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Abstract
The electrical resistance of stoichiometric and oxygen-deficient epitaxial 10 nm thick
La0.7Ca0.3MnO3 thin films on SrTiO3 under photoexcitation covering the visible to the
ultraviolet range has been investigated systematically as a function of illumination intensity,
wavelength and temperature. In contrast to as-prepared films, the oxygen-deficient samples
exhibit large photoconductivity of several orders of magnitude at low temperatures. By our
detailed comparative analysis of the electrical conductivity of the film/substrate heterostructure
and the bare substrate we are able to elucidate contributions of both carrier generation in the
film and carrier injection from the substrate to the observed effect.

1. Introduction

Perovskite-type manganites (R, A)MnO3 (R = lanthanide-
element, A = non-trivalent doping element) are well known
to exhibit an unusually broad spectrum of electronic,
magnetic and optical properties, which makes them promising
candidates for novel solutions in micro- or optoelectronics.

The actual phase state of those compounds can be
controlled by internal parameters, especially the concentration
of the doping element A and the oxygen content, and a number
of external parameters such as static magnetic and electric
fields, hydrostatic pressure and photoexcitation [1–3]. The fact
that nowadays high-quality epitaxial thin films can be grown
on structurally compatible perovskite-type substrates further
enlarges the variety of tunable functional properties.

With regard to more than 50 years of research on
manganites, the investigation of photoinduced phenomena is
quite a new field. It started in 1997, when Kiryukhin et al found
an x-ray-induced insulator–metal transition combined with a
clear structural change in a Pr0.7Ca0.3MnO3 single crystal [4].
In the meantime a number of studies on the photoexcitation
of manganites from the x-ray to the infrared wavelength range
have been published, see, for example, [5–13]. In most cases
positive photoconductivity has been observed, which can,
comparable to the colossal magnetoresistance (CMR) effect,
reach several orders of magnitude.

In some manganite compounds a reversible photoinduced
transition from an insulating to a metastable metal phase was
reported [14]. In this context the term optical phase control
was established [15].

The transient behaviour of photoconduction is often
substantially influenced by the electrical field or current
applied for the conduction measurement [13, 16–19].

The conductive state is not spatially homogeneous in
a number of photoconductive manganites but filament-like
conduction paths in an insulating matrix are generated
(e.g. [16]).

By now, there is no general understanding of the involved
microscopic mechanisms available. Several origins of the
photoconduction in manganites have been discussed. First of
all, it is argued that photoexcitation above the polaron binding
energy leads to the delocalization of charge carriers. The
polaron binding energy results from the strong Jahn–Teller
effect of the Mn3+ ions and a possible long-range polaron
order. In some insulating manganites an ordered lattice of
singly occupied 3d eg orbitals is present which can—under
sufficiently strong optical excitation—undergo a collective
charge delocalization and a transition into a metastable metal
phase. Secondly, the influence of the measurement current
has been discussed qualitatively: since the carrier transport is
spin-polarized requiring the alignment of the carrier spins with
the local magnetic moment of the Mn ions, a forced current

0953-8984/10/175506+07$30.00 © 2010 IOP Publishing Ltd Printed in the UK & the USA1

http://dx.doi.org/10.1088/0953-8984/22/17/175506
mailto:elke.beyreuther@iapp.de
http://stacks.iop.org/JPhysCM/22/175506


J. Phys.: Condens. Matter 22 (2010) 175506 E Beyreuther et al

will act to align the Mn spins along the current path [20].
Thus the current can stabilize the metallic phase at least in
the filaments of the conduction path. Further mechanisms
discussed are optically induced local heating [21], a magnetic
depolarization under illumination [22] and the trapping of
photogenerated carriers at oxygen vacancies [7]. Recently, the
resonant excitation of electrons from deep Mn 3p levels in an
ultraviolet photoemission experiment was discussed as another
possible origin of photoconductivity in a manganite [23].

Although many photoexcitation experiments were per-
formed with films, the contribution of a potential charge
injection from the substrate or the film/substrate interface so far
has been rarely considered. One exception is the investigation
of Katsu et al conducted on La1−xSrx MnO3/SrTiO3 films [24],
where the authors demonstrate by a systematic study of
resistance and magnetization under illumination that electrons
from the substrate are injected into the manganite film, which
leads to a decrease of the hole doping in the film. In
recent work on an electron-doped manganite film we show a
substantial substrate contribution in the spectral dependence of
the photoconductivity [25]. Both examples clearly show the
necessity to examine not only the film but also the substrate
and the film/substrate interface in such photoconduction
experiments, when the films are thinner than the absorption
length of light (in the range of several 10 nm depending on
the material of the film).

The present study focuses on the photoresponse behaviour
of ultra-thin (10 nm) films of La0.7Ca0.3MnO3 on SrTiO3.
The photoconductivity of the films in the as-prepared hole-
doped state is compared to that of oxygen-reduced films. The
latter have an electron-doped nature according to our former
photoelectron spectroscopy results [26]. To clarify possible
origins of the photoconductivity the transport behaviour of bare
SrTiO3 substrates is also studied.

2. Experimental details

10 nm thick films of La0.7Ca0.3MnO3 (LCMO) were grown
on an SrTiO3(100) single-crystal substrate by pulsed-laser
deposition in off-axis geometry [27]. A stoichiometric target
was ablated with a KrF excimer laser at a wavelength of
248 nm. X-ray diffraction measurements were employed to
ensure single-phase epitaxial growth.

The samples were cut into two halves of 10×5×0.5 mm3

each. One half was deoxygenated by heating it for 2 h in
an ultrahigh vacuum (UHV) at 670 ◦C. Both halves, the
deoxygenated and the as-prepared one, were analysed with
regard to their manganese valence and thus to their doping
type by x-ray photoelectron spectroscopy, as described in detail
elsewhere [26]. The as-prepared film showed a Mn valence
between +3 and +4 and is thus, as expected, hole-doped. The
deoxygenated film turned out to be electron-doped with an Mn
valence between +2 and +3.

For electrical transport measurements the samples were
fixed on a sapphire slide sitting on the sample holder of
an exchange-gas liquid-nitrogen optical cryostat (Optistat DN
by Oxford Instruments). Metallic contacts were painted on
the film surfaces by conductive silver paste. The resistance

was measured by a Keithley 617 electrometer in two-point
geometry using coaxial wiring down to the sample. The
distance between the contacts was 1 mm.

To check possible contributions of the SrTiO3 (STO)
substrate to the photoconductivity, transport measurements
were additionally performed on reference substrates: on a
substrate as purchased from the manufacturer and on one which
had undergone the same vacuum annealing treatment as the
deoxygenated manganite film.

For exploring the photoresponse of the specimens, the
sample surfaces were illuminated by either an Ar+ laser
(Coherent Innova 90) operated in the cw mode at a wavelength
of 514 nm or, especially to investigate the spectral behaviour
of the photoresponse, by a monochromatized white-light
source (1000 W xenon arc lamp coupled into a grating
monochromator (Cornerstone 260 by Oriel Instruments)).

When measured in two-point geometry, the resistance
value comprises also the contact resistance, which may skew
the data. In order to estimate the contact resistance, we
additionally made a four-point measurement on the as-prepared
film. We found that the contact resistance is insignificant at
room temperature, but can reach up to approximately 1 M� at
100 K. In most cases this is still far below the measured total
resistance and hence negligible. Where after all the contact
resistance could distort the data, this will be noted in the
corresponding figure caption (in fact this applies to only one
single case, figure 1(b)). Note that, as the silver paste used
for the contacts was opaque, we do not expect the contact
resistance to change under illumination.

3. Results and discussion

The as-prepared La0.7Ca0.3MnO3/SrTiO3 sample exhibits an
insulating R–T characteristic in the dark (figure 1(a), black
curve). No insulator–metal transition is observed, in contrast to
the bulk LCMO phase of the same composition. The insulating
nature of the film is attributed to the combination of high tensile
strain due to the larger lattice constant of the substrate and the
finite thickness of the film, which are known to suppress the
metallic phase [3, 28].

Under photoexcitation with energies below the substrate
bandgap (3.2 eV, 387 nm) a small increase of the resistance
(figure 1(a), grey curves) is observed. This effect is the
more pronounced the lower the temperature is. Photons
with energies around or above the substrate bandgap induce
a local maximum in the R–T characteristics (figure 1(b)).
The position of this maximum slightly shifts towards higher
temperatures with larger excitation energy. However, the
maximum resistance drop induced by photoexcitation found
here (370 nm, near 100 K) is smaller than one order of
magnitude.

Concerning possible origins of the photoinduced resis-
tance changes the following points are considered:

(i) The thickness of the film is much lower than the
absorption length of light in the wavelength range used
in the present experiments. Thus not only the film but
also the substrate is optically excited. Consequently,
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Figure 1. As-prepared La0.7Ca0.3MnO3 film on SrTiO3: (a) resistance measured as a function of temperature in the dark and under
illumination with two different photon energies below the substrate bandgap. (b) R–T -characteristics under photoexcitation with photon
energies around and above the SrTiO3 bandgap. Note the expanded temperature scale in this plot. Furthermore, note that for excitation at
370 nm the measured resistance drop at the lowest temperatures might be limited by the contact resistance.

all observed effects can—in principle—have their origin
either in processes in the substrate or in the film, or in
both.

(ii) Carrier injection from the substrate may play a major role
for the behaviour at the lower excitation energies. This is
suggested since the resistance increase at photon energies
below the STO bandgap can be explained by carrier
compensation in analogy to the observations of Katsu
et al [24] for La1−x SrxMnO3/SrTiO3 heterostructures.
There, injection of photogenerated electrons from the n-
type-like STO into the film is discussed to compensate
the hole doping of the manganite, which in turn leads
to a resistance increase. We note that neither heating
of the illuminated area nor parallel photoconduction in
the SrTiO3 substrate can cause the observed increase in
resistance.

The different behaviour for photon energies around
and above the STO bandgap is not in conflict with
the above statement. For this case, carrier generation
in the substrate is strongly enhanced due to excitation
across the bandgap. Thus, the film might be flooded
by electrons from the substrate, and one part of those
photogenerated electrons may compensate the hole doping
of the film, while the other part may act as free carriers
in an induced electron-doped state of the film. However,
the quasi-metallic conduction displayed in figure 1(b)
appears quite different from the typical behaviour of
metallic manganites, since the resistance peak is rather
a distinct anomaly located between 100 and 110 K. At
a similar temperature, a structural transition takes place
in SrTiO3 [29]. Thus, it seems to be possible that the
photoconduction takes place in a (modified) interface-near
region of the substrate, see also the next item.

(iii) Photoconductivity data were taken on a bare as-purchased
(untreated) reference substrate (figure 3(a)). This sample
reaches a photoconductivity of more than three orders

of magnitude at 90 K already at visible excitation,
which is decisively larger than the effect of the as-
prepared LCMO/STO sample. Further, the resistance of
the bare substrate is at least two orders of magnitude
higher than that of the as-prepared LCMO/STO sample
at all temperatures and at all excitation conditions used.
This reference experiment conducted on a bare substrate
indicates that the photoconduction of bare SrTiO3 is
not similar to the observation for the thin-film sample.
However, the LCMO/STO interface may show modified
properties, for instance due to an exchange of electrons or
diffusion of oxygen.

(iv) The intrinsic photoconductivity of the film itself, i.e. the
photoinduced carrier generation in the film, for instance,
by excitation across the polaron binding energy gap,
appears to be rather small for this sample. No clear metal–
insulator transition can be achieved under the conditions of
illumination. Since the applied photon energies are large
enough to overcome the typical polaron binding energy
in manganites, the reason for this might be the above-
discussed compensation of the hole carriers by electrons
from the substrate.

The R–T characteristics of the reduced La0.7Ca0.3MnO3/
SrTiO3 system is insulating in the dark, too (figure 2(a), thick
black curve). However, there are decisive differences to the
as-prepared case. The resistance values are several orders of
magnitude higher. In contrast to the as-prepared case where
the R–T dark characteristics is best fitted by the variable range
hopping model, the data of the reduced system fits better to the
activated polaron hopping or simple thermal activation models.

Illumination causes—in comparison to the as-prepared
LCMO/STO sample—pronounced resistance changes. In
the whole wavelength range used here (700–350 nm)
photoexcitation induces an insulator–metal transition (IMT)
and leads to large photoconductivity below the transition
temperature.
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Figure 2. Reduced La0.7Ca0.3MnO3 film on SrTiO3: (a) resistance measured as a function of temperature in the dark and under illumination
with different photon energies. (b) Normalized photoconductivity (NPC) as calculated according to NPC = Rdark

Rillum
− 1 of the reduced

LCMO/STO sample at 90 K. Corresponding NPC values of the uncoated reduced STO reference sample (see also figure 3) are shown for
comparison.

Figure 3. Photoresponse of uncoated SrTiO3 crystals: (a) normalized photoconductivity (NPC) of an as-purchased (untreated) and a reduced
STO sample at 300 and 90 K. (b) R–T -characteristics of the reduced STO reference sample under different illumination conditions. Note that
curves (1) and (3)–(5) were acquired with (a comparatively small) constant photon flux, while curve (2) was measured under a much higher
photon flux.

Although already infrared light (700 nm) generates a
resistance drop of two orders of magnitude at 100 K, at
constant photon flux the effect is enhanced with decreasing
wavelength and reaches four orders of magnitude when the
sample is excited with ultraviolet light (350 nm). Besides the
wavelength, the intensity crucially influences the magnitude
of the photoconductivity and the temperature of the IMT as
has been tested by laser illumination with enlarged energy
density (figure 2(b)). If the R–T -characteristics (figure 2(a))
at a fixed wavelength for the case of low intensity illumination
(500 nm, 32 μW mm−2) and the case of high intensity

illumination (514 nm, 1909 μW mm−2) are compared, it can
be stated that the phase transition becomes more distinct at high
intensities. The temperature of the phase transition increases
with increasing photon energy at constant photon flux and with
increasing intensity at constant photon energy. The spectral
dependence of the resistance (figure 4(b)) shows some slope
changes in the sub-bandgap range. Most of them can be found
also in the resistance spectrum of the bare reduced STO sample
(figure 4(c)). In all resistance spectra, a steep resistance drop
at the wavelength approximately corresponding to the STO
bandgap is visible.
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Figure 4. Resistance of (a) the as-prepared LCMO/STO heterostructure, (b) the reduced LCMO/STO heterostructure and (c) a bare reduced
STO crystal as a function of illumination wavelength. The photon flux was kept constant during the data acquisition. Reproducible points of
slope change, which can be attributed to electronic defect states, were extracted as described elsewhere [30] and are indicated by arrows. Note
that, for reasons of readability of the spectra, the wavelength scales are partially different and that the resistance scale is logarithmic for
part (c).

In the discussion of the mechanisms behind the large
photoconductivity and the photoinduced IMT of the reduced
sample we again have to consider the whole film–substrate
system:

(i) The similar sub-bandgap features in the resistance spectra
of the bare STO (figure 4(c)) and the LCMO/STO
heterostructure (figure 4(b)) and the steep resistance drop
at the STO bandgap reveal an influence of the substrate at
all wavelengths used here.

(ii) According to our previous photoelectron spectroscopy
study [26], the reduced LCMO film exhibits a manganese
valence between +2 and +3 and is thus nominally
electron-doped. Photogenerated electron injection from

the substrate would thus increase the carrier concentration
in the film and lead to a resistance decrease, in agreement
with the measurement.

(iii) The question whether the measured photoconductivity is
really based on carrier injection from the substrate or
must be ascribed to parallel substrate conduction can be
clarified from the data shown in figure 3(b). Here the R–
T characteristics of a reduced reference STO sample is
plotted for different illumination wavelengths. The curves
show broad maxima at around 200 K; only the curve taken
at 350 nm corresponds to metallic behaviour without any
maximum. The positions of these maxima do not change
with wavelength. Secondly, local minima which can be
associated with the cubic-to-tetragonal phase transition
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of STO, near 105 K, are visible. Those features do not
appear in the corresponding LCMO/STO curves. Thus,
we conclude that any parallel photoconduction in the
substrate does not dominate. The fact that, as seen from
the comparison of figures 4(a)–(c), the substrate resistance
is much higher than the resistance of the film/substrate
system also supports this statement.

Finally, we note that the photoresponse of the reduced
LCMO/STO sample of the present study is quite similar
as in our former observations on a reduced 10 nm thick
La0.7Ce0.3MnO3 film on STO [25], with regard to the
weak photoresponse of the as-prepared system, the large
photoconductivity of the reduced system and the significant
influence of the substrate. This behaviour in turn is consistent
with the similar Mn valences of the two systems [26] in both
the as-prepared and the reduced state, despite the different
nominal Mn valences.

4. Summary

The photoconduction of 10 nm thick La0.7Ca0.3MnO3 films
on SrTiO3 was investigated within a comparative study
of the as-prepared sample, an oxygen-reduced sample
and bare untreated as well as oxygen-reduced SrTiO3

substrates. Intensity- and wavelength-dependent resistance
versus temperature characteristics as well as the spectral
dependence of the resistance were measured. The
reduced insulating LCMO/STO sample shows a pronounced
photoconductivity: the resistance drops by five orders of
magnitude at 100 K under visible 514 nm illumination,
associated with a light-induced low-temperature metal state.
The magnitude of the resistance change is comparable to the
colossal magnetoresistance (CMR) effect. Photoexcitation has
thus been shown to be highly effective in controlling the phase
state of certain types of manganite films.

In contrast, the as-grown film sample, which is also
insulating, shows smaller photoconduction, no clear light-
induced metal–insulator transition and even a decrease of
conductivity under illumination. We attribute this to the effect
of carrier compensation by injection of electrons from the
SrTiO3 substrate. The substrate itself is photoconductive,
but bare substrate data cannot explain the observed thin-
film behaviour. Nevertheless, the photoconduction of
the as-grown film sample shows an indication of parallel
substrate photoconduction (reflecting the structural transition
of SrTiO3), which probably takes place at an interface-near
region of SrTiO3.
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