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To control the efficiency of photoinduced charge-order melting in perovskite manganites, we performed

femtosecond pump-probe spectroscopy using double-pulse excitation on Prj¢Cay4MnO;. The results
revealed that the transfer of the spectral weight from the near-infrared to infrared region by the second
pump pulse is considerably enhanced by the first pump pulse and that the suppression of crystal anisotropy,

that is, the decrease of long-range lattice deformations due to the charge order by the first pump pulse is a
key factor to enhance the charge-order melting. This double-pulse excitation method can be applied to
various photoinduced transitions in complex materials with electronic and structural instabilities.

DOI: 10.1103/PhysRevLett.116.076402

Perovskite-type manganites exhibit various electronic
phases such as a Mott insulator phase, antiferromagnetic
charge-order insulator (COI) phase, and ferromagnetic
metal (FM) phase, which originate from the strong inter-
play between electron, spin, and orbital degrees of freedom
[1,2]. In nearly half-doped manganites, in particular, COI
and FM phases sometimes compete against each other, so
that dramatic COI-to-FM transitions are driven by appli-
cations of external perturbations such as magnetic fields,
electric fields, and pressure [3]. In addition to such
perturbations, a photoirradiation has been utilized to con-
trol rapidly the electronic states in the COI phase [4-17]
and other phases [18-26]. In a typical half-doped man-
ganite, Nd,5CaysMnO;, pump-probe (PP) spectroscopy
revealed that an irradiation of a femtosecond laser pulse in
the COI phase induces the partial transfer of the spectral
weight from the gap transition to the lower-energy region
and the decrease of the anisotropy in the optical conduc-
tivity spectra due to the CE-type CO [6,8]. These results
showed that the CO was weakened but not completely
melted by light. In nearly half-doped manganites such as
Nd;_,Sr,MnO; and Pr;_,Ca,MnO; (0.4 < x <0.5), the
situation was the same as that in Ndj sCay sMnOs; the CO
is robust and the photoinduced CO melting is difficult to be
achieved.

To enhance the efficiency of the photoinduced CO
melting, selected was another nearly half-doped manganite,
Gd, 5551) 4sMnQO3, in which the long-range CO is disturbed
by the larger variance (i.e., disorder) of the ionic radii of
A-site cations [27], and instead short-range CO with no
crystal anisotropy is formed. In this compound, the short-
range CO was almost melted by the irradiation of a femto-
second laser pulse and the FM state subsequently appeared
[5]. This result suggests that the destruction of the crystal
anisotropy would be a key factor to enhance the efficiency
of a photoinduced CO melting [15]. The isotropic phase in
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Gdy 5551545MnO5 is exceptional and the other CO man-
ganites have strong crystal anisotropy due to the CO in
common. Therefore, a new method is desirable to enhance
the efficiency of the photoinduced CO melting in the
anisotropic CO manganites.

From these backgrounds, in the present study, we apply a
double-pulse excitation method to a prototypical nearly half-
doped manganite, Prj cCay4MnQO;. In this method, the first
pump pulse with various fluences is introduced to prepare
the CO states with different crystal anisotropy, which is
subsequently excited with the second pump pulse. Then the
CO melting efficiency is detected by a probe pulse.

In a half-doped manganite, Pry5CaysMnOj3, a CE-type
CO is stabilized in an orthorhombic structure [Fig. 1(a)], in
which half of the c-axis lattice constant, ¢/2 (0.3753 nm),
is shortened compared with (a + b)/+/2 (0.3853 nm) at
80 K [28] with the elongations of d orbitals in the ab plane.
PrgsCap4MnO; shows a transition from paramagnetic
insulator to COI at Tcg ~ 235 K [29]. Figure 1(b) shows
charge, orbital, and spin structures of this compound [30],
which can be understood by considering excess electrons of
0.1 per Mn added to PrysCaysMnO;. The orbital of an
excess electron is elongated along the ¢ axis as shown by
dotted lines, resulting in the reduction of the crystal
anisotropy. In fact, the orthorhombic distortion in the
COI phase of Pry¢Cay4MnO; (0.43%) is smaller than that
of Pro‘scao‘sMnO:; (11%) [30]

Single crystals of PrysCagMnO; were grown by the
floating-zone method [29,31]. (100) cut crystals were used
for optical measurements. Crystal surfaces were polished
and annealed at 1000°C in an oxygen atmosphere to relax
strains for optical reflectivity measurements [5,8,14]. In PP
reflection spectroscopy, a Ti:sapphire regenerative ampli-
fier (RA) with photon energy of 1.58 eV, a pulse width of
120 fs, and a repetition rate of 1 kHz was used as a light
source. Output from the RA was divided to two paths.
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FIG. 1. Charge, orbital-order, and spin structures of

Pr,Ca;_ MnO; in (a) x=0.5 and (b) x =04 [19]. (c)—(e)
Polarized reflectivity (R) spectra of PrysCag,MnO; at typical
temperatures. (f) Temperature dependences of R values at 0.14 eV.

One was used as a pump pulse and the other was used as an
excitation source of an optical parametric amplifier (OPA)
for generating a probe pulse (0.1-0.85 eV). Delay time 7, of
the probe pulse relative to the pump pulse is controlled by
changing the path length of the pump pulse. For double-
pump experiments, a pump pulse is further divided to two
paths and united again by means of a Michelson-type optical
system.

First, we briefly discuss the temperature dependence of
the crystal anisotropy and electronic structure in
Prg ¢Cap4MnOj5. Figures 1(c)-1(e) show polarized reflec-
tivity (R) spectra with electric fields of light E parallel (//)
and perpendicular (L) to the ¢ axis. At 77 and 230 K the
magnitude of R below 0.4 eV along ¢ (E//c) is larger than
that along the ab plane (E_Lc). This is attributable to excess
electrons in the d orbitals along ¢ as mentioned above. On
the other hand, at 290 K, R spectra do not show anisotropy,
reflecting the disappearance of CO. In this study, we use as
a measure of the anisotropy the polarization dependence of
R at 0.14 eV [arrows in Figs. 1(c)-1(e)], the temperature
dependence of which was shown in Fig. 1(f).

Next we show the results of PP measurements with a
single pump pulse. The pump photon energy (1.58 eV) is
located in the higher-energy side of the intermanganese
transition extending from 0.2 to 1.2 eV [32]. The electric
field E,yyp of the pump pulse was Lc, in common.
Figure 2(b) shows photoinduced change (AR/R) of
the R spectrum (Epqp.-Lc) at 77 K [Fig. 2(a)] with the
excitation photon densities (x,;,) 0f 0.094 and 0.049 photon/
Mn site (ph/Mn) [33] just after the photoirradiation
(t;=02ps) and at t; =4 ps. AR/R at t; =0.2 ps
(solid circles and triangles) is positive below 0.6 eV,
showing that the system becomes conductive by the
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FIG. 2. (a) Polarized reflectivity spectra (ELc) [taken from
Figs. 1(c)-1(e)]. (b) Transient AR/R spectra. Differential re-
flectivities (Rygox — R77x)/R77x and (Ryox — R77x)/Ryrk
(solid lines). (c), (d) Time evolutions of AR/R. (e),(f) xu
dependence of polarized AR/R at 0.14 eV. (g) Schematics
dynamics of CO, orbital-order, and lattice anisotropy after the
photoexcitation.

photoirradiation. In Fig. 2(b), we also showed differential
reflectivity spectra (E_Lc), (Rygg xk — R77 k)/R77 x between
290 K (>T¢p) and 77 K, and (Ry0x — R77k)/R77k
between 230 K (<T¢p) and 77 K. Magnitudes of
AR/R at t; = 0.2 ps for 0.094 ph/Mn (0.049 ph/Mn)
are comparable to those of (Ryox —Ry7x)/R77k
[(R230 k — R77x)/R77 k], while the spectral shape of the
former is different from the latter. AR/R shows a peak at
~0.25 eV. This indicates that the original CO is not
completely melted and photoinduced phases are different
from steady-state phases.

Figures 2(c) and 2(d) show time evolutions of AR/R at
0.14 eV measured at 77 K with Ej e Lc and Epyone//c,
respectively. In all results, an ultrafast increase of R just
after the photoirradiation, its rapid decrease within ~0.5 ps,
and a slow-decay component are observed in common. The
ultrafast increase of R is due to the partial melting of CO by
photocarrier generations as mentioned above. This compo-
nent is almost proportional to xp, [Fig. 2(e)]. The decrease
of AR/R up to 0.5 ps is attributable to photocarrier
recombination and the resultant recovery of CO. Such
subpicosecond responses were also observed in other
CO manganites [6,15]. To interpret the slow-decay
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components, heating effects should be taken into account.
The temperature dependence of R [Fig. 1(f)] shows that the
increase of temperature should induce negative AR/R
signals for E//c. However, AR/R was positive at
ty =4 ps for all the x,, values [Fig. 2(f)] for Eygpe//c
as well as for Epnelc. Therefore, AR/R signals for
t; > 0.5 ps cannot be explained by a simple heating of
the system, but might be attributed to a new photoinduced
state or a kind of hidden state [16], which is more
conductive than the original state.

At high excitation densities above 0.05 ph/Mn, AR/R
atty =4 ps for EpeLc is 1.3 to 5.4 times as large as that
for Eope//c [Fig. 2(f)], which is in contrast to the small
polarization dependence in AR/R at t; = 0.2ps. This
means that for 7, > 0.5 ps the original difference of R
between two polarizations is decreased and the photo-
induced state is more isotropic as well as more conductive.
In addition, this state is long-lived up to ~300 ps (not
shown). A possible assignment of such a long-lived, more
conductive, and more isotropic state photoinduced is a
short-range CO state schematically shown in Fig. 2(g). In
this state, we consider that some of the photocarriers are
stabilized as polarons, being long-lived due to the low
mobility. These polarons would exist probably between
neighboring CO domains, making the system more con-
ductive than the original long-range CO state. The more
isotropic nature of this photoinduced state is attributable to
the fact that some CO states would be formed along the ¢
axis during the initial rapid recovery process of the CO.
This state hardly returns to the original CO state along the
ab plane so that it is long-lived.

In order to characterize the photoinduced complex
changes of the CO, we introduce two parameters, Al,
and Al,, expressed as follows:

o (AR;, + AR, ),

‘ (R// +RJ—)290K - (R// +RJ—)77K’
(AR), — ARJ-)77 K (1)
(R// - RL)77 K

Al =

Here, R, and R, represent R values at 0.14 eV for
Epone//c and EyqeLc, respectively. Al and Al, re-
present the ratios of the decreases in the microscopic (or
local) amplitude of the CO and in the crystal anisotropy
originating from the long-range CO, respectively. The
derivation of Eq. (1) is detailed in the Supplemental
Material [34]. x;, dependences of these two parameters
at t; = 4 ps were shown in Fig. 3(a). Al and Al, were
evaluated to be —5.9% and —9.9%, respectively, at
xph = 0.1 ph/Mn. Thus, the crystal anisotropy as well as
the local CO amplitude can be controlled for #;, > 0.5 ps by
changing x,.

Next, we discuss the results of double-pump experi-
ments. First, the temporal spacing of two pump pulses (¢,)
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FIG. 3. (a) x,, dependence of decreases in CO amplitudes (A1)

and anisotropy (Al,) at tq =4 ps. (b) xp, dependence of
ARp/AR just after the 2nd pulse. (c) Time evolutions of
AR/R with (solid line) and without Ist pulse (broken line).
The inset is a schematic of a double-pulse-pump and probe
measurements. (d) Time evolutions of AR/R for several xy
values, whose offsets are subtracted. Broken red lines show
AR/R without Ist pump. (e) t;, dependence of ARy/AR.

was fixed to be 9 ps. Figure 3(c) shows the time evolutions
of AR/R for Epp.Lc. Excitation photon densities of the
Lst pump pulse (xp,;) and 2nd pump pulse (xp,) were both
set at 0.058 ph/Mn. Just after the 2nd pump, AR/R was
increased additionally on the tail of the AR/R signal due to
the 1st pump. The broken line in the same figure shows the
AR/R signal when the sample was irradiated with only the
2nd pump. That is plotted as the zero line accords with
the long-lived tail of AR/R by the 1st pump (the dotted
line). The net AR/R signal by the 2nd pump is consid-
erably larger than that only by the 2nd pump (the broken
line) in Fig. 3(c). The increase in the second-pump-induced
reflectivity change (ARr/AR) under the presence of the 1st
pump (shaded area) compared with the reflectivity change
(AR/R) by the 2nd pump alone is hereafter denoted as
ARy /AR and called the enhancement factor.

To further investigate the effect of the 1st pump on
ARp/AR by the 2nd pump, x,,; was changed, while x,p,
was constant (0.058 ph/Mn). Figure 3(d) shows net AR/R
signals by the 2nd pump (solid lines) together with AR/R
signals by the 2nd pump alone (broken lines). When the 1st
pump is weak (xp,; = 0.011 ph/Mn), the enhancement
ARy /AR (the gray shaded area) is small. But, it was
considerably enlarged with increase of xpp;.

In Fig. 3(b), we plotted the enhancement factor AR, /AR
just after the 2nd pump [the arrow in Fig. 3(d)] as a function
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of xpni, which is the ratio of the enhancement of net
reflectivity changes just after the 2nd pump by the presence
of the 1st pump. With increase of xp,;, ARr/AR mono-
tonically increases, reaching ~60% at x,,; = 0.1 ph/Mn.
It corresponds well to the decreases of the CO amplitude
(Al,) and the crystal anisotropy (Al,) with increase of x;
[Fig. 3(a)]. To further confirm the enhancement, we
evaluated ARy/AR for Xy, = xpnp = 0.058 ph/Mn as a
function of the interval between the 1st and 2nd pump
pulses (#;,), which was shown in Fig. 3(e). ARr/AR is
almost constant for 0.5 ps < #1, < 300 ps, while AR;/AR
at 15 = 0 ps is zero [35]. This result demonstrates that the
effect of the 1st pump, which accelerates the photoinduced
CO melting by the 2nd pump, occurs after a finite time
(> the time resolution of 200 fs) and persists at least up
to 300 ps.

The excitation-photon-density dependence of Al. and
Al, in Fig. 3(a) shows that the local CO amplitude is
decreased and the crystal anisotropy is suppressed with an
increase of x,p;. As shown in Fig. 2(e), however, the CO
melting just after the photoirradiation shows a linear depend-
ence on the excitation density. Therefore, it is reasonable to
consider that the decrease of the local CO amplitude by the
Ist pump is not the main cause for the nonlinear enhance-
ment of the CO melting by the 2nd pump. This result
indicates that the decrease of the crystal anisotropy is more
important for the enhancement of the CO melting by the 2nd
pump than the decrease of the local CO amplitude.

To obtain information about the nature of photoinduced
states after the 2nd pump, we measured the probe-energy
dependence of AR;/AR with x,,, = 0.094 ph/Mn and
Xph2 = 0.049 ph/Mn and constructed a spectrum of the
enhancement factor, ARr/AR. The result is shown in
Fig. 4(b) together with the AR/R spectrum at 7, = 0.2ps
by a single pump in Fig. 4(a). The ARz/AR spectrum
clearly shows that the spectral weight transfer to the low-
energy region is enhanced due to the presence of the 1st
pump. These results suggest that short range CO states with
weakened anisotropy prepared by the 1st pump are more
sensitive to the photoexcitation and that the photoinduced
CO melting by the 2nd pump is accelerated and the final
state becomes more conductive.

It is valuable to compare the final state generated by
double pump pulses (x,p; and xp,,) with the state generated
by a single pump pulse with a fluence larger than
(xph1 + Xpn2). For this purpose, we plotted in Fig. 4(b)
(ARy — AR;)/AR;, in which ARy, and AR; are the
reflectivity changes by a single pump with x,, = 0.094
and 0.049 ph/Mn, respectively. The (ARy — AR;)/AR;
spectrum does not show a strong tendency of the spectral-
weight transfer to the lower energy, but has positive values
over the wide energy region, differently from the AR;/AR
spectrum. It can be understood by the fact that by a single
pump, most of photocarriers decay before the decrease of
the crystal anisotropy, the characteristic time of which will
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FIG. 4. (a) AR/R spectra. ARy and AR, are the reflectivity
changes by a single pump with x,, = 0.094 and 0.049 ph/Mn
[Fig. 2(b)], respectively. (b) AR;/AR and (ARy — AR;)/AR;
spectra.

be longer than the decay time of photocarriers (a few
hundreds of femtoseconds) [5,6]. It is reasonable since
anisotropy changes should be accompanied by structural
deformations. Thus, the double-pulse excitation is an
effective method to drive the photoinduced transition,
including both fast electronic responses (the decrease of
the local CO amplitudes) and slower structural changes (the
decrease of the anisotropy).

In summary, we performed double-pulse pump experi-
ments in PrysCay,MnOs3. By a single-pulse pump, the
long-range CO is converted to the short-range CO with the
smaller CO amplitude, and the crystal anisotropy is
weakened. By a double-pulse pump, photoinduced melting
of CO is enhanced by ~60% as compared to the single-
pulse pump. The scrutiny of the results suggests that the
decrease of the crystal anisotropy is a key factor for
enhancing the efficiency of the photoinduced CO melting.
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Scientific Research (A) (Grant No. 24740196) from the
Japan Society for the Promotion of Science (JSPS).
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