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We would like to live in pollution-free environment



HC, N2, O2

HC H2O+C
CO CO2
NOX N2+O2

oxidation

reduction

Three-way catalyst

Pd,
Pt,
Rh
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Energy tunability

Resonance
Anomalous effect



Use of anomalous dispersion

f(Q,ω)=f0(Q)+f’(ω)+if”(ω)
K-K relation

Energy selectivity

From Elements of modern x-ray physics by J. Als-Nielsen and D. McMorrow 

プレゼンター
プレゼンテーションのノート
As you know, Synchrotron x-rays has a wide band of energies.Then, we can select an x-ray energy which is suitable for each experiment.One of the powerful experiment is to use an anomalous dispersion.  



Quantum Mechanical Description

Free particle: 
m

PH
2

2
=

Interaction with an electromagnetic
field: ( ) AP

m
eA

m
e

m
P

m
AePH

rr
rr

•−+=
−

= 2
2

2

2

2

2

2

H２H１

Transition probability W: 

( ) aEiEf
n nEiE

iHnnHf
iHfW +=×∑

∞

= −
+= ωερπ

h
h

,
2

1

22
1

2
f0 f1 + if2

プレゼンター
プレゼンテーションのノート
I would like explain briefly quantitative description of the interaction between electromagnetic wave and electrons based on quantum mechanics.  Scattered x-ray intensity can be calculated as the transition probability with Fermi’s golden rule. The first term is a non-resonant term with first order perturbation and the second term is a resonant term calculated with second order.Let’s see these terms in the figure.  



Marriage between XRD and XAFS

プレゼンター
プレゼンテーションのノート
I would like to emphasize an interesting spectroscopic method which combines XAFS together with XRD. This called DAFS.
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XAFS & DAFS

プレゼンター
プレゼンテーションのノート
I will explain DAFS briefly.The values of f’ and f’’ are like these if an atom is isolated. But, atoms in materials are surrounded by other atoms, and as a result f” shows an oscillation. This is EXAFS.When you look at the expression of diffracted intensity which includes f’ and f”, you can easily understand that the diffracted intensity also has a similar oscillation, whose origin is the same as that of EXAFS.But, the advantage of DAFS compared with XAFS, since DAFS uses a diffraction channel, this has an additional information such as site selectivity and spatial selectivity.I will show the example of DAFS in the next topics.     



Anomalous Diffraction Intensity around Pd k-edge
Oxidized sample
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Anomalous Diffraction
at (110), (100) of 
Reduced sample. 

No change is observed !

Pd atom is out of the 
Perovskite lattice!?



B O

A

Pd metallic 
particle

; A-site (La)
; B-site (Fe, Co)
; B-site (Pd)
; Oxygen

Self-regeneration of Catalyst

oxidation

reduction

Y. Nishihata, J. Mizuki, et al.,Nature 418 (’02) 164

プレゼンター
プレゼンテーションのノート
The conclusion why the new catalyst does not show any deterioration is that the Pd moves into and out of Perovskite lattice, following the change in oxidation and reduction conditions of the exhaust gas.  



Y. Nishihata et al., nature 418, (2002) 164

But, one referee still has doubts
about the model because 
the experiments were done ex-situ 

Questions:

●How fast does Pd move?
●What temperature does Pd

start moving?

In-situ experiment



DXAFS (Energy Dispersive XAFS)

High energy

Low energy

Position sensitive
Detector (CCD)

Bend crystal
Si(422)

Standard XAFS

DXAFS

Double crystal 
monochromator

θ

II0

Sample

White x-ray Ion
chamber

(Top-View)

(Side-View)

Ion
chamber

Sample
White x-ray →

Data acquisition time

3 - 30 min

1 - 100msec



XANES(400℃)

Reduction Oxidation
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Oxidative

Self-regeneration model

OxidativeReductive

Further enlargement 
and deterioration

Restored to 

atomic level

Self-regeneration !

Enlargement of 
precious metals

Segregated

at 1-3nm

Precious 
metal

Dispersed on 
conventional 
ceramics

Atomic level
complex

Perovskite

Intelligent
Catalyst

Conventional
catalyst
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Live in  a convenient & sophisticated Society 
- new information & communication tech -
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<~50nm

Bulk

Quantum dot

Quantum well
E

ρ(
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Semiconductor nano-structure

プレゼンター
プレゼンテーションのノート
Key materials for that is semiconductors. Semiconductor nanostructures  that allow carrier confinement in low dimensions have attracted much attention because of their prospective application to high performance optoelectronic devices. As you know, the recent sophisticated technology can manufacture quantum well and quantum dot with controlling atomic level. 



p-AlGaAs crude layer

GaAs active layer

n-GaAs substrate

n-AlGaAs crude layer

InAs quantume dot（～20nm）

1.3～1.5 μm wavelengths

Semiconductor Laser

InAs / GaAs(001)



InAs/GaAs(001) self-assembled
quantum dots

MBE・MOCVD（Stranski-Krastanow growth）

(a) template (b) In 0.21 ML

(c) In 2.1 ML (d) GaAs  5nm

GaAs(001)

c(4x4) wetting layer

islanding capping

GaAs-InAs  7% mismatch



Problems to be overcome in QDs fabrication 

• high uniformity in QDs size & shape 

• high QDs density • control of chemical composition

- Understanding the growth mechanism

- Real time monitoring during the growth 

プレゼンター
プレゼンテーションのノート
There are several problems to be overcome in QDs fabrication. One of them is to make high uniformity in QDs…, high QDs density and to control the chemical composition.For meeting these demands, we have to understand… 



Surface diffractometer + MBE 
ーstudy of reaction frontー

α

X 線回折計

 結晶成長装置  

 基板

（from home page of Kishimoto Lab., Sophia Univ.）

Marriage between crystal growth
and SR X-rays.

substrate

Source of element

M. Takahasi J. M. et al., Jpn. J. Appl. Phys. 41 (’02) 6247



X-ray CCD
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Interpretation of CCD images
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What is T(α,z)?

0 1 2 3

   1.07

   1.06

   1.05

   1.04

   1.03

α / αc

In
te

ns
ity

 ( 
ar

b.
 u

ni
ts

 )

ε=1.02

2θ

fα

Experiment



What is T(α,z)?

0 1 2 3

   1.07

   1.06

   1.05

   1.04

   1.03

α / αc

In
te

ns
ity

 ( 
ar

b.
 u

ni
ts

 )

ε=1.02

2θ

fα

Experiment Calculation



What is T(α,z)?
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Height of QDs z



Results(1)
Stage 1: InAs growth

time
InAs

thickness
height

z

0 s           0  ML

260 s        1.8  ML

346 s        2.4  ML    5.1 nm



Results(2)
Stage 2: Annealing

time
height

z

346 s            5.1 nm

404 s            5.5 nm



Results(3)
Stage 3: GaAs encapsulation

time
GaAs

thickness

404 s             0 nm

452 s          0.4 nm

827 s          3.6 nm



Annealing of 3ML InAs dots
(1)  T=470oC
(2)  T=446oC



Evolution of 3ML-InAs/GaAs(001) during 
growth interruption

T=470oC



Evolution of 3ML-InAs/GaAs(001) during 
growth interruption

T=446oCT=470oC



Stacking at Td=478oC and Tc=450oC

InAs
2.8ML

GaAs
30 nm

PL (8.5K)



Discover new scientific phenomena 
and  invent new materials  



Electrons in mean field

Strongly correlated electrons

Heavy fermion Quantum Hall effect

Colossal magnetoresistance High TC superconductor

Complex interplay between Charge, Spin, Orbital 
degrees of freedom



structure Function/property

Actor /actress in materials is the electron !

Theory (electronic states)

spectroscopy

conductivity

dielectrics

magnetism

catalysis

Potential acting on electrons 

?

How are electrons correlate
in materials ?
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Dynamics



Real time (t) Real space (r)

Energy space (ε) Momentum space (q)

Observation space

In what space should we measure physical properties? 



How do we know the potential for electrons?

Observation of dynamical 
properties of electrons and atoms

(ωi, ki )

Q = ki-kf
ΔE=ωi-ωｆ≡ω

(ωf, kf )

Dynamics!

inelastic scattering!



Elementary Excitations in Solids

Q(A-1)

100eV

10meV

100meV

1eV

10eV

10 20

Plasmon Compton scatt.

Interband electron transition

Stoner excitation

Crystal field tran.
phonon

magnon
Strongly 
Correlated 
systems
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Interaction of probe

Inelastic Scattering

Generalized susceptibility

For neutrons Spin susceptibility
Nuclear susceptibility

For X-rays
Charge susceptibility

For electrons

χ(Q,E )= -(Q2/4π2N) 1/ε(Q,E)
Dynamical dielectric function



Inelastic X-ray scattering

• The first term: non-resonant inelastic scattering
– All electrons （Ze） are contributed ⇒ phonon excitation

• The second term: resonant inelastic scattering (RIXS)
– Electrons on the specific atom are contributed.
– Resonance enhancement 
– Element specific ⇒ electronic excitation
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Set-up of Inelastic Scattering Spectrometer at BL-11XU

Observed energy 
Resolution 
at 6.5 keV



Picture of the spectrometer
at BL-11 XU, SPring-8

analyzer

sample

Focusing mirror

detector



RIXS of 3d transition elements

Ｋ-edge （1s→4p、several keV）

(a) absorption

(b) interaction between 

1s core-hole and 3d electron 

(c) X-ray emission 
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Mechanism of High TC superconductor ?



Anomalous
Metal phase

Pseudo-gap
phase

Antiferro-
magnetic phase

Super.

Superconducting 
phase

T0

TcTc
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（per Cu atom）
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Symmetry of doping-phase diagram 



DOS

energy

DOS

energy

(ii) Hole doped 
system

(iii) Electron doped 
system

Schematic diagram of electronic states
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X=0.15Electron doping 

The electron involved in dynamical density response function 
can be selected by RIXS !

RIXS spectra
Dynamical density response function

Calculated by K. Tsutsui

(π,0)(π/2,0)(π/2,π/2)
 

 

Momentum Transfer q
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K. Ishii, J. M.  et al.,PRL. 94 (’05)207003



Charge dynamics in strongly 
Correlated electron systems

-Excition across Mott/charge
transfer gap

-Excitation within bands across
the Fermi level

-Excitations related to the 
Spin degree of freedom 

U: ΔE~0.5eV

t: ΔE~0.1eV

J: ΔE~0.05eV

Future direction

t

t”

U



Importance of the collaboration between 
Experiment and theory

Elastic

Inelastic

Resonant

Non-resonant

Actinide compounds

Transition metal 
compounds



What does phonon play a role on 
superconducting? 



Incident E(keV)             Resolution(meV)             Spot size(μm2)

21.747

15.816

1.6

6.0

60 x 80

120 x 90



Anomalous dispersion of LO Cu-O bond stretching phonon modes  
observed by Neutron inelastic scattering
(Pintschovius et al., Physica B 174 (1991) 323) 



La2-XSrXCuO4

0.04 0.07

0.12
0.29



T. Fukuda, J. Mizuki,
et al., P. R. B. in press



Future plan

Study in Dynamics of Materials to investigate Physical 
Properties, Chemical Reactions, Crystal Growth, etc.

 

complementary

Real time (t) Real space (r)

Energy space (ε) Momentum space (q)



Room temperature superconductor

Test line of Linear motor car



Tracking the motion of charges in a terahertz 
light field by femtosecond X-ray diffraction

A. Cavalleri et al., Nature 442 (‘06) 664

Excitation of phonon polaritons in LiTaO3

Dynamics in time domain

Time-dependent
Structure factor 



Use of coherence for slow dynamics

X-ray Photon 
Correlation 
Spectroscopy

BL-22XU

speckle

Speckle pattern

Coherent X-rays

Time dep. intensity

domain



Use of coherence for slow dynamics

X-ray Photon 
Correlation 
Spectroscopy

Domain motion of relaxor by coherent X-ray diffraction: (t, Q) 

Auto-correlation function

Intensity fluctuation

(H K L)

(H K L)+δ

BL-22XU

speckle

K. Ohwada, et al., preparation



Future direction for SR performance: 

more lower emittance 

more shorter pulse duration

better spatial 
coherence

XFEL

better time 
resolution



Domain Dynamics by Coherent X-ray Diffraction

Speckle pattern

Coherent X-rays

Time dep. intensity

domain

Intensity fluctuation  by time Self-correlation



91%Pb(Zn1/2Nb1/2)O3+9%PbTiO3

Kuwata et al., Jpn. J. Appl. Phys. Vol. 21 (1982) 1298.

Domain fluctuation of Relaxor PZT-9%PT

Speckle around (200)

K. Ohwada, private comm.

msec

msec



Coherence：Bose condensation

Longitudinal (temporal) coherence: σt ～2h/Δω

Transverse (spatial) coherence: σx,y ～λ・L/2πSX,Y

Coherent volume: VC =σX・σY・σt = λ2・L2・2h/(4π2・S2・Δω)

Beam Volume:V = ΔX・ΔY・Δt 

Bose degeneracy: δ= n・VC/V～0.1 for SPring-8 

Photon number in a coherent volume

for XFEL(SASE-mode): δ～1010 !!

non-linear optical phenomena



Real time (t) Real space (r)

Energy space (ε) Momentum space (q)

Dynamics

from Observation of |E(t)|2 toward E(t)

Manipulation of electron wavefuction

Phase information of electron



Use of coherence, Bose degeneracy,
under multi-extreme condition

SR ?breakthrough
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