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Persistent photoconductivity in a ferromagnetic-metallic state of a Cr-doped manganite thin film

Hirotaka Oshima,1,2 Masao Nakamura,1 and Kenjiro Miyano1,2

1Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan
2Japan Science and Technology Corporation (JST), Tokyo 171-0031, Japan

~Received 16 October 2000; published 30 January 2001!

Photoinduced persistent conductance has been observed in a Cr-doped Pr0.5Ca0.5MnO3 thin film. The film
shows a diffuse phase transition and phase separation that arise from the quenched random fields produced by
the Cr ions. Photoexcitation of the sample with a continuous-wave–yttrium-aluminum-garnet laser causes a
gradual increase of the conductance in the ferromagnetic-metallic~FM! state, whereas the magnetization and
absorption spectra show little change. The persistent conduction is ascribed to the increase in the conducting
paths by the optical excitation in the percolative conduction through FM regions, without significant overall
growth of the FM regions. The heating effect and the permanent damage to the sample are absent. The
temperature dependence of the absorption spectra and the phonon modes were studied and have presented
consistent results with the diffuse transition from a charge-orbital ordered insulating to FM phase.
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I. INTRODUCTION

As with many compounds of the correlated electron s
tems, perovskite manganitesR12xAxMnO3 (R5trivalent
rare-earth element andA5 divalent alkaline-earth elemen!
show various phases in the phase diagrams upon dopinx.
The doping dependence of their properties is still an o
problem in the physics of these compounds, attracting m
current interest. An interplay between spin, charge, orb
and lattice degrees of freedom has now become a basi
search problem in transition-metal oxides.1 From the techno-
logical point of view, their peculiar properties, such as t
colossal magnetoresistance~CMR! effect, may find applica-
tions in sensor and storage devices.

One of the most important issues in manganites is
intrinsic phase separation, especially in the neighborhoo
the insulator-metal~IM ! transition.2–4 The ferromagnetic-
metallic ~FM! phase promoted by the double-exchan
mechanism5 coexists with the insulating phase. Percolati
conduction through metallic regions in the insulating mat
often plays a key role in the IM transitions, particularly
the CMR effect. The origin of the phase coexistence, ho
ever, is still unclear. The intermediate one-electron ba
width is clearly an important factor for the phase separati
Besides, a new factor was recently discovered by Rav
et al.6; a few percent replacement of Mn atoms by Cr in t
charge-orbital ordered~CO-OO! manganites results in th
emergence of the FM phase and the coexistence of those
phases.7,8 This discovery added a new dimension in inves
gating the phase control of the correlated electron syste
the mechanism as well as the interesting properties des
to be studied.

The localized holes and orbital deficiencies produced
Cr31 ions (t2g

3 eg
0 , S5 3

2 ) are the essence of the considerati
of the physics of the IM transition in Cr-doped manganite9

They act as pinning centers of the ordering patterns,
bring aboutfrustration because of the randomness of the
positions~Fig. 1!. Thus it can be regarded as quenched r
dom fields in the CO-OO phase. The frustration forces
order to diminish and give way to the FM state. In the fer
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electric oxides, it is known that quenched random elec
fields originating from charged compositional fluctuatio
cause the so-called relaxor behavior, such as diffuse ph
transition and slow relaxation.10 The random fields break th
symmetry of the long-range ferroelectric order, and are
sponsible for the freezing into a nanometric ferroelectric d
main. Intriguingly, it is revealed that the Cr-doped manga
ites behave just as the ‘‘ferromagnetic’’ relaxors.8,11 The
physics is not fully comprehended, but the origin is proba
explained in the same way by analogy with the ferroelec
relaxor materials.

The subtle balance of the phases, on the other hand, l
us to speculate on the new possibility of the phase contro
these manganites by external fields or stimuli.12–15 Espe-
cially when the system is frustrated and thus glassy, chan
of the configuration between a number of metastable st
by, for instance, optical excitation is expected. The quest
those phenomena is important not only for fundamental
terest, but also for the practical utilities for applications.

Accordingly, for the studies of the phase separation a
the phase control, we have studied photoexcitation effect
the Cr-doped manganite. We prepared thin films
Pr0.5Ca0.5Mn0.96Cr0.04O3 that exhibit relaxor behavior. Thin

FIG. 1. Schematic diagrams of the charge-orbital order in
doped Pr0.5Ca0.5MnO3 . d3x22r 2 andd3y22r 2 orbitals at Mn31 sites
and holes at Mn41 and Cr31 sites are denoted.~a! Cr ions are in
phase with the ordering pattern.~b! Cr ions are out of phase. Frus
tration occurs at the phase boundary indicated by the dashed l
©2001 The American Physical Society11-1
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film form is suitable for the optical measurements; it tran
mits light and no polishing is required, which might cau
surface damage. In the present paper, we show a gra
increase of the conductance by irradiation of a continuo
wave ~cw! YAG ~yttrium-aluminum-garnet! laser in the FM
state at low temperature. The conductance is stable afte
light is switched off, suggesting controllable conductance
optical excitation.

The outline of this paper is as follows. In Sec. II, expe
mental details are described, including the procedure of t
film fabrication. Characterization of the sample and results
the experiments are shown in Sec. III. Photoexcitation
fects have been investigated in conductance, magnetiza
and reflectivity and transmissivity spectra measureme
Section IV is devoted to a discussion about the origin of
experimental results and about the electronic structure of
sample, and the paper is concluded in Sec. V.

II. EXPERIMENT

Pr0.5Ca0.5Mn0.96Cr0.04O3 thin films with a thickness of 350
nm on a MgO~001! substrate were fabricated by pulsed-las
deposition. A pellet of a sintered stoichiometric mixture
Pr2O3 , CaCO3, Mn3O4, and Cr2O3 was checked by x-ray
diffraction and revealed as a single phase; it was used for
target onto which ArF excimer laser pulses of about 100
with a repetition rate of 10 Hz were focused. The substr
was held at 800°C in an atmosphere of 1 mTorr oxyg
during deposition. The deposited film was postannealed
30 min at 700°C in a 760-Torr oxygen atmosphere, and t
cooled to room temperature in 1 h. X-ray diffraction ind
cates that the sample is polycrystalline partially oriented w
pseudocubic~001! and ~011! along the film normal; there is
little stress effect by the substrate.

Resistivity under magnetic fields~up to 9 T! was mea-
sured by the standard four-probe method. Magnetization
were obtained with a superconducting quantum interfere
device~SQUID! magnetometer. For the resistivity measu
ments with laser irradiation, the sample was mounted i
continuous-flow helium cryostat. As a light source, a c
YAG laser at a photon energy of 1.17 eV was used. The la
beam was focused onto the sample in a spot size of 2 m
diameter. Intensity of the light was controlled with neutr
density filters. The position and the shape of the focu
laser spot were checked with a CCD camera. The gap
silver electrodes for resistivity measurements was 500mm,
and the width of the sample was 2 mm. When the photo
citation effect on magnetization was measured, the laser l
was introduced via an optical fiber into the SQUID magn
tometer. The spot size was about 2 mm diam on the sam
whose size was 2.7 mm33.9 mm. Near-normal incidenc
reflectivity R(v) and transmissivityT(v) spectra were mea
sured in the midinfrared and near-infrared range. A Fou
transform spectrometer~0.05–0.8 eV! and grating mono-
chromators~higher than 0.6 eV! were used. A gold mirror
and a MgO substrate were adopted as references in
experiment. The absorption coefficienta(v) was calculated
as
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whered is the thickness of the film.

III. RESULTS

A. Resistivity and magnetization

Diffuse phase transition of the sample11 is depicted in the
inset of Fig. 2. Magnetization appears gradually accom
nied by the decrease of the resistivity. The FM ground st
is confirmed. However, there is no clear transition tempe
ture nor discontinuous change in the observed prope
Large residual resistance, less magnetization than the
polarization, and the CMR effect over a wide range of te
perature strongly suggest the phase separation betw
CO-OO insulating and FM states. All these characters
appropriate for the system to be termed a relaxor.

B. Persistent photoconductivity

Figure 2 shows the conductance increase by photoex
tion as a function of irradiation time at 20 K. The sample w
irradiated for 1 h at thelaser power of 10 mW, left for 15
min with no light, and then irradiated again at the power
47 mW for the subsequent 1 h. The conductance increa
gradually by the photoexcitation; total increase (DG/G0) of
the conductance was 55%~the resistance decreased fro
90 kV to 58 kV), whereDG is the conductance chang

FIG. 2. Conductance as a function of irradiation time at 20
Pr0.5Ca0.5Mn0.96Cr0.04O3 thin film on a MgO ~001! substrate was
irradiated at the laser power of 10 mW for 1 h, then the laser w
turned off for 15 min. The sample was irradiated again at the po
of 47 mW for the subsequent 1 h after the suspension. Inset show
temperature dependence of the resistivity of the sample unde
1.5, and 9 T~solid lines! and the magnetization under 1.5 T~open
squares!.
1-2
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PERSISTENT PHOTOCONDUCTIVITY IN A . . . PHYSICAL REVIEW B63 075111
and G0 is the conductance before irradiation. The cond
tance was stable before the irradiation and during the 15-
period in which the laser was switched off. The resistivity
the sample is minimum at 20 K in the FM state~Fig. 2,
inset!. Thus, the heating effect cannot be the cause of
conductance increase.

In order to identify that this is not due to damage of t
sample, we measured the temperature dependence of th
sistance before and after irradiation~Fig. 3!. The sample was
cooled down to 20 K, photoexcited by the laser as in Fig
cooled further down to 7 K, then heated up to 300 K. T
resistance in the heating run in the temperature region hig
than the resistance peak is identical with that of the fi
cooling run. Furthermore, the behavior of the resistance
this whole procedure is reproducible, which excludes
possibility of any damage to the sample.

The conductance increase by photoexcitation is large
lower temperature. The temperature dependence of the r
tance before and after the irradiation at 10 K and 20 K
depicted in Fig. 4. The laser power was 210 mW, and
irradiation time was for 1 h. The increase at 20 K was 43

FIG. 3. ~a! Temperature dependence of the resistance before
after the photoexcitation at 20 K.~b! The behavior around 20 K
presented by the dashed square in~a! is magnified.
07511
-
in
f

e

re-

,

er
t

in
e

at
is-

s
e
,

and 85% at 10 K. Slight deviations observed after the la
was turned off are due to the heating effect; high intens
contributes to the heating. Even when the laser power is
times larger~210 mW/10 mW5 21! compared with the
result in Fig. 2, the conductance increase is much less~43%/
38%5 1.1!. When the laser power is very high, it causes t
temperature rise of the sample resulting in the lower cond
tance increase. The resistance at low temperature before
photoexcitation is a little different~several percent! in each
temperature scan. The slight difference of the resistanc
the FM region probably reflects the different connectivity
FM clusters in every scan.

Photoexcitation at 70 K and 90 K was examined only
find nothing but the heating effect. 70 K is the temperature
the hysteresis region at which about half of the satura
magnetization appears~Fig. 2, inset!, and 90 K is a tempera
ture slightly higher than the resistivity peak. The condu
tance varies in the same way as the temperature incr
would cause, and returns to the original value when the la
irradiation is discontinued.

Organizing the results up to this point, we can remark t
the persistent photoconductivity occurs merely in the te
perature region much lower than the resistivity peak and
not due to heating. Also, it should be added that the app
electric field to measure the resistivity is not the substan
driving force, as we observed an increase of the conducta
after the irradiation even when there was no applied fi
during photoexcitation. The increase of the conductance
photoexcitation depends on the intensity of the light, the
ration of the irradiation time, and the temperature of t
sample: the lower the temperature, the more the conducta
increases.

C. Photoexcitation effect in magnetization

The IM transition of this relaxor manganite is accomp
nied by the appearance of ferromagnetism~Fig. 2, inset!;
diffuse phase transition comes from the diffuse emergenc
the FM clusters and the percolative conduction throu

nd

FIG. 4. Temperature dependence of the resistance before
after the photoexcitation at 10 K and 20 K. The sample was irra
ated at the laser power of 210 mW for 1 h at 10 K and 20 K,after
it was cooled from room temperature.
1-3
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HIROTAKA OSHIMA, MASAO NAKAMURA, AND KENJIRO MIYANO PHYSICAL REVIEW B 63 075111
them. As the metallic conductivity is associated with the f
romagnetism, we have investigated the photoexcitation ef
on magnetization of the sample.

Figure 5~a! shows the magnetization before and after
photoexcitation. The sample was zero-field-cooled~ZFC!
down to 5 K, and the magnetization was monitored in 10 m
of the magnetic field perpendicular to the film for 30 mi
Confirming that the magnetization was stable, the sam
was irradiated with 40 mW of cw-YAG laser light for 30 mi
with no field. During the irradiation with no field, the spon
taneous magnetization was too small to be measured.
measured the magnetization again in 10 mT after the ph
excitation for 30 min~filled squares!. There was little change
in the magnetization before and after the photoexcitation

Photoexcitation in 10 mT, on the other hand, increa
the magnetization~open circles!. However, this does no
mean the volume fraction change of the FM clusters. Thi
the field-heating effect of the ZFC sample by heating a
cooling in the 10 mT field, judging from the experimen
below. As shown in the inset of Fig. 5~b!, magnetization of
the ZFC and field-cooled~FC! sample is completely differ-
ent; the magnetization of the ZFC sample is much sma
than that of the 10 mT-FC sample.11 The difference between

FIG. 5. Magnetization as a function of time at 5 K.~a! After the
magnetization measurement of the zero-field-cooled~ZFC! sample
for 30 min in 10 mT, the sample was irradiated at the laser powe
40 mW for 30 min in 0 mT~filled squares! and in 10 mT~open
circles!, then the magnetization was measured for 30 min again~b!
The 10 mT–field-cooled~10 mT-FC! sample was irradiated at th
power of 1 and 40 mW according to the time schedule shown. In
in ~b! shows the temperature dependence of the magnetizatio
the ZFC and 10 mT-FC sample in 10 mT.
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ZFC and FC measurements is not due to the change of
volume fraction of the FM regions by the magnetic field, b
is probably due to the freezing of the magnetization of
FM clusters. This view is justified from the result of th
resistivity measurement as a function of temperature und
and 10 mT, which showed identical values in both cooli
and heating runs~data not shown!. Furthermore, when the 10
mT-FC sample was photoexcited in the field of 10 mT,
increase but a decrease due to heating was observed@Fig.
5~b!# without any net increase of the magnetization after
laser was turned off. Thus, photoexcitation has been reve
to act on the magnetic properties only through heating
photoabsorption. The temperature rise in the sample is e
mated to be 1 K and 4 K under 1 mW and 40 mW lase
irradiation, respectively. No increase of the magnetizat
corresponding to the increase of the conductance by ph
excitation has been detected even at the lowest tempera
of 5 K.

D. Optical spectra

To explore the electronic structure of the system and,
exists, its modification by the photoexcitation, we studi
reflectivity and transmissivity in the midinfrared and nea
infrared regions from room temperature to 9 K. Figure
shows spectra, at 298 K, 130 K, and 9 K before and after the

f

et
of

FIG. 6. Transmissivity~a! and reflectivity~b! spectra measured
in a cooling run. The spectra in the midinfrared and near-infra
regions at 298 K, 130 K, and 9 K before and after the photoexc
tion are shown.
1-4
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PERSISTENT PHOTOCONDUCTIVITY IN A . . . PHYSICAL REVIEW B63 075111
photoexcitation. The cw-YAG laser intensity was 65 mW
and the spot size was about 2 mm in diameter. The dif
ence in the spectral ranges shown for reflectivity and tra
missivity is due to the transmissivity of the substrate a
windows of the cryostats used in these experiments. Str
temperature dependence has been observed in both o
spectra. The transmissivity increased from 298 K down
130 K, and decreased from 130 K to 9 K. The reflectivity,
the other hand, decreased down to 130 K with some st
tured increase near 0.3 and 1.0 eV, and increased from 1
to 9 K. There is a small change of the spectra by photoe
tation. The transmissivity decrease as well as the reflecti
increase by photoexcitation were found, but they were l
than a few percent.

Optical-phonon spectra shown in Fig. 7 also presen
characteristic change corresponding to the electronic ph
of the relaxor system. There are two phonon peaks at 0
eV (440 cm21) and at 0.073 eV (590 cm21) at 298 K.
Around 130 K, there gradually appears an additional pea
0.088 eV (710 cm21) and disappears again at lower tem
peratures. The peak at 0.073 eV shifts to higher ene
around 130 K. It goes back to 0.073 eV again at lower te
peratures with a broad shoulder. In addition, a ravine
tween those two peaks is gradually filled in below 70 K. T
results of these optical spectroscopic measurements wi
discussed in the next section.

Figure 8 shows the absorption spectra at various temp
tures calculated using Eq.~1!. The spectral weight of the

FIG. 7. Infrared optical-phonon spectra at various temperatu
in a cooling run.~a! 298–130 K,~b! 130–40 K,~c! 40–9 K.
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lower-energy part is suppressed from 298 K down to 130
indicating the evolution of the CO-OO insulating state@Fig.
8~a!#. There can be seen a clear gaplike feature at 130 K
all temperatures, small upturn exists below 0.2 eV, proba
due to a tail of the phonon mode16 which can be observed
also in the reflectivity spectra~Fig. 6!. Below 130 K, the
lower-energy weight increases again@Fig. 8~b!#. Although
this behavior is consistent with the appearance of the
phase at low temperature, little Drude weight~coherent part!
except for the small upturn below 0.2 eV mainly due to t
phonon mode appears even at the lowest temperature
Furthermore, the spectral change between 40 K and 9 K is
small, which suggests only a slight change in the electro
structure below 40 K.

s

FIG. 8. Absorption spectra at various temperatures in a coo
run. ~a! 298–130 K,~b! 130–9 K, ~c! 9 K before and after the
photoexcitation. The sample was irradiated with a cw-YAG la
light at 65 mW for 30 min.
1-5
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HIROTAKA OSHIMA, MASAO NAKAMURA, AND KENJIRO MIYANO PHYSICAL REVIEW B 63 075111
Comparing the absorption coefficient before and after
photoexcitation, little change in the spectral weight of t
lower-energy part can be found@Fig. 8~c!#. The small
changes of the reflectivity and the transmissivity by pho
excitation~Fig. 6! negate each other; there is little change
absorption spectra as a result. In the range above 1 eV, o
other hand, the spectral weight increased by 5% by the l
irradiation.

IV. DISCUSSION

A. Possible origin and percolative conduction

The experimental results are first summarized below fr
a standpoint of the photoexcitation effects in t
Pr0.5Ca0.5Mn0.96Cr0.04O3 thin film.

~i! Persistent photoconductivity in the FM state. Photo
citation with a cw-YAG laser causes an increase of the c
ductance in the FM state at low temperature. The increa
conductance by the photoexcitation is stable after the te
nation of the laser irradiation.

~ii ! No photoinduced magnetism. No magnetization ari
from photoexcitation even at the lowest temperature. O
the field-heating effect has been observed.

~iii ! No photoinduced absorption. The absorption coe
cient spectra hardly varied in the lower-energy part.

Taking these results into consideration, the persistent p
toconductivity cannot be ascribed to the proportionate
crease of the metallic state by photoinduced IM transiti
which has been observed in other perovskite manganites14,17

Little change by photoexcitation in the magnetization and
midinfrared absorption spectra, which is an index of the m
tallicity, indicates that few FM clusters are created.

The mechanism is again different from that of the pers
tent photoconductivity observed in a variety of semicond
tors; its common origin is certain types of impurities, t
so-calledDX centers. Large relaxation of the lattice arou
the impurities prevents recapture of the electron by pho
emission, because it needs substantial momentum trans18

Therefore, photogenerated carriers live long; the lifetim
reach easily more than days or weeks. In manganites, h
ever, carriers in the conduction band align the spin direct
by a double-exchange mechanism, which involves ferrom
netism. Little change in the magnetization by the photoex
tation indicates that the long-lived carriers have not be
generated in our sample. Also, illumination of the relat
compound Pr0.7Ca0.3MnO3 by x rays induces persisten
change in conductivity by several orders of magnitude.13 Ke-
imer et al. argued that the observed behavior is caused b
ferromagnetic polarization of local spins by hot electro
generated by x rays.19 The mechanism is then probably di
ferent from ours as well.

A percolative conduction, on the other hand, can be
plausible scenario in which a very small change of the m
tallic fraction can induce a fairly large modification in co
ductance. A percolation theory gives the universal criti
behavior of the percolative conductance,20

G}~p2pc!
m, ~2!
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whereG is the conductance,p is the occupation probability
of the conducting sites or bonds while 12p is that of the
insulating ones,pc is the critical value ofp for the percola-
tive conduction, andm is the critical exponent that depend
on the dimensionality of the system. Assuming that the pr
ability p increases in proportion to the irradiation timet (p
5at1b, wherea andb are parameters!, G(]G/]t)21 can be
written ast/m1c, wherec5(b2pc)/(ma). Therefore, it is
possible to derivem from plottingG(]G/]t)21 as a function
of t irrespective of the initial conditions or the light intensit
In Fig. 9, the calculatedG(]G/]t)21 from the experimental
results depicted in Fig. 2 and their fits to the linear functio
are shown. From the slopes,m is estimated to be 0.065 an
0.076 under 10 mW and 47 mW laser irradiation, resp
tively.

The critical exponentsm of both fits are close. However
the theoretical value of the critical exponentm is 1.3 in two
dimensions~2D! and ;2 in three dimensions~3D! both in
the site and bond percolation.20 The theoretical values ar
much larger than the fitted parametersm. The exponentm
less than unity implies that the photoinduced effect tends
saturate as a function of time. A homogeneous photoindu
promotion of the IM transition is thus not likely. A mor
elaborate model is needed.

Recently, a series of Monte Carlo simulations has be
performed to describe the metal-insulator phase separa
and the resulting percolative behavior in th
conductance.21,22 One peculiar aspect that the calculation r
vealed is that the FM clusters in the antiferromagnetic ba
ground are surrounded by thin paramagnetic insulating
gions. They can be easily turned into the FM state. Hence
FM clusters are separated by them, lowering the temp
tures or application of the magnetic field link the clusters a
cause a large resistivity change. It is not unreasonable
imagine that the light also acts on these unstable region

In a phase-separated system caused by the local ran

FIG. 9. CalculatedG(]G/]t)21 from the results in Fig. 2,~a! 10
mW and ~b! 47 mW. Their fits to the linear functions are als
shown.
1-6
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PERSISTENT PHOTOCONDUCTIVITY IN A . . . PHYSICAL REVIEW B63 075111
field, the phase boundary is inherently unstable. The ph
excitation can trigger the transition between metastable st
of the frustrated system and reshuffle the configuration
the instantaneous disruption of the local order by the e
tronic excitation. The local path is established by chance
the overall conductance increases.

Under the scenario stated above, a number of obse
tions can be explained. By acting only on the unstable
gions, the effect of the light is rather limited. One can eas
exhaust the parts favorable for the photoinduced transit
The conductance saturates quickly. The depth of the lo
potential minima of the metastable states should depend
the temperature. The lower the temperature is, the deepe
potential minima become. The stability of the photoinduc
state is not strong enough at 70 K and no persistent ef
results. The stability at 10 K is stronger than that at 20
hence the larger effect. While the percolative conduction
sensitive to a slight modification of the connectivity of th
FM clusters, the other macroscopic properties such as m
netization and absorption spectra are not much influence

B. Optical spectra

The small spectral weight at the lower-energy part in
absorption spectra at all temperatures~Fig. 8! indicates its
incoherent nature even in the temperature region where
FM phase appears; the coherent Drude part from the in
band transition, which is fairly large in the canonical doub
exchange systems,23,24 is not observed. Opening of th
charge gap in lowering the temperature as well as the f
opened gap of about 0.2 eV are similar to those observe
the CO-OO insulator Pr0.6Ca0.4MnO3 single crystal.25 With
the appearance of the FM phase by further decrease o
temperature, the gap is gradually filled due to the increas
the spectral weight below 0.6 eV. This behavior is typical
the narrowband manganites with low Curie temperat
(TC).26 Our sample shows, therefore, qualitatively simi
behavior to the other CO-OO manganites in the insulat
state and to the FM state of low-TC manganites when the FM
phase appears.

As for the photoexcitation effect in the absorption spe
trum @Fig. 8~c!#, the spectral weight lower than 0.8 eV
barely modified. This suggests little change of the metal
ity, which is consistent with the result that there is litt
photoinduced magnetism. The absorption spectrum hig
than 0.8 eV increases a little by the photoexcitation; t
might suggest some electronic-structure change around
eV. Optical conductivity measurements of manganites
several authors show the existence of the 1.5 eV peak.27 The
peak is not assigned definitely yet and its relationship to
observed conductance increase is unclear.

Before we end this section, we should mention the ap
cability of the simple analysis as presented above becaus
are certain that the sample is highly inhomogeneous.
dielectric constant and hence the optical properties of
phase-separated manganites are not well investigated. T
fore, as a first step, let us employ the simple but widely u
effective-medium theory here. The theory treats a rand
inhomogeneous mixture of more than two kinds of mater
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as a homogeneous medium of an effective dielectric cons
«eff . The microstructure of each material is modeled by
tational ellipsoids. When the material is composed of t
componentsA and B whose dielectric constants are«A and
«B with probabilitiesf and 12 f , respectively,«eff is derived
from a quadratic equation of«eff ,

«eff
2 1S f 2L

L21
«A1

12 f 2L

L21
«BD «eff1

L

L21
«A«B50, ~3!

whereL is a depolarization factor that depends only on t
shape of the ellipsoid.28 When the calculated values are com
pared to the experimental results,L is treated as a fitting
parameter that depends on the microstructures, sur
roughness, inhomogeneity, and so on. This equation co
from the self-consistent requirement that the total polari
tion of the ellipsoids must be equal to that of the effecti
medium.

Although the dielectric constants of the pure CO-O
phase and the fully FM phase relevant to our sample are
available, we can safely assume that the known dielec
constants of the CO-OO insulating and magnetic-fie
induced metallic phases of the Pr0.6Ca0.4MnO3 bulk crystal25

are suitable for estimating qualitatively the optical spectra
the phase-separated manganite. The absorption spectra
calculated using Eq.~3! are shown in Fig. 10. The exper
mental data were taken at 30 K with the incident light pol
ized along theb axis.25 The spectra are calculated in incr
ments of 0.1 in the metallic fractionp, and the spectra ofp
50.0, 0.5, and 1.0 are drawn as solid lines. The growth
the lower-energy weight with an increase of the metallic
gions and the pseudo-gap-like feature aroundp;0.5 are
found in the calculated spectra, which are also observe
the Cr-doped manganite film@Fig. 8~b!#. We assumed here
that the metallic domains are nearly spherical (L5 1

3 ). The

FIG. 10. Calculated absorption coefficient spectra by the eff
tive medium theory. Experimental data of a Pr0.6Ca0.4MnO3 single
crystal at 30 K in 0 T and 7 T are used as the insulator and
metal, respectively~Ref. 26!. Metallic fractionp is varied in incre-
ments of 0.1, and the results forp50.0, 0.5, and 1.0 are denote
with solid lines.
1-7
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calculated results show a qualitatively similarp dependence
if two-dimensional disklike metallic domains (L5 1

2 ) are as-
sumed.

Change of the calculated spectra as a function ofp is
rather continuous and gradual, and there is no jump or
continuity. Applied to the Cr-doped manganite, this impli
that few FM clusters are created, as little change of the
sorption spectra suggests little variation of the metallic fr
tion.

C. Optical-phonon modes

For a cubic perovskite, threeF1u phonon modes are
infrared-active. They are called external, bending, a
stretching modes, distinguished by the types of collect
motions. The phonon peak at 0.073 eV (590 cm21) in Fig. 7
is the stretching mode. Since the stretching mode co
sponds to the vibration of the atoms along the chemical b
connecting Mn and O ions, this mode is strongly affected
the change of Mn-O-Mn bond length.

The 0.088 eV (710 cm21) phonon mode observe
around 130 K is known to appear in the charge-orbital or
of manganites.25,29 It is accounted for by the unit-cell dou
bling by superlattice forming in the ordered state, whi
makes newG-point modes by folding the phonon-dispersio
branches. Thus, the shift of the stretching mode and the
pearance of the mode at 0.088 eV strongly suggest tha
charge-orbital order develops near 130 K. The disappeara
of the peak at lower temperature, on the other hand, is p
sibly because the order becomes short-ranged and coe
with FM regions. This behavior is similar to the result
other phase-separated manganites Bi12xCaxMnO3
(x.0.5),29 which show the shoulder at the higher-ener
side of the peak in the two-phase coexistence of CO-OO
FM phases and the splitting of the stretching mode in
long-range CO-OO state. Thus, the observed phonon m
behavior is consistent with the view that the ferromagne
clusters begin to appear near 130 K@Fig. 5~b!, inset# due to
the frustration of the charge-orbital order. In addition, t
background screening of the phonons at 0.054 and 0.073
at lower temperature than 70 K@Figs. 7~b! and 7~c!# is prob-
ably due to the free carriers in the metallic phase.30
s
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V. CONCLUSION

Photoexcitation effects in conductance, magnetizati
and optical spectra have been investigated in the relaxor
romagnet Pr0.5Ca0.5Mn0.96Cr0.04O3 thin film. The conduc-
tance increases gradually by the laser irradiation in the
state, while little magnetization or metallic phase is pr
duced. The photoinduced conductance is stable after the
is turned off. A possible mechanism has been proposed
the FM clusters are connected by the photoinduced rand
change of the surrounding metastable insulator resulting
the increased percolative conduction. The calculated res
of the Monte Carlo simulations21,22and the effective-medium
theory support our explanation. The heating effect and d
rioration of the sample were rejected as the cause experim
tally. Investigations of the excitation-energy dependence
the dynamics of the effect, and the search for other mater
that show similar effect, are future problems. We have a
studied optical properties of the sample, and revealed tha
behavior of the absorption spectra in the insulating and
states of the sample is qualitatively similar to those of
other CO-OO and low-TC manganites, respectively. From
the optical-phonon spectra, the appearance of the long-ra
CO-OO phase is suggested just before the FM phase be
to grow. Synthesizing the results, this system can be
garded as an intrinsic random mixture in terms of the m
netic, dielectric, and transport properties; consequently
shows intricate but intriguing responses. Also, subtlety of
phases provides us with opportunities for the studies of
inhomogeneity induced by the quenched random fields,22 as
well as the orbital physics,31 in manganites.
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