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Photoinduced spin dynamics in La0.6Sr0.4MnO3 observed by time-resolved
magneto-optical Kerr spectroscopy
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Photoinduced effect in a ferromagnetic perovskite La0.6Sr0.4MnO3 was investigated by femtosecond pump-
probe spectroscopy. By utilizing magneto-optical Kerr rotation as a probe, the photoinduced dynamics of the
spins was observed independently of the quasiparticle relaxation dynamics. The low-energy optical conductiv-
ity decreases immediately after photoexcitation without changing magnetization, and subsequently the demag-
netization occurs in a strongly temperature-dependent manner. The photoinduced demagnetization shows criti-
cal slowing down with the time constant up to 1.4 ns when the spin temperature after photoexcitation reaches
near the Curie temperature. Such a slow response of a spin system indicates good thermal insulation between
quasiparticles and a spin system, suggesting small spin-orbit interaction.
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Ultrafast control of a spin state has been attracting m
attention in recent years. Since the conventional control
spin state by an external magnetic field cannot exceed a
cession cycle of the spin moment which is of the order
nanoseconds, an optical mean such as irradiation of a fe
second laser pulse may be promising for ultrafast manip
tion of a spin state. However, an optical field can har
change a spin state directly, and hence a special mecha
is required for such a control. Investigation for ultrafast co
trol of a spin state has been performed on typical ferrom
netic metals,1,2 dilute magnetic semiconductors,3 and so
on.4–6 Colossal magnetoresistive manganites, which sh
drastic change of resistivity upon the magnetic ordering a
consequence of strong coupling among spin, charge, orb
and lattice degrees of freedom,7 are also of great interest fo
this purpose.

Perovskite manganite La0.6Sr0.4MnO3 shows the ferro-
magnetic metal phase belowTC5370 K. The origin of fer-
romagnetism is double-exchange interaction: Because o
strong Hund’s-rule coupling betweeneg electron spin andt2g
electron local spin, carriereg electrons gain kinetic energ
when localizedt2g spins show ferromagnetic alignment. Th
interaction leads to strong correlation between magnetiza
and charge transport properties, as well as optical absorp
in a low-energy region (,1.0 eV).

Photoinduced effects in femtosecond temporal reg
for a ferromagnetic phase of perovskite manganites h
been previously investigated by conventional pum
probe spectroscopy.8–12 The first report about photoin
duced demagnetization is given by Matsudaet al. on
(Nd0.5Sm0.5)0.6Sr0.4MnO3.8 They reported that the photoin
duced absorption, which shows the rapid change within 1
and the following gradual change up to about 200 ps, refle
the photoinduced demagnetization. More detailed stud
were reported on La0.7Ca0.3MnO3 by Lobad et al.,9–11 and
Averitt et al.12 They attributed the ultrafast component
0163-1829/2003/68~18!/180407~4!/$20.00 68 1804
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photoinduced absorption within 100 fs after photoexcitat
to electron-lattice thermalization, and the subsequent slo
component, the time constant of which changes from 20
to 100 ps depending on temperature, to spin-lattice therm
ization. In these studies, however, the interpretation a
evaluated time scales for the demagnetization were base
the change in optical absorption, and thus the spin depen
parts have not been discriminated in the absorption chan

In the present work, photoinduced dynamics of magn
zation in a single crystal of La0.6Sr0.4MnO3 was investigated
by time-resolved magneto-optical Kerr effect spectrosco
in which magneto-optical Kerr rotation was employed as
reliable probe of magnetization. The photoinduced dynam
of the magnetization was detected independently of the q
siparticle relaxation, which was detected by conventio
transient reflection spectroscopy. Namely, one can discr
nate the spin dynamics from the charge dynamics by co
paring the results of time-resolved magneto-optical Kerr
fect and transient reflection spectroscopy. It was found t
after a 200-fs pulse photoexcitation the magnetization
creases with an unexpectedly long time constant, which
ceeds 1 ns near the ferromagnetic phase transition temp
ture. Such a slow response of the spin state contrasts with
instantaneous response of the quasiparticles upon photo
tation.

Magneto-optical Kerr rotationu and ellipticity h are re-
lated to dielectric tensore via the relationu1 ih5exy /(1
2exx)Aexx, in an isotropic material. The off-diagonal ele
ment exy is nearly proportional to the magnetization, an
also depends on the oscillator strength of the optical tra
tion. Thusexy can be a good probe of the magnetization,
far as the electronic structure of the system around the pr
photon energy is not changed drastically. Furthermore,u and
h depend not only onexy but also on the diagonal elemen
exx . Accordingly, it is to be confirmed that the contributio
from change inexx is small enough to utilizeu andh as an
accurate probe of the magnetization.
©2003 The American Physical Society07-1



i-
ro
ib
c
a

a

ge
s
, t

e

ho
e

th

a

ion

a
er
Th
T

the
tive

re-

V,
40

ity
me

the
be

d in
nse
a

e-

s in
by a
ctral

lv

the

rent
s in

RAPID COMMUNICATIONS

T. OGASAWARA et al. PHYSICAL REVIEW B 68, 180407~R! ~2003!
A bulk single crystal of La0.6Sr0.4MnO3 was grown by a
floating zone method. A specimen of typically 5 mm in d
ameter and 1 mm in thickness was cut from the crystal
and polished for optical measurement. To remove poss
mechanical strain of the surface due to the polishing pro
dure, the sample was annealed at 1300 K in an oxygen
mosphere.

Figure 1 shows the spectra of reflectivityR and magneto-
optical Kerr rotationu and ellipticityh for La0.6Sr0.4MnO3 at
296 K. The spectral structures inu and h at 1.5–2 eV are
assigned to the plasma edge enhancement, which origin
from the diagonal-term contribution 1/(12exx)Aexx. In fact,
the spectrum of off-diagonal termexy ~not shown! does not
show any prominent structure in this region. Thus,u andh
in this region should be sensitively affected by small chan
in exx , so thatu or h in this energy region is not suitable a
a probe for the magnetization change. On the other hand
structure around 3 eV is a genuine magneto-optical~off-
diagonal term! contribution, which corresponds to th
charge-transfer transition from O 2p to Mn 3d states, and
the diagonal-term contribution is small. Therefore, the p
ton energy of 3.1 eV, which can be easily generated by s
ond harmonics of Ti:sapphire laser light, was adopted in
study for the probe.

The differential reflectionDR/R spectra as measured by
conventional pump-probe method are shown in Fig. 2~a!. An
amplified mode-locked Ti:sapphire laser with the repetit
rate of 1 kHz and the central wavelength of 800 nm~1.55
eV! was used for the pump light source. The probe light w
generated by the following optical parametric amplifi
equipped with second and fourth harmonic generators.
pump and probe pulse duration are less than 200 fs.
pump pulse intensity was;700 mJ/cm2, which corresponds
to the excitation density of;1020 cm23 or ;1022/Mn site.
The spectral feature ofDR/R in this energy region~0–3 eV!

FIG. 1. ~a! Reflectivity and~b! magneto-optical Kerr rotation
(u) and ellipticity (h) spectra of La0.6Sr0.4MnO3 at 296 K. The
arrows denote the pump and probe energies in time-reso
magneto-optical Kerr spectroscopy.
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appears to be dominated by a shift of the plasma edge to
lower energy, indicating that the system becomes resis
upon photoexcitation. Figures 2~b! and 2~c! show temporal
behaviors ofDR/R at various probe photon energies as p
sented in narrow~0–100 ps! and wide~0–1500 ps! temporal
ranges, respectively.

In DR/R at the probe energies of 2.2 eV and 2.6 e
oscillating structures are observed at the delay time of 0–
ps. They are attributed to the modification of the reflectiv
by a shockwave, which is generated by a sudden volu
change induced by intense photo-excitation.13 This interpre-
tation of the oscillation is demonstrated by the fact that
period of the oscillation is almost proportional to the pro
wavelength. In the time evolution ofDR/R, besides the os-
cillating signal, three characteristic responses are observe
different time domains; a spikelike instantaneous respo
within the time resolution of 200 fs and its tail within 1 ps,
delayed rise-up signal within the time constant of;10 ps,
and a slow decay with the decay timet r.1 ns. Figures 2~b!
and 2~c! show that the temporal behavior ofDR/R is essen-
tially identical irrespective of the probe energy. It corr
sponds to the fact that the spectral shape ofDR/R is almost
the same at all the probe delay times as seen in Fig. 2~a!.
These results suggest that the transient reflectivity change
the measured energy region are dominated essentially
single mechanism, i.e., the plasma-edge shift due to spe

ed

FIG. 2. ~a! Differential reflectivity DR/R spectra for various
probe delay times. The pump photon energy is 1.55 eV and
pump intensity is;700 mJ/cm2. ~b!, ~c! Temporal behavior of
DR/R for various probe photon energies as presented in diffe
temporal ranges. Vertical dashed lines denote probe delay time
~a!.
7-2
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weight transfer from the low-energy (,1.5 eV) to the high-
energy region
(.1.5 eV).

In the time-resolved magneto-optical Kerr spectrosco
polarization change of the probe light was detected by a
ance detection technique.6 The sensitivity of change in polar
ization rotation/ellipticity was as high as about 1023 deg.
The pump and probe photon energies were 1.55 eV and
eV, respectively, which were provided by an amplified mod
locked Ti:sapphire laser and its second harmonics. The p
intensity was;500 mJ/cm2. An external magnetic field o
;0.25 T was applied normal to the sample surface by a
manent magnet.

Temporal behavior of the photoinduced change
magneto-optical Kerr rotationDu is shown in Figs. 3~a! and
3~b!. Simultaneously measuredDR/R at the same probe pho
ton energy~3.1 eV! is also shown in Figs. 3~c! and 3~d!.
Since the sign ofu at 3.1 eV in absence of photoexcitation
negative@see Fig. 1~a!#, a positive sign ofDu corresponds to
the decrease of the magneto-optical Kerr rotation. The tr
sient increase of the reflectivity at this photon energy
mostly due to the spectral weight transfer from the lo
energy region (,1.5 eV) as described above.

The oscillating behaviors with the period of;15 ps ob-
served in bothDu and DR/R @open triangles in Figs. 3~a!
and 3~c!# share the common origin, namely, the interferen
effect caused by the shockwave, as already discussed in
2~b!. This component does not originate from the change
magnetization but the change inexx . Another oscillating
component observed inDu with the period of 100–500 ps
@closed triangles in Fig. 3~b!#, which has no counterpart in
DR/R, can be assigned to precession of t
magnetization.14,15 When the magnetization is initially tilted
from the external field~normal to the surface! due to mag-
netic anisotropy, the photoexcitation may change the ani

FIG. 3. Temporal behavior ofDu ~a!, ~b! and DR/R ~c!, ~d!
plotted in different scales of temporal range at various temperatu
The pump and probe photon energies were 1.55 eV and 3.1
respectively. The pump intensity was;500 mJ/cm2. Open triangles
in ~a! indicate the oscillation due to the interference between
lights reflected from the surface and the shockwave running nor
away from the surface, while closed triangles in~b! indicate the
oscillation due to the photoinduced precession of magnetiza
~see text!.
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ropy, and accordingly the magnetization starts to prec
around the effective magnetic-field direction. The low
energy spectral weight is independent of the direction of
magnetization, and henceDR/R should not be influenced by
this precession as observed. The crystal magnetic anisot
in La0.6Sr0.4MnO3 is quite small,16 therefore the shape aniso
ropy near the surface of the sample~with the magnetization
tending to be parallel to the surface! may be responsible fo
this precession behavior. The increasing period of the pre
sion with temperature is ascribed to the reduction in the
isotropy and/or the total moment value.

Besides these oscillating signals, there is a clear dif
ence betweenDu andDR/R: DR/R has a steplike respons
while Du does not. Comparing the temporal behaviors ofDu
andDR/R, it is noted that theDR/R response is compose
of the magnetization-dependent part which shows the s
dynamics asDu, as well as the magnetization-independe
one which rises in a steplike manner and decays with
decay timet;1 ns. In addition, the former strongly depen
on temperature, but the latter does not. The low-energy s
tral weight as measured byDR/R response decreases with
pump pulse duration (,200 fs) after photo-excitation. As
there is no energy gap in this system, it is most likely th
photo-excited carriers relax to the thermal state within a f
picoseconds. Thus it is reasonable to consider that there
mains no change in carrier density after this relaxation p
cess. Judging from the absence of the fast response inDu
within the time domain less than a few picoseconds, we
conclude that the thermalization of quasiparticle excitat
will take place without accompanying loss of magnetizatio

The decay of the magnetization-independent part co
sponds to the cooling process of the quasiparticle system
thermal diffusion. The slower response of the magnetizat
indicates the good thermal insulation between the quasi
ticles and the spins. Although the double-exchange inte
tion strongly ties the kinetic motion of electrons and the lo
spin moments, this interaction preserves the total magne
tion of the system so that the double-exchange interac
cannot contribute to the demagnetization. It is natural to c
sider that the observed slow demagnetization proces
dominated by the thermalization of the spin-lattice syst
through spin-lattice interaction. A principal origin of this in
teraction is the spin-orbit coupling. The time constant of t
photoinduced demagnetization observed in the mangani
one or two order of magnitude longer than those of ot
ferromagnets such as Ni and Sr2FeMoO6 previously
reported.6,14,17 It suggests that the spin-orbit coupling
small in the perovskite manganite. This is consistent w
small magnetocrystalline anisotropy in this material.

Magneto-optical Kerr rotationu at 3.1 eV without photo-
excitation and the maximum photoinduced change
magneto-optical Kerr rotationDumax are shown in Fig. 4~a!.
The Dumax forms a peak at 340 K, slightly below the Cur
temperature TC. Note also that Dumax/u'21 for T
.340 K. This means that the ferromagnetic order is alm
totally destroyed by the photoexcitation above 340 K. P
vided that the photoexcitation increases the temperatur
the spin system, the present photoexcitation
;500 mJ/cm2 corresponds to the heating of the spin syst
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by '30 K. The time constant of demagnetizationtdemag
@Fig. 4~b!# shows a peak at 330 K with a value of 1.4 n
where the spin temperature should reach near the Curie
peratureTC5370 K by the photoexcitation. This can be in
terpreted in terms of the critical slowing-down effect as ge
erally observed in the case of second-order phase transit6

The value oftdemagis almost one order of magnitude larg
than that deduced for similar manganites in previo
reports.8–12 In those works, the demagnetization time co
stant was evaluated from the temporal behavior of absorp
change alone, and thus it is quite likely that the nonmagn
contribution, which has competing time scale, was not th
oughly excluded when estimating the demagnetization t
constant.

The process of the photoinduced demagnetization
La0.6Sr0.4MnO3 is as follows. At first, the temperature of th

FIG. 4. ~a! Magneto-optical Kerr rotation angleu at the photon
energy of 3.1 eV and the maximum values ofDu. ~b! Time constant
for the photoinduced demagnetization. The vertical dashed line
dicates the Curie temperatureTC5370 K.
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quasiparticle excitation is raised, while their spin polariz
tion was kept unchanged, by the photoexcitation within
pulse duration of;200 fs. Then the temperature of the la
tice system follows it by electron-lattice interaction within
few picoseconds~this can be observed in the tail of th
spikelike response inDR/R), although the system still re
tains the initial magnetization At this moment, the low
energy optical~and perhaps dc! conductivity decreases ow
ing to heating of the quasiparticle excitation, but not due
the decrease of magnetization. Subsequently, the spin sy
relaxes to the new equilibrium state by the spin-lattice int
action. Such an interpretation is essentially the same as
proposed in the previous work.12 Our studies, however, hav
demonstrated unambiguously the dynamical aspects of
demagnetization including the precise evaluation of ti
constant by comparing the response obtained by
magneto-optical measurement with those by the conv
tional pump-probe reflectivity measurement.

To summarize, we have observed photoinduced dynam
of magnetization in La0.6Sr0.4MnO3 by time-resolved
magneto-optical Kerr spectroscopy. The observed clear
ference between the photoinduced changes in reflectivity
magneto-optical Kerr rotation indicates that the demagn
zation does not occur immediately after the photoexcitati
while the spectral weight in a low-energy regio
(,1.5 eV) decreases instantaneously (,200 fs) with the to-
tal magnetization almost unchanged. The photoinduced
magnetization in La0.6Sr0.4MnO3 shows a critical slowing-
down effect with a prolonged time constant of up to 1.4
around 330 K, where the spin temperature after the photo
citation almost reaches the Curie temperature 370 K.

This work was partially supported by a Grant-in-Aid fo
Center of Excellence Research from the MEXT of Japan,
by the NEDO of Japan.
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