.5, where the carriers are exactly
commensurate with the 1:1 ordering of the Mn3+:Mn4+ ions.

There are some hydrostatic pressure Raman studies on
certain manganites [32, 34, 31, 33, 35] but not many on
the less studied PCMO system. Raman scattering in PCMO
compounds reveals that the strong coupling between spin and
charges induces variations in the mode frequencies and line-
widths of the tilting Ag (2) and Ag (4) phonons [36–39],
while the intensities of the JT modes increase rapidly within
the CO phase [38–40]. In a previous Raman study of
Pr0.5Ca0.5MnO3 (PCMO) thin films of 180 nm thickness [38],
the modifications in the Raman spectra due to the charge
ordering when temperature and hydrostatic pressure are varied
were pointed out.

In the present work, a systematic study of the pressure
dependence of the Raman active phonons in the range 1 bar–
6.5 GPa is presented and combined with low temperature
measurements to investigate the effect of pressure on the phase
separation and the IM transition. As found by theoretical
and experimental investigations [41–43], the signature of the
IM transition can be identified by a significant narrowing of
the line-width, the hardening of the frequency of the modes
related with the stretching or bending of the octahedra, and the
decreased intensity of the diffuse electronic scattering. These
effects are direct consequences of the reduction of the lattice
coupling to the carriers and the increased screening in the
metallic phase. Therefore, Raman spectroscopy is an excellent
tool, especially for high pressure studies on these materials.

2. Experimental details

Films of Pr0.6Ca0.4MnO3 (PCMO) were deposited on LaAlO3

(LAO) substrate. The films were grown in situ using pulsed
laser deposition (PLD) and had a thickness of 150 nm. A

more detailed analysis of the growth procedure is described
elsewhere [30, 44, 45]. X-ray diffraction (XRD) studies have
shown that the films were single crystals, while according
to transmission electronic microscopy (TEM) measurements
the samples are homogeneous. It has been found that the
films were [101] oriented on the LAO substrate as a result of
the lattice mismatch between film and substrate [44]. Using
the XRD results, the out-of-plane lattice parameter of the
substrates was calculated to be 3.89 Å, confirming that the
film is under a 2.6% compressive strain on LAO. The structure
of bulk Pr0.5Ca0.5MnO3 is orthorhombic (Pnma) with lattice
constants a = 5.395 Å, b = 7.612 Å and c = 5.403 Å [46].

The Raman spectra were obtained using a T64000 Jobin
Yvon triple spectrometer, equipped with a liquid nitrogen
cooled charge coupled device (CCD) and a microscope. The
514.5 nm line of an Ar+ laser was used for excitation at
low power, which was kept fixed during the measurements
at the level of ∼0.2 mW on the surface of the film. The
spectral resolution was less than 1 cm−1 as checked by the
871.74 nm line of a fluoride lamp. Raman spectra of the film
were measured at a temperature region from 78 to 295 K.
A backscattering geometry was used, with the sample placed
under the microscope with 100× magnification. For the
low temperature measurements, an open-cycle Oxford cryostat
(MicrostatHe) was used. 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 [47, 48]. Several points of the
surface have been studied in order to check the homogeneity
of the films and the reproducibility. This surface scanning
confirmed that the films are homogeneous.

A Merrill–Bassett type diamond anvil cell (DAC) [49],
equipped with type one diamonds suitable for optical
measurements, was used for the high pressure measurements,
which allowed the Raman studies to be carried out in a
backscattering geometry. Low temperature measurements
were carried out in a quasi-hydrostatic environment from 80 K
to room temperature (RT) by incorporating the small DAC into
the cryostat. The DAC was fixed into the cryostat cold finger
with vacuum glue. The pressure-transmitting medium was a
mixture of methanol–ethanol (4:1) [50]. In this set-up the
pressure could not be kept fixed at LT increasing by decreasing
temperature. By including several small silicon crystals
inside and outside the DAC and the cryostat the effect of
pressure could be discriminated from that induced by the low
temperature or any misalignment of the spectrometer during
the measurement. In addition, the pressure was calibrated
and the hydrostatic environment was continuously inspected
by checking the Si line at 520.5 cm−1 for all Si crystals in
the DAC. The least square fit of the Si line versus pressure, as
proposed by Weinstein and Piermarini [50], is �ω = (0.52 ±
0.03 cm−1 kbar−1)p+(−0.007±0.0002 cm−1 kbar−2)p2. The
possibility of a local heating of the samples by the applied
laser beam was excluded by testing the variation of the spectra
for various power densities. Accumulation times were of the
order of 2–6 h. During the long accumulations the stability
was checked regularly, and especially, at low temperatures or
high pressures we check every 15 min and if necessary correct.
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3. Results

The orthorhombic PrMnO3 is structurally distorted with
respect to the cubic perovskite in two ways: the MnO6

octahedra present a strong JT cooperative distortion due to
Mn3+ ions, and the octahedra are tilted in order to optimize the
R–O bond lengths [51]. CaMnO3 also has the orthorhombic
structure but the Jahn–Teller distortion is negligible. The
Pnma structure of the compound (point group symmetry
D2h) gives 7Ag + 5B1g + 7B2g + 5B3g Raman active zone-
centre optical phonons [52]. As Ca doping increases, the
Jahn–Teller distortion decreases as a consequence of the
introduction of Mn4+ cations, and the structure becomes
more regular, maintaining the tilting of the octahedra. The
partial substitution of Pr by Ca is expected to induce phonon
broadening from the disorder and the relaxation of the q �
0 rule in the light scattering. In general, there are several
different contributions to the Raman spectra of manganites;
first order (Rph), second order and/or other contributions (such
as peaks on the phonon density of states (PDS) or van Hove
singularities) from nonzero q points, and electronic scattering
(Rel) [43]. No contributions from nonzero q points have been
observed in the studied spectral region. Rph follows selection
rules while the second order scattering and the phonon density
of states (PDS) contributions exhibit broad bands. Rel is the
diffuse continuum scattering and contributes to the Raman
background and intensity. The Raman spectrum R(ω) can be
fitted and mathematically expressed by the equation [43]:

R(ω) = Rph + Rel,

where

Rph = [1 + n(ω)]
n∑

(i=1)

(Aiω�i)/((ω
2 − ωi2)2 + ω2�2

i ),

represents the phonon modes with associated phonon
frequency ωi , line-width �i and amplitude Ai , and

Rel = [1 + n(ω)][(Aω/τ)/(ω2 + (1/τ)2)]

is the Rel contribution to the spectrum consisting of a low
frequency response associated with the diffusive hopping of
the carriers with the scattering rate γ = 1/τ . The quantity
[1 + n(ω)] = [1 − exp(−ω/k BT )]−1 is the Bose–Einstein
thermal factor. The Rel contribution was fitted by a split
Lorentzian and was subtracted from the collected spectrum
to obtain the Rph. Yoon et al [43] have shown that when
the compound is an insulator the Rel can be fitted as an
exponential background. The intensity of the Rel scattering
decreases considerably close to the IM transition, and when
the metallic state is fully established only a constant continuum
contributes to the Raman spectra [43]. For the assignment of
the Rph spectra we collected spectra at several polarizations.
However, the crossed polarization measurements were of poor
statistics and time consuming (more than 7 h). We observed
the same modes with [38] and [39], where detail assignment
of the modes is done, and since they seem to follow the same
selection rules, we follow the same mode assignment.

Figure 1. (a) Typical Raman spectra at 80 K and room temperature.
The Rel strongly contributes to the spectra even at 80 K. (b) The Rph

spectra at selected temperatures for the PCMO/LAO thin film in
parallel backscattering polarization geometry using the 514.5 nm
excitation wavelength.

In figure 1(a) typical Raman spectra of the PCMO film
are shown at 80 K and RT for comparison of the Rel

scattering. Even at 80 K there is a strong contribution from the
electronic scattering. This according to Yoon et al indicates
that the compound remains an insulator [43]. Figure 1(b)
presents the Rph spectra for the temperature range 78–295 K.
Table 1 summarizes the observed bands with their assignment
and pressure characteristics. The low frequency bands are
attributed to R–O modes and correspond to mixed R and
O1 vibrations within the xz plane (Ag and B2g symmetry
modes) and around the y axes (B1g and B3g modes) [52].
The ∼260 cm−1 mode was attributed to the Ag(2) soft mode,
which is related with the tilting angle of the MnO6 octahedra.
The neighbouring peak at ∼300 cm−1 is assigned to the
Ag(4) tilting mode. In the 400–500 cm−1 bending region the
spectra consist of at least three bands. With increasing Ca
doping the JT distortion is reduced and these subbands are
better distinguished [39, 40]. The ∼480 cm−1 peak of B2g

symmetry couples with the CO state [38] and is assigned to a
mixed bending and antisymmetric (B + AS) JT mode [39, 53].
The ∼618 cm−1 mode of Ag symmetry gains intensity with
decreasing temperature, it couples with the CO phase, and it
is attributed to the symmetric stretching JT mode (SS). The
675 cm−1 mode of Ag symmetry is assigned to the lattice–
substrate interaction [39, 54].

Figure 2 presents typical room temperature Raman spectra
of the PCMO film at selected hydrostatic pressures up to
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Table 1. Observed modes on PCMO(x = 0.4), their assignments, dω/dp, β, γi , dω/dT (at ambient pressure) and (dω/dT )p = 3.5 GPa
(the dω/dT values under the average 3.5 GPa pressure).

Energy
(cm−1) Symmetry Assignment

dω/dp
(cm−1 GPa−1) βi = d lnωi/dp γi

dω/dT
(cm−1 K−1)

(dω/dT )p≈3.5 GPa

(cm−1 K−1)P

81 Ag R(x)
148 Broad
[143
153]

[B2g

B1g/B3g]
[R(y)
R(z)]

210 Ag R(x) 0.03
268 Ag Ag(2) tilting

mode
1.07 0.004 1.08 −0.039 −0.05

300 Ag Ag(4) tilting
mode

1.31 0.0039 1.188 −0.014 −0.05
(<190: 0.04)

350 IR band ?/
IM transition

0.04 ± 1 0.1 ± 0.06

425 B2g Bending 1.33 0.003 0.81 −0.2 −0.26
460 B1g/B3g Bending 2.14 0.0037 1 −0.012 −0.01657
490 B2g Mixed B + AS JT 1.41 0.003 0.81 −0.0378 −0.0314
580 Ag JT-like 0.0047
618 Ag JT SS 0.004 0.0047
675 Ag Lattice–

substrate
interaction

−0.012

Figure 2. Typical Raman spectra at selected different hydrostatic
pressures measured on the PCMO/LAO thin film in parallel
backscattering polarization geometry using the 514.5 nm laser line.
For the 1 atm spectrum the Rel dominates over the Rph contribution,
which is presented in the upper layer.

6.2 GPa. At low frequencies, the LAO peak at ∼120 cm−1

is observed when introducing a small piece of the PCMO
thin film in the DAC. In this configuration the substrate
contributes slightly to each spectrum. The intensity of the Rel

decreases considerably under a pressure of 2.1 GPa. The two

tilting phonons at ∼260 and ∼300 cm−1 are observed, which
are better distinguished above 2 GPa due to their increased
intensity and the reduction of the ∼260 cm−1 phonon line-
width (full-width at half-maximum—FWHM). In the bending
region pressure induces changes in the subbands of the broad
feature. The fitting of the spectra has been carried out by using
Lorentzian peaks and the results are shown in figure 3. As
can be seen, the frequency of the Ag(2) mode at ∼260 cm−1

increases almost linearly with pressure, while its line-width
decreases rapidly and for pressures above ∼2 GPa remains
practically constant (figure 3(a)). In figure 3(b) it can be
seen that the frequency of the Ag(4) mode at ∼300 cm−1

increases slightly for pressures between ∼2 and 4 GPa and
rapidly at low pressures (<2 GPa) or above ∼4.5 GPa. Since
this mode is relatively weak, no conclusive results can be
obtained concerning its line-width, which however seems to
remain constant with pressure (figure 3(b)).

The 400–500 cm−1 bending region was firstly fitted by
one broad Lorentzian. Figure 3(c) shows that the frequency of
this broad feature located around 460 cm−1 increases almost
linearly with pressure above 2 GPa. However, the bending
region consists of three subbands. The parameters from the
fitting analysis of the broad feature to its three subbands (the
∼430 cm−1 B2g mode, the ∼460 cm−1 bending mode, and the
JT AS mode) are presented in figure 4. We observe abrupt
changes in their line-widths and the three subbands appear
narrower above 2 GPa. This explains why the broad band
loses weight from the higher frequency side, where the JT AS
occurs. Concerning their frequencies the large error bars do
not allow us to draw any conclusions.

Figure 5 presents high pressure (2.6–4.4 GPa) micro-
Raman spectra acquired in the temperature range 80–295 K.
Compared to low temperatures ambient pressure, the Rel

intensity is decreased and a broad band at ∼350 cm−1 is
observed, more clearly for T < 190 and p = 3.7 GPa. In
addition, while at ambient pressure the JT AS mode contributes

4
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Figure 3. The hydrostatic pressure dependence of the frequency
(filled symbols) and line-width (FWHM, grey open symbols) of
(a) the Ag(2) mode at ∼268 cm−1, (b) the Ag(4) mode at
∼300 cm−1, and (c) the average wide band at ∼460 cm−1. However,
the bending region consists of three subbands. The parameters from
the fitting analysis of the broad feature to its three subbands are
presented in figure 4. The continuous lines are the polynomial fitting
of the symbols using the error bars as weight.

to the asymmetry of the broad feature at 400–500 cm−1, at
high pressures both the ∼460 cm−1 bending mode and the
JT AS mode are clearly distinguished. This is related with
the decreased JT distortion. The JT SS mode at ∼618 cm−1

does not appear. Instead a mode at ∼580 cm−1 appears with a
similar symmetry and behaviour. A JT-like mode has been also
observed in PCMO(x = 0.6)/LAO thin films, where the JT SS
mode weakens and the CO phase is reduced [39, 40].

Figure 6 presents the temperature variation of the
frequency and line-width of the two Ag tilting modes at
∼260 cm−1 and ∼300 cm−1 as well as of the broad peak
at ∼350 cm−1 in the pressure range 2.6–4.4 GPa and at
ambient pressure. As observed before in the temperature-
dependent results, the fitting errors are higher than the ones of
the high pressure measurements [31]. At ambient pressure the
frequency of the Ag(2) mode shows an almost linear increase
with decreasing temperature while its line-width decreases. At
high pressures, although its frequency shows similar behaviour,
its line-width remains practically constant but narrower than at
ambient pressure. Concerning the Ag(4) mode, its frequency
shows an abnormal behaviour with a maximum around 125 K.
The data for the line-width are not good enough to draw any
conclusions. Finally, the frequency of the ∼350 cm−1 seems
to decrease at low temperatures and high pressures contrary to
the ambient pressure low temperature behaviour. Although this
mode is mainly observed under pressure and low temperatures
(T < 190 K, p > 3.7 GPa), the fitting procedure requires its
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Figure 4. The hydrostatic pressure dependence of the frequency
(filled symbols) and line-width (FWHM, grey open symbols) of
(a) the B2g mode at ∼430 cm−1, (b) the B1g (or B3g) mode at
∼460 cm−1, and (c) the JT AS mode at ∼490 cm−1, which constitute
the broad feature at the bending region. The continuous lines are the
polynomial fitting of the symbols using the error bars as weight.

presence as a weak peak even at RT. At ambient pressure it is
very weak even at low temperatures but again it is necessary
for an appropriate fitting analysis. The line-width of this broad
mode does not seem to be affected by the temperature and
pressure variations.

Figure 7 presents the temperature variation at ambient
(filled symbols) and high pressures (open grey symbols) of the
frequency and line-width of the modes at ∼430, 460, ∼490,
and 618 cm−1 (associated with the ∼580 cm−1 JT-like mode
at high pressures). The frequencies of the ∼430 cm−1 and
the JT AS mode increase slightly at low temperatures. The
∼430 cm−1 mode is always greater at high pressures than
at ambient, while the JT AS mode is fairly constant. The
frequency of the ∼460 cm−1 mode increases slightly with
decreasing temperature at both ambient and high pressure. The
∼460 cm−1 and the JT AS modes are significantly narrower
at high pressures at all temperatures, while the ∼430 cm−1

mode is fairly constant. The JT SS mode softens across TCO

(p = 0), it is almost absent at RT (figure 1) although the fitting
analysis requires its presence, and gains intensity for T < TCO.
The intensity of the JT-like mode at ∼580 cm−1, which appear
under pressure when the JT SS mode disappears, has similar
behaviour but its frequency is constant within experimental
error. No significant changes have been observed concerning
their line-width.

Most of the observed bands must be attributed to phonons,
as they are consistent with other published theoretical and
experimental works on manganites. However, the 0.4 Ca

5
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Figure 5. Typical high pressure Raman spectra of the PCMO film in
the temperature range 80–295 K and in parallel backscattering
polarization geometry, using the 514.5 nm excitation wavelength.
The Rel contributes to the spectra even at 80 K but it is reduced
below 190 K and considerably decreased compared to the ambient
pressure low temperature spectra. The pressure increases from 2.65
to 4.4 GPa at lowering temperature from RT to 80 K.

doping and the inhomogeneities on the reduction of the JT
octahedra upon pressure can induce, as already mentioned,
contributions from nonzero points of the Brillouin zone. These
distortions differentiate the spectra from the end compounds;
although the rhombohedral-like peaks gain intensity and
become narrower upon pressure, they are still broader than in
the CaMnO3. In addition, the appearance of the 350 cm−1 has
been correlated with a symmetry change at LT [62] while the
appearance of the JT-like 580 cm−1 band is probably correlated
with the distorted structure of the compound.

4. Discussion

From the high pressure data at RT we observe that all modes
show an abrupt frequency change close to 2 GPa (figures 3
and 4). In some recent suggestions [24, 32, 55], changes are
expected above this pressure because the effects are far more
complicated than in the low pressure measurements. Above
2 GPa, the pressure dependence of all modes at RT shows
a systematic hardening on increasing pressure, as expected
from the lattice compression (figures 3 and 4 as a function of
pressure and p > 2 GPa). As already mentioned, the Ag(4)

mode remains almost constant in the 2–4.5 GPa region. Above
p ≈ 4 GPa there is also a change in the slope of the Ag(4)

mode and the broad bending region band (figure 3), implying a
second critical pressure (pc2).
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Figure 6. Temperature dependence of the frequency and line-width
(FWHM) for the modes observed in the low frequency part of the
Raman spectra of the PCMO film obtained at ambient (filled
symbols) and high pressure (grey open symbols, an average pressure
of 3.5 GPa is assumed). The continuous lines are the polynomial
fitting of the symbols using the error bars as weight.

Table 1 presents the rate of the average dω/dp value
for all modes. The bending modes involve modifications
of the Mn–O–Mn angle and stretching of the R–O(1) bond
length [51]. Therefore, their behaviour can be understood as a
measure of the compressibility of the R–O(1) bonds [33]. The
stretching modes force constants depend on the interatomic
distances and the observed modifications can be ascribed to
a symmetrization of the MnO6 octahedra and the reduction of
the JT distortion, providing a measure of the compressibility of
the Mn–O bonds [33]. In addition, it has been shown for the
PCMO films that the JT modes couple with the CO phase [38].
As mentioned above, the Ag(2) and Ag(4) modes correspond
to the tilting rotation of the octahedra (around the b- and a-
axes respectively) [52] and couple to the carriers. Therefore,
comparing the relative frequency change of each mode, we can
observe that: (a) the tilting modes have similar average rate
β = d lnω/dp. (b) The tilting modes have identical β values
(table 1) with the PrMnO3 compound [33]. However, the β

values are larger than in PrMnO3 for the bending modes and
lower for the JT AS mode (0.0026 and 0.0045 respectively for
the PrMnO3 [33]). This is related with the Ca (x = 0.4) doping
because the doped compound has decreased JT distortion and
different tilting angle; as shown in [33], differences on the JT
distortion and the tilting angle will result in a different pressure
dependence of the phonons even for compounds with the same
structure. For the films of the present study, a larger change in
the stretching mode than in the bending mode indicates a larger
compressibility of the Mn–O bonds than the Pr–O bonds.
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Figure 7. Temperature dependence of the frequency and line-width
(FWHM) for the modes observed in the high frequency part of the
Raman spectra of the PCMO film obtained at ambient (filled
symbols) and high pressure (grey open symbols, an average pressure
of 3.5 GPa is assumed). The continuous lines are the polynomial
fitting of the symbols using the error bars as weight.

For PCMO(x = 0.5)/STO quite different dω/dp values
(2.1 cm−1 GPa−1 for Ag(2) and 5.9 cm−1 GPa−1 for the broad
band at 460 cm−1) have been reported [38]. These differences
are due to the different JT amounts and the varying strains. As
doping increases from x = 0.4 to 0.5 the compressibility for
the bulk compound in the cubic approximation decreases from
0.0037 to 0.0033 GPa−1 [56]. In addition, the STO substrate
has bigger compressibility value than LAO (0.0057 [57] to
0.0052 GPa−1 respectively [58]). Then, the difference on
compressibility between film and substrate is smaller on the
PCMO(x = 0.4)/LAO than on PCMO(x = 0.5)/STO.
Therefore, an additional pressure effect from this difference
in the film–substrate compressibilities must be taken under
consideration in the two systems. Since the substrate has a
greater compressibility than the film, the film is more sensitive
to pressure than the substrate and this pressure effect will
be an additional tensile strain in each film. This will result
in a greater tensile strain under pressure in the case of the
PCMO(x = 0.5)/STO, while in PCMO(x = 0.4)/LAO the
compressive strain reduces or can even change to a tensile
one, as the additional tensile strain activates under pressure.
This explains the greater pressure effect on the modes of
PCMO(x = 0.5)/STO [38].

Using the values of the bulk modulus found in [56]
(∼270 GPa), we can estimate the Gruneisen parameters, γi ,

which measure the relative change of the mode with volume
γi = B(∂ lnωi/∂p), where B is the Bulk modulus. Table 1
lists the γi parameters for all modes. It is worth mentioning
that values of γ > 1 and � 1 would be expected for
internal and external modes respectively. This is not the
case however. This can be explained by the additional
previously mentioned pressure-induced tensile strain and by
a pressure-induced phase separation scenario, which will be
discussed in detail below. Using Monte Carlo simulations it
has been shown that the compressibility grows as the phase
separated regime is approached [8]. From the analysis of
the Monte Carlo configurations it is clear that coexisting
clusters with FM and AF properties are generated, where their
dynamical coexistence is characteristic of regions with high
compressibility [8]. In the present thin films there must be
strong charge fluctuations with pressure, since the competing
phases have different electronic densities [30]. Therefore, the
differences from the expected γ values could originate from
the phase separation process. However, further high pressure
studies on phase separated systems are required to address this
speculation.

Concerning the phonon line-widths (�), it is worth
mentioning that the phonon lifetimes (1/�) are determined
by the decay channels associated with their interactions
(e.g. electron–phonon coupling, anharmonicity) [34, 59, 60].
Therefore, the suppression or even a remarkable weakening
of a temperature-dependent interaction would reflect the �(T )

dependence. In addition, several pressure-induced effects can
affect the �(p). It is generally accepted that a pressure-induced
IM transition should directly reflect the narrowing of the
phonon line-width [34, 31]. Therefore, the abrupt narrowing
of all modes in the range 0–2 GPa (figures 3 and 4) implies
that the compound became more conductive. This assumption
is reinforced by the abrupt decrease of the Rel intensity upon
pressure between the 1 atm and 2.1 GPa spectra (figure 2).
However, according to [43], since the Rel still contributes as
an exponential background to the low frequency part of the
spectra the compound appears to retain its semiconducting
behaviour.

In figures 6 and 7 we present the low temperature data at
ambient pressure and under high pressures. Since the pressure
increases from 2.65 to 4.4 GPa on lowering temperature from
RT to 80 K, respectively, an average pressure ∼3.5 GPa can
be assumed. As table 1 shows, the values of the average
dω/dT are similar for all modes at ambient and under pressure
conditions, except for the tilting modes where there is a
considerable difference. This is related to the anharmonic
behaviour of the tilting modes and it is strong evidence
that the pure anharmonic explicit term is important, as was
suggested for the PCMO(x = 0.5)/STO thin films [38]. While
the amount of pure anharmonicity is strong for the external
vibrational phonons, the explicit anharmonic term is small for
the internal modes. It is also important to mention that while
the temperature dependence of the Ag(4) phonon frequency
is small, the mode shifts strongly with hydrostatic pressure
(table 1); its explicit anharmonic term (dω/dT )V [38] is larger
than in the Ag(2) mode. A remarkable difference is also
observed in the dω/dT values of the 350 cm−1 peak (table 1).

7



J. Phys.: Condens. Matter 20 (2008) 485202 A Antonakos et al

Unfortunately, this mode is very weak or absent at ambient
pressure and it is only induced by the fitting analysis, so its
error bars are too large to allow definite conclusions (table 1).

The Ag(4) phonon shows an additional difference in slope
for T < 190 K and p > 3.7 GPa (figure 6). At this
temperature and pressure, the ∼580 cm−1 JT-like and the
350 cm−1 modes appear, while the JT AS mode is better
defined. It is worth mentioning that the appearance of the
350 cm−1 mode was also reported across the IM transition
for the La0.5C0.5MnO3 compound [61]. Its appearance was
related to a symmetry change, which accompanies the IM
transition [62, 63]. In addition, while the JT modes lose
intensity under pressure, all other peaks gain intensity. Due
to these pressure effects, the subbands of the bending region
become clearly distinguished at low temperatures and high
pressures and reinforce our assumption about the existence
of the ∼420 cm−1 and ∼490 cm−1 bands on the bending
region at RT. As we already mentioned the JT modes couple
with the CO phase. Especially the JT SS mode increases
rapidly below TCO at ambient pressure [38]. However with
the application of pressure its intensity decreases implying a
suppressed CO phase. The suppressed CO phase has been
the main reason in the bulk compound for an induced FMM
phase [24]. Finally, the Rel intensity is decreased as compared
to the ambient pressure LT measurements, also implying
that the compound is close to an IM transition. Recent
resistivity measurements confirmed that macroscopically the
system remains an insulator up to 3 GPa. However, there was
a considerable decrease of resistivity on increasing pressure
from 2.5 to 3.4 GPa, as the above changes in the Raman spectra
indicate.

In order to investigate the el–ph reduction, the JT
distortion amplitude, and the possible phase separation
scenario, it is worth looking at the relative intensities of the
modes at RT. In particular, figure 8 presents the pressure
dependence of the relative intensities of the JT AS mode to the
Ag(2), Ag(4), and the ∼460 cm−1 B1g bending mode at RT.
As can be seen, the JT AS mode loses intensity with respect
to the Ag(2), Ag(4), and 460 cm−1 bending modes from 0
to 3 GPa (figures 8(a)–(c)) indicating a decrease of the JT
distortion. The reduction of the JT distortion weakens the el–
ph interaction inducing a charge delocalization [64]. The tilting
and bending peaks are attributed to the metallic rhombohedral-
like phase [51]. The reduction of the JT distortion may
cause the enhancement of the double exchange mechanism
and in turn make the sample more conductive. The increased
intensity and the reduced line-width of the ‘metallic’ peaks
is similar to the changes induced from the chemical pressure
(Ca substitution) and it is attributed to FMM clusters formed
in the insulating phase, which is characterized by the JT
broad bands [51]. The insulating phase decreases rapidly with
increasing pressure up to the critical value p∗ ∼ 4.5 GPa.
On the contrary, the FMM phase (identified by the sharp
rhombohedral-like peaks) increases. Figure 8(d) presents the
resistivity measurements up to pressures of ∼3 GPa at room
temperature. It can be observed that the continuous lines in
figures 8(a)–(c) have the same behaviour as the fitted curve
of resistivity from figure 8(d). Therefore, the trend of the
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Figure 8. Pressure dependence of the relative intensities of the JT
mode to the (a) Ag(2), (b) Ag(4) and (c) 460 cm−1

rhombohedral-like modes observed in the Raman spectra of the
PCMO film obtained at room temperature. The resistivity results in
the region 0–3 GPa are shown on (d). Schematic insets are used to
describe qualitatively the phase separation scenario; for p = 0 small
FMM clusters (white regions) are formed on the insulating phase
(black matrix), while at p = 4.5 GPa larger FMM clusters are
formed and the compound is more conductive. However, the system
does not cross the percolation limit.

reduction of the resistivity correlates well with the competition
of the two phases as induced by the relative intensity of the
corresponding modes in the Raman spectra. It appears that
pressure-induced phase competition leads to the rapid decrease
of the resistivity as the ferromagnetic metallic phase dominates
over the insulating one at p = 0–3 GPa. It has been found that
a pressure of 2.5 GPa corresponds to a decrease in resistivity of
about 40%. This supports the above discussion of the narrower
�(p) from the reduced el–ph interaction.

A phase separation scenario where FMM domains coexist
with the COI state gives a good description why we did not
detect a metallic phase (at least until 3.4 GPa), although the
compound becomes more conductive. As already mentioned,
a similar unusual FMI state has been detected for PCMO(x =
0.5)/LAO thin films [30] and during the production procedure
evidenced in the films of the present study [65]. From the trend
of the Raman relative intensities, one can speculate that the
resistivity does not continue to change above pc2 ≈ 4 GPa.
Above pc2 (where there is also a slight change in the slope
of certain modes), the insulating phase increases slowly, while

8
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the metallic one decreases. Since, we have not observed
any IM transition at RT, it is reasonable to assume that for
p > 2 GPa the compound remains insulating although the
ferromagnetic phase appears more intense. This is a similar
behaviour to the one observed for bulk PCMO(x = 0.25, 0.3,
0.35), where an insulating phase with an unknown conducting
mechanism appeared and a dynamic JT distortion in the phase
was speculated upon [24]. In the same work a critical pressure
p∗ has been reported, above which the material returns
progressively to the insulating state as at ambient pressure.
Therefore, the electronic phase separation scenario (with two
critical points at pc1 ≈ 2 GPa and pc2 ≈ 4 GPa) seems to
describe well all the observations of the Raman spectra on
the microscopic level and satisfies the macroscopic resistivity
results. This phase separation is schematically presented in
figure 8(d). At ambient pressure there is an AFI/CO phase
(black matrix) with small FMM clusters (white regions). The
increased pressure suppresses the CO phase leading to a more
conductive behaviour, which can be described with a phase
separation with competing phases that leads to larger FMM
clusters. The overall behaviour of the system can be described
as a ferromagnetic semiconductor.

In a recent study, Kozlenko et al [66] proposed that,
unlike other half-doped systems with a relatively large 〈rA〉,
such as Pr0.5Sr0.5MnO3, Nd0.5Sr0.5MnO3, and also LaMnO3

exhibiting pressure-induced metallization, in La0.5Ca0.5MnO3

and other manganites with smaller 〈rA〉 and bandwidth the
opposite tendency to pressure-induced charge localization
occurs, caused by development of monoclinic distortion due
to charge and orbital ordering. They also claimed that
Pr0.5Ca0.5MnO3 could likely show similar behaviour. Our
data indicate that pressure induces a charge delocalization and
suppresses the CO phase at RT on PCMO(x = 0.4)/LAO
thin films, while no pressure-induced IM transition has been
observed at LT. These results, which are better explained in the
phase separation scenario, confirm the complicated physics of
the PCMO compound and indicate that this compound should
not be included in the two cases, probably due to the absence
of 〈rA〉 mismatch, its different bandwidth and the CO/AFM
insulating ground state.

5. Conclusions

We have studied the pressure-induced effects on the Raman
spectra of PCMO(x = 0.4) thin films grown on LAO
substrate. The compressibility of the Mn–O bonds is larger
than R–O ones. The pressure has a smaller effect on the
PCMO(x = 0.4)/LAO phonons compared to PCMO(x =
0.5)/STO thin films as a result of a pressure-induced tensile
strain, due to the greater difference in compressibility between
the PCMO(x = 0.5) thin film and the STO substrate. Based
on the temperature and hydrostatic pressure dependence of
the phonons, we have calculated their β = d lnω/dp values
and the Gruneisen parameters. The amount of anharmonicity
between the tilting modes is estimated to be stronger on the
Ag(4) mode than on the Ag(2) one. The macroscopic resistivity
behaviour is correlated with the relative intensities of the
insulating phase broad JT modes to the sharp metallic-like

phase peaks. A pressure-induced phase separation scenario
where FMM domains coexist with the insulating state gives
a good description of the thin film semiconducting behaviour.
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