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The single-phonon mode was selectively excited in a solid-state sample. A mid-infrared free-electron laser,

which was tuned to the target phonon mode, was irradiated onto a crystal cooled to a cryogenic temperature,

where modes other than the intended excitation were suppressed. An A1(LO) vibrational mode excitation

on GaN(0001) face was demonstrated. Anti-Stokes Raman scattering was used to observe the excited

vibrational mode, and the appearance and disappearance of the scattering band at the target wavenumber

were confirmed to correspond to on and off switching of the pump free-electron laser and were fixed to the

sample vibrational mode. The sum-frequency generation signals of the pump and probe lasers overlapped

the Raman signals and followed the wavenumber shift of the pump laser.

1. Introduction

Not only thermal and structural properties, but also a number of electronic proper-

ties are directly connected to the phonon mode, in normal conductivity and supercon-

ductivity as well as in quantum dynamics.1–3) By exciting a particular phonon mode,

electron-phonon interactions even induce metal-insulator transitions3) and changes in

the magnetic order,4) for example. The role of an individual mode with respect to these

physical properties has been investigated for both acoustic5–7) and optical phonons.8,9)

The coherent phonon spectroscopy technique,10,11) in which a stimulated Raman ef-

fect is utilized, is the most typical method of exciting the target phonon mode.12–15)

It has been successfully applied to clarify the relationship between each mode and the

emergence of the above physical properties.2–9) This method utilizes laser pulses shorter
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than the period of lattice vibration, and the oscillation spectrum bandwidth of the laser

pulses is, in principle, wider than the frequency of the phonon to be selectively excited.

In order to realize both successful excitation and selectivity of the single mode, not

only the narrowness of the pulse time width, which leads to a wide spectrum ensuring

phonon excitation, but also subtle control of the pulse shape, which excludes excitations

of the additional phonon modes, is necessary. One of the above applications is E1-mode

excitation in GaN by a sophisticated femtosecond pulse shaping technique.16)

In a previous report, some of the present authors proposed an alternative method

with a more simple and straightforward approach, involving the direct pumping of the

phonon energy through the irradiation of mid-infrared (MIR) free-electron-laser (FEL)

light whose energy is equal to that of the target phonon.17) Selective excitation of the

FLO(0) phonon mode of A1-type vibration, which is at 970 cm−1 in 6H-SiC, was demon-

strated. In this method, it is possible to easily confine the bandwidth of the pump laser

wavelength within a limited range around that of the individual target phonon mode,

compared with the coherent phonon spectroscopy technique. The selectivity around

the target frequency is retained by the micropulse duration, which is 0.6 ps,17) and

the lifetime of the excited states created by the micropulse, which is 3 − 10 ps.18,19)

This property is expected to stabilize the excited vibrational state against mode tran-

sition.2,20)

In the present paper, we report an application of our method to one of the most typi-

cal wide-gap semiconductors, GaN, which is of the wurtzite structure and has long been

studied.21–24) According to the results of infrared (IR) and Raman spectroscopy, GaN

has both IR25,26) and Raman active modes,27–29) which can be excited by one photon

and observed by common anti-Stokes (AS) Raman spectroscopy,17) within the present

wavenumber range of the oscillating frequency of the FEL we use (Kyoto University

Free-Electron Laser: KU-FEL30)) of approximately 450-2, 000 cm−1 (5-22 µm).31)

2. Experimental methods

MIR-FEL was irradiated as a pumping light source to excite the phonon mode, and

a 532 nm laser was selected for the probe in the AS Raman scattering measurement.

The experimental setup for the optical irradiation and measurement system is shown in

Fig. 1. The second-harmonic wave of the Nd:YAG laser (Continuum Surelite SLII-10)

was used as a probe. The full width at half maximum (FWHM) of the pulse duration is

4-6 ns for the probe laser. As explained in the previous report,17) the pump laser, KU-
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FEL, has a specific pulse structure with two types of pulses: macro- and micropulses

with durations of 2 µs (FWHM) and 0.6 ps (FWHM) at 12 µm, respectively.31,32) The

reported lifetimes of the phonons in GaN exceed 2 ps,19) and the pulse width of the

micropulse of KU-FEL is shorter than the phonon relaxation time. Therefore, the MIR-

FEL irradiation induces mode-selective phonon excitation via a photoexcitation effect.

The long macropulse, in contrast, enables the repetitive excitation and observation

of the target phonon mode under an effectively constant condition. Synchronization

between pump and probe lasers was accomplished using function and delay generators,

and it was confirmed on an oscilloscope.

The (0001) face of single-crystal GaN (Sinyo) with a wurtzite structure was used

for the measurement. All the Raman scattering measurements were conducted with

backscattering configuration against the c-plane. E2 and A1(LO) are the phonon modes

observed in this configuration.29) The sample was cooled to 13 K in a cryostat (Taiyo

Nippon Sanso 1005 337) equipped with a helium compressor (Sumitomo Heavy Indus-

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

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

transmit the scattered light.

The scattered light was guided through triply stacked notch filters (Thorlabs 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 and C1392) after dispersion with a spectrom-

eter (Horiba Scientific Triax 190).

3. Results and discussion

The A1(LO) mode at around 734 cm−1 28,29) was chosen as the target. As clarified

in the previous study,17) we chose this phonon mode because it is both Raman and

IR active. Before the phonon excitation measurement, we confirmed the A1(LO) mode

(Stokes) Raman signal of the present sample in a preliminary measurement. The spec-

trum was obtained with a spectrometer (Ocean Optics QEPro-Raman) with a Raman

probe (Ocean Optics RIP-RPB-785), and a laser of 785 nm wavelength (Ocean Optics

Laser-785) was used for excitation. As presented in Fig. 2, the Stokes Raman signal

was observed at 731.5 nm at room temperature. The FEL wavelength was tuned to

13.67 µm, which corresponds to 731.5 cm−1. Figure 3 shows the AS Raman scattering

measurement results over a wide range of wavenumber with and without FEL irradia-
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tion, whose spectrum center is tuned to 731.5 cm−1. The pump-FEL spectrum is also

given in the upper panel of Fig. 3. The FEL macropulse energy was set to 3.8 mJ. This

corresponds to ∼ 100 mJ cm−2 in the present measurement system.33) The spectrometer

slit width was 0.3 mm. The spectra were obtained using the 300-times average of each

point. The pulse energy of the Nd:YAG probe laser was 10.2 µJ. The AS Raman band

at around 734 cm−1, assigned to A1(LO), followed on/off switching of the pump FEL,

while another AS band at 565 cm−1, assigned to EH
2 (the emergence of this phonon

mode in wurtzite GaN is clearly explained in Ref. 29), did not exhibit any significant

difference with or without FEL irradiation. It should also be noted that cooling of

the sample did not totally suppress the AS Raman signal, especially for EH
2 , which is

originally a phonon mode of an intensive Raman scattering cross section, as indicated

in Fig. 2. The residual signal possibly originated from the intense probe laser, which

may have stimulated the Stokes Raman scattering process to generate a non-negligible

number of phonons, for example.

As explained in the experimental section and discussed thoroughly in the previous

report,17) our mid-IR FEL excites phonons of a 3− 5 ps lifetime19) by irradiating 0.6 ps

micropulses, and the probe nanosecond Nd:YAG laser light is modulated to contain an

AS Raman signal with the repeatedly excited phonons generated by the micropulses in

a microsecond macropulse. Discrete micropulses with 350 ps intervals (Fig. 2 in Ref. 17)

are expected to create a one-phonon-excited state with one photon repeatedly over a

2 µs pulse length of a macropulse if we choose an appropriate excitation photon density.

With the present pump-and-probe laser combination under the experimental conditions,

the sum-frequency generation (SFG) signal overlapped the AS Raman signal. This was

confirmed through the irradiation of the FEL with wavenumbers shifted from A1(LO)

as well as the wavenumber tuned to the target phonon mode. The AS Raman and SFG

spectra are presented in Fig. 4 with pump FEL spectra. The wavelengths of the FEL

were 13.67, 12.70, and 12.25 µm, which corresponded to 731.5, 787.4, and 816.3 cm−1,

respectively. The macropulse energies were set to 6.0, 8.0, and 8.8 mJ, respectively.

The Nd:YAG pulse energy was 11.3 µJ. The spectrometer slit width was narrowed to

0.2 mm, while the displayed spectra were obtained using 700-times averages of each

point in order to obtain AS Raman spectra at close intervals. In both spectra with the

wavenumber-shifted FEL of 787.4 and 816.3 cm−1, signals of moderate intensities were

observed at the wavenumbers corresponding to those of the pump FEL. The spectrum

for 787.4 cm−1 seems to contain another signal from 720 to 750 cm−1, centered at around
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730 cm−1. This additional weak band arises because the FEL spectrum extends its tail to

the A1(LO)-signal position, as presented in the upper panel of Fig. 4. It is suggested that

the irradiation of the FEL and Nd:YAG laser under the present conditions yields both

AS Raman and SFG signals. The SFG signal followed the shift of the FEL wavenumber,

while the AS Raman signal induced by phonon excitation did not because the phonon

energy is constant. Within this interpretation, the difference in the bandwidth between

the narrow fixed AS Raman band at around 730 cm−1 and the broad floating SFG band

that follows 784 cm−1 FEL irradiation is due to the difference in the spectra between

the sharp AS Raman band from a single crystal of high crystallinity and the relatively

extended structure of the line-shape function for the FEL oscillation frequency. This is

why the narrow band is added at 730 cm−1 even when the FEL intensity is low. The

overlap of the sum-frequency generation signal on the AS Raman scattering band of

excited phonons outside the reststrahlen band25) was also observed in 6H-SiC when a

picosecond laser18,34) was used as a probe instead of a nanosecond laser.17)

Another possible explanation for the overlap is that the spectrum structure aris-

ing from the resonant frequency of nonlinear susceptibility within the SFG process

shows a distinct narrow band.35) A similar structure was observed by second-harmonic-

generation spectroscopy for 4H-SiC, although the effect of the Fresnel transmission

tensor was also taken into account.36) The structure could be clearly observed again in

the present measurement when the optical paths were carefully aligned and arranged to

fulfill the phase-matching condition.37) As illustrated in the inset in Fig. 1, the measure-

ment of the scattered light was performed in the direction close to the normal vector of

the sample face. In our case, the direction of measurement was at a large angle to the

SFG wave vector of phase matching. This means that the SFG intensity was expected

to be low because of the failure of the phase-matching condition.

4. Conclusions

Mid-infrared free-electron-laser light was tuned to the wavenumber of the A1(LO) vibra-

tional mode for single-phonon excitation at the GaN(0001) face at a low temperature.

We confirmed successful phonon excitation through anti-Stokes Raman scattering. We

also confirmed the overlap of the sum-frequency generation signal of pump and probe

lasers on the anti-Stokes Raman scattering signal of the excited phonon, although only

the Raman signal followed the on/off switching of the pump free-electron laser.
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List of figures

Fig. 1. (Color online) Schematic for the MIR-FEL irradiation and anti-Stokes Raman scattering

measurement. The inset in the circle shows the geometry around the sample in the cryostat and

indicates the spatial configuration of the pump MIR-FEL and probe Nd:YAG laser.

Fig. 2. (Color online) Spectrum obtained by Stokes Raman scattering measurement of GaN(0001)

at room temperature.

Fig. 3. (Color online) FEL spectrum of pump laser light irradiated on the sample (upper panel)

and spectra obtained by anti-Stokes Raman scattering measurements with and without FEL

irradiation (lower panel).

Fig. 4. (Color online) FEL spectra tuned to or shifted from A1(LO)-mode wavenumber (upper

panel) and spectra obtained by anti-Stokes Raman scattering measurements with and without FEL

irradiation (lower panel).
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Fig. 1. (Color online) Schematic for the MIR-FEL irradiation and anti-Stokes Raman

scattering measurement. The inset in the circle shows the geometry around the sample

in the cryostat and indicates the spatial configuration of the pump MIR-FEL and probe

Nd:YAG laser.

10/9



Jpn. J. Appl. Phys. REGULAR PAPER

GaN

Fig. 2. (Color online) Spectrum obtained by Stokes Raman scattering measurement of

GaN(0001) at room temperature.
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Fig. 3. (Color online) FEL spectrum of pump laser light irradiated on the sample (upper

panel) and spectra obtained by anti-Stokes Raman scattering measurements with and

without FEL irradiation (lower panel).
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Fig. 4. FEL spectra tuned to or shifted from A1(LO)-mode wavenumber (upper panel)

and spectra obtained by anti-Stokes Raman scattering measurements with and without

FEL irradiation (lower panel).
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