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We have observed an insulator-to-metal (I-M) transition triggered by the photocarrier injection
the charge-ordered (CO) state of a perovskite manganite crystal, Pr0.7Ca0.3MnO3. The photocurrent is a
highly nonlinear function of applied electric field and of light intensity; both show a threshold beha
for the I-M transition. The dependence of the anomalous photocurrent on the excitation photon e
and the temperature excludes the laser heating as the cause of the effect, suggesting the phot
mediated collapse of the CO state. [S0031-9007(97)03338-3]

PACS numbers: 71.30.+h, 71.28.+d, 72.40.+w
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Perovskite manganites with the formulaR12xAxMnO3
(R  trivalent rare earth element andA  divalent
alkaline earth element) offer a vast playground in whi
one can test the concept of the “phase control.” He
charge, spin, orbital, and lattice act as independent deg
of freedom, yet they are strongly coupled so that t
balance between the resulting phases is very subtle
susceptible to the external stimuli. This is most notab
exemplified by their extremely large magnetoresistan
[the so-called colossal magnetoresistance (CMR)], wh
is viewed as a magnetic-field induced insulator-to-me
(I-M) transition [1]. In this case the control paramete
are the electronic bandwidth and the doping level. T
bandwidth control is afforded through the dependence
the transfer energy on the lattice distortion [2]: the smal
the ionic radii of cations at theA site of the perovskite
lattice, the smaller is the transfer integral. The amou
of the divalent ions,x, controls the level of doping,
which, on the one hand, can promote the delocalizat
of the charge via the double-exchange mechanism
and, on the other hand, can favor localization throu
the formation of a charge-ordered state [4], manifes
by the charge-density modulation at the Mn site. T
modulation is stabilized at a certain charge distributi
commensurate with the lattice periodicity. The charg
ordered state is thus very stable atx  0.5 when small
cations such asR  Pr and A  Ca are chosen [5].
When one reducesx, the charge-ordered state becom
less stable and, aroundx  0.3, the system is on the verg
of the transition from the charge-ordered insulator (CO
to the ferromagnetic metal (FM) so that the (energetica
minuscule) magnetic field can cause the COI to F
transition and hence the CMR. This report deals with
similar I-M transition mediated by the creation of carrie
via photoabsorption of visible-IR light [6].

The sample is a single crystal Pr0.7Ca0.3MnO3 grown
by the floating-zone method as described previously
A thin slice was cut from a boule and the surfa
was mechanically polished to a mirror surface. It w
annealed at 1000±C for 24 h under O2 flow to remove
the surface stress. Au electrodes separated by a50 mm
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gap (,2 mm long) were vacuum evaporated onto th
surface. The sample was mounted in a continuous-fl
type cryostat for maximum heat conduction. The wirin
consisted of thin50 V Teflon coaxial cables.

Without an external field, this material undergoes
series of phase transitions [1]. At room temperature
is a paramagnetic insulator. Below 200 K, it is the CO
It turns into an antiferromagnet around 130 K (TN ), and
finally into a canted antiferromagnet around 115 K (TCA).
The resistance of the sample shown in Fig. 1 is (as
from a multiplicative factor due to the electrode geometr
in good agreement with the published data [1]. Althoug
the electric field used in the experiment is relatively stro
(up to 4 kVycm; see below), theI-V relationship is linear
in this range as shown in the inset of Fig. 1.

The I-M transition was monitored by observing th
photoinduced conduction. An OPO (optical parametr
oscillator) excited by a pulsed YAG laser was used f
optical excitation. The photon energy was in the ran

FIG. 1. The resistance of the sample and theI-V relationship
(inset) at some representative temperatures. Within this volt
range (50 mm electrode separation) the resistance is Ohmic.
© 1997 The American Physical Society 4257
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0.6 to 3.5 eV and the pulse duration was 5 ns. T
temporal profile of the laser pulse and the photocurr
was monitored with a digitizing oscilloscope. In ord
to avoid spurious ringing in the fast pulse detectio
we were obliged to use the input impedance of
oscilloscope (50 V) as the reference resistor despite t
obvious disadvantage of the lower sensitivity.

The photocurrent was linear in terms of the appli
voltage and laser power for 3.5 eV photoexcitation
low power level. The current properly followed the las
pulse shape and the sign reversed when the polarity o
applied voltage was inverted. No sign of contact poten
nor thermoelectric effect was seen.

However, as the photon energy was reduced, the lin
response became more and more difficult to observe
appears that there is a threshold power for the photocur
(see Fig. 5 below). When the photocurrent was la
enough for observation, it already showed a pronoun
tail as shown in Fig. 2(a), which is a photocurrent for
single laser shot of 1.2 eV photon energy taken at 30
The shape of the leading edge coincides with that of
laser pulse but the tail lasts well after the 5 ns pulse
gone. As the optical energy per pulse was increased,
leading edge grew rapidly and the tail became further
further pronounced [Fig. 2(b)]. The response is clea
nonlinear. The sample eventually undergoes the I
transition [Fig. 2(c1)] whose longer trace is shown
Fig. 2(c2). The applied voltage was manually shor
after each shot in order to avoid a possible cumulat
effect. The laser energy of each shot is marked in Fig
as the fraction of the minimum energy at which t
transition did occur: the 100% level corresponds to5 mJ
over the area of0.015 mm2. The final voltage drop
across the sample was 1 V, corresponding to a sam
resistance of5 V; before the transition it was,1 GV

(Fig. 1). Considering the laser spot size in the electro
gap (0.05 3 0.3 mm2) and the penetration depth of th
light (about 0.2 mm), [7] the resistivity of the sample
should be less than1 mV cm, which is far less than the
resistivity at room temperature [1].

As seen in Fig. 2 and also Fig. 3 below, the instan
neous response of the photocurrent is followed by an
cillatory structure which is reproducible. It is not due
the ringing in the circuitry but due to the sudden volta
drop across the sample caused by the large photocur
As will be discussed below, the photocurrent is very s
sitive to the applied voltage whose fluctuation feeds b
into the current and results in an oscillation. The tran
tion is reproducible. The process shown in Fig. 2(c) c
be repeated scores of times without an obvious sign of
tigue or change in the threshold laser power level: as
be discussed later, the metallic state returns to the insu
ing state on removal of the voltage.

The transition is also sensitive to the applied volta
Figure 3 shows the dependence of the photocurrent on
applied voltage, in which the laser energy was kept at 8
4258
e
nt
r
,
e
e

d
at
r
the
al

ar
It

ent
e

ed
a
K.
he
is
the
nd
ly
M
n
d
e
2

e

ple

de

a-
s-

e
ent.
n-
ck
i-
n

fa-
ill
lat-

e.
the
%

FIG. 2. Evolution into the I-M transition after a single sho
of 1.2 eV laser pulse. Ordinate: the photocurrent measu
across a50 V reference resistor. Percentage next to t
curves indicates the amount of energy per pulse relative to
minimum energy for the transition to occur [100% in (c)]. (c2
is the long time trace of (c1).

in the scale of Fig 2. The instantaneous current as w
as the tail are highly nonlinear functions of the voltag
The transition shows clear threshold characteristics:
transition occurs at 11 V but not at 10.5 V, despite th
extremely long tail as seen in Fig. 3(b). (For the sha
of the current over a longer time scale, see Fig. 4.) Und
a given experimental condition, the threshold value is w
defined.

One might suspect that the transition is driven by t
runaway temperature rise caused by the current. Si
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FIG. 3. Photocurrent dependence on the applied voltage. T
experimental condition was identical to that in Fig. 2 except f
the laser energy which was fixed at 87% in the scale of Fig.
Note the change of the time scale from (a) to (b).

the sample was immersed in the continuous flow of H
gas, the temperature rise by a single laser shot of a f
tens ofmJ is not likely. In order to make sure, howeve
we studied the temperature dependence of the transit
as shown in Fig. 4. The temperature was regulated
varying the flow rate of the He gas around the sample a
was monitored by a Si sensor located on the Cu block
which the sample on an insulating layer was mounte
It is clear that the behavior is essentially temperatu
independent within the reproducibility of the transition.

FIG. 4. The I-M transition at various temperatures with
fixed total energy (at 44% in the scale of Fig. 2 but wit
increased voltage of 15 V) of the laser pulse. Note that t
initial resistance differs more than 8 orders of magnitude in th
temperature range. At 87 K, the resistance is low enough
that the current is barely discernible before the application
the laser pulse.
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Further evidence against the heating scenario is provid
by the photon energy dependence of the photocurre
The optical reflectivity of the sample is rather featurele
and the penetration depth of the light is nearly consta
(,0.2 mm) in the energy range used in this experime
[7]. Thus, for a laser pulse of a given total energy, th
energy deposited into the sample should be insensitive
the laser wavelength. However, the photocurrent depe
on the photon energy as is illustrated in Fig. 5. On the o
hand, the photocurrent shows a threshold behavior wh
is smaller for the higher photon energy and is negligib
at 3.5 eV, as mentioned earlier. On the other hand,
I-M transition occurs at alower pulse energyfor the lower
photon energy. At 3.5 eV, the energy needed for th
transition was at least 1 order of magnitude larger th
that at 0.6 eV; also it was hard to avoid damage to t
sample. The photon number rather than the total opti
energy deposited into the system may be the more relev
parameter for the I-M transition to occur.

There is still much to be learned about the nature of t
metallic state observed here. We notice, however, t
the I-V characteristics of the photoinduced metallic sta
is identical to that of the metallic phase obtained und
the large applied voltage at higher temperature ($100 K);
the process can be viewed as a voltage-driven breakdo
[8]. It is, therefore, natural to interpret the tempora
behavior (e.g., Fig. 4) in terms of a similar breakdow
perhaps related to the charge-ordering-collapsed state
follows: Two separate processes clearly contribute

FIG. 5. The photocurrent dependence on the photon ene
(0.6 and 1.6 eV) and the total laser pulse energy deposited
the sample in the electrode gap region. The applied voltage w
10 V. Filled and open symbols are for the height of the leadi
edge and the peak, respectively, of the current pulse; cf. Figs
and 3. The minimum pulse energy for the I-M transition
indicated by an arrow.
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the transition. One is the fast photocarrier genera
whose leading edge follows the light pulse; the othe
the slow rise of the current triggered by the photocarrie
The slow process is apparently driven by the app
potential, since the rate of the rise depends on
applied voltage. However, the fast part is not a sim
photocarrier generation either, because it is by its
highly nonlinear, as shown in Fig. 4. The fast part sca
as the area of the electrode gap irradiated by the l
for a given energy density, but the slow part is rath
insensitive to this feature. It is, therefore, reasonable
assume that photocarrier injection creates metallic pat
whose dynamics under the external electric field le
to the formation of a complete current path. The fin
current path thus formed is probably filamentary, sin
the I-V characteristics are independent of experime
conditions. Although the exact size of the metallic reg
is not clear from our experiment, it should be qu
small since the minimum optical spot width to cause
transition is less than10 mm. In accordance with this
observation, the transition is not permanent, in the se
that the sample reverts to an insulator after remova
the applied potential. It is likely that the metallic regio
surrounded by the insulator is under mechanical
possibly magnetic stress sufficient to convert the meta
state back to the insulating state.

In conclusion, we have presented clear evidence
an I-M transition triggered by photocarrier generation
a perovskite manganite, Pr0.7Ca0.3MnO3, in which the
metallic state is the result of the collapse of the char
ordered state. Because in this material the insulating s
is antiferromagnetic and the metallic state is ferromagn
4260
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[4], the observed transition unequivocally implies that w
have produced an optically induced ferromagnetic meta
The details of the time evolution of the photoinduced
current under various conditions could provide a clue t
the understanding not only of the I-M transition but also
of the dynamics of the first-order phase transition.
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