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[.1 Basic ot Inelastic Physics




— -

Momentum Conservation

—

<= Neutrons and photons Momentum : p = hk ki kf

<= lranstered Momentum : ¢ = lgz — ]2 f

~ ~

q_)min — (kz — kf)k = 6 Cj)max === (kz 3= kf)kz = ZEZ q

7
w=0 w

= Photons visible A~500nm - hw~2.5eV) : k~107 A"
Photons X-Ray : A~14A - hw~900eV) : k~1 A
Neutrons : (A\~2.36A - hw~15meV) : k~1 A"

+ Typical Brillouin Zone size (a~5 A) : qx~1 A’
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Energy Conservation

2 p2g2
e how.
2m 2m
h? hw
Iranstered energy : hw = hw; — hwy = o (k7 — k) how,

< Photons : Aw; = p;c = hck;

Iranstered energy : #w = hw; — hw; = fic(k; — ky)




Energy Conservation
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Intensity

Elastic

Charge - dd Compton
~xcltallons
Phisiici cxcllaltions Core-Hole
: Plasmons ————— ey

Magnons

0 001 0Ol 1 10 100 1000
Energy (eV)

Excitation

Energy

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

~ 1 meV ~ 10 meV 10-100 meV ~1 eV ~ 10eV 0.1-100keV
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Technique

Probe

Particule
Energy

Transfered
Energy

Excitation

Energy

Energy Conservation

Brillouin Raman NElE G Infrared IXS RIXS
Scattering
Photon Photon —— g Photon Photon
(Visible) (Visible) (X-ray) (X-ray)
~]1 eV ~]1 eV 1-150meV | 1-100meV ~10 keV 0.5-100 keV

0.0l -1meV | 1-1000meV |0.1-100meV | 1-100meV | 1-400meV -
Crystal Field Magnon Phonon d-d & e-h Plasmon Core hole

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

Energy and Momentum are connected through dispersion
relation :

w(q)

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

w(q) = wo

T'his dispersion relation may be complex for collective modes
such as Magnon, Phonons, etc... and 1s a fingerprint ot the
Hamiltonian parameters stabilizing the ground state.
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Energy and Momentum

Elastic
o
— _1 .1
g; Charge - dd Compton
U DEEEH cxcllalions CovaHole
E‘: o “ Plasmons o
- Magnons

L 10 100 1000
Energy (eV)

N -

I @irntol Crystal Field Magnon Phonon d-d & e-h Plasmon Core hole

Energy A ~ 10 meV 10-100 meV SR ~ 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=k; — ky
h2

e
2m

2
= \/zkz_ SR
k?)

Lnergy ime V)

Lnergy ime V)

Energy imeV)

ey ime V',

q
9 -k
\/kf — T;sz cos(26) i
ki=1.570A"

0.8

1.0 1.2 1.4 L.6

q (iz'?\- : “|
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Energy and Momentum

q
<= Photon kinematic limit (close the triangle) Q
b= k‘z —= k 2 : 'k :
! = = 2k?(1 — cos(26)) — 250 (1 4+ cos(20)) :

c2 C

w="he(k; — k)

= X-Ray: w << ck; = q~= \/1 — cos(20)k;

Kinematic limit for X-Ray = Momentum Conservation
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Spin Angular Momentum

<= Neutron Spin Angular momentums, = ig

AS =0 : Non Spin-Flip excitation
AS =1 : Spin-Flip excitation

<= Photon Spin Angular Momentum S, = £a
AM =0 : Linear Polarization

AM = -1 : Right Circular Polarization
AM = +1 : Left Circular Polarization
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1.2 Inelastic Scattering




Inelastic Neutron Scattering

Interaction neutron-nucleus

Fermi pseudo-potential for nuclear interaction
27 h?

iz

V() =

b6 (7 — R)

m,  : neutron mass

b : scattering length (complex and 1sotope-dependent)

. .
Scattering length . | |
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Inelastic Neutron Scattering

Interaction neutron-nucleus

Fermi golden rule : w;_,; = Pf% (| V]s))?

(=
Vi) = T =
L . [ wddr= [ pidr=1 e o= o
Vf) = ets-T 18 % V m,
VvV
() 0 40 :
D dn d§)  dn dVy dky d2 V 42 GARE =V e 2

dE; 4n ~ dVi dky dEf 4m — (2m)3 T h2kp 4m  (27)3h2

0o 1 Wisraa  ky
o  d, df k;

Elastic Structure Factor F(Q)

X
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Inelastic Neutron Scattering

Interaction neutron-nucleus
. 2
Fermi golden rule : w,_,; = P@‘Pf% (i [V )| 6(ws — ws — w)

0o 1 Wisst.d0,dw

0NOw &, dQdw
+00

= k_f Z balb@/ (19 (Ray (0)=Ray 1))y g—icot gy

— 0

ai,a2

= IZ Dynamical Structure Factor

S(Q,w) = F Pair correlation function

Time-dependent atomic position : R.(t) = R, + 7, + @, (t)

R : cell position, r, : atom position 1n the cell
20
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Inelastic Neutron Scattering

Interaction neutron-cristal

Inelastic scattering cross-section :

—+ o0

0o kf AT e i =) i@ (Tay (0)—1a, (8))\ ,—iwt
e St | G =

— 0

C1,C2 ajl,a2

Thermodynamic average :

<€¢Q.(aa1(0)—ﬁa2(t))> ~Way ~Way o(Q-(Tay (0)~Tay (1))
i e—wcbl—m2

Elastlc Scattering  Inelastic Scattering
‘Q g, (t ‘ ) : Debye-Waller factor

h . = —_ —_ o

— o ( Q. a_ t) =4 )

U \/ T QT » : harmonic phonon mode p
]
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Inelastic Neutron Scattering

Phonons

Elastic cross-section

Inelastic cross-section
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Inelastic Neutron Scattering

Phonons

X [(1+np(wp(q),T))0(w — wp(q)) + np(wp(q), T)d(w + wp(q))]
Inelastic Structure Factor

e
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Inelastic Neutron Scattering

Phonons : creation and annihilation

2
— N ) e bae—Wa ezQ.ra
- > A=

00w Vo -
GeRS o
2
kf (27)° G R 2
> Q-7-G 5?5“\/,,% e (G -fia p)
geBZ p 2k

X (1 +np(wp(q), T))d(w — wp(@) f+ nB(wp(q), T)d(w + wp(q))]

Energy conservation : creation process
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Inelastic Neutron Scattering

Phonons : creation and annihilation

2
0%0 2m)° eI o
= N 5 4 G bae_WaezQ-Ta
- > Q-G |>

00w Vo -
GeRS o
2
kf (27)° G R 2
> Q-7-G 5?5“\/,,% e (G -fia p)
geBZ p 2k

X (1 4+ np(wp(q), T))d(w — wp(q)) Hnp(wp(d), T)d(w + wp(q))

Energy conservation : annihilation process
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Inelastic Neutron

Scattering

Phonons : creation and annihilation

— N E ) e E :bae—Wa ezQ.ra
0 = (Q ) 5

2

np(wp(q), TP (w — wp(q)) Hns(wp(q), T)P(w + wp(q))]

=10 0 10

Lnergy imeV, Lnergy (meV’

2
YT h e A B
—Q—G): ;C;\/mawp(@bae WaeQ a(Q'“’a,p)
ki
K k,
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Inelastic Neutron Scattering

Phonons and polarization factor

0’0

kf 27T -
00w Z U=

1nel 'L vo geBZ

—

q—

5

p

h W,
;j \/mawp(@ Z

X [(1 +np(wp(q),T))o(w — wp(q)) + nB(wp@» T)o(w + wp(q))]

Sensitive to displacement parallel to G =G +¢

A

)

2

—

)

%.G. € « «

s Q

F. L 3 € € (8
@ presiseis Lo

47

Longitudinal
~



https://fr.wikipedia.org/wiki/Pi_(lettre_grecque)
https://fr.wikipedia.org/wiki/Pi_(lettre_grecque)

Inelastic Neutron Scattering

Phonons and polarization factor
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Inelastic Neutron Scattering

Neutron Facilities Worldwide
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Inelastic Neutron Scattering

Experimental setup : Iriple Axis Spectrometer (T'AS)
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sample orientation table
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Monochromator (first axis) : Incident energy
selection
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Inelastic Neutron Scattering

Experimental setup : Iriple Axis Spectrometer (T'AS)

Sample (second axis) : Q) selection
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Inelastic Neutron Scattering

Experimental setup : Iriple Axis Spectrometer (T'AS)

Analyzer (third axis) : Final energy selection
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Inelastic Neutron Scattering

Experimental setup : Iriple Axis Spectrometer (T'AS)

Detector

2
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Inelastic Neutron Scattering

Experimental setup : Iriple Axis Spectrometer (T'AS)

Thilles @71 | — Thilles @11 S — Thalles @IL vy

A

Elastic Inelastic Inelastic

: Transfered : :
Incident energy Resolution Oiax - Omax Resolution

(meV) egrr;eer\g/}; (meV) (A1) (AY)

Spectrometer

0.05 @1.05A"!
2-25 T 19 0.2 @1.57A"! 0.01 -3 0.01
1.2 @2.662A!

0.8 @2.662A"!

Thermal 10 - 140 0-100 3.5 @4.1A"!

0.3-10 0.01
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Inelastic Neutron Scattering

Experimental setup : Iriple Axis Spectrometer (T'AS)
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Inelastic Neutron Scattering

Experimental setup : Iriple Axis Spectrometer (T'AS)

Point-to-point acquisition

Sample orientation, incident and final energy can be selected
Constant Q and w scans

Resolution : 4-dimension ellipsoid, 6w o k3

550

»CaFy 77 &
VA4

400 |
350 r
300
250 r
200 r
150 r

Intensité (M=2 000 / tps=2 min)

100 ¢ =214
P=3.77
S0 r W=0.17
0 1 1 1 1 1 1 1
36 37 38 39 4 4.1 42 43 4
(H,0,0) (r.l.u.)

)




- ——— —

— . — — ——— -

Inelastic Neutron Scattering

Experimental setup : Time Of Flight (TOF)

33




— -

Inelastic Neutron Scattering

Experimental setup : 1Time Of Fhght (1OF)
Map acquisition : parabola in (Q,w) space :

il e
( Z _hw) =5 (@1 + (i -Q,)")

2m __m

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

(9102) $1810SI ‘T APV ‘19§




Inelastic Neutron Scattering

Superconductivity

< 200 , d 20—+ —r

1.8t ~
150k = > 16F § 1=
ﬂ g . "‘\ -."of w
5 = 14F ¥ | &
<) = I 3 Lo {1 {6
v I | ! N
S 100~ — ] o e 1z
- — ' =2
2 € 10- o
Z 9 =
50+ - é’ 0.8+ | ) 11

A TR S|
0.6+ | ' e B

25 l 1 l l l l l 0.4 L_-J - i N - e

1 2 3 4 5 6 7 0O 10 20 30 40 50
hw (meV) Temperature (K)

Phonon lifetime increase below 1'c
Estimation of the gap (BGS)

2A =4.44+0.6 kglc
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Inelastic Neutron Scattering

Charge Density Wave
NbSez m.. o u-8
- ’ 4 { - Aeow - ol
O }M-.\ \ \s_a.-“ :
5 _° 7 \Y 474 |
23 ’ 'L x* ||:
c E ‘& / =
S 4+ MW T=250K ‘x;‘ }’ 118
2 -@ T=50K \ve-e" 2
a -A T=33K \ , =
W T=8K I S
0 v AAa =
00 01 02 03 04 05
(h, 0, 0) (r.l.u.) |

Softening of the phonon at the CDW wavevector
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Inelastic Neutron Scattering
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Inelastic Neutron Scattering

Summary

<= Inelastic neutron scattering allows a direct measure of the
dispersion relation of acoustic and optical phonons w(§q)

= (Geometrical selection of transverse or longitudinal modes
<= Phonon intensity ~(Q)?2
<= 'T'his dispersion give access to :

- Interatomic potential and bonding

- Phase transition and critical phenomena (soft mode ...)
- Interactions (electron-phonon ...)
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Inelastic X-ray Scattering

“ I he photons which constitute a ray of hght behave like intelligent
human bewngs: out of all possible curves they always select the one which
will take them most quickly to thewr goal. ™

Max Planck
1918 Nobel laureate in Physics




Inelastic X-ray Scattering

Interaction X-ray-electron

Interaction light-electron :

V@) = L g A+ L1

MeC MeC?

m,, : electron mass
Neglecting the second order term :

V() = L pAF) = 17 Be -tk Te = &

MeC C

qb
e
C

0o ]{Tf i = 11 =2 iQ. 7oy (0) ,—iQ.Fes, ()\ ,—iwt
000 — &, 2 e 1EF] e e el
W ) —00

k > = = = [T o —iQ.R —iw
= 12 |&E” Y fur(@)far (@) / (et Vet
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Inelastic X-ray Scattering

Interaction X-ray-electron

Interaction light-electron :

2
V@) = L g A+ L1

MeC MeC?

m,, : electron mass

Neglecting the second order term :

— 7= E
V() = —p.A(F) = rEe-FTe= e
MeC C C

020' I k_f Z T2 |€—» = ’2 /+OO <ei@.Fel (O)e—ié.FeZ (t)>e—iwtdt
00w kz S SR —
k -y [0 =i .
= e lEdl” > Yer (@ (@) /_ = (e s e e
= k_ng .22 5(0,) Scattering form factor

/ﬂ,,; 40
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Inelastic X-ray Scattering

Depends of the electronic density :

Form factor of an atom

X-Ray

I

' y

-—
-

Scattering length

.+ 0@
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Inelastic X-ray Scattering

Interaction X-ray-electron

Interaction light-electron :

2
V@) = L g A+ L1

MeC MeC?

m,, : electron mass

Neglecting the second order term :

— 7= E
VAT = : p.A(T) = 5 Bo= ik o idetats
MeC C C

820' I k_f Z 7"2 |€—> E—» ’2 /+OO <ei@'7?€1 (O)e—ié.FeQ (t)>e—iwtdt
00w kz Fay FE oo
ki o 2 > B s Q. R, (0) —iQ. R, (t wt
= & .€7] Z fal(Q)fag(Q)/ s a1 (0) o —1Q.Ray ( )>e—zw dt
_ koA = F5(d,.) Polarization factor

/ﬂ,,; 5 A5




Inelastic X-ray Scattering

Polarization factor

Polarization in scattering plane : |&.&|° = cos(26)

Polarization perpendicular to scattering plane : [&.€f]° = 1

2 14 cos?(20)
= 2

Unpolarized beam : |g.¢

. . L] . . L
Polirization perpendicular (o scatenny plue

Unpolarized

FPolanzaon

i scatlering plane

Polarization Factor




Inelastic X-ray Scattering

Interaction X-ray-cristal
T1me-dependent atomic position : B, (t) = R, + 7, + @a(t)
R, : cell position, r, : atom position 1n the cell
Scattering cross-section :

0% Kf o015 -2 iQ.(R ) ZQ (Fay —Tagy)
aQaw == k,_ire ’673'6]0‘ Z € = 2 Z fal fCL2 ! 2

C1,C2 ai,as

+00 —
0 / (13- (Tay (0)=Tag (1)) =it gy

— 00
Thermodynamic average :

<6¢Q’.(aa1 (0)—q, (t))> —Wa, —Wa, e(Q(%1 0=, (B0

Elastlc Scattermg .+
‘Q Ua, (t ‘ ) : Debye-Waller factor Inelastic Scattering
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Elastic cross-section Phonons

Inelastic X-ray Scattering

1 phonon term
(1st order)

k -
-I-kf(v ef,,ef\ 2562 q — Z

qgeBZ p

T))o(w — wp(q)) + 15 (wp(9),

X (1 4+ np(wy(9), T)o(w +wp(q))]

'Q\l
N~
N~

x |1+ na(@p(@), T+ na(wp(@), T — wp(@) — wp
+ 205 (wp (@), T)(1 + n5(w)(q), T))O(w + wp(@) — wpr (¢)
+ 1 (wp(@), T (wh(d), T)O(w + wp(@)) + wyy <*>>

)2 phonons term |

(2nd order)




Inelastic X-ray Scattering

Synchrotron Facilities worldwide
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Inelastic X-ray Scattering

Experimental setup
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Inelastic X-ray Scattering

Reflection

Si(7,7,7)
Si(9,9,9)

Si(11,11,11)

SUERERE)

Experimental setup

Resolution

(meV)

Qmax X Qmax
(A

Resolution

(A

o A

17.794 3.0x .2 0.1-8.3 0.027 R
21.747 1.0+ .1 0.1-10.1 0.034 6.6 107
25.704 [ @kl 0.1-12.0 0.040 1.5 107
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Inelastic X-ray Scattering

Superconductivity
MGB (-.02 0O 3.32) 300K (a) | Eog ——
One Phonon ——
Ab-Initio Model One + Tw Phonon
a - N —
® Mng
_ * Data
----- One Phonon ,5.‘-' :
- Two Phonon ' 50 70 90 110
i
- % s '." : 7 (b) § (2.32 0 0.01)
N L f =
e et (2 27 0 -.01)

(2.23 0 -.03)
5}#_\‘\-.:-—

[ntensity [arb. u.]

(Inc. 2-Phonon
Contribution)

G0 80

(L002) (M)S0S020 SL ‘d ‘A9 *sAyd

L - (2.15 0 0.01)
< (2.11 0 -.01)
.%“—?——_
-40 20 0 20 40 60 80 50 0 90 110

Energy Transfer [meV]

Energy Transfer [meV]
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Inelastic X-ray Scattering

Charge Density Wave

o . SO |
a—m—295K
—0— 150 K I

g ¢ 45K /./’/‘(f
— \ P "?4
| p ¥

—
—_

:
1

\

Integrated Elastic Intensity (arb. units)

|

LM

3

D

=

>

o Er _— |

D 10} /‘/ | g=W T o

Lﬁ ./,.I f{.’_f ssonc

5 =

C — - |

5 5l m—=u 4 r —@—-T=5K
a — 1 = A1 K

10000 = —@—T - 150K

L

I
YBasCusOgy AT
0 0.1 2.2 0.3 0.4 .0 0.1 C.2 0.3 0.4 2.5
Kin (0, K. 6.5 Kin (0, K, 6.5)

0
0

($102) 8S-76S ‘01 So1sAyq samyeN

Phonon softening at Qcpw : fingerprint of GCDW
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Inelastic X-ray Scattering

Summary

<= Inelastic X-ray scattering allows a direct measure of the
dispersion relation of excitations w(cj)

<= (Geometrical selection of transverse or longitudinal mode
<= Phonon intensity ~Q)?
<= 'T'his dispersion give access to :

- Interatomic potential and bonding

- Phase transition and critical phenomena (soft mode ...)
- Interactions (electron-phonon ...)
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Inelastic X-ray Scattering

Summary

INS

Strong w-Q correlation:
Kinematic limit
No polarization factor
| 28 oY

Incoherent Scattering
Bulk measurement
Large beam ~ cm

Resolution down to 0.1 meV

[XS

No w-Q correlation :
No kinematic limitation
Polarization factor :|&.€;|?

I ~ 22
No incoherent Scattering
Strong absorption ~ A3Z4
Small beam ~ 100 pm
Resolution ~ 1 meV




Raman Spectroscopy

Interaction light-electron

Interaction potential : V() = —jiing-E;

Thsisss = 0T — ThordTh e (8_&) Q.E; : induced dipole moment
W
Qp(t) = Qocos(wpt) : normal phonon p

E; = E;cos(w;t)€ : incident photon
Ay gy gy . ;
aye gy Q| Polarization tensor

Qll

Qzx gy azz_

Qp(o) € gf
—0 53

da Sl ol
(acg) Q,(1).&)e "t dt

S - — — -




Raman Spectroscopy

Sensitive to polarizability variation

E, = E;cos(w;t)éE;
Qp(t) = Qocos(wyt)

Stokes Scattering

Energy
High 4

Low

Virtual leval

Incident light

VAANVAANVA W

Vibrational |
level |

Rayleigh scattered light
//’\ f\\ /’A\\,

Ground level

Electron

Stokes
Raman scattered light

~N

-

-
b

e

g

~

-

“ - o - . . ) -
Friergydifferencearises
h 4 Vi

(c)

o Virtua Icvcl*

Anti-Stokes
Raman scattered light

AVAVA VANV AN

S




Raman Spectroscopy

Sensitive to polarizability variation

4o — 8_ — -
Hind = aO.Ei -+ _Oé) Qp(t)EZ EZ = Eicos(wit)e_;-
Q=0

Qp(t) = Qocos(wpt
h Scattering A

&QoFE;cos((w; + wp)t)| Anti-Stokes Scattering

Stokes Scattering

Rayleigh scattered light
— - R A — -
= Anti-Stokes Raman scattered light Stokes Raman scattered light
£ , , : : . . . :
I .
S '
= :
= :
s
= H \
]
[ =
s U U e
e J\ A-)\‘ | - —————— .;%. - "s :.’\ - - : N B, S _.44._;“\-"\. ___4,?‘.____\_'-___; - _._d" "v‘_‘"_.. .;> P —— '
*\Nave number (em) -1000 -200 -00 -400 -200 C 200 400 600 800 1000
Wavelength (nm) 205 270 >1¢ =27 =22 >32 238 >4 >20 226 002
l—-__—_—__m-—-—-—__--_—-_-—____\“———-—u_--_




Raman Spectroscopy

~c—>

4 - y "\\ : /
ki |
“ . - 1 0 ——C=) C—-¢—-C o
) 0 +Q  -Q 0 +()
Normal coaordimare Normal coordimate .-.-.

3 Raman active modes : ] Raman active mode :
o= oa
(@)Qﬁo (@Qﬁ“
9 Raman 1nactive modes :
oa
(%)QO T

Relation with the mode symmetry !!!
o

— — . -




Raman Spectroscopy

Nomenclatura : Mulliken symbols

Symmetric with respect to the main axis of symmetry

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

Symmetric with respect to the center of inversion

Antisymmetric with respect to the center of mversion

Doubly degenerate with respect to the main axis

Triply degenerate with respect to the main axis

Fourfold degenerate with respect to the main axis

I'ivetold degenerate with respect to the main axis

Symmetric or antisymmetric with respect to a rotation axis
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\

Py e £ 0 —C=) C=C—~C ¢
» R M “4 ‘/ H : J '1 "
‘& 0 +Q -0 0 +Q
BQ Normal coaordimare Normal coordimate

3 Raman active modes : ] Raman active mode :
o= oa
(@)Q_ﬁo (@Qﬁ“
9 Raman 1nactive modes :
oa
(@)QO T

Relation with the mode symmetry !!!
3

— —
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Raman Spectroscopy

Triclinic Monoclinic Trigonal Tetragonal Hexagonal Cubic
(Rhombohedral)
C; 1 C C; 3 Cy 4 Ce 6 T 23
G 1 GCs Cs; 3 S4 4 Csn 6
Czh 2/m C4h 4/m C6h 6/m Th m§
Cy, mm2  Cjz, 3m Csy,  4mm Cey, OmMm
D54 3Im D>y 42m D3, 6m2 Ta  43m
D» 222 D; 32 Dy 422 Dy 622 O 432
Dy, mmm Dy, 4/mmm  De, 6/mmm O, m3m

Symmetry element

Schonflies notation

International (Hermann-Mauguin)

Identity
Rotation axes
Mirror planes
1 to n-fold axis
|| to n-fold axis
bisecting £(2,2)
Inversion
Rotoinversion axes

Translation
Screw axes

Glide planes

E
Cy
(o)
O
Oy

1
n=1,2,3,4,6

— —




Raman Spectroscopy

CaCOs R3c(#167)
Ca (6b) : (0,0,0)
C (6a):(0,0,1/4)
O (18e) : (x,0,1/4)

o

Character Table
D3g(-3m) | # |1[3 |2 mq functions
Mult. 11213 3

1

-1

-1

Jz

0 J(x%-y2xy).(xz.,yz){Jx.Jy)

1

0

(X,y)

58

5 Raman active modes

e | 1 |- | | | |3
6a | - | - | - || ]1
6b
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Raman Spectroscopy

Q

Character Table
Dag(-3m) | # |13 [2|-1|-3|mg functions
Mult. - [112)13|1]12] 3

A1g (111 (1[1]1

Axg |||t |-1]1|1]-1

Ag |re 111 ]-1]-1]-1

Jz

Eg r3*{2[-110[2[-1| 0 F(x%-y%xy),(xz,yz){Jx.Jy)

Ay | [1] 1 ]-1]-1[-1]1

E, |[rg|2]-1|o|-2|1]0

(X,y)

58

CaCO3 R3c(#167)
Ca (6b) : (0,0,0)
C (6a):(0,0,1/4)
O (18e) : (x,0,1/4)

5 Raman active modes

Raman tensors :

A1g Eg,1 Eg,2
= -C
a -C -C
d -d
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Raman Spectroscopy

Back-Scattering Geometry

- kf Ef
o
AT 2%

Y(XX)Y = a,p =a+c

59
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Raman Spectroscopy

Back-Scattering Geometry

, 47,
1k E e k E
4—_>f L 4—_>f ;
— ki /Ei X —L ki /Ei
Y(XX)Y = oz, =a+c Y(X2)Y = a,, = —d
A1g Eg,1 Eg,2
g cl ]|
a < |d|-c]| - :

59
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Y(XX)Y = a;, =a+c Y(X2)Y = a,, = —d

Raman Spectroscopy

Back-Scattering Geometry
A.
N— k E

=aaae
) P Sy
AT £4% e T

Z(YZ)Y = ay, =d
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Raman Spectroscopy

CCcD

Focusing
Lens

Beam —y

Splitter NGtEH

Filter
Microscope

; Objective
SAMPIL m

Intensity

-

1 '. 3 "
g 15 FRDSTL B SR b R S P !
~,
: d

fl IR

LL]

H‘&,-r""o— L
I

i

1y

A 1A T 2
E N A A ‘,ly&’, TR ) L At
N, it et T LA

1 W I et

&
.'"' N [
ik ’T' 7, flf

P 1
A - Yl R A
) g AV MY (3
)y',“,-‘."ﬁ" ‘-4" ol W

¢ | |
\ 44«

|
»

{

i h
’

A1l s 'L \
L 4 LY | 2 o
-

ftd, . N
Ty

XY
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Y7/,

Tl Ao {"\ At

X7

5 A | ) I Y 3 ) ’l"| A s Kt ' o
Li.~,«,‘°) LI AW byt { Wekgr” YN DA A
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Raman Spectroscopy

Phonon energy decreases at low temperature

Ferroelectricity
i (a)
0 § (b)
= %o ’
- tod
=] '? ' -~
> 0.2t ‘i E 1.0t
: |SrTiO E
(V)
O 1103 3
o
0 , \ . . N 'Q
) 0
0.5 .0
.i
0.4} o
™ J
= }i * 5
- gt |E L §
0.2} LA C ouf
< ' | {3}# o
§ . g()‘z_ é i} ? :‘
§‘ }. X N L . . . o
0 20 4 60 80 W07, 120 0 20 40 60 80 1007, 120
Temperature (K)

(€861) 1¥8 ‘91 D *sdyq [

Fingerprint of ferroelectric transition
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Raman Spectroscopy

Charge Density Wave
138 v 1 v
I Eg- phonon
134F*90® 0 s 0evgeeng-
118L v T v 1 v
e A, - CDW - ;
l:'?: 114+ , ¢ ! - rq
£ e —————— —
: Y J
£ S pypees, E-COW q | =
= 2P 2 ; (&
- e o : N
¢ 70} . 112
Q o =)
c s o J N
66 fry e . =
Tlsez = S
3 ~——
62}
. -
L
40 60 80 100 120 140 80 100 150
Energy Shift (cm™) Temperature (K)

Amplitude mode : zone-boundary (L. point) transverse acoustic

phonons folded to Q=0 zone center (I point) due to GDW
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Raman Spectroscopy

Summary

<= Sensitive to zone center (Q=0) excitations
<+ Polarization enables mode-symmetry selectivity

< (G1ve access to :
- Ferroelectric instability

- CDW fingerprint
- Iranslational symmetry breaking

<= Overdamped peaks for metals

<= Beyond this lecture : Hyper-Raman, Resonant Raman...

63




1.3 Absorption and Emission
SPECtroscopy
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Infrared Spectroscopy

Interaction light-electron
Interaction potential : V() = —fing.E;
of

Bind = fio + (—) Qp(wp,t) : Induced dipole moment
9Q ) o

Qp(wp,t) = Qocos(wpt) : normal phonon p
E; = Eicos(wit)€; : incident photon

() = (g‘—g)Q_O : > / ;w<@p<o>@p<t>>e—wdt

2 (g_g)mécs(w)

66
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Infrared Spectroscopy

. =¥ e :
’_,/A g n
/’:‘\\4 2 //’A o, -0 ¢—C— P g
Q 0 —C=) C e
A Q-
\ 1 / Nnrm il ¢ (mrdm e \anm al (nm‘dm e - . — 90

3 Raman and IR active modes : ] Raman active and IR 1nactive mode :
Ja o Ja %) =
(acz)@_o#o (a@)on’éO (8Q>Q_o7é0 <8@ e

9 Raman mactive and IR active modes :

(30)0™  (80)0u™”

Relation with the mode symmetry !!!
68




Infrared Spectroscopy

CaCO3 R3c(#167)
Ca (6b) : (0,0,0)
C (6a):(0,0,1/4)
O (18e) : (x,0,1/4)

8 IR active modes

@

Character 'lable
Dag(-3m) | # [1|3 |2 ]|-1]|-3|mg functions
Mult 112|312 3
Ag M1 (1 ]1[1]1 x2+y2 72
Azg ¥ |11 ]|-1]1[1]-1 Jz

Eg (3" [2]-1]0]|2]-1] 0 [(x2-y?xy),(x2.y2),(Jx.Jy)

69

WP | Atg | A1y | A2g | A2u | Eu | Eg
18e | - - -1 2|3
6a | - . : 111
6b | - : 11 ]2




Infrared Spectroscopy

Absorption Geometry

v s g
kf
Dag(-3m) | # |13 [2|-1|-3|mg functions
Mult 1123|123
Ag |t |11 [1]1]1 x2+y2 72
A2g Y11 -1 1]1]-1 Jz

Eg r3+ 2 -1 0 2 -1 O (x2-y2SXY)s(leyz)s(JX1J)’)

T




Infrared Spectroscopy

Absorption Geometry

Ei| :
k  x

D3g(-3m) | # |13 |2 [-1]-3|mg functions " Uo T
35 4
Mut. | - [1]2]3|1|2] 3 2 \ :;g
~ 194 '.r."‘ 8 5 :',“-o‘:
Ag |rtl1]1|1]|1]1] 1 x2+y2 72 q Us3Os ;4 ™
& o) 7 3 A
9 J \
Pog |t 1)1 [-1]1]1]-1 Jz £ 20 A
N 2.2 % / Y
Eg |Fa*[2]-1|0[2]-1] 0 |(y2xy)(xzyz).(xdy) g 1 ] \
-2 1.0 - ,‘" \‘. /"
A |re 11 1]-1]-1]-1 : ! :
a = ! /
Aoy |y |11 |-1]1]-1] 1 . S
— :).01000 0(;0 S(;O 7:)0 5(;0 560 420
Ey M [2|-110|-2(1]0 (X.y) l Wavenumber (cm“_) ]
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Infrared Spectroscopy

Energy
3.1eV 2.5eV 2.0eV 1.8eV 600meV 300meV 100meV ImeV
Far IR
| |
400nm 500nm 600nm 700nm 2pm 4pm 12pm Imm

Wavelength




Infrared Spectroscopy

Coherent
Lght Source

Statiorary Mirror
L 1

Beam

litt - —
Spitter Recombined ~—

Beam Maving Mirrar

o, (@ em™)

600 - :
1
5 400-
|
o
200 -
0 —A—M
100 200 300 400 500 600

(0102) S¥ ‘So¥ g eorsdyg

Al
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Infrared Spectroscopy

<1> n =+e=mnq+ins

Ao

<2> Ezn%_n%+i2nln2:€1+27261 + 2€9
3) R =|ma] =@ = m@e) = 2mew)

i0(w) _ Mw) +ing(w) —
<4> st = n1(w) + ing(w) +

inrw)) == [~ =
5) Kramers-Kronig = ey = 2 [ (@) = In(r(w))
T Jo 02 — W2

R(w) = In(r(w)) = [r(w),0(w)] = [n1(w),n2(w)] = |e1(w), €2(w)]

Y

— - — — - o ————



Infrared Spectroscopy

Metal-Insulator 1ransition

0.4
() (12 GPa . sw
_-‘GGP.I ! 20 o Sw.
03+ 59 GPa i .
10.1 GPa - 250 T, 20
— 119 GP
’§ 0.2k 129 GP: £ z 10
~— — 139 GPa - s °¢
m "-'.., — g — m s g A A -
o-‘ - | 'M_ ey — ] 4
. —— ’_’.:.'.-?__'-— E )
%“““‘Nﬁ‘i"’ E " P(Ghi)
0.0 M | 2 2 1 M M 1 2 N g C: 150 &
e | © -
(h) N -;':/_,»«fj = B s
06 il gl T 2
~ N N ‘m -
2 . S Jo
— 04} 3 N | S d
. \ ols ; - N /'
- o a0 1200 1600
o2k \ w{cm ') 0r .
‘ b L .._.."'4",' 0GR IIV:T‘:
0.0l &_ ...... g'." ’ :l::l:‘
. P 1 P 0 — ettt
0 1500 3000 4500 6000 0 150 2000 e ano
-
o (cm ) wi{cm )
Metallization under pressure
e




Infrared Spectroscopy

Superconductivity

1.04 (@ = = = 50K Theory
8 ]WM

.....

A 1
0 200 400 600 800

R./R,
o e —
o O O
® O N
>-
.\\
A
A
L]
Ra/Riac
o — N oW RS
1
:.?
[\ &
1%?\:—

(L10T) 6S8 ‘€1 So1sAyg aanyeN

|- 1 ‘Exp 1 '
200 400 600
HsS ey oy
(b) = = = Theory g = 2500 meV
[ e Theory g = 400 meV
1.04 Y

0 100 200 300

e 1.02 T(K)
> ‘{’ 10 prensmnsoeenio
00 I e e 2 et
0.9
0.98F — 50k Exp = = = 50K Theory
—— 150K Exp = = = 150K Theory 0.8
L ) L A 1 L | A PR TP S J
70 80 90 100 120 140 160 180
Energy (meV) Energy (meV) ,

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

Strong electron-phonon coupling
e




-

Infrared Spectroscopy

Summary

<+ Sensitive to « translational » modes u

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

<= Polarization dependance of absorption

<= (1ve access to :
- Gap energy scale
- Optical phonon modes
- Optical conductivity, dielectric constant

A3
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X-Ray Absorption Spectroscopy

Selection rule

Interaction light-electron :

First order in p.A : dipole operator : V x p.€

N AS- =0

Second order in p.A : quadrupole operator : V o —i (p.€) (EF’)
AL =0,2
Only at high energy (typically more than ~7keV)

w7l

— . —
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X-Ray Absorption Spectroscopy

Energy
400000011

3ds/9 M5
3ds/o My

3pss2 Ms
3p1/2 My

35 M;

2p3/2 Ls
2p1/2 Lo

St k]

ls K

Core-hole Spectroscopy

Creation of a 1s core hole : K-edge

78
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X-Ray Absorption Spectroscopy

Core-hole Spectroscopy

Energy

Creation of a 1s core hole : K-edge

mEF Creation of a 2s core hole : Lij-edge

3ds/o M5
3ds/o My
3pss2 Ms
3p172 Mo

35 M;

2p3/2 Ls
2p1/2 Lo

St k]

ls K
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X-Ray Absorption Spectroscopy

Core-hole Spectroscopy

Energy

Creation of a 1s core hole : K-edge

mEF Creation of a 2s core hole : Lij-edge

Creation of a 2pi/9 core hole : Lo-edge

3ds/9 M5
3ds/o My

3pss2 Ms
3p1/2 My

35 M;

2p3/2 Ls
2p1/2 Lo

St k]

ls K

79
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X-Ray Absorption Spectroscopy

Energy
400000011

3ds/o M5
3ds/o My
3pss2 Ms
3p172 Mo

35 M;

2p3/2 Ls
2p1/2 Lo

St k]

ls K

Core-hole Spectroscopy

Creation o
Creation o
Creation o

- a Is core hole : K-edge
- a 2s core hole : Lij-edge
- a 2pisg core hole : Lo-edge

Creation o

- a 2ps/2 core hole : Ls-edge
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X-Ray Absorption Spectroscopy

Core-hole Spectroscopy

= Creation of a 1s core hole : K-edge
nergy

fOOOOOO-EF Creation of a 2s core hole : Lij-edge
: Creation of a 2pi,9 core hole : Lo-edge
3ds/o M5

3ds» My Creation of a 2ps/9 core hole : Ls-edge
3pss2 Ms
3p1/2 My

35 M;

Edges energy 1s element specific :

|

2p3/2 Ls
2p1/2 Lo

23 LI Gu K-edge : 8979 eV

Cu Li-edge : 1 097 eV
Cu Lp-edge : 932 eV
Cu Ls-edge : 932 eV

gj
80 ) Energy (ev)

ls K

Normalized absorption

=
5 -
A -
31
2 -
)
0




X-Ray Absorption Spectroscopy

Core-hole Spectroscopy

Pereray Creation of a 1s core hole : K-edge
A 000001 Creation of a 2s core hole : Li-edge
Creation of a 2pi/9 core hole : Lo-edge
3ds/2 Ms

372 M Creation of a 2ps/9 core hole : Ls-edge
p3/2 Ms

3p1/2 Mo

?)S h/‘[1 ° ° ° .
Edges energy 1s oxydation-state specific :
Z

2p3/2 Ls ) =
2p 1/2 LQ . %58 MNQ, stardard E
' | Protor ated MnO ®
25 L . fib 6852 | o =
§ 081 o fé‘ 6,550 - f‘ﬁ,iﬂ"f&\ * §

® 06 2 1 Reassembled { ©
g £ 6,548 + M0, standard MnQ,-pH4  § an
E 0.4 < § 3 M\n,oz standzrd u,_.
e . B o s
. ¥=4.26°X16535.69 | Gn
0.0 } Stanaards 6,544+ T~ mnoswrdard A=099 =)
6530 BS540 6550 6560 6570 6,580 oo e2s  so 85  ap B
Photon energy (eV) Mn valance E
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X-Ray Absorption Spectroscopy

Atom environment
| | "1 . XANES K-edge of solvated Ca
{ 1.4 b
| 12} -
1} N
Wos

i 2 H,0 4H,0 6 H,0 8 H,0

Environment change the spectra shape

Enhancement of pre-edge peak for non centrosymmetric sites
82
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X-Ray Absorption Spectroscopy

Superconductivity

rb. units)

Normalized intensity (a

(a) | 1 1

P=10.6GPa
m P-8.6GPa
H . P=6.6GPa
M __ __ P-49GPa
m P=2.0GPa
x=0.047 P=1.4GPa
x=0.015 . P=09GPa
x=0.000 P=0.0GPa

I 1 1
11885 11895 11905

Incident energy (eV

1 1 1
11885 11895 11905
Incident energy (eV

rb. units)

Normalized intensity (a

83

. , Prejsure (CZPa) . " BaFeZASZ
(b)

0.35 T T T

(a) Pressure —e—
Doping —4&—

03 T

0.25

02 |

Intensity (arb. units)

0.15

0.1 |

Difference

0.05

00.

(S102) T00LLI ‘%11 THd

-0.05

1 1 1 1 1 1 1
0 5 10 15 20 25 2.4 2.38 2.36
Xgo (%) dre-as (A)

As K-edge. 1s —> 4p

As p orbital involvement in phase
transition : (dr.+pas)
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X-Ray Absorption Spectroscopy

Summary

<+ (Chemical/Element selectivity
<= Orbital selectivity (via energy and polarization)
G

1Ive access to :
- Direct empty DOS for K-edge
- Information on DOS for L-edge (but more tricky...)
- Symmetry of the absorbing atom site

O
G

<= Beyond this lecture : polarization eftects, Charge Iranster
Multiplet (L-edge)

84
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Resonant Inelastic X-ray Scattering

Energy
40000001

3ds/o M5
3ds/o My
3pss2 Ms
3p172 Mo

35 M;

2psso Ls
2p1/2 Lo

St k]

ls K

Emaission lines

Ka1: 2ps/g—> 1s

36
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Resonant Inelastic X-ray Scattering

Energy
40000001

3ds/o M5
3ds/o My
3pss2 Ms
3p172 Mo

35 M;

2psso Ls
2p1/2 Lo

St k]

ls K

Emaission lines

Ka1: 2ps/g—> 1s
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Resonant Inelastic X-ray Scattering

Emaission lines

S ISHE=2paio— = Ls
Ka2: 2p1/9—> 1s

: 3pssg—> 1s
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Resonant Inelastic X-ray Scattering

Emaission lines

4000000~ 1 Kaz: 2p179—> ls
: = Kgi: 3ps/o—> s
5/2 5 -
3dse My Kps: 3p1/o—> 1s
3pss2 Ms “
3p1/2 My
s M Emission energy is element specific :
2psso Ls
2p1/2 Lo

% L CuKa:8048eV  CuKpis: 8905¢V
Cu Kuo: 8028 eV
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Resonant Inelastic X-ray Scattering

Energy

3ds/9 M5
3ds/o My

3pss2 Ms
3p1/2 My
3s  M;

2psso Ls
2p1/2 Lo

St k]

ls K

Kal

Koo

Kgi

Kgs

Emaission lines

Dy La1: 3ds/o—> 2ps/2
2PT = S Lag : 3ds/2—> 2ps/2
O =l
SP/0 el Lpr: SdsromsrZ i

Emuission energy 1s element specific :

Cu Kq1: 8048 eV Cu Kpi3: 8 905eV
Cu Kyo: 8028 eV

Cu L
Cu L

2 IECNE Cu Lpi: 950 eV
929 eV
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Resonant Inelastic X-ray Scattering

2 photons process

Interaction light-electron :

2

V@) = L g A+ L1

MeC MeC?

Second order
XAS : V@) = —75AF XES : v@) =

me me

1 5 A7

Intermediate state
(no photon)

V(2)(w) = ( q ) Z (flp.A |n><n|Az1L@3

Intermediate state :

MeC E; — Ep + hw — 12
2
0o 2/@- j (n|p.€|7)
—— =r5— |€.€; o
0% — ks | I E E,+mw—il> | Dipolar

= approximation
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Resonant Inelastic X-ray Scattering

Direct RIXS

INITIAL FINAL

energy | valence band

;

photon in "l photon out

. ./
ol 7

|
/
I

-\

|
|
core level

RIXS = XAS + XES

Probes valence and conduction states directly
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Resonant Inelastic X-ray Scattering

Indirect RIXS

photon in

K,w,

INITIAL

energy

4

core level

INTERMEDIATE

A\
\X
=

FINAL

photon out

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

Total and Partial Fluorescence Yield
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Resonant Inelastic X-ray Scattering

Experimental Setup

X-ray Detector
>
% <
n:.- |I'|' O
N, )
N o0
Incident \9,/ .;;;‘:' =
| X-ray Beam ’ <ol * %
W AnalyZerCrystals E
/M/// ~
.--l.?:);n;];;-Circles
°.h-235_’-"“‘-'—-—_.__,_ I
‘mgnm 600 '8‘0;‘?-1—@._,___-&-;0 s |
X-ray Ditfraction Fluorescence RIXS

Probability 0.01

Probability 0.001 Probability 0.00001
ok
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Resonant Inelastic X-ray Scattering

Heavy fermion compound

-
1.4} * p iGPa) _ 3.00-"") | ------- %%%%% > }{E ----------------------- g
2 1.2} EIA 4 / : 1 %*ﬁ%%@ ' # 4 JR S— =
é 1.0k \ 2F ’/f \ §2.90- % | #‘%‘% éT:S?é)K' N, %%%%{ i \"_‘
% 0.8t \ ‘ adl §2.85'¥x ?‘ - KZ | S } % ------ % ------ % B g
S 0.6 - %%'% S % """ b 1) =
g 0.4¢ = % o&fT 2.8} %%% ® p=15GP g
- 0.2r 2.75%{' 5 p1ko 15 3 3 ﬂ
. - 0 5 10 15 20 0 100 200 300 S
p (GPa) T(K) N
1.6 =
S 1.4t
2 12
|5
£ 1.0r
o
8 osf
£ o Yb Ls-edge. 2p —> 3d
S 0.4}

o
N

7
1510 1520 1530 1540 1550 1510 1520 1530 1540 1550
Energy transfer (eV) Energy transfer (eV)

Valence fluctuations as pairing mechanism ?
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Resonant Inelastic X-ray Scattering

Electron-phonon coupling constant

402

401

100

PROET ey T8V

399

388

307

Maode ON stretching ON shding ON bending
1 2 3

erystal [26]  k-ET.Cu
a 2100-2140) 508515 195.225
[ 260265 6364 2428
cluster Cuz(CN)sHy ecalewlations
a (6%) 2258 510 200
Fiw (6%) 280 64 5

| 5(6%) 0.334 (0608 (.235
g (9%) 230 71 17
A(35%) 0.076 (.032 0.004

e et e e e b . el . b

(L102) €0S¥81 ‘96 TId

Sensitivity to phonons through
electron : several harmonics

x-(BEDT-TTF).Cu,(CN)
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Resonant Inelastic X-ray Scattering

dd excitations

incoming
polarization

intensity (arb. units)

(L10Z) 2O¥LOT °LO1 THd

Crystal Field of 11 (3d!) Lis-edge (450eV)
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Resonant Inelastic X-ray Scattering

Summary

<= (Chemical/Element selectivity
<= Orbital selectivity (Incident and Final Energy, Polarization)
<= Small sample size required (< Imm?)
<+ (G1ves access to:
- electron-phonon coupling
- valence state and fluctuations

- dd excitations

<= Beyond this lecture : Polarization eftects, Multipolar extension,
Interference terms...
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