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Dynamics of photoinduced melting of charggorbital order
in a layered manganite La sSr; sMNO 4
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Photoinduced effects on the charge- and orbital-ordé@&/O0) states in a layered perovskite manganite
Lay 551 sMNnO, have been investigated with femtosecond polarization-sensitive pump-probe spectroscopy. Dis-
appearance of the optical birefringence as well as conspicuous change of the optical spectrum indicates the
immediate destruction of the CO/OO states upon photoexcitation. A large difference in the temporal evolution
of the birefringence and the reflectivity change was observed, indicating that the adiabatic; 286 f6)
photomelting of the CO/OO states is followed by sl@i® ps—10 nsevolution of the lattice disorder, which
is subject to the critical slowing down effect as the temperature approdghgs220 K.
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Charge and orbital ordering phenomena instructure at room temperature. We have observed ultrafast
transition-metal oxides, such as JgSrNiO,, 5,%? (<200 fs) melting of the CO/OO state upon photoexcitation
Laz,X,),NdySrXCuO[l,3 and many perovskite manganites, as well as separated dynamics of the order parameters for the
have attracted much attention in recent years. Among thentharge/orbital order and the lattice deformatidahn-Teller
charge/orbital ordering or correlation coupled with the col-gdistortion, which are otherwise strongly tied to each other.
lective Jahn-Teller lattice distortion are now believed to be |n La,Sr; MnO,, nominal M+ and Mrf* sites are
essential for the phenomsenon of colossal magnetoresistang@nerated in a 1:1 ratid,and a checkerboard type charge-
(CMR) in the manganlteé. As far as the ground s_tate of thg ordered state appears beldo=220 K2 Upon this tran-
CMR manganite is concerned, the charge/orbital orderingiion an orbital-ordered00) state emerges concomitantly,
and the coIIect|V(_e Jahn-Teller distortion are str_ongly tied 19 here the 22—r2 and 32— 12 orbitals of thee, electrons
each other, and it seems very hard to distinguish these twaq. ) o 139
However, the dynamical properties may be different becausi® UP in the manner as shown in Fig(al™ Although
of the different origin(i.e., electronic vs lattigeof these ~SIMPle charge ordering would keep the tetragonal symmetry
types of order. To discriminate their respective dynamicsPan, the concomitant orbital ordering changes itDgy,
femtosecond spectroscopy is a promising method, as its ten§ausing optical anisotropy in the Mn-O plane. This can be
poral resolution almost reaches the typical time scale of elecdiscerned in Fig. @ as the inequivalent orbital ordering
tron motion in a solid. along thea’ axis (uniform) and along theb’ axis (stag-

Rich electronic and structural phases diagrams in CMRgered. The orbital ordering accompanies a collective Jahn-
manganites also offer a good arena to pursue the possibilityeller type distortion, which shows up clearly in Raman and
of photocontrol of material phases, which is of greatinfrared phonon spectrd:*® The CO/OO state belowW co
interest’*°As the typical photon energy of the exciting light =220 K undergoes an antiferromagnetic spin-ordering tran-
is much larger than the characteristic energy scales relevattion atTy= 110 K. Both the CO/OO transition and the an-
to the phase transition, photoexcitation may create a noriiferromagnetic transition are three-dimensio(@D) in na-
equilibrium state that evolves into anotH{eretg stable state ture with long-range ordé¥;** although a strong fluctuation
across the thermally inaccessible potential barrier of the freef the CO/OO states persists far abolgs, reflecting the
energy. The phenomena of charge and orbital ordering?D nature*
disordering in manganites are particularly suitable for this The charge/orbital ordering and the associated collective
purpose. First, the optical anisotropy induced by the orbitalahn-Teller distortion can also be observed as optical anisot-
ordering enables us to observe the ordered-state dpPpy by probing the polarization change of reflected light.
disordered-state region directly by optical means. Second/Vhen the polarization of the incident light is parallel to the
since the electrons relevant to the charge and orbital orderind) axis, the reflectivity of the polarization perpendicular to
directly respond to the optical-energy-(L eV) photons, the the incident light is° R, = 3|r, —ry,/|%, wherer,, andry,
charge and orbital order should be perturbed effectively upoare the complex reflectivities for polarization parallel to the
photoillumination. Furthermore, the electronic as well asa’ andb’ axes, respectively. In fact, it was confirmed that
magnetic properties of these materials are closely related 8, /R at 1.96 eV shows nearly parall€ldependence to that
the charge/orbital order, so that interesting photoswitching obf the order parameter derived from diffraction measure-
these properties is also anticipated. ments®®

In this Brief Report, we describe investigations of photo- A single crystal of LgsSr sMnO, was grown by the
induced changes of charge- and orbital-orde(€®/O0  floating zone method, and a flab surface was cleaved from
states in a layered-structure manganite, Sy sMnO,,  the crystal boule for optical measurements. Polarization mi-
which shows the ideally simple tetragon@quare lattice  croscope images of thab plane for the ordered phasé (
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FIG. 1. Color(a) Schematic picture of charge-
and orbital-ordering pattern on theb plane of
Lag sSr, sMnO,. The anisotropy arises from the
difference between the orbital order and the asso-
ciated collective lattice distortion along the
axis and along thé'’ axis. (b) Polarization mi-
croscope images in cross-Nichol configurations
77K for the ordered phase at 77 K indicating the opti-
100 um cal anisotropy with the optical principal axes of

| o a’ andb’. The contrast of the right-side image,
= which is almost invisible, is enhanced approxi-
mately X 10 with respect to the left one.

%ﬂuf a g ufb
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=77 K) are shown in Fig. (b). The relationship between the
polarization and the crystal axes is denoted in the figure. One
can see a bright image in the ordered phase because of the
optical anisotropy or birefringence due to CO/OO when the
polarizations of incident and reflected light are parallel to the %

a and b axes, respectively. This bright image turns into -0.1
a dark one when the temperature is raised abdvg

(=220 K), or when the light polarizations are each rotated -0.2
by 45° to coincide with the optical principal axes, theand
b’ axes[the right panel of Fig. (b)]. The characteristic 03
stripe pattern observed in the ordered phase is considered as 1400
a domain structurgthe orbital order has two equivalent do- pump 1ns
mains, that shown in Fig.(4) and its mirror imaggwhich '%21200 N /
seems to be fixed by the crystal habit embedded during crys- _c 1000
tal growth. The bright area is the single domain of orbital o 800
order, while the dark lines correspond to disordered or cor- ~ 600 4
rugated small-domain areas such as the domain wall. 8 400
Photoinduced effects have been investigated by a ©
polarization-sensitive time-resolved pump-probe method. An 200
amplified mode-locked Ti:sapphire laser (800 nm in center 0 1'0 1'5 2'0 25
wavelength, 150 fs in pulse duration, and 1 kHz in repetition ’ ’ ' '
rate was used as a pump light source, and an optical para- ®[eV]

metric amplifier with second and fourth harmonic generators
(400-2500 nm in center wavelength and 200 fs in pulse du(':itation at 10 K at various probe delays from 1 ps to 10 ns. The

ratior) as a probe light s_o_urce. . pump photon energy is 1.55 elihdicated with closed downward
Spectra of the reflectivity changeR/R at 10 K induced  yiangleg, and the excitation intensity is-150 wJ/cn?. (b) The

by photoexcitation {150 uJ/cnt) are shown in Fig. @  corresponding optical conductivity spectra obtained from a

for various probe delay times. Quite a large reflectivity Kramers-Kronig transformation at the delay times of 1 ps and 1 ns.

change up to 25% is observed over the measured photorhe optical conductivity spectrum at 290 (s typical of a high-

energy region (0.5-3.0 eV). The corresponding optical contemperature charge/orbital-disordered Stagealso shown with a

ductivity spectra obtained by the Kramers-Kronig transfor-dotted line for comparison.

FIG. 2. (a) Spectra of reflectivity chang&R/R upon photoex-
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:l/ 1510¥3ng M FIG. 4. Temperature dependence of the characteristic values
-0.04 found in Fig. 3:(a) the initial peak valudAR/R|ax, and(b) the
200K ; !
210K delayed-peak valug\ (R, /R)|max @and its delay time,,,,,. The ver-
-0.05 LD L L L L AL tical broken lines represeﬁtN and TCO for the antiferromagnetic
1% 10t 10 10t 10 10 10 spin transition and the charge/orbital-ordering transition, respec-
t [ps] tively. Solid lines are merely guides to the eyes.

FIG. 3. (@ Time-resolved polarization microscope images Pump and probe photon energies are 1.55 eV and 1.96 eV,
[A(R, /R) imaged at 150 K. The last image corresponds to a nega-respectively. The stripe pattern is the same as shown in Fig.
tive probe delay that delays the probe by 1 ms after the previoud(b) left. The central circular region is the pump-illuminated
pump pulse(b) Temporal evolution of the differential reflectivity area. Darkened images representing the decreasy GR
AR/R (upper pangland the change of anisotropy(R, /R) (lower  clearly indicate that the CO/OO state is destroyed by photo-
pane) at various temperatures. The pump and probe photon eneexcitation in this area.
gies are 1.55 eV and 1.96 eV, respectively. The closed triangles The temporal evolution of the differential reflectivity
denote the positions of tHe (R, /R)|maxandtya plotted in Fig. 4. AR/R and the anisotropy changd(R, /R) probed at

1.96 eV is shown in Fig. ®). The photoexcitation is carried
mation are shown in Fig. (B). To perform the Kramers- out at 1.55 eV. The excitation pulse energy~i80 uJ/cn?.
Kronig transformation, the photoinduced reflectivity spectraFor the convenience of plotting on a logarithmic time scale,
were smoothly connected to the static reflectivity spectra athe temporal origin is tentatively set at 200 fs prior to the
both the lower and higher energy sides. The broad peakiitial edge of the signal, which actually almost coincides
around 1.3 eV, which corresponds to charge transfer excitawith the probe pulse width of 200 fs. The signal intensity is
tion of ey electrons from MA™ to Mn*" sites®® shifts to  approximately proportional to the excitation intensity. Both
lower energy with photoexcitation, signaling that the CO/OOAR/R and A(R, /R) show nonexponential decay and have
state is modified by photoexcitation. In the thermally disor-tails longer than 10 ns. One can see that the first maximum
dered phase at 290 K, broadening of the peak is observed of AR/R around 500 fs decrease with increaseToabove
the static optical conductivity spectrdfas seen in Fig. (®), 150 K. In contrast,A(R, /R) has a conspicuous delayed
whereas narrowing is observed upon photoexcitation. Thipeak att>1 ns(indicated by closed trianglgswhich grows
indicates that the photoexcitation effect is not due to simpleand shifts to longer delay times dsapproaches the transi-
heating. tion temperaturd .

As mentioned above, the orbital ordering manifests itself The maximum values diAR/R|, plotted againsT in Fig.
in the optical birefringence. Making use of this feature, the4(a), decrease steeply around 150 K, which is close to nei-
temporal evolution of orbital disordering caused by a pulsedher T¢o nor Ty (indicated by vertical broken lingsThis
photoexcitation can be probed by monitoring the polarizatiorbehavior suggests that the CO/OO state becomes unstable
change of the probe light. Figure(s83 shows the time- upon photoexcitation below 150 K, which might be caused
resolved images ofA(R, /R) observed at 150 Kthe last by a hidden ferromagnetic/metallic state competing with the
image corresponds to a negative probe delay where the prolaatiferromagnetic CO/OO staté.Figure 4b) shows theT
pulse is delayed by 1 ms from the previous pump pulBke  dependence of the peak value and its delay time for the slow
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component of A(R, /R)|. The both quantities show critical similar temporal decay idR/R andA(R, /R) as observed
enhancement a$ approached co, reminiscent of the dy- att<10 ps. Then, in accord with the adiabaticonstant-
namical critical slowing down effettas described below. In ;) excitation of the charge/orbital state, the electronic tem-
general, the initial state at temperatdrg is determined by  perature is raised t® from T, , and the subsequent change
the minimum of the Ginzburg-Landau potent@(7;Tin),  in 7, is described by the time-dependent Ginzburg-Landau
where 7 is the order parameter. Let us consider that theequation mentioned above. During this process, the total en-
temperature of the heat bath is slightly raisedTtwithin @  grgy of the system is relaxed to the equilibrium state with

very short period, keeping the order parameter at the initiafherma diffusion, which is seen in the slow relaxation in the
value, e.g., by ultrafast photoexcitation. Then the order Pazyolution of A(R, /R). The delayed-peak intensity of
rametery relaxes to a new minimum @ (»; T) in a manner

A(R, /R) can be related to the difference between the mini-
such thatdn/dt=—LdG/dn (L being a positive constant (R /R) ! w ni

L . ) . mum positions ofG at T;;; and T, and hence will be en-
within the framework of the linear-fluctuation approxima- hanced with increasing,/dT [ 7= iving the minimum
tion. Since the minimum of becomes shallower on ap- 70 7= 70 9VINg

proaching the transition temperature, the decay time constalq{ G(7:T)] or gquwalently asl—‘”‘ approachedco.
is critically increased. To summarize, the photomduced effects on the CO/OO
However, this naive picture with a single order parameteState have been investigated for g k58 sMnOs crystal by
cannot be applied straightforwardly to the presently observefolarization-sensitive - femtosecond pump-probe = spectros-
phenomena. This is because the photoexcitation at 1.55 e&@PY. The shift of the optical conductivity peak around
Corresponds to a Charge transfer excitation fromsmm 1.3 eV as We” as the I’eduction Of Optical birefringence indi'
Mn*" so that the CO/OO state is immediately destroyed bycate the destruction of the CO/OO state by photoillumina-
photoexcitation. The difference in temporal behaviors agion. The temperature dependenceAd®/R suggests that the
well as in temperature dependencies\é¥/R andA(R, /R) CO/OO0 state becomes unstable below 150 K upon photoex-
implies the existence of another order parameter. Althougleitation. The temporal evolution of birefringendgR, /R)
the charge/orbital order and the collective Jahn-Teller distorin a two-step manner indicates the apparent separation of the
tion are strongly tied to each other and hence can be regardedder parameter in the charge/orbital sector and the lattice
as a single order parameter in steady or slow phenomenarder parameter in the dynamic response. The charge/orbital
ultrashort photoexcitation can separate the dynamics of theswder is first melted immediately upon the photoexcitation,
two order parameters. The reflectivity chandd’/R is  giving rise to rapidly rising signals of botAR/R and
mainly governed by the charge/orbital states, and hence regx(R, /R). Then the collapse of the collective Jahn-Teller
resents almost genuine charge/orbital disorder. On the othelistortion tends to follow the charge/orbital disorder and the
hand, the optical anisotropy or birefringence sigRal/R resultant lattice disorder reaches a maximum in time in such
has contributions from both the charge/orbital order and the critically T-dependent manner as can be interpreted in
collective Jahn-Teller distortion, the latter of which can giveterms of the critical slowing-down effect. Ultrafast spectros-
rise to the lattice orthorhombicity that is also responsible forcopy is proved to be useful for investigating individual dy-
optical anisotropy. namics of order parameters that are strongly tied to each
The dynamical critical slowing down observed in other in the static state.
A(R, /R) can be understood as that of the collective Jahn- This work was partially supported by a Grant-in-Aid for
Teller distortion order parametey;;. The adiabatic charge/ Centers of Excellence Research from the Ministry of Educa-
orbital disorder can be induced without lattice relaxation im-tion, Science, Sports, and Culture of Japan, and by the
mediately after photoexcitation, which should give rise to aNEDO of Japan.
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