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Abstract

Two-photon selective excitation of an infrared (IR)-inactive phonon mode by

a mid-infrared tunable free-electron laser (FEL) was accomplished. The mode-

selective phonon excitation of IR-active mode by one-photon excitation using

FEL (K. Yoshida, et al., Appl. Phys. Lett. 103, 182103 (2013)) was extended to

the IR-inactive mode excitation. The T2g optical phonon mode in single-crystal

diamond at 1, 332 cm−1 was selected, and the FEL photon energy corresponding

to the oscillation wavelength was tuned to the half of the target phonon energy.

The successful mode excitation was confirmed by anti-Stokes Raman scattering

signal of T2g for the sample at cryogenic temperature, where all other modes

were suppressed. The signal was observed at T2g phonon energy with red-shift

of the peak to 1, 306 cm−1, which was accompanied by surface damage induced

by intense laser irradiations.
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1. Introduction

Phonon controls not only thermal and structural properties such as lattice

vibration or phase transition, but also electronic structures in materials via

electron-phonon coupling, such as electron transport in normal conductivity or

in superconductivity, magnetic properties [1–6]. On the other hand, impor-

tant physical properties are often connected to, not all, but particular mode,

and end up in structural and electronic transitions [7–11]. To promote these

physical properties strongly connected to single mode, or few modes, it is es-

sential to make clear the role of such modes in a crystal. Nevertheless, multiple

phonon modes are excited at once through usual thermal phonon excitation,

from ground state to upper states at around finite thermal energy correspond-

ing to the absolute temperature, as is enlightened by statistical mechanics. In

order to excite the target mode one by one, the coherent phonon spectroscopy

technique [12, 13] is the most typical method [14–19]. It has been successfully

applied to clarify the relationship between each mode and the emergence of the

above physical properties [2, 3, 6–11].

In previous reports, some of the present authors have proposed an alterna-

tive method with a simpler and straightforward approach, involving the direct

pumping of the phonon energy through the irradiation of mid-infrared (MIR)

free-electron-laser (FEL) whose photon energy is equal to that of the target

phonon [20, 21]. Selective excitation of the particular phonon in 6H-SiC and

GaN were demonstrated. This method is expected to stabilize the excited vibra-

tional state against mode transition [2, 22]. Nevertheless, the selective phonon

excitation method in Ref. [20] is a one-photon absorption for the one-phonon

excitation, and it was applied only to so-called IR active vibrational modes.

This restriction within allowance arising from the one-photon-absorption selec-

tion rule principle can be largely bypassed by two-photon absorption. Several

approaches have been made for the selective excitation of the IR-inactive mode.

Among one of such mode for example, the excitation of an optical phonon

of diamond near Γ point (T2g = F2g = Γ25′) at around 1, 332 cm−1 (= 40

2



THz = 7.5 µm) was demonstrated by the coherent phonon excitation [18, 19]

and direct excitation with a pump pulse via difference-frequency mixing of two

parametrically amplified pulse trains from a single white-seed whose center fre-

quencies are continuously tunable between 10 − 72 THz [23]. The T2g optical

phonon in boron-doped diamonds is known to be related to superconductiv-

ity [24]. With high symmetry of the diamond, high selectivity of the light source

for excitation is not absolutely necessary, because the other competing modes

are limited and separated from the target mode. Nevertheless, the selectivity is

essential in order to establish the method of selective phonon-mode excitation

to investigate the phonon-related solid-state properties including superconduc-

tivity mechanism, which is expected to be strongly related to electron-phonon

coupling. As for the tune to 20 THz, which is half of the T2g phonon frequency

(40 THz), the method with FEL in this study can confine pump laser oscillation

spectrum within 19.2 − 20.3 THz, the bandwidth around 1 THz, in contrast to

that of several terahertz [23] which would be only adequate for selective exci-

tation of diamond T2g mode. The present approach of confined bandwidth can

be applied not only to investigate, but also to control the superconductivity

in crystals of complex structures which have a number of phonon modes. The

high-Tc cuprate superconductors of complex perovskite-type layered structures

have been expected to manipulate the superconductivity optically [25–28].

Additionally, we adopted anti-Stokes Raman scattering (ASRS) for signal

measurements instead of real-time optical Kerr effect observations to confirm

successful single mode excitation [23], because the need for the femtosecond-

scale ultrafast spectroscopy were eliminated.

The T2g phonon mode in diamond is Raman active and IR inactive. The

half of its frequency is within the wavenumber range of the oscillating frequency

of the FEL we use (Kyoto University Free-Electron Laser: KU-FEL [29]), which

is approximately 435 − 2, 850 cm−1 (3.5 − 23 µm) at present [30].
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2. Two-photon mode-selective phonon excitation

The principle of the mode-selective phonon excitation is given in FIG. 1(c) in

Ref. [20]. It is selective phonon excitation to a particular target phonon-excited

state with photon from MIR laser.

In one-photon mode-selective phonon excitation [20, 21], the excitation part

with pump light is one-photon (linear) absorption from the excitation light. The

transition rate, R(1), for this process is given as

R(1) =
4π2

nc

|µmg|
~2

ρf (ω) × I, (1)

where n is refraction index, c is the speed of light, µmg is a transition matrix,

~ is Planck constant, ρf (ω) is a line shape function, and ~ω corresponds to the

energy of pump light of intensity I to excite the phonon mode of ~ωmg [31].

Subscript g indexes ground state and m indexes final state. The lineshape

function for the one-photon absorption has its peak at ω = ωmg, the angular

frequency of the target phonon. This part of excitation follows selection rules

for one-photon absorption which can be known from the calculation of µmg and

determined by crystal symmetry [32].

In the present study, two-photon absorption from the single beam of pump

light is used instead. The transition rate, R(2), for this process is given as

R(2) =
8π3

n2c2

∣∣∣∣∣∑
m

µnm µmg

~2(ωmg − ω)

∣∣∣∣∣
2

ρf (2ω) × I2, (2)

where the lineshape function for the two-photon absorption has its peak at

2ω = ωng, the angular frequency of the target phonon in this case [31]. Subscript

m indexes the medium states for this case, while n indexes final state. The

selection rule for the two-photon absorption is determined by
∑
m

µnm µmg with

the help of the multiplication tables of group theory [32].

As noted in the introduction, we used ASRS for confirmation of the target

phonon excitation. Therefore, the selection rules for the phonon detection part

with probe light is given by those of the Raman scattering [33, 34].
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The selection rules for the present case (T2g-mode excitation) for two-photon

absorption and Raman scattering are both classified as optically-allowed tran-

sition like many other modes of both IR-inactive and Raman-active selectivities

at the same time. This is not the case with one-photon absorption and Ra-

man scattering, at least for the all vibrational modes in the crystals of center of

symmetry, and many of the modes in other structure-types of crystals.

The transition rate for two-photon absorption shows quadric dependence on

the pump-light intensity, while one-photon absorption shows linear dependence.

3. Experimental methods

The experimental setup for the optical irradiation and measurement system

is shown in Fig. 1. An MIR-FEL (KU-FEL) was irradiated as a pumping light

source to excite the phonon mode, and a probe light source of 532 nm laser, the

second-harmonic wave of the amplified Nd:YVO4 laser (Time-Bandwidth GE-

100-VAN), was selected for the probe in the ASRS measurement [20, 35]. The

full width at a half maximum (FWHM) of the pulse time duration is 7.5 ps for

the probe laser. The durations of macro- and micro- pulses are 2 µs and 0.6 ps

(FWHM) at 12 µm, respectively [36, 37]. The pulse time-width of the micropulse

of KU-FEL, which is also 0.6 ps in this method [20], is shorter than the reported

phonon lifetime of the phonon in diamonds, ∼ 6 − 8 ps [18, 23]. Therefore, the

MIR-FEL irradiation induces mode-selective phonon excitation via a photoexci-

tation effect. Rough synchronization (tens of nanoseconds scale) between pump

and probe lasers was accomplished using a digital delay generator (Stanford

Research Systems DG645). Precise synchronization (sub-picosecond scale) of

those lasers was accomplished by the timing stabilizer (Time-Bandwidth CLX-

1100) with the reference RF signal which was used for accelerate electron beam

in KU-FEL. The temporal overlap condition of those lasers was adjusted by the

optical delay stage, and the zero-delay condition between the pump and probe

lasers was confirmed by the sum-frequency light generated from a ZnS cleartran

(Pier Optics) sample which was placed adjacent to a diamond sample.
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The (100) face of a single-crystal diamond (Element six 145-500-0253) was

used as the target. It was cooled to 7 K in a cryostat (Taiyo Nippon Sanso 1005

337) equipped with a helium compressor (Sumitomo Heavy Industries CKW-

21A). As noted in the figure, a KBr window was set to pass both the MIR

pump and 532 nm probe laser light, and a fused silica window was mounted to

transmit the transmitted and scattered light.

The scattered light was guided through triply stacked notch filters (Thor-

labs NF533-17 ×2; Opto-line StopLine notch filter NF03-532E-25 ×1) in order

to eliminate Rayleigh scattering light of the probe laser, and was detected by

photon counting with a photo multiplier (Hamamatsu photonics R3896) after

dispersion with a spectrometer (Horiba Scientific Triax 190).

The optical process through two-photon excitation in general can be ob-

served only near the focal spot near the incident laser beam [31]. Consequently,

the focal spot of the FEL was adjusted to locate on the sample surface as close

as possible, where the Raman scattering signal with probe laser was expected

to be maximized at the same time. Nevertheless, this geometry may also cause

laser-induced damages especially by pumping laser whose pulse energy is set to

a few mJ, rather than those by probe laser of ∼ 0.1 mJ pulse energy. A field-

emission-type SEM (FE-SEM; Hitachi High-Technologies SU6600) was used to

take a photographic image of the single-crystal diamond sample irradiated with

focused pumping and probe lasers, in order to confirm the fracture surface cre-

ated by the damage induced by laser irradiations.

4. Results

We preliminary confirmed the Raman signal of the optical phonon mode

of the diamond sample. The spectrum was obtained with the second-harmonic

wave of the nano-second Nd:YAG laser (Continuum Surelite SLII-10) as a probe.

As presented in Fig. 2, the Raman signal was observed at 1, 332 cm−1 at room

temperature. In order to excite the phonon by two-photon absorption, the

FEL wavelength was tuned to 15.0 µm, which corresponds to 1, 333 cm−1 in
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two-photon scale. The lower panel of Fig. 3 shows the results of the ASRS mea-

surement with and without FEL irradiation, whose spectrum center is estimated

to be 1, 306 cm−1 by fitting Gaussian lineshape to the observed scattering band.

The FEL spectrum is also given in the upper panel of Fig. 3. The sharp dip

in the spectrum arises from absorption by CO2 in ambient air, though it has

negligible impact on the phonon dynamics [23]. The light path from the FEL os-

cillator output to the sample chamber was consequently replaced with nitrogen

gas. The FEL macropulse energy was set to 6.5 mJ. The spectrometer slit width

was 1.0 mm. The spectra were obtained using the 200-times average of each

point. The pulse energy of the Nd:YVO4 probe laser was 70 µJ. The ASRS band

at around 1, 306 cm−1, assigned to the phonon, followed on/off switching of the

pump FEL. Figure 4 shows the pump-energy dependence of the peak intensity

at 1, 306 cm−1 and a fitted quadratic curve. The coefficient of determination,

R2, for the polynomial regression with quadratic model was 0.950, while it was

0.917 for the linear regression. The consistency with quadratic model function

confirms two-photon excitation [31]. Figure 5 shows that ASRS peak intensity

at 1, 306 cm−1 against delay time of probe laser to pump laser. The ASRS

signal was observed between 0 − 13 ps. If we simply subtract the pulse time

duration of the probe laser, ∼ 5.5 ps of the phonon lifetime is suggested, which

matches with previous reports [18, 23].

Although the obtained Raman scattering band covered the expected ASRS

peak position corresponding to T2g phonon energy, the peak position of the band

estimated from our measurement was red-shifted. It is reported that the damage

induced by helium ion beam bombardment causes red-shift of Raman scattering

wavenumber for T2g mode in diamond to 1, 297.7 cm−1, against damage depth of

∼ 5 µm [38]. This red-shift of around 30 cm−1 also reported to be accompanied

by FWHM increase from 3 cm−1 to 87.8 cm−1 [38]. The FWHM of the observed

band in Fig. 3, ∼ 120 cm−1, contains additional broadening by FWHM of

pumping FEL, which is ∼ 50 cm−1 also presented in Fig. 3.

Presented in Fig. 6 is a scanning electron microscope (SEM) image of a

fracture surface taken by FE-SEM for a sample after the irradiations for the
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measurement in Fig. 4 of pumping and probe lasers. These fractures were not

found on the sample without laser irradiation. Although the kind of the laser-

pulse shot which created the fracture in this image cannot be identified, the

peak shift was presumably caused by the damage induced by FEL irradiations

as discussed in the experimental section. In order to observe the two-photon

excitation signal, the FEL light with sub-mJ micropulses of 0.6 ps of duration,

which was a few mJ of macropulse, was maximally focused within the order-of-

0.01 mm2 area estimated from SEM image. Therefore, brittle fractures of the

diamond surface were brought about.

5. Conclusion

We confirmed the selective T2g phonon excitation by measuring ASRS signal

at 7 K. Mid-infrared FEL light was tuned to half of the optical phonon energy

near Γ point in single-crystal diamond at (100) face for single-phonon excitation

through two-photon excitation with FEL. The estimated phonon lifetime of a

few ps was similar to the previous reports. The peak position was red-shifted

at the same time, which was induced by FEL irradiations.
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List of figures

Fig. 1 Schematic for the pump MIR-FEL and probe laser irradiations and

ASRS measurement (SHG: second-harmonic generation in BBO crystal; SPF:

short pass filter cutting off the light longer than 800 nm). The inset shows the

geometry around the sample in the cryostat and indicates the spatial configu-

ration of the pump MIR-FEL and probe Nd:YVO4 laser.

Fig. 2 A Stokes (upper panel) and anti-Stokes (lower panel) Raman scattering

spectrum of T2g mode of single-crystal diamond (100) face at room temperature.

Fig. 3 A spectrum of pump FEL light against two-photon wavenumber (upper

panel) and spectra obtained by ASRS measurements with and without FEL

irradiation (lower panel).

Fig. 4 The pump-energy dependence of ASRS peak intensity at 1, 306 cm−1

against FEL macropulse energy. A quadratic fitted curve is also given as broken

line. The estimation of FEL pulse energy includes an error of about plus or

minus 10%.

Fig. 5 The ASRS peak intensity at 1, 306 cm−1 against delay time of probe

laser to pump laser.

Fig. 6 An FE-SEM image of the fracture surface of the damage induced by

laser irradiations.

14



Figure 1: Schematic for the pump MIR-FEL and probe laser irradiations and ASRS measure-

ment (SHG: second-harmonic generation in BBO crystal; SPF: short pass filter cutting off the

light longer than 800 nm). The inset shows the geometry around the sample in the cryostat

and indicates the spatial configuration of the pump MIR-FEL and probe Nd:YVO4 laser.
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Figure 2: A Stokes (upper panel) and anti-Stokes (lower panel) Raman scattering spectrum

of T2g mode of single-crystal diamond (100) face at room temperature.
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Figure 3: A spectrum of pump FEL light against two-photon wavenumber (upper panel) and

spectra obtained by ASRS measurements with and without FEL irradiation (lower panel).
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Figure 4: The pump-energy dependence of ASRS peak intensity at 1, 306 cm−1 against FEL

macropulse energy. A quadratic fitted curve is also given as broken line. The estimation of

FEL pulse energy includes an error of about plus or minus 10%.
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Figure 5: The ASRS peak intensity at 1, 306 cm−1 against delay time of probe laser to pump

laser.

19



Figure 6: An FE-SEM image of the fracture surface of the damage induced by laser irradia-

tions.
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