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Ultrafast charge and lattice dynamics in one-dimensional Mott insulator of CuO-chain compound
Ca,CuO; investigated by femtosecond absorption spectroscopy
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Charge dynamics in one-dimensional (1D) Mott insulators was investigated by femtosecond pump-probe
absorption spectroscopy on Ca,CuOj3. An irradiation of a femtosecond laser pulse gives rise to a Drude-like
response due to the nature of spin-charge separation characteristic of 1D Mott insulators. The photoinduced
metallic state decays with ~30 fs, and photocarriers are localized as polarons via charge-phonon coupling which
produce a broad midgap absorption. Calculations with the extended Hubbard-Holstein model suggest that the
peak structure of the midgap absorption is a magnon sideband of the polaron absorption. This demonstrates that
charge-spin coupling becomes effective via charge-phonon coupling in polarons.
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In various kinds of perovskite-type oxides, Mott insulator
to metal transitions are induced by chemical carrier doping [1].
It is expected that similar metallizations of Mott insulators
are driven by photoirradiation via creations of electron and
hole carriers, that is, by “photocarrier doping.” Such attempts
have been performed not only in oxides [2—14], but also in
other correlated-electron materials [15-24]. In particular, in
one-dimensional (1D) Mott insulators of halogen-bridged
Ni- and Pd-chain compounds, [Ni(chxn),Br]Br, (chxn =
cyclohexanediamine) [19] and [Pd(en),Br](Cs-Y),H,O (en =
ethylenediamine, Cs-Y =  dialkylsulfosuccinate) [20],
and an organic molecular compound, ET-F,TCNQ [ET =
bis(ethylenedithio)tetrathiafulvalene and F, TCNQ =
difluoro-tetracyanoquinodimethane]  [21],  photoinduced
metallizations were demonstrated by the observations of clear
Drude responses in the infrared region. These phenomena are
consistent with a theoretical prediction that a carrier doping
to a 1D Mott insulator necessarily induces a metallization of
the system irrespective of carrier density. Such a metallization
originates from the nature of spin-charge separation
characteristic of 1D correlated-electron systems [25,26].

More recently, photoinduced metallizations were investi-
gated in two-dimensional (2D) Mott insulators of the cuprates,
Nd,CuO4 and La,CuOy4 [10,11]. In these compounds, Drude
responses also appeared by photoirradiation; however, their
spectral weights were smaller than those of midgap absorptions
due to photocarriers localized via the charge-spin coupling
inherent to 2D correlated-electron systems. Such features are
in contrast to those of 1D Mott insulators, in which photore-
sponses are dominated by Drude responses. In addition, it was
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pointed out that the effect of charge-phonon coupling cannot
be neglected in the 2D cuprates [10,11,27-32]. In general,
charge-phonon coupling is more effective in 1D systems than
in 2D ones, so that it is important to clarify the role of charge-
phonon coupling in photoresponses of 1D Mott insulators [33],
which might compete against a metallization and/or give rise
to charge-spin coupling. In the present study, we investigated
photoresponses in a 1D Mott insulator of a cuprate, Ca,CuOs,
by femtosecond pump-probe (PP) absorption spectroscopy.
The result reveals that a Drude-like response is photoinduced,
but it decays very rapidly and photocarriers are localized by
charge-phonon coupling, showing a broad midgap absorption.
Theoretical analyses with the extended Holstein-Hubbard
model demonstrate that the spectral shape of the midgap
absorption is dominated by a magnon sideband of the polaron
absorption.

Crystal structure of Ca,CuQOj; is shown in Fig. 1(a) [34].
A CuO-chain consists of CuO,4 quadrilaterals sharing corner
oxygens along the b axis. As shown in the lower part of
Fig. 1(a), a Cu ion is divalent (S = 1/2) and one unpaired
electron exists in the d,>_,> orbital. A 1D electronic state is
formed by the overlap of p, and p, orbitals of O and d,>_,>
orbitals of Cu. Because of large on-site Coulomb repulsion
energy U on Cu ions, a Mott-Hubbard gap is opened in
the Cu3d band as shown in Fig. 1(b). An occupied O2p
valence band is located between the Cu3d upper Hubbard
(UH) band and the lower Hubbard band. Thus, Ca,CuQOs is a
charge-transfer (CT) insulator, and the lowest optical transition
is a CT-gap transition from the O 2 p valence band to the Cu 3d
UH band [the open arrow in Fig. 1(b)].

Epitaxial thin films of Ca,CuO3; with a thickness of 60 nm
were fabricated on anisotropic substrates, LaSrAlO4(100) by a
graphoepitaxial laser-ablation technique [35,36]. The growth
method and characterization of the film are detailed in the
Supplemental Material S1 [37]. For the PP measurements, we
used two systems in which a temporal width of a laser pulse
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FIG. 1. (Color online) (a) Crystal structures of Ca,CuQO;. Ca
atoms are omitted for simplicity. 1D electronic state is formed by
the d,>_» orbital of Cu, and the p, (p,) orbital of O. (b) Electronic
structure and CT transition of Ca,CuOs. (c) Polarized absorption
(OD) spectrum with light electric fields (E) || and L b (chain axis).
Circles show the excitation profile of photoconductivity along b in a
single crystal of Ca,CuO; [38].

(the time resolution) is 130 fs (200 fs) and 24 fs (34 fs). Details
of the PP setups are also reported in the Supplemental Material
S2 [37]. Delay time #4 of the probe pulse relative to the pump
pulse was controlled by changing the path length of the pump
pulse. The time origin and instrumental response function were
determined by a cross correlation between the pump and probe
pulses using a 8-BaB,Oy4 crystal. All the measurements were
performed at 294 K.

In Fig. 1(c), we show absorption (optical density: OD)
spectra of Ca,CuOj3 with the light electric field (E) || and L b
(the chain axis). We can see a peak structure at 2.1 eV polarized
along b, which is attributable to the CT-gap transition. Circles
in Fig. 1(c) show the excitation profile of photocurrent
along b measured in a single crystal [38]. The photocurrent
sharply increases from the absorption edge (~1.75 eV) and
saturates at around 1.9 eV below the CT-gap-transition peak.
This result clearly demonstrates that the excitonic effect is
negligibly small and that a resonant photoexcitation to the
CT-gap transition produces unbound electron-hole pairs. This
is attributable to the large transfer energy along the 1D chain
relative to the intersite Coulomb repulsion [38].

Figure 2(a) shows photoinduced absorption (AOD) spectra
by the 2.02-eV excitation measured with the time reso-
lution of 200 fs. Excitation photon density x,, is 0.077
photons (ph)/Cu [39]. In the CT-gap-transition region above
1.4 eV, AOD spectra show characteristic time dependence.
Atty = 0.1 ps, AOD is negative at around the absorption peak
(1.8—2.4eV), whichis due to the bleaching of the CT band. For
tq > 0.6 ps, AOD has a positive peak at ~1.8 eV. In Fig. 2(b),
we replotted the AOD spectrum at 5 ps (open triangles), which
is in good agreement with the spectral change [OD (314 K)-OD
(294 K)] induced by an increase in temperature from 294 to
314 K (the broken line). This suggests that the positive AOD
at ~1.8 eV is due to the heating of the system. In Fig. 2(c), we
show time characteristics of AOD at 1.82 and 2.20 eV. AOD
at 1.82 eV becomes positive at #4 ~ 0.25 ps, indicating that the
heating of the system occurs within ~0.25 ps, while AOD at
2.20 eV is always negative reflecting both the bleaching and
the heating-induced spectral change.

In the inner-gap region below 1.4 eV, AOD just after
the photoexcitation (zg = 0.1 ps) exhibits a broad structure
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FIG. 2. (Color online) (a) Photoinduced absorption (AOD) spec-
tra by the 2.02-eV pump (xp, = 0.077 ph/Cu) in Ca,CuOs. The
time resolution is 200 fs. The solid line shows the OD spectrum
along b. (b) The AOD spectrum at 5 ps. The broken line shows the
differential OD spectrum [OD(314 K)—OD(294 K)]. (c) Time profiles
of AOD in the CT-gap-transition region normalized by the maximum
values of |AOD)|. The broken line shows the time profile of AOD at
1.30eV in Nd,CuO,4 measured with the time resolution of 200 fs [ 10].
(d) Time profiles of AOD in the inner-gap region normalized at 2 ps.

centered at ~0.5 eV, which almost decays at g = 5.0ps. In
Ca,CuO;s, excitonic effects are negligible, so that this broad
absorption is attributable to localized photocarriers. It is natural
to consider that the localization is due to charge-phonon
coupling, that is, a polaronic effect, since charge-spin coupling
is small in 1D systems with large U [25,26]. The role of
spin degree of freedom on the midgap absorption spectrum is
discussed again later.

In Fig. 2(d), we show time profiles of AOD in the inner-gap
region normalized at 73 = 2 ps. AOD has two components: a
picosecond-decay component and an ultrafast (subpicosecond-
decay) component; the former exists in four probe energies in
common, while the latter decreases with increase of the probe
energy and seems not to exist above 0.60 eV. The detailed
analyses for the time profiles of AOD are reported in the
Supplemental Material S4 [37].

To deduce spectral features of these two components, we
show expanded AOD spectra for the weak excitation (xp, =
0.0077 ph/Cu) and the strong excitation (x,, = 0.077 ph/Cu)
in Figs. 3(a) and 3(b), respectively, which are normalized at
0.60 eV. For the weak excitation, each AOD exhibits almost the
same spectral shape, dominated mainly by the broad midgap
absorption due to polarons. For 74 < 0.3 ps, a small deviation
exists below 0.3 eV. For the strong excitation, the deviation is
prominent below 0.4 eV, suggesting the presence of another
component different from the midgap absorption, which shows
an ultrafast decay.

In order to clarify this ultrafast-decay component below
0.4 eV, we extract its spectrum by subtracting from each
AQOD spectrum the component due to polarons, which is
assumed to be the AOD spectrum at g = 1.1 ps. In Figs. 3(c)
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FIG. 3. (Color online) (a), (b) AOD spectra normalized at
0.60 eV for (a) weak excitation (xp, = 0.0077ph/Cu) and (b)
strong excitation (xp, = 0.077 ph/Cu). (c), (d) Spectra of ultrafast
components AODy,y = [A OD — aAOD(1.1 ps)] (see the text).

and 3(d), we show the ultrafast-decay component for the weak
and strong excitations obtained by calculating A ODy,g =
[AOD — o x AOD(t3 = 1.1 ps)] at various delay times. «
is adjusted so that AODy, is equal to zero at 0.60 eV. In both
weak and strong excitations, AODy, increases monotonically
with decreasing energy below 0.4 eV in common, showing
photogenerations of metallic states. The energy position at
which AOD crosses zero for x,n = 0.077 ph/Cu is higher than
that for xp, = 0.0077 ph/Cu, consistent with the interpretation
of AODy, by the Drude model. Such a Drude-like response
originates from the nature of spin-charge separation.

To clarify the origin of the broad midgap absorption at
around 0.5 eV, we calculate the real part of optical conductivity
o(w) in an extended Hubbard-Holstein model at half filling,
assuming that the observed midgap absorption appears as a
consequence of a localized nature of electrons. The model
contains nearest-neighbor transfer energy ¢, on-site Coulomb
repulsion energy U, nearest-neighbor Coulomb repulsion
energy V, Holstein-type electron-phonon coupling g, and
Einstein phonon energy wy. In a previous publication by two of
the present authors [40], o (w) for Sr,CuO; has been calculated
by using a realistic parameter set. Here, we determine a
realistic parameter set for Ca,CuQOj3 by taking into account
the difference of lattice constant and gap energy between
Ca,CuO; and Sr,CuOj;. The estimated parameters are ¢ =
0.415eV, U =3.65eV, V =0.820eV, g =0.160eV, and
wo = 0.11eV. The o(w) is calculated for a 24-site chain
by using the dynamical density-matrix renormalization group
method, details of which have been given in Ref. [40].

We compare the observed OD and AOD with calculated
o(w) in Fig. 4. The calculated Mott-gap (CT-gap) position
is consistent with the observed one. Inside the gap, there is
an absorption with a small spectral weight in the calculated
o(w). The distribution of the weight is very similar to the
observed AOD. The calculated midgap absorption is due
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FIG. 4. (Color online) (a) OD spectrum and AOD spectra at
1.1 ps for weak excitation (xp, = 0.0077ph/Cu) and strong
excitation (xpp = 0.077ph/Cu) in Ca,CuO;. (b) o(w) calcu-
lated for a 24-site chain of the extended Hubbard-Holstein
model with a realistic parameters set for Ca,CuO;. Lower-
energy and higher-energy parts correspond to phonon-assisted spin
absorption and CT-gap absorption, respectively.

to a phonon-assisted spin excitation [41]. Therefore, the
broad AOD spectrum due to polarons is attributable to spin
excitations coupled to phonons. This suggests that charge-spin
coupling becomes effective via charge-phonon coupling.

As seen in Fig. 2(a), the midgap absorption due to
polarons appears just after the photoirradiation (z3 = 0.1 ps).
This suggests that most of photocarriers are relaxed to
polarons within the time resolution of 200 fs and the higher
time resolution is necessary to clarify their dynamical as-
pects. Figure 5(a) shows the time characteristic of AOD at
0.93 eV measured with the time resolution of 34 fs (open
circles). Taking into account the probe-energy dependence
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FIG. 5. (Color online) (a) Time profile of AOD at 0.93 eV
(open circles) by the 2.02-eV pump (x,;, = 0.0028 ph/Cu). A cross-
correlation profile of pump and probe pulses (gray shade) shows
that the time resolution is 34 fs. The solid line is a fitting curve.
(b) Components of the fitting curve in (a) (see text). (c) Schematic
of photoinduced phenomena in Ca,CuO;. The green wavy line and
the dashed circles represent the 1D photoinduced metallic state, and
electron and hole polarons, respectively. The yellow shade represents
the rise of the temperature of the system.
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of AOD (see the Supplemental Material S3 [37]), we can
attribute the initial decrease of OD to the formation of a
metallic state and the subsequent increase of OD to the polaron
formation. Negative AOD signals also exist in the extracted
metallic responses shown in Figs. 3(c) and 3(d) [42]. On
the positive AOD signal for 73 > 0.02ps, an oscillation is
observed.

To analyze the time characteristic of AOD, we adopted the
following formula.

AOD (tp)
tq 1y — t t/2 )
=— Ajexp| — exp | —— | dt
—00 T Ty
tq t—t
+ / |:1 — exp (— d . ) cos{wi(tg —t') + 91}]
—00 4
tg—1t tg—1t
X {A2 exp (— )+A3 exp <— ) }
T 73
"\
X exp (——2> dr'. @))]
T

The first term represents the formation and decay of the
metallic state, which is assumed to show an exponential
decay. The second term represents the formation and decay of
polarons accompanying a coherent oscillation expressed by
the cosine-type damped oscillator, in which two exponential
decays with time constants 7, and 73 are assumed and the
relaxation time of the oscillation is expressed by 74. 79o(=20 fs)
is a parameter related to the time resolution, which was deter-
mined from the cross correlation of pump and probe pulses [the
gray shade in Fig. 5(a)]. In Eq. (1), convolution integrals with
the term exp(—t2/ roz) corresponding to the time resolution
(34 fs) are taken into account. The time profile of AOD can
be well reproduced by Eq. (1) [the solid line in Fig. 5(a)].
The first and second terms were also shown in Fig. 5(b).
Used parameter values are 1y = 26fs, 7, = 253fs, 73 = 7 ps,
74 = 82fs, w; = 255cm™!, and 0; = —0.167. The success
of the fit indicates that the metallic state is formed within the
time resolution (34 fs) and decays with ~30 fs, and polarons
are formed within ~60 fs. More detailed analysis of AOD
of the midgap absorption revealed that the decay of polarons
can be explained by bimolecular recombination processes,
which is reported in the Supplemental Material S4 [37].

The initial phase 6, of the oscillation is small (—0.167)
and thus the oscillation is of the cosine type. This suggests that
the oscillation is generated by a displacive excitation mecha-
nism [43] and is attributed to the changes of equilibrium atomic
positions associated with the polaron formation. A carrier on a
Cu site will be stabilized by the displacements of neighboring
four oxygen atoms, so that the corresponding oxygen breathing
mode is a possible candidate of the coherent oscillation.
Ca,CuOs; is a CT insulator, so that we have to take into account
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the asymmetry of electron and hole polarons, which was not
discussed in this Rapid Communication. To fully understand
the nature of polarons, further studies should be necessary.

From these analyses and discussions, the dynamical behav-
iors of the present photoinduced phenomena can be summa-
rized as follows [Fig. 5(c)]: (I) First, a metallic state is photo-
generated. Subsequently (II) it decays with the time constant of
30 fs and (IIT) the polaron formation occurs within 60 fs. (IV) It
is accompanied by the coherent oscillation with the frequency
of 255 cm™". (V) Finally, polaron recombination occurs.

Finally, we discuss the difference of photoresponses be-
tween Ca;CuO; and the 2D cuprate, Nd,CuO4 [10,11].
In Fig. 2(c), we show the time characteristic of AOD at
1.30 eV of Nd,CuO,4 measured with the time resolution of
200 fs, which reflects the heating effect similarly to AOD at
1.82 eV of CayCuOs; in the same figure. In Nd,CuOy, the
rise time of AOD (~0.2 ps) [11] is much shorter than that
(~0.45 ps) in Ca,CuOs. Such a difference can be explained by
the different magnitudes of charge-phonon coupling between
two compounds. In Ca,CuO3, photogenerated electrons and
holes are localized as polarons more strongly than in Nd,CuQy.
When photocarriers are strongly bound to the lattice, their
recombination time is dominated by the encounter rate of
electron and hole carriers. The larger charge-phonon coupling
in 1D cuprates suppresses the carrier mobility and increases
their recombination time compared to that in 2D cuprates.
In contrast, in Nd,CuQOy, the rise time of the heating effect
(~0.2 ps) corresponds to the carrier recombination time for
the weak excitation case, which occurs probably through the
emission of magnons [44-50]. These facts can explain the
longer time constant for the heating or, equivalently, the slower
decay time of carriers in Ca;CuQOj3 than in Nd,CuQy.

In summary, ultrafast charge and lattice dynamics due
to photocarrier doping of the 1D cuprate, Ca,CuQO3, was
investigated by pump-probe absorption spectroscopy. We
demonstrated that the photoirradiation of a femtosecond laser
pulse generates a metallic state. Photocarriers are subsequently
localized as polarons within ~60 fs via charge-phonon
coupling, producing a broad midgap absorption. Theoretical
analyses with the extended Hubbard-Holstein model revealed
that the spectral shape of the midgap absorption is dominated
by a magnon sideband of the polaron absorption. This
suggests that charge-spin coupling becomes effective via
charge-phonon coupling in 1D Mott insulators.
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