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Outline

◊ Non-resonant Inelastic X-ray Scattering (NIXS)

Electronic excitation

Phonon excitation

(X-ray Raman Scattering, core-level excitations)

◊ Resonant Inelastic X-ray Scattering (RIXS)

Electronic excitation

● Introduction

● History and current topics

● XFELO as an x-ray source of IXS

● Scientific cases
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Inelastic x-ray scattering
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Observation of excited states in Q-ω space
(dynamical properties of materials)

S.K. Sinha, J. Phys.: Condens. Matter 13, 7511 (2001)

1/k ~ interatomic distance
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What can we learn by inelastic scattering ?

1. static properties [ground state]

 
 identification of ordered state

2. dynamical properties [excited state]


 ● elementary excitation

 
 ➙ underlying interaction of electrons

 
 
 understanding of mechanism


 ● fluctuation

  S(Q,ω) ~ [V(Q)]2[1-eβω]-1Imχ(Q,ω)

 
S( Q,ω)
: dynamical correlation function

 
V( Q)
: interaction of probe

 
 χ(Q,ω)
: response function (susceptibility)

 
 ➙ response to external field

 
 
 function of materials

photon
neutron
electron

crystal structure magnetic structure

charge
band gap, width
Coulomb repulsion

spin
exchange (J)

elastic scattering (diffraction)

inelastic scattering 
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Inelastic magnetic scattering from magnetic order

ferromagnetic order antiferromagnetic order

magnetic excitation (spin wave)

MnPt3

RbMnF3

C. Kittel, Introduction of Solid State Physics

dispersion relation of magnetic excitation

 ⇒ magnetic interaction J
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Non-resonant and resonant x-ray scattering
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X-ray interaction with electrons

Fermiʼs golden rule

non-resonant
~ Z2

resonant

1st order of A2 term

non-resonant IXS

2nd order of A⋅p term
(Kramers-Heisenberg formula)

resonant IXS

Blume, J. Appl. Phys. 57, 3615 (1985)
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Two types of IXS

Non resonant IXS (NIXS) Resonant IXS (RIXS)

1st order of A2 term 2nd order of A⋅p term

photon energy is far
from absorption edge

photon energy is tuned
near absorption edge

dynamical charge correlation function
N(Q,ω) ~ Imχ(Q,ω)
⇒ simple interpretation

2nd order optical process (complex)
excitation by strong core-hole potential

qualitative similarity to N(Q,ω)

all electrons contribute evenly element selective

good energy resolution
ΔE ~ sub meV

poor energy resolution
ΔE ~ 100 meV

valence electron excitation across EF 
is usually very weak

→ limited to low Z materials

phonon excitation (all electron in atom)

resonance enhancement of
valence electron excitation

simple polarization dependence polarization analysis
→ determination of symmetry

7



NIXS (Electronic excitations)

Kα1

Kα2

plasmon of Li
(conventional x-ray source)

indirect band gap of diamond
(NSLS)

Alexandropoulos,
JPSJ 31, 1790 (1971).

Caliebe et al.,
PRL 84, 3907 (2000).

Larson et al.,
PRL 99, 026401 (2007).

d-d excitations of NiO
(APS)

1971
ω = 10 eV

2000
ω = 5 eV

2007
ω = 1-2 eV
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Imaging of atomic and attosecond resolution

Im χ(Q,ω)
 ↓ KKT
Re χ(Q,ω)
 ↓ FT
Χ(r,t)
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NIXS (phonon excitation)
1987 graphite (DORIS II, HASYLAB)

Burkel et al., EPL 3, 957 (1987)

ergy transfer, measurements with high energy-resolution at
large energy transfer are relatively easy.

The measurements were done in a reflection !Bragg" ge-
ometry at low temperatures, !30 K, to reduce background
from tails of low energy phonon peaks. Most scans were

performed at above Tc, while the measurements for the

samples of x=0.12 and 0.225 were carried out at below Tc.

Though the measurements at both superconducting and nor-

mal states are mixed, the spectrum at room temperature !T
"Tc" is the same as that of low temperature !T!Tc" within
experimental error after the correction of Bose thermal factor

at least for x=0.12 sample. The crystals were mounted in a
4He closed-cycle refrigerator on a four circle diffractometer

with the #100$ crystal axis parallel to scattering vector. En-
ergy scans were carried out at fixed Q= !H ,0 ,0"!2.9#H

#3.5" with typical scan ranges !20#$E#100 meV !see
Fig. 1". Apart from a diffuse elastic component centered at

0 meV, clear distinct peaks are observed at low !%$E%
#30 meV" and high !$E&80 meV" energy transfer.

Though phonon peaks are not well separated in the interme-

diate energy region !30 to 70 meV", the whole spectrum can
be fit using one elastic peak and 5-7 phonon peaks. Here, the

energy widths of phonon peaks are fixed to the value of the

instrumental resolution function, except for the highest en-

ergy bond-stretching LO phonon mode. The peak positions

of phonons are consistent with both the previously reported

neutron data3 and a lattice dynamical calculation based on a

shell model16 at least near the zone boundary !zone center of
two-dimensional CuO2 plane" where the effect of the soften-
ing is small !see Fig. 1".
Figure 2 shows the energy spectra near the highest energy

phonon mode.17 In the figure, the elastic intensities were sub-

tracted. The main peaks are the LO phonons propagating in

the #100$ direction !see inset of Fig. 1". For the x=0.12 and
0.29 samples #Figs. 2!b" and 2!c"$, the peak energy changes
from about 86 and 88 meV, respectively, at the zone bound-

ary to about 69 meV at %=0.5, where % is the momentum
transfer in a reduced-zone scheme. In contrast, for the

x=0.04 sample #Fig. 2!a"$, the energy shift is much smaller,
dispersing from about 83 meV at the zone boundary to

about 78 meV at %=0.5. In three cases the intensity

decreases as one moves away from the zone boundary. How-

ever, for the x=0.29 sample #Fig. 2!c"$ the peak intensity
decreases more slowly than for x=0.04 and 0.12 ones #Figs.
2!a" and 2!b"$.
The dispersion of the Cu-O bond stretching mode is plot-

ted in Fig. 3!a" along with the previous neutron data from an
optimally doped LSCO sample.5 The amplitude of the soft-

ening increases with increasing x, however, the change be-

comes smaller in the overdoped region. The q dependence of

peak width is plotted in Fig. 3!b". It is almost the same as the
energy resolution of the spectrometer at %&1.0 and 0.5 after
corrections of the twinned structure and the slope of the dis-

persion, though the error is large at %&0.5 due to the weak
peak intensity. However, the peak width for the x=0.12 and

0.225 samples clearly show a broadening at around %
&0.75. Interestingly, this broadening disappears for the

highly overdoped samples. Similar effects have recently been

observed using neutron scattering.18

Dispersion curves for the samples with x#0.225 mea-
sured by IXS and 0.15 by INS show a flat region for

%#0.7 !Fig. 3". On the other hand, the x=0.29 sample

does not exhibit flat bottom feature, which is also consistent

with a recent neutron data of x=0.30 sample.18 To extract

quantitative information on the amplitude of the softening,

we fit the dispersion curves using a phenomenological

function 0.5A cos !2&%"+B, where A and B are constants.

Fitted curves are shown in Fig. 3!a". Figure 4 shows

the x dependence of the obtained parameter A, amplitude of

softening. Some data derived from INS studies3,5,18 and the

result of calculation using a t-J model19 are also shown in the

figure. The softening amplitude increases with x in the un-

derdoped region and starts to saturate or makes local maxi-

mum around the optimum doping.

FIG. 1. Inelastic x-ray scattering spectrum of La2CuO4 at

Q= !3.10,0 ,0" #%=0.90$ and T'20 K !filled circles". Solid lines
are fits. The elastic response !resolution function" is also plotted
with a dashed line. Inset: Polarization patterns of the highest energy

LO bond-stretching phonon modes !'80 meV" within a CuO2
plane for %=1.0 and 0.5. The filled and open circles indicate the Cu
and O atomic positions, and the arrows show the displacements of

O atoms.

FIG. 2. Inelastic x-ray scattering spectra of the bond-stretching

phonon branches in !a" La1.96Sr0.04CuO4 at T'20 K, !b"
La1.88Sr0.12CuO4 at T'13 K, and !c" La1.71Sr0.29CuO4 at T

'26 K near the Brillouin zone boundary #Q= !3,0 ,0"$ along #100$
crystal axis direction. Scans having different Q are shifted

vertically.

T. FUKUDA et al. PHYSICAL REVIEW B 71, 060501!R" !2005"

RAPID COMMUNICATIONS

060501-2

2005 La2-xSrxCuO4 (SPring-8)

Fukuda et al., PRB 71, 060501 (2005)

2005 2H-NbSe2 surface (ESRF)

surface
bulk

Murphy et al., PRL 95, 256104 (2005)
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RIXS

Kao et al., PRB 54, 16361 (1996) Hasan et al., Science 288, 1811 (2000) Hill et al., PRL 100, 097001 (2008)

1996 ω = 6 eV

NiO (CT gap)

2000 ω = 2 eV

Ca2CuO2Cl2 (Mott gap)

2008 ω = 0.5 eV

La2CuO4 (two magnon)

6 eV excitation in CuGeO3

year count rate
(cps)

resolution
(meV) beamline facility

1999 1 1500 X21 NSLS
2002 6 300 9IDB APS
2006 50 115 30IDB APS
2007 600 90 30IDB APS

J. P. Hillʼs presentation
at IMSS symposiumʼ08

I/ΔE increased by 104 !
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New direction of RIXS

Braicovich et al., PRL 104, 077002 (2010)

Glatzel et al., JACS 132, 2555 (2010)

Single magnon (spin wave)
[soft x-ray]

CO adsorbed Pt nono-particle
(in-situ, element-selective experiment) 
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Current x-ray sources for IXS
SPring-8 APS ESRF

NIXS (phonon) NIXS (electronic)
RIXS

energy resolution ~ 1 meV ~ 100 meV

incident flux 109 photons/s/1meV [1] 1011 photons/s/100meV [2]

count rate 0.1 - 10 Hz

beamlines with insertion device at 3rd generation synchrotron facilities

[1] BL35XU at SPring-8 : Baron et al., Nucl. Instrum. Methods Phys. Res. A 467-468, 627 (2001)
[2] BL11XU at SPring-8 : Inami et al., Nucl. Instrum. Methods Phys. Res. A 467-468, 1081 (2001) 

Most experiments are flux-limited !

 “photons/s/meV” is the key parameter for incident beam.
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XFELO

XFELO characteristics

KEK [http://pfwww.kek.jp/adachis/erl/cn9/pg102.html]
• Electron Beam Energy
 
7 GeV
• Bunch length
 
 
 
1 ps
• Emittance

 
 
 
0.2 mm-mrad
• Repetition rate

 
 
1 MHz
• Undulator

 
 
 
60 m
• X-ray energy range

 
5 - 25 keV
• Band width
 
 
 
10 -7 (1 meV for 10 keV x-ray) 
• photons/pulse

 
 
10 9 

 Workshop of APS User Week 2010
• Photon energy coverage from 5 keV to 25 keV (and third harmonics)
• Tunable photon energy (5%)
• Fully coherent transversely and temporally
• High spectral purity with ~1 meV bandwidth
• Length of individual x-ray pulse ~ 0.1-1 ps
• Number of photons ~109 per pulse (~106 – 104 for 3rd harmonics)
• Peak brightness comparable to that of SASE XFELs
• Pulse repetition rate ~1 MHz
• Time-averaged brightness is five orders of magnitude higher than that of the 

LCLS and three orders of magnitude higher than that of the European XFEL.

⇒ 1015 photons/s/meV !!
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New era of IXS using XFELO

Improvement of incident flux by 6 orders of magnitude

➜NIXS for electronic excitations are really feasible.

• new electronic excitations at low energy (~ 1 meV)
✦ charge excitations

phonon (excitation of all electrons in an atom)
 
Intensity ∝ Z2

electronic excitation of one electron
 
 
 
Intensity ∝ 12  (possible !)
✦ magnetic excitations

(ħω/mc2)2 ~ 10-6 of charge scattering (might be possible)
• truly complementary tool of inelastic neutron scattering

➜Extension of current techniques

• spatially- and/or temporally-resolved IXS (phonon, RIXS)
• extreme conditions
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Superconducting gap

SC gap (BCS theory)

 Δ0 ~ 1.76kBTc

ARPES
Bi2Sr2CaCu2O8+δ

Shen et al., PRL 70, 1553 (1993)

STS
Bi2Sr2CaCu2O8+δ

Renner et al., PRL 80, 149 (1998)

Both experimental techniques are powerful but surface sensitive.

Gap in momentum space
↓

pairing symmetry

Bulk sensitive measurement of SC gap by |XS could be available.
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Collective orbital wave excitation (orbiton)

Saitoh et al., Nature 410, 180 (2001).

LaMnO3

By Raman scattering, orbiton was observed at Q = 0 but not at  finite Q.

orbital wave

Larson et al.,
PRL 99, 026401 (2007).

Dynamical structure factor

Non-dipole transition (e.g. d-d excitaion)  is possible

 
 
 
 
 
 
 
 
 
at high Q of IXS.
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   d-wave Fermi surface deformation

Yamase, PRL 93, 266404 (2004)

A dispersive excitation appears at q ~ 0.

t-J model

 Yamase et al., JPSJ 69, 2151 (2000)
Hubbard model

 Halboth et al. PRL 84, 5162 (2000)

d-wave Fermi surface deformation
d-wave Pomeranchuk instability

Spontaneous symmetry breaking of Fermi surface

H. Yamase (NIMS)
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   Spatially-resolved phonon measurement K.Ohwada (JAEA)

Inhomogeneity  is often important for physical properties.

 ← Spatially-resolved experiment

Pb(In1/2Nb1/2)O3

Ohwada et al., JPSJ 79. 011012 (2010) 

relaxer

polar nano region

O-PIN D-PIN

Spatially-resolved phonon measurement (hopefully nm scale)


 → Distinction of FE fluctuation
 between order and disorder regions (+ their boundary)

 
understanding of relaxer behavior

FE fluctuation
in both O- and D-PIN
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   Temporally-resolved electronic excitation

CO/NO catalytic reaction
 successive exposure of CO and NO to Pd/Al2O3
  CO → CO2  ,NO → N2

in-situ experiment ← x-ray spectroscopy

Temporally-resolved RIXS can give
  more detailed information on electronic states.


 ● identification of active d band

 ● distinction of adsorbed molecules

Understanding of catalytic reactions

 
 
 
 based on electronic states

D. Matsumura (JAEA)

DXAFS (0.2 Hz)
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Summary
● Most of IXS experiments are flux-limited.

It will be overcome by x-rays from XFELO.


10 9 photons/s/meV → 1015 photons/s/meV

 
 improvement of incident flux by 6 orders of magnitude


 Many new possibilities will open up!

● Proposed band width (~ 1 meV) is suitable for condensed matter physics

complementary use to real time approach

CDR of NSLS-II

t

ω

r Q

interaction
acting on
electrons
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