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Pump-probe optical spectroscopy of hexagonal YMnO3 over wide time and energy ranges
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To study the photoinduced processes in strongly correlated electron systems occurring coherently on various
time scales, we conducted the pump-probe optical spectroscopy of hexagonal YMnO3 with ranges of delay
time between 0.1 and 5000 ps and the energy of light between 1 and 3 eV. We found that the photoinduced
changes in reflectivity were dominated by the intra-atomic excitation of a d electron in Mn, by the relaxation of
energy from electronic excitations to phonon excitations, by the propagation of a strain wave, and by thermal
conduction inside a sample, which occur successively with time. We also found that the sound velocity and
thermal conductivity of the sample including their anisotropy can be obtained by this technique.
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I. INTRODUCTION

Time-resolved spectroscopy is a powerful experimental
technique for studying both the equilibrium and inequilibrium
states of matter. One of the experimental techniques of time-
resolved spectroscopy is pump-probe optical measurement
[1–8], where the first laser pulse excites the electron in a
sample and the second laser pulse with a time delay measures
the optical properties of the sample. This technique has been
applied to various types of material, including transition metal
compounds as strongly correlated electron systems. For such
strongly correlated electron systems, the most prominent phe-
nomena observed by this technique are photoinduced phase
transitions; the first pulse applied to the sample induces a
phase transition in the sample, which can be detected by the
second pulse. Various types of phase transition, for example,
the Mott transition [1,2,4,6], charge ordering [3,5], and orbital
ordering [7], have been induced or melted by the application
of laser pulses.

In pump-probe measurements, different phenomena occur
on different time scales. For example, (1) the excitation of
electrons by a pump pulse induces the reconstruction of elec-
tronic states in less than 10−12 s (corresponding to several
meV in energy), which is governed by the electron bandwidth.
Subsequently, (2) the excited electrons are relaxed and the
energy is transferred to the phonon excitations, resulting in
the increase in the temperature of the lattice within several
10−12 s, which is dominated by the frequency of phonons. If a
photoinduced phase transition occurs at this stage, it is accom-
panied by a strain in the lattice, which propagates through the
velocity of sound waves. Even in the absence of photoinduced
phase transitions, the expansion of the lattice caused by the
increase in the temperature of the lattice generates a strain
wave propagating through the sound velocity. Therefore, (3)
the propagation of such a strain wave results in the time-
dependent interference of the light reflected at the sample
surface and the wave front of the strain wave [9–11]. On the
basis of the wavelength of the light (typically ∼5×10−7 m)
and sound velocity (typically ∼5×103 m/s), the oscillation of

reflectivity with a period of typically several 10−11 s appears.
Finally, (4) the temperature of the lattice decreases because
of thermal conduction in the sample. A typical time scale of
this process is given by the diffusion length of heat becoming
comparable to the penetration depth of the pump pulse and,
since the typical thermal diffusivity of, for example, oxides
is ∼10−6 m2/s and the penetration depth of light is typically
∼10−7 m, a change in reflectivity over a time scale of 10−8 s
can appear [12–16].

Note that each of processes (1)–(4) above has its own
anisotropy with respect to not only the polarization direction
of light but also the direction of the sample surface on which
a pump pulse is applied. Recently, it has been found that a
photoinduced phase transition in Ti3O5 is contingent on the
relationship between the direction of the c axis, which exhibits
a large change with a phase transition and the direction of
the sample surface on which a pump pulse is applied [8].
This relationship is dominated by the strain of the crystal
and is thus related to process (3), but a similar anisotropy
with respect to the sample surface is expected for process (4)
because of the anisotropy of the thermal conductivity of the
sample.

It should also be pointed out that each process with its
own time scale has been studied in specific materials thus
far, but the study of the processes on various time scales in
a single material has been limited. In this paper, we conducted
multi-time-scale (from t = 1×10−13 to 5×10−9 s) and wide-
energy-range (from h̄ω = 1 to 3 eV) time-resolved optical
spectroscopy on two different surfaces of a sample to study
all the processes from (1) to (4) including their anisotropy on
the same material.

The compound studied here is hexagonal YMnO3, one
of a series of hexagonal RMnO3 (R: rare earth) known to
exhibit both ferroelectric and magnetic ordering [17–19]. This
series of compound is characterized by a quasitriangular lat-
tice of Mn3+ ions (3d4) surrounded by three in-plane oxygen
ions and two apical oxygen ions. The 3d orbitals of Mn are
thus split into the doubly degenerate yz and zx states, the
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doubly degenerate xy and x2 − y2 states, and the nondegener-
ate 3z2 − r2 state, in order of increasing energy [17,20]. There
is a sharp peak at ∼1.6 eV in the optical conductivity spectrum
[20] and it corresponds to the intra-atomic excitations of a d
electron from the xy/x2 − y2 states to the 3z2 − r2 state. This
peak has been the main focus of studies on this material by
pump-probe spectroscopy [21–28], although there has been a
lack of extensive analysis of these spectra over a wide range
of h̄ω. Furthermore, processes (3) and (4) in YMnO3 have
barely been studied, although the sound velocity [29] and
thermal conductivity [30] including their anisotropy have been
measured in YMnO3 by conventional techniques. It would be
valuable to compare the values obtained by the spectroscopic
technique with those obtained by conventional techniques.

II. EXPERIMENT

A single crystal of YMnO3 was grown by the floating-zone
technique [18]. The crystal orientation was determined using
the Laue method and the crystal was cut and polished along
both the ac and ab planes with alumina powder. Pump-probe
optical spectroscopy was performed using a Ti:sapphire re-
generative amplified laser (with a pulse width of 130 fs, a
repetition rate of 1 kHz, and a wavelength of 795 nm). A pump
pulse with power density of typically 6 mJ/cm2 was applied to
the crystal and a probe pulse, whose frequency was broadened
between h̄ω = 1 and 3 eV by focusing the laser pulse into the
circulating water within the optical cell, was focused onto the
sample surface. The reflected light was monochromated using
a monochromator and detected using a Si photodiode. The
time delay between the pump and probe pulses was controlled
by varying the difference in optical path length using an opti-
cal stage and measurements were conducted with a time delay
from 0.1 ps to 5 ns (equivalent to ∼1.5 m in length). Care was
taken to ensure that the intensity profile of the laser spot on the
sample surface does not change when the stage was moved by
such a long distance. The typical time resolution dominated
by the width of the probe pulse was 0.3 ps in the present
measurements. The polarization of both the pump and probe
pulses was set along the a axis owing to the fact that the optical
conductivity spectrum of this compound along the ab plane
exhibits a sharp peak at ∼1.6 eV, whereas the spectrum along
the c axis is structureless below 3 eV. All the pump-probe
measurements have been carried out at room temperature.

III. RESULTS

First, as an example of the results obtained over the entire
time range of the present experiment, the photoinduced �R/R
of YMnO3 at h̄ω = 1.4 eV of the probe pulse as a function of
the delay time t from 0.1 to 5000 ps on a log scale is shown
in Fig. 1. The ranges indicated by numbers (1)–(4) approxi-
mately correspond to processes (1)–(4) in the Introduction, as
described below.

Figures 2(a) and 2(b) show the photoinduced changes in
the reflectivity spectra �R/R for YMnO3 on the ac and ab
planes at various values of delay time t . As can be seen,
sharp structures exist between 1 and 2 eV in the photoinduced
�R/R spectrum. Note that the �R/R spectrum at t = 0.3 ps
is different from the spectra at t � 1 ps.
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FIG. 1. Photoinduced change in the reflectivity �R/R at
h̄ω = 1.4 eV of the probe pulse on the ac plane as a function of the
delay time t on a log scale.

Figures 3(a) and 3(b) show the t dependence of the pho-
toinduced �R/R at various h̄ω values of the probe pulse up
to 10 ps on the ac and ab planes. �R/R at t > 10 ps will be
discussed later. At several h̄ω values, �R/R markedly changes
from negative to positive (at h̄ω = 1.4 eV, for example) or
from positive to negative (at h̄ω = 1.8 eV, for example) within
2 ps. These results are consistent with the �R/R spectra at
various t values shown in Fig. 2. Note that, although some
of these results have already been reported in previous pa-
pers on hexagonal RMnO3 [21–28], the photoinduced �R/R
spectra over a wide h̄ω range (1–3 eV) at various t values
(0.1–5000 ps) have not been measured thus far.

The photoinduced �R/R spectra at t � 10 ps measured
on the ac plane and those on the ab plane shown in Fig. 2,
as well as the t dependence of the photoinduced �R/R up
to 10 ps measured on the ac plane and that on the ab plane
in Fig. 3, are similar, except for a small difference caused
by a different behavior of a strain wave, as discussed later,
and by experimental error. Thus we discuss the spectra on
the ab plane below. To understand the photoinduced �R/R
spectra at various t values, we analyzed the data as follows.
First, we measured the reflectivity spectrum of YMnO3 with
the polarization direction along the ab plane [Fig. 4(a)] and
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FIG. 2. Photoinduced changes in the reflectivity spectra �R/R
at various values of delay time t on the (a) ac and (b) ab planes for
YMnO3.
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FIG. 3. Photoinduced change in the reflectivity �R/R as a func-
tion of the delay time t at various values of h̄ω of the probe pulse on
the (a) ac and (b) ab planes.

obtained the optical conductivity spectrum by the Kramers-
Kronig transformation of the reflectivity spectrum [Fig. 4(b)].
Next, we fit the optical conductivity spectrum using Lorentz
functions:

ε(ω) = ε∞ +
∑
i=1

Siω
2
i

ω2
i − ω2 − iωγi

, (1)

σ (ω) = Im{ωε(ω)}. (2)

As shown in Fig. 4(b), the optical conductivity spectrum of
YMnO3 along the ab plane between 0 and 3 eV can be fitted
using two Lorentz functions, one corresponding to a sharp
peak at 1.6 eV and the other corresponding to a broad peak
at ∼5 eV. Finally, the parameters of the two Lorentz functions
were shifted so that the change in reflectivity calculated using

R(ω) =
∣∣∣∣
√

ε(ω) − 1√
ε(ω) + 1

∣∣∣∣
2

(3)

reproduces the experimentally obtained photoinduced �R/R
spectra.

Figures 5(a)–5(c) show the thus-obtained �R/R spectra
as solid lines. Furthermore, the optical conductivity spectra
obtained by the fitting are shown in Fig. 5(d). As can be
seen, the height of the peak centered at 1.6 eV in the optical
conductivity spectra decreases and the width increases for
the spectrum at t = 0.3 ps compared with that before the
application of the pump pulse (< 0 ps). On the other hand,
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FIG. 4. (a) Reflectivity spectrum with E ‖ a for YMnO3. (b) Op-
tical conductivity spectrum obtained by the Kramers-Kronig trans-
formation of the reflectivity spectrum. Dashed lines are the results of
the fitting using two Lorentz functions.
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FIG. 5. (a)–(c) Fitting of the photoinduced changes in the reflec-
tivity spectra �R/R at (a) 0.3, (b) 1, and (c) 40 ps. The solid circles
are the experimental results and the solid lines are the results of the
fitting. (d) Change in Lorentz function for the intra-atomic excitation
of the d electron obtained by the fitting at each t .

the height and width become comparable to those at < 0 ps
but the peak frequency shifts to lower values for the spectra
at t � 1 ps. The changes in parameters for the peak at 1.6 eV
obtained by the fitting are plotted as a function of t in Fig. 6.
As can be seen, the width γ1, which is ∼0.24 eV before the
application of a pump pulse, increases by 0.1 eV immediately

FIG. 6. Changes in the parameters of the Lorentz function,
(a) the peak position h̄ω1, (b) the spectral weight of the peak S1, and
(c) the width of the peak γ1 as functions of the delay time t .
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after the application of a pump pulse. However, this increase
in γ1 almost disappears within 1 ps; alternatively, the peak
frequency h̄ω1 shifts to smaller values by ∼0.03 eV at t = 1 ps
and further shifts (by ∼0.04 eV in total) at t = 10 ps.

The broadening of the peak at 1.6 eV occurs in less than
0.3 ps but disappears at 1 ps, indicating that it is dominated
solely by the electronic process. As discussed in the Intro-
duction, this peak corresponds to the excitation of Mn 3d
electrons from the xy/x2 − y2 states to the 3z2 − r2 state and
the broadening of the peak for such excitation may be caused
by the coupling of the peak with other electronic excitations.
As seen in Fig. 4(b), in addition to the sharp peak at 1.6 eV,
there is a broad background starting from h̄ω ∼ 1 eV to higher
h̄ω values, which is due to the so-called charge-transfer exci-
tation from the oxygen 2p states to the Mn 3d states. It is
likely that this excitation is coupled with the local excitation
of the d electrons in the Mn ions. If we excite electrons from
the xy/x2 − y2 states to the 3z2 − r2 state using the pump
pulse, the population of electrons in the d orbitals of the
Mn ions changes, which causes the redistribution of electrons
through coupling with the charge-transfer excitation including
the oxygen 2p states. We speculate that such redistribution of
electrons is the origin of the broadening of the 1.6 eV peak
at t = 0.3 ps as shown in Fig. 6(c). On the other hand, the
peak at 1.6 eV in the optical conductivity spectrum of RMnO3

is known to shift to higher frequencies with decreasing T
[20]. This indicates that the shift of the peak at 1.6 eV to
lower frequencies at t > 1 ps after the application of a pump
pulse shown in Fig. 6(a) is caused by the increase in lattice
temperature. Note that the amount of shift of the peak is
suppressed from 40 to 5000 ps, as shown in Fig. 6(a), resulting
in the decrease in the absolute value of �R/R with increasing
t as shown in Fig. 2, which is due to the thermal conduction
inside the sample, as discussed later.

As already discussed, the difference between �R/R with
Epump ‖ a and Eprobe ‖ a (where Epump and Eprobe correspond
to the polarization directions of the pump and probe pulses,
respectively) on the ac plane and that on the ab plane is barely
observed for t < 10 ps. Note that the two measurements on
different planes of the crystal have to be conducted in different
configurations; thus it is difficult to precisely reproduce the
optical path, causing a large error, thereby preventing the
detection of the anisotropy in these measurements. In this re-
spect, we also investigated another anisotropy in the direction
of the polarization for the pump and probe pulses, namely,
the difference between �R/R with Epump ‖ a and Eprobe ‖ a
and that with Epump ‖ a and Eprobe ‖ b, where b corresponds
to the direction perpendicular to both c and a, on the ab plane.
In this case, the measurements can be conducted without
changing the optical path but by simply rotating the polar-
ization direction; thus it is possible to compare the anisotropy
more precisely than in the case where the configurations of
the crystal have to be changed. Figures 7(a)–7(c) show the
photoinduced �R/R with Epump ‖ a and Eprobe ‖ a and that
with Epump ‖ a and Eprobe ‖ b, together with the difference
between the two at h̄ωprobe = 1.4, 1.63, and 2.0 eV. As can
be seen, however, no sign of anisotropy is observed even in
these measurements. This means that even if anisotropy oc-
curs immediately after the application of a pump pulse owing
to its polarization direction, such anisotropy is suppressed in
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FIG. 7. Photoinduced change in the reflectivity �R/R as a func-
tion of the delay time t with Epump ‖ a, Eprobe ‖ a (blue) and with
Epump ‖ a, Eprobe ‖ b (red) on the left axis and the difference between
the two (green) on the right axis when h̄ω of the probe pulse is (a) 1.4,
(b) 1.63, and (c) 2.0 eV.

less than 1 ps due to the coupling of the intra-atomic excitation
of the d electron with the charge-transfer excitation.

Next, let us discuss �R/R up to several tens of picosec-
onds. A typical time dependence of �R/R in this time range,
including its anisotropy between that measured on the ac
plane and that on the ab plane, is shown in Fig. 8(a). As can
be seen, the oscillation of �R/R with t is clearly observed and
the oscillation period is longer on the ab plane. This type of
oscillation in the photoinduced �R/R has been often observed
and assigned to the strain wave [9–11]. This means that, with
the application of a pump pulse to the sample surface, the
temperature of the lattice suddenly increases, resulting in the
expansion of the crystal only over the penetration depth of the
pump pulse. Subsequently, the increased volume of the crystal
propagates perpendicular to the sample surface with the sound
velocity of the crystal in a longitudinal mode. Because of the
interference between the reflected light of the probe pulse at
the sample surface and that reflected at the wave front of the
strain wave, which propagates with time through the sound
velocity, the oscillation of �R/R with time appears. In this
model, the period of the oscillation T is given by

T = 2nλ

v
, (4)

where n is the refractive index of the material at h̄ωprobe, λ is
the wavelength of the probe pulse in vacuum (= 2πc/ωprobe,
where c is the light speed), and v is the sound velocity
perpendicular to the sample surface. Although n depends on
the direction of the polarization of the probe pulse, since it
is along the a axis both on the ac and ab planes in this
experiment, the difference between v along the a axis (corre-
sponding to the result on the ac plane) and that along the c axis
(corresponding to the result on the ab plane) is the origin of
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FIG. 8. (a) Photoinduced change in reflectivity �R/R as a func-
tion of the delay time t up to 100 ps measured on the ac (red) and
ab (black) plane at h̄ω = 1.4 eV. (b),(c) Photoinduced change in the
reflectivity �R/R as a function of the delay time t at various h̄ω

values of the probe pulse on the (b) ac and (c) ab planes up to
40 ps. Solid circles are the experimental results and solid lines are
the results of the fitting using Eq. (5).

the difference in the oscillation period T in the t dependence
of �R/R.

The t dependence of �R/R up to 40 ps at various h̄ωprobe

values on the ab and ac planes is shown in Figs. 8(b) and 8(c).
We fitted the t-dependent �R/R for 0 < t � 40 ps using the
following function:

�R/R = C0 + C1 exp

(
− t

τ1

)
+ C2 exp

(
− t

τ2

)
cos(At + α).

(5)

Note that the oscillation period T is given by 2π/A. We plot
A obtained by the fitting as a function of h̄ωprobe in Fig. 9(a).
The dip of A as a function of h̄ωprobe at ∼1.8 eV seems to
be correlated with a dip in the refractive index n as a func-
tion of h̄ωprobe shown by a dashed line in the same graph,
which was obtained by the Kramers-Kronig transformation of
the reflectivity spectrum for the present YMnO3. Indeed, the
sound velocity obtained by Eq. (4) using the experimentally
obtained n [Fig. 9(b)] indicates that the values obtained by
various h̄ωprobe values are nearly the same, but there is a clear
difference between the value along the a axis and that along
the c axis. The sound velocity of YMnO3 in the longitudinal
mode along the a axis and that along the c axis were measured
by a conventional technique to be 7.6×103 and 6.0×103 m/s2

at 4 K, respectively [29]. The values obtained in the present
experiment are consistent with these results.

Let us discuss �R/R up to several thousands of picosec-
onds (several nanoseconds). Figures 10(a)–10(c) show �R/R
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FIG. 9. (a) Frequency of oscillation in the t dependence of
�R/R, A, obtained by fitting using Eq. (5), as a function of h̄ω

of the probe pulse when the pulse is applied to the ac (red) and
ab (black) planes for YMnO3. The dashed line corresponds to the
refractive index n obtained by reflectivity measurement. (b) Sound
velocities along the a (red) and c (black) axes for YMnO3 obtained
using Eq. (4).

as a function of t up to 5000 ps for h̄ωprobe = 1.4, 1.63, and
2.0 eV. Here, �R/R at t = 10 ps is normalized to 1 or −1 for
simplicity. As can be seen, �R/R gradually decreases with
increasing t over thousands of picoseconds and the decrease
is faster when the photoinduced �R/R is measured on the ab
plane than on the ac plane.

The t dependence of �R/R in this range is likely dom-
inated by thermal conduction. Namely, it is assumed that
the complex dielectric constant ε of the sample changes
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FIG. 10. (a)–(c) Photoinduced change in the reflectivity �R/R
up to 5000 ps measured on the ac (red) and ab (black) planes at
(a) 1.4, (b) 1.63, and (c) 2.0 eV of the probe pulse. The solid lines
are the results of the fitting using Eqs. (6) and (7). (d) Temperature
profile T (z, t ) with the parameters shown in the figure at t = 0 ps
(red) and 5000 ps (blue), as an example.
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proportionally to the change in its temperature:

ε(T ) = ε(T0) + β(T − T0), (6)

where T0 is the base temperature. This assumption is justified
by the linear dependence of �R/R on the intensity of the
pump pulse, as described below. The temperature of the sam-
ple at time t and distance z from the sample surface [T (z, t )]
is given by the thermal conduction equation

κ
∂2T (z, t )

∂z2
= c

∂T (z, t )

∂t
, (7)

where κ is the thermal conductivity and c is the specific heat
of the sample. The initial T (z, t ) is determined by the heating
caused by the pump pulse, which is given as

T (z, 0) = T0 + a exp

(
− z

d

)
. (8)

Here, d is the penetration depth of the pump pulse, which
is determined by the extinction coefficient of the sample at
the frequency of the pump pulse (k = Im

√
ε) as d = λ/4πk,

where λ is the wavelength of the pump pulse in vacuum
(∼795 nm). An example of T (z, t ) by the calculation is shown
in Fig. 10(d).

Among various parameters, the ω-dependent complex di-
electric constant ε can be obtained by the Kramers-Kronig
transformation of the reflectivity spectrum. The complex num-
ber β in Eq. (6) was determined by measuring the reflectivity
of YMnO3 at a high temperature and obtaining the complex
dielectric constant at that temperature by the Kramers-Kronig
transformation. The specific heat c at room temperature for
YMnO3 is assumed as ∼100 J/K mol = 2.6 J/K cm3 [31].
The constant a in Eq. (8) can be ignored if the concern is only
the relative change in �R/R with t .

On the basis of these equations and parameters, ε(z, T ) =
ε[T (z, t )] can be calculated. With this z-dependent complex
dielectric constant, the reflectivity of the probe pulse at h̄ωprobe

can be calculated at each t . The thermal conductivity κ can be
obtained by finding the value that can best reproduce the t
dependence of �R/R up to 5000 ps. The results of the fitting
are shown by dashed lines in Figs. 10(a)–10(c), together with
the estimated κ values. As can be seen, at each h̄ωprobe, κ along
the c axis (κc) is larger than that along the a axis (κa).

However, there are two problems with this result. First,
the κ values obtained for different h̄ωprobe values are quite
different from each other. Second, the thermal conductivities
at room temperature obtained by the conventional technique
are ∼8 W/K m along the c axis and ∼5 W/K m along the a
axis [30], which are clearly larger than those obtained by the
pump-probe technique, although their anisotropy is correctly
estimated.

For the latter problem, the effect of polishing can be a
possible origin. Namely, since the thermal conductivity for a
depth of only several hundreds of nanometers from the sam-
ple surface is measured in the present experiment, it can be
affected by the polishing for the optical measurement, which
can lead to the appearance of internal strains and defects, and
the reduction in lattice thermal conductivity. For the former
problem, we found that β in Eq. (6), particularly the ratio of
the real to imaginary parts including its sign, strongly affects
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FIG. 11. (a) Photoinduced change in the reflectivity �R/R at
h̄ω = 1.4 eV of the probe pulse on the ab plane as a function of the
delay time t on a log scale at various values of the intensity of the
pump pulse p. A dashed line is the data for p = 2 mJ/cm2 multiplied
by three. (b) �R/R at various values of t as a function of the intensity
of the pump pulse p.

the thermal conductivity obtained by the fitting. We speculate
that the fact that the thermal conductivity obtained by the
measurement at h̄ωprobe = 1.63 eV is discernibly smaller than
those obtained at other h̄ωprobe values may be due to the error
in estimating β at 1.63 eV, which is close to the peak in the
optical conductivity.

Finally, let us see the dependence of �R/R on the inten-
sity of the pump pulse. Figure 11(a) shows the photoinduced
change in the reflectivity �R/R at h̄ω = 1.4 eV of the probe
pulse as a function of the delay time t on a log scale at various
values of the intensity of the pump pulse p. A dashed line
is the data for p = 2 mJ/cm2 multiplied by three. As can be
seen, those data for t > 1 ps almost follow the data for p = 6
mJ/cm2 but the data for t < 1 ps are substantially larger than
those for p = 6 mJ/cm2. Figure 11(b) shows �R/R at various
values of t as a function of p. �R/R exhibits a saturation
behavior with p for t = 0.4 ps but for other values of t , �R/R
changes almost linearly with p. This means that the change in
�R/R with an electronic origin exhibits a nonlinear behavior
with respect to the intensity of the pump pulse, but once �R/R
is dominated by the increase in lattice temperature, it becomes
proportional to p, meaning that �R/R is proportional to the
change in T .

IV. DISCUSSION

As described above, the change in reflectivity after the
application of a pump pulse in hexagonal YMnO3 from 0.1 to
5000 ps can be described by (1) the reconstruction of the elec-
tronic structure caused by the excitation of electrons by the
pump pulse for t < 1 ps, (2) the increase in lattice temperature
caused by the relaxation of the excited electrons to phonons
for several picoseconds, (3) the propagation of the strain wave
caused by the sudden increase in lattice temperature, resulting
in the oscillation of reflectivity for several tens of picosec-
onds, and (4) the decrease in lattice temperature caused by
the thermal conduction in the sample for several thousands
of picoseconds. The above interpretations, particularly (3)
and (4), have been further confirmed by the existence of the
anisotropy with respect to the direction of the sample surface
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on which the pump pulse is applied, which is consistent with
the anisotropy measured by other techniques.

From the present experimental results, it was confirmed
that even if the change in reflectivity is dominated by the
electronic origin at the early stage of t < 1 ps, the energy in
the electronic excitation is eventually transferred to phononic
energy and, at the final stage, the change in reflectivity is
dominated by the decrease in the temperature of the crys-
tal through thermal conduction. Note that such a change in
reflectivity associated with thermal conduction has been uti-
lized to measure the thermal conductivity of thin films, called
thermoreflectance [12–16]. Thus far, however, it has not been
clarified how such a phenomenon occurring on the time scale
of longer than nanoseconds is related to the photoinduced pro-
cess occurring on the time scale of picoseconds or shorter. The
present experiments clearly demonstrate a coherent transition
from the change with an electronic origin to a change caused
by thermal process in YMnO3.

Note that the present compound does not exhibit a photoin-
duced phase transition. If it does, the dynamics of the domain
walls between the two competing phases will contribute to the
time dependence of reflectivity and this may cause a longer
time dependence. Indeed, for perovskite manganites near the
ferromagnetic transition temperature, where a ferromagnetic
state and a paramagnetic state with short-range charge/orbital
ordering are competing, the time dependence of reflectivity
from microseconds to milliseconds was detected by an optical
technique [32]. The relationship between the photoinduced
phase transition and such dynamics of the domain walls
should be clarified in the future.

It should also be emphasized that the present experimental
technique is useful for easily obtaining the sound velocity and
thermal conductivity of materials including their anisotropy.
In particular, the discrepancy between the absolute values of
the sound velocity obtained by the present technique and that
by the conventional technique is within 20%, indicating that
it can be used as an easy way to quantitatively measure the
sound velocity of materials, whose size may be too small
to measure it by a conventional technique. It should also be
pointed out that such a technique, which is related to the pro-
cesses (3) and (4) above, can be commonly used for any kinds
of materials, from metals to insulators. On the other hand, the
processes (1) and (2) strongly depend on the characteristics
of the materials; the process (1) in YMnO3 is dominated by
the fact that the peak arises from the d-d excitation of the Mn
ions, which is coupled with the charge-transfer excitation. The
process (2) is related to the fact that the excitation energy of

the d-d excitation shifts to the lower energy with increasing
T . In other words, processes (1) and (2) can be used to clar-
ify the characteristics of the electronic structure for specific
materials.

V. SUMMARY

Pump-probe optical spectroscopy over a wide time scale
range from 0.1 to 5000 ps and over a wide h̄ω range from
1 to 3 eV was conducted on hexagonal YMnO3, where a
sharp peak at 1.6 eV arising from a d-d excitation of Mn3+

ions dominates the optical spectrum. It was found that the
change in reflectivity is such that (1) the broadening of the
peak for the d-d excitation in less than 1 ps, (2) the recovery
of the width and the shift of the peak to lower frequencies
for several ps, (3) an oscillation in reflectivity with a period
of several tens of picoseconds, and (4) a decrease in the ab-
solute value of the reflectivity change over several thousands
of picoseconds. The broadening of the d-d excitation peak
can be explained by the coupling of the excitation with the
charge-transfer excitation between the oxygen 2p state and
the Mn 3d state. The peak shift can be explained by the
increase in lattice temperature caused by the relaxation of
energy from the excitation of electrons to that of phonons, i.e.,
Joule heating. The oscillation of reflectivity can be explained
by the interference of the light reflected at the surface and the
wave front of the strain wave that appears near the sample
surface and propagates through sound velocity. The decrease
in the absolute value of the reflectivity change occurs because
the sample approaches a thermally equilibrium state owing to
the thermal conduction inside the sample. For the processes
dominated by sound velocity and thermal conductivity, the
anisotropy with respect to the direction of the sample surface
is experimentally observed. The present experimental results
indicate that in pump-probe spectroscopy, even if a process
occurring faster than 1 ps has an electronic origin, a slower
process is dominated by the increase in lattice temperature due
to the Joule heating of the sample and the decrease in lattice
temperature caused by thermal conduction. The present ex-
periments also demonstrate that pump-probe spectroscopy is a
useful technique for simultaneously obtaining sound velocity
and thermal conductivity.
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