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We investigated the ultrafast dynamics of photoinduced melting of charge and orbital order in a perovskite-
type manganite, Nd, sCay sMnOs, by means of pump-probe reflection spectroscopy. By irradiation with a 20-fs
laser pulse, only the charge sectors become melted within ~30 fs through strong electron correlations. During
this process the oxygen displacements associated with the ordered phase persist. These displacements are
subsequently released accompanied by several coherent oscillations. The coherent oscillation corresponding to
the Jahn-Teller mode has relatively large amplitude demonstrating that the orbital order plays a significant role
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I. INTRODUCTION

Recent studies on strongly correlated electronic systems
have unveiled various intriguing phenomena due to the
strong interplay among charge, spin, orbital, and lattice de-
grees of freedom."> One such example is colossal magne-
toresistance in perovskite-type manganites, which originates
from the competition between the antiferromagnetic charge-
order insulator phase and the ferromagnetic-metal phase.’
Namely, the melting of the charge order and the appearance
of the ferromagnetic-metal phase under magnetic fields are
the fundamental origins of this magnetoresistance.

Most of the manganites, RE,_,AE,MnO; (RE: rare-earth
ions, AE: alkaline-earth ions), with small bandwidth exhibit
a characteristic ordering pattern called the charge-exchange
(CE) type at near half doping levels (x~0.5).*° Below the
critical temperature (T¢), a checkerboard-type charge order
with alternating Mn**/Mn** sites or equivalently 3d ei,/ eg
configuration and a zigzag-chain-type order of 3x*>-r? and
3y2—r2 orbitals, referred to as the orbital order, appear as
depicted in Fig. 1(a). Below the Néel temperature (Ty), the
spins of 3d electrons are ordered ferromagnetically along the
orbital zigzag chain and antiferromagnetically between the
chains.

The charge order is considered to be stabilized mainly by
the intersite Coulomb repulsion of e, electrons. That is,
charges are ordered so that the Coulomb repulsion energy
among 3d electrons in different sites is decreased. From the-
oretical studies, it was pointed out that the orbital-orbital
coupling, the Jahn-Teller (JT) and breathing-type oxygen dis-
tortions, and the double-exchange interaction along ferro-
magnetic chains also play key roles in the stabilization of
CE-type charge-order phase.®~!? It is, however, difficult to
extract each contribution to the stabilization of the charge
order from the generally used steady-state measurements
such as x-ray diffraction, Raman-scattering, spin-
susceptibility, and transport measurements, since a combina-
tion of complicated interactions gives rise to the ordered
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phase. Thus, the stabilization mechanism of the charge- and
orbital-order phase in manganites has not been fully under-
stood to date.

In order to solve this problem, transient optical spectros-
copy with a femtosecond (fs) laser pulse is a powerful tool. Tt
enables us to determine the dominant interactions between
charge, spin, orbital, and lattice sectors by isolating the re-
sponse of each sector in the time domain. To get precise
information about each sector in this framework, it is neces-
sary to perform the measurement with a very low excitation
density, in which complex nonlinear phenomena under
strong excitations can be excluded. The ultrafast time reso-
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FIG. 1. (Color online) (a) Schematic illustrations of charge and
orbital order in Nd, 5Cay sMnOs. (b) Upper panel: reflectivity spec-
tra for Ellc and E L ¢ at T=10 K (solid lines) and 7=230 K (bro-
ken lines) (Ref. 20). Lower panel: spectra of photoinduced reflec-
tivity change (AR/R) (open circles) for E 1 ¢ at T=10 K with the
pump energy of 1.55 eV and the excitation photon density of
0.01 ph/Mn, and differential reflectivity spectra [(Ry30 g
=Ryo k)/Rio k] (Ref. 16).
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lution is also indispensable to detect the dynamics of oxygen
displacements, which play important roles in the stabilization
of both charge and orbital order. Typical frequencies and
periods of oxygen vibrations relevant to charge and orbital
order in manganites are ~600—200 cm™' and ~60—170 fs,
respectively, so that a time resolution of ~30 fs or less is
necessary. In addition, the use of a half-doped system (x
=0.5) allows the relevant physics to be simplified.

For the present study, we selected a typical half-doped
manganite, Nd,sCaysMnO; (Tco=250 K and Ty=150 K)
and performed pump-probe reflectivity measurements with a
~20-fs laser pulse (~30-fs time resolution) and ultrahigh
sensitivity. We succeeded in detecting small reflectivity
changes using an excitation photon density of less than
1073 photon/Mn. The results revealed that the laser pulse
melts only the order of the charge sector within ~30 fs
through strong electron correlation. Subsequently, the oxy-
gen displacements associated with the charge order are re-
leased accompanied by several kinds of coherent oscilla-
tions. In particular, the coherent oscillation of the JT mode
has a large amplitude suggesting that the orbital order
coupled with the JT mode plays a significant role in the
stabilization of the charge order.

The response to a laser pulse has been studied in manga-
nites from the viewpoint of photoinduced phase control.
Photoinduced melting of the charge order by a nanosecond
laser pulse was first achieved in Pry,Cay3;MnO; under a
static external electric field.!* Subsequently, attempts to con-
trol the charge-order phase of manganites were performed
with a fs laser pulse in the absence of an external electric
field. In fact, not only photoinduced melting of charge
order'#~!8 but also a photoinduced transition from a charge-
order phase to a ferromagnetic-metal phase has been
achieved.!” In these studies, a strong excitation with a photon
density larger than 0.01 photon/Mn has been used. Our ap-
proach based upon extremely weak photoexcitation and high
time resolution, which is fundamentally different from those
previously reported, can give significant insights into the sta-
bilization mechanism of charge and orbital order.

II. EXPERIMENTAL DETAILS

A single crystal of Ndj;CaysMnO; was grown by the
floating-zone method.?® The as-grown crystal was cut to ob-
tain a pseudocubic (100) surface and then annealed at
1000 °C in flowing O, gas after polishing.

In the measurement of the transient photoinduced change
(AR/R) in reflectivity (R), a pump-probe method was used.
Pump and probe pulses were provided by two noncollinear
optical parametric amplifiers, both of which were excited
with the output of a Ti:sapphire regenerative amplifier [795
nm (1.56 eV), duration of 130 fs, and repetition rate of 1
kHz]. The typical pulse width of the outputs of the noncol-
linear optical parametric amplifiers was 20 fs. The delay time
t, of the probe pulse relative to the pump pulse was adjusted
by changing the path length of the pump pulse. The zero-
time delay and the instrumental response function were de-
termined by the sum-frequency cross correlation between the
pump and probe pulses using a $-BaB,0, crystal. The width
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of the instrumental response function corresponding to the
time resolution of the system was ~30 fs.

III. RESULTS AND DISCUSSION

In Fig. 1(b) (upper panel), we display the reflectivity
spectra of Nd, sCa, sMnOj for a light polarization (E) paral-
lel (1) and perpendicular ( L) to the ¢ axis at 10 K (<T¢gp)
and 230 K (=Tcq). The spiky structures in the infrared re-
gion below 0.08 eV are due to optical-phonons mode. At 10
K, the reflectivity spectra show strong polarization depen-
dence reflecting the anisotropic electronic structure in the
CE-type charge and orbital order. The broad structure at
0.2-2 eV for E L ¢ at 10 K is assigned to the transition from
Mn** to Mn*". In contrast, at 230 K just below Tco, the
spectral weight for £ L ¢ shifts to the lower energy and the
optical anisotropy is suppressed compared to 10 K due to the
weakening of charge and orbital order.'® The solid lines in
the lower panel of Fig. 1(b) show the differential spectrum
[(Ry30 k—R10 k)/R1o k] of the reflectivity spectra at 230 K
(Ry30 ) and 10 K (R}, k), which correspond to the spectral
change induced by the collapse of charge and orbital order.
The previous pump-probe study with a ~200-fs time reso-
lution suggested that charge and orbital order is melted by a
photoexcitation with an excitation photon density of 0.01
photon(ph)/Mn due to the similarity between the differential
reflectivity [(Ra3 k—Rio )/ R0 k] spectrum and the photo-
induced reflectivity-change (AR/R) spectrum shown by open
circles in Fig. 1(b) (lower panel).'® Therefore, the time de-
pendence of AR/R is considered to directly reflect the dy-
namics of photoinduced melting of charge and orbital order.

In Fig. 2, we show the time profiles of AR/R at 1.72 eV
for Ellc and E Ll c measured with a time resolution of
~30 fs. To excite the Mn3* to Mn** transition, the energy
and the polarization of the pump light (E.,) are set at 1.94 eV
and Ellc, respectively. The excitation photon density (x,)
is 6.5 107> ph/Mn. Immediately after the photoirradiation,
reflectivity at 1.72 eV decreases for both polarizations, in-
dicative of the melting of charge order. Following this initial
drop, a coherent oscillation is observed, especially for E L c.

To examine the initial dynamics in more detail, in Fig.
3(a) we compare the expanded time profiles of AR/R(E L ¢)
with a normalized scale for several values of x, (lower part)
together with the cross correlation of the pump and probe
pulses (upper part). The full width at half maximum of the
cross correlation is 33 fs. It can be seen that the initial dy-
namics of the reflectivity decrease due to the melting of the
charge order is independent of x,;, and occurs with no time
delay. That is, the charge order is melted much faster than
the time resolution of 33 fs. Figure 3(b) shows the excitation
photon-density (x,,) dependence of |AR/R| at 1,=40 fs,
which is proportional to x,, up to 2 X 103 ph/Mn and then
tends to saturate. By comparing the magnitude of AR/R in
the linear region (x,, <2 X 1073 ph/Mn) with the differential
relativity [(Ry30 k—Rio k)/Rio k] shown in Fig. 1(b), the
size of the domain in which charge and orbital order is
melted was evaluated to be ~140 Mn sites per photon.

Next, we analyzed the overall time profile of AR/R at
1.72 eV shown in Fig. 2. For E L ¢ the time profile consists
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FIG. 2. Time evolutions of AR/R (open circles) for a probe
energy of 1.72 eV for Ellc (the upper panel) and E L ¢ (the lower
panel) at 10 K. The pump energy is 1.94 eV(E L ¢) and the excita-
tion photon density is 6.5X 107> ph/Mn. The solid line represents
the result of fitting. The broken and the dotted line denote the fast
and slow component, respectively (see text).

of two components; an ultrafast component decaying within
t;~1 ps and a slower one which dominates AR/R for t,
>1 ps. The time profile for Ell¢ also seems to include two
components with similar time constants, although the sign of
the slower component is positive. To analyze these compo-
nents, the background time profile excluding the oscillation
signals for £ L ¢ at 1.72 eV was fitted by the following for-
mulas consisting of the two terms:

1(t) =1, exp(=t/7y) + I,{1 — exp(— t/7p)}. (1)

The first term corresponds to the photocarrier-induced
changes in the system and its recovery and the second to the
thermalization process of electron-spin-lattice-coupled
system.'*1618 By using this formula, the background time
profile could be well reproduced as shown by the solid line
in the lower panel of Fig. 2. The first and second terms are
indicated by the broken and dotted lines, respectively. In the
fitting procedure, the response function of the measurement
system shown in the upper panel of Fig. 3(a) was taken into
account as a Gaussian profile. The obtained value of 7, is 0.6
ps, which corresponds to the characteristic time for the re-
covery of the charge order.

The oscillatory component for E L ¢ at 1.72 eV (10 K)
obtained by subtraction of the background component men-
tioned above is plotted in Fig. 4(a) by open circles. The
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FIG. 3. (Color online) (a) Time profile of AR/R observed at the
probe energy of 1.72 eV for E L ¢ at 10 K for the three excitation
photon densities x,;, marked by the solid arrows in (b) (lower panel)
and the cross-correlation profile between pump (1.94 eV) and probe
(1.72 eV) pulses (upper panel). (b) x,,-dependence of |AR/R]| at
t,=40 fs.

initial profile up to 7,=0.3 ps is also shown in Fig. 4(b). The
data were analyzed assuming the sum of four damped oscil-
lators given by the following formula:

4

AR /R = 2 A; cos(wit — ¢p,)exp(—t/T;),
i=1

where A; is the oscillation amplitude, w; is the oscillation
frequency, 7; is the decay time, and ¢; is the initial phase. In
the fitting procedure, the response function of the measure-
ment system was again taken into account as a Gaussian
profile. The simulated profile reproduces the experimental
result well as shown by the solid lines in Figs. 4(a) and 4(b).
The four components are also shown in the lower parts of the
figures. The evaluated frequencies w; of the four modes are
82, 224, 339, and 469 cm™!. The fitting parameters are sum-
marized in Table I. The initial phases ¢; are almost equal to
zero for each oscillation indicating that the oscillations are
cosinusoidal.?! This suggests that the observed coherent os-
cillations are attributable not to the impulsive stimulated Ra-
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FIG. 4. (Color online) [(a) and (b)] Oscillatory component (open
circles) extracted from the time profile of AR/R for E L ¢ at 10 K
(lower panel of Fig. 2). The solid line is a fitting curve, which is the
sum of the four damped oscillators shown in the lower parts.

man process>>?? but to the displacement-type coherent oscil-

lations associated with the photoinduced melting of the
charge and orbital order. The 469 cm™' oscillation is seen to
have a relatively large amplitude compared to the other three
oscillations and dominates the main oscillatory structures in
the initial response, as indicated by the vertical broken lines
in Fig. 4(b).

To obtain information about the origin of the coherent
oscillations, it is useful to refer to the results of Raman
spectroscopy.*~2® Figure 5(a) shows the temperature varia-
tion in Raman spectra for Nd, sCay sMnOj. The polarizations
of incident and scattered lights are perpendicular to the ¢ axis
and the direction of the incident and scattered lights is par-
allel to the ab plane. The results are almost identical to those
previously reported by Jandl et al.,?° although they did not

measure the spectra below 100 cm™.
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FIG. 5. (Color online) (a) Temperature dependence of the
Raman-scattering spectra in Nd sCaysMnO5. The bands d and e
are the JT and breathing mode, respectively. (b) Temperature depen-
dences of the amplitudes for the coherent oscillations associated
with oxygen atoms [A; (i=2, 3, and 4)] and the intensities of the
corresponding Raman bands (b, ¢, and d).

As seen in Fig. 5(a), no prominent bands are observed at
300 K. As the temperature decreases, new peaks a—f appear
below T-o and increase in intensity. These bands are acti-
vated by lattice distortion and/or atomic displacements asso-
ciated with the charge and orbital order. The observed coher-
ent oscillations correspond well to the four Raman bands,
a(83 cm™), b(226 cm™), ¢(346 cm™!), and d(484 cm™).
Previous studies revealed that band a could be assigned to
the vibration mode of A-site cations, and bands b and ¢ to the
rotational modes of MnOg octahedra shown in Fig. 6 [i] an6
[ii], respectively.?”-?® Band d was assigned to the JT mode
shown in Fig. 6 [iii].>* The observed coherent oscillations
should have the same origins as these bands a—d. The tem-

TABLE 1. Parameters obtained from the fitting procedure and the mode assignment of the observed

coherent oscillations.

i o; (cm™) A (X107%) 7, (ps) ¢; (rad) Assignment

1 82 130 1.08 0.0607 A-site cation vibration
2 224 62 0.42 0.1437 Rotational mode of
3 339 25 0.79 —-0.0507 MnOg octahedra

4 469 590 0.07 -0.0957 Jahn-Teller
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FIG. 6. (Color online) Schematic views of Raman modes: [i]
and [ii] the rotational modes of MnOg octahedra, [iii] the JT mode,
and [iv] the breathing mode. The bands b-e are assigned to modes
[i]-[iv], respectively.

perature dependences of the amplitudes A; (i=2, 3, and 4) for
the three oscillations associated with oxygen atoms are plot-
ted in Fig. 5(b), together with the integrated intensities of the
Raman bands b—d. The temperature dependences of the am-
plitudes A; (i=2, 3, and 4) and the intensities of Raman
bands b—d are almost identical, consistent with our assign-
ments.

Taking these assignments into account, the dynamics of
the photoinduced melting of the charge and orbital order can
be discussed. By photoirradiation, the charge order is first
melted within the time resolution (~30 fs) via strong elec-
tron correlations. This is a purely electronic process and will
occur in the time scale of the transfer energy (0.5 eV), that is,
about 8 fs. In the present measurement system, therefore,
only the instantaneous response was detected as shown in
Fig. 3(a). When the charge order is melted, the atomic dis-
placements, which stabilize the charge and orbital order,
should be released, since they are not necessary for the non-
charge-ordered state or equivalently the Mn*>* state. In this
case, it is reasonable that coherent oscillations, which corre-
spond to the atomic displacements stabilizing the ordered
phase, should be generated. Such coherent oscillations have
previously been reported in other examples of photoinduced
phase transitions.?*-3

Here, let us briefly discuss semiquantitatively the ampli-
tude of the coherent oscillation due to the JT mode, which is
the largest among the four oscillations. As seen in the lower
panel of Fig. 1(b), the state generated just after a photoirra-
diation is almost equal to the state at 230 K, at which the
charge order is considerably weakened, as deduced from the
very small intensity of the Raman band related to the charge
order [see Fig. 5(b)]. Therefore, the charge order is almost
melted by a photoirradiation of 0.01 ph/Mn in the case of
Fig. 1(b) (the lower panel). In our experiments shown in
Figs. 2 and 4, the excitation photon density is 0.0065 ph/Mn,
smaller than 0.01 ph/Mn in Fig. 1(b) (the lower panel). Since
the signal showing the melting of charge order is roughly
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FIG. 7. The Fourier transform of the Gaussian response function
[exp(-2/7)] in the measurement system [exp(—m2c?7k?),T
=20 fs], which corresponds to the wave-number dependence of the
detection sensitivity for coherent oscillations.

proportional to the excitation photon density as shown in
Fig. 3(b), it is reasonable to consider that one-photon excita-
tion also destroys the charge order almost completely in a
domain, the size of which was estimated to be about 140 Mn
sites as mentioned above. The evaluated amplitude of the
coherent oscillation (A,) in AR,../R due to the JT mode is
0.059 (see Table I), which is half of the background reflec-
tivity change, AR/R~0.12 [see the lower panel of Figs. 2
and 3(b)]. This demonstrates that the initial amplitude of the
atomic displacements in the coherent oscillation due to the
JT mode is really large. Such a large coherent oscillation
would be observed only in the photoinduced phase transition
systems.

The large amplitude of the coherent oscillation A, sug-
gests a strong coupling of the JT mode to the charge order. In
general, the breathing mode shown in Fig. 6 (part iv),>*?
which corresponds to the shrinking (or expanding) of the
MnOg octahedra, is considered to couple strongly to charge
order as well as the JT mode. The coherent oscillation of the
breathing mode was, however, never observed. To ascertain
the minor contribution of the breathing mode, we have to
consider the limitation of the time resolution (~30 fs) and
the resultant decrease in detection sensitivity of oscillations
in our measurement system, since the frequency (585 cm™)
of the breathing mode (the Raman band e) is relatively high
and the period of the modes (57 fs) is close to the time
resolution. The detection sensitivity of oscillations is given
by the Fourier transform of the Gaussian response function,
exp(=t*/7), (=20 fs), which is shown in Fig. 7. As indi-
cated by the arrows in Fig. 7, the amplitudes of the oscilla-
tions for the JT mode and the breathing mode are expected to
be about half and one third of the original ones, respectively,
indicating the sufficient sensitivity of the two modes. Conse-
quently, the coherent oscillation of the breathing mode
should be much weaker than that of the JT mode. Thus, we
can conclude that the breathing mode is not so important for
the stabilization of the CE-type charge and orbital order as
compared to the JT mode.

As mentioned above, the charge order is melted by a pho-
toirradiation and is recovered with a time constant of 0.6 ps.
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If a phonon mode is strongly coupled to the charge order, the
coherence of the oscillation due to the mode should be dis-
turbed within 0.6 ps and the decay time of the oscillation is
much shorter than 0.6 ps. In the oscillations of i=1-3, the
decay time of the amplitudes, 7, — 73, is 0.42—-1.08 ps, which
is comparable to 0.6 ps. This indicates that these oscillations
are not strongly coupled to the charge order. On the other
hand, the decay time of the oscillation due to the JT mode
(74) is very short, being 0.07 ps. Such a short decay time as
well as a large amplitude of the coherent oscillation of the JT
mode is unambiguous evidence of the fact that the JT mode
is strongly coupled to the charge order. This means that the
orbital order correlated directly with the JT mode plays a
significant role in the stabilization of the charge order. The
importance of the JT mode for the stabilization of the charge
order has indeed been highlighted by several recent theoret-
ical studies.®~12

We can now present the overall dynamics of the photoin-
duced melting of charge and orbital order as illustrated in
Fig. 8. By photoirradiation, the charge order [Fig. 8(a)] is
first melted within the time resolution (~30 fs) through a
purely electronic process [Fig. 8(b)]. The oxygen displace-
ments are subsequently released, accompanied by the coher-
ent oscillations. The strong coupling of the JT mode with
charge order gives rise to the large amplitude of the coherent
oscillation due to the JT mode [Fig. 8(c)]. Recovery to the
charge-order state [Fig. 8(a)] from the nonordered state [Fig.
8(d)] occurs with a time constant of 0.6 ps and the tempera-
ture of the system increases.

The ultrafast dynamics of the photoinduced melting of the
charge order was previously reported for Prj,Cay;;MnOs
(Ref. 36). In that study, the melting of the charge order was
found to occur over a time scale of ~50 fs, which is con-
siderably different from our results. However, the data for
Pry;Cap3sMnO;  were measured with x;,~0.23 ph/Mn,
which is more than 1 order of magnitude higher than ours.
Therefore, nonlinear and/or cooperative effects produced
only by the strong excitation might give rise to the delayed
responses.

IV. SUMMARY

Ultrafast charge and lattice dynamics during photoin-
duced melting of charge and orbital order in Nd, sCa, sMnO5
was investigated by pump-probe reflection measurements
with a time resolution of ~30 fs. After photoirradiation, e,
electrons delocalize and then charge order is melted over
~140 Mn sites per photon. This process is purely electronic
and occurs within 30 fs. Subsequently to this melting of the
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(d)

FIG. 8. (Color online) Schematics for the overall dynamics of
photoinduced melting of charge and orbital order in
Ndj sCay sMnOs. (a) The charge- and orbital-order state. (b) The
melting of the charge order by a photoirradiation. The JT distortions
remain just after the photoirradiation. (c) The release of the JT
distortion. In this process, the coherent oscillations of the JT mode
are generated (not shown). (d) The nonordered state. Recovery to
the charge- and orbital-order state occurs with the time constant of
0.6 ps and simultaneously, the temperature of the system is in-
creased (not shown).

charge order, the displacements of oxygen atoms are released
and the strong coherent oscillations of the Jahn-Teller mode
are driven. These results demonstrate that the orbital order as
well as the intersite Coulomb correlation plays a significant
role in the stabilization of the charge-order phase. These
findings will be important for deeper understanding of not
only the stabilization mechanism of the charge-order phase
but also the mechanism of the colossal magnetoresistance
phenomena in perovskite-type manganites.
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