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We have performed femtosecond reflectivity AR/ R and transmissivity
AT /T measurements in Nd,CuQy, thin film at 80 and 300 K. We have
derived time variations of Ae’ and A€”’ from transient data of AR/R
and AT /T. Assuming a Lorentz oscillator model consisting of three
oscillators, we obtain spectra of the real part €' and imaginary part
€'’ of dielectric function from the measured reflectivity and absorption
spectra in the visible-uv region. The absorption bands in the visible
region are assigned to in-plane charge-transfer (CT) excitations, and
relaxation times of CT excitations are found to be 0.6 and 1.0 ps.
© 1998 Elsevier Science Ltd. All rights reserved
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1. INTRODUCTION

The advent of ultrafast laser spectroscopy has made
it possible to observe ultrafast relaxation phenom-
ena of photoexcited states in various materials in the
femtosecond time region. The nonequilibrium dynam-
ics of laser-heated conduction electrons in metals and
superconductors is a fascinating area of intense re-
search. The studies on ultrafast relaxation dynamics in
superconducting cuprates have revealed the electron-
phonon coupling strength, the Fermi energy position,
the superconducting gap, and the lifetime of quasi-
particles in nonequilibrium superconductivity [1-8]. In
optical measurements, it is essential to obtain dielec-
tric constants rather than reflectivity R and transmis-
sivity T, because the complex dielectric constant in
the optical frequency region reflects electronic struc-
tures of materials. Brorson et al have given attention
to the time response of the imaginary part of dielec-
tric constant €’ in the superconducting and insulat-
ing cuprates [2]. The electron-phonon coupling con-
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stants were obtained for various high-T. supercon-
ductors with different transition temperatures using
Allen’s theory [9] which describe the relaxation rate of
hot electrons. The Fermi level position has been also
discussed from the sign of change in €'’ within the
frame work of the “Fermi energy smearing” model.
For insulating phase, however, a few effort has been
made to investigate relaxation dynamics of charge-
transfer (CT) excitations from oxygen 2p orbitals to
an upper Hubbard band (UHB). The CT excitation
created by ultrashort optical pulses is relaxed into the
ground state with emission of magnons within 1 ps
[10,11]. The dielectric function of insulating cuprates
in the visible region is believed to be mainly governed
by CT transitions. However, roles of different orbitals
of plane oxygen atoms and magnons in optical tran-
sitions are not well understood.

In this paper, we have studied the ultrafast opti-
cal response of complex dielectric functions and re-
laxation process of CT excitaitons in Nd,CuOy4 by
means of femtosecond reflectivity and transmissivity
measurements. We obtain spectra of real part €’ and
imaginary part €'’ of the dielectric function from the
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measured reflectivity and absorption spectra, and we
derive changes in €’ and €'’ by the CT band excitation
with fs pump pulses. From these results we assign the
absorption bands in the visible region to CT transi-
tions associated with different orbitals, and show the
ultrafast relaxation behaviors of the order of 1 ps.

2. EXPERIMENTAL SETUP

Thin-film samples of Nd,CuO4 were prepared by
using a laser ablation technique. The thin film was epi-
taxially grown with c-axis orientation on a MgO sub-
strate and the sample thickness was ~100 nm. We used
a pump and probe method with single wavelength to
measure fractional changes in both reflectivity AR/ R
and transmissivity AT/ T. The laser source was a pas-
sively mode-locked Ti-sapphire laser, and the wave-
length and the pulse duration were 750 — 780 nm and
120 fs, respectively. The repetition rate and the average
power were 76 MHz and 500 mW, respectively. The
output beam was split into pump and probe beams
with a beam splitter. The pump beam with the aver-
age power of ~50 mW was focused onto a spot of
100 ym diameter, and the average power of the probe
beam was ~5 mW. The pump beam was perpendicu-
larly polarized to the probe beam to avoid a coherent
artifact in the signal and to reject a stray of the pump-
ing light. Changes in optical constants were detected
by a lock-in amplifier with a silicon photodiode and
time evolutions were measured as a function of the
pump-probe delay times using a variable delay line.

3. RESULTS AND DISCUSSION

Figure 1(a) shows the reflectance and the absorp-
tion spectra in Nd;CuQOy thin film at 80 K. In the ab-
sorption spectrum, we see three absorption bands; the
band around 1.7 eV is assigned to the CT transition
from the oxygen 2p band to the copper 3d upper Hub-
bard band in the CuO; plane [12]. The origin of the
broad absorption bands around ~ 2.2 eV and ~ 3.4
eV have not been well understood.

Here, we tentatively assign these bands to the in-
plane CT transitions, and the origin will be discussed
later in more detail considering the results of the fem-
tosecond pump and probe experiments.

We analyze the optical spectra assuming a Lorentz
oscillator model. The complex dielectric function is
described as

(1)

2
w:? fi
pJJ
G(w)=€o+2ﬁ,
T wj — w?—iyjw

CHARGE-TRANSFER EXCITATIONS IN Nd,CuOy4

Vol. 108, No. 3

04—

E | 80K (a)A

=

'_

@)

L

—

LL

L

[

>-

=

(%2}

=z

]

o

-

<

)

'_

o

O 0 n n 1 n n n n 1
2 3
PHOTON ENERGY (eV)

:l-u

w

zZ

o

|_

8)

2

-]

[

O]

o

'_

8)

L

.

w

[a)]

PHOTON ENERGY (eV)

Fig. 1. (a) Absorption and reflection spectra of
Nd,CuOy4 thin film at 80 K. The model calculations
are shown by open circles with the fitting parameters
listed in Table 1. (b) €’ and €"" spectra derived from
the fitting analysis of reflectivity and absorption spec-
tra. Components due to the j = 1 (€}, €}), 2 (€5, €5),
and 3 (€5, €5) oscillators are displayed by the broken
curves: € =€y +€;+€,+e;and €’ =€ +¢€) +¢€5.
€o is the background dielectric constant.
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Table 1. The best fitted parameters of reflection and absorption
spectra in Fig. 1(a). Parameters w;, w,, f;, and y; are the reso-
nant energy, the plasma frequency, the oscillator strength, and the
damping constant of the j-th oscillator, respectively. The frequency-
independent dielectric constant €y was taken as 4.5

JwieV)  wpf;  yi(eV)
1 1.66 0.55 0.30
2 2.06 2.33 1.10
3 3.40 2.70 1.55

where € is the frequency-independent term, and w),,
fj» w;, and y; are the plasma frequency, the oscilla-
tor strength, the resonant frequency, and the damping
constant of the j-th oscillator, respectively. The real
and imaginary parts of the dielectric constant, €’ and
€'’ are written by

2 2

7
€ =n" — k%,

()
(3)
where n and k are the refractive index and the extinc-

tion coefficient, respectively. The normal-incidence re-
flectivity, R, can be described by

€’ =2nk,

n—1)2+ k2
e ot @
(n+1)?+«k
The transmissivity is written by
T = (1 - R)*exp(—«alL), (5)

where & = 41Tk/A is an absorption coefficient at wave-
length A, and L is a sample thickness. We neglected
the effect of multiple reflection in the thin film and
the contribution of the substrate, because the optical
density («L) is larger than unity in the spectral region
studied here. Using these formula, we can calculate re-
flection and absorption spectra with the assumption
of three different oscillators. The calculated spectra
are illustrated by the open circles in Fig. 1(a) and the
fitting parameters are listed in Table 1. Both reflectiv-
ity and absorption spectra are well reproduced by the
three-oscillator model. Shown in Fig. 1(b) are €’ and
€'’ spectra and the contributions of these oscillators
are displayed in the figure. The peak values of €’ and
€'" at 1.65eV are 5.7 and 2.0, respectively, which are in
good agreement with the values in the literature [13].
We note that around the j = 1 oscillator peak (CT
band) in the €’ spectrum, the contribution of j = 3
oscillator is very small, whereas all three oscillators
contribute to the € spectrum below ~ 2 eV except for
the resonance energies of the j = 1 and 2 oscillators.
For example, €; = 0.3, €, = 0.7, €; = 0.4 for 1.60 eV,
and €, = 0.1, €; = 0.7, €5 = 0.3 for 1.65 eV.

Figure 2(a) shows AR/R and AT /T signals mea-
sured at 1.65 eV as a function of delay times at 80
K. The positive AT /T coincides with the result of
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Fig. 2. Decay curves of the fractional change in the
reflectivity AR/ R and in the the transimissivity AT /T
at 80 K (a) and 300 K (b). Inset: Decay curves of
AT /T at 80K in an extended time scale.

the photo-induced bleaching of the CT band which
was observed by the pump-probe spectroscopy using
a white continuum light as a probe light [10]. The neg-
ative AR/ R is opposite to that observed for supercon-
ducting Nd; g5Ceo 15CuO4- ), [7], which indicates that
the optical response after the intense pulse excitation
is strongly depend on the the electronic structure. As
seen in Fig. 2(a) and the inset, both AT /T and AR/R
signals exhibit a two-component decay. The fast and
slow decay times of AT /T are ~1 ps and 2 100 ps,
respectively. The fast decay component of AR/R has a
decay time of ~0.6 ps and that of the slow component
is 2 100 ps. The observed temporal behaviors are in
good agreement with our previous results, the relax-
ation process is ascribed to the nonradiative relaxation
of CT excitation with emission of magnons [10]. The
decay behavior is almost independent of temperatures
below and slightly above the Néel temperature (240
K), as shown in Fig. 2(b). This result is explained in
terms of antiferromagnetic spin fluctuations existing
around the Néel temperature [10].

We now derive changes in dielectric constant (A€’
and Ae”’) from the measured AR/Rand AT /T.AR/R
and AT /T can be expressed as [2]
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A—If = x| A€ + 0 A€”, (6)
A—TT = ﬁlAG, + BzAG”. (7)

«; and B; (i = 1,2) are transformation parameters
which can be calculated from the dielectric constant.
Taking the values of 5.7 for €” and 2.0 for €'” at 1.65 eV
(Fig. 1(b)), we obtain o¢; = 0.13, &, = 0.09, B; = 0.15,
and B, = —1.00. Using Egs. (6) and (7), we convert
the observed time variations of AR/Rand AT /T into
those of A€’ and A€”’. As shown in Fig. 3 the temporal
behaviors of Ae’ and A€’ exhibit a two-component
decay. The decay time of the fast component of A€’
is 0.6 ps, while that of A€’ is 1 ps. The different de-
cay behaviors of A€’ and A€’ suggest that origins of
A€’ and A€’ are not the same. As the excitation pho-
ton energy corresponds to the resonance energy of the
j = l oscillator, i.e., the CT transition, the j = 1 and 2
oscillators cause a change of €”’ (see Fig. 1(b)). As the
€' value of the j = 2 oscillator (€5) is about two times
larger than that of the j = 3 oscillator, A€’ is mainly
governed by the j = 2 oscillator, and the decay time of
A€’ (0.6 ps) corresponds to the relaxation time of the
j = 2 oscillator. Taking into account the different de-
cay behaviors between Ae” and Ae”’, we attribute Ae”’
to the j = 1 oscillator, i.e., CT excitation. The decay
time of A€’ is in good agreement with the recovery
time of the bleaching of the CT band [10]. Such a fast
relaxation of CT excitation is interpreted in terms of
the nonradiative relaxation with emission of magnons
in the antiferromagnetic phase.

Now, we discuss the origin of the j = 2 oscillator
with the resonance energy of 2.06 eV. As the decay be-
havior of the j = 2 oscillator is different from the CT
band at 1.7 eV, the assignment to the magnon-assisted
transition of the j = 1 oscillator is ruled out. If it were
the magnon sideband, the decay time should be the
same. In the insulating YBa,;Cu3Og, three absorption
bands observed at 1.7, 2.1 and 2.5 eV are assigned
to the CT excitations from the band consisting of the
O(2)py (or p,) and O(3)p, (or p,) orbitals to the upper
Hubbard band with the Cu(2)d,>—,> character [14,15].
As shown in fig. 4 of Ref. [14], these transitions are
in-plane transitions and the participating bands have
no contribution from the Ba or O(4) orbitals. Keep-
ing in mind this assignment for YBa,;Cu3Og, the j = 2
oscillator is attributable to the in-plane CT excitation
which involves orbitals different from the CT excita-
tion of the j = 1 oscillator. The bands which con-
tribute to the excitations corresponding to the j = 1
and 2 oscillators have O(2)p, (or p,), O(3)px (or p,)
and Cu(2)d,>_ > character.
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Fig. 3. Decay curves of the fractional change in the real
part of the dielectric constant A€’ and in the imaginary
part of the dielectric constant Ae”” at 80 K.

4. CONCLUSIONS

We have investigated the ultrafast optical response
in Nd,CuOy thin film by means of the fs pump and
probe method. The absorption and reflectivity spec-
tra in the visible-UV region were analyzed assuming
three oscillators, and €” and €”” spectra were obtained.
Using the €’ and €’ spectra and the formula of op-
tical constants, we derived the time evolutions of A€’
and A€”, and the decay times of Ae’ and Ae’’ were
found to be 0.6 and 1 ps, respectively. From these re-
sults we assign the transitions at 1.66 and 2.06 eV to
the in-plane CT transitions from the O(2) and O(3)
2p orbitals to the upper Hubbard band (Cu(2)d,>-,2).
The relaxation times of 1.66 and 2.06 eV bands are 1.0
and 0.6 ps, respectively, and they are governed by the
nonradiative relaxation with emission of magnons.
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