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Selective coupling of coherent optical phonons in YBa2Cu3O7−δ with electronic transitions
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We investigate coherent lattice dynamics in optimally doped YBa2Cu3O7−δ driven by ultrashort (∼12 fs) near-
infrared and near-ultraviolet pulses. Transient reflectivity experiments, performed at room temperature and under
moderate (<0.1 mJ/cm2) excitation fluence, reveal Ag-symmetry phonon modes related to the O(2,3) bending
in the CuO2 planes and to the apical O(4) stretching at frequencies between 10 and 15 THz, in addition to the
previously reported Ba and Cu(2) vibrations at 3.5 and 4.5 THz. The relative coherent phonon amplitudes are in
stark contrast to the relative phonon intensities in the spontaneous Raman scattering spectrum excited at the same
wavelength. This contrast indicates mode-dependent contributions of the Raman and non-Raman mechanisms to
the coherent phonon generation. We show that the particularly intense coherent Cu(2) phonon, together with its
initial phase, supports its generation predominately via a displacive mechanism, possibly involving the charge
transfer within the CuO2 planes. The small amplitude of the coherent out-of-phase O(2,3) bending mode at 10
THz also suggests the involvement of non-Raman generation mechanism. The generation of the other coherent
phonons can in principle be explained within the framework of Raman mechanism. When the pump light has
the polarization component perpendicular to the CuO2 plane, the coherent O(4) mode at 15 THz is strongly
enhanced compared to the in-plane excitation, corresponding to the large polarizability component associated
with the hopping between the apical and the chain oxygens, O(4) and O(1).

DOI: 10.1103/PhysRevB.107.184302

I. INTRODUCTION

Electron-phonon coupling in cuprate high-temperature su-
perconductors has been examined extensively, aiming to
reveal its role, or lack thereof, in the superconductivity
[1–7]. Numerous observations [1] implied a dominant role
of electron-phonon coupling in the pairing [1,2,4,8–11],
while strong correlations, the proximity to magnetic order
[12], observations of magnetic scattering peaks [13] and
the d-wave gap symmetry [14,15] suggested the importance
of short-range antiferromagnetic correlations. Moreover, the
nature of electron-phonon interaction and its role on the
intertwined/competing charge order instability, ubiquitous in
this class of materials, has been in the research focus recently
[16–20]. The interplay between electrons and phonons have
been studied by means of conventional optical spectroscopy
[5,21], inelastic neutron and x-ray scatterings [6,10,20], pho-
toemission [1,9], and, more recently, resonant inelastic x-ray
scattering [17]. In addition, the electron-phonon dynamics
have been also revealed in the time domain by measuring
transient reflectivity [22–29], THz conductivity [30,31], time-
resolved photoemission [8,32,33], diffraction [34,35], Raman
scattering [36,37], as well as by means of THz excitation of
infrared-active lattice vibrations [38–40].
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YBa2Cu3O7−δ is among the high-temperature super-
conductors whose lattice vibrations and their coupling to
electronic degrees of freedom have been investigated most
extensively. For optimally doped (δ < 0.1) orthorhombic
YBa2Cu3O7−δ , whose crystalline structure is shown in
Fig. 1(a), Raman active vibrations are those of Ba, Cu(2),
O(2), O(3), and O(4) ions, each of which gives rise to three
Raman active modes of Ag + B2g + B3g symmetries [44].
When excited and detected with the light polarized within the
crystallographic ab plane, the Raman spectra comprise five
Ag-symmetry modes whose ionic displacements are all along
the crystallographic c axis, as shown in Fig. 1(b) [41,45–50].
The corresponding irreducible representation of the Raman
tensor is given by:

R(Z ) =

⎛
⎜⎝axx 0 0

0 ayy 0
0 0 azz

⎞
⎟⎠, (1)

for the ionic motion along the z direction. The intensity of
each phonon mode is affected differently on varying tem-
perature across the superconducting transition temperature
Tc [21,51–54] as well as on varying excitation photon en-
ergy [48,55]. Moreover, their frequencies also depend on the
oxygen content (i.e., in-plane hole density) [46,47,50,56,57].
These dependencies imply selective coupling of electronic
states to distinct ionic motions in YBa2Cu3O7−δ .
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FIG. 1. (a) Crystalline structure of orthorhombic YBa2Cu3O7−δ .
(b) Schematic illustration of the ionic motions of the Ag phonon
modes in orthorhombic YBa2Cu3O7−δ [41,42]. (c) Optical conduc-
tivity spectra for light polarized along the a, b, and c axes of
a detwinned crystal. [(d) and (e)] Schematic illustrations of the
density-of-states (DOS) of YBa2Cu3O7 near the Fermi level and
possible transitions with photon energy of 1.5 eV (d) and 3 eV
(e) [43]. The solid (dashed) arrows and curves represent possible
transitions for light polarized in the ab plane (along the c axis) and
the DOS associated with them. Occupied states are shaded with gray.

Raman-active phonon modes can be studied also as pe-
riodic temporal modulations in transient transmissivity or
reflectivity following photoexcitation with a femtosecond
laser pulse. This scheme is powerful in examining the cou-
pling between photoexcited particles and the lattice degrees of
freedom, especially when combined with a broadband probe
pulse and theoretical calculations [29,58–61]. Two representa-
tive generation mechanisms have been put forward: impulsive
stimulated Raman scattering (ISRS) and the displacive exci-
tation of coherent phonons (DECP). In the ISRS the pump
electric field E acts directly on the ions in the crystal through
the Raman tensor R ≡ (∂χ/∂Q) jkl [62–65], as elaborated
in Appendix A 1. By contrast, the DECP driving force is
generally given by the dependence of the equilibrium co-
ordinate QE on excited carrier density N (or electronic
temperature Te) [66], as described in Appendix A 2.

Earlier time-resolved experiments on YBa2Cu3O7−δ with
a single-color or broadband probe [16,22,23,27,29,39,67–72]
reported the two lowest-frequency Ag modes associated with
the Ba and Cu(2) displacements. These two modes exhibited
qualitatively different dependencies on temperature across
Tc [23,29,68,69]. The Ba amplitude was enhanced consider-
ably below Tc, whereas the Cu(2) amplitude was independent
of temperature. While these temperature dependencies were
qualitatively similar to those of the Raman intensities of the
two modes [52], early theoretical studies [73,74] proposed
that the coherent Ba phonon in the superconducting state is
generated via a mechanism similar to DECP. The originally
proposed DECP was associated with the Peierls instability
of group V semimetals [66]. In YBa2Cu3O7−δ , however, it
was argued that superconductivity is accompanied by a static
displacement in QE of the Ba ion and that photo-induced
suppression of superconductivity leads to a sudden shift in
QE and thereby launches coherent Ba mode [73,74]. On
the other hand, the experimentally observed initial phases
of the coherent phonons [27,68,69] as well as the result
of a double-pump/probe experiment [75] argued against the
DECP mechanism.

In the normal state, by contrast, there has been very lit-
tle discussion on the generation mechanism for the Ba and
Cu(2) modes beyond the implicit assumption of the standard
ISRS mechanism. For the higher-frequency phonons there
have only been a few time-resolved studies [27,72], and little
has been known about their coupling with nonequilibrium
carriers, either in the normal state or in the superconducting
state.

In optimally doped YBa2Cu3O7−δ , the electronic exci-
tations have a relatively localized character and depend
critically on the photon energy as well as on the polarization of
the light. The optical conductivity spectra, shown in Fig. 1(c),
exhibit a weak peak at ∼1.5 eV (A1) and a stronger peak at
∼2.75 eV (A2) for the light polarized parallel to the ab (or
CuO2) plane. The A1 and A2 peaks have been linked to the
localized d − d excitations within the broad, partially filled O
2p –Cu 3d band and to the optical transition to the unoccupied
Cu 3d10 band, respectively, as shown by solid arrows in the
schematic density-of-states in Figs. 1(d) and 1(e) [43,55,76].
While both A1 and A2 transitions involve the in-plane charge
transfer between O(2,3) and Cu(2) ions, the transition A2 has
a significantly larger dipole moment. For the light polarized
parallel to the c axis, i.e., perpendicular to the CuO2 plane, the
optical conductivity spectra in Fig. 1(c) exhibit the peaks B1

and B2 that correspond to the excitation from occupied Cu(1)-
O(1)-O(4) band into the unoccupied Cu(1)-O(1) chain band
and the plane-to-chain charge transfer [76,77], respectively, as
shown by the dashed arrows in Figs. 1(d) and 1(e). These ex-
citation schemes imply that the resonant electronic transitions
are localized within the crystalline unit cell of YBa2Cu3O7−δ

and suggest the possibility of selective electron-phonon cou-
pling contributing to the coherent phonon generation.

In this study we extend the range of accessible coherent
phonons to all the Ag phonons depicted in Fig. 1(b) by using
ultrashort (�12 fs) optical pulses and investigate their cou-
pling with different optical transitions by tuning the photon
energy and optical polarization. We perform transient reflec-
tivity measurements on optimally doped YBa2Cu3O7−δ single
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crystal excited with near-infrared (NIR) and near-ultraviolet
(NUV) light at energies of 1.5 and 3.1 eV, which roughly
match the resonant A1/B1 and A2/B2 transitions. Compar-
ison of the relative coherent phonon amplitudes with the
spontaneous Raman scattering intensities reveal a pronounced
difference and indicates that Cu(2) mode is generated predom-
inantly by a DECP mechanism. The phonon amplitudes in the
NIR experiment depend also on the polarization of the pump
light, demonstrating particularly strong coupling of the optical
transition to the Cu-O chain band with the O(4) mode at 15
THz.

II. EXPERIMENTAL

A single crystal of YBa2Cu3O7−δ was grown by the top-
seeded solution growth [78]. Prior to optical measurements
the sample was cleaved along the ab plane and annealed
in flowing oxygen at 500◦C for 72 h to obtain optimal
doping (δ � 0.05) [79]. Investigation under the polarization
microscope revealed twinning domains with typical length of
20–50 µm and width of 2–3 µm within the ab plane [80,81].

Single-color pump-probe reflectivity measurements were
performed under ambient conditions at room temperature. For
NIR pump-probe study we used the fundamental output of
a Ti:sapphire oscillator (Griffin, KM Labs) with an 80-MHz
repetition rate, a 12-fs duration, and a broadband spectrum
at 815 ± 65 nm (1.53±0.12 eV photon energy). For NUV
experiments a second harmonic of an 80-MHz repetition-rate
Ti:sapphire oscillator was used with 10 fs pulses at 394 ± 17
nm (3.16±0.13 eV). In both experiments the probe light is
polarized along either a or b axis of the twinned crystal. In the
NIR back-reflection experiments the pump and probe lights
are polarized perpendicular to each other, whereas in the NUV
they are polarized parallel. The optical penetration depth of
the NIR and NUV lights in YBa2Cu3O7−δ is 1/α ≈ 90 and
70 nm. The pump and probe laser spot size on the sample was
�60 and �30 µm in diameter in the normal-incidence NIR
and NUV experiments. The pump-induced change in reflec-
tivity �R is measured by detecting the probe light before and
after reflection at the sample surface with a pair of matched
photodetectors. The differentially detected signal from the
photodetector pair is preamplified and averaged on a digital
oscilloscope, typically over 10 000 scans, while the time delay
t between the pump and probe is scanned at 20 Hz.

To compare the relative amplitudes of coherent phonons
with their Raman intensities, Raman scattering spectra were
measured in the back-scattering geometry using a Renishaw
inVia Raman microscope with excitation at 785 nm. The laser
spot was an ellipsoid with ∼5 × 30 µm2 size.

The linear optical response function of a detwinned
YBa2Cu3O6.95 crystal, shown in Fig. 1(b), was mea-
sured in the NIR to NUV range with a spectroscopic
ellipsometer in rotating compensator configuration. The
measurements were performed in three different geometries
for which the plane of incidence was directed along either the
a, b, or c axis of the detwinned crystal. The obtained spectra
were corrected for anisotropy effects using the standard Wool-
lam software to obtain the a-, b-, and c-axis components of the
optical conductivity.

III. RESULTS AND DISCUSSION

A. Normal-incidence NIR and NUV pulse excitations

We first examine the transient reflectivity dynamics using
NIR and NUV pulses in the near-normal-incidence geometry,
where the pump and probe beams are polarized parallel to the
ab plane. In this configuration the dominant electronic tran-
sition occurs within the partially filled Cu(2) 3d and O(2,3)
2p bands for the NIR excitation and from the Cu(2) 3d and
O(2,3) 2p band into the higher lying Cu(2) 3d10 for the NUV
excitation, as shown by the solid arrows in Figs. 1(d) and 1(e).
The ISRS driving force for the coherent Ag phonons, which is
given by Eq. (A5) in Appendix A 1, would reduce to:

F ISRS
z (t ) = axx|Ex|2 + ayy|Ey|2, (2)

where Ex and Ey denote the components of the pump electric
field E along the crystallographic a and b axes.

Figures 2(a) and 2(b) present the transient reflectivity
traces at different incident pump fluences. The NIR signals
in Fig. 2(a) show an instantaneous drop at t � 0, followed by
a rapid rise to reach a maximum at t � 250 fs and then by a
slower decay to a negative baseline. The height of the reflec-
tivity maximum, �Rmax, increases roughly linearly up to �30
µJ/cm2, as shown in Fig. 2(c). The incoherent response can be
attributed to the creation of hot electron gas and its subsequent
cooling on a subpicosecond timescale via thermalization with
the lattice [3,24,82,83]. In the NUV measurements presented
in Fig. 2(b), the transient reflectivity reaches its maximum
at an earlier time delay (t ∼ 60 fs) and decays faster than
in the NIR measurements. �Rmax for the NUV experiments
also exhibits a roughly linear fluence dependence, as shown
in Fig. 2(d). Here the response can be interpreted as the
excitation of electrons into the higher lying Cu(2) 3d10 band,
followed by their thermalization and cooling.

On top of the electronic response, an oscillatory mod-
ulation of the reflectivity by coherent phonons is clearly
resolved in both NIR and NUV experiments. For the NIR
experiment, the oscillatory part, shown in Fig. 3(a), can be rel-
atively uniquely separated from the nonoscillatory electronic
response by approximating the latter with a multiexponential
function. For the NUV experiment, the separation at early de-
lay times (t � 0.2) ps is more difficult due to the large positive
spike and the following hump in the electronic response. Fast
Fourier transform (FFT) spectra of the oscillatory reflectivity
are shown in Fig. 3(b).

For both experiments, the oscillatory part for t � 1 ps can
be well reproduced by two damped harmonic oscillators:

f (t ) = ABa exp(−�Bat ) sin(2πνBat + φBa)

+ACu exp(−�Cut ) sin(2πνCut + φCu), (3)

as shown in the lower panels of Figs. 4(a) and 4(b).
Here the subscripts denote the coherent Ba and Cu(2)
modes, which were reported at ∼3.5 and 4.5 THz in the
previous time-resolved [16,22,23,27,29,39,67–72] and spon-
taneous Raman scattering [21,41,42,45–50,53,56,85] studies.
Their ionic displacements are illustrated in Fig. 1(b). The
frequencies ν j obtained from the fitting of the NIR and
NUV data are listed in the first and second columns of
Table I. The uncertainty in determining the frequency is
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FIG. 2. [(a) and (b)] Transient reflectivity of YBa2Cu3O7−δ ob-
tained at different incident pump fluences in the normal-incidence
geometry using NIR (a) and NUV (b) pulses. The peak height
�Rmax in reflectivity transient immediately after photoexcitation are
indicated by arrows in both panels. [(c) and (d)] Pump fluence-
dependence of the peak height �Rmax in the NIR (c) and NUV
(d) measurements. The error bars reflect the amplitude of the most
prominent oscillatory component, which is due to the coherently
driven Ba mode. Lines are to guide the eye.

�0.1 THz, including the fluence-dependent frequency shifts
shown in Appendix B. These two modes also dominate the
low-frequency regime of the FFT spectra shown in Fig. 3(b).

FIG. 3. Oscillatory parts of transient reflectivity (a) and their fast
Fourier transform (FFT) spectra (b) of YBa2Cu3O7−δ obtained in the
normal-incidence NIR and NUV pump-probe configurations. Pump
fluences are 19 and 22 µJ/cm2 for the NIR and NUV measure-
ments, corresponding to the photoexcited carrier density of ≈8 ×
1018 and 6 × 1018 cm−3, respectively. Traces in (a) are offset for
clarity. Gray vertical lines in (b) represent approximate frequen-
cies of the Ag-symmetry phonons reported in the previous Raman
studies [49,84].

For the earlier time delays (t < 1 ps), the extrapolation
of the fitting to Eq. (3) reproduces the oscillatory reflectivity
approximately but not perfectly. The residuals of the first fit
to Eq. (3), shown in the upper panels of Figs. 4(a) and 4(b),

TABLE I. Phonon frequencies in THz (cm−1) as observed in the transient reflectivity measurements in normal- and oblique-incidence
configurations, compared to spontaneous Raman peak frequencies obtined in this work and in literatures. The uncertainty in determining the
frequency is <0.1 THz for the Ba and Cu modes and <0.5 THz for the high-frequency modes, both including the fluence-dependent frequency
shifts.

NIR normal NUV normal NIR oblique Raman NIR Literature
THz (cm−1) THz (cm−1) THz (cm−1) (cm−1) (cm−1) Assignment and symmetry

3.44 (115) 3.46 (115) 3.49 (116) 113 114–116a Ba symmetric stretch ‖ c, Ag

4.43 (148) 4.37 (146) 4.46 (149) 151 149a Cu(2) symmetric stretch ‖ c, Ag

10.1 (338) 10.1 (338) 337 335–336a O(2,3) out-of-phase bend ‖ c, Ag
c

12.7 (423) 13.1 (437) 12.8 (429) 435a O(2,3) in-phase bend ‖ c, Ag

14.8 (495) 14.7 (489) 14.9 (497) 493 493–498a O(4) symmetric stretch ‖ c, Ag

577 575b O(1) stretch ‖ b, B2u

aRef. [49].
bRef. [41].
cThe out-of-phase O(2,3) bending mode at 10 THz has Ag symmetry in the orthorhombic phase (0 < δ < 0.5) and B1g symmetry in the
tetragonal phase (0.5 < δ < 1).
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FIG. 4. Oscillatory transient reflectivity (dots in bottom panels)
obtained with normal incidence NIR (a) and NUV (b) configura-
tions. Black solid curve, black dashed curve, and red solid curve
in bottom panels are fit to Eq. (3) and its Ba- and Cu-mode con-
tributions, with the latter two being offset for clarity. Dots in the
upper panels represent the residuals of the first fitting shown in the
bottom panels. Black curve is the fit to Eq. (4) or (5), with colored
curves representing the contributions from the 10-, 13-, and 15-THz
modes offset for clarity. Gray shades represent the upper limit of the
uncertainty in determining t = 0.

exhibit oscillations at apparently higher frequencies than the
Ba and Cu(2) modes. These oscillations are responsible for
the weak peaks and dips appearing between 8 and 18 THz
in the FFT spectra in Fig. 3(b). In this frequency regime
we expect to observe three Ag-symmetry modes that were
reported in the previous Raman studies but have not been
reported in the time-resolved studies: the out-of-phase and
in-phase O(2,3) bending modes at ∼340 and 440 cm−1,
and the O(4) stretching mode at ∼500 cm−1. Indeed, in
the NIR experiment one can recognize a peak-dip structure
in the FFT spectrum at ∼10 THz in addition to peaks at
∼13 and 15 THz [Fig. 3(b)], in good agreement with the
Raman frequencies in the literature [49,84]. For the NUV
experiment, by contrast, the 10-THz peak cannot be clearly
resolved.

The line shapes of the high-frequency modes, i.e., whether
they appear as a peak, a dip or a bipolar structure, are

extremely sensitive to the choice of the temporal window
employed for the FFT, as demonstrated in Appendix D.
This is due to the interference among the strongly damped
high-frequency phonon modes. We therefore determine the
parameters of the high-frequency modes by further fitting the
first residual in the time domain.

For both the NIR and NUV experiments, the first residual
can be reproduced roughly by a beating pattern between two
damped harmonic oscillators with frequencies at around 13
and 15 THz:

g(t ) = A13 exp(−�13t ) sin(2πν13t + φ13)

+A15 exp(−�15t ) sin(2πν15t + φ15) (4)

with the subscripts denoting the 13- and 15-THz modes. We
assume the frequencies to be independent of t , though the
recent time-resolved Raman scattering study, recorded at a
fluence that is over two-orders-of-magnitude higher than in
our case, reported a transient blueshift of the 15-THz mode
over the first picosecond [86]. For the NIR experiment, fit-
ting the first residual to Eq. (4) leaves a second residual, as
demonstrated in Appendix C. This second residual features a
small but distinct oscillatory component at around 10 THz. We
therefore add a third damped harmonic component at around
10 THz to Eq. (4) to fit the NIR data:

g(t ) = A10 exp(−�10t ) sin(2πν10t + φ10)

+A13 exp(−�13t ) sin(2πν13t + φ13)

+A15 exp(−�15t ) sin(2πν15t + φ15), (5)

which provides a better fitting result. In the NUV experiment,
by contrast, adding the 10-THz term to the fit function does
not lead to a reasonable convergence. The frequencies ob-
tained from the multimode fitting of the NIR data are listed
in the first and second columns of Table I. The uncertainty in
the extracted frequencies is <0.5 THz for the high-frequency
modes.

We note that in the present study we do not resolve the
14-THz mode, which was observed under high excitation
density in a previous transient reflectivity study [72] and was
attributed to a third harmonic of the Cu(2) mode at 4.5 THz.

B. Dependence on pump fluence

The amplitudes Aj of the coherent phonon modes are also
obtained by the fitting procedure described above. Figure 5
presents the amplitudes as a function of incident pump flu-
ence � (bottom axis) and absorbed photon energy density
(1 − R)�α (top axis). Here the dephasing rates �j and fre-
quencies ν j of the 10- and 13-THz modes were fixed to the
values obtained at the highest pump fluence (Fig. 4) in order
to obtain a consistent result throughout the examined fluence
range. This approach is justified by the rather weak fluence
dependence of the frequencies and dephasing rates of the
Ba and Cu modes (Appendix B), which are obtained from
restriction-free fitting.

In the NIR experiment the amplitudes tend to increase
sublinearly with increasing pump fluence. The observation
is in contrast to the fluence dependence of the electronic
response �Rmax shown in Fig. 2(c), which indicates that the
photoexcited carrier density depends linearly on the fluence.
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FIG. 5. Pump fluence dependence of the initial amplitudes of
the coherent phonons for the normal incidence NIR (a) and NUV
(b) configurations obtained by fitting the time-domain oscillations as
described in the main text. For the NUV pumping the 10-THz mode
was too weak to be fitted confidently. Lines are to guide the eye.

The overall sublinear dependencies may partly be a result
of continuous laser heating in the present high-repetition
laser experiment, as discussed in Appendix B. However, the
3.5-THz mode exhibits a particularly strong sublinearity com-
pared with the other four modes, with an apparent saturation
at � � 20 µJ/cm2 or (1 − R)�α � 2 mJ/cm3. Because the
driving force for the ISRS generation [Eq. (2)] is proportional
to the pump light fluence, the mode-dependent fluence de-
pendencies may be an indication of a non-Raman generation
mechanism.

In the NUV experiment the phonon amplitudes increase
almost linearly, except for the Ba mode that shows a sublinear
dependence and apparent saturation. The linear fluence-
dependence for the Cu(2), 13- and 15-THz modes suggests
that continuous laser heating is not suppressing the excitation
of these modes, although their fluence-dependent frequen-
cies and dephasing rates (Appendix C) indicate a moderate
temperature rise. If we compare the NIR and NUV results
at the same absorbed energy in the “linear” regime, e.g., at
(1 − R)�α = 0.5 mJ/cm3, then the phonon amplitudes for
the 3.5-, 4.5-, 13-, and 15-THz modes are comparable be-
tween the two measurements. This observation is qualitatively
consistent with the previous resonant Raman study at low
temperatures [48], where all the Ag phonon modes showed
moderate photon energy dependence between 1.8 to 2.7 eV.
At a higher absorbed energy, e.g., at 3.0 mJ/cm3, however,
the amplitudes for the 3.5-, 4.5-, and 13-THz modes in the
NUV experiment are considerably larger than those in the NIR
experiment.

We note that the fluence-dependencies observed in the
present NIR experiments [Fig. 5(a)] are qualitatively similar

FIG. 6. Raman scattering spectrum (solid curve) of
YBa2Cu3O7−δ measured at 785 nm in the back-scattering geometry.
The FFT spectrum obtained from the NIR transient reflectivity
measurement is shown by the dotted curve for comparison. The two
spectra are normalized by the height of the Ba peak at 115 cm−1.

to those reported for the superconducting state YBa2Cu3O7 in
the earlier time-resolved study [29]. There the 3.5-THz mode
amplitude showed a saturation at ∼20 µJ/cm2, whereas the
4.5-THz mode saturates at about 5 times higher excitation
density. Such a saturation could in general be associated with
optically induced suppression of superconductivity [30,31].
In Ref. [29] the different fluence dependencies, together with
the contrasted temperature-dependencies, lead to an argument
that the Ba and Cu(2) modes couple with the delocalized
superconducting states and with the more localized electronic
excitation, respectively. In the present normal-state study,
however, it is not likely that the saturation of the Ba mode
is linked to quenching of some underlying order.

C. Comparison with spontaneous Raman scattering
and generation mechanism

To further examine the electron-phonon coupling behind
the coherent phonon generation we measure a spontaneous
Raman spectrum of the same sample at the similar NIR ex-
citation photon energy. If coherent phonons are generated via
ISRS, then the phonon-induced reflectivity modulation �R
would be proportional to the product of the polarizability com-
ponent defined by the pump polarization akl and that defined
by the probe polarization apq (Appendix A 3). Spontaneous
Raman scattering intensity Is is proportional to the polarizabil-
ity squared a2

kl (Appendix A 4). With appropriate selection of
light polarizations we could therefore examine the generation
mechanism based on whether the relative amplitudes of the
coherent Ag modes agrees quantitatively with their relative
Raman intensities.

Solid curve in Fig. 6 shows the spontaneous Raman
scattering spectrum of YBa2Cu3O7−δ measured at 785 nm.
The spectrum is consistent with those reported in previous
studies on single crystals measured in the xx or yy polariza-
tion configurations at room temperature [41,44,45,47,52,87].
Comparison of the Raman spectrum with the FFT spectrum of
the time-domain oscillation, shown by a dotted curve in Fig. 6,
reveals a striking difference. Whereas the Ba mode at 3.5 THz
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(∼115 cm−1) is pronounced in both Raman and FFT spectra,
the Cu(2) mode at 4.5 THz (∼150 cm−1), which had the
largest FFT peak height, is very weak in the Raman spectrum.
By contrast, the out-of-phase O(2,3) bending mode at 10 THz
(∼340 cm−1), which was small in the FFT spectrum, is almost
as intense as the Ba mode in the Raman spectrum.

The stark contrast in the relative phonon
amplitudes/intensities suggests an enhancement of the
coherent Cu(2) phonon via a non-Raman generation
mechanism, which is elaborated for the general case in
Appendix A 2. For the Cu(2) mode of YBa2Cu3O7−δ we
propose a DECP mechanism associated with the “buckling”
of the CuO2 plane. The asymmetric environment (Ba2+

above, Y3+ below) of the CuO2 plane induces a built-in
electric field perpendicular to the plane [57,88]. This leads to
a slight separation of the plane formed by the Cu(2) ions and
that by the O(2,3) ions, or buckling, instead of a flat CuO2

plane. The ionic motions associated with the buckling are the
Cu(2) stretch and in-phase O(2,3) bend along the c direction,
which can couple with static charge transfer between Cu(2)
and O(2,3). In the current normal-state study we expect both
NIR and NUV pump pulses to induce an ultrafast charge
transfer within the buckled CuO2 plane between Cu(2) and
O(2,3). This would modify the equilibrium position of the
Cu(2) ions in the c direction and thereby give a DECP-like
driving force to the coherent Cu(2) mode at 4.5 THz.

The generation mechanisms of coherent phonons can be
also inferred, to a certain degree, based on their initial phases
φ j [63,66,89,90]. If the electronic excited state is short-lived
or virtual, e.g., in nonresonant ISRS, then the driving force can
be approximated by a δ function of time (impulsive limit), and
the ionic oscillation should follow a sine function time with
φ j = 0, as described in Appendix A 1. If the excited state lives
sufficiently long, e.g., in DECP, and the driving force can be
approximated by a Heaviside step function (displacive limit),
then the ionic oscillation would follow a cosine function, i.e.,
φ j = π/2, as described in Appendix A 2. We find the Cu(2)
oscillation component [red curves in Figs. 4(a) and 4(b)] to be
nearly a cosine function of time (φCu � π/2). The observation
is consistent with our interpretation that the Cu(2) motion is
driven efficiently via DECP mechanism. In contrast, the phase
of the Ba oscillation (black dotted curves) is closer to zero
(sinelike), suggesting its coupling to an excited state with a
shorter lifetime. This suggests that the coherent Ba mode is
generated predominantly via ISRS as a result of its weaker
coupling with the in-plane charge transfer. We note that in the
present study we cannot determine the initial phases of the
high-frequency modes because the uncertainty in the position
of the zero time delay [shaded gray in Figs. 4(a) and 4(b)] is
too large for determining their initial phases.

The low spectral weight of the 10-THz mode in the FFT
spectrum represents another deviation from the ISRS gener-
ation mechanism; the coherent out-of-phase O(2,3) phonon
is suppressed despite its large polarizability components
(axx, ayy). Previous theoretical and Raman studies [57,88] ar-
gued that the out-of-phase O(2,3) mode has a large Raman
cross section because of its strong coupling to the static charge
transfer between the O(2) and O(3) in the buckled CuO2

plane. We speculate that the photo-induced in-plane charge
transfer between O(2,3) and Cu(2), which is responsible for

the displacive excitation of the Cu(2) mode, could weaken the
static charge transfer between the O(2) and O(3), and thereby
reduces the coherent out-of-phase O(2,3) motion. We note that
in the present pump-probe experiments we detect the spatial
average of the contributions from orthogonal twin domains,
since our laser spot is considerably larger than the typical
twin domain size. This does not affect the transient reflectivity
signals of the 10-THz mode as well as other Ag modes in
the present polarization configuration, as long as they are
generated via ISRS, as discussed in Appendix A 3. On the
other hand, if the 10-THz mode is predominantly generated
via non-Raman (displacive) mechanism that is independent of
the polarization of the incident pump light, then the reflec-
tivity modulation averaged over multiple twin domains could
vanish.

We also note that in our Raman spectrum in Fig. 6
there is an additional weak peak at 577 cm−1. Previous
Raman studies also reported a broad peak at a similar
frequency [41,49,50,53,85], though calculations predicted no
Raman-allowed fundamental phonon mode in this frequency
range [41]. It was attributed either to the B2g phonon
mode arising due to the polarization leakage [49] or to a
defect-activated O(1) stretching along the b axis (B2u) based
on its dependence on light polarization and oxygen deficiency
[41,50,53,85]. In our Raman spectra the intensity of the
577 cm−1 peak varies considerably from spot to spot on
the sample, which is consistent with the latter assignment
associated with local defects [91].

D. Oblique-incidence NIR pulse excitation

So far we have discussed the transient reflectivity of
YBa2Cu3O7−δ in near-normal-incidence geometry, in which
the pump and probe beams are polarized in the ab plane. We
further investigate coherent phonons with the NIR pulses in
the 135◦-reflection geometry, as schematically illustrated in
the inset of Fig. 7(a). In this configuration s-polarized light,
whose polarization component is only within the ab plane,
induces the A1 transition and gives the ISRS driving force
described by Eq. (2). By contrast, p-polarized incident light
has a polarization component along the c axis and therefore
induce the B1 transition, as shown in Figs. 1(c) and 1(d). Thus
the ISRS generation would be dominated by the zz component
of the polarizability:

F ISRS
z (t ) = [(axx cos2 θ + ayy sin2 θ ) cos2 ϕ + azz sin2 ϕ]|E |2

= [0.15(axx cos2 θ + ayy sin2 θ ) + 0.85azz]|E |2, (6)

with ϕ = 135◦/2 being the angle of incidence.
Figures 7(a) and 7(b) compare the oscillatory part of the

transient reflectivity and its FFT spectrum obtained with
differently polarized pump and s-polarized probe lights. As
expected, the signal measured with s-polarized pump and
probe (Ss), shown with black curves, is very similar to that
obtained in the normal-incidence geometry (Fig. 3). Switch-
ing the pump to p-polarization while maintaining the probe
polarization (Ps) leads to a drastic enhancement in the ampli-
tude of the 15-THz O(4) mode and a moderate enhancement
in other Ag phonon modes, as shown with green curves. We
obtain the amplitudes Aj , the frequencies ν j and the dephasing
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FIG. 7. [(a) and (b)] Oscillatory part of the transient reflectivity
in YBa2Cu3O7−δ (a) and its FFT spectrum (b) obtained in oblique-
incidence NIR configuration with differently polarized pump and
s-polarized probe. Incident pump fluence is 5.1 µJ/cm2. Photoex-
cited carrier density is 1.6 × 1018 and 1.9 × 1018 cm−3 for s- and
p-polarized pump. Inset to (a) schematically illustrates the experi-
mental geometry with p-polarized pump and s-polarized probe as
an example. The traces in (b) are offset for clarity. (c) Normalized
coherent phonon amplitude ratio between p- and s-polarized pump,
given by Eq. (7). Dashed line indicates ANP/ANS = 1.

rates � j of the coherent phonons with the same fitting proce-
dure as described in Sec. III A, whose results are shown in
Appendix E. The frequencies obtained from the p-polarized
pump are listed in the third column of Table I.

The overall enhancement in the modes’ amplitudes with
p-polarized pump can be explained in terms of the lower
reflectivity and the larger absorbed energy density for the
p-polarized light than the s-polarized light. Indeed, if we nor-
malize the phonon amplitudes Aj by the absorbed light density
α(1 − R) for the respective polarization, then we obtain the

ratio between the normalized amplitudes:

ANP
j

ANS
j

≡ AP
j /[αp(1 − Rp)]

AS
j /[αs(1 − Rs)]

, (7)

that is reasonably close to unity, as shown in Fig. 7(c), with an
obvious exception of the O(4) mode at 15 THz.

The pronounced enhancement of the 15-THz mode in-
dicates significantly larger driving force for pump light
polarized along the c axis than along the ab axes. This
observation can be explained qualitatively within the frame-
work of the ISRS generation, since previous Raman studies
[41,44,85,92] reported larger polarizability along the c axis
(azz � axx = ayy). Visible light polarized along the c axis
induces the transition from the Cu(1)-O(1)-O(4) band to the
unoccupied Cu(1)-O(1) chain band, labeled by B1 in Fig. 1(d).
The zz polarizability component of the 500-cm−1 (15-THz)
mode is large because the O(4) displacement along the c
axis modulates the O(4)-Cu(1) and O(4)-O(1) distances and
hence of the O(4)-O(1) hopping. The earlier Raman studies
[41,44,85,92] reported a similar, though weaker, enhancement
for the 13-THz mode, which was explained in terms of the
mode mixing with the O(4) vibration [48]. In the present study
we see no such enhancement, however. It is therefore possible
that the generation of the 15-THz mode with p-polarized light
is additionally enhanced by its stronger coupling with the
optical transition induced by the p-polarized NIR light via a
DECP-like mechanism.

The larger amplitudes in this configuration enables us to
discuss the parameters of the high-frequency modes more
confidently. Specifically, the frequency and the dephasing
rate of the 15-THz mode are obtained to be ν15 = 14.9 THz
(497 cm−1) and �15 = 2.4 ps−1. Our frequency is comparable
with that reported in the earlier Raman studies (494–504 cm−1

at 300 K) [49,53,54,92,93]. Our dephasing rate is also consis-
tent with the previously reported Raman linewidth (FWHM =
25–28 cm−1 at 300 K) [53,54,92,93], whose temperature
dependence revealed anharmonic decay into low-frequency
phonons being the dominant decay channel. In the present
study we detect no noticeable photo-induced frequency shift
in the O(4) mode, in contrast to the recent time-resolved Ra-
man study that employed more than two-orders-of-magnitude
higher excitation density [86]. The in-phase O(2,3) mode at
13 THz decays almost as fast (�13 = 2.1 ps−1), in agreement
with the linewidth (FWHM � 30 cm−1) reported in earlier
studies [53,92].

Finally, we note that the observed enhancement of the
15-THz mode for the pump polarized along the c axis is in an
apparent contrast to the polarization-dependence study of un-
doped single-layer cuprate La2CuO4 [61], where the La-apical
O vibrations along the c axis were suppressed under pump ‖ c
compared to pump ‖ a. This is because at the photon energy of
3.1 eV the pump ‖ a leads to an efficient excitation across the
charge-transfer gap of La2CuO4 that strongly couples with the
lattice degree of freedom, whereas along the c axis the crystal
is more insulating. In the present study on YBa2Cu3O7−δ

we have not examined the B2 transition at ∼3 eV directly
by performing the NUV oblique incidence measurement. We
anticipate, however, that the B2 excitation would involve an
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analogous charge transfer channel as the B1 and would give
rise to a similar result as in the case of A1 and A2 transitions.

IV. CONCLUSIONS

We have investigated the nature of electron-phonon cou-
pling in optimally doped YBa2Cu3O7−δ at room temperature
under NIR and NUV photoexcitations. Our ultrashort laser
pulses have allowed us to time resolve the three high-
frequency phonon modes involving O(2,3) and O(4), in
addition to the previously reported low-frequency Ba and
Cu(2) modes. Comparison of the relative coherent phonon
amplitudes with the relative Raman intensities has revealed
the mode-dependent coupling with the electronic excitation.
The coherent Cu(2) mode is enhanced significantly via the
displacive driving mechanism facilitated by the ultrafast in-
plane charge transfer between the Cu(2) and O(2,3) ions. The
coherent out-of-phase O(2,3) mode, by contrast, is suppressed
drastically. The excitation of other Ag modes can qualitatively
be explained within the framework of the impulsive Raman
generation. Our results present a good example for discussing
coherent phonon generation in a complex crystal, in which
the electronic excitation can be relatively localized within the
unit cell and can couple with different lattice modes in quali-
tatively different manners. Similar time-resolved experiments
with ultrashort pulses would extend access to high-frequency
phonon modes of cuprates and correlated materials in general.
Tracking the temperature- and doping-dependencies of the
coherent phonon response could further reveal which of the
phonon modes display particularly strong anomalies and the
related contribution to superconductivity.
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APPENDIX A: THEORY FOR GENERATION
AND DETECTION OF COHERENT PHONONS

1. Raman generation of coherent phonons

The electron-phonon coupling behind the generation of
coherent phonons can depend on the material as well as the
pump photon energy. When the photon energy is below the
fundamental band gap (e.g., in a semiconductor), the coherent
phonons can be driven via ISRS mechanism [62], in which
a broadband femtosecond optical pulse offers multiple pairs
of photons required for the stimulated Raman process. In
this case the driving force F depends on the polarization of
the pump electric field E through a third-rank Raman tensor
R jkl ≡ (∂χ/∂Q) jkl ≡ a( j)

kl [63–65]:

F ISRS
j (t ) = R jklEk (t )El (t ), (A1)

where j, k, l are Cartesian coordinates. This equation implies
that the pump electric field acts directly on the ions in the
crystal through the Raman tensor, whose components are

described by the polarizability a( j)
kl :

R( j) =
⎛
⎝axx axy axz

ayx ayy ayz

azx azy azz

⎞
⎠. (A2)

For the light field E (t ) whose duration is shorter than the
phonon period �−1, this driving force can be approximated
with a δ function of time and would induce a “coherent”
displacement Q in the collective ionic position in a crystal
[64]:

μ

(
∂2Q
∂t2

+ 2�
∂Q
∂t

+ �2Q
)

= FISRS(t ), (A3)

where � ≡ 2πν is the angular frequency. μ and � denote
the reduced lattice mass and a phenomenological damping
constant. The solution to Eq. (A3) is given by a damped
harmonic function:

Q(t ) = Q0 exp(−�t ) sin(�t + φ). (A4)

The amplitude Q0 is proportional to the driving force FISRS

and hence the polarizability component akl as described by
Eqs. (A1) and (A2). For the nonresonant ISRS we can assume
a boundary condition Q(t = 0) = 0, and the resultant oscil-
lation is expressed by a sine function of time with the initial
phase φ = 0.

For the Ag-symmetry phonons of orthorhombic
YBa2Cu3O7−δ , whose Raman tensor is given by Eq. (1),
Eq. (A1) reduces to:

F ISRS
z (t ) = axx|Ex|2 + ayy|Ey|2 + azz|Ez|2. (A5)

In the back-reflection geometry from the ab plane, Eq. (A5)
reduces further to Eq. (2). By representing the polarization
angle of the pump relative to the a axis with θ we can express
the driving force as:

F ISRS
z (t ) = (axx cos2 θ + ayy sin2 θ )|E |2. (A6)

Among the five Ag modes of YBa2Cu3O7−δ , only the out-
of-phase O(2,3) mode has an asymmetric B1g-like character
(ayy = −axx), whereas all the other Ag modes are symmet-
ric (ayy = axx) [41,44,49]. For the four symmetric modes
Eq. (A6) reduces to

F ISRS = axx|E |2 (A7)

regardless of θ . For the out-of-phase O(2,3) mode, however,
the driving force depends on θ as:

F ISRS
z (t ) = axx|E |2 cos 2θ, (A8)

whose angular dependence is shown with a black curve in
Fig. 8. In the twinned YBa2Cu3O7−δ crystal used in the
present study, this would lead to ionic motions in the opposite
directions between the two orthogonal domains (pump ‖ a
and pump ‖ b), as illustrated in Fig. 9.

2. Non-Raman generation of coherent phonons

When the photon energy exceeds the band gap (or in
a metallic system), the Raman process involved in the
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FIG. 8. θ dependencies of the functions included in Eqs. (A8)
and (A15).

excitation and detection of coherent phonons can be reso-
nantly enhanced in the similar manner as in spontaneous Ra-
man scattering [94,95]. In addition, non-Raman mechanisms
[64,66] can contribute to the coherent phonon generation.
So-called DECP was originally proposed for the ionic motion
along the trigonal axis of rhombohedral Bi and Sb [66], which
is associated with the Peierls instability. Transient depletion
field screening proposed for the longitudinal optical phonons
in the depletion layer of doped compound semiconductors
[64,96] can be considered as a variation of DECP. The DECP
driving force is given by the dependence of the equilibrium
coordinate QE (t ) on excited carrier density N (or electronic
temperature Te), which is assumed to be linear:

QE (t ) ∝ N (t ). (A9)

The equation of motion is taken as:

μ

{
∂2Q(t )

∂t2
+ 2�

∂Q(t )

∂t
+ �2[Q(t ) − QE (t )]

}
= 0. (A10)

FIG. 9. Unit cells of the CuO2 plane in orthogonal twin domains
of YBa2Cu3O7 showing the ionic displacements corresponding to
the out-of-phase O(2,3) modes at 10 THz. ISRS mechanism induces
driving forces with the opposite directions between pump ‖ a (left)
and pump ‖ b (right) domains.

Equations (A9) and (A10) imply that the DECP driving force
is applied to the ions through the interaction with photoexcited
carriers, in contrast to the electric field acting directly on the
ions in ISRS. The solution to Eq. (A10) is given by a damped
harmonic function:

Q(t ) = QE exp(−�t ) sin(�t + φ). (A11)

When the photoexcited carriers decay fast enough compared
with the phonon period, the DECP driving force can be ap-
proximated by a δ function of time (impulsive limit), and the
induced ionic displacement can be expressed by the similar
solution as the ISRS [Eq. (A4)] that follows a sine function of
time, i.e., φ = 0 or π . When the carriers are created fast and
live sufficiently long, the driving force can be approximated
by a Heaviside step-function (displacive limit), and the ionic
oscillation would follow a cosine function, i.e., φ = π/2.
For an intermediate carrier lifetime the initial phase of the
displacement oscillation would take a value between the two
extreme cases [66].

3. Detection of coherent phonons by transient reflectivity

Once generated by an ultrashort pump pulse, whether via
ISRS or DECP, the coherent ionic displacement Q induces a
change in the complex refractive index, �n, and thereby in the
reflectivity, �R. In a first-order approximation the reflectivity
change can be rewritten using the susceptibility χ [63–65]:

�R = ∂R

∂n
�n �

∑
pq

∂R

∂χ

(
∂χ

∂Q

)
j pq

Qjepeq. (A12)

Here (∂χ/∂Q) j pq ≡ R j pq ≡ a( j)
pq is the first-order Raman

tensor given by Eq. (A2). ep and eq denote the p and q compo-
nents of the unit vector E/|E| of the probe light field, with p
and q denoting the Cartesian coorinates. Equation (A12) im-
plies that the displacement Q induces the reflectivity change
�R through the Raman polarizability components apq selected
by the probe light polarization.

For coherent phonons generated via ISRS, Eqs. (A1) and
(A12) would imply that the phonon-induced �R is propor-
tional to the product of akl defined by the pump polarization
and apq defined by the probe polarization. In the case of
the Ag modes pumped and probed within the ab plane the
polarization angle dependence can be expressed by:

�R ∝ (axx cos2 θ + ayy sin2 θ )(axx cos2 θ ′ + ayy sin2 θ ′),
(A13)

with θ and θ ′ denoting the polarization angles of the pump
and probe. For the four symmetric (ayy = axx) Ag modes of
YBa2Cu3O7−δ , Eq. (A13) would reduce to:

�R ∝ a2
xx(cos2 θ + sin2 θ )(cos2 θ ′ + sin2 θ ′) = a2

xx. (A14)
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For the asymmetric (ayy = −axx) out-of-phase O(2,3) mode
Eq. (A13) would lead to:

�R ∝ a2
xx(cos2 θ − sin2 θ )(cos2 θ ′ − sin2 θ ′)

=
{

a2
xx cos2 2θ for θ ′ − θ = 0

−a2
xx cos2 2θ for θ ′ − θ = π/2

. (A15)

The angular dependence for the parallel polarizations (θ ′ −
θ = 0) is shown with a yellow curve in Fig. 8. Equation (A15)
indicates that, for a fixed relative angle between the pump
and probe (e.g., θ ′ − θ = 0), the reflectivity oscillations from
orthogonal twin domains (θ = 0 and π/2) would add up if the
detection is averaged over multiple domains.

4. Spontaneous Raman scattering intensity

(Spontaneous) Raman scattering can be regarded as a radi-
ation from an optically induced polarization in a crystal. The
polarization P induced by an electric field E can be written in
the form P = χE with the electric susceptibility χ [97]. The
susceptibility, in turn, can be written as a function of ionic
displacement Q = Q0 sin(�t + φ). In the first-order approxi-
mation the intensity of the scattered radiation will depend on
the polarizations of the incident and scattered lights, ei and
es, as:

Is ∝ |ei · (∂χ/∂Q)0Q0 · es|2. (A16)

This formula implies that the scattered intensity is pro-
portional to the polarizability component a ≡ (∂χ/∂Q)0

squared. By introducing a unit vector eQ = Q/|Q| and the
second rank Raman tensor R = (∂χ/∂Q)0eQ we can rewrite
Eq. (A16) as:

Is ∝ |ei · R · es|2. (A17)

Previous Raman studies on orthorhombic YBa2Cu3O7−δ

derived the Raman tensors of the phonon modes based on
their polarization-dependencies [41,41,44,44,49,85,92]. In the
back-scattering geometry from the ab plane, five peaks were
observed at ∼115, 150, 340, 440, and 500 cm−1 in the xx
(ei, es ‖ a) and yy (ei, es ‖ b) configurations but vanished in
the xy (ei ‖ a, es ‖ b) [41,44,49]. This indicates the Ag sym-
metry of the phonons, with their Raman tensor expressed in
the form of Eq. (1). In the parallel polarization the intensities
of the four peaks at 115, 150, 440, and 500 cm−1 were nearly
independent of the polarization angle of the incident light
with respect to the crystallographic axes, indicating axx �
ayy. Only the 340 cm−1 peak exhibited qualitatively different
dependence; it was maximum when the incident light is po-
larized along the a or b axis but vanished at 45◦. In the cross
polarization with the incident light polarized at θ = 45◦, only
this mode was detected distinctly while the other four modes
vanished. From these observations the 340-cm−1 mode was
determined to be asymmetric (axx = −ayy).

Further polarized Raman studies in the zz configuration
(ei, es ‖ c) determined the magnitude of azz relative to axx and
ayy [41,44,85,92]. In particular, the Raman intensities of the

FIG. 10. Pump density dependence of frequencies (a) and de-
phasing rates (b) of the coherent Ba and Cu(2) phonons obtained
from fitting the NIR and NUV time-domain data to Eq. (3).

500 and 440 cm−1 modes were found to be much larger in
the zz configuration than in the xx and yy, which implies the
largest polarizability along the c axis (azz � axx = ayy). By
contrast, the 340 cm−1 mode vanished in the zz configuration,
indicating a vanishing polarizability (azz � 0).

APPENDIX B: EFFECT OF CONTINUOUS
LASER HEATING

In the present study we used a Ti:sapphire oscillator with
a high (80-MHz) repetition rate as the source for the pump-
probe measurements. In this setup the effect of continuous
laser heating at the laser-irradiated YBa2Cu3O7−δ surface may
not be neglected. A simple steady-state heat diffusion model
[98,99] predicts that the temperature increase is roughly pro-
portional to fluence. Using Eq. (3) of Ref. [99] and the
literature values for the anisotropic thermal conductivity [100]
and for the optical constants [77] we estimate the steady-state
heating to be ≈170 K at the highest excitation fluence used in
this experiment.

Continuous heating of this magnitude would affect the
frequencies ν j and the dephasing rates � j of the coherent
phonons significantly. Previous temperature-dependent Ra-
man studies [51,53] reported frequency redshift and linewidth
broadening for the out-of-phase O(2,3) and O(4) modes with
increasing temperature above Tc. These trends can be ex-
plained in terms of the bond softening and the enhanced
phonon-phonon scattering at an elevated temperature. In the
present study, the Ba and Cu(2) modes display similar fre-
quency redshifts and enhancements in the dephasing rates
with increasing fluence, as shown in Fig. 10, supporting the
laser-induced temperature rise in our experimental setup.

APPENDIX C: COMPARISON OF FITTING TO DOUBLE-
AND TRIPLE-DAMPED HARMONIC FUNCTIONS

Fitting of the NIR oscillatory transient reflectivity to
Eq. (3) leaves a first residual shown with dots in the upper
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FIG. 11. (a) Residual of the first fit of the NIR oscillatory reflec-
tivity to Eq. (3) (blue dots in the lower panel) and its second fits to
Eq. (5) (black curve in the lower panel) and to Eq. (4) (red curve
in the lower panel). The corresponding second residuals are shown
in the upper panel. (b) FFT spectra of the first residual (blue), the
second residual of the fitting to Eq. (5) (black) and that to Eq. (4)
(red).

panel of Fig. 4(a) and in the lower panel of Fig. 11(a). The
first residual exhibits a beating pattern at an apparently higher
frequency than the Ba and Cu(2) modes. The FFT spectrum of
the first residual, shown in Fig. 11(b), suggests the largest con-
tribution from the 15-THz mode but also those from the 13-
and 10-THz modes. Figure 11(a) compares the fitting of the
first residual to a triple damped harmonic function including
the 10-, 13-, and 15-THz modes [Eq. (5)] with that to a double
damped harmonic function including 13- and 15-THz modes
[Eq. (4)]. The three-component function reproduces the first
remnant almost perfectly in the frequency range between 8
and 18 THz, whereas the two-component function fails to fit
the small contribution at 10 THz, as shown in Fig. 11(b). In
both approaches, the residual after the second fitting features
a broad spectral structure extending from 2 to 5 THz, whose
amplitude is 20 times weaker than the original signal. The
low-frequency residual indicates a small deviation of the Ba
and Cu modes from damped harmonic oscillations in the first
picosecond.

FIG. 12. FFT spectra of the oscillatory transient reflectivity ob-
tained from the NIR [(a) and (b)] and NUV [(c) and (d)] experiments
at high [(a) and (c)] and low [(b) and (d)] pump fluences. The FFT
are performed over time windows starting from different initial time
delays.

APPENDIX D: IMPLICATION OF THE CHOICE OF THE
TIME-WINDOW ON THE FFT

In the high-frequency region (8–18 THz) of the FFT spec-
tra [Fig. 3(b)] the phonon modes appear as a complex structure
of peaks and dips (negative peaks) overlapping each other
rather than as isolated peaks. The spectral line shape in this
frequency region actually depends on the temporal window
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FIG. 13. Oscillatory transient reflectivity (dots in bottom pan-
els) obtained with s-polarized (a) and p-polarized (b) NIR pump in
oblique-incidence geometry. Black solid curve, dashed curve, and
red solid curve in bottom panels are fit to Eq. (3) and its Ba- and
Cu-mode contributions, with the latter two being offset for clarity.
Dots in the upper panels represent the residual of the fitting shown
in the bottom panels. Black and colored curves are fit to Eq. (4) and
contributions from the 10-, 13-, and 15-THz modes, the latter three
being offset for clarity.

employed for the FFT, as demonstrated in Fig. 12. For the
normal-incidence NIR experiments [Figs. 12(a) and 12(b)] we
see the 15-THz mode is most intense and always appears as a
peak, whereas the weaker 10- and 13-THz modes change their
shape drastically and periodically from a peak to a bipolar
(peak/dip) structure to a dip with shifting the starting time
for the FFT.

Similar time window dependence of the FFT spectral line
shape was previously reported for the weak Eg mode of
Bi appearing on the spectral tail of the intense Ag mode
[101]. The periodic spectral evolution of the weaker phonon
modes can be explained in terms of the interference among
the phonon modes. Because the oscillation amplitudes de-
crease with time, the line shapes are determined essentially by
the phase relation among the phonon modes (whether they
are in-phase or out-of-phase) at the start of the time win-
dow. It is also possible that the high-frequency tail of the
intense Cu(2) mode is contributing to the interference, es-
pecially for the 10-THz mode. This conjecture is supported
by the flatter baseline and the more isolated line shape of
the 10-THz mode in the FFT spectra of the first residual,
which is after subtraction of the two low-frequency modes
in Fig. 11(b).

For the NUV experiment we see essentially similar spectral
evolution, except that the 10-THz mode is too week to be
detected and that the 13- and 15-THz modes have compa-
rable amplitudes. As a consequence, not only the 13-THz
mode but also the 15-THz mode changes its spectral shape
drastically.

APPENDIX E: FITTING TO DATA OBTAINED
IN OBLIQUE DETECTION GEOMETRY

The oscillatory transient reflectivity obtained from oblique-
incidence NIR experiment, shown in Fig. 7(a), are analyzed
with the similar procedure to that employed in the normal-
incidence experiments. The fit results are shown in Fig. 13 for
the s- and p-polarized pump.
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