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Abstract
Strongly correlated electron systems give an opportunity to manipulate charge, orbital,
magnetic and structural phases of matter. Here we show that the insulating phase where charges
are localized can be delocalized through photo-excitation which, in turn changes the structure
locally, inducing an orthorhombic to rhombohedral phase transition. The I–M transition was
witnessed for La1−xSrx MnO3 compounds in Raman spectra and photo-induced conduction
simultaneously. A simple continuous argon ion laser source was used for optical excitation. The
photon energy was 2.53 eV and the power can be chosen anywhere between 5 and 45 mW. Our
studies clearly bring out the role of local disorder in the form of Jahn–Teller distortion in the
localization of electrons.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

La1−x Srx MnO3 is a perovskite manganite with small structural
distortions around Mn–O6 octahedra that drives the system
from its ideal cubic structure. Another factor that is
coupled with the structural change is the doping concentration
x . It undergoes an orthorhombic (space group Pnma) to
rhombohedral (R3̄c) structural transition on increasing doping
concentration and/or with variation in temperature [1, 2]. This
system shows a variety of ground states from antiferromagnetic
insulator (for x < 0.1) to ferromagnetic insulator with orbital
order (0.1 � x < 0.16) to ferromagnetic metallic state [3].
This system has very strong coupling between the charge
carriers, localized spin moments of the manganese and the
lattice structure. This coupling is manifested in the structural
phase transition on application of a magnetic field [2]. The
main cause of such a structural transformation is attributed to a
change of tolerance factor of the perovskite-like structure [4].
The tolerance factor gives a measure of deviation of the Mn–
O–Mn bond angle from 180◦. The deviation is larger in the
orthorhombic structure leading to charge localization when
compared to the rhombohedral lattice. Thus, the lattice degree
of freedom is expected to couple with the kinetic energy of
the conduction eg electron and hole carriers. To understand
the mechanisms of the colossal magnetoresistance, many
attempts were made taking into account the strong interplay of

magnetism, electron–lattice coupling, and orbital and charge
ordering in these materials. It was shown earlier that double
exchange alone cannot explain the large magnetoresistance
in these materials [5]. However, the details of the physical
mechanisms responsible for different transitions are not yet
well understood. Present understanding about the phenomena
considers the collapse of a phase, coexisting and competing
with other phases, into a energetically more favourable state
which is triggered by an external stimuli like magnetic field,
electric field, etc [6–8]. The insulator to metal transition
induced by any small perturbation like a magnetic field [1],
x-rays [9], visible photons [10–12], current [13] and even
acoustic pulses [4] signifies that a large number of mechanisms
of similar energies are simultaneously active in this system
involving strong correlations among lattice, charge, orbital and
electronic degrees of freedom.

In this paper we show strong correlation among lattice and
electronic degrees of freedom in the photo-induced insulator–
metal transition. We also show that the lattice excitations
can be triggered by impulsive stimulated Raman scattering
illuminated by a CW laser.

We carried out Raman and resistivity measurements
at room temperature on single crystals of La1−x Srx MnO3;
x = 0.0, 0.05, 0.1, 0.3, 0.5 samples showing a photo-
induced insulator–metal transition. Raman spectroscopy gives
information about the phonons in the material that is related
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Figure 1. Raman spectra of La1−x Srx MnO3 single crystals (a) x = 0.5, (b) x = 0.3, (c) x = 0.1, (d) x = 0.05 and (e) x = 0.0; collected in
parallel (xx) and cross-polarization (xy) mode using 488 nm (left) and 632.8 nm (right) excitation wavelengths at 300 K. The spectra are
shifted upwards for clarity. The arrow denotes the extra peaks seen only in x = 0.3 and 0.5 samples that are metallic in nature at
room temperature.

to the lattice structure. This enables the study of strong
correlations among lattice degrees of freedom with magnetic
order, charge order, orbital order and electronic localization–
delocalization present in La1−x Srx MnO3 compounds.

2. Experimental details

Polycrystalline La1−xSrx MnO3 was synthesized by the
conventional solid-state reaction using high purity La2O3,
SrCO3 and MnO2 chemicals. Single crystals were grown
using the sintered polycrystalline rod by an optical floating-
zone furnace under a controlled atmosphere [14]. The Raman
measurements were performed using a LabRam HR 800
Micro-Raman instrument with either a 9 mW HeNe (632.8 nm)
or argon 5–45 mW (variable power) (488 nm) laser as an
excitation source focused into a ∼1 μm diameter spot in a
backscattering geometry, where the incident beam is linearly
polarized and the spectral detection is unpolarized or polarized
in X X and XY directions, where X and Y represent the
[100] and [010] directions of the pseudo-cubic unit cell of
a La1−x Srx MnO3 crystal that is perpendicular to the incident
beam. An Mplan 50× lens was used during the entire
measurements and a Peltier-cooled CCD for spectral detection.
A super notch filter with lower cutoff at 50 cm−1 is used for
Rayleigh line rejection.

3. Results and discussions

Figure 1 shows the room temperature Raman spectrum
of La1−x SrxMnO3 (x = 0.0, 0.05, 0.1, 0.3, 0.5) with
488 and 632.8 nm excitation wavelengths in parallel (xx)
and cross-polarization (xy) mode. The parallel polarized
spectra show three dominant phonon modes (300, 490 and
610 cm−1) present in the system. For a cubic perovskite
structure no phonon mode is Raman-active and it is the
orthorhombic or rhombohedral distortion that gives rise to
Raman-active phonon modes. In an orthorhombic Pnma
space group 60 optical modes [15] are allowed, out of
which only 24 are Raman-active. The most interesting
bands are those which occur at 490 and 613 cm−1. These
bands are typical of the insulating high-temperature phases
of all disordered manganites, almost independent of the
averaged crystallographic long-range symmetry (orthorhombic
or rhombohedral) and on the element on the rare-earth
site (La, Nd, Pr . . .). These bands are related to the JT
octahedral distortions [16]. In the case of undoped compounds
with orthorhombic structure the JT distortions are static and
ordered. These bands are ordinary Raman-allowed modes
of bending and stretching of Mn–O bonds, respectively.
In the case of dynamical (in doped manganites) or non-
spatially coherent JT distortion (in the case of rhombohedral
structure) they could be considered as either ‘forbidden’
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Figure 2. Raman spectra of La1−x Srx MnO3 single crystals at various incident laser powers (mW at the laser head) x = 0.05 (left panel) and
x = 0.1 (right panel); collected in parallel (xx) and cross-polarization (xy) mode using 488 nm at room temperature. The spectra are shifted
upwards for clarity. The arrow denotes the extra peaks seen with increasing laser power that is a signature of the appearance of metallic state
in nature.

modes or disorder-induced bands of phonon density-of-states
origin [17]. In the former case the linewidth of these bands
is a measure of the mean lifetime of the JT distortions, while
in the latter case the intensity of the bands is a measure of
the displacements of oxygen atoms from their nominal sites
in the averaged structure. The intensity of these bands is
found to be higher in orthorhombic structure than compared
to rhombohedral structure, giving further strength to the above
arguments. The intensity and width of these bands represent
the deviation from the perfect cubic structure and in turn
these bands are representations of the Jahn–Teller contribution
present in the system. The Raman spectra of figure 1 show
that these JT peaks decrease with increasing x and had very
little contribution at and above x = 0.3. Incidentally, for
x � 0.3 samples small peaks appear at ∼140 and ∼425 cm−1

which were absent for lower doped samples. Thus these two
new peaks can also be considered as a signature of diminishing
Jahn–Teller distortion. Many researchers attributed broadening
of the JT-induced peaks with increasing doping concentration
to the site disorder-induced effects [16, 18]. However,
appearance of new peaks makes one think of other possibilities.
It is worth noting here that the peaks are more intense when
probed with 632.8 nm wavelength in comparison to that when
probed with 488 nm wavelength. Similar trends have been
observed in resonant Raman studies by many workers before
and are attributed to resonance effects [19].

Figure 2 shows the Raman spectra of x = 0.05 and
0.10 samples with increasing laser power (λ = 488 nm). It
is interesting to note that the two JT-induced peaks showed

decreasing intensity and broadening with increasing laser
power, and above 30 mW of incident laser power the peaks
were nearly non-existent. It is worth mentioning here that the
laser power mentioned here is the peak power at the CW laser
head. At the sample the power is expected to be reduced down
to less than 30% due to several optical elements it interacts with
before falling on the sample. At high laser powers (>20 mW)
a small peak around 425 cm−1 and another peak at around
145 cm−1 were also visible. In other words, at higher incident
laser power the Raman spectra for x = 0.05 and 0.10 samples
resembled that of the x = 0.3 sample spectra taken at normal
laser power (<10 mW) (see figure 1). If one looks at the
phase diagram of La1−xSrx MnO3 it is seen that the samples
show an insulating ground state up to x = 0.16 that becomes
a ferromagnetic metallic state for higher doping. Another
clue comes from the comparison of temperature-dependent
Raman spectra of x = 0.1 (ferromagnetic insulator at low
temperature) and x = 0.5 single crystal (ferromagnetic metal
at and below room temperature) that is shown in figures 3(a)
and (b), respectively. One can see that for the insulating sample
(x = 0.1) as the temperature is reduced the JT peaks at 490 and
611 cm−1 show increasing intensity. On the other hand, there
is no gain in intensity for these peaks for the metallic sample
(x = 0.5). Raman bands at ∼425 and ∼140 cm−1 rather
gain strength as the temperature is reduced for the x = 0.5
sample. From these observations one can conclude that the
metallic state in these samples is reflected in the Raman spectra
as total reduction of JT-distortion-induced bands along with
the appearance of peaks at ∼425 and ∼140 cm−1. Similar
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Figure 3. Temperature evolution of Raman spectra (a) x = 0.1 and
(b) x = 0.5 single crystals collected in parallel (xx) polarization
mode using 488 nm. The spectra are shifted upwards for clarity. The
arrow denotes the extra peaks seen at ∼140 and 425 cm−1 with
decreasing temperature only in the x = 0.5 metallic sample.

behaviour was reported earlier in reference [17, 20] and seen
in one of our studies on epitaxial thin films [21].

Raman observations for the x = 0.05 and 0.1 samples
showed the common trend of pushing the system from
insulating state to metallic state with increasing laser power.
This encouraged us to carry out conductivity experiments as
a function of increasing laser power. In the present case the
laser is focused to ∼1 μm and hence it was found essential
to make conductivity contacts across few micron distances to
monitor the I–M transition for observing the photo-induced
conductivity changes. The minimum gap that could be
achieved in our laboratory was 20 μm. The laser source for
Raman measurements was used for excitation and conductivity
and Raman signals were measured simultaneously. The
488 nm (2.53 eV) laser was mainly used with increasing
power from 5 to 45 mW. Two pairs of silver electrodes were
vacuum-evaporated onto the surface of the sample. The pair of
electrodes was separated by a straight 20 μm gap. A constant
current source in the form of a multimeter was connected
between one pair of electrodes while the voltage across the
other two electrodes was monitored by a sensitive digital
voltmeter. A current of 1.0 mA was kept constant between
the current leads, giving a voltage difference of 50 mV for the
x = 0.05 sample. The voltage decreased as the laser light
was switched on and its value decreases further with increase
in incident laser power. The change in voltage as a function

Figure 4. Effect of laser power on the conductivity of the x = 0.05
single crystal. A constant current of 1 mA (50 mV) was applied
across a pair of electrodes that are 20 μm apart (top panel) and the
drop in voltage is plotted as a function of increasing laser power.

of increasing laser power is shown in figure 4. This change in
voltage is due to the I–M transition induced by illuminating the
tiny (∼1 μm) area of the gap between the contacts (20 μm). It
is observed that even for very small laser powers, 5–10 mW,
the conductivity has shown a small measurable change. The
Raman experiments with increasing laser power were repeated
at 100 and 200 K with 488 nm excitation wavelength for the
x = 0.05 and 0.1 samples. The photo-induced changes were
found to be less prominent at lower temperatures for both
samples.

The most important observation of these experiments is
the reversible change of the I–M transition. It was observed
that, as soon as the laser was turned off, the conductivity comes
back to the original value. The experiment of turning on and
off the incident laser was repeated several times on the same
spot and the behaviour of conductivity and Raman spectra was
observed. The behaviour was found perfectly reproducible
in both the measurements confirming the perfect reversible
behaviour of the I–M transition occurring locally. With the
help of an optical camera the sample surface where the laser
was focused was also checked and found visually unchanged.
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Figure 5. High-temperature evolution of Raman spectra of x = 0.05
sample collected using 488 nm excitation laser at normal power.

The natural question which first needs to be addressed
is the contribution of the heating effect due to incident laser
power in both Raman measurements as well as conductivity
measurements. To address this question we carried out a
number of measurements. Firstly Stokes and antiStokes
measurements were carried out as a function of incident
laser power and the intensity of Stokes and antiStokes lines
was measured for a LaMnO3 single crystal. This sample
was chosen because it gives relatively many well-behaved
peaks enabling more accurate fitting and extraction of the
intensity ratio. The intensity ratio confirmed that the rise
in temperature in this material is not more than 10 ◦C. As
such the Stokes:antiStokes ratio method is accurate to a few
tens of degrees and hence other attempts were also made to
measure the rise in temperature. The temperature variation
of a LaMnO3 single crystal was carried out from 90 to
350 K and the line position and width were obtained as a
function of temperature. From this change in the Raman band
position and width, the per degree rise in temperature was
estimated. The Raman bands with varying laser power were
then compared for the same sample and from this experiment
it was also confirmed that the change in temperature for
maximum laser power (45 mW) was not more than ∼10 ◦C.
Similar experiments of laser power variation were carried out
at 5 ◦C below the transition temperature on a single crystal
SrTiO3 substrate. It shows a well-behaved transition from a
cubic to tetragonal state below ∼105 K. The argument was if
the local rise in temperature is more than 5 ◦C the signature
of phase transition in Raman spectra should vanish with
increasing laser power. However, the experiments retained
the signatures of transformed phase, confirming again for
SrTiO3 that the temperature rise is not more than 5 ◦C. Finally
the temperature-dependent Raman spectra was collected for
the x = 0.05 sample from 220 to 370 K, which is shown
in figure 5. This figure clearly shows that even at 370 K,
which is 70 ◦C higher than room temperature, the sample
showed well-behaved JT-induced peaks. These peaks showed
normal broadening and softening due to the rise in temperature.

M

Figure 6. Schematics of impulsive stimulated Raman scattering
photo-excitation in La1−x Srx MnO3. A 2.53 eV energy optical photon
excites a transition between the Jahn–Teller split eg states at the Mn
3+site mediated by the O 2p states. In this process a electron jumps
from the O 2p state to the upper eg level and simultaneously an
electron from the lower eg level gets transferred to the O 2p state.

From this it is estimated that for completely diminishing the
JT peaks the sample temperature needs to be increased at
least by 400 ◦C. A temperature rise due to the incident
laser to such a high value is unbelievable. The appearance
of new peaks with increasing laser power indicates that the
effect cannot be merely due to thermal disorder. In the
case of increasing thermal disorder well-defined peaks are not
expected to emerge. The normal resistivity measurements
for the x = 0.05 and 0.1 were carried out with the same
contacts from 350 down to 5 K. From this, the expected drop
in resistance, for a  5 ◦C  rise  in  temperature, was calculated.
This change in resistance at room temperature due to the
possible rise of sample temperature on laser heating is found
to be less than 25% when compared to the resistance drop
found in laser-induced conductivity experiments. In the photo-
induced conductivity experiments two kinds of responses were
noted. First an instantaneous drop in resistance upon laser
shining followed by a slow response that lasted for several
minutes. The slow response is attributed to sample temperature
rise, as a thermal shock requires some time to spread in these
nearly insulating samples. The fast response is attributed to the
photo-induced I–M phase transition.

It is worth noting here that the change of insulator to
metallic state cannot be interpreted in terms of melting of the
charge order state and of the collapse of the 0.3 eV insulating
gap, as suggested in Pr0.7Ca0.3MnO3 in previous reports [22]
as, in the present case, the charge ordered state is not present at
all. It is also needed to consider that in the present case a CW
laser is used that delivers an average power of 45 mJ s−1 which
is 10 orders smaller than the power delivered per second by a
pulsed laser. The effect is also localized to a 1 μm spot while
the gap was 20 μm. If we consider an absorption of 1 μm in
the material for 488 nm light then the change in resistance for
the 1 μm diameter particle is at least 10−2 times as a result of
photo-excitation.

The possible photo-excitation mechanisms are shown in
figure 6. The Mn3+ has 3t2g electrons and one eg electron.
By virtue of its character the eg electrons have electron
density along the axes of the unit cell and hence have strong
hybridization with the neighbouring oxygen 2p shell. On the
other hand, the t2g electrons have electron density between the
unit cell axes and hence they have very weak hybridization
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with the neighbouring oxygen 2p shell that can be neglected.
The optical conductivity studies showed strong enhancement
around 2 and 4.5 eV that were attributed to JT resonance and
charge transfer resonance [19, 23, 24]. The eg band of the
Mn3+ ion splits into e1

g and e2
g bands due to coherent static

JT distortion present in the orthorhombic LaMnO3. The e1
g

band should have strong overlap with the O 2p band due to
strong hybridization, while the e2

g band forms the lowest-lying
empty conduction band [23]. The bandgap between this empty
conduction band formed by the e2

g band and the highest level
valence band formed by overlap of e1

g with the O 2p is the JT
bandgap responsible for the insulator character of this material.
For Mn4+ ions the eg band is completely empty and hence
the JT gap is non-existent. Thus with increasing Mn4+ ion
concentration as a function of doping concentration x , the JT
gap collapses and the system is becoming metallic once the
percolation threshold for doping is reached.

Figure 6 shows the possible photo-excitation mechanisms
when a 2.53 eV photon is impinged on the material. There
are only two channels available for the photo-excitation that
will preserve charge neutrality at the ‘Mn’ site [24]. The first
channel corresponds to excitation of an electron from the t2g

level to the e2
g level. This d–d transition is not allowed by

the dipole selection rule and hence has to be mediated by the
O 2p orbitals. As the overlap of t2g orbitals with O 2p is
very small and the crystal field splitting is expected to be at
least 3 eV or more this channel can be safely neglected. The
other possible channel is the transfer of an electron from the
e1

g level to the e2
g level that is crossing the JT gap mediated

through the O 2p. Naturally this mechanism is possible
only at Mn3+ sites. Here the upper unoccupied eg state is
populated by photo-excitation of an electron from the O 2p
state and simultaneously an electron decays from the occupied
eg level to the O 2p state. Polli et al has referred to this
process as impulsive stimulated Raman scattering (ISRS) [12].
This excitation strongly couples with the JT distortion and
is instrumental in melting it. This observation is consistent
with the Raman results shown in figures 1 and 2 where JT
distortion is strongly suppressed with increasing incident laser
power. The reversible or non-persistent nature of the I–M
transition further supports the excitation–de-excitation nature
of the involved process. The electron that is populated in the
e2

g band is now a conduction electron and should increase the
conductivity significantly. Thus the conductivity increase is
related to the extra charge carriers that were generated in the
conduction band by the photo-excitation. The JT bandgap
vanishes for metallic samples (as observed in our Raman
measurements) and hence an incident laser photon of 2.53 eV
has no effect on the conductivity.

Millis et al [5] had earlier showed that the double
exchange mechanism proposed by Zener et al that is based on
the large Hund coupling between eg and t2g electrons alone
is not sufficient to explain the CMR. It is suggested that
contributions arising from dynamic JT splitting should also be
included. Our observations clearly bring out the validity of this
argument.

In conclusion, a photo-induced insulator to metal
transition is observed in a La1−xSrx MnO3 single crystal. The

observation is well supported by Raman measurements. It is
clearly shown that the JT gap vanishes due to a photo-induced
transition of a eg electron that is coupled to the change in
the conductivity. The role of subtle interplay of charge and
lattice degrees of freedom in the metal–insulator transition is
established.
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