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DECP(displacive excitation of coherent phonon)
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ISRS (Impulsive stimulated Raman scattering)
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USSC(ultrafast screening of space-charge field)
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FIG. 1. Beflectivity change for Bi induced by two excitadon pulses: (a) 0] 2 4 5 8
Reflectivity change induced by the first excitation pulse alone; (b) reflectiv- Delay Time [ps]

ity change induced by the second excitaton pulse alone. Inser Fourier mans-

form power spectmum of the dme domain data.
FIG. 2. Double-pulse pump—probe data observed in a Bi film at room tem-
perature. Ar is the tme difference between two pulse components of the
double-pulse excitadon.

Hase et al. Appl. Phys. Lett., 69 (1996) 2474
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.



Motivation: Materials Dynamics

Elucidate dynamics of phase transition of condensed matter and control
eTransition time (At)?
e Pathway of structural changes (A1-A2) ? |

e Transition structure (*) ?

Rate constant

Ultrashort pulsed X-rays are required!

[ |
Laser |/ N
- [
V [ |
- - : Structural change is directly monitored by
. using ultrafast X-ray diffraction with pump
Xrays o Diffracion L and probe technique
[ |
[ |
[ |
[ |

Picture of atomic motion



Quantum emissions

High-energy short-pulsed beams of electrons, ions and photons (X-rays)
generated from femtosecond intense laser field (>10'°W/cm?).

Hard X-ray pulse

»

Ponderomotive /
force

Intense femtosecond
laser pulse Nl
(>10'W/cm?)

High-energy eleq__z"'i“on pulse

e Eoz  ne 2y Targ = mater’*i'z‘i'lg(z)

1 >
U, =—m/v = =
) V™) dmw>  mew’

=9.3x10"* I(W/cm®)A(im )
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Quantum emission

High-energy short-pulsed beams of electrons, ions and photons (X-rays)
generated from femtosecond intense laser field (>107%W/cm?).

protons electrons
e fr: —v= - Sl ' — 1 | | | | 3
0
g 2r irradiation at 15° T
10°L - . SN T, = 350 keV/
o] 104 | BN h
S E \"\h\,
;o 10‘ - ~ — g 6: .:j?.\‘%ﬁ;‘::?‘m‘
= 41 Lo i
o g3 | / R
< o g
S 1L - 2 2l Ponderomotive theory .
s)
g
£
Z

e el s 0 vl

T, = 250 keV
10° o
10° L . 8 irradiation at 45°
. 6F T, = 300 keV
£ | | | |
10' N T 04 06 08 10 12 14

] ] 1
0 02 04 06 08 1 1.2 1.4

Proton Energy (MeV) Electron kinetic energy (MeV)

Cu-foil at 1=2x1018W/cm?2
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Femtosecond laser induced Hard X-ray pulse (I = 10" W/cm?)

Energy spectra

X-ray intensity (arb. units)

0 2 4 6 8 10
Eneergy (keV)

Characteristic X-rays obtained by X-ray CCD
camera at power density of 3x1016 W/cm?2.

Pulse width of CuKa

6.5x10'%photons/4msr/pulse

20

X-ray pulse width
Il FwHM=6ps

-
(&)
|

X-ray intensity (arb. units)
o
1

5 B . n

) W"“‘Jv“ \i J\\ﬂrv"‘w j\ ,pbr‘ A

l' ‘
0 a2 I"'J\“'i | | :
-20 0 20 40 60

Time (ps)
The temporal profiles obtained by the X-ray streak

camera. The energy extends from 1 to 10 keV are
accumulated. [~ 10"7 W/cm?
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Picosecond time-resolved X-ray diffraction from
femtosecond laser-excited GaAs(111):

Acoustic phonon propagation

Ref: C. Rose-Petruck et al., Nature 398 (1999) 310
H. Kishimura et al., JCP 117 (2002)10239
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Schematic of experimental setup

X-ray
zCD

Pump Laser Pulse \

3
....

Probe X-ray "
TW laser system (Ocs. Reg. Amp) oulse
300ps, 800 mJ/max Sample:crystal
300ps Time-step: 10ps
60fs
A Pulse compressor Optical delay line
70mJ/cm2
I >
X-ray CCD
50fs | CuKa
Pulse compressor X-ray generation
chamber
GaAs(111)
vacuum
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CCD image and rocking curve of X-ray diffraction from laser irradiated GaAs(111)

Under laser irradiated
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& 2

n
o

o

13.50 13.55 1360  13.65 13.70 13.75 13.80
Diffraction Angle (degree)

2d sinB = A

Diffraction Angle

A low angle shift—Expansion

A high angle shifts—Compression
CCD camera image 'gh angle shi pressi

(300shot integrated)
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Picosecond time-resolved X-ray diffraction from 60-fs laser irradiated GaAs(111)

400

250 —
S 300 - 200 —
250ps
= 200ps 150 —
200

5

150ps

100ps 100 =
100 F—
50ps 50 —

-10ps

Intensity (arb. units)
Pump Delay (ps)

A R . — 0 —

1360 1364 1368  13.72

_ _ 13.60 13.62 13.64 13.66 13.68 13.70 13.72
Diffraction Angle {degree)

Diffraction Angle (degree)
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Electronic system Lattice system

Carrier _ _
absorption Lattice expansion
' Phonon
excitation
Illllllllllllzl»
A

Interband
absorption

Auger

recombination Acoustic phonon
m propagation
| ‘ Temperature
O @, increases

Diffusion equations: T(x,t)

Rate equations: N(x,t), T(x,t)
Hydro-dynamic equations: u(x,t)

17



Model of laser heating and phonon generation

Laser irradiation

oN N ? I-R 1-R)?
—+—=Da ]2\7+a( )I(x,t)+ul(x,t)2
it T, o E 2F
Inter-band absorption 9 [ }
—I(x,t) =-|a+ON + Bl (x,t) J(x,1)
Electron-hole plasma ot é
Chder e i Rate eq., diffusion eq.
T, =
P . N?
Carrier diffusion Auger recombination r
Optical phonon 2 EN [(E—E _ _pye
£=DT J 7;.,. £ 4 £ (a(l R)+@)N)+—ﬁ(1 R) I(x,t) [I(x,¢)
Temperature increase ot x Cr, C, E 2E
Thermal diffusion Acoustic phonon pulse
Hydro-dynamics
Lattice deformation
d’u ’u OE, 9N oT
p—=pv —+B—5—+3Bf—
ot 0z oP oz 0z
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Strain generated by impulsive laser excitation

z vt | z-vi|
—_ 1 JE— 1 —
17=7]Oe§(1—2€ 5)—26 : Sgn(z—vt)]

n: strain

Strain x10°

V: sound velocity

E: absorption length

C.Thomsen, ef al., Phys. Rev. B 34, 4129 (1986)
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Simulation of strain profile inside the GaAs(111) crystal

400 D50 —
T —
= o
5 300 Q200
g &
© W.g N N o 150 —
B\ 200 T '-'-, ";. 2 % A - O
g o ) ; P {v-?. o~ A S _ Q
o 100ps__.o : g 100
=100 ' — (L
S0ps : 50 —
0 s \k
' I I l ' I l I U B I 1 | |
1360 1364 1368 1372 ! !
Diffraction Angle (degree) 1360 13.85 13.70
Diffraction Angle {degree)
Maximum strain 0.30%

Absorption length 255nm
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Obtained effective absorption length in this study: ¢= 255 nm
c.f. linear absorption length of GaAs at 800nm: ¢= 900 nm

| I: Intensity
§=— a: An absorption coefficient

o a,: A linear absorption coefficient
a=0,+ ][3 S A two-photon absorption coefficient

Intensity 7=1.17 GW/cm?
— A two-photon absorption coefficient B= 2711 cm/GW
c.f. B= 2628 cm/GW (using ps laser pulse)
(T.F.Boggess, et al., IEEE |. Quantum Electron. 21, 5 (1985))

21



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

Coherent optical phonon

Ref: K. Sokolowski-Tinten et al., Nature 422 (2003) 287 and (2006): Bi-film
Y. Hironka et al., Ultrafast Phenomena (2006)
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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

F| =FF' —IEflf, exp( (S = SR, - R))exp(—(S $,)(8, = 8,))

=~ ‘F 0‘ + ElQ@Xp(lG)I +0,) (Thermal: Debye-Waller factor)
;

U

7
=
=]
=
e
o

IE(h,k,IN*

\
L}
A .
\
. I -
oo
- L} 0
. -
i
- | »
- "
4 - 5
N y
: €
. S
0 l D o |

3 2 414 0 1 2 3
Atomic deviation (pm)

o 00 06 o
® 060 06 o
o 060 06 o

23



Experimental geometry and diffraction image

Pump Laser Pulse

Wy Ttteeal,l b

vy,

X-ray CCD

v,
. el Y

L]
L
LIS
L{
Xy

Probe X-ray
pulse
Sample crystal

Symmetric Bragg diffraction geometry
2dsin6=\

Position at the sample

CCD image of X-ray diffraction

>

- perturbed

Diffraction angle

Reflecting Plane : CdTe(111)
05=11.88384 deg. 05=11.9138 deg

2 unpertufbed‘
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fs-TRXD from 50-fs laser irradiated CdTe(111)

LOW High

" Intensity

1.00/_\—0—\
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Temporal profile of diffracted X-ray
intensity No shift of the diffraction peak but

modulation of diffracted X-ray intensity
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Intensity (arb. unit)

Coherent optical phonons in CdTe(111):fs-TRXRD
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Modulation in X-ray diffraction intensity
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Fourier power spectrum of modulation in X-ray
diffraction intensities and normal Raman
spectrum of CdTe (inset).
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Experimental setup for fs time-resolved optical reflection @NIMS

Monitor  petector#1
sample

Ti:sapphire Laser (30fs)

Pulse Compensator "
Variable delay laser

Probe D S

7 TS Ishaker
/ 7

BS —[Po1]- - -
|
|
| |
Pump N :

Oscilloscope , , . . .
. / Samole ! http://www.nims.go.jp/ldynami
| P cs/Femto/SU.html

Amplifier PD2 '
| | |
| |
| O 0
|
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Fs-time resolved optical reflection from CdTe(111)

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

(‘ 6 [
4x10° sl
= 2 4
<
) >
g g 5L
2 0+ g
(&) £
2
g 7]
c
< u L
L L L L 0 l l 1 L L
0.0 0.5 1.0 1.5 2.0 2 3 4 S 6 7 8
Delay time (ps) Frequency (THz)

modulation in phonons (5mW):
LO(CdTe): 4.97 THz, © =2.39 ps
A(Te): 3.82 THz, Tt =1.49 ps

Fourier spectrum
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® 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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