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•
• DECP(displacive excitation of coherent phonon)

–
– ㈻

• ISRS (Impulsive stimulated Raman scattering)
–
– ㈻

• USSC(ultrafast screening of space-charge field)
–

–

ゝ
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Bi

Hase et al. Appl. Phys. Lett., 69 (1996) 2474
Stop Enhance
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Time-resolved measurement of coherent phonon

• Coherent phonon has been studied extensively using
several optical measurement techniques: time-
domain spectroscopy
– reflection or transmission, SHG, THz radiation

• T.K. Cheng, APL 59 (1991) 1923
• M. Hase et al. PRL 88 (2002) 067401.

• Lattice displacement has been directly studied with X-
ray diffraction by several groups
– Acoustic phonon propagation

• A. Rousse et al. Nature 410 (2001) 65

– Coherent optical phonon
• K. Sokolowski-Tinten et al. Nature 420 (2003) 287.
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Picture of atomic motion

Laser

X-rays Diffraction

Δ t

Elucidate dynamics of phase transition of condensed matter and control

  •Transition time (Δt)?

  • Pathway of structural changes (A1-A2) ?

  • Transition structure (*) ?
A B

A A

Δt
Rate constant

Structural change is directly monitored by
using ultrafast X-ray diffraction with pump
and probe technique

Ultrashort pulsed X-rays are required!

How

Motivation: Materials Dynamics
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Intense femtosecond
laser pulse

(>1016W/cm2)

High-energy electron pulse

Hard X-ray pulse

Target materials (Z)

Ponderomotive
force

Quantum emissions

High-energy short-pulsed beams of electrons, ions and photons (X-rays)
generated from femtosecond intense laser field (>1016W/cm2).
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Laser

X rays

e,p

High-energy short-pulsed beams of electrons, ions and photons (X-rays)
generated from femtosecond intense laser field (>1016W/cm2).

Quantum emission

Cu-foil at I=2x1018W/cm2

electronsprotons
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Characteristic X-rays obtained by X-ray CCD
camera at power density of 3×1016 W/cm2.

The temporal profiles obtained by the X-ray streak
camera. The energy extends from 1 to 10 keV are
accumulated.     I ~

M. Yoshida et al. APL 73 (1998) 2393; Y. Fujimoto et al. JJAP 38 (1999) 6754

6.5x1010photons/4πsr/pulse

Femtosecond laser induced Hard X-ray pulse (I = 1017 W/cm2)

Energy spectra Pulse width of CuKa
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Ref: C. Rose-Petruck et al., Nature 398 (1999) 310
        H. Kishimura et al., JCP 117 (2002)10239

Picosecond time-resolved X-ray diffraction from
femtosecond laser-excited GaAs(111):

Acoustic phonon propagation
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Schematic of experimental setup

Pulse compressor

Pulse compressor

X-ray generation
chamber

TW laser system (Ocs. Reg. Amp)
300ps, 800 mJ/max

X-ray CCD

Optical delay line

GaAs(111)

60fs

50fs

300ps

70mJ/cm2

CuKa

Time-step: 10ps

vacuum

X-ray
CCD

Pump Laser Pulse

Probe X-ray 
pulse Sample crystal
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2d sinθ = λ

A low angle shift xpansion
A high angle shifts ompression

CCD camera image

(300shot integrated)

Diffraction Angle

Under laser irradiated

Initial state

CCD image and rocking curve of X-ray diffraction from laser irradiated GaAs(111)
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Picosecond time-resolved X-ray diffraction from 60-fs laser irradiated GaAs(111)



17

Interband
absorption

Carrier
absorption

Auger
recombination

Phonon
excitation

Acoustic phonon
propagation

Lattice expansion

Electronic system Lattice system

Temperature
increases

Rate equations: N(x,t), T(x,t)
Diffusion equations: T(x,t)

Hydro-dynamic equations: u(x,t)
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Optical phonon

Temperature increase

    Lattice deformation

Auger recombinationCarrier diffusion

Thermal diffusion Acoustic phonon  pulse

Laser irradiation

Inter-band absorption

Electron-hole plasma

Carrier absorption Rate eq., diffusion eq.

Hydro-dynamics

Model of laser heating and phonon generation
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C.Thomsen, et al., Phys. Rev. B 34, 4129 (1986)

Strain generated by impulsive laser excitation

η: strain

V: sound velocity

ξ: absorption length
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Maximum strain 0.30%
Absorption length 255nm

Simulation of strain profile inside the GaAs(111) crystal
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IntensityIntensity I I = 1.17 GW/cm= 1.17 GW/cm22

A two-photon absorption coefficientA two-photon absorption coefficient ββ= 27±11 cm/GW= 27±11 cm/GW

c.f. c.f. ββ= 26±8 cm/GW (using = 26±8 cm/GW (using psps laser pulse) laser pulse)

 ( (T.F.BoggessT.F.Boggess, , et alet al., IEEE J. Quantum Electron. ., IEEE J. Quantum Electron. 2121, 5 (1985)), 5 (1985))

 Obtained effective absorption length in this study: ξ= 255 nm

c.f. linear absorption length of GaAs at 800nm:  ξ= 900 nm

I Intensity
α  An absorption  coefficient

α0  A linear absorption  coefficient
β  A two-photon absorption coefficient
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Ref: K. Sokolowski-Tinten et al., Nature 422 (2003) 287 and (2006): Bi-film
Y. Hironka et al., Ultrafast Phenomena (2006)

Femtosecond time-resolved X-ray diffraction from
femtosecond laser-excited CdTe:

Coherent optical phonon
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Effect of coherent optical phonons in ultrafast time-resolved X-ray diffraction

• No change in diffraction angle
• Diffraction intensity changes as a change of structural factor: F
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Experimental geometry and diffraction image

Symmetric Bragg diffraction geometry

2dsinθ=λ

CCD image of X-ray diffraction

Reflecting Plane : CdTe(111)
θB=11.88384 deg.  θB=11.9138 deg

Diffraction angle
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X-ray CCD

Pump Laser Pulse

Probe X-ray 
pulse

Sample crystal
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fs-TRXD from 50-fs laser irradiated CdTe(111)

No shift of the diffraction peak but
modulation of diffracted X-ray intensity
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Temporal profile of diffracted X-ray
intensity
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Coherent optical phonons in CdTe(111):fs-TRXRD
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Phonon dispersion of CdTe
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Phonon dispersion curve of CdTe

From J.M. Rowe et al. PRB10(1974)

LO phonon
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Experimental setup for fs time-resolved optical reflection @NIMS

http://www.nims.go.jp/ldynami
cs/Femto/SU.html
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Fs-time resolved optical reflection from CdTe(111)
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modulation in phonons (5mW):

LO(CdTe): 4.97 THz,  τ =2.39 ps

A(Te): 3.82 THz, τ =1.49 ps

Fourier spectrum

K. Ishioka et al., Jpn. J. Appl. Phys.45 (2006) 9111



30

Summary

• Transient lattice deformation due to propagation of acoustic
phonon and shock wave inside semiconductor crystals has been
observed by picosecond TR-XRD

• Coherent optical phonons of CdTe (5THz) has been observed by
femtoseconf TR-XRD

• Time-resolution of 200fs in TR-XRD has been achieved
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