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The action spectra for the photoinduced insulator-metal transition in Pr12xCaxMnO3 were investigated in the
0.4523.05 eV range. The photon-density threshold for the transition exhibits a gaplike behavior at;0.4 eV
with anisotropic features, and it is insensitive to the degree of carrier dopingx. A two-stage mechanism is
proposed for the transition. In the first stage, photoexcited charge carriers melt down the charge-ordered state
by screening effects, which is followed by a local formation of metastable metallic domains. In the second
stage, the barrier between the metallic domains is overcome by an applied electric field resulting in a continu-
ous conducting path that remains stable as long as the current is maintained.@S0163-1829~99!03935-1#
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I. INTRODUCTION

Perovskite manganites with the formulaR12xAxMnO3 (R
andA being rare- and alkaline-earth ions, respectively! are a
model system for extensive testing of the concept of ‘‘ph
control.’’ Charge, spin, orbital, and lattice act as independ
yet strongly coupled physical degrees of freedom that can
influenced by a variation of the compositional degrees
freedomR, A, and x. The interplay is subtle and leads
highly complex phase diagrams and a number of unus
magnetic and electronic properties of these compounds1–3

The most spectacular of these may be a change of resist
of up to more than ten orders of magnitude in the course
an insulator-metal transition~IMT ! upon the application of a
magnetic field, the so-called colossal magnetoresista
~CMR!.4

In the CMR compound Pr12xCaxMnO3, the small ionic
radii of the cations at theA site lead to a small transfe
integral between Mn ions. Charge localization is theref
strong, and the compound shows insulating behavior over
whole composition range. For 0.3<x<0.5, the material is
charge ordered at low temperature, exhibiting a CE-ty
structure@Fig. 1~b!, inset#, which is incommensurate forx
Þ0.5.5,6 The charge-ordered state is energetically nearly
generate with the charge delocalized metallic state driven
the double-exchange mechanism. Therefore, a first-o
phase transition from the insulating ‘‘charge lattice’’ into
conducting ‘‘charge liquid’’ can be induced when a critic
magnetic field is exceeded.7 As the Mn41 sites are replaced
by Mn31 ions, the charge transfer along thec axis is pro-
gressively promoted. The material thus undergoes the IM
PRB 600163-1829/99/60~11!/7944~6!/$15.00
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a systematically lower magnetic field as the compositionx
varies from 0.5 to 0.3.8

The application of external forces other than a magne
field can also lead to a breakdown of charge ordering
therefore an IMT.9–12 The photoinduced IMT~Ref. 12! is
outstanding in the sense that only a well-localized condu
ing path is generated whereas the bulk of the sample rem
insulating. The phase transition is therefore distinc
localized.13 Not much is known about light induced phas
transitions14 and, in particular, about the microscopic mech
nism and its relation to the well-studied magnetic field
duced IMT in our case. Here we report the action spectra
the photoinduced IMT, from which we propose that the tra
sition proceeds in two distinct steps: creation of metallic d
mains by light followed by their fusion by the applied ele
tric field.

II. EXPERIMENTAL

Five different bulk samples of Pr12xCaxMnO3 with x
50.30, 0.35, 0.40, 0.45, and 0.50 and lateral dimension
1–4 mm were investigated. Thex50.40 sample was an
orthorhombic single-domain single crystal whosea, b, andc
axes had been determined by x-ray diffraction. In the ot
samples, the almost cubic symmetry of the crystal lattice
to a multi-domain structure of the principal axes. After a
plying the same polishing process to all the samples4,12

some of them exhibited mirrorlike surfaces whereas oth
appeared blurred due to an infrequent pattern of microsco
defects. A pair of gold electrodes separated by a straigh
mm gap was vacuum evaporated onto the surface of
samples and connected to a dc regulating power supply
7944 ©1999 The American Physical Society
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PRB 60 7945ACTION SPECTRA OF THE TWO-STAGE . . .
tected by a 500-V resistance. On thex50.4 single-domain
sample, two pairs of electrodes with gaps perpendicula
each other were evaporated so that the electric field coul
applied along theb andc axes simultaneously with indepen
dent power supplies. The samples were mounted in
continuous-flow helium cryostat and kept at a temperatur
30 K unless otherwise stated. As light source, an opt
parametric oscillator~OPO! pumped by the third harmoni
of a Nd:YAG laser was used. The IMT was induced by ill
minating the gap between the electrodes with 5 ns li
pulses from the OPO at a photon energy of 0.4523.05 eV,
while applying a fixed voltage of up to 50 V to the ele
trodes. The transition was noted as a sudden drop of
resistance between the electrodes after a single light pul12

The polarization and intensity of the light pulses were co
trolled with three revolving Glan-Thompson prisms. T
pulse energy was monitored with a flat-response Joule m
and the beam diameter was measured with a traveling k
edge. The absorbed photon densitys was calculated using
results of these measurements and was corrected for th
flectivity.

FIG. 1. ~a! Spectral and polarization dependence of the pho
densitys required to trigger the IMT in a Pr0.6Ca0.4MnO3 single
crystal at 30 K for a voltage of 50 V applied to the sample el
trodes separated by a 25mm gap. Circles and squares denote
transition induced by applying the voltage~U! along theb or c axis
of the crystal, respectively. Open and closed symbols denote a
larization of the incident light along theb or c axis of the crystal,
respectively. The inset shows the spectral dependence of the a
ropy ratio s(b)/s(c). ~b! Optical conductivity spectrum of the
sample at 10 K for electric fields of the incident light (Uopt) polar-
ized along theb andc axis, respectively. The inset shows the co
linear CE-type spin-, orbital-, and charge-ordering structure. Lo
denote the manganesed3x22r 2 andd3y22r 2 orbitals.
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Once the conducting path has been formed, it rema
stable without further illumination as long as a current
flowing between the electrodes, but the sample returns to
initial insulating state immediately after the current has be
switched off. The path is always formed inside the illum
nated region.13 Consequently, the phase transition is mo
easily induced if the laser spot is well focused and fu
covers the space between the electrodes at an arbitrary
tion along the gap. Since the light-intensity threshold for t
transition is highly sensitive even to tiny misalignmen
great care had to be taken to achieve and maintain an opt
adjustment. For this purpose the image of the sample
monitored with a CCD camera equipped with a teleph
lens. This enabled the adjustment of the laser beam
helped to detect and avoid damages of the sample surfac
the electrodes. Still, frequent fine alignment was requi
since wavelength tuning of the OPO led to defocusing an
beam walk off. The criterion for the best adjustment w
minimization of the pulse energy required for the photo
duced IMT. Gradually occurring effects, due to the unsta
performance of the OPO laser beam or to microscopic d
ages of the electrodes after recurrent induction of the ph
transition, were taken into account by repeating the meas
ment several times during one experimental run. Asymm
tries originating in an elliptical laser-beam profile were co
pensated by verifying the threshold for the IMT for select
photon energies with the sample rotated by 90°.

III. RESULTS AND DISCUSSION

Figure 1~a! shows the action spectrum, that is, the spec
and polarization dependence of the minimum photon den
s required to trigger the IMT in the Pr0.6Ca0.4MnO3 single
crystal with 50 V applied. Sinces does not vary much a
photon energiesE.1.0 eV, only the low-energy range i
shown in Fig. 1~a!. There is distinct evidence for an energ
gap atE;0.4 eV. The threshold density remains indepe
dent of the polarization of the incident light, but belowE
51.0 eV an anisotropy appears with respect to the direc
of the applied electric field, the anisotropy ratios(b)/s(c)
being shown in the inset in Fig. 1~a!. For comparison, Fig.
1~b! shows the optical conductivity spectrum for light pola
ized along theb and c axis, respectively.15 Contrary to the
action spectrum, the optical conductivity starts to rise
lower energy with a clear anisotropy with respect to the p
larization of the incident light.

Figure 2 shows the action spectra of all samples with
V applied to the electrodes. Thex50.40 spectrum of Fig. 2
was derived by averaging over the four spectra of Fig. 1~a!.
Since all other samples were not single domain, the dir
tional dependence of their spectra was not studied. FoE
.2.0 eV, s saturates at a value quite insensitive to bo
photon energy and carrier doping. By averaging over the
different curves, the saturated photon density is found to
ssat5(24.662.9)31015 cm22 in the 2.0–3.0 eV energy
range ~inset in Fig. 2!. For E,2.0 eV, s increases with
decreasing photon energy. A steep increase ofs at the low-
est photon energies indicates the presence of an energy
at E;0.4 eV. At 0.45 eV,s is about 50 times larger tha
ssat with a variation of650% for the different samples. Th
variation, however, does not systematically depend on
degree of carrier dopingx. It is rather due to the aforemen
tioned differences in sample quality or long-term variatio
of the laser performance. Nonetheless, the anisotr
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FIG. 2. Spectral dependence of the phot
density s required to trigger the IMT in
Pr12xCaxMnO3 at 30 K for a voltage of 50 V
applied to the sample electrodes separated b
25 mm gap. The inset shows the high-energ
range of the spectrum averaged over all fi
samples and a linear fit to the data~line!.
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@s(b)/s(c);1.5 at E50.45 eV] for the x50.4 sample
@Fig.1~a!# is reliable, since the data were gained from a sin
sample and in a single run.

The insensitivity to the degree of carrier doping of t
spectra shown in Fig. 2 is the most remarkable feature.
shown in Ref. 7 and mentioned earlier, it becomes easie
induce the IMT in a magnetic field upon a decrease fromx
50.5 tox50.3. The absence of this tendency in our expe
ments shows that the mechanism underlying the phot
duced IMT acts on the charge-ordered state in a comple
different way.

The magnetic-field induced IMT described in Sec. I is
equilibrium process. The insulating state with low trans
integral at zero field and the metallic state with higher tra
fer integral at a nonzero field are about degenerate, and
Zeeman energy simply biases the fluctuations around
system equilibrium to find a path from the insulating to t
metallic ground state. In this sense, the transition is gover
by the weakest path through phase space between the
ground states.

The optical transition, on the other hand, is a nonequi
rium process and may be divided into steps as follows:~1!
From the localized state, charge carriers are excited ac
the Mn31→Mn41 charge-transfer gap by a light pulse.~2!
Due to screening by the delocalized electrons, the cha
ordered state melts, and~3! the formation of a multidomain
metallic phase occurs instead.~4! The decay of this meta
stable state is interrupted by the electric field by fusing
domains into a continuous conducting path between the e
trodes. Once the path is established, the dc current prov
the screening and maintains the metallic phase for an infi
time.

~1! The relevant optical excitation process in this mod
can be seen by comparing Figs. 1~a! and 1~b!. The low-
energy tail in the optical conductivity for thec-polarized
light is due to the extended one-dimensional electronic s
along thec axis mediated by the partial filling of theeg
orbitals at Mn41 sites as discussed before. The optical ex
tation within this extended state, however, does not disr
the charge-ordering pattern and hence cannot lead to the
tallic state, which must be three-dimensional.15 Clearly,
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the photoexcitation has to overcome the highest barrie
all directions against charge delocalization for the photo
duced IMT. This should be the charge-transfer excitat
from Mn31 to Mn41 in the CE-type charge- and orbita
ordered state. The insensitivity of the gap energy and
s to the compositionx is reasonable since the CE-type o
dering, which is overcome by the photoinduced screen
persists throughout the entire composition range 0.3<x
<0.5.6

~2! Phase transition due to screening by photoindu
charge carriers are known in ferroelectric materials wh
screening modifies the frequency of the soft polarization
bration mode and therefore the Curie temperature.16 As to
the manganite compounds, screening attenuates the l
range Coulomb interaction, which, besides Jahn-Teller
other local lattice distortions, is responsible for the cha
localization.17,18 The Hamiltonian for the double-exchang
interaction is modified by the screening to a much les
extent.19 When the screening is strong enough, the cha
localization therefore becomes inferior to the double e
change, and the IMT occurs.

~3! The photoinduced metallic phase is created locally a
therefore strongly competes with the surrounding antifer
magnetic phase.20 Due to this ‘‘pressure,’’ the metallic stat
is not stable, even though it is surprisingly long lived with
lifetime of about 1ms.21,22 If the sample has fully undergon
the IMT in a magnetic field, the lifetime is greatly extended23

due to the absence of the background pressure so tha
metallic state is regarded as stable. Note that the descr
photoexcitation is a quantum process. Therefore, itsquantum
efficiencysaturates at high photon energies~Fig. 2, inset!. On
the other hand, thepower efficiencygoes down as the photo
energy goes up, disproving that laser heating is of a
significance.12,13,25

~4! It is known that the photoinduced phase
ferromagnetic.24 In the absence of the external magne
field, however, the ferromagnetic domains are randomly
ented and cannot easily merge. The role of the external e
tric field in the photoinduced IMT is to fuse the domains a
to form a continuous conducting path between the electro
which prevents the charge carriers from relocalization
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FIG. 3. Voltage dependence of the photo
density s required to trigger the IMT in
Pr0.6Ca0.4MnO3 at 30 K. The threshold values
s(U) were normalized tos(50 V) and averaged
over six different photon energies (E50.5, 0.6,
0.7, 0.9, 1.2, and 1.6 eV!. The electric field was
applied along~a! theb axis or~b! thec axis of the
sample, respectively.
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long as the current is maintained through it. The fusing p
cess requires essentially the electrical breakdown in the
sulating parts between the domains. Creation of metast
metallic domains by light followed by their fusion into
stable metallic path by the applied voltage constitute
two-stage photoinduced IMT model.

The above scenario is buttressed by the observation
the resistance of the conducting path~see below! is indepen-
dent of the degree of carrier doping whereas the ohmic
sistance of the samples in the insulating state change
three orders of magnitude while going fromx50.5 to x
50.3.25 The thresholds thus reflects the resistive propertie
of themetallicstate, which corroborates thats is determined
by the electric field applied to the sample in the stateafter
the laser irradiation when the metallic state is alrea
present. The two-stage model is also supported by Fig. 3
which the threshold photon density is plotted as a function
the applied voltage. The threshold values at six differ
photon energies (E50.5, 0.6, 0.7, 0.9, 1.2, and 1.6 eV! for
the electric field applied along theb or c axis of thex50.4
sample, respectively, were normalized to the threshold aU
550 V and averaged over all six energies to arrive
^snorm(U)&5^s(U)/s(50 V)&. The small 5% variance o
-
n-
le
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at
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by
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the averaged value and the insensitivity to the direction
the applied electric field confirm thatsnorm(U) is indepen-
dent of bothE and of the orientation of the crystal. Accord
ing to the two-stage model, the voltage required to trigger
generation of the conducting path should only depend on
density of metallic domains, irrespective of the photon e
ergy of the excitation. Even though the required photon d
sity depends onE ~because the density of metallic domai
does!, the normalized threshold valuesnorm(U) should not,
and indeed it does not.

Let us further note two distinct features in Fig. 3. The fi
is the linear relationship between the reciprocal normaliz
threshold and the applied voltage, and the second is the
offset at the abscissa. Both cannot be understood in term
simple percolation26 or Ostwald ripening phenomena.27 In
either case, more photons create more metallic doma
which at some point should fill up the space between
electrodes resulting in the metallic path at zero applied v
age. One would expect an abrupt drop of applied voltage
1/snorm approaches zero, and a nonzero intercept on the
dinate rather than on the abscissa. The behavior show
Fig. 3 can be understood if we consider the internal degre
h

et
FIG. 4. Voltage dropŨ across the conducting
path as a function of the current flowing throug
it along the b or c axis of the x50.4 sample,
respectively. Temperature is 30 K. The ins

shows the ratioŨ(b)/Ũ(c).
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FIG. 5. Temperature dependence of the ph
ton densitys required to trigger the IMT in a
Pr0.6Ca0.4MnO3 single crystal with light at 1.2 eV
for a voltage of 30 V applied to the sample ele
trodes separated by a 25mm gap. The dashed line
marks the temperature above which the mate
becomes instable against the electric-field
duced IMT.
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freedom of the metallic domains, the magnetization. Beca
the total magnetization should be conserved during the p
toexcitation, the domains that appear out of the antiferrom
netic background must be accompanied by domains with
posite spin, the boundary being the antiferromagne
insulating wall. This is not to be confused with a doma
wall in an ordinary ferromagnetic metal. Even at the limit
infinite light intensity, the boundary between the doma
is left. The applied field is needed to overcome this bound
whereby the 5 V offset must be exceeded in order
maintain the continuous metallic path in accordance w
Fig. 4.

With the above view, the anisotropy in Fig. 1~a! can be
easily understood in terms of the aforementioned ‘‘pr
sure.’’ One signature of such an effect is the current-volta
(I -Ũ) relationship after the IMT, which is shown in Fig. 4
The resistanceŨ/I represents the ‘‘stress’’ needed to mai
tain the metallic path against the surrounding antiferrom
netic state. With the width of the conducting path cor
sponding to the path current, theI -Ũ curve shows strong
negative differential resistancedŨ/dI.25,28According to Fig.
4, the resistance for a given current along theb axis is 50%
higher than for thec axis. This reveals a corresponding a
isotropy of the background pressure which in turn expla
the anisotropy ofs with respect to the direction of the elec
tric field in Fig. 1~a!.

The final evidence that the photoinduced IMT occurs
away from the thermal equilibrium and that it is not affect
by laser heating is presented in Fig. 5, in whichs is plotted
as a function of the temperature. The incident photon ene
and the applied voltage were fixed at 1.2 eV and 30 V,
spectively. The insensitivity of the photoinduced IMT to th
temperature below 53 K is obvious. Above 53 K, the ma
rial becomes unstable against the electric-field induced I
~Ref. 9! so that the phase transition already occurs in
absence of laser irradiation. If the underlying mechanis
for the two types of IMT’s were related to each other, th
se
o-
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effects would add up, ands should smoothly decrease to
wards zero at 53 K. Lack of such a behavior indicates t
the role of the applied field in the respective IMT’s is com
pletely different.

IV. CONCLUSION

In summary, the application of optical spectroscopy
vealed that the photoinduced IMT in Pr12xCaxMnO3 can be
regarded as a process with two largely independent sta
At the first stage, charge carriers are photoinduced in
charge-transfer excitation. The screening effect weakens
strong correlation between the electrons leading to the r
ganization of the local electronic structure from that of t
charge-ordered insulator to that of the metallic phase. At
second stage, the insulating barriers between the isolated
tallic domains are overcome by an applied electric field, a
a metallic path is formed between the electrodes. Unlike
magnetic-field induced IMT, which works via the amplifica
tion of double exchange, the photoinduced IMT works v
the attenuation of charge ordering. It is therefore insensi
to the degree of carrier doping.

According to the proposed model, the presence of
metallic state is due to photoexcitation whereas the exte
electric field enables its persistency. Hence, evidence for
metallic state should be found in a pump-and-probe exp
ment in which the spectral change of reflectivity accomp
nying the phase transition is probed in the absence of
electric field. An investigation of the temporal evolution
the photoinduced IMT would therefore offer a different a
proach to the problem of ‘‘phase control.’’
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