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Abstract: Femtosecond pump-probe experiments with a∼6.4 fs time-resolution were performed
to investigate the coherent phonon dynamics in a c-plane sapphire crystal before and after intense
800 nm femtosecond laser irradiation. The intense femtosecond laser induced defect/distortion
and even re-crystallization of crystalline structures, which result in the appearance of new peaks
and relative intensity change in coherent phonon and Raman spectra. The combination of these
two spectra was found to be beneficial to evidence the variation of crystalline structure and
further to differentiate the origins of new Raman peaks after irradiation. Further analysis of
time-dependent differential absorbance with damped cosine function fitting and Fourier transfer
calculation yields the vibrational parameters, including periods, damping times and initial phases,
before and after irradiation. With these parameters, the defect-effects on damping time and the
mechanism of coherent phonon generation were addressed.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Sapphire has been intensively studied as substrate materials due to its excellent mechanical,
physical and chemical properties [1–4], such as high transmittance, high hardness, high melting
point, strong abrasion resistance and corrosion resistance, and so on. It has been widely used
as optical window material in the field of aerospace and military affairs, where it is exposed to
various harsh environments, for example, high-energy radiation, high-speed particles irradiation,
etc. It was reported that exposure to high-energy radiation will induce the creation of crystal
defects or distortion of the crystal lattice, leading to degradation of the service performance of
the windows [5–7]. On the other hand, as excellent transparent materials, microscopic structure
modifications via introduction of defects or voids achieved by tightly focusing a femtosecond
(fs) laser on the surface or inside sapphire have been applied to fabricate various micro-optical
components, such as micro-gratings and optical waveguides [8,9]. To study the structure and
defect properties in sapphire is therefore closely related to the performance of sapphire windows
and micro-optical devices. Due to the high transmittance of materials, conventional static
absorption spectra are not suitable for the research. Raman spectroscopy has been used [10,11].
However, some fluorescence peaks of trace impurity ions are almost inevitably mixed in Raman
spectroscopy, which makes it difficult to distinguish real Raman-active modes [11–13]. Ultrafast
coherent phonon (CP) or coherent lattice vibration is quite sensitive to the structural evolution of
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materials [14–17]. The study of CP dynamics in sapphire is consequently significant to reveal its
structure and defect effects in extreme conditions.

Although the physical picture of laser-matter interaction is not completely clear, it is generally
believed that photoionization is the basic mechanism for fs-laser utilized in material microprocess-
ing, similar to the high-energy radiation [7,18,19]. In addition to being a defect/lattice distortion
creator in transparent materials, fs-laser has also been shown over the past few decades to be a
very effective tool to study coherent lattice oscillations (or CP) [20]. The defect-effects on CP
dynamics have been investigated by femtosecond pump-probe and coherent anti-Stokes Raman
spectroscopy (CARS) in various materials, such as bismuth films [21] and graphite [22], etc.
However, only few reports on CP of sapphire. Xin Du et al. recently studied the CP dynamics
in sapphire irradiated with 60Co γ-rays by fs-CARS technique with a 110 fs laser source [15].
They observed two quantum-beat signals with only a few cycles. Especially, the laser pulse
duration in most of the work on ultrafast spectroscopy is hitherto around 100 fs or even longer.
It is only suitable for the study of low-frequency vibrations since the CP generation requires
the pulse duration much shorter than the phonon periods [14,19]. It was reported that typical
Raman spectrum of sapphire crystal includes at least 7 active phonon modes (2A1g + 5Eg) [10],
thus further studies necessitate much shorter pulse duration to resolve more details of the CP
dynamics. The ultra-short pulse duration of sub-10 fs laser is well-suited to achieve real-time
observation of phonon dynamics with unprecedented high time resolution, and furthermore to
allow an extension of the frequency scope studied to be more than 3000 cm−1 (equivalent to a
vibrational period of ∼10 fs).

In this work, CP dynamics in c-plane sapphire crystal before and after intense femtosecond
laser irradiation was investigated by a ∼6.4 fs time-resolved pump-probe experiment. Obvious
oscillation signals due to coherent phonons were observed in transient absorption spectra. The
intense fs-laser induced defect/distortion of crystalline structures, which brought about appearance
of relative intensity change and even new peaks in CP and Raman spectra. The distinction
of their origins was achieved by comparing the difference between CP and Raman spectra.
Vibrational parameters, including periods, damping times and initial phases, were compared by
performing damped cosine function fitting of the real-time traces before and after irradiation.
The defect-effects on damping time and the mechanism of CP generation were further discussed.

2. Experimental section

The transparent c-plane sapphire of the order of centimeters in size, produced by Semiconductor
Wafer, Inc. (SWI) is single crystal wafer with thickness of ∼430 µm. The intense fs-laser (800 nm,
7 W, 1 kHz, 35 fs) is from a regenerative amplifier (Spectra-Physics, Solstice Ace). The laser
beam was split into two parts. A part of it with pulse energy of 2 mJ was focused into the
sample with radius of 150 µm (peak intensity= 8.08 × 1013 W/cm2). The sample was irradiated
for 2 hours. After irradiation, the sample is still transparent and no noticeable damage can be
observed with eyes. Raman measurements with spectral resolution ≤ 0.35cm−1 were conducted
on a Raman spectrometer LabRAM HR Evolution from HORIBA Jobin Yvon with excitation
wavelength of 532.1 nm.

The other part of the laser pulse (800 nm, 5 W, 1 kHz, 35 fs) was used to construct the pump-
probe system, as shown in Fig. 1(a). The pulse is firstly broadened by self-phase modulation
through a hollow core fiber (HCF) filled with noble gas. The output white light beam are ∼3.0
mJ@1 kHz with 480–1000 nm bandwidth (see Fig. 1(b), no noticeable sample absorption in
the entire spectral range), which is subsequently compressed with a set of chirped mirrors. The
compressed laser beam was used for optical pump-probe setup. The setup (see Fig. 1(a)) consists
of a motorized translation stage, which is incorporated into the pump arm to generate a computer
controlled time delay between pump and probe pulses. The pulse energies of pump and probe
were adjusted by a combination of a half-wave plate and a polarizer. The transient absorption
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signal was obtained by measuring the differential absorbance change ∆A= –log10(1+∆T/T),
where ∆T/T= (Ton–Toff)/Toff , Ton and Toff are the intensity of the transmitted probe light passing
through the sample in both the presence and absence of the pump excitation. The time resolution
of the apparatus is ∼6.4 fs, as determined by the ∼9 fs FWHM (see inset of Fig. 1(b)) of the
second-order intensity cross-correlation trace between pump and probe pulses. The time zero and
instrument response in time-domain were determined to <1 fs accuracy by the cross-correlation
measurement in a 10 µm thick BBO crystal located at the position of the sample target. During
the experiment, the pump light was vertically polarized, while the probe light was horizontally
polarized. Typical pulse energies for the pump and probe beams are 160 and 20 nJ, respectively.
The pump and probe beams have focal spot diameters (1/e2) of ∼240 and 200 µm, respectively.
Fluence dependence studies confirm that the ∆A signal is far from saturated because it remains
linear to at least three times the pulse energies used in the experiments.

Fig. 1. (a) schematic diagram of the pump-probe setup. (b) Laser pulse (blue line) employed
in pump-probe experiment, and absorption spectra of c-plane sapphire crystal before (black
line) and after (red line) intense fs-laser irradiation. Inset: cross-correlation trace (black
line) of the pump and probe pulses with its Gaussian fitting curve (red line). The FWHM of
the autocorrelation trace is ∼9 fs, corresponding to a time resolution of ∼6.4 fs.

3. Results and discussion

Two-dimensional (2D) ∆A spectra before and after laser irradiations are plotted against probe
wavelength and delay time in Figs. 2(a) and (b), respectively. For both of them, the obvious striped
oscillatory structures perpendicular to the time axis represent the modulation of the difference
absorbance δ∆A. Here δ is the modulation of ∆A due to CPs, which give rise to the vertical signal
modulations. Typical real-time traces are displayed later in Figs. 3(a) and (b). CP spectra before
and after irradiation were obtained by performing Fourier transfer (FT) of ∆A spectra, as depicted
in Figs. 2(c) and (d), respectively. The striped structures parallel to the horizontal axis are due to
the distributions of CP intensity along probe wavelength. Except for the significant oscillations,
there are no other transient signals, such as ground state bleach, stimulated emission and excited
absorption, which are related to electronic transitions and usually appear in conventional ∆A
spectra. According to displacive excitation theory [23], the CP can be generated either in the
excited state via the simultaneous coherent excitation of vibronic polarizations or in the ground
state via impulsive stimulated Raman scattering (ISRS). However, the situation is simpler for
transparent sapphire [16,17], since there is no dipole allowed electronic transitions available in the
pump and probe wavelength range. Thus no contribution from the transition probability change
is expected in ∆A spectra. In this case, the pump induced polarization, P(3)(ω,τ), is generated by
a Raman gain/loss process associated with energy exchange between the coherent vibrations and
the probe optical field, according to the relation ∆A(ω,τ) ∝ –Im[P(3)(ω,τ)/Eprobe(ω,τ)] [14]. The
probe optical field is alternately amplified and de-amplified, leading to the vibrational signals
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in ∆A. Detailed mechanism of the CP generation will be addressed later by the initial phase
analysis in Fig. 4. The intensity distribution of the oscillations along the probe wavelength is
not homogeneous, since it could be affected by the laser intensity distribution and small chirp
difference in different pump wavelength positions [14,20,24]. The exact mechanisms responsible
for the CP amplitude profiles need to be further investigated.

Fig. 2. 2D ∆A spectra probed as a function of time delay and probe wavelength before (a)
and after (b) fs-laser irradiation with their corresponding FT power spectra before (c) and
after (d) irradiation, respectively. The FT calculation was done in the range of 550–700 nm,
where the signal to noise ratio is higher than other wavelength range. Raman spectra of the
sapphire crystal before and after fs-laser irradiation are shown in (e) and (f), respectively.

Fig. 3. Time traces detected from 0 to 3700 fs at the wavelength of 575 nm before (a) and
after (b) irradiation, and their corresponding FT power spectra (c). The insets in (a) and (b)
are the enlarged time traces in 20–800 fs range showing the pronounced vibrations. The
data in the initial time range before 20 fs was deleted to avoid the influence of the coherent
artifacts close to the zero time. The red line in the insets are the cosine fitting of the time
traces.

The Raman shifts for different modes theoretically correspond to the vibrational frequencies in
the FT spectra of their CPs. To assign the vibrational modes in the FT power spectra, Raman
spectra of sapphire before and after fs-laser irradiation are compared in Figs. 2(e) and (f). Before
irradiation, three conspicuous vibration modes at 413, 573 and 746 cm−1 were simultaneously
detected by Raman and CP spectroscopies, indicative of phonon or Raman active origins of
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Fig. 4. Schematic of the relationship between the coherent phonon vibration and initial phase
for the O-Al-O bending mode at 413 cm−1. The three positions (a, b and c) on the oscillation
waveform correspond to three moving positions of the “pendulum”, which represents three
moving positions of vibration packets on the ground state (GS) after “sudden” displacive
excitation. The abbreviation VS stands for virtual state. The motion of the pendulum with
different potential further represents different moving status of the O-Al-O bending mode.

these oscillations. The peak positions obtained by Gaussian fitting and their assignments of
these bands (listed in Table 1, spectral resolution ≤ 0.35 cm−1) are in good agreement with the
experimental reports and theoretical predications based on group theory (D6

3d symmetry) for
α-Al2O3 [10]. After irradiation, in addition to the original peaks before irradiation, some new
peaks emerge in the Raman and CP spectra with frequencies beyond 750 cm−1, as compared
later in Fig. 3. For the Raman spectrum, six new peaks are obtained in comparation with that
before. Only three of them peaking at 793, 1152 and 1192 cm−1 have equivalent peaks with the
same frequencies in CP spectra. It is noted that there isn’t detectable Raman modes beyond
900 cm−1 before irradiation. Except for the emergence of new peaks, the relative intensity of
the original peaks was obviously changed after irradiation. For example, the relative intensity
between the peaks at 413 cm−1 and 746 cm−1 is ∼0.69 times less than before. Moreover, tiny
shifts in the Raman peak positions can be carefully discerned in the inset of Fig. 2(e), which
displays the Raman spectra with frequencies below 850 cm−1 before and after irradiation. The
shift is consistent with the peak values listed in Table 1.
The appearance of new peaks and the detectable slight change of original peak positions are

evident of distortion of crystalline structure or some new crystalline structure formed in the
modified region by laser irradiation. A similar phenomenon characterized by Raman spectra
has been observed in transparent quartz crystal in our group [25]. The distortion of crystalline
structure could be due to defect formation, bond breaking, amorphization or material density
variation. They slightly modified the lattice parameters, and manifested themselves in small
Raman shifts. The new peaks, which have no equivalent phonon bands in FT power spectra, are
probably due to fluorescence of transition metal ions, such as: Fe3+, Ti3+, Cr3+ and other trace
elements, which are almost always present in alumina [10–13]. It was reported that trace amounts
of Cr3+ and/or Fe3+ in aluminum oxide could induce strong fluorescence at special positions in
Raman spectrum. Both re-crystallization and valence state manipulations of metal ions could
occur. Free electrons and consequent avalanche ionization can be generated by multiphoton
absorption at the laser focus, and as a consequence valence state manipulations along with
re-crystallization could occur, leading to the fluorescence enhancement [7]. The early research
with only Raman spectroscopy was limited by the difficulty in distinguishing real Raman-active
modes from some fluorescence peaks of trace impurity ions [11]. The peaks at around 1152 and
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Table 1. Assignments of peaks observed in the Raman spectra of sapphire before and after
fs-laser irradiation.

Before irradiation After irradiation
Assignments

Frequency (cm–1) Frequency (cm–1)

413.35 415.67 A1g

425.75 425.41 Eg

445.22 447.40 Eg

573.31 574.71 Eg

/ 619.88 new fluorescence peak

745.79 749.08 Eg

/ 793.13 New Raman peak

/ 1001.18 new fluorescence peak

/ 1029.31 new fluorescence peak

/ 1152.32 new Raman peak

/ 1192.93 new Raman peak

1192 cm−1 were previously attributed to the fluorescence of Fe3+ and/or Cr3+ in θ-Al2O3, and
they appeared as evidence of the existence of θ-Al2O3 after re-crystallization in α-Al2O3 [11–13].
However, the concomitant appearance of corresponding FT peaks at the same frequencies reveals
their partial phonon nature, which has not been detected before. Thus the combination of CP and
Raman spectra is of great benefit for the verification of the origin of unknown peaks in Raman
spectrum.
In order to evaluate the difference of vibrational parameters before and after irradiation in

time domain, typical time trace probed at 575 nm were compared in Figs. 3(a) and (b). Their
corresponding FT results are plotted in Fig. 3(c). For the traces before irradiation, there are three
obvious vibrational modes peaking at 413 (mode 1), 573 (mode 2) and 746 cm−1 (mode 3) in the
FT power spectra. Three new peaks at 794, 1159 and 1198 cm−1 are observed after irradiation, in
good agreement with the 2D plot of FT spectra in Fig. 2. Note that the frequency reslution (>
2cm−1) of the FT spectra is lower than that of the Raman spectra, so the peak positions obtained
are slightly different from those in the Raman spectra. In order to avoid the influence from the
coherent artifacts close to zero time, the FT calculation is performed on the data after 20 fs. The
time trace can be accurately reproduced by a sum of three damped cosine functions related to
the three CP modes with the following equation: S(t) =

∑
i

Aie−t/τi cos(2πwit + ϕi), where Ai,

wi, τi and ϕi (i= 1, 2, 3) are the initial amplitude, frequency, damping time and initial phase
of the phonon oscillation, respectively. The vibrational parameters are summarized in Table 2.
The obtained three periods (T i = 1/wi), 79.94, 57.67, and 44.46 fs, are respectively consistent
with the frequencies (wi) from FT calculation (see Fig. 3(c)) and Raman shift measurement (see
Fig. 1(e)). The periods change little (not listed in Table 2) for irradiated sample, suggesting that
the most lattice structure is only slightly modulated. Before irradiation, the damping times (τi)
of the oscillations of 413.35 and 745.79 cm−1 are 5.37 and 0.96 ps, respectively. The latter one is
consistent with the results in Xin Du’s report for Eg phonon mode [15]. For the oscillation of
578 cm−1, its damping time is longer than 10 ps, much longer than our pump-probe delay time (5
ps). After irradiation, more vibrations overlapped together in the time traces, making it difficult
to fit the traces with a finite number of oscillations. However, inspection of the enlarged time
traces shown in the inset of Fig. 3(b) suggests that the damping time for mode 1 is significantly
shortened (< 1.0 ps). Damping times of other modes cannot be accurately obtained by cosine
fitting. At different detection positions in the irradiated region, the damping times obtained
may be different. But they are all more or less reduced (not shown). As discussed above, new
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phonon modes, defects and fluorescence centers appear in irradiated samples, which may take
effects as energy release channels. Thus the reduction is probably due to the acceleration of
phonon-phonon scattering, which releases vibrational energy to the lattice and surroundings, or
ascribed to electron-phonon scattering via defect states and fluorescent centers, which act as
energy traps and thus enhance the damping effect.

Table 2. Summary of some vibrational parameters for three pronounced phonon modes before and
after irradiations.a

w1 (cm−1) w2 (cm−1) w3 (cm−1) τ1 (ps) τ2 (ps) τ3 (ps) ϕ1 (π) ϕ2 (π) ϕ3 (π)

Before
irradiation

413.35 (79.94
fs)

573.31 (57.67
fs)

745.79 (44.46
fs)

5.37 ± 1.5 >10 0.96±0.1 0.84± 0.01 0.94± 0.02 0.98± 0.01

After
irradiation

414.77 574.71 748.86 < 1.0 - - 0.78± 0.1 0.73± 0.01 0.25± 0.02

aThe frequencies of the three modes are obtained by Gaussian fit of the corresponding Raman peaks in Figs. 2(e) and (f),
respectively. The data below the frequencies in the brackets are the vibrational periods, obtained by cosine fitting of the
time traces in Fig. 3(a). The initial phases are all from cosine fitting, except the phase 2 and phase 3 (ϕ2 and ϕ2), which
are from FT calculations.

Analysis of the initial phases (ϕi) could provide insight into the mechanisms responsible for
CP generation. The initial phases of the three modes before irradiation, obtained by cosine fitting
of the typical time traces in Fig. 3, are also presented in Table 2. Before irradiation, all the phases
are quite close to 0 or π, indicative of in-phase oscillation. Since many more vibrations mixed
together than that before irradiation, only the phase 1 (ϕ1) is estimated from cosine fitting, the
other two phases are calculated from FT. All the phases are still close to 0 or π, but clearly they
start moving to the π/2. Based on the theory of displacive excitation of CP, the most frequently
cited theory currently, the ultrafast-laser pulse creates wave packet motion that couples to the
vibrational modes, providing the force F(t) to generate the CP [16]. As mentioned above, the
wave packet motion can be on the ground and/or on the excited states, which make the initial
phases behave as sine and/or cosine functions, corresponding to phases of (π/2) (2m+1) and
mπ respectively, where m is an integer [26]. However it is different for sapphire, since there
is no dipole allowed electronic transitions available in the pump-probe spectral range. As an
extension of the theory of transiently stimulated Raman scattering (TSRS) [16], virtual electronic
excitations (as described by a Raman tensor) are included in the description of the force F(t) for
transparent materials. The key component of it is a Raman tensor that places both virtual and real
electronic excitations on equal footing, thus making TSRS theory also applicable to transparent
materials. In this case, the ground-state wave packet motion behaves as a cosine function with
initial phase of mπ.
To vividly describe the CP generation in sapphire, we take the O-Al-O bending mode at

413 cm−1 as an example. It can be easily understood by analogy to a simple “pendulum” which is
subjected to an impulse driving force (see Fig. 4). This analogy is natural since the coherent lattice
vibration behaves as a classical harmonic oscillator [27]. Through electrostriction (i.e., stimulated
scattering), the electric field of the laser light exerts a classical F(t) via the light-phonon coupling,
which drives the oscillator in a particular direction. The force changes the equilibrium geometry
and shifts the equilibrium from its original minimum potential energy position ωi to a maximum
with energy of ωf , here ωf − ωi =±ωp and ωp is phonon frequency. Since the change of the
equilibrium position is “sudden” compared to the response time of the nuclei, the pendulum (or
oscillator) starts to “swing” periodically from its maximum position after the impulse. Thus, the
contribution from the impulse is a step function-like perturbation, and produces a cosine-type
oscillation with initial phase of ±π. This sudden displacement impulsively excites the vibration
modes, leading to ultrafast modulations of optical constants, such as refractive index, at ωp,
which naturally explains the oscillations in probe absorbance. The phase of the bending mode
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tends to be close to π/2 after irradiation, probably due to some real electronic states of defects or
impurity metal ions, which play roles in the phonon generation. As addressed above, with the
involvement of real electronic states, the ground state phonon oscillation should behave as a sine
function with initial phase of π/2 (2m+1) [26]. These two kinds of oscillations mix together,
might result in the phase shift to π/2. However, the exact mechanism of the phase shift need to
be further studied.

4. Conclusions

In conclusion, we investigated the CP dynamics in c-plane sapphire crystals before and after
intense fs-laser irradiation by sub-10 fs pump-probe measurements. Obvious oscillation signals
were observed in ∆A spectra. The intense irradiation induced defect/distortion and even re-
crystallization of crystalline structures, leading to appearance of new peaks and relative intensity
change in CP and Raman spectra. The combination of these two spectra is proved to be beneficial
to differentiate the origins of new peaks, i.e., to distinguish whether they are from Raman active
modes or fluorescent impurity ions. Vibrational parameters, such as periods, damping times and
initial phases, were compared by performing damped cosine function fitting of the real-time ∆A
traces before and after irradiation. The results indicate that the defect/distortion of crystalline
structures cannot change the vibrational periods obviously. However, they could act as energy
traps to enhance the damping effect, resulting in reduction of damping times. Furthermore,
real electronic states of the defects and fluorescent centers may play roles in the ground state
phonon vibrations, inducing obvious initial phase shift. Our study sheds new insights into the
application of ultrafast CP spectroscopy to study of crystalline defect-effects induced by intense
electromagnetic field.
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