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Charge and lattice dynamics caused by photocarrier doping of the undoped cuprates Nd2CuO4 and La2CuO4

were studied by femtosecond absorption spectroscopy. In both compounds, a metallic state is formed just after
photoexcitation and decays within �200 fs. Photogenerated electrons and holes are subsequently localized due
to charge-spin coupling, producing midgap absorptions at different energies. Charge-phonon coupling also
occurs in both compounds. This is more significant for La2CuO4 than for Nd2CuO4, and leads to higher midgap
absorption energies, and slower recombination of polaronic carriers. The role of apical oxygen atoms in
charge-phonon coupling in La2CuO4 is also discussed.
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The study of charge dynamics in cuprates is important in
forming an understanding of the insulator-metal transitions
and high-Tc superconductivity induced by carrier doping of
CuO2 layers. In underdoped cuprates, such as electron-doped
Nd2CuO4 �Nd2−xCexCuO4� and hole-doped La2CuO4
�La2−xSrxCuO4�, electrons and holes cannot move freely in
the antiferromagnetic �AF� spin background because of the
coupling of charge and spin degrees of freedom, resulting in
midgap absorptions �incoherent parts�.1–3 Further carrier
doping gives rise to metallic states but the Drude weight
�coherent part� is small compared to the incoherent part.2,3

The importance of charge-phonon �CP� coupling for doped
holes has also been suggested by angle-resolved photoelec-
tron spectra4–7 and optical conductivity spectra.8 Both
charge-spin �CS� and CP coupling are therefore important
aspects of hole dynamics. CP coupling may also play an
essential role in the behavior of doped electrons although
little information on electron dynamics has been reported to
date. Clarifying the role of CP coupling in the behavior of
doped electrons, as well as in the behavior of doped holes, is
probably important in understanding superconductivity pair-
ing mechanisms,9 since there is still controversy over
whether or not CP coupling is essential.

In this study, we performed femtosecond �fs� pump-probe
�PP� absorption spectroscopy from the visible to the infrared
�IR� region on typical cuprate parent compounds, Nd2CuO4
�NCO� and La2CuO4 �LCO�. As shown in Figs. 1�a� and
1�b�, each CuO plane consists of CuO6 octahedrons in LCO
�Ref. 10� but there are no apical oxygen atoms in NCO.11 In
both compounds, a metallic state is formed just after photo-
excitation and decays very rapidly, within �200 fs. Elec-
trons and holes are subsequently localized as a result of CS
coupling, producing midgap absorptions at different ener-
gies. In LCO, we observed different behaviors from those
observed in NCO, namely, higher energy shifts of the mid-
gap absorptions and relatively slow decay of photocarriers.
These features are discussed in terms of larger CP coupling
in LCO.

Epitaxial thin films of NCO and LCO were grown by

pulsed laser deposition on the nearly lattice-matched
substrates �LaAlO3�0.3�SrAl0.5Ta0.5O3�0.7 and LaSrAlO4
�LSAO�, respectively, with the CuO planes parallel to the
substrates.12 As reference materials, we prepared 1%
electron-doped NCO, Nd1.99Ce0.01CuO4 �NCCO�, and 2%
hole-doped LCO, La1.98Sr0.02CuO4 �LSCO�. The thickness of
the films was 120 nm for NCO and NCCO, and 100 nm for
LCO and LSCO. For the PP measurements, we used a
Ti:Al2O3 regenerative amplifier as a light source �photon
energy 1.55 eV, pulse width 130 fs, and repetition rate 1
kHz�. The output from the amplifier was divided into two
beams, which were used as excitation sources for two optical
parametric amplifiers �OPAs�. From these two OPAs, pump
�1.58 and 2.25 eV� and probe �0.1–2.2 eV� pulses were ob-
tained. The delay time td of the probe pulse relative to the
pump pulse was controlled by changing the path length of
the pump pulse. The time resolution of the system was
�200 fs. The excitation photon density xph was evaluated
from xph= Ip�1−Rp��1−1 /e� / lp, where, Ip, lp, and Rp are the
excitation photon density per unit area, the absorption depth,
and the reflection loss of the pump light, respectively. The
beams had Gaussian profiles and the beam diameters were
500 �m for the pump beam and 150 �m for the probe
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FIG. 1. �Color online� Crystal structures of �a� NCO and �b�
LCO.
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beam. All measurements were performed at room tempera-
ture �292 K�.

Absorption �OD: optical density� spectra of NCO and
LCO are shown in Fig. 2�a�. The shoulder structures at 1.65
eV for NCO and 2.2 eV for LCO are attributable to the
charge-transfer �CT� transition from the occupied oxygen 2p
band to the copper 3d upper Hubbard band. In the same
figure, we also show OD spectra of NCCO and LSCO, in
which midgap absorptions appear at around 0.7 eV in NCCO
and 0.5 eV in LSCO. In NCCO, the OD spectrum shows a
sharp increase below 0.2 eV, attributable to a Drude-type
metallic response. In LSCO, such a clear increase in the OD
could not be observed because of the limitations of the trans-
parent region of the substrate �LSAO�. However, the onset of
an increase in OD was seen at 0.12 eV. In Fig. 2�b�, we show
the differential absorption spectrum, �ODNCO ��ODLCO�, of
NCCO �LSCO� and NCO �LCO�, which corresponds to the
absorption change due to the 1% electron �2% hole� doping
in NCO �LCO�.

The spectra of the photoinduced absorption changes �OD

resulting from excitation of the CT gap transition �1.58 eV
for NCO and 2.25 eV for LCO� are shown in Fig. 2�c� for
several td values.13 The excitation photon densities xph are
0.027 photons/Cu in NCO and 0.055 photons/Cu in LCO.
First, we discuss the spectral features of �OD by dividing
them into three regions: the IR region for ���0.2 eV, the
near-IR �NIR� region for ���1.0 eV in NCO and for ��
�1.5 eV in LCO, and the residual mid-IR �MIR� region.
For the MIR to IR region, we show in Fig. 3 expanded �OD
spectra with a normalized scale to enable the spectral
changes with time to be seen more clearly.

In the IR region, �OD at td=0.1 ps increases monotoni-
cally with decreasing energy for both compounds, showing
Drude-type behavior �Figs. 2�c� and 3�; that is, the metallic
states are photogenerated. In the MIR region, a broad midgap
absorption is observed. These Drude-type components and
midgap absorptions resemble the absorption changes
�ODNCO in NCCO and �ODLCO in LSCO caused by chemi-
cal carrier doping �Fig. 2�b��. As seen in Fig. 3�a�, in NCO,
the Drude-type component below 0.2 eV decreases more rap-
idly than the midgap absorption. In LCO, the �OD spectra
show a similar tendency.

In the �OD spectra of the NIR region, peak structures
appear at around 1.3 eV in NCO and 1.8 eV in LCO; these
peaks are not present in NCCO and LSCO. In Fig. 2�d�, we
show the �OD spectra at 1 ps for NCO and at 5 ps for LCO,
in which the peak structures in the NIR region are more
distinct than the midgap absorptions. Their spectral shapes
are in good agreement with the spectral changes �OD�340
K�–OD�292 K�� induced by an increase in temperature from
292 to 340 K �solid lines in Fig. 2�d��. Therefore, the NIR
�OD peaks can be attributed to a heating effect, which oc-
curs by rapid photocarrier recombinations and thermaliza-
tions of electron, spin, and lattice systems. The photoinduced
absorption increase in the NIR region was previously re-
ported in NCO �Ref. 14� and has recently been reported in
Sr2CuO2Cl2.15 In the latter, the similar explanation is also
possible.15
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FIG. 2. �Color online� �a� OD spectra of NCO, NCCO, LCO,
and LSCO. �b� The differential OD spectra �ODNCO ��ODLCO� of
NCO �LCO� and NCCO �LSCO�. �c� Photoinduced absorption
��OD� spectra with pump energy of 1.58 eV �NCO� and 2.25 eV
�LCO�. �d� �OD spectra at 1 ps of NCO and 5 ps of LCO. Solid
lines show the differential OD spectra �OD�340 K�–OD�292 K��.
�e� Time characteristics of �OD at the energies indicated by arrows
in �c�.
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Figure 2�e� shows the time characteristics of �OD at 0.12
eV �0.13 eV�, 0.70 eV �0.50 eV�, and 1.30 eV �1.80 eV� in
NCO �LCO�, which reflect metallic states, midgap absorp-
tions, and heating effects, respectively. In both compounds,
the primary response in the IR region is very fast, indicating
that the initial decay of the metallic state occurs within a
time resolution of 200 fs. In NCO, the midgap absorption
also decays rapidly, within �1 ps or less. In LCO, the decay
of the midgap absorption for td�0.3 ps takes much longer;
however, it decays completely within 500 ps �not shown�.
Long-lived �OD signals, which are observed in steady-state
measurements on the powder samples at low temperatures,16

never exist. The �OD signals in the NIR region resulting
from heating effects appear after a delay and have long decay
times corresponding to the cooling process. The overall dy-
namics in NCO are illustrated schematically in Fig. 4.

Next, we discuss the nature of the midgap absorptions in
more detail by scrutinizing the �OD spectra in Fig. 3. In
both compounds, two midgap absorption peaks, A at 0.4 eV
and B at �0.7 eV in NCO, and A� at 0.5 eV and B� at
�1.0 eV in LCO, are observed. In Fig. 3, we also plotted the
�ODNCO spectrum resulting from chemical electron doping
in NCO, and the �ODLCO spectrum resulting from chemical
hole doping in LCO. Peak B in NCO corresponds well to the
peak in �ODNCO, indicating that peak B is caused by elec-
tron carriers. Peak A� in LCO corresponds well to the peak
in �ODLCO, indicating that peak A� is caused by hole carri-
ers. Photoirradiation generates an electron-hole pair. Conse-
quently, peak A in NCO and B� in LCO can reasonably be
attributed to hole carriers and electron carriers, respectively.

In the �OD spectra at 5 ps for NCO and 50 ps for LCO
�triangles in Fig. 3�, the low-energy spectral weight in the IR

region disappears and the midgap absorptions caused by lo-
calized carriers are clearly observed. From a comparison of
the magnitude of �OD with those of �ODNCO or �ODLCO,
the electron and hole densities were evaluated as 1
�10−4 /Cu at 5 ps in NCO and 8�10−4 /Cu at 50 ps in LCO,
respectively. The carrier densities are very small, so �OD at
5 ps in NCO and at 50 ps in LCO can be considered to
represent the spectra of isolated single-electron and single-
hole states.

We can now compare our midgap absorption spectra with
the doping-induced absorption changes predicted by theoret-
ical studies.17–20 According to the t-J model, including long-
range hopping t� and t�, which is called the t-t�-t�-J model,
the AF spin configuration in a single-electron state is more
stable than that in a single-hole state.20 This results in a
higher absorption energy for a single-electron state than for a
single-hole state. This explains well the energy difference
between A and B in NCO, and between A� and B� in LCO.
An important observation is that the energies of A� and B� in
LCO are relatively large compared to the energies of A and
B in NCO. In particular, the blueshift of B� is very large
��0.3 eV�.

Taking the CS coupling into account, the peak structures
of the midgap absorptions can be considered to be magnon
side bands and their energies are scaled by the AF exchange
interaction J.8 According to neutron-scattering studies, the J
value of NCO is 155 meV, which is nearly the same as the J
value of LCO �133 meV�.21 Thus, the higher peak energies of
A� and B� in LCO cannot be explained by CS coupling. A
possible origin for the higher peak energies is CP coupling.
According to recent theoretical calculations based on the t-J
model, the introduction of CP coupling gives rise to drastic
changes in the optical conductivity spectra in single-hole
states because of polaron formation;8 with an increase in CP
coupling, the main peak due to the magnon side band shifts
to higher energy, and the shoulder structure due to the pho-
non side band on the lower energy side increases in intensity.
It is reasonable to suppose that the former is responsible for
the blue shift of peak A� and that the CP coupling is larger in
LCO than in NCO. The blue shift of peak B� would have a
similar origin. The larger shift of peak B� suggests that CP
coupling is more significant in an electron state than in a hole
state. A more careful comparison of the spectral shapes of
�OD in NCO and in LCO indicates the presence of a shoul-
der structure below peak A� only in LCO �the arrow in Fig.
3�b��. This may be assigned to the phonon side band. When
carriers are localized as polarons, their decay time is domi-
nated by the encounter rate of electrons and hole polarons.
The larger CP coupling in LCO suppresses polaron mobility
and therefore increases their decay time compared to those in
NCO.

Here, we discuss the origin of the difference between CP
coupling in NCO and in LCO. An important difference is
that apical oxygen atoms exist in LCO but not in NCO. Pre-
vious studies revealed that the removal of apical oxygen at-
oms decreases the gap energy and destabilizes doped holes.22

In NCO, the gap energy is smaller and chemical hole doping
is very difficult. The J values21 indicate that the effective pd
hybridization in NCO is not very different from that in LCO,
in spite of the smaller gap energy. This is because in NCO

[i] [ii]

[iv] [iii]
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FIG. 4. �Color online� Schematic view of photoinduced phe-
nomena in NCO: �i� ground state of the Mott insulator, �ii� photo-
induced metallic states showing the Drude response, �iii� localized
carriers showing the mid-gap absorption, and �iv� heating of the
system after photocarrier recombinations.
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the longer Cu-O distance cancels out the enhancement of the
effective pd hybridization resulting from the smaller gap en-
ergy. Thus the difference in the effects of CP coupling cannot
be attributed to the difference in gap energies. Moreover, the
correlation between the stability of a doped hole and the
presence of apical oxygen atoms cannot be directly related to
the magnitude of the CP coupling. The apical oxygen atom
effect to be considered is their direct contribution to CP cou-
pling. A theoretical study suggested that the CP coupling in a
doped hole due to the apical-oxygen mode is not negligible
compared with that due to the planar-oxygen mode.7 There-
fore, the stronger CP coupling in a doped hole in LCO,
compared with that in NCO, is attributable to apical oxygen
atoms. The larger blue shift ��0.3 eV� of the electron peak
B� in LCO from the peak B in NCO compared to that
��0.1 eV� of the hole peak A� from the peak A, suggests
that a doped electron is stabilized more strongly than a doped
hole by displacements of apical oxygen atoms. The site-
diagonal-type CP coupling caused by apical oxygen atoms
would play a dominant role in electron stabilization since it
has Cu d characteristics. To clarify this point, theoretical
studies based on the two-band model would be necessary
since the electron-hole asymmetry caused by CP coupling
cannot be addressed in the t-J model.

It is useful to discuss the magnitudes of the CP coupling
in the two compounds quantitatively. For this purpose, we
compare peaks A and A� to the theoretical doped-hole ab-
sorption peaks calculated for various magnitudes of the CP-

coupling constant 	.8 Since the values of J in NCO and LCO
are roughly the same, we can deduce the relative magnitudes
of 	 from the energy positions of peaks A �0.4 eV� and A�
�0.5 eV�. Using these values, and the relation between the
peak energies of the midgap absorption and 	 shown in Fig.
4�a� of Ref. 8, the value of 	 in NCO is estimated to be
�80% that of 	 in LCO. The larger value of 	 in LCO can
be related to the apical oxygen atoms but this estimate is
only valid for a single-hole carrier, as discussed above.

In summary, fs pulse excitation in Nd2CuO4 and La2CuO4

generates a metallic state, which rapidly decays. The photo-
carriers are subsequently localized, producing two midgap
absorptions due to electrons and holes. Charge-phonon cou-
pling is more significant in La2CuO4 than in Nd2CuO4, prob-
ably because of the presence of apical oxygen atoms. This is
responsible for the higher midgap absorption energies and
the slower recombination of polaronic carriers in La2CuO4.
The results demonstrate the importance of charge-phonon
coupling for both electron and hole carriers. Such informa-
tion will lead to an increased understanding of the electronic
properties in underdoped cuprates, and possibly to the
mechanism of high-Tc superconductivity.
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