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1.1 Basic of  Inelastic Physics
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Neutrons and photons Momentum : 

Transfered Momentum : 

Momentum Conservation

~p = ~~k

~q = ~ki � ~kf

ki kf 

q~qmin = (ki � kf )eki =
!=0

~0 ~qmax = (ki + kf )eki =
!=0

2~ki
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Photons visible (λ~500nm - ħω~2.5eV) : ki~10-3 Å-1 

Photons X-Ray : (λ~14Å - ħω~900eV) : ki~1 Å-1
 

Neutrons : (λ~2.36Å - ħω~15meV) : ki~1 Å-1

Typical Brillouin Zone size (a~5 Å) : qX~1 Å-1

https://fr.wiktionary.org/wiki/%CE%BB#el
https://fr.wiktionary.org/wiki/%CE%BB#el
https://fr.wiktionary.org/wiki/%CE%BB#el


Energy Conservation

Neutrons : 
 
Transfered energy :

ħωi 

ħωf 
ħω
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Photons : 
 
Transfered energy : 

~! = ~!i � ~!f =
~2
2m

(k2i � k2f )

~!i = pic = ~cki

~!i =
p2i
2m

=
~2k2i
2m

~! = ~!i � ~!f = ~c(ki � kf )



Energy Conservation

Excitation Crystal Field Magnon Phonon d-d & e--h Plasmon Core hole

Energy ~ 1 meV ~ 10 meV 10-100 meV ~1 eV ~ 10 eV 0.1 - 100 keV
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Energy Conservation
Technique Brillouin Raman Neutrons 

Scattering Infrared IXS RIXS

Probe Photon 
(Visible)

Photon 
(Visible) Neutron Photon Photon 

(X-ray)
Photon 
(X-ray)

Particule 
Energy ~1 eV ~1 eV 1 - 150 meV 1 - 100 meV ~10 keV 0.5 - 100 keV

Transfered 
Energy 0.01 - 1 meV 1 - 1000 meV 0.1 - 100 meV 1 - 100 meV 1 - 400 meV -

Excitation Crystal Field Magnon Phonon d-d & e--h Plasmon Core hole

Energy ~ 1 meV ~ 10 meV 10-100 meV ~1 eV ~ 10 eV 0.1 - 100 keV
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Energy and Momentum

Energy and Momentum are connected through dispersion 
relation : 

For local excitations such as Crystal Field or Ising-like 
excitations, this dispersion relation may be constant :  

This dispersion relation may be complex for collective modes 
such as Magnon, Phonons, etc… and is a fingerprint of  the 
Hamiltonian parameters stabilizing the ground state.

!(~q)

!(~q) = !0
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Energy and Momentum

Excitation Crystal Field Magnon Phonon d-d & e--h Plasmon Core hole

Energy ~ 1 meV ~ 10 meV 10-100 meV ~1 eV ~ 10 eV 0.1 - 100 keV
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Energy and Momentum
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Energy and Momentum

Neutron kinematic limit (close the triangle)

q =

s

2k2i �
2m!

~ � 2ki

r
k2i �

2m!

~ cos(2✓)
~q = ~ki � ~kf

! =
~2
2m

(k2i � k2f )

ki -kf 

q
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Energy and Momentum

Photon kinematic limit (close the triangle)
ki -kf 

q

! = ~c(ki � kf )

~q = ~ki � ~kf
q =

r
!2

c2
+ 2k2i (1� cos(2✓))� 2ki!

c
(1 + cos(2✓))

! << cki ) q ⇡
p

1� cos(2✓)ki
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X-Ray :  
 
Kinematic limit for X-Ray = Momentum Conservation



Neutron Spin Angular momentum  
 
           : Non Spin-Flip excitation  
           : Spin-Flip excitation

Spin Angular Momentum
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�S = 0

�S = 1

Sz = ±~
2

Sz = ±~

�M = 0

�M = �1

�M = +1

Photon Spin Angular Momentum  
 
              : Linear Polarization  
              : Right Circular Polarization  
              : Left Circular Polarization



1.2 Inelastic Scattering
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Inelastic Neutron Scattering

V(~r) = 2⇡~2
mn

b�(~r � ~R)

Interaction neutron-nucleus
Fermi pseudo-potential for nuclear interaction  
 
 
mn : neutron mass  
b : scattering length (complex and isotope-dependent)
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Fermi golden rule : 

Inelastic Neutron Scattering
Interaction neutron-nucleus

| f i =
1p
V
ei

~kf .~r

| ii =
1p
V
ei

~ki.~r

�i = | i|2v =
1

V

~ki
mn

Z

V
| i|d3~r =

Z

V
| f |d3~r = 1

Wi!f = Pf
2⇡

~ |h i|V| f i|2

Pf,d⌦ =
dn

dEf

d⌦

4⇡
=

dn

dVk

dVk

dkf

dkf
dEf

d⌦

4⇡
=

V

(2⇡)3
4⇡k2f

mn

~2kf
d⌦

4⇡
=

V kfmn

(2⇡)3~2 d⌦

Elastic Structure Factor F(Q)

@�

@⌦
=

1

�i

Wi!f,d⌦

d⌦
=

kf
ki

V 2
⇣ mn

2⇡~2
⌘2

|h i|V| f i|2

=
kf
ki

������

X

j

bj

Z
ei

~ki.~r�(~r � ~rj)e
�i~kf .~rd3~r

������

2

=
kf
ki

������

X

j

bje
�i~Q.~rj

������

2

X



Fermi golden rule :

Inelastic Neutron Scattering
Interaction neutron-nucleus

S( ~Q,!) = FT (G(~r, t)) Pair correlation function

@2�

@⌦@!
=

1

�i

Wi!f,d⌦,d!

d⌦d!

=
kf
ki

X

a1,a2

ba1ba2

Z +1

�1
hei~Q.(~Ra1 (0)�~Ra2 (t))ie�i!tdt

=
kf
ki

S( ~Q,!)

~Ra(t) = ~Rc + ~ra + ~ua(t)

Wi!f = PiPf
2⇡

~ |h i|V| f i|2 �(!i � !f � !)

20

Dynamical Structure Factor

 
Time-dependent atomic position : 
 
Rc : cell position, ra : atom position in the cell



Inelastic scattering cross-section :

Inelastic Neutron Scattering
Interaction neutron-cristal

hei~Q.(~ua1 (0)�~ua2 (t))i = e�Wa1�Wa2 eh
~Q.(~ua1 (0)�~ua2 (t))i

= e�Wa1�Wa2 (1 + h ~Q.(~ua1(0)� ~ua2(t))i+ ...)

Wa1 =
1

2
h
��� ~Q.~ua1(t)

���
2
i

~ua,p(t) =

s
~

ma!p(~q)
e(i

~Q.~ra�!pt)~̃ua,p

@2�

@⌦@!
=

kf
ki

X

c1,c2

ei
~Q.(~Rc1�~Rc2 )

X

a1,a2

ba1ba2e
i~Q.(~ra1�~ra2 )

Z +1

�1
hei~Q.(~ua1 (0)�~ua2 (t))ie�i!tdt
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Inelastic ScatteringElastic Scattering

Thermodynamic average :

 
                           : Debye-Waller factor 
 
                                             : harmonic phonon mode p



Inelastic Neutron Scattering

Elastic cross-section

Phonons
@2�

@⌦@!
= N

(2⇡)3

v0

X

~G2RS

�( ~Q� ~G)

�����
X

a

bae
�Waei

~Q.~ra

�����

2

+
kf
ki

(2⇡)3

v0

X

~q2BZ

�( ~Q� ~q � ~G)
X

p

�����
X

a

s
~

ma!p(~q)
bae

�Waei
~Q.~ra( ~Q.~̃ua,p)

�����

2

⇥ [(1 + nB(!p(~q), T ))�(! � !p(~q)) + nB(!p(~q), T )�(! + !p(~q))]
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Inelastic cross-section



Inelastic Neutron Scattering
Phonons

@2�

@⌦@!
= N

(2⇡)3

v0

X

~G2RS

�( ~Q� ~G)

�����
X

a

bae
�Waei

~Q.~ra

�����

2

+
kf
ki

(2⇡)3

v0

X

~q2BZ

�( ~Q� ~q � ~G)
X

p

�����
X

a

s
~

ma!p(~q)
bae

�Waei
~Q.~ra( ~Q.~̃ua,p)

�����

2

⇥ [(1 + nB(!p(~q), T ))�(! � !p(~q)) + nB(!p(~q), T )�(! + !p(~q))]
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Inelastic Structure Factor



Energy conservation : creation process

ki 

kf q

Phonons : creation and annihilation
@2�

@⌦@!
= N

(2⇡)3

v0

X

~G2RS

�( ~Q� ~G)

�����
X

a

bae
�Waei

~Q.~ra

�����

2

+
kf
ki

(2⇡)3

v0

X

~q2BZ

�( ~Q� ~q � ~G)
X

p

�����
X

a

s
~

ma!p(~q)
bae

�Waei
~Q.~ra( ~Q.~̃ua,p)

�����

2

⇥ [(1 + nB(!p(~q), T ))�(! � !p(~q)) + nB(!p(~q), T )�(! + !p(~q))]

Inelastic Neutron Scattering
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@2�

@⌦@!
= N

(2⇡)3

v0

X

~G2RS

�( ~Q� ~G)

�����
X

a

bae
�Waei

~Q.~ra

�����
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+
kf
ki

(2⇡)3

v0

X

~q2BZ

�( ~Q� ~q � ~G)
X

p

�����
X

a

s
~

ma!p(~q)
bae

�Waei
~Q.~ra( ~Q.~̃ua,p)

�����

2

⇥ [(1 + nB(!p(~q), T ))�(! � !p(~q)) + nB(!p(~q), T )�(! + !p(~q))]

Energy conservation : annihilation process

ki 

kf q

Inelastic Neutron Scattering
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Phonons : creation and annihilation
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= N

(2⇡)3

v0

X

~G2RS

�( ~Q� ~G)
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X
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bae
�Waei
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X
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X

p

�����
X
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s
~

ma!p(~q)
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2

⇥ [(1 + nB(!p(~q), T ))�(! � !p(~q)) + nB(!p(~q), T )�(! + !p(~q))]

 
 
 
 
 
 
                           : detailed balance factornB(!, T ) =

1

e
~!

kBT � 1

ki 

kf q

ki 

kf q

Inelastic Neutron Scattering
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Phonons : creation and annihilation



~Q = ~G+ ~q

G Q

q u

2π/q
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2π/q

u

Phonons and polarization factor
@2�

@⌦@!

����
inel

=
kf
ki

(2⇡)3

v0

X

~q2BZ

�( ~Q� ~q � ~G)
X

p

�����
X

a

s
~

ma!p(~q)
bae

�Waei
~Q.~ra( ~Q.~̃ua,p)

�����

2

⇥ [(1 + nB(!p(~q), T ))�(! � !p(~q)) + nB(!p(~q), T )�(! + !p(~q))]

Inelastic Neutron Scattering

Sensitive to displacement parallel to 
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https://fr.wikipedia.org/wiki/Pi_(lettre_grecque)
https://fr.wikipedia.org/wiki/Pi_(lettre_grecque)


P
R

B
 2, 2098 (1970)

Phonons and polarization factor

P
R

B
 8, 3496 (1973)

NaCl

Inelastic Neutron Scattering

Au
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Inelastic Neutron Scattering
Neutron Facilities Worldwide
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Experimental setup : Triple Axis Spectrometer (TAS)
Thermal Neutron Triple Axis Spectrometer                   2 T12 T1 Thermal Neutron Triple Axis Spectrometer

Beam tube ............................................... Tangential on thermal source channel 2 T : 5 x 12 cm2

Monochromator ...................................... Option unpolarized neutrons :
1) PG 002, η ~ 0.6° 15 x 13 cm2

2) Cu 111, η ~ 0.8° 15 x 13 cm2

Monochromator ...................................... Option polarized neutrons :
Heusler, η ~ 0.5° 14 x 13 cm2

All monochromators have a vertical curvature 
automatically adapted to the incident neutron 
energy

Analyzer ...................................................Option unpolarized neutrons
PG 002, η ~ 0.6° 11 x 9 cm2

Analyzer ...................................................Option polarized neutrons
Heusler, η ~ 0.5° 11 x 10 cm2

Both analyzers have an horizontal curvature
automatically adapted to the final neutron 
energy. The PG 002 has additionally
a vertical curvature which can be manually changed

Beam size at specimen ........................... 3 x 4 cm2

Incident energy ........................................8 - 140 meV (unpolarized neutrons)
8 - 70 meV (polarized neutrons)

Momentum transfer ................................ 0 - 8 Å-1

Energy transfer ........................................ 0 - 100 meV (unpolarized neutrons)
0 - 55 meV (polarized neutrons)

Detector .................................................. 3He 
Typical energy resolution : ...................... δω ≈ 0.8 meV at kF = 2.662 Å-1 (EF = 14.7 meV)

δω ≈ 3.5 meV at kF = 4.1 Å-1 (EF = 35 meV)
Collimation : ............................................ 10' to 60'
Range of scattering angle : .................... 0° ≤ 2θs ≤ 360° (± 20° double goniometer)

Ancillary equipment ★ "Triple Axis Equipment Pool"
(see on front of this chapter)

This spectrometer has been built to study inelastic
scattering from condensed matter. This corres-
ponds to collective excitations either from the
lattice (phonons) or from magnetically ordered
systems (magnons). The triple axis spectrometer
can be also used to study the dynamics in more
disordered samples such as amorphous systems
and spin-glass as it fully measures the scattering
function S(Q, ω) over a wide energy range and at
any position in the reciprocal space. For instance,
in strongly correlated electron systems such as
high-Tc superconductors, one can fully determine
the generalized spin susceptibility. By selecting
the neutron polarization one can further separate
magnetic scattering from lattice contributions.
A polarized option can be used on 2 T.
The spectrometer is composed of 3 elements,
each rocking around an axis :
1) The first axis is a monochromator to select

neutrons with specific incident energy. This part
is inside a mobile concrete block (called drum).

2) The second axis is related to the sample to be
studied which can be oriented in any direction.

3) The third axis is an analyzer allowing to
determine the final neutron energy. After
being selected by the analyzer, the neutrons
are finally measured by a 3He detector located
in a closed block in order to reduce the back-
ground level.

With the polarized option, the neutron polarization
is selected by a monochromator and an analyzer,
both made of an Heusler alloy which allows to
select only neutrons with a specific spin state. A
coil flipper is used to reverse the neutron spin state
and select each component of the neutron
cross-section.

Horizontal guide fields are installed in the mono-
chromator drum up to the sample position and
vertical guide fields between sample to the ana-
lyzer. A small field (~ 15 Oe) of arbitrary orientation
can be applied at the sample position using an
Helmoltz coils system consisting of three coils
on a cylinder surface and two circular coils.

Responsible : P. Bourges e-mail : bourges@llb.saclay.cea.fr

- 70-- 69- LLB edition - 2003LLB edition - 2003

monochromator

collimator

sample

collimators

detector

analyzer

beam shutter

sample orientation table

General layout of the spectrometer 2 T1.

On different segments of the neutron path
(reactor-monochromator, sample-analyzer, ana-
lyzer-detector), Soller collimations can be placed
to choose the angular divergence and improve
the spectrometer resolution. All equipment of the
triple axis pool can be installed at the sample posi-
tion on the goniometers system (Cryostat (with
dilution insert), Close-cycle refrigerator, Vertical
Magnetic coil, Furnaces, Pressure cell…).

Due to its implementation on a thermal neutron
beam, this spectrometer is well adapted for stu-
dying excitations over a wide energy range 1.5 to
100 meV (0.3 to 25 THz) which covers the typical
range of phonon and magnon branches in single
crystals.
All triple-axis measurements can be fitted on
line by an homemade fitting programme. This
programme performs a convolution product of
all standard neutron cross-sections by the
spectrometer resolution function.

Monochromator (first axis) : Incident energy 
selection

2T1 @LLB

Inelastic Neutron Scattering
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Experimental setup : Triple Axis Spectrometer (TAS)
Thermal Neutron Triple Axis Spectrometer                   2 T12 T1 Thermal Neutron Triple Axis Spectrometer

Beam tube ............................................... Tangential on thermal source channel 2 T : 5 x 12 cm2

Monochromator ...................................... Option unpolarized neutrons :
1) PG 002, η ~ 0.6° 15 x 13 cm2

2) Cu 111, η ~ 0.8° 15 x 13 cm2

Monochromator ...................................... Option polarized neutrons :
Heusler, η ~ 0.5° 14 x 13 cm2

All monochromators have a vertical curvature 
automatically adapted to the incident neutron 
energy

Analyzer ...................................................Option unpolarized neutrons
PG 002, η ~ 0.6° 11 x 9 cm2

Analyzer ...................................................Option polarized neutrons
Heusler, η ~ 0.5° 11 x 10 cm2

Both analyzers have an horizontal curvature
automatically adapted to the final neutron 
energy. The PG 002 has additionally
a vertical curvature which can be manually changed

Beam size at specimen ........................... 3 x 4 cm2

Incident energy ........................................8 - 140 meV (unpolarized neutrons)
8 - 70 meV (polarized neutrons)

Momentum transfer ................................ 0 - 8 Å-1

Energy transfer ........................................ 0 - 100 meV (unpolarized neutrons)
0 - 55 meV (polarized neutrons)

Detector .................................................. 3He 
Typical energy resolution : ...................... δω ≈ 0.8 meV at kF = 2.662 Å-1 (EF = 14.7 meV)

δω ≈ 3.5 meV at kF = 4.1 Å-1 (EF = 35 meV)
Collimation : ............................................ 10' to 60'
Range of scattering angle : .................... 0° ≤ 2θs ≤ 360° (± 20° double goniometer)

Ancillary equipment ★ "Triple Axis Equipment Pool"
(see on front of this chapter)

This spectrometer has been built to study inelastic
scattering from condensed matter. This corres-
ponds to collective excitations either from the
lattice (phonons) or from magnetically ordered
systems (magnons). The triple axis spectrometer
can be also used to study the dynamics in more
disordered samples such as amorphous systems
and spin-glass as it fully measures the scattering
function S(Q, ω) over a wide energy range and at
any position in the reciprocal space. For instance,
in strongly correlated electron systems such as
high-Tc superconductors, one can fully determine
the generalized spin susceptibility. By selecting
the neutron polarization one can further separate
magnetic scattering from lattice contributions.
A polarized option can be used on 2 T.
The spectrometer is composed of 3 elements,
each rocking around an axis :
1) The first axis is a monochromator to select

neutrons with specific incident energy. This part
is inside a mobile concrete block (called drum).

2) The second axis is related to the sample to be
studied which can be oriented in any direction.

3) The third axis is an analyzer allowing to
determine the final neutron energy. After
being selected by the analyzer, the neutrons
are finally measured by a 3He detector located
in a closed block in order to reduce the back-
ground level.

With the polarized option, the neutron polarization
is selected by a monochromator and an analyzer,
both made of an Heusler alloy which allows to
select only neutrons with a specific spin state. A
coil flipper is used to reverse the neutron spin state
and select each component of the neutron
cross-section.

Horizontal guide fields are installed in the mono-
chromator drum up to the sample position and
vertical guide fields between sample to the ana-
lyzer. A small field (~ 15 Oe) of arbitrary orientation
can be applied at the sample position using an
Helmoltz coils system consisting of three coils
on a cylinder surface and two circular coils.

Responsible : P. Bourges e-mail : bourges@llb.saclay.cea.fr

- 70-- 69- LLB edition - 2003LLB edition - 2003

monochromator

collimator

sample

collimators

detector

analyzer

beam shutter

sample orientation table

General layout of the spectrometer 2 T1.

On different segments of the neutron path
(reactor-monochromator, sample-analyzer, ana-
lyzer-detector), Soller collimations can be placed
to choose the angular divergence and improve
the spectrometer resolution. All equipment of the
triple axis pool can be installed at the sample posi-
tion on the goniometers system (Cryostat (with
dilution insert), Close-cycle refrigerator, Vertical
Magnetic coil, Furnaces, Pressure cell…).

Due to its implementation on a thermal neutron
beam, this spectrometer is well adapted for stu-
dying excitations over a wide energy range 1.5 to
100 meV (0.3 to 25 THz) which covers the typical
range of phonon and magnon branches in single
crystals.
All triple-axis measurements can be fitted on
line by an homemade fitting programme. This
programme performs a convolution product of
all standard neutron cross-sections by the
spectrometer resolution function.

2T1 @LLB

Inelastic Neutron Scattering

29
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Experimental setup : Triple Axis Spectrometer (TAS)
Thermal Neutron Triple Axis Spectrometer                   2 T12 T1 Thermal Neutron Triple Axis Spectrometer

Beam tube ............................................... Tangential on thermal source channel 2 T : 5 x 12 cm2

Monochromator ...................................... Option unpolarized neutrons :
1) PG 002, η ~ 0.6° 15 x 13 cm2

2) Cu 111, η ~ 0.8° 15 x 13 cm2

Monochromator ...................................... Option polarized neutrons :
Heusler, η ~ 0.5° 14 x 13 cm2

All monochromators have a vertical curvature 
automatically adapted to the incident neutron 
energy

Analyzer ...................................................Option unpolarized neutrons
PG 002, η ~ 0.6° 11 x 9 cm2

Analyzer ...................................................Option polarized neutrons
Heusler, η ~ 0.5° 11 x 10 cm2

Both analyzers have an horizontal curvature
automatically adapted to the final neutron 
energy. The PG 002 has additionally
a vertical curvature which can be manually changed

Beam size at specimen ........................... 3 x 4 cm2

Incident energy ........................................8 - 140 meV (unpolarized neutrons)
8 - 70 meV (polarized neutrons)

Momentum transfer ................................ 0 - 8 Å-1

Energy transfer ........................................ 0 - 100 meV (unpolarized neutrons)
0 - 55 meV (polarized neutrons)

Detector .................................................. 3He 
Typical energy resolution : ...................... δω ≈ 0.8 meV at kF = 2.662 Å-1 (EF = 14.7 meV)

δω ≈ 3.5 meV at kF = 4.1 Å-1 (EF = 35 meV)
Collimation : ............................................ 10' to 60'
Range of scattering angle : .................... 0° ≤ 2θs ≤ 360° (± 20° double goniometer)

Ancillary equipment ★ "Triple Axis Equipment Pool"
(see on front of this chapter)

This spectrometer has been built to study inelastic
scattering from condensed matter. This corres-
ponds to collective excitations either from the
lattice (phonons) or from magnetically ordered
systems (magnons). The triple axis spectrometer
can be also used to study the dynamics in more
disordered samples such as amorphous systems
and spin-glass as it fully measures the scattering
function S(Q, ω) over a wide energy range and at
any position in the reciprocal space. For instance,
in strongly correlated electron systems such as
high-Tc superconductors, one can fully determine
the generalized spin susceptibility. By selecting
the neutron polarization one can further separate
magnetic scattering from lattice contributions.
A polarized option can be used on 2 T.
The spectrometer is composed of 3 elements,
each rocking around an axis :
1) The first axis is a monochromator to select

neutrons with specific incident energy. This part
is inside a mobile concrete block (called drum).

2) The second axis is related to the sample to be
studied which can be oriented in any direction.

3) The third axis is an analyzer allowing to
determine the final neutron energy. After
being selected by the analyzer, the neutrons
are finally measured by a 3He detector located
in a closed block in order to reduce the back-
ground level.

With the polarized option, the neutron polarization
is selected by a monochromator and an analyzer,
both made of an Heusler alloy which allows to
select only neutrons with a specific spin state. A
coil flipper is used to reverse the neutron spin state
and select each component of the neutron
cross-section.

Horizontal guide fields are installed in the mono-
chromator drum up to the sample position and
vertical guide fields between sample to the ana-
lyzer. A small field (~ 15 Oe) of arbitrary orientation
can be applied at the sample position using an
Helmoltz coils system consisting of three coils
on a cylinder surface and two circular coils.

Responsible : P. Bourges e-mail : bourges@llb.saclay.cea.fr

- 70-- 69- LLB edition - 2003LLB edition - 2003

monochromator

collimator

sample

collimators

detector

analyzer

beam shutter

sample orientation table

General layout of the spectrometer 2 T1.

On different segments of the neutron path
(reactor-monochromator, sample-analyzer, ana-
lyzer-detector), Soller collimations can be placed
to choose the angular divergence and improve
the spectrometer resolution. All equipment of the
triple axis pool can be installed at the sample posi-
tion on the goniometers system (Cryostat (with
dilution insert), Close-cycle refrigerator, Vertical
Magnetic coil, Furnaces, Pressure cell…).

Due to its implementation on a thermal neutron
beam, this spectrometer is well adapted for stu-
dying excitations over a wide energy range 1.5 to
100 meV (0.3 to 25 THz) which covers the typical
range of phonon and magnon branches in single
crystals.
All triple-axis measurements can be fitted on
line by an homemade fitting programme. This
programme performs a convolution product of
all standard neutron cross-sections by the
spectrometer resolution function.

2T1 @LLB

Inelastic Neutron Scattering
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Experimental setup : Triple Axis Spectrometer (TAS)
Thermal Neutron Triple Axis Spectrometer                   2 T12 T1 Thermal Neutron Triple Axis Spectrometer

Beam tube ............................................... Tangential on thermal source channel 2 T : 5 x 12 cm2

Monochromator ...................................... Option unpolarized neutrons :
1) PG 002, η ~ 0.6° 15 x 13 cm2

2) Cu 111, η ~ 0.8° 15 x 13 cm2

Monochromator ...................................... Option polarized neutrons :
Heusler, η ~ 0.5° 14 x 13 cm2

All monochromators have a vertical curvature 
automatically adapted to the incident neutron 
energy

Analyzer ...................................................Option unpolarized neutrons
PG 002, η ~ 0.6° 11 x 9 cm2

Analyzer ...................................................Option polarized neutrons
Heusler, η ~ 0.5° 11 x 10 cm2

Both analyzers have an horizontal curvature
automatically adapted to the final neutron 
energy. The PG 002 has additionally
a vertical curvature which can be manually changed

Beam size at specimen ........................... 3 x 4 cm2

Incident energy ........................................8 - 140 meV (unpolarized neutrons)
8 - 70 meV (polarized neutrons)

Momentum transfer ................................ 0 - 8 Å-1

Energy transfer ........................................ 0 - 100 meV (unpolarized neutrons)
0 - 55 meV (polarized neutrons)

Detector .................................................. 3He 
Typical energy resolution : ...................... δω ≈ 0.8 meV at kF = 2.662 Å-1 (EF = 14.7 meV)

δω ≈ 3.5 meV at kF = 4.1 Å-1 (EF = 35 meV)
Collimation : ............................................ 10' to 60'
Range of scattering angle : .................... 0° ≤ 2θs ≤ 360° (± 20° double goniometer)

Ancillary equipment ★ "Triple Axis Equipment Pool"
(see on front of this chapter)

This spectrometer has been built to study inelastic
scattering from condensed matter. This corres-
ponds to collective excitations either from the
lattice (phonons) or from magnetically ordered
systems (magnons). The triple axis spectrometer
can be also used to study the dynamics in more
disordered samples such as amorphous systems
and spin-glass as it fully measures the scattering
function S(Q, ω) over a wide energy range and at
any position in the reciprocal space. For instance,
in strongly correlated electron systems such as
high-Tc superconductors, one can fully determine
the generalized spin susceptibility. By selecting
the neutron polarization one can further separate
magnetic scattering from lattice contributions.
A polarized option can be used on 2 T.
The spectrometer is composed of 3 elements,
each rocking around an axis :
1) The first axis is a monochromator to select

neutrons with specific incident energy. This part
is inside a mobile concrete block (called drum).

2) The second axis is related to the sample to be
studied which can be oriented in any direction.

3) The third axis is an analyzer allowing to
determine the final neutron energy. After
being selected by the analyzer, the neutrons
are finally measured by a 3He detector located
in a closed block in order to reduce the back-
ground level.

With the polarized option, the neutron polarization
is selected by a monochromator and an analyzer,
both made of an Heusler alloy which allows to
select only neutrons with a specific spin state. A
coil flipper is used to reverse the neutron spin state
and select each component of the neutron
cross-section.

Horizontal guide fields are installed in the mono-
chromator drum up to the sample position and
vertical guide fields between sample to the ana-
lyzer. A small field (~ 15 Oe) of arbitrary orientation
can be applied at the sample position using an
Helmoltz coils system consisting of three coils
on a cylinder surface and two circular coils.

Responsible : P. Bourges e-mail : bourges@llb.saclay.cea.fr

- 70-- 69- LLB edition - 2003LLB edition - 2003

monochromator

collimator

sample

collimators

detector

analyzer

beam shutter

sample orientation table

General layout of the spectrometer 2 T1.

On different segments of the neutron path
(reactor-monochromator, sample-analyzer, ana-
lyzer-detector), Soller collimations can be placed
to choose the angular divergence and improve
the spectrometer resolution. All equipment of the
triple axis pool can be installed at the sample posi-
tion on the goniometers system (Cryostat (with
dilution insert), Close-cycle refrigerator, Vertical
Magnetic coil, Furnaces, Pressure cell…).

Due to its implementation on a thermal neutron
beam, this spectrometer is well adapted for stu-
dying excitations over a wide energy range 1.5 to
100 meV (0.3 to 25 THz) which covers the typical
range of phonon and magnon branches in single
crystals.
All triple-axis measurements can be fitted on
line by an homemade fitting programme. This
programme performs a convolution product of
all standard neutron cross-sections by the
spectrometer resolution function.

2T1 @LLB
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Experimental setup : Triple Axis Spectrometer (TAS)

Spectrometer Incident energy 
(meV)

Transfered 
energy 
(meV)

Resolution 
(meV)

Qmax - Qmax 
(A-1)

Resolution 

(A-1)

Cold 2-25 0 - 12
0.05 @1.05A-1 

0.2 @1.57A-1 
1.2 @2.662A-1

0.01 - 3 0.01

Thermal 10 - 140 0 - 100 0.8 @2.662A-1 

3.5 @4.1A-1 0.3 - 10 0.01

Elastic Inelastic Inelastic

Thales @ILL Thales @ILL Thales @ILL

Inelastic Neutron Scattering
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Experimental setup : Triple Axis Spectrometer (TAS) C
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 8, 3496 (1973)

Inelastic Neutron Scattering

Au
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Experimental setup : Triple Axis Spectrometer (TAS)

Point-to-point acquisition  
Sample orientation, incident and final energy can be selected  
Constant Q and ω scans

2 Aspects expérimentaux

la pente de la dispersion. En effet lorsque le grand axe de l’ellipse dans le plan (Q,ω) est
parallèlle à la pente de la dispersion, on est alors en position focalisée et le pic apparaît
intense et fin. Dans le cas contraire, c’est-à-dire lorsque le grand axe de l’ellipse est
perpendiculaire à la pente de la dispersion, on est en condition défocalisée et le même
signal apparaîtra plus large et moins intense. Ceci est uniquement dû à la résolution et
n’est pas lié à la physique du système considéré. La Fig. 2.5 illustre ce phénomène pour
un phonon acoustique longitudinal en centre de zone autour de 12.5 meV.

Figure 2.5 – Effet de l’ellipse de résolution sur la forme en Q d’un phonon. Ici il s’agit
d’un phonon acoustique de CaF2 mesuré proche du centre de zone à 12.5 meV. La pic
à gauche est plus large car l’ellipse de résolution n’est pas parallèle à la dispersion et
integre donc l’intensité du phonon même loin de la position du maximum. Au contraire
à droite, l’ellipse de résolution est parallèle à la dispersion du phonon, le pic est donc
fin et plus intense. On dit alors qu’on est focalisé.

Pour remonter à la section efficace de diffusion il est alors important de prédire cette
ellipse afin de déconvoluer le signal mesuré. L’intensité au niveau du détecteur s’écrit

Victor Balédent - 2010 77/222

�! / k3f

CaF2

Inelastic Neutron Scattering
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Resolution : 4-dimension ellipsoid, 



IN5 @ILL

Experimental setup : Time Of  Flight (TOF)

Inelastic Neutron Scattering
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Experimental setup : Time Of  Flight (TOF)

✓
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Inelastic Neutron Scattering

Map acquisition : parabola in (Q,ω) space :

34

Sample orientation and incident energy can be changed
No constant Q and ω scans  
Constant Q and ω scans : cuts & integration

Sci. A
dv. 2, 1501814 (2016)



Superconductivity

P
R

B
 8,1965 (1973)

Nb3Sn

Phonon lifetime increase below TC 
Estimation of  the gap (BCS) 

2� = 4.4± 0.6 kBTC

Inelastic Neutron Scattering
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Charge Density Wave
P

R
L

 107, 107403 (2011)

NbSe2

Softening of  the phonon at the CDW wavevector

Inelastic Neutron Scattering

36



Lattice dynamics of strontium titanate 2713 

5 --I 
0 025 0.5 0 0.25 0.5 0.5 0.25 0 0.5 0.25 0 

6- I- --5 --I 

Figure 1. Experimentally determined dispersion curves of SrTIO, at 297K and 90 K. 
The lines are guides to the eye. 0 90 K ;  0 297 K;  x 90 K, Cowley (1964); A 300 K Cowley 
et a1 (1969); C 120K Shirane and Yamada (1969). 

M3 A2 R25 

!- 

t 

I -  

0 0.25 O. 5 
Wavevector 9 (units o f  2.rr / a )  

Figure 2. Temperature dependence of the frequency of normal mode A2 of SrTIO, propayat- 
ing in direction [+, +, 4. The lines are guides to the eye. 0 297 K, C 201 K, A 118 K, 78 K. 

Ferroelectricity

J. P
hys. C

 5, 2711 (1972)

SrTiO3

Phonon energy decreases at low temperature 
Fingerprint of  ferroelectric transition

Inelastic Neutron Scattering
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Inelastic Neutron Scattering

Inelastic neutron scattering allows a direct measure of  the 
dispersion relation of  acoustic and optical phonons 

Geometrical selection of  transverse or longitudinal modes 

Phonon intensity ~Q2 

This dispersion give access to :  
- Interatomic potential and bonding  
- Phase transition and critical phenomena (soft mode …) 
- Interactions (electron-phonon …)

!(~q)
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Inelastic X-ray Scattering

Max Planck 
1918 Nobel laureate in Physics

“ The photons which constitute a ray of  light behave like intelligent 
human beings: out of  all possible curves they always select the one which 

will take them most quickly to their goal. ”

X



Inelastic X-ray Scattering

Interaction light-electron :  
 
 
me : electron mass 

Interaction X-ray-electron
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Neglecting the second order term :



Inelastic X-ray Scattering

Interaction light-electron :  
 
 
me : electron mass 

Interaction X-ray-electron
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Neglecting the second order term :



Inelastic X-ray Scattering
Form factor of  an atom

Depends of  the electronic density : 

f( ~Q) =

Z
⇢(~r)ei

~Q.~rd3~r

f( ~Q = ~0) = Z
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Inelastic X-ray Scattering

Interaction light-electron :  
 
 
me : electron mass     
Neglecting the second order term : 

Interaction X-ray-electron

V(~r) = q
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Polarization in scattering plane :  
 
Polarization perpendicular to scattering plane :  
 
Unpolarized beam : 

Inelastic X-ray Scattering
Polarization factor

|~✏i.~✏f |2 = cos(2✓)

|~✏i.~✏f |2 =
1 + cos2(2✓)

2

|~✏i.~✏f |2 = 1
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Time-dependent atomic position : 
Rc : cell position, ra : atom position in the cell

Inelastic X-ray Scattering
Interaction X-ray-cristal

~Ra(t) = ~Rc + ~ra + ~ua(t)
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Scattering cross-section :  

Thermodynamic average :  
 
 
 
                           : Debye-Waller factor

Elastic Scattering
Inelastic Scattering



Inelastic X-ray Scattering
Phonons

2 phonons term 
(2nd order)

@2�

@⌦@!
= N

(2⇡)3

v0
r2e |~✏i.~✏f |

2
X

~G2RS

�( ~Q� ~G)

�����
X

a

fa( ~Q)e�Waei
~Q.~ra

�����

2

+
kf
ki

(2⇡)3

v0
r2e |~✏i.~✏f |

2
X

~q2BZ

�( ~Q� ~q � ~G)
X

p

�����
X

a

s
~

ma!p(~q)
fa( ~Q)e�Waei

~Q.~ra( ~Q.~̃ua,p)

�����

2

⇥ [(1 + nB(!p(~q), T ))�(! � !p(~q)) + nB(!p(~q), T )�(! + !p(~q))]

+
kf
ki

(2⇡)3

v0
r2e |~✏i.~✏f |

2

⇥
X

~q,~q02BZ

�( ~Q� ~q � ~q0 � ~G)
1

2

X

p,p0

������

X

a

~

ma

q
!p(~q)!p0(~q0)

fa( ~Q)e�Waei
~Q.~ra( ~Q.~̃ua,p)( ~Q.~̃ua,p0)

������

2

⇥
h
(1 + nB(!p(~q), T ))(1 + nB(!

0
p(~q

0), T ))�(! � !p(~q)� !p0(~q0))

+ 2nB(!p(~q), T )(1 + nB(!
0
p(~q

0), T ))�(! + !p(~q))� !p0(~q0))

+ nB(!p(~q), T )nB(!
0
p(~q

0), T )�(! + !p(~q)) + !p0(~q0))
i

45

Elastic cross-section
1 phonon term 

(1st order)



Inelastic X-ray Scattering
Synchrotron Facilities worldwide

X



Inelastic X-ray Scattering
Experimental setup

ID28 @ESRF Beam spot : ~100µm

�d

d
=

�E

E
= 2.58 10�6�T

�T ⇡ 10�4K
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Analyzers Si 



Reflection Energy 
(keV)

Resolution 
(meV)

Qmax - Qmax 
(A-1)

Resolution 

(A-1)
Flux 

(ph.s-1)

Si(7,7,7) 13.840 7.6 ± .2 0.1 - 6.4 0.02 1.1 1011

Si(9,9,9) 17.794 3.0 ± .2 0.1 - 8.3 0.027 2.7 1010

Si(11,11,11) 21.747 1.5 ± .1 0.1 - 10.1 0.034 6.6 109

Si(13,13,13) 25.704 1.0 ± .1 0.1 - 12.0 0.040 1.5 109

Inelastic X-ray Scattering
Experimental setup
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Inelastic X-ray Scattering
Superconductivity

 4 

 
Figure 1 compares data with calculations, demonstrating the presence of the 2-phonon 
contribution. The data was measured at BL35XU [18] of SPring-8 using 6 meV 
resolution at 15.816 keV (Si (888) reflection).  The sample was a small c-axis normal 
platelet of MgB2 about 0.2 x 0.4 x 0.05 mm3 grown as described in [19], and held in 
vacuum at room temperature.  The geometry, nearly purely longitudinal along ΓA, 
has been chosen so that only two strong phonons are present.   The solid lines are 
calculations using eqns. 1 and 2 with the phonon mode energies and eigenvectors 
determined from the force-constant matrix of the ab-initio LDA calculations and 
convolved with the resolution of the spectrometer.  It is worth emphasizing that, while 
there is an over-all scale factor that has been chosen to get good agreement between 
the calculation and the data, the relative intensity of the one and 2-phonon 
contributions is not free, being fixed by eqns 1 and 2.  One can immediately see that 
the peak in the data at 67 meV, which is not present in the 1-phonon calculation, is 
well described in both intensity and position by the 2-phonon calculation.   Figure 1b 
then shows a fit to the data, including the 1-phonon lines expected from the ab-initio 
calculation (but allowed to shift to match the data) and the 2-phonon contribution 
directly seen in 2b, and some elastic background.  The intensity of the 2-phonon term 
has been fixed to a constant fraction of the 1-phonon intensity as given by the 
calculation used in Fig. 1a.  The agreement is seen to be excellent [20].  
 
The strong 2-phonon contribution at ~67 meV is due to simultaneous excitation of 
two acoustic phonon modes (the S++ term in eqn. 2).  In Fig. 2 we plot the evolution 
of the 2-phonon component in two symmetry directions, along ΓA and along ΓM.  In 
both cases, the predominant intensity is in the region from 60 to 75 meV energy 
transfer, due to simultaneous excitation of two acoustic modes.  This is not surprising 
as acoustic eigenvectors generally follow the simplest phase relationship and allow 
the largest dot-product with the momentum transfer.   Optic modes involve out-of-
phase motions of atoms in the cell, and, by virtue of cancellation of terms in the sum 

Fig. 1.  Comparison of data and calculation.  In (a) the ab-initio results   for 
the one and 2-phonon contributions are shown, while (b) shows a fit with the 
1-phonon energies allowed to shift, but the 2-phonon contribution held in 
fixed ratio to the 1-phonon one.  See text. 

 6 

We now consider the spectra along Γ-M in a purely longitudinal geometry. This is the 
region where one can expect the E2g mode to contribute: as one moves from the outer 
part of the Brillouin zone, M, toward Γ, within the plane, the E2g mode both strongly 
softens, in analogy with a Kohn anomaly, and broadens, approximately in agreement 
with calculations [6].  Figure (3a) shows the results of direct calculation based on the 
ab-inito model, including convolution of a Lorentzian to approximate the 
experimental resolution. It is clear that modeling the spectrum by just 1-phonon 
modes would lead to a fit that would tend to over-estimate the width of the E2g mode, 
especially as the fit would allow the amplitude of the low-energy (55 meV) mode to 
be free.   Fits to the data are shown in figure 3b.  The procedure was the same as for 
Fig. (1b) and good fits were obtained, with the new linewidth parameters plotted in 
Fig. 4 along with the calculation and the results from [6].  In particular, the 
experimental estimate at 0.45Å-1 is now in much better agreement with calculation. 
We also note a general trend toward a measured linewidth larger than calculation at 
small momentum transfers.  Here we do not comment further, but suggest additional 
data with improved energy resolution is needed to determine the linewidth accurately.  
The 2-phonon contribution might also partially account for the difference between the 

Fig. 3.  Spectra along Γ-M.    Note the 2-phonon contribution (black) is not 
negligible as compared to the E2g mode (green).  Pure calculation is shown 
in (a) at (2.19 0 0) while data with fits are shown in (b). See text for details.   
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Inelastic X-ray Scattering
Charge Density Wave

N
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hysics 10, 52-58 (2014)

YBa2Cu3O6+x
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Phonon softening at QCDW : fingerprint of  CDW 



Inelastic X-ray Scattering
Summary

Inelastic X-ray scattering allows a direct measure of  the 
dispersion relation of  excitations 

Geometrical selection of  transverse or longitudinal mode 

Phonon intensity ~Q2 

This dispersion give access to :  
- Interatomic potential and bonding  
- Phase transition and critical phenomena (soft mode …) 
- Interactions (electron-phonon …)

!(~q)



Inelastic X-ray Scattering
Summary

INS 

Strong ω-Q correlation: 
Kinematic limit 

No polarization factor 
I ~ b2 

Incoherent Scattering 
Bulk measurement 
Large beam ~ cm 

Resolution down to 0.1 meV

IXS 

No ω-Q correlation :  
No kinematic limitation  
Polarization factor :      . 

I ~ Z2 
No incoherent Scattering 
Strong absorption ~ λ3Z4 

Small beam ~ 100 µm 
Resolution ~ 1 meV

|~✏i.~✏f |2



Raman Spectroscopy

Interaction potential :
Interaction light-electron

V(~r) = �~µind. ~Ef
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Qp(t) = Q0cos(!pt)

~Ei = Eicos(!it)~✏i

                                                 : induced dipole moment 
 
                         : normal phonon p 
                      : incident photon
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                            : polarization tensor



Raman Spectroscopy

Stokes Scattering

Sensitive to polarizability variation
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Rayleigh Scattering
Anti-Stokes Scattering



Raman Spectroscopy

Stokes Scattering

Sensitive to polarizability variation
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Anti-Stokes Scattering



Raman Spectroscopy

✓
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Relation with the mode symmetry !!!

3 Raman active modes : 1 Raman active mode :  
 
 
2 Raman inactive modes :
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Raman Spectroscopy

A Symmetric with respect to the main axis of  symmetry
B Antisymmetric with respect to the main axis of  symmetry
’ Symmetric with respect to a plane of  symmetry 
’’ Antisymmetric with respect to a plane of  symmetry 
g Symmetric with respect to the center of  inversion
u Antisymmetric with respect to the center of  inversion
E Doubly degenerate with respect to the main axis

T (or F) Triply degenerate with respect to the main axis
G Fourfold degenerate with respect to the main axis
H Fivefold degenerate with respect to the main axis

1,2,3… Symmetric or antisymmetric with respect to a rotation axis

Nomenclatura : Mulliken symbols 
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Raman Spectroscopy
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Q=0

6= 0
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@Q
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= 0
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Relation with the mode symmetry !!!

A1 
C2 

A1 

B2 

3 Raman active modes : 1 Raman active mode :  
 
 
2 Raman inactive modes :
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Raman Spectroscopy

Symbols and notationsSymbols and notations

Symmetry element Schönflies notation International (Hermann-Mauguin) 

Identity E 1 
Rotation axes Cn n = 1, 2, 3, 4, 6 
Mirror planes σ m 
     ⊥ to n-fold axis 
     || to n-fold axis 
     bisecting ∠(2,2)  

σh 
σv 
σd 

m, mz 
mv,  
md, m’ 

Inversion I 1  
Rotoinversion axes Sn 6,4,3,2,1=n  
Translation tn tn 
Screw axes k

nC  nk 
Glide planes σg a, b, c, n, d 

Triclinic Monoclinic Trigonal 
(Rhombohedral) 

Tetragonal Hexagonal Cubic 

C1 1 C2 2 C3 3 C4 4 C6 6 T 23 
Ci 1  CS m C3i 3  S4 4  C3h 6    
  C2h 2/m   C4h 4/m C6h 6/m Th 3m  
  C2v mm2 C3v 3m C4v 4mm C6v 6mm   
    D3d m3  D2d 42m D3h 6m2 Td m34  
  D2 222 D3 32 D4 422 D6 622 O 432 
  D2h mmm   D4h 4/mmm D6h 6/mmm Oh mm3  

Dn: E, Cn; nC2 ⊥ to Cn;   T: tetrahedral symmetry;    O: octahedral (cubic) symmetry

Point groups:

Symbols and notationsSymbols and notations

Symmetry element Schönflies notation International (Hermann-Mauguin) 

Identity E 1 
Rotation axes Cn n = 1, 2, 3, 4, 6 
Mirror planes σ m 
     ⊥ to n-fold axis 
     || to n-fold axis 
     bisecting ∠(2,2)  

σh 
σv 
σd 

m, mz 
mv,  
md, m’ 

Inversion I 1  
Rotoinversion axes Sn 6,4,3,2,1=n  
Translation tn tn 
Screw axes k

nC  nk 
Glide planes σg a, b, c, n, d 

Triclinic Monoclinic Trigonal 
(Rhombohedral) 

Tetragonal Hexagonal Cubic 

C1 1 C2 2 C3 3 C4 4 C6 6 T 23 
Ci 1  CS m C3i 3  S4 4  C3h 6    
  C2h 2/m   C4h 4/m C6h 6/m Th 3m  
  C2v mm2 C3v 3m C4v 4mm C6v 6mm   
    D3d m3  D2d 42m D3h 6m2 Td m34  
  D2 222 D3 32 D4 422 D6 622 O 432 
  D2h mmm   D4h 4/mmm D6h 6/mmm Oh mm3  

Dn: E, Cn; nC2 ⊥ to Cn;   T: tetrahedral symmetry;    O: octahedral (cubic) symmetry

Point groups: !X



Raman Spectroscopy

Character Table
5 Raman active modes

58

CaCO3            (#167) 
Ca (6b) : (0,0,0) 

C   (6a) : (0,0,1/4) 
O (18e) : (x,0,1/4)

R3c



Raman Spectroscopy

Character Table
5 Raman active modes

58

Raman tensors :

CaCO3            (#167) 
Ca (6b) : (0,0,0) 

C   (6a) : (0,0,1/4) 
O (18e) : (x,0,1/4)

R3c



Raman Spectroscopy

ki 

kf Ef 
Ei 

Y (XX)Y ) ↵xx = a+ c

Back-Scattering Geometry
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Raman Spectroscopy

ki 

kf Ef 
Ei 

Y (XX)Y ) ↵xx = a+ c

Back-Scattering Geometry
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Y (XZ)Y ) ↵xz = �d



Raman Spectroscopy

ki 

kf Ef 
Ei 

Y (XX)Y ) ↵xx = a+ c

Back-Scattering Geometry
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Ei 

Y (XZ)Y ) ↵xz = �d
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kf Ef 

Ei 

Z(Y Z)Y ) ↵yz = d

Right Angle Geometry



Raman Spectroscopy

DyMn2O5

60



850 D A Bruce and W G Stirling 

parameters in the critical region, we note as a check on the fitting procedure that at low 
temperatures there is excellent agreement between the neutron- and Raman-determined 
widths and frequencies, while at the highest temperature investigated, T, + 10 K, there 
is excellent agreement between our F-mode parameters and those obtained by Shapiro 
et a1 (1972). 

We focus attention primarily on the E mode for which the neutron-determined 
parameters are most reliable. From the neutron scattering data we can determine that 

m 
L 

C W 

0.5 - 

Temperature ( K  1 

Figure 5.  Fitted frequencies and widths for the soft modes obtained by Raman scattering 
(open circles) and neutron scattering (full circles). The E-mode parameters are shown in 
(a ) ,  the A-mode parameters in ( b ) .  Parameters for the F-mode are shown (by full squares) 
in both ( a )  and ( b )  for comparison. 

the E mode is underdamped at temperatures below about 94 K (T ,  - 8 K),  and over- 
damped above this temperature. At low temperatures, up to about 72 K ,  the Raman- 
determined frequencies and widths are in excellent agreement with the neutron-deter- 
mined values. The frequencies decrease smoothly with increasing temperature, while 
the widths increase slowly with temperature. In an intermediate temperature range, 
from around 77 K to 92 K (T ,  - 25 K to T, - 10 K) the Raman-determined frequencies 
are systematically higher than the corresponding neutron-determined frequencies, to 
the extent that the Raman data cannot be fitted with the frequency fixed at the 
neutron-determined value for temperatures above 90 K. For temperatures above 94 K 
the two techniques give completely different results. The Raman lineshape can be fitted 
to the oscillator spectral function, however although the frequency remains approxi- 
mately constant at around 0.20 k 0.02 THz, the width r E  jumps quite dramatically to 
valuesinexcessof l.OTHz, (FE = 1.3THzat 100Kand1.6THzat 102.4K). Incontrast 

Ferroelectricity

J. P
hys. C

 16, 841 (1983)

SrTiO3

Phonon energy decreases at low temperature 
Fingerprint of  ferroelectric transition

Raman Spectroscopy
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Charge Density Wave
P

R
L

 91, 136402 (2003)TiSe2

Amplitude mode : zone-boundary (L point) transverse acoustic 
phonons folded to Q=0 zone center (Γ point) due to CDW

Raman Spectroscopy

62



Summary
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Raman Spectroscopy

Sensitive to zone center (Q=0) excitations 

Polarization enables mode-symmetry selectivity 

Give access to :  
- Ferroelectric instability  
- CDW fingerprint 
- Translational symmetry breaking 

Overdamped peaks for metals 

Beyond this lecture : Hyper-Raman, Resonant Raman…



1.3 Absorption and Emission 
Spectroscopy

X



Infrared Spectroscopy

Interaction potential :

~Ei = Eicos(!it)~✏i

                                         : induced dipole moment 
 
                             : normal phonon p 
                       : incident photon

Interaction light-electron
V(~r) = �~µind. ~Ei

66

~µind = ~µ0 +

✓
@~µ

@Q

◆

Q=0

Qp(!p, t)

Qp(!p, t) = Q0cos(!pt)

�(!i) =

�����

✓
@~µ

@Q

◆

Q=0

�����

2 X

p

Z +1

�1
hQp(0)Qp(t)ie�i!itdt

=

�����

✓
@~µ

@Q

◆

Q=0

�����

2 X

p

�(!i � !p)



Infrared Spectroscopy

μ0=0μ0

3 Raman and IR active modes :
✓
@↵

@Q

◆

Q=0

6= 0

1 Raman active and IR inactive mode :  
 
 
2 Raman inactive and IR active modes :

✓
@↵

@Q

◆

Q=0

= 0

✓
@↵

@Q

◆

Q=0

6= 0

✓
@~µ

@Q
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Q=0

6= 0

✓
@~µ

@Q

◆

Q=0

6= 0

✓
@~µ

@Q

◆

Q=0

= 0

Relation with the mode symmetry !!!
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Infrared Spectroscopy

Character Table
8 IR active modes

CaCO3            (#167) 
Ca (6b) : (0,0,0) 

C   (6a) : (0,0,1/4) 
O (18e) : (x,0,1/4)

69

R3c



Infrared Spectroscopy

ki kf 
Ei 

Absorption Geometry

Eu
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Infrared Spectroscopy

ki kf 
Ei 

Absorption Geometry

Eu
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ki kf 
Ei 

A2u

UO2 
U3O8



Infrared Spectroscopy

Visible Near IR Mid IR Far IR
400nm                  500nm                 600nm                 700nm                  2µm                     4µm                     12µm                   1mm

3.1eV                  2.5eV                   2.0eV                   1.8eV                  600meV              300meV               100meV                1meV

Energy

Wavelength

X



Infrared Spectroscopy
P

hysica B
 405, 45 (2010)

PrMnO3

CaMnO3

AILES @SOLEIL
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Infrared Spectroscopy
n =

p
✏ = n1 + in2

✏ = n2
1 � n2

2 + i2n1n2 = ✏1 + i
4⇡�

!
= ✏1 + i✏2

r(!)ei✓(!) =
n1(!) + in2(!)� 1

n1(!) + in2(!) + 1
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1� r2(!)

1 + r2(!)� 2r(!)cos(✓(!))

n2(!) =
2r(!)sin(✓(!))

1 + r2(!)� 2r(!)cos(✓(!))

ln(r(!)) =
2

⇡

Z 1

0

⌦✓(⌦)� !✓(!)

⌦2 � !2
d⌦

✓(!) = �2!

⇡

Z 1

0

ln(r(⌦))� ln(r(!))
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Kramers-Krönig
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Infrared Spectroscopy
Metal-Insulator Transition

Metallization under pressure

VO2

P
R

L
 98, 196406 (2007)
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Infrared Spectroscopy
Superconductivity

Drop of  reflectance above the gap  
New energy scale for the gap : 73meV 

Strong electron-phonon coupling

N
ature P

hysics 13, 859 (2017)

H3S
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Infrared Spectroscopy
Summary

75

Sensitive to « translational » modes u 

Complementary with Raman for centrosymmetric crystals (g 
modes : Raman, u modes : IR) 

Polarization dependance of  absorption 

Give access to : 
- Gap energy scale 
- Optical phonon modes  
- Optical conductivity, dielectric constant



X-Ray Absorption Spectroscopy
Selection rule

77

Interaction light-electron :

V(~r) = q

mec
~p. ~A(~r) +

q2

mec2
~A2

First order in p.A : dipole operator :  

�L = 1 �S = 0

~A = A~✏e�i~k~r = A~✏(1� i~k.~r + ...)

V / ~p.~✏

V / �i (~p.~✏)
⇣
~k.~r

⌘

�L = 0, 2

Second order in p.A : quadrupole operator : 

Only at high energy (typically more than ~7keV)



X-Ray Absorption Spectroscopy

1s

2s
2p1/2
2p3/2

3s
3p1/2
3p3/2
3d3/2
3d5/2

Energy

Core-hole Spectroscopy

EF

K

L1

L2
L3

M1

M2
M3
M4
M5

Creation of  a 1s core hole : K-edge 
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X-Ray Absorption Spectroscopy

1s

2s
2p1/2
2p3/2

3s
3p1/2
3p3/2
3d3/2
3d5/2

Energy

Core-hole Spectroscopy

EF

K

L1

L2
L3

M1

M2
M3
M4
M5

Creation of  a 1s core hole : K-edge  
Creation of  a 2s core hole : L1-edge

X



X-Ray Absorption Spectroscopy
Core-hole Spectroscopy

1s

2s
2p1/2
2p3/2

3s
3p1/2
3p3/2
3d3/2
3d5/2

Energy

EF

K

L1

L2
L3

M1

M2
M3
M4
M5

Creation of  a 1s core hole : K-edge  
Creation of  a 2s core hole : L1-edge 
Creation of  a 2p1/2 core hole : L2-edge
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X-Ray Absorption Spectroscopy
Core-hole Spectroscopy

1s

2s
2p1/2
2p3/2

3s
3p1/2
3p3/2
3d3/2
3d5/2

Energy

EF

K

L1

L2
L3

M1

M2
M3
M4
M5

Creation of  a 1s core hole : K-edge  
Creation of  a 2s core hole : L1-edge 
Creation of  a 2p1/2 core hole : L2-edge 
Creation of  a 2p3/2 core hole : L3-edge

X



X-Ray Absorption Spectroscopy
Core-hole Spectroscopy

Creation of  a 1s core hole : K-edge  
Creation of  a 2s core hole : L1-edge 
Creation of  a 2p1/2 core hole : L2-edge 
Creation of  a 2p3/2 core hole : L3-edge 
 
Edges energy is element specific :  
 
Cu K-edge : 8 979 eV  
 
Cu L1-edge : 1 097 eV  
Cu L2-edge :    952 eV  
Cu L3-edge :    932 eV

1s

2s
2p1/2
2p3/2

3s
3p1/2
3p3/2
3d3/2
3d5/2

Energy

EF

K

L1

L2
L3

M1

M2
M3
M4
M5
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X-Ray Absorption Spectroscopy
Core-hole Spectroscopy

Creation of  a 1s core hole : K-edge  
Creation of  a 2s core hole : L1-edge 
Creation of  a 2p1/2 core hole : L2-edge 
Creation of  a 2p3/2 core hole : L3-edge 

Edges energy is oxydation-state specific :

1s

2s
2p1/2
2p3/2

3s
3p1/2
3p3/2
3d3/2
3d5/2

Energy

EF

K

L1

L2
L3

M1

M2
M3
M4
M5

N
ature C

om
. 8, 14559 (2017)81



X-Ray Absorption Spectroscopy
Atom environment

Coordination vs pre-edge & near-edge features 

2 H2O 4 H2O 6 H2O 8 H2O 

XANES K-edge of solvated Ca  

82

Environment change the spectra shape 
Enhancement of  pre-edge peak for non centrosymmetric sites



Pure and Co-doped single crystals of BaFe2As2 were
grown using the self-flux method as described in Ref. [7].
The samples were extensively characterized by resistivity
and SQUID measurements. The cobalt concentration has
been determined within 0.5% accuracy by electron probe
and confirmed by transport and thermodynamics proper-
ties. For the high-pressure experiment, a piece of BaFe2As2
(80 μm wide, 20 μm thick) was loaded in a membrane-
driven diamond anvil cell using a Re gasket and silicon
oil as a pressure transmitting medium. The pressure inside
the diamond anvil cell was estimated using the
ruby fluorescence technique, yielding a precision below
0.5 GPa [15]. XAS at the As K edge was performed on the
GALAXIES beam line at the SOLEIL synchrotron [16].
The high-resolution spectra have been obtained in the
partial fluorescence yield (PFY) mode at the As Kα
emission line at 10.54 keV. We use a 1 m spherically bent
Si(555) analyzer and an avalanche photodiode detector
arranged in the Rowland circle geometry for measuring
the emission spectra. The PFY spectra were recorded by
monitoring the emission main line intensity as the incident
energy was swept across the As K edge. Thanks to the
second-order PFY process, the XAS K-edge spectra can be
obtained with higher intrinsic resolution with respect to
standard XAS partly free from the 1s lifetime broadening
effect [17]. This sharpening effects is due the longer
lifetime of the 2p core hole left in the Kα emission final
state with respect to the 1s core hole. All the spectra have
been normalized to unity at high energy.
Figure 1(a) shows the doping dependence of the XAS

spectra as a function of Co concentration at room temper-
ature. The doping range covers the whole phase diagram
from undoped to overdoped BaðFe1−xCoxÞ2As2 with
x ¼ 20%. The difference with respect to the undoped
sample is highlighted by the filled curves (here multiplied
by a factor of 2 for the sake of visibility). The spectra show
basically no change up to x ¼ 6%. Above this concen-
tration, a sudden increase of the near-edge intensity occurs,
marking a clear discontinuity in the doping evolution. The
pressure dependence of the pure parent compound is
represented in Fig. 1(b), together with the differences with
respect to ambient pressure (multiplied by a factor of 2).
The pressure varies from ambient pressure to 10 GPa, thus
covering the whole phase diagram from the normal state to
the superconducting region and further beyond. All the
low-pressure spectra (not shown here) up to 0.9 GPa are
identical to that measured at ambient pressure within the
instrumental resolution. A clear discontinuity occurs at
1 GPa, reminiscent of that observed in the doping depend-
ence at x ¼ 0.6%. Above 1 GPa, we observed a strong
modification of the near-edge shape similar to the one
observed upon doping that cannot be ascribed to a rigid
shift of the ambient pressure spectrum, as shown in Fig. 2.
We now focus on the difference spectra in order to analyze

more quantitatively the spectral change as a function of

doping or pressure in the proximity of the Fermi energy
around 11 882 eV. The difference spectra were fitted by
the sum of two Gaussian functions centered at 11 882.8 and
11 887.5 eV with a null background [18]. The fit results are
represented in Fig. 3. The intensities are reported for both
pressure (black circles) and doping (red triangles) depend-
ence on the left-side of Fig. 3 for the 11 882.8 eV feature
only; the 11 887.5 eV peak exhibits exactly the same doping
and pressure evolution, showing that it pertains to the same
electronic states.
As observed from the crude inspection of the data, our

analysis confirms the discontinuous behavior of the doping
or pressure dependence with a jump in the spectral changes
at around xc¼ 6.5% and Pc¼ 1GPa, respectively.
Incidentally, the value of xc coincides with the maximum
of the superconducting critical temperature. This also
corresponds to the Co doping at which the evolution of
the electron concentration suddenly inverts as expected for a
rigid band model [8], a behavior sometimes referred to as a
Lifshitz transition [20,21] and suggesting a sudden reor-
ganization of the electronic structure near this concentration.

FIG. 1 (color online). Left: Absorption spectra at the As K edge
in BaðFe1−xCoxÞ2As2 measured in the PFY mode for different
concentrations of Co at room temperature. The spectral differences
with respect to the parent (undoped) compound are represented by
the filled curves. The differences are multiplied by a factor of 2 for
the sake of visibility. Right: Absorption spectra evolution as a
function of pressure for the undoped compound and differences
with respect to the ambient pressure data (filled curves), multiplied
by a factor of 2.

PRL 114, 177001 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
1 MAY 2015

177001-2

X-Ray Absorption Spectroscopy
Superconductivity

P
R

L
 114, 177001 (2015)

As K-edge. 1s —> 4p 

As p orbital involvement in phase  
transition : (dFe+pAs)

It is tempting to look for a common mechanism underlying
the pressure and doping dependences since both show a
similar behavior. To that end, we have converted the Co
concentrations and pressures into Fe-As interatomic distan-
ces using the data of Refs. [12,19]. The results are displayed
in Fig. 3(c). The discontinuity is found at a Fe-As distance of
2.39 Å independently of the control parameter, suggesting a
close link between the electronic structure changes and the
Fe-As distance, and thus of Fe-3d and As-4p hybridization.
The crucial role of Fe-As hybridization for the electronic

structure of the Fe pnictides has been reported previously
[13,22,23]. The application of a hydrostatic pressure
decreasing the Fe-As distance is expected to increase the
overlap between Fe and As orbitals, reinforcing their
hybridization. To further investigate the effects of hybridi-
zation, we performed numerical simulations of the As K
edge in BaFe2As2 using the FDMNES code [24].
We used a cluster radius of 17 Å to reach full convergence.
The structural parameters in the space group (I4=mmm) at
ambient conditions were taken from Ref. [25]. The effects
of pressure were taken into account by contracting the
lattice parameters according to the diffraction data [25].
The main results are shown in Fig. 4. The simulated XAS
spectra (top part in Fig. 4) show a fair agreement with the
experimental ones, especially in the low energy region, the
most sensitive to Fe-As hybridization. Importantly,
the calculations are able to correctly reproduce the elec-
tronic changes with pressure as can be inferred from the
spectral differences between 0 and 7 GPa. It is reasonable
then to pay further attention to the density of states (DOS)
extracted from the FDMNES calculations as an insight into
the electronic changes under pressure. For the sake of
clarity in Fig. 4, we restrict ourselves to the projected DOS
for the Fe-3d and As-4p orbitals calculated at ambient
pressure and 7 GPa, well above the transition pressure Pc.
Notice that in our experimental configuration, the incident

beam was set perpendicular to the ab plane, so that the
XAS measurements are not sensitive to the pz orbital of As.
In accordance with the measurement geometry, only the
px þ py projected DOS is represented for As. The calcu-
lated DOS confirm the strong hybridization between the
As-p and Fe-3d states. As illustrated in the bottom part of
Fig. 4, the effect of pressure on the As-4p projected DOS
mainly affects the occupied states below the Fermi level
(around 11 882 eV) with a shift of ∼0.5 eV toward the low
energies when pressure is increased. The unoccupied states
(around 11 884 eV) are also slightly shifted to the same
direction but to a lesser extent. The direct consequence of
this renormalization of the carrier density is the increase of
the number of occupied states below the Fermi energy with
an As character. Because of the reinforced hybridization
induced by the Fe-As distance shortening, a similar behavior
is observed for the Fe-3d orbitals. With respect to the
chemical potential, the DOS of Fe-3d undergoes a global
shift toward the low energies simultaneously to the As-4p
states. It is worth noting that, according to the simulation, the
As-4p orbitals seem to hybridize more strongly with the d2z
and dxy Fe orbitals that show the strongest effects.
Our results, together with the previous studies at the

Fe K edge [9,10], give new insight on the respective roles
of As-p and Fe-d orbitals. First, our results demonstrate the
prominent role of the As p orbitals as the active electrons to
pressure changes, and equivalently to doping, since both
control parameters were shown to act similarly. This picture
agrees with the theoretical predictions that the doped
electrons are preferentially localized onto the As sites
rather than the Fe sites. Second, our picture can reconcile
XAS with angle-resolved photoemission spectroscopy

FIG. 3 (color online). Left: Evolution of the 11 882.8 eV peak
intensity in the difference spectra (cf. Fig. 1) from the fit analysis
as a function of doping (red triangles, lower axis) and pressure
(black circles, upper axis); see text for details. Right: Same data
as in the left-hand panel as a function of the Fe-As interatomic
distance; we used Refs. [12,19] for converting pressure and
doping to interatomic distance. Lines are guides for the eyes.

FIG. 2 (color online). Comparison of the As K-edge spectra in
the undoped compound at ambient condition (black line) with the
spectra measured in the doped (red line) compound and under
pressure (blue line) shifted in energy. The rigid energy shift
cannot reproduce the spectral changes.

PRL 114, 177001 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
1 MAY 2015
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BaFe2As2
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X-Ray Absorption Spectroscopy
Summary

84

Chemical/Element selectivity 

Orbital selectivity (via energy and polarization) 

Give access to : 
- Direct empty DOS for K-edge 
- Information on DOS for L-edge (but more tricky…)  
- Symmetry of  the absorbing atom site 

Beyond this lecture : polarization effects, Charge Transfer 
Multiplet (L-edge)



Resonant Inelastic X-ray Scattering
Emission lines

1s
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Kα1 : 2p3/2 —> 1s
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Resonant Inelastic X-ray Scattering
Emission lines
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Resonant Inelastic X-ray Scattering
Emission lines
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Kβ3 : 3p1/2 —> 1s 
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Resonant Inelastic X-ray Scattering
Emission lines

1s
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3p1/2
3p3/2
3d3/2
3d5/2

Energy
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K

L1
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Kα1 : 2p3/2 —> 1s  
Kα2 : 2p1/2 —> 1s  
Kβ1 : 3p3/2 —> 1s  
Kβ3 : 3p1/2 —> 1s 

 
 
 
 
 
Emission energy is element specific :  
 
Cu Kα1 : 8 048 eV  
Cu Kα2 : 8 028 eV

X

Cu Kβ1,3 :  8 905eV



Resonant Inelastic X-ray Scattering
Emission lines

1s

2s
2p1/2
2p3/2

3s
3p1/2
3p3/2
3d3/2
3d5/2

Energy

EF

K

L1

L2
L3

M1

M2
M3
M4
M5

Lα1 : 3d5/2 —> 2p3/2 
Lα2 : 3d3/2 —> 2p3/2 
 
Lβ1 : 3d3/2 —> 2p1/2

Cu Kβ1,3 :  8 905eV  
 
 
Cu Lβ1 : 950 eV

Kα1 : 2p3/2 —> 1s  
Kα2 : 2p1/2 —> 1s  
Kβ1 : 3p3/2 —> 1s  
Kβ3 : 3p1/2 —> 1s  
 
Emission energy is element specific :  
 
Cu Kα1 : 8 048 eV  
Cu Kα2 : 8 028 eV  
 
Cu Lα1 :  929 eV  
Cu Lα2 :  929 eV
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Resonant Inelastic X-ray Scattering
2 photons process
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Resonant Inelastic X-ray Scattering
Direct RIXS
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RIXS = XAS + XES 
Probes valence and conduction states directly



Resonant Inelastic X-ray Scattering
Indirect RIXS
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RIXS = XAS + recombination + XES



Resonant Inelastic X-ray Scattering
Total and Partial Fluorescence Yield
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Resonant Inelastic X-ray Scattering
Experimental Setup

X-ray Diffraction 
Probability 0.01

Fluorescence 
Probability 0.001

RIXS 
Probability 0.00001
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Heavy fermion compound
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FIG. 2. (Color online) Summary of RIXS spectra at (a) 7 K, (b)
15 K at selected pressures; (c) and (d) correspond the spectra at 7
GPa and 15 GPa respectively for different temperatures.

by fitting a superposition of two Gaussian functions to
our data, one for each spectral contribution, and also an
arctangent function to fit the background. The weak E2
transition was not included in this analysis. The val-
ues are reported in Fig.3. The valence-pressure depen-
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FIG. 3. (Color online) (a) valence-pressure dependence of
YbCu2Si2 at 7, 15 and 300 K. The inset shows the values at 7
K. The arrow points the pressure where a kink is observed (pk).(b)
Valence-temperature dependence at ambient pressure[6], 7 and 15
GPa. The full triangle point is the value we obtained at 300 K and
ambient pressure. Dashed lines are guides to the eyes.

dence in Fig.3(a) clearly shows how the trivalent state
is favoured under pressure and gives a precise picture of
how the Yb valence changes at temperatures and pres-
sures close to the critical region. The valence increases
monotonously with pressure for all temperatures we mea-
sured: 300 K, 15 K and 7 K with a ∆v (up to 15 GPa) of
0.12, 0.15 and 0.18 respectively. The main result of this
work is a distinctive change of slope or kink which occurs
at a pressure pk above which a significant decrease of the
rate ∂v/∂p for p > pk is found. An estimation of pk (as
indicated with an arrow in the inset of Fig.3(a) for the
values at 7 K) reveals that it decreases from pk ≈ 11 GPa

(300 K) to ≈ 9 GPa (7 K) approaching pc . Above pk

the valence keeps increasing slowly under pressure and it
does not achieve the fully trivalent state even at 22 GPa,
the highest pressure achieved. Because the lowest tem-
perature possible was about 7 K, we could not measure
the valence in the magnetically ordered state, however
for p > 12 GPa, the system was very close to this (see
Fig.1), only about 1 K above TM . Although we cannot
exclude that the valence will jump to 3 at the onset of
magnetic order, this seems unlikely. An apparent value of
less than 3 could also arise from inhomogeneity: there is
evidence that the onset of magnetic order occurs as a first
order transition, and a previous Mössbauer study found
a magnetic and a non-magnetic component just above pc.
However this would imply that this phase separation ex-
ists even at 22 GPa, which also seems extremely unlikely.
We therefore conclude that in this high pressure region of
the phase diagram magnetism sets in for a valence value
less than 3, so in the mixed valency state.

Fig.3(b) shows the valence-temperature dependence at
three different pressures: ambient pressure[6], at 7 ± 1
GPa and at 15 ± 1 GPa, very close and well above pc

respectively. The values at 300 K are estimated from
Fig.3(a). The valence-temperature behavior is, at first
sight, roughly the same for all pressures. At ambient
pressure, slightly valence changes down to 200 K are de-
tected but below this temperature the slope |∂v/∂T | is
considerably enhanced. The decrease of the valence is
much more pronounced at high pressure, but the temper-
ature below which this decrease occurs does not seem to
change under pressure. No significant differences can be
discerned between 7 GPa and 15 GPa. This implies that
this decrease is not related directly to the formation of
the heavy fermion state, as although at ambient pressure
the Kondo temperature is estimated to be of the same
order as the temperature where this feature is found, at
higher pressures it decreases strongly (see Fig.1). Recent
valence measurements carried out in CeCu2Si2 in similar
extreme conditions[3] offers the valuable and rare oppor-
tunity to compare the 4f occupancy (nf ) under pressure
and at low temperatures between a Ce-based compound
and its Yb-counterpart. CeCu2Si2 is very sensitive to
small differences in stoichiometry which can lead at am-
bient pressure to find samples with an antiferromagnetic
(AF) transition around 0.7 K or a superconductivity be-
low 0.65 K or the combination of the two[15–18] . How-
ever it is generally accepted that at ambient pressure
CeCu2Si2 is very close to an AF QCP. Under pressure su-
perconductivity is enhanced and shows a two-dome shape
(the first dome is located at pc and the second one at
pv ≈ 4.5 GPa). The strong magnetic fluctuations that
arises near pc are held responsible for the electron pairing
near the magnetic-QCP. For the second dome at pv the
f-electron occupancy and associated valence fluctuations
might play an important role in superconductivity[3, 19].
As YbCu2Si2 (bulk modulus, B0=168 GPa)[20] is harder
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FIG. 2. (Color online) Summary of RIXS spectra at (a) 7 K, (b)
15 K at selected pressures; (c) and (d) correspond the spectra at 7
GPa and 15 GPa respectively for different temperatures.

by fitting a superposition of two Gaussian functions to
our data, one for each spectral contribution, and also an
arctangent function to fit the background. The weak E2
transition was not included in this analysis. The val-
ues are reported in Fig.3. The valence-pressure depen-
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FIG. 3. (Color online) (a) valence-pressure dependence of
YbCu2Si2 at 7, 15 and 300 K. The inset shows the values at 7
K. The arrow points the pressure where a kink is observed (pk).(b)
Valence-temperature dependence at ambient pressure[6], 7 and 15
GPa. The full triangle point is the value we obtained at 300 K and
ambient pressure. Dashed lines are guides to the eyes.

dence in Fig.3(a) clearly shows how the trivalent state
is favoured under pressure and gives a precise picture of
how the Yb valence changes at temperatures and pres-
sures close to the critical region. The valence increases
monotonously with pressure for all temperatures we mea-
sured: 300 K, 15 K and 7 K with a ∆v (up to 15 GPa) of
0.12, 0.15 and 0.18 respectively. The main result of this
work is a distinctive change of slope or kink which occurs
at a pressure pk above which a significant decrease of the
rate ∂v/∂p for p > pk is found. An estimation of pk (as
indicated with an arrow in the inset of Fig.3(a) for the
values at 7 K) reveals that it decreases from pk ≈ 11 GPa

(300 K) to ≈ 9 GPa (7 K) approaching pc . Above pk

the valence keeps increasing slowly under pressure and it
does not achieve the fully trivalent state even at 22 GPa,
the highest pressure achieved. Because the lowest tem-
perature possible was about 7 K, we could not measure
the valence in the magnetically ordered state, however
for p > 12 GPa, the system was very close to this (see
Fig.1), only about 1 K above TM . Although we cannot
exclude that the valence will jump to 3 at the onset of
magnetic order, this seems unlikely. An apparent value of
less than 3 could also arise from inhomogeneity: there is
evidence that the onset of magnetic order occurs as a first
order transition, and a previous Mössbauer study found
a magnetic and a non-magnetic component just above pc.
However this would imply that this phase separation ex-
ists even at 22 GPa, which also seems extremely unlikely.
We therefore conclude that in this high pressure region of
the phase diagram magnetism sets in for a valence value
less than 3, so in the mixed valency state.

Fig.3(b) shows the valence-temperature dependence at
three different pressures: ambient pressure[6], at 7 ± 1
GPa and at 15 ± 1 GPa, very close and well above pc

respectively. The values at 300 K are estimated from
Fig.3(a). The valence-temperature behavior is, at first
sight, roughly the same for all pressures. At ambient
pressure, slightly valence changes down to 200 K are de-
tected but below this temperature the slope |∂v/∂T | is
considerably enhanced. The decrease of the valence is
much more pronounced at high pressure, but the temper-
ature below which this decrease occurs does not seem to
change under pressure. No significant differences can be
discerned between 7 GPa and 15 GPa. This implies that
this decrease is not related directly to the formation of
the heavy fermion state, as although at ambient pressure
the Kondo temperature is estimated to be of the same
order as the temperature where this feature is found, at
higher pressures it decreases strongly (see Fig.1). Recent
valence measurements carried out in CeCu2Si2 in similar
extreme conditions[3] offers the valuable and rare oppor-
tunity to compare the 4f occupancy (nf ) under pressure
and at low temperatures between a Ce-based compound
and its Yb-counterpart. CeCu2Si2 is very sensitive to
small differences in stoichiometry which can lead at am-
bient pressure to find samples with an antiferromagnetic
(AF) transition around 0.7 K or a superconductivity be-
low 0.65 K or the combination of the two[15–18] . How-
ever it is generally accepted that at ambient pressure
CeCu2Si2 is very close to an AF QCP. Under pressure su-
perconductivity is enhanced and shows a two-dome shape
(the first dome is located at pc and the second one at
pv ≈ 4.5 GPa). The strong magnetic fluctuations that
arises near pc are held responsible for the electron pairing
near the magnetic-QCP. For the second dome at pv the
f-electron occupancy and associated valence fluctuations
might play an important role in superconductivity[3, 19].
As YbCu2Si2 (bulk modulus, B0=168 GPa)[20] is harder

PR
B 86, 125104 (2012)

YbCu2Si2 Yb L3-edge. 2p —> 5d
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Valence fluctuations as pairing mechanism ?

Resonant Inelastic X-ray Scattering



Resonant Inelastic X-ray Scattering
Electron-phonon coupling constant

PR
B 96, 184303 (2017)
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Sensitivity to phonons through  
electron : several harmonics
κ-(BEDT-TTF)2Cu2(CN)3  



Resonant Inelastic X-ray Scattering
dd excitations

PR
L 107, 107402 (2017)
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Crystal Field of  Ti (3d1) L3-edge (450eV) 

TiOCl 



Summary

Chemical/Element selectivity 

Orbital selectivity (Incident and Final Energy, Polarization) 

Small sample size required (< 1mm2) 

Gives access to: 
- electron-phonon coupling 
- valence state and fluctuations  
- dd excitations 

Beyond this lecture : Polarization effects, Multipolar extension, 
Interference terms…
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Resonant Inelastic X-ray Scattering



End of  part I

(but part II is coming…)
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