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Ultrafast photoinduced melting of orbital order in LaVO ;
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The photoinduced effect on the orbital-ordered phase in perovskite-type 4 Bs®©been investigated by
femtosecond time-resolved reflection spectroscopy. Large reflectivity change has been observed immediately
after photoirradiation. The spectral shape and polarization dependence of the reflectivity change indicate the
melting of the orbital order induced by photoexcitation. The photocarriers annihilate in about 200 fs, and the
orbital order partially recovers owing to thermalization with the lattice in 2—4 ps.
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Recently, the photoinduced effect on electronic phases afccupation of thed,, orbital** In Fig. 2(a), the correspond-
correlated electron systems has aroused much interest. Ing polarized reflectivity spectra are shown. As a result, the
several perovskite oxides, attempts to change the electronieflectivity for E||c is very sensitive to the evolution of the
phase by light irradiation have been made to unravel largerbital order, while that folEL ¢ is insensitive to it. Taking
changes of optical, magnetic, and transport properties. Faidvantage of this fact, we can expect to distinguish the
example, an ultrafast insulator-metal transition by the photoehange in the orbital order from the other photoinduced phe-
induced collapse of charge order was reported fomomena in LaVQ.

PryCa3MnO; (Ref. 1. In LaysSr, sMnO, (Ref. 2 and We present here the result of the femtosecond time-
Ndy Ca sMnO; (Ref. 3), the destruction of charge and or- resolved reflection spectroscopy of the perovskite vanadate
bital order by light was found to induce an immediate de-LaVO;. We discuss the dynamics of the photoinduced effect
crease of optical anisotropy. Furthermore, some examples @ the orbital-ordered phase, which includes the instanta-
photoinduced modification of magnetic phases have recentlgeous melting of the orbital order, the decay of photocarriers,
been reportet® Ultrafast control of the electronic phase has and the recovery of the order due to thermalization with lat-
proved those systems to be promising for high-speed devicice. We use the characteristic spectral shapes of the reflec-
applications. tivity change as a clue to distinguishing these processes and

LaVO; is one of the Mott insulators which show charac- consistently explain the relaxation dynamics and its excita-
teristic order ofd electron spin and orbital. In LaV{Q the  tion density dependence.
vanadium atom has the electron configuration df.3lt is
known to show orbital ordering below magnetit43 K, (@)
paramagneti€-type antiferromagnet’d) and structural
(141 K, orthorhombic/monoclinf¢ phase transition tem- C
peratures:*°In the ordered phase, twg, electrons on the V
atom occupyd,,d,, andd,,d, orbitals alternately along all ‘
three directions of the latticeG-type ordering as repre- \Z
sented in Fig. (@). The Mott-Hubbard gap transitions in per-
ovskite vanadates are strongly dependent on ordering pat-
terns of orbital and spin. In LaVg) they show a strong C)
temperature dependence, reflecting the evolution of the or- o
der. In Fig. Xc¢), the optical conductivity spectra of La\i@t
10 and 293 K are shown for two light polarizatior§|¢ and
ELc). The intense peak around 1.8 eV féjc at 10 K is
due to thed,,-d,, or d,,-d,, transition between the neigh-
boring V sites along the axis which have ferromagnetic
spin coupling Figs. 1a) and 1b), V;—V>]. The intensity of
this peak decreases with ascending temperature from 100 to
140 K because of orbital disordering along thexis® On FIG. 1. (8 Schematic representation of spin and orbital ordering

the other hand, the spectrum f@rl. c scarcely depends on patterns in LavQ. (b) Electron configuration irt,, orbitals at the
temperature. This has been accounted for in terms of thgree V sites indicated irfa). (c) Polarized optical conductivity

strong one-dimensional nature of the orbital exchange interspectra of LaVv@Q for E||c andEL ¢ at 10 K (solid curve$ and 293
action along thec axis which arises from the antiferromag- K (dotted curves The excitation photon energi.1 eV) is indi-
netic spin coupling in theb plane and the constant single cated by an arrow.

-

Photon energy (eV)
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024— transition band as indicated in Fig(cL The electric field of
0.22 :_,(a) rrrrrrrrrrr E/lc AN the excitation lightg,, is parallel to thec axis, and the exci-
3 N / \ K ; o
0.20F o — 10K tation density is 1.7 mJ/chn As we have expected, a large
IR W T U 203 K P 9
E ot o, \ and anisotropic reflectivity change is observed. HEjc,
@ 018 A, :
0.163/ e N AR/R rises instantaneously up to as much as 10%. In the
0 14: E [ same figure, the spectrum of reflectivity difference between
' ':lbi — 10 and 293 K(orbital-ordered and -disordered phases, re-
O T s 20 25 30 spectively for E[c is shown by a thin solid curve. The
: (b)  (RessK-RUOKN/AI00 —_ AR/R.spectrum at 0.2 ps fd||c is very similar to the qllf-
01— 2t 0.1 or 0.2 bs A ferential spectrum. FdEL ¢, on the other hand, théR/R is
o Foo ( ) very small throughout the observed energy range. The simi-
o 00f=s S, — larity to the differential spectrum fdg||c as well as the large
< E ‘ //\ N anisotropy indicates that the rise afR/R for E|c arises
01 7 AN Elec. chiefly from the destruction of the orbital order upon photo-
PO ot T A e Elle excitation. The|AR/R| for E[c gradually decreases below
00'4 0.5 1.0 15 2.0 2.5 3.0 1.3 eV and deviates from the differential spectrum. This can
R 5 5 5 be attributed to the mismatch of the penetration depth be-
F\ (C . . - .
0ozl \( ) AR/R(O 1p;S/o 2ps) AR/R§(50p5) tween the pump and probe lights. The depth of the probe
c \ Elfc Elc light, 1,,, becomes longer than that of the pump light,(
- 0.00 ' =280 nm) below 1.3 eV because the optical conductivity
<4 V= ; ; ;
\K. for E||c [Fig. 1(c)] decreases with a decrease of energy in
002 R that energy region I(,=400 nm at 1.3 eV andl,
=2700 nm at 0.5 eV
0.5 1.0 15 20 25 3.0 In addition to the signals related to the orbital order, we
Photon energy (eV) have observed another component which decays very fast

within 1 ps. To clarify the origin, the spectra of this compo-
FIG. 2. (a) Polarized reflectivity spectra fdfc andELc at 10 pent have been extracted by subtracth®/R at 50 ps from
K (solid curve$ and 293 K(dotted curves (b) Spectra of transient that at 0.1 psELc) or 0.2 ps E”C)- The result is shown in
differential reflectivity AR/R) at 0.1 ps ELc) or 0.2 ps Elle,  Fig o). This component is negative from 0.6 to 2.9 eV for
thick solid curves and at 50 psboth polarizations, dotted cures 1,1 nrobe polarizations. As the excitation energy is 3.1 eV,

obtained at 7 K. A thin solid curve shows the differential reflectivity . L
- the negativeAR/R over this wide energy range seems to be
spectrum between 10 and 293 {R(29%) ~R(1OK)}/R(10K). due to the bleaching of the optical absorption from the elec-

(c) Difference of AR/R between at 0.1 psELc) or 0.2 ps E||c) . - :
and at 50 pg7 K). tronic ground state. Below 0.6 eV, positiveR/R is ob-

served, indicating that the spectral weight of the gap transi-

The time evolution of the polarized reflectivity change of tion is transferred to the inner-gap region. These two features
LaVO; has been investigated by femtosecond pump-probef the spectra suggest that the fast component within 1 ps
measurements. The light source is a Ti:sapphire regeneratiiginates from the generation and decay of photocarriers.
amplifier systen{central photon energy 1.55 eV, pulse width ~ Figure 3 shows the time dependenceA®R/R at 1.0 eV
100 fs, repetition rate 1 kHz The output of this laser is for two different excitation densities (0.42, 2.6 mJAMAs
divided into two beams. One is frequency doubled in a BBOit does not show an obvious dependence on the excitation
crystal and used for the excitation of the sample. Anothepolarization, we present here the datafQ|c. The tempo-
beam is used as the probe, and the photon energy is varigdl dynamics depends strongly on the excitation density. Fig-
over a wide rangéfrom 0.3 to 2.9 eV by an optical para- ure 4a) shows the dependence pfR/R| for E[c on the
metric amplifier. The intensity of the probe pulse reflectedexcitation density monitored at three typical delay times
from the sample surface is monitored as a function of thed.15, 50, and 6000 ps. There are three regions of the excita-
delay time relative to the pump pulse. The overall time resotion density which show qualitatively different dependence
lution of the measurement is about 200 fs. The sample is an the density(1) linear response region<(0.6 mJ/cri),
single crystal of LavVQ@ which was grown by the floating (2) nonlinear response region (0.6—3 mJfmand(3) satu-
zone method as reported previouslyhe crystal with the ration region &3 mJd/cn?).
(100 or (010 surface was polished to optical flatness and In region (1), AR/R increases linearly with excitation
annealed to remove mechanical stress. density at all the delay times. Thus, the temporal dynamics of

In Fig. 2(b), the spectra of the transient differential reflec- AR/R does not depend on the density in this region. As
tivity (AR/R) immediately after photoexcitatiofat delay indicated by an arrow in Fig.(d), the excitation density of
time t;=0.1 ps forELc and 0.2 ps forE|c) and those at 0.42 mJ/crA which was used to obtain the data set in Figs.
ty=50 ps are shown by thick solid and dotted curves, re3(a) and 3b) is close to the upper limit of this region. The
spectively. They were obtained in the orbital-ordered phaséime dependence at this densjfyigs. 3a) and 3b)] can be
at 7 K. The excitation photon energy is 3.1 eV, which corre-fitted by the double-exponential decay plus a constant term,
sponds to the high-energy side of the Mott-Hubbard gap(t)=1,e Y1+ 1,e " Y72+1,. The fitting is performed with
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FIG. 3. Time dependence &R/R at 1.0 eV(7 K): (a) probe o.oooE ————r ,
polarization E|c, excitation density 0.42 mJ/én (b) Elc, 0 50 100 150 200
0.42 mJ/crf, and (c) E|c, 2.6 mJ/cmA. Dots are experimental Temperature (K)

data. Solid curves show the fitting with a few exponential decay
components. The components with respective lifetimes are shown FIG. 4. (a) Dependence ofAR/R| for E|c at 1.0 eV on excita-
by dashed curvegd) Experimental data foE|c at two indicated  tion energy density, monitored at 0.15, 50, and 6000 ps at 7 K. The
excitation densities. To show them on a logarithmic time scale, thexcitation density can be sorted into three regiois:linear re-
time origin is shifted by 0.4 ps from the other panels. sponse region2) nonlinear response region, af®) saturation re-

) ) ) ) _gion. The lines show linear relationship betwaaR/R| and exci-
the convolution of this equat'on with the response funCtIOﬂ[ann dens”:y(b) Temperature dependence |wR/R| for EHC at

of the measurement system. In the figures, the fitting curves.o ev monitored at 0.25 and 50 ps. The excitation density is
and decay components are shown with solid and dashegl4 mJ/cr.

curves, respectively. As mentioned above, the first term (

=0.25 ps) corresponds to the decay of the bleaching of theomponents rise instantaneously. Both the second and third
electronic ground state. This component appears moreomponents are due to the photoinduced melting of the or-
clearly forELc. It decays rapidly with a decrease of photo- bital order. Thus, the instantaneous rise of their sum indicates
carriers. The second term expresses a decay component witat the destruction of the order is adiabatically induced
a little longer lifetime. It appears for both probe polarizationswithin the time resolutior{about 200 f& By comparing the
with almost the same lifetimg®.9 ps forE|c, and 4.1 ps for AR/R with the differential reflectivity between 10 and 293 K
ELc). This decay component can be ascribed to the thermalFig. 2(b)], we estimate that one excitation photon induces
ization process of the system because, after it decaRéR  the disordering ot,, orbitals over about 60 V sites instan-
hardly changes for about 1 ns. As this component is polartaneously in regiorfl).

ized along thec axis and is sensitive to the change of the In Fig. 4(b), the temperature dependence|AfR/R| for
orbital order, its temporal decay stands for the partial recovE|c monitored at 0.25 and 50 ps is shown. The excitation
ery of the orbital order through the thermalization. This pro-density is 0.4 mJ/cfin region (1). The |AR/R| abruptly
cess is expected to occur via the coupling of agitated orbitalecreases around 140 K above which thg/d,, orbital
order with lattice dynamics due to the Jahn-Teller interacshows no long-range order. This assures again that the ob-
tion. The last constant term appears only Edic. This term  served signal is mainly due to the melting of the orbital
represents the component which shows nonexponential sloarder. The signal after the thermalizati@at 50 p$ increases
decay and survives longer than 10 ri&ig. 3(d), with raising the temperature up to 140 K. This is because the
0.42 mJ/crf]. As the orbital-lattice system is thermalized in energy flow to the lattice and the recovery of the orbital
a few picoseconds, we consider this component as due to tlerder during the thermalization tend to be suppressed with
heating of the macroscopic volume of the sample near thincreasing lattice temperature.

surface. As can be seen in FiggaB3and 3b), the temporal In the excitation density regiof?) in Fig. 4a), AR/R at
dynamics can be approximated by assuming that all the thre@ 15 ps begins to saturate. But th&/R at 50 ps and at 6000
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ps shows a nonlinear increase with the ascent of excitatiop.6 mJ/cmi] and decays with progress of the thermal diffu-
density. In Fig. &), the time dependence AfR/R for E|cis  sion. The lifetime is reasonable if we assume a temperature
shown for the excitation density of 2.6 mJ/ewhich is  gradient of 120 K/280 nm and heat conductivity of
close to the upper limit of regio(®) [indicated by an arrow ~1 W/mK (Ref. 13.
in Fig. 4@]. The temporal dependence can be well ex- As can be seen in Fig.(d, the AR/R signal saturates in
pressed as a double-exponential decay with lifetimes of 0.18egion (3) at all delay times. In this region, the reflectivity
ps (=7,) and 1.7 ps € 7,) and a constant term. All three change folE||c reaches as much as 15% even in the thermal-
components rise within the time resolutiéabout 200 fs  ized statdFig. 4(@), at 50 pg. As the difference of reflectiv-
The intensity of the constant term relative to the second deity between 10 and 293 K at 1.0 eV is about 158tg. 2(b)],
cay component is much larger than that in the linear regioﬁms show; that r.nostlof the Qrbltal g:orrelat|on is lost upon the
(1). Most of theAR/R signal due to the disordering of orbit- Photoexcitation in this density region. _
als (the sum of the second and third tejniemains longer The dynamics after photoexcitation can be characterized
than 10 ps. The result shows that the orbital order hardlyY the following four processes1) photocarrier generation
recovers in such a short time period through thermalizatior@d Melting of orbital order <200 fs), (2) annihilation of
with the lattice at this high excitation density. A detailed photocarrlers(about 200 f5 (3) pa_rtla! recovery of the agi-

. . o~ tated orbital order due to thermalization with the latti2e-4
analysis of the optical conductivity spectra has revealed th

) 9, and(4) cooling of the system due to thermal diffusion
the orbital order grows up steeply from 140 K to 12QRef. . (about 10 ng The most important feature in the dynamics is
9). Therefore, whether the temperature of the thermalize

he ultrafast melting of the orbital order, which is induced by

state is lower than 120 K or not should determine whethef,e iniection of minor photocarriers and spreads over 60 V
the orbital order can recover. From the specific heat ofjoq per photon.

LaVO; (Ref. 12, we estimate that an energy of about 3500 |, summary, the photoinduced effect on the orbital-

J/imol is necessary to heat o7 K to 120 K. 'Bking the 4 qered phase of LaViphas been studied by femtosecond
penetration depth of the excitation lightef=280 nm) and  refiection spectroscopy. The spectral shape and polarization
the reflection lossR=0.14) into consideration, this corre- genendence of the transient reflectivity change demonstrate
sponds to an excitation density of 0.67 mJfciiihis agrees o melting of the orbital order induced immediately after
well with the lower boundary of regiof2). Thus, in this  psioexcitation. The observed ultrafast and large optical re-
region, the temperature will become higher than the critical ponse clearly shows the high potential of orbital-ordered
one (120 K). Then, as shown in Fig.(d), the |AR/R| after ot insulators for optical switching units.

thermalization(for example, at 50 and 6000 )psxhibits a

nonlinear increase with the ascent of excitation density. This We thank S. Iwai for helpful discussions. This work has
component has a lifetime of about 10 n&ig. 3(d), been partially supported by the NEDO of Japan.
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