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Photoinduced demagnetization and its dynamical behavior in a„Nd0.5Sm0.5…0.6Sr0.4MnO3 thin film

K. Matsuda,* A. Machida, Y. Moritomo, and A. Nakamura
Department of Applied Physics, Faculty of Engineering, and Center for Integrated Research in Science and Engineering (CIR

Nagoya University, Chikusa-ku, Nagoya, 464-8603 Japan
~Received 30 March 1998!

We have observed a significant change of absorption spectrum in the visible region by the irradiation of an
intense laser pulse in a double-exchange ferromagnet~Nd0.5Sm0.5!12xSrxMnO3 (x50.4) thin film. In the
ferromagnetic state, the increase of spectral weight of the interband transition betweenJ-split bands has been
observed, indicating that the photoexcitedeg carriers suppress the neighboring spin correlation. The time-
resolved spectroscopy in a vast time domain from 100 fs to 1ms has shown that the photoinduced demagne-
tization occurs within 200 ps after the photoinjection and spin correlation recovers in 300 ns. We further found
that the demagnetization efficiency strongly depends on the spin direction of the excitedeg carriers.
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Recently, there has been increasing interest in phot
duced magnetization and magnetic transition in various m
netic materials. In a diluted magnetic semiconductor hete
structure of In0.94Mn0.06As/GaSb,1 the cw light irradiation at
low temperature induces a permanent ferromagnetic o
via spin-exchange interactions between photoinjected h
and Mn spins. The magnetization buildup by a circula
polarized light has been observed for a CdTe/Cd12xMnxTe
multiple-quantum-well structure in the absence of seed
magnetic field.2 In a Prussian blue analogu
K0.2Co1.4@Fe~CN!6#•6.9H2O, the ferrimagnetic transition
temperatureTc is increased by irradiation of cw light from
16 to 19 K.3

Other candidate materials that show a photoinduced ef
are doped manganites, in which the ferromagnetic interac
is mediated by the itineranteg carriers ~double-exchange
interaction4!. In this system, the photoexcitedeg carriers are
expected to significantly affect the magnetic interaction, a
to modify thet2g-spin ordering. The doped manganites ha
a characteristic electronic structure, reflecting the strong
site exchange interaction (J;3 eV).5 As the one-electron
bandwidth W of the eg state is much smaller than theJ
value, theeg band is split into two bands~J-split bands!.5–8

Actually, we found a characteristic absorption band
;3 eV due to the interband transition between theJ-split
bands~see the inset of Fig. 1!; the spectral weight decrease
with magnetizationM as}@12(M /Ms)

2#, whereMs is the
saturation magnetization.5 Thus, the interband transition is
sensitive monitor of the nearest-neighbor spin correlat
^SiSi 11&, or macroscopic magnetization.

In this paper, we report on a significant change in s
alignment by the photoinjection ofeg carriers and its dy-
namical aspect in a doped manganite thin fi
~Nd0.5Sm0.5!12xSrxMnO3 (x50.4). In the ferromagnetic
phase, we observed an increase in absorption due to th
terband transition by the irradiation of a femtosecond
nanosecond laser pulse, indicating a decrease of magne
tion in thet2g-localized spin. The demagnetization efficien
depends strongly on the spin direction of the excitedeg car-
riers; down-spineg electrons antiparallel to thet2g spin more
PRB 580163-1829/98/58~8!/4203~4!/$15.00
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effectively induce the demagnetization, being of the order
;0.1Ms for the excitation photon density of;8
31019 cm23. The photoinduced demagnetization occurs
200 ps after the pump-pulse excitation and the ferromagn
ground state recovers in 300 ns.

The samples used in this study we
~Nd0.5Sm0.5!12xSrxMnO3 (x50.4) thin films with a thick-
ness of ;200 nm grown on MgO~100! substrates. The
growth condition by the laser ablation has been reported
our previous paper.5 Temperature dependence of magnetiz
tion was measured in a field of 0.5 T after cooling down to
K in zero field, and the result shows that the ferromagne
phase transition temperatureTc in the sample studied here i
approximately 155 K. The transient absorption spectra in
time domain of 100 fs–1 ns were measured by means
pump-probe method with a Ti:Al2O3 regenerative amplifier
laser system. The pulse duration, photon energy, and flue
of the pump pulse were 100 fs, 3.20 eV, and 0.2 mJ/cm2,
respectively. Details of the measurement systems of the f
tosecond pump-probe experiment have been describe
Ref. 9. The pump and probe experiments in the time dom
between ns andms were performed using an excimer las
pumped dye laser with a pulse duration of 20 ns as a pu
pulse and a high-pressure Xe flash lamp as a probe pu
The tuning wavelength range of the dye laser was 332–
nm. The temporal behavior on the time scale of several t
of nanoseconds was measured using a boxcar integrato

Before describing details of experimental results, let
explain the electronic structure seen in the absorption sp
trum of doped manganites. The inset of Fig. 1~a! shows the
absorption spectraa~v! for ~Nd0.5Sm0.5!0.6Sr0.4MnO3 above
and belowTc(5155 K). The temperature-independent com
ponent~hatched region in the inset! has been ascribed to th
charge-transfer~CT! type excitation from oxygen 2p to Mn
3d bands.5,6 The lower- (;1.2 eV) and higher-lying
(; 4.4 eV) peak structures correspond to the up-s
@ t2g

3 (↑)eg(↑)LI # and down-spin@ t2g
3 (↑)eg(↓)LI # excitations,

respectively. The temperature-sensitive components
served in 2.2–4.0 eV and below 1.3 eV are due to the in
band transition between theJ-split bands and intraband tran
sition within the lower band, respectively.5 Hereafter, we
R4203 © 1998 The American Physical Society
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refer to the former transition as aJ-gap transition. Shown in
Fig. 1~b! are the differential absorption spectra at 5 K in the
ferromagnetic phase after the pump-pulse excitation with
photon energy of 3.20 eV. The differential absorption sp
trum Da is defined as the difference between pumped
unpumped spectra. The positiveDa, that is, induced absorp
tion, is observed for 2.2–3.0 eV and 1.65–2.0 eV, when
delay time proceeds from210 to 700 ps. At the late stage o
2 ms, the induced spectral change almost disappears~see the
lowest spectrum!. The enhanced absorption observed in 2.
3.0 eV is ascribed to the inducedJ-gap absorption. This
indicates that the photoexcitedeg carriers suppress the sp
correlationŝ SiSi 11&, or decrease the macroscopic magne
zationM . The similar photoinduced effect indicating the d
crease ofM was observed for La0.6Sr0.4MnO3 in the ferro-
magnetic phase.

The photoinduced effect is found to be strongly tempe
ture dependent and observable only in the spin-polarized
romagnetic phase (<155 K). As shown in Fig. 2, we see
large absorption increase, and the spectral change is al
independent of temperatures below 93 K (!Tc) both in the
regions of 2.2–3.0 eV and 1.6–2.0 eV. With further incre
ing temperatures beyondTc , the spectral change of the in
terband transition~2.2–3.0 eV! becomes small. This obse
vation is consistent with the above interpretation, that is,
photoexcitedeg carriers suppress the ferromagnetic spin c

FIG. 1. ~a! Absorption spectra for the~Nd0.5Sm0.5!0.6Sr0.4MnO3

thin film before ~solid curve! and after pump-pulse excitation
~dashed curve!. Inset shows the absorption spectra at 5 and 293
The hatched region represents the temperature-independent ch
transfer~CT! component.~b! Differential absorption spectraDa~v!
in ferromagnetic phase at 5 K. The excitation photon energy
density are 3.20 eV and;831019 cm23, respectively. Delay times
between pump and probe pulses are shown in the figure.
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relation. The absorption decrease seen below 2.0 eV aT
.Tc is not related to theJ-gap transition, but associated wit
the small polaron transition. In the absorption spectr
above Tc , there exists a small polaron excitation ba
peaked at;1.5 eV.10 As the optical transition between th
small polaron and extended states is blocked under
pump-pulse-excitation condition, the absorption due to t
transition is bleached. The induced absorption seen aT
,Tc in the same energy region (,2.0 eV) may be due to
small polaron formation associated with the optical exci
tion of eg carriers. A detailed study of small polarons is
progress.

As the spectral weight of theJ-gap absorption band is
proportional to@12(M /Ms)

2#, we can derive a magnetiza
tion change by pump-pulse excitation analyzing the spec
area of differential spectrum. The photoinduced change
spectral weightDS[*2.2 eV

3.0 eVDa(v)dv, of the J-gap absorp-
tion is expressed by

DS5C~M22M 82!/Ms
2, ~1!

whereM andM 8 are magnetizations before and after pum
pulse excitations, respectively. The coefficientC is 8.3
3103 eV cm21 for the spectral region studied here. Usin
Eq. ~1!, we obtain the photoinduced demagnetizati
DM /Ms@[(M2M 8)/Ms# as large as 0.1 for the excitatio
density of;831019 cm23 with the photon energy of 3.20
eV at the delay time of 700 ps. Taking the Mn site density
231022 cm23, the demagnetization of 0.1Ms means that one
photoinjectedeg electron reverses the direction of abo
30t2g spins.

The efficiency of the magnetization change is stron
dependent on the spin direction of the excitedeg electrons.
The spin direction can be controlled with changing the ex
tation photon energyEex : the up-~down-! spin electrons are
excited whenEex is below~above! ;2.5 eV. Figure 3 shows

.
rge-

d

FIG. 2. Temperature dependence of the differential spectra m
sured at the delay time of 700 ps. The excitation photon energy
density are 3.20 eV and;231020 cm23, respectively.
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the demagnetization efficiency vs the excitation photon
ergy at 12 K together with the CT absorption spectru
@hatched region in the inset of Fig. 1~a!#. We define the de-
magnetization efficiencyh as (DM /Ms)(NMn /Nph), where
NMn and Nph are the densities (numbers/cm23) of the Mn
site and absorbed photon, respectively. Theh value increases
above;2.5 eV and is enhanced at the down-spin transiti
In the down-spin transition,eg electrons having a spin ant
parallel to thet2g-localized spin are generated, and the
electrons reverse the direction oft2g spins. On the contrary
when up-spineg electrons are generated by the up-spin tr
sition, they do not contribute to the change oft2g-localized
spins. The remaining efficiency seen in the low-energy
gion may be explained by the existence of a broad tail of
down-spin transition band. Here, we discuss the thermal c
tribution to the increase of demagnetization efficiency. Thh
value for 3.6 eV is about six times larger than that for 1
eV, while the energy deposited into the sample increase
a factor of 1.9 for the corresponding photon energies.
addition, the measured temperature dependence ofM around
12 K is very weak.5 Therefore, the observed enhancement
the demagnetization efficiency at the down-spin transition
not ascribed to the temperature rise caused by the p
pulse. As discussed in the following paragraph, dynam
behaviors on the ps-ns time scale also confirm the pu
electronic process ofeg carriers injected by the pump puls

In order to obtain deeper insight into the dynamical asp
of the photoinduced spin disorder, temporal behaviors of
spectral change were also investigated using a time-reso
spectroscopy. Figure 4~a! shows the time evolution of the
spectral change monitored at 2.8 eV on the ps time scale
the paramagnetic phase at 270 K,Da increases quickly
(;1 ps) and remains constant at the late stage up to 400
In the ferromagnetic phase at 5 K, by contrast, different te

FIG. 3. Photon energy dependence of demagnetization
ciency ~circle! together with the CT absorption spectrum@hatched
region in the inset of Fig. 1~a!#. The pulse duration and the excita
tion photon density are 20 ns and 0.7– 2.031020 cm23, respec-
tively.
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poral behaviors are observed, especially at the early stag
the delay time.Da decreases just after the pumping puls
and increases within;1 ps. Although the bleaching compo
nent is small, the bleaching followed by the absorption
crease is reproducible. The time scale of the negativeDa
~bleaching! is compared to the relaxation time~0.7 ps! of
photoexcited carriers in the antiferromagnetic phase for p
totypical CT insulators, YBa2Cu3O6.2 and Nd2CuO4.

11 This
suggests that the fast bleaching component is ascribed to
nonradiative relaxation of photoexcitedeg carriers in the fer-
romagnetic phase. The upper panel of Fig. 4~b! shows the
temporal behaviors ofDa at the late stage. At 5 K,Da ex-
hibits an initial rapid rise followed by a slow increase lasti
about 200 ps, which is in contrast to the time-independ
behavior between 5 and 400 ps observed at 270 K.

As the photoinduced demagnetization is sufficiently lo
(DM /Ms!1), Da is approximately proportional toDM .
Thus, the relatively slow rise ofDa reflects the characteristi
behavior ofDM in the ferromagnetic phase. Defining a no
exponential rise time in which the signal increases from
to 90% of the maximum value, the rise time of the dema
netization is about 200 ps. The decay behavior on thems
time scale is shown in Fig. 4~c!. The decay time ofDa cor-
responding to the recovery time of the magnetization cha
is found to be about 300 ns. It is worthwhile to point out th

fi-

FIG. 4. ~a! and ~b! Time evolutions of absorption changeDa
measured at 2.8 eV for 5 and 270 K. The excitation photon ene
and density are 3.20 eV and;831019 cm23, respectively.~c!
Time evolution ofDa measured in the photon energy region
2.0–3.0 eV on thems time scale. The excitation photon energy a
density are 3.20 eV and;231020 cm23, respectively. The solid
line represents the fitted curve assuming a single exponential d
with the decay time of 300 ns.
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the slow rise time ofDa observed at 5 K rules out the pos-
sibility of the lattice temperature rise caused by the pu
pulse. As the lattice specific heat is larger at higher temp
tures, the rise time of the absorption change due to the la
temperature rise should be slower at 270 K.12 In this experi-
ment, however, the rise time at 270 K is as short as;200 fs.

We now propose the following scenario for the photo
duced demagnetization process. At the early stage afte
photoexcitation (<1 ps), the photogenerated down-spineg
electrons excite high-frequency spin waves of thet2g spins
(S53/2) via the strong on-site exchange interaction betw
the eg spin andt2g spin. Note that the up-spineg electrons
scarcely excite the spin waves~see Fig. 3!. The nonradiative
relaxation of photoexcitedeg carriers occurs within;1 ps,
whereas the excited spin waves induce a dynamical cha
of the t2g-spin system up to;300 ns. The remaining spin
waves continue to destroy the ferromagnetic spin order
and the disordered spin system may turn into an assemb
the ferromagnetic domains to reduce magnetstatic ener
Such a magnetic state may have a resemblance to the
glass state, since the excited magnetic system is quench
a very short time (<200 ps). The spin-disordered sta
seems to be meta-stable, but finally collapses into the fe
magnetic ground state in 300 ns.
l
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In summary, we have observed the significa
spectral change by pump-pulse excitation
(Nd0.5Sm0.5)12xSrxMnO3 (x50.4) thin film in the ferromag-
netic phase. The increase of spectral weight is observe
the photon energy region of 2.2–3.0 eV, which indicates
photoinduced demagnetization of the localized Mn spin s
tem. A demagnetization as large as 0.1Ms takes place when
the down-spineg carriers are injected by pump-pulse excit
tion (;831019 cm23). The time evolution of demagnetiza
tion has revealed a dynamical aspect of spin alignment in
double-exchange ferromagnet. The spin-disordered stat
formed in 200 ps after the photoinjection ofeg carriers and
the ferromagnetic ground state is recovered in 300 ns. T
controllability of magnetization by the photoinjection of ca
riers indicates that the doped manganites have the pote
for applications in magneto-optical devices with fast r
sponse times.
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