
VOLUME 81, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 10 AUGUST 1998

20742

1

Ultrafast Laser Induced Conductive and Resistive Transients inLa0.7Ca0.3MnO3:
Charge Transfer and Relaxation Dynamics

Y. G. Zhao,1,* J. J. Li,2 R. Shreekala,1 H. D. Drew,1 C. L. Chen,2 W. L. Cao,2 C. H. Lee,1,2

M. Rajeswari,1,3 S. B. Ogale,1,3 R. Ramesh,1,3 G. Baskaran,4 and T. Venkatesan1,2,3,4

1Department of Physics and Center for Superconductivity Research, University of Maryland, College Park, Maryland
2Department of Electrical Engineering, University of Maryland, College Park, Maryland 20742

3NSF MRSEC on Oxides, Thin Films and Surfaces, University of Maryland, College Park, Maryland 20742
4Institute for Mathematical Sciences, Taramani, Chennai 600028, India

(Received 26 March 1998)

Pulsed laser excitation induced conductance changes in colossal magnetoresistance material
La0.7Ca0.3MnO3 were studied on the picosecond time scale. A two-component signal was seen
consisting of a fast positive transient associated with the paramagnetic insulating state and a slower
negative signal associated with the ferromagnetic metallic state. The fast component corresponds to
the photoionization of the Jahn-Teller small polaron. The slow component is explained in terms of the
reduced carrier mobility due to photogenerated magnetic excitations. [S0031-9007(98)06798-2]
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The observation of colossal magnetoresistance (CM
in the doped rare earth manganites has stimulated rese
on these strongly coupled metallic oxide materials [1
3]. It is now accepted that both double exchange [5] a
Jahn-Teller lattice distortions [6] play an important ro
in the magnetic and transport properties of the mang
ites. However, the phase diagram of the manganites ha
number of intriguing features [4]. The ferromagnetic o
der in the manganites does not have a simple depende
on the Mn31yMn41 ratio. The ferromagnetic Curie tem
peraturesTCd in La12xCaxMnO3, for example, peaks close
to 30% Ca21 (corresponding to 30% Mn41) concentration
rather than 50% Ca21 concentration. Further, as one en
hances the Ca21 concentration in the system, disruption o
the ferromagnetic order is observed. In fact, for.50%
of the Ca21 concentration no ferromagnetic phase is see
Also the propensity of the system to form charge order
insulator also increases withx. These features show tha
spin, charge, and lattice are strongly coupled in the CM
materials [5–8].

In this paper, we describe the transient transport
sponse of La0.7Ca0.3MnO3 upon excitation with a 100 fs
laser pulse. If charge or spin excitations are introduc
via pulsed photoexcitation, and the change in conducta
of the material is monitored, important information abo
the interactions among spin, charge, and lattice, and a
the relaxation processes of the nonequilibrium state m
be obtained on these CMR materials. There have be
some studies in the past on the picosecond spin dyna
ics in magnetic systems [9–12]. For example, the stu
by Awschalom and Halbout [9] on magnetic polaron d
namics in a dilute magnetic semiconductor Cd12xMnxTe
showed that the spin organization and relaxation times
hundreds of picoseconds. To our knowledge, no picos
ond dynamical study on CMR materials has yet been
ported in the literature.
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The epitaxial La0.7Ca0.3MnO3 (LCMO) films used in
the study were prepared by the pulsed laser deposit
process on LaAlO3 substrates. The details of the de
position and annealing process are described elsewh
[13] and the temperature dependence of the electrical
sistance of the films shows a peak at 263 K. The fa
optical response experimental system is described in
tail elsewhere [14]. Briefly, the film (100 nm thick) to
be examined was patterned into a transmission line
minimum width of 30 mm and a length of 5 mm and is
biased with a dc current source. 1.5 eV pulses of 100
duration with repetition frequency of 9 kHz are obtaine
from Ti-sapphire laser system. The conductance chan
sDGd of LCMO under the femtosecond laser pulse irra
diation was measured in real time by a fast oscillosco
with 20 ps time resolution. Before the laser pulse arrive
a flat dc base line appears which serves as a referen
The laser induced signal, whose amplitude is proportion
to the conductance changesDGd of LCMO [15] superim-
posed on this reference base line. If the conductance
LCMO increases due to the laser pulse, a positive sig
(conductive transient) will be obtained; i.e., the value
the signal is larger than that of the base line. Converse
a negative signal (resistive transient) will be obtained if th
conductance of LCMO decreases due to the laser pulse

The pulsed optical response (OR) of the LCMO tran
mission line is shown in Fig. 1. Figure 1(a) shows th
data taken at 280 K where only a positive photocondu
tance signal is seen (i.e., increasing conductance due
laser pulse, referred to from now on as the conductive tra
sient); Fig. 1(b) shows the response at 7.76 K where onl
negative photoconductance signal (referred to as the re
tance transient) is seen; and Fig. 1(c) gives the data ta
at an intermediate temperature of 158 K, where both t
conductive and resistive transients are seen. The cond
tive transient precedes the resistive transient and has a
© 1998 The American Physical Society
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FIG. 1. The OR of the LCMO thin film. An upward signal
represents conductance increase while a downward sig
indicates conductance decrease. The laser power, bias curr
and the temperature are shown in the figures. The arro
indicates the arrival of the laser pulse.

and fall time an order of magnitude faster than the la
ter. (It must be noted that the resistive transient show
some periodic oscillations which are due to reflections
the signal arising from impedance mismatch in the circu
and this corresponds to the connection between the sam
and the terminal leading to the outside of the cryosta
Figure 2 shows the temperature dependence of the c
ductance change deduced from the conductive and re
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FIG. 2. The temperature dependence of the conductan
change deduced from the conductive and resistive transien
Laser powerP ­ 22.3 mW and the bias currentI ­ 10 mA.
The temperature dependence of the electrical resistance is a
shown.

tive transients [15]. The temperature dependence of t
resistance of the thin film is also shown. The temperatu
dependence of the resistive transient is opposite to t
conductive transient behavior and rises as the tempe
ture is lowered. We first note that these signals cann
be explained by a simple bolometric effect, i.e., resistanc
change by heating. The sign of the conductive transient
in contradiction with our expectation for the bolometric ef
fect belowTC . For the resistive transient, the temperatur
dependence of the resistance change due to the laser illu
nation is just the reverse of that expected for the bolometr
effect; i.e., it should increase with increasing temperatu
if it is bolometric in origin.

In the optical spectra of La0.7Ca0.3MnO3, there is a
broad peak in the conductivity function centered aroun
1.2 eV at room temperature which shifts to lower energie
with decreasing temperature [16]. This peak is identifie
with the charge transfer excitation of an electron from th
lower Jahn-Teller (J-T) spliteg level of a Mn31 ion to
the eg level of an adjacent Mn41 ion. Because of the
significant widths of these energy levels, at the 1.5 e
photon energy the excitation lies on the high energy tail o
this absorption band. Because this absorption band shi
to lower energies with decreasing temperature, its overla
with the photon energy will decrease. Figure 3 show
schematically the electronic structure of the Mn31 and
Mn41 ions and the possible optical transitions. The uppe
panel shows the energy of Mneg andt2g levels around the
paramagnetic-ferromagnetic transition region for adjace
Mn31 and Mn41 ions. The spin upeg levels in the Mn31

ions are split byEJT due to the Jahn-Teller effect. In the
Mn41 the spin upeg states are shifted upwards (relative
to the unsplit Mn31 ion spin upeg levels) byEB due to
the oxygen breathing mode distortions. The spin downeg

level (not shown in the upper panel) of Mn41 is higher by
Hund’s coupling energyEJ ­ JHSC relative to the spin
upeg level of Mn41, whereJH is the exchange constant of
Hund’s coupling,SC is the Mn ion core spinsSC ­ 3

2 d.
1311
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FIG. 3. The schematic electronic structure of theeg and t2g

levels of Mn31 and Mn41 ions and the optical transition
relevant to the experiment.

Transition A is the dipole active photoionization of th
Jahn-Teller small polaron. The lower panel shows
energy levels in the metallic ferromagnetic state at l
temperatures. The spin up and spin downeg bands are
separated byEJ. The aligned core spins in thet2g levels lie
below the spin upeg levels by the crystal field energyECF .
Process B promotes at2g core electron of Mn31 to the spin
up eg bands of Mn41 by a dipole allowed charge transfe
process. The transition between the spin upeg bands
and spin downeg bands depicted by C is allowed on
by an electric dipole spin flip process. Another possi
transition involves electrons from the spin upeg level of
Mn31 to the spin downt2g level of Mn41 with spin flip
process. These are the only relevant optical processe
the 1.5 eV photon of this experiment. The temperat
dependence of the transients will be determined by
factors: the absorption of photons which depends on
variation with temperature of the relative energy level
the corresponding transitions and the effect of the elec
transfer on the conductance.

Process A will result in promoting an electron from
Mn31 to a neighboring Mn41 which will increase the con-
ductivity and account for the conductive transient. It c
responds to the photoionization of the Jahn-Teller sm
polaron. The temperature dependence of this fast resp
may be also understood in these terms. This process w
be enhanced with increased Jahn-Teller splitting of
Mn31 eg band, which will increase the overlap of the ph
ton energy with the absorption band (since we are on
higher energy tail of the absorption band). Therefore,
absorption cross section will increase with increasing te
perature. Also, the difference in the mobility of the in
tial (polaron) state and final (band) states should reduc
the samples go deeper in the ferromagnetic state. The
calized small polaron in the paramagnetic state gradu
transforms into an itinerant large polaron in the ferroma
netic state and its mobility increases. The decrease of
signal beyond the peak resistivity temperature is indi
1312
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tive of the temperature dependence of the mobility. T
response time of the conductive transient is understood
the time for the hot electron to thermalize and become
calized. The results show that this time is on the order
150 ps and is nearly temperature independent.

The slow resistive transient occurs predominately
the metallic-ferromagnetic state. The long decay tim
of the signal suggests a spin relaxation process. Spin
processes can occur in this experiment through spin-or
interaction or the exchange interaction. There are two o
tical processes that may contribute to this signal. Fir
the optical transitions between the spin upeg bands and the
spin downeg bands (process C) are expected to be cente
aroundJHSC ­ 1.7 eV at low temperatures [17]. The op
tical conductivity due to these transitions is expected to
weak in the ferromagnetic state since they require a s
flip which is only weakly allowed by an electric dipole
process through the spin-orbit interaction. A second op
cal process that may contribute to the slow resistive tra
sient is the dipole allowed spin conservingt2g to eg charge
transfer transition depicted in Fig. 3 as process B. T
t2g to eg crystal field splitting of LCMO is close to 2 eV
[18]. This process produces a magnetic excitation in t
system. If the excited state decays through a rapid s
flip process either through the spin-orbit interaction or th
exchange interaction between the excited ion and its nei
bors, then magnons will be produced. Once the spin fl
process occurs in either optical process, and decays
magnons, the conductivity decreases both because of
disruption of the hopping process and electron scatter
by the magnons. The slow relaxation of the photorespon
may then be understood in terms of the long magn
lifetime. The temperature dependence of the resist
transient may be understood in terms of the temperat
dependence of the resistivity of the sample since the a
plitude of the signal is proportional toDRyR2, whereR is
the resistance of the sample and it increases with incre
ing temperature. Nevertheless, the resistance changesDRd
also decreases somewhat with increasing temperature
our experiment. This indicates that the disturbance of t
pulse laser excitation to the transport properties becom
weaker with increasing temperature. This can be explain
qualitatively as follows. At lower temperatures, the spin
are all aligned, so the effect of the disturbance is expec
to be maximum, whereas at higher temperatures, where
spins aligned randomly, the effect of the disturbance to t
spin system is reduced. Therefore, the effect of the pu
laser excitation on the conductance is proportional to t
spin order or the magnetization of the sample.

The nature of the optical excitations in the manganit
change significantly as one goes from the paramagnetic
sulator state aboveTC to the ferromagnetic metal state be
low TC . Thus, although it is appropriate to talk in terms o
atomic levels for the ionic sites while discussing the co
ductive transient, the situation becomes much more ba
like when one is talking about the resistive transients se
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dominantly at the lower temperatures where the system
more metallic. However, even in the band picture som
of the arguments presented above using ionic energy le
pictures must translate into the nature of the bands u
der optical excitation. In the ionic picture, for example
the resistive transient would involve at2g electron excita-
tion from a Mn31 to theeg level of a Mn41 and the relax-
ation of the hole in the original Mn31 would be impeded
since theeg electron from the same ion will not be al-
lowed to fill this hole. In addition, the superexchange fo
this excited state may create local antiferromagnetic dis
der which would further perturb the system. In the ban
picture one would expect the optical excitation to result
the excitation of at2g electron to theeg conduction band
leaving behind a hole in thet2g bands. If the decay of this
t2g hole can occur via a spin orbit or exchange interactio
induced spin flip then magnons are created reducing
electron mobility. The system relaxation time will then b
determined by the decay time of the magnons. It is not
that this time constant increases from a value of aroun
nanosecond at 8 K to a value over an order of magnitu
larger at a temperature of 170 K. At present, this result
not understood. It may indicate a complex interplay b
tween double exchange and the J-T effect and the mag
excitations as the temperature is raised towardTC . This
issue needs further investigation.

In summary, the femtosecond optical excitation
1.5 eV photon energy gives rise to dramatically differe
photoresponses in the paramagnetic and ferromagn
states of the manganites, resulting in a conductive a
a resistive transient, respectively. The former aris
from the photoionization of a Jahn-Teller small polaro
while the latter is associated with the reduction of th
electron mobility in the metallic state due to long live
spin excitations. The conductive transient measures
thermalization and localization time of an electron mad
itinerant by a photon, and this is found to be 150 ps a
nearly independent of temperature. The resistive transi
at the lowest temperatures, where the J-T effects
not manifest, decays slowly with nanosecond respon
and this decay time is further enhanced over an order
magnitude at higher temperatures where the J-T effe
begin to dominate. The pulsed optical response techniq
clearly enables us to measure the dynamics of the vario
processes that dictate the transport properties of
manganites.
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