


Outlook

Inelastic x-ray scattering
e scattering kinematics
* a bit of formalism

Non-resonant inelastic x-ray scattering
e examples

Resonant inelastic x-ray scattering
e examples

Instrumentation for (R)IXS

(Why inelastic x-ray scattering?)
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Inelastic X-ray scattering

X-ray in — X-ray out process

20

L ~ 1-10 A : comparable to direct lattice spacing
(k ~ 0.1-1 Al: comparable to reciprocal lattice spacing)
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Inelastic X-ray scattering

X-ray in — X-ray out process

20

o =c|k| ~ 1-10 keV : access core-levels
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Inelastic X-ray scattering

X-ray in — X-ray out process

20

(non) trivial polarization dependence
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Inelastic X-ray scattering

o, close to an absorption edge? Resonant vs. non-resonant

I LI 1 1

CulL,; XAS

(c)

(b)

Intensity (arb. units)
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CuO

Cu,O
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Photon energy (eV)
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M. Grioni et al., Phys. Rev. B 45, 3309 (1992) POLITECNICO MILANO 1863




Inelastic X-ray scattering

10
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Inelastic X-ray scattering
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Inelastic X-ray scattering

Distinction based on ®, and/or o, (or ® = ®, -®,)
non-resonant resonant

X-ray diffraction,
X-ray reflectivity,
SAXS, WAXS,
XPCS, ...

o F*0
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Inelastic X-ray scattering

Distinction based on ®, and/or o, (or ® = ®, -®,)
non-resonant resonant

X-ray diffraction,
X-ray reflectivity,

=0 saxs, Waxs,

XPCS, ...

(N)IXS, X-ray Raman
o £ 0 scattering,

Compton scattering,
XES, XRF
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Inelastic X-ray scattering

Distinction based on ®, and/or o, (or ® = ®, -®,)

non-resonant resonant
X-ray diffraction, Anomalous x-ray
=0 X-ray reflectivity, diffraction, resonant
SAXS, WAXS, x-ray reflectivity
XPCS, ... R(E)XS, RMXS
(N)IXS, X-ray Raman
© =0 scattering,

Compton scattering,
XES, XRF
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Inelastic X-ray scattering

Distinction based on ®, and/or o, (or ® = ®, -®,)

non-resonant resonant
X-ray diffraction, Anomalous x-ray
=0 X-ray reflectivity, diffraction, resonant
SAXS, WAXS, x-ray reflectivity
XPCS, ... R(E)XS, RMXS
(N)IXS, X-ray Raman Resonant inelastic x-
scattering, ray scattering,
wF*0 :
Compton scattering, resonant x-ray
XES, XRF emission
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Inelastic X-ray scattering

Distinction based on ®, and/or o, (or ® = ®, -®,)

non-resonant resonant
X-ray diffraction, Anomalous x-ray
=0 X-ray reflectivity, diffraction, resonant
B SAXS, WAXS, x-ray reflectivity
XPCS, ... R(E)XS, RMXS

(N)IXS, X-ray Raman ] Resonant inelastic x-
scattering, ray scattering,

Compton scattering, | resonant x-ray
XES, XRF emission
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Inelastic X-ray scattering

Various excitations over an extended energy gain/loss range

T T T T T T T T LI B

elastic ||| crystal-field “ .
L absorption
excitations
= . _ edges
p guasi-elastic magnetic
©, excitations Compton peak
> | anti-Stokes
(7 Stokes phonons
% phonons P plasmons
-0.1 -001 -0001 0.001 0.01 0.1 1 10 100 1000 10000

W, =W [eV]
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Inelastic X-ray scattering

Intrinsic IXS “parameters” (o, q, €)
; - resonant vs. non-resonant, Raman vs. fluorescence

M —
“ Q=-0
=y =-0.
y —Q
vvvv QLO-
Q=0
u)i_Wo
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Inelastic X-ray scattering

Intrinsic IXS “parameters” (o, q, €)
g : interference effects (diffraction), local vs. collective excitations,
multipole expansion contributions, ...

Wi We
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Inelastic X-ray scattering

Intrinsic IXS “parameters” (o, q, €)
(€,,€,) : symmetry, nature of excitations (e.g. spin vs. charge)

—_—

ﬂ = 0T ~
(.Ui_w0
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Inelastic X-ray scattering

(R)IXS cross-section from light — matter interaction...

i p; + eA(r;)]? P i p; + 2¢ep; - A(r;) + ¢*A(r;)? n

H

2m 21

.
2o

T

+H + ... =Ho+H
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Inelastic X-ray scattering

(R)IXS cross-section from light — matter interaction...

2 i pi AP i p? +2p; - Alr,) + *A(r)?

2m 2m

=S P = H

...in second order perturbation theory

(fIH|n) (HI%’IQ)
YT . Z E, + fiw; — E,,
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Inelastic X-ray scattering

(R)IXS cross-section from light — matter interaction...

1y — i pi + eA(r;)]? P i pP; + 2ep; - A(r;) + e*A(r;)? n

2m 2m

NP W

...in second order perturbation theory

2 / (I ) ([ 1g) |
W = — 7 (fIH g Z E, + hw;, — B, 5(Ef+hwo_Eg_h‘*’i)

f
non-resonant POLITECNICO MILANO 1863




Non-resonant inelastic X-ray scattering

Dynamic structure factor

2

>
" S(E; + lwy — B, — liw;) =

W=~ —

h

R

82 N
S D (A g)

2

N
S (16 g)| S(Ey + sy — B, — ) = S(a,)

S(q) = / S(q,w)dw  (static) structure factor — e.g., XRD
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Non-resonant inelastic X-ray scattering

The fluctuation-dissipation theory connects the dynamic
structure factor to the complex susceptibility

1 1

S(q,w) = =T Ej{_td/‘.!CBTIm{)((q,t.u)}

or to the complex dielectric function

1 ¢ L
S(qﬂw) — 1 _ E_WkaT 4?1-262 Im{ ' }
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Non-resonant inelastic X-ray scattering

High resolution IXS of phonons

T T T T T T T T LI B

elastic ||| crystal-field “ .
L absorption
excitations
= . _ edges
o guasi-elastic magnetic
&, excitations Compton peak
> | anti-Stokes
(7 Stokes phonons
% phonons P plasmons
-0.1 -001 -0001 0.001 0.01 0.1 1 10 100 1000 10000

W, =W [eV]
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High resolution IXS of phonons

High resolution IXS of phonons

150

Phonon energy (meV)
ﬂ

M. Mohr et al., Phys. Rev. B 76, 035439 (2007)
http://henriquemiranda.github.io/phononwebsite/phonon.html
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High resolution IXS of phonons

Relevance of phonons

structural properties (phase transitions, ...) &<

thermodynamic properties (specific heat, .
thermal conductivity, ...) R " Lot

mechanical properties (elastic constants,
sound velocity, ...)

transport properties (conductivity,
superconductivity, ...)
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High resolution IXS of phonons

1O}
Typical probes of phonons |

infrared absorption

Brillouin and Raman scattering

nuclear inelastic scattering

energy [eV]
o
N

thermal diffuse scattering

8|
inelastic neutron scattering 1071
electron energy loss ol
107 e
10° 10° 10 10% 10° 10°

q [A]
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High resolution IXS of phonons

Sound velocity and elastic moduli in single-crystalline graphite

12
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A. Bosak et al., Phys. Rev. B 75, 153408 2007 POLITECNICO MILANO 1863




High resolution IXS of phonons

Sound velocity and elastic moduli in single-crystalline graphite

Momentum Propagation Polarization Velocity
Notation transfer vector vector [km/s]
(1) LA[1 0 0] [1+£00] [100] {1 00) 22.16(17)
(2) LA(1 1 0) [1+&1+£0] [110] {1 10)
(3) TALL 0 0]y_20 [1-£1+£0] [1 -10] (1 10) 14.66(15)
(4) TA[T 1 0]y [1-2£1+£0] [-210] {0 10)
(5) TA[T 1 001y [1-&1-¢2] [110] Oo1n 1.48(6)
(6) TALT 0 0]ip01y [1-£0 3] [100] 001
(7) LA[0 O 1] [004-£] [001] 001 4.14(4)
(8) g-TA[1 1 2] [1+&1+£2+2€] [112] 2.02(2)
(9) g-LA[I 1 28] [1+&1+&2+28¢] [1128] 4.40(6)
(10) g-TA[1 1 35] [1+& 1+&2+35¢] [1135] 3.77(4)

A. Bosak et al., Phys. Rev. B 75, 153408 2007
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High resolution IXS of phonons

Sound velocity and elastic moduli in single-crystalline graphite

TABLE II. Comparison of our results with previous experiments and calculations. All values are in
GPa.

Cyy Cn Ci3 Cs3 Cys Ces B
Present 1109(16) 139(36) 0(3) 38.7(7) 5.0(3) 485(10)  36.4(11)
expt.
Previous  1440(200)*  180(20)¢ 15(5)4 37.1(5)2 4.6(2) 460° 33.8(30)¢
expt. 1060(20)4 ~-51(6)¢ 36.5(10)¢  5.05(35)®  440(20)¢
4.0(4)4
Theory C,+C,=1280°, —0.5¢ 40.8¢ 4.5, 3.9 38.3¢
C+C,=1283, 976, ~2.8, —0.46, 29, 2.4, 28.7"
1235, 1230" —4.68 1.9, 45, 27.8, 2.4
1118, 235, 217F 29.5, 42.2¢ 1.9, 41.2¢8
1079¢ 0.8, 30.4"

A. Bosak et al., Phys. Rev. B 75, 153408 2007 POLITECNICO MILANO 1863




High resolution IXS of phonons

Elastic moduli in hcp
cobalt at high pressure

Guu
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D. Antonangeli et al., Phys. Rev. Lett. 93, 215505 (2004) POLITECNICO MILANO 1863




High resolution IXS of phonons

Elastic moduli in hecp

: T iy
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D. Antonangeli et al., Phys. Rev. Lett. 93, 215505 (2004) POLITECNICO MILANO 1863




Non-resonant inelastic X-ray scattering

(N)IXS of valence electron excitations

T T T T T T T T LI B

elastic ||| crystal-field “ .
. absorption
excitations
= . _ edges
p guasi-elastic magnetic
©, excitations Compton peak
> | anti-Stokes
‘0 Stokes ph
-0.1 -0 01 -0. 001 0.001 0.01 0.1 1 10 100 1000 10000

W, =W [eV]
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(N)IXS of valence electron excitations

Relevance of valence electron excitations

optical properties (reflectivity,
absorption, dielectric function, ...)

electronic properties (electron-electron X, \ k4
correlations, crystal field splitting, SOC, ...) Yy : VAN
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(N)IXS of valence electron excitations

80

E.g., crystal field excitations in NiO
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(N)IXS of valence electron excitations

1
: oL L D
E.g., crystal field excitations in NiO L r
E— S R Y S
D+ / =
N1 3d-3d / Iy
/g\ o - P |
/E 0.6 —,‘.‘\\\ 31_‘_: 1_‘_: 1_,+
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L ] 1 8 \ 1_‘2 FS
0 5 10,15 Bdy e
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M. W. Haverkort et al., Phys. Rev. Lett. 99, 257401 (2007) POLITECNICO MILANO 1863
M. Fiebig et al., Phys Rev. Lett. 87, 137202 (2001)




(N)IXS of valence electron excitations

1
. T D
E.g., crystal field excitations in NiO ~ T r;
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B. C. Larson et al., Phys. Rev. Lett. 99, 026401 (2007) POLITECNICO MILANO 1863

M. Fiebig et al., Phys Rev. Lett. 87, 137202 (2001)



(N)IXS of valence electron excitations

E.g., plasmons in graphite and carbon nanotubes

—e— o Graphite EELS
—u—g HOPG IXS
—0—o VA-SWNT1 EELS
—0—o VA-SWNT2 IXS
—~— ¢ bundled SWNT EELS

Energy loss (eV)

C. Kramberger et al., Phys. Rev. B 81, 205410 (2010)
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Non-resonant inelastic X-ray scattering

(N)IXS of core electron excitations — XRS

T T T T T T T T LI B

elastic ||| crystal-field “ -
L absorption
excitations
= . _ edges
p guasi-elastic magnetic
©, excitations Compton peak
> | anti-Stokes
(7 Stokes phonons
% phonons P plasmons
-0.1 -001 -0001 0.001 0.01 0.1 1 10 100 1000 10000

W, =W [eV]
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(N)IXS of core electron excitations — XRS

Relevance of core electron excitations

structural properties (phase transitions,
local coordination, ...)

electronic properties (oxidation state, XA P\ £
crystal field splitting, ...) 70\ AN
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Non-resonant inelastic X-ray scattering

Access to shallow (< 1keV) absorption edges

4e+05 T T T T T T T T T
0.10F ) -
__ 3e+05} 0.08
2]
= >
e o
3 = 0.06
..2‘ 29+05 I r§
£ ]
3 & 0.04
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1e+05
0.02
0e+00 0.00 k I ! ! ! ! ! !
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S. Huotari et al., J. Synchrotron Rad. (2017). 24, 521-530 POLITECNICO MILANO 1863




(N)IXS of core electron excitations — XRS

Similarity with soft XAS
XAS XRS
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(N)IXS of core electron excitations — XRS

Similarity with soft XAS 456 eV = 10148 eV - 9692 eV
XAS l XRS

[}

= ﬁ

=

o =

>.

(L

|_

456 458 460 462 464 o e o
Photon Enerav [eV] energy loss [eV]

M. Salluzzo et al., Phys. Rev. Lett. 102, 166804 (2009) POLITECNICO MILANO 1863




(N)IXS of core electron excitations — XRS

Similarity with soft XAS

Xas  Tl(e.w) = [(fle-rilg)[* 5(Ef - B, — hw)
f

XRS  S(q.w)~ Y [(fla-rilg)l* 6(Ef — Ey — hw)
f
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(N)IXS of core electron excitations — XRS

Silica (SiO,) at high pressure
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S. Petitgirard et al., Geochem. Persp. Let. (2019) 9, 32-37 POLITECNICO MILANO 1863




(N)IXS of core electron excitations — XRS

XRS of graphite electrode for lithium-ion batteries

Scattered
X-rays

" Cucurrent

Al-laminated film collector

~~—— Licounter :'-':
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i raphite S -
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T. Nonaka et al., Journal of Power Sources 419 (2019) 203-207 POLITECNICO MILANO 1863




(N)IXS of core electron excitations — XRS

EXAFS in water by XRS

110° : : : [ [ T
1 scattered top view
X-rays
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4
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U. Bergmann et al., The Journal of Chemical Physics 127 (2007) 174504
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(N)IXS of core electron excitations — XRS

XRS based imaging of carbon fiber-reinforced silicon carbide
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S. Huotari et al., Nature Materials 10, 489 (2011) POLITECNICO MILANO 1863



(N)IXS of core electron excitations — XRS
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Georgiou et al., Sci. Adv. 2019; 5 : eaaw5019 POLITECNICO MILANO 1863




(N)IXS of core electron excitations — XRS

XRS not limited to dipole transitions. The case of NiO

Ni M. (35 — 3d)

[100]
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H. Yavas et al., Nature Physics 15, 559-562 (2019) POLITECNICO MILANO 1863




(N)IXS of core electron excitations — XRS

XRS not limited to dipole transitions. The case of NiO

Ni M, (3s = 3d) -
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H. Yavas et al., Nature Physics 15, 559-562 (2019) POLITECNICO MILANO 1863




Inelastic X-ray scattering

(R)IXS cross-section from light — matter interaction...

1y — i pi + eA(r;)]? P i pP; + 2ep; - A(r;) + e*A(r;)? n

2m 2m

NP W

...in second order perturbation theory

2 / (I ) ([ 1g) |
W = — 7 (fIH g Z E, + hw;, — B, 5(Ef+hwo_Eg_h‘*’i)

f
resonant POLITECNICO MILANO 1863




Resonant inelastic X-ray scattering

Resonant x-ray scattering cross-section
2

(£Ir; - €oln) (] - €1])
v |2 ) Bt ho— B, | OEr+hw,—Ey—hw)

Kramers-Heisenberg equation
HAS + XES + interference effects

L. J. P. Ament et al., Rev. Mod. Phys. 83, 705 (2011) POLITECNICO MILANO 1863




Resonant inelastic X-ray scattering

| I | | | | I | 1
Element-specific
7 absorption edges
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Resonant inelastic X-ray scattering

At the absorption edge core-electrons are promoted into the
unoccupied states just above the Fermi level

POLITECNICO MILANO 1863



Resonant inelastic X-ray scattering

Once the core-hole is created (no matter how), electrons
from occupied states fill the hole, e.g., by emitting an x-ray
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Resonant inelastic X-ray scattering

RIXS : coherent combination of XAS and XES processes
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Resonant inelastic X-ray scattering

RIXS in the total energy diagram
dn Edn+1 dgn*

Energy

GS intermediate  final
states states
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Resonant inelastic X-ray scattering

RIXS in the total energy diagram

dn Cdn+1
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> >
20 20
v v
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Resonant inelastic X-ray scattering

RIXS in the total energy diagram
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Temperature [K]

High T, superconductors

Possible High T, Superconductivity
in the Ba—La—Cu—0 System ,-"

200_'"'I'"'//l""I'"'I""I""I""I""I'_
150 :_ HgTIBaCaCuO _:
N TIBaCaCuO —/-';'0 ]
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Year

J.G. Beduorr and K. A. Miller
IBM Ziireh Besearch Laboratory, Rilschlikon, Switzerland

Recdved April 17, 1986
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High T, superconductors

undoped : 2D S=1/2 Heisenberg AFM insulator

ot YBa,Cu,04(YBCO)
. v
—[® J94 o Y
Eﬁ% o Cu2*: 1s2... 3523p63d?
-

one particle (hole) S = 1/2 system

% &1
AL

g

J\V‘KZ?"{

LAWAPS
<

)

5
A

La,CuO, (LCO)
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High T, superconductors

undoped : 2D S=1/2 Heisenberg AFM insulator

4
Energy (meV)

' ¢ {f
it

La
*‘ rg W ®. 90—
'lnj e Cu .
e‘{l‘ (3/4,1/4) (1/2,1/2) (1/2,0) (3/4,1/4) (1,0) (1/2,0)
IS
if—-'"' 0]
2 e

La,Cu0, (LCO) J ~ 100 meV

R. Coldea et al, Phys. Rev. Lett. 86, 5377 (2001)

N. S. Headings et al., Phys Rev Lett. 105 247001 (2011) POLITECNICO MILANO 1863



High T, superconductors

Phase diagram : T vs. doping

YBa,Cu,O¢,; (YBCO)

%
&

Antiferromagnet

W34

o

al
»

)

.,
{

s\’
"

o

La,. Sr,CuO, (LSCO)

E. Fradkin and S. A. Kivelson, Nature Physics 8, 864 (2012)
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High T, superconductors

Phase diagram : T vs. doping A\ TR Y
Mesosca:lg: " '3%}
YBa,Cu,04, (YBCO) ) N
:

2: La i e
AR G
i?\ |
e,’]% 9] | I
S — -

La,. Sr,CuO, (LSCO) Ju

E. Fradkin and S. A. Kivelson, Nature Physics 8, 864 (2012) POLITECNICO MILANO 1863




High T, superconductors

Phase diagram : T vs. doping

YBa,Cu,O¢,; (YBCO)

-
SEE

w
L aedd Lo
*‘- s 'h @ .
"%g ° Cu
Ja
Y S
La,_Sr,CuO, (LSCO)

E. Fradkin and S. A. Kivelson, Nature Physics 8, 864 (2012)

Mesoscale .
electronic

Antiferromagnet

doped
holes tend
to order
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High T, superconductors

15
: : : I
While XAS is very simple, - Fragmetic dd excitations
RIXS of La,CuO, is very rich ;[ """ phonons
T T T T T % [ .k
z 9r | cur xas
Cu L, XAS = ol |
EO T s
(c) 3L
-.J L4 . N T . R L e . ..
920 940 960 980 1000 T ———
Photon energy (eV) Energy Loss (eV)

M. Moretti Sala et al., New J. Phys. 13, 043026 (2011) POLITECNICO MILANO 1863




Resonant inelastic X-ray scattering

RIXS of crystal field excitations

T T T T T T T T LI B

elastic ||| crystal-field “ L
. absorption
excitations
= . _ edges
p guasi-elastic magnetic
©, excitations Compton peak
> | anti-Stokes
(7 Stokes phonons
% phonons P plasmons
-0.1 -001 -0001 0.001 0.01 0.1 1 10 100 1000 10000

W, =W [eV]
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RIXS of crystal field excitations

“multiplet” structure of Cu?*
no e-e, no SO, no hybrid., only CF

2 \s2 ) .
eg X -yO— ‘&
A 322'r2 s
3d states 10Dqg
Xy trivial Sugano-
t2g \

Tanabe diagram
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RIXS of crystal field excitations

“multiplet” structure of Cu?*
no e-e, no SO, no hybrid., only CF
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RIXS of crystal field excitations

“multiplet” structure of Cu?*
no e-e, no SO, no hybrid., only CF

Xz-y2 ’3; -
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3z°-r q e
Xy
vz/zx
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RIXS of crystal field excitations

“multiplet” structure of Cu?*
no e-e, no SO, no hybrid., only CF

XZ_yZ -&; ’ -

372-r2

Xy e
e O— ¥

vz/zx
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RIXS of crystal field excitations

“multiplet” structure of Cu?*
no e-e, no SO, no hybrid., only CF

Xz-y2 ’3; -
3z2-r?

Xy

vz/zx

PRE oA

2p°3d° 2p°3d1o
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RIXS of crystal field excitations

CF (or d-d) transitions are very

6 polarization
7 polarization

NdBa.Cu.O
sensitive to Cu coordination S
19F 8 3
o -l (@]
18E O o S
= (@]
S 17T E o 3
SLE 0% g
= 1,6 il
SRS
s S
1’4 : 1 I 1 1 [ I 1 1 [ I 1
38 3,9 4.0
a(A)
La,CuOs SrCu0O;Cl, CaCuO;  Srps5CagsCuO, NdBa,CuzOy
Eso o (Tan0) (@V) 170(0.14) 1.97(0.10) 2.65(0.12) 2.66 1.98 (0.18)
Ey (Tyy) (V) 1.80 (0.10) 1.50 (0.08) 1.64 (0.09) 1.56 1,52 (0.10)
Eqpy: (Do) (€V)  2.12(0.14)  1.84(0.10) 1.95 (0.12) 1.93 175 (0.12)
AE,, 1.70 1.97 2.65 2.66 1.98
AE,,, 0.32 0.33 031 0.36 023
10Dg (V) 1.80 1.50 1.64 1.56 1.52
D. eV) 0.29 0.33 0.42 0.43 032
D, eV) 0.11 0.13 0.19 0.19 0.14 Energy Loss (eV)

M. Moretti Sala et al., New J. Phys. 13, 043026 (2011)

100

90
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Resonant inelastic X-ray scattering

Spin-flip and magnetic excitations

T T T T T T T T LI B

elastic ||| crystal-field “ L
L absorption
excitations
= . _ edges
p guasi-elastic magnetic
©, excitations Compton peak
> | anti-Stokes
(7 Stokes phonons
% phonons P plasmons
-0.1 -001 -0001 0.001 0.01 0.1 1 10 100 1000 10000

W, =W [eV]
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Spin-flip and magnetic excitations

“multiplet” structure of Cu?*
no e-e, no SO, no hybrid., only CF

X2_y2 @g ’ -
372-r?

Xy

yz/zx
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Spin-flip and magnetic excitations

“multiplet” structure of Cu?*
no e-e, no SO, no hybrid., only CF and AFM

X2_y2 !

372-r2

& *

Xy
vz/zx
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Spin-flip and magnetic excitations

“multiplet” structure of Cu?*
no e-e, no SO, no hybrid., only CF and AFM

X2_y2 !

372-r2

Xy
vz/zx

L. J. P. Ament et al., Phys. Rev. Lett. 103, 117003 (2009) POLITECNICO MILANO 1863

M. Haverkort, Phys. Rev. Lett. 105, 167404 (2010)



Spin-flip and magnetic excitations

Relevance of magnetic excitations
structural properties (phase transitions, ...) 4

magnetic properties (magnetic interactions
Curie/Neel temperatures, ...)

transport properties (conductivity,
superconductivity? ...)
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Spin-flip and magnetic excitations

How can dipolar (spin-conserving) transitions give rise to
spin-flip excitations?

: DI, In n|De

%) E, — By + hw + 10,

T

L. J. P. Ament et al., Phys. Rev. Lett. 103, 117003 (2009) POLITECNICO MILANO 1863

M. Haverkort, Phys. Rev. Lett. 105, 167404 (2010)



Spin-flip and magnetic excitations

How can dipolar (spin-conserving) transitions give rise to
spin-flip excitations?

: DI, In n|De

%) E, — By + hw + 10,

T

Spin-orbit coupled 2p3 /2 . ' ' .

intermediate state

L. J. P. Ament et al., Phys. Rev. Lett. 103, 117003 (2009) POLITECNICO MILANO 1863

M. Haverkort, Phys. Rev. Lett. 105, 167404 (2010)



Spin-flip and magnetic excitations

How can dipolar (spin-conserving) transitions give rise to
spin-flip excitatiqns?

Ase, < >_(96[®@|n)(n| ¢ D) =
= (0% | @) (@ %) +
+(96/%|8)(8f19%) +
+ (%% |8)(81f19%) +

+ (96|00 | @)(@||9%) 0

L. J. P. Ament et al., Phys. Rev. Lett. 103, 117003 (2009) POLITECNICO MILANO 1863

M. Haverkort, Phys. Rev. Lett. 105, 167404 (2010)



Spin-flip and magnetic excitations

Spin-flip requires rotation of the polarization

0 1sind, 0
ASLSin—ﬂip = | —sinf, 0 O
0 0 0

No spin-flip in the absence 1
. : : S
of spin-orbit coupling

POLITECNICO MILANO 1863

L. J. P. Ament et al., Phys. Rev. Lett. 103, 117003 (2009)

M. Haverkort, Phys. Rev. Lett. 105, 167404 (2010)



Spin-flip and magnetic excitations

First RIXS evidence of magnons

_ (c) -
5 20 *a _
B "u -
‘-EE-' “ __
£ 10 .
|5 LCO ] _‘
c T=15K 'FI _"
E U 1 1 I 1 1 1 1 1 I|IIIIIIIII|IIIIIIIII|IIIIIIIII IIIIIIIII|IIIIIIIII|IIIIIIIII|_I

1.0 0.5 0.0 -3 -2 -1 0 1 2 3

Energy loss (eV) q,

L. Braicovich et al., Phys. Rev. Lett. 104, 077002 (2010)
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300

200

100

Energy (meV)

POLITECNICO MILANO 1863



Spin-flip and magnetic excitations

Spin-flip transitions
propagate throughout the
lattice (magnons) :
pronounced q dependence

O
S—

2
RIXS Intensity

0.92 (-m, 0)

RIXS intensity

f
-~ d
& Y < 1

. 1 ) 1
0.5 0 0.5 0

Excitation energy (eV) Excitation energy (eV)

M. Guarise et al., Phys. Rev. Lett. 105, 157006 (2010) POLITECNICO MILANO 1863




Resonant inelastic X-ray scattering

Resonant inelastic x-ray scattering of phonons

T T T T T T T T LI B

elastic ||| crystal-field “ .
L absorption
excitations
= . _ edges
o guasi-elastic magnetic
&, excitations Compton peak
> | anti-Stokes
(7 Stokes phonons
% phonons P plasmons
-0.1 -001 -0001 0.001 0.01 0.1 1 10 100 1000 10000

W, =W [eV]

POLITECNICO MILANO 1863



Resonant inelastic x-ray scattering of phonons

RIXS probes phonons through EPC

1.0 ... I T ol Bulcklinlg —
] ..% O Breathing |
0.8 - % .
L 06 % |
T T T T T T T 0.4 -7 4
~ 0.6 (a) ] p¥ A -
2 { NBCO,h=-0.4rlu 02- %,/%’ SR & -
2 1 ©O Data points 1. "]
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é 044 ... 20-meV mode - - |h| (r|u.) . ]
(D - ala .
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. 024 —-—Magnon -
£ 4 =--=Bimagnon
o
Z
0.0 1 RPRSTT T mST o  Snny
r—rr*1 1+~ ~1 "~ "~ 1 " 1 "~ 1 I 1
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Energy (eV)

M. Rossi et al., Phys. Rev. Lett. 123, 027001 (2019) POLITECNICO MILANO 1863




Resonant inelastic x-ray scattering of phonons

RIXS probes phonons through EPC, not only in cuprates

4 JHOPG B o Rawdata(E, =291.80eV) _
- ] C K-edge Fitted spectrum ‘
g:] W ||
- o* resonance E e .
£ ] £
< 2- < - B
=) Qg1 ]

0 1- c
& 2
L 1 0 Ag; &
Beam 4 o=
— 0 3
e ]

N I I S A A T . I T T
282 285 288 291 294 297 20 15 1.0 0.5 0.0 05
Photon energy (eV) Energy loss (eV)

EPC strength g =g, 0f ~0.42 €V

X. Feng et al., arXiv:2001.01327 (2020) POLITECNICO MILANO 1863




Resonant inelastic X-ray scattering

Resonant (quasi-)elastic x-ray scattering

T T T T T T T T LI B

elastic||| crystal-field “ .
L absorption
excitations
= . . edges
p quasi-elastic magnetic
©, excitations Compton peak
> | anti-Stokes
(7 Stokes phonons
% phonons P plasmons
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Resonant (quasi-)elastic x-ray scattering

Diffraction from tiny (fraction of e) periodic modulations of
charge density : mostly invisible to XRD

Vx4
" o gxia
yz/zx va 7
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Resonant (quasi-)elastic x-ray scattering

Charge-order is ubiquitous in high Tc superconductors

NBCO Tc=65K 025 -030 -035 -040
V pOI’; T=15K - ]

[1-0.18rlu
[1-0.22rlu
[ 1-0.26rlu
[—1-0.30rlu
[ 1-0.34rlu
[1-0.37rlu

Nomnalized Intensity

3 2 1 0 B 080 0% 040
Energy loss (eV) q,(r-Lu)

G. Ghiringhelli et al., Science 337, 821 (2012) POLITECNICO MILANO 1863




Resonant (quasi-)elastic x-ray scattering

Charge-order is ubiquitous in high Tc superconductors
and competes with SC

NBCO Tc=65K 025 0% 03% o040

V pol, T=15K g 11 . g
70181 6 ¥
C1-0.221iu z 4 3

1026 rlu 02
[—1-0.30rlu g g

T 1-034ru % :
|:|-037r|u E . 'D.'CE%
2 004 =
G{BE

-3 2 -1 0
Energy loss (eV) q, (f . UJ Temperature (K)

G. Ghiringhelli et al., Science 337, 821 (2012) POLITECNICO MILANO 1863




Resonant (quasi-)elastic x-ray scattering

CDF’s pervade a large area of the phase diagram and are
characterized by energies of a few milli—electron volts

: 0.8

300 ! I B —o-T=90K

A ‘dynamical —0—T=150K
\ . CDF —0—T=250K
\ I OP90 104
\ 9= (031,0)
\ '._'.‘"‘ T'k - . ] v ] 00
\ & - .

200 - @ diff (exp) 150-250 @
< \ T TQC c I diff (th) 150-250 %
> \ - e {102 =
= \ B B ] OP90 S
2 _\ X' o&: 2, 9,=(031,0) 2
3 : —_— » ]! 5
3 \_ quasi-critical . | ot RpEIRRER00 S
= 100 F \ 2D CDW : ! : ()

\ D — @ diff (exp) 90-150 x
: [ diff (th) 90-150 as
: 27% orwo 102

-\ : % @ =0310

- sstatic I

|, W Rt — 0.0

| 3D CDW |

0 0.05 0.10 0.15 0.20 -0.1 0.0 0.1
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R. Arpaia et al., Science 365, 906-910 (2019) POLITECNICO MILANO 1863



IXS instrumentation

IXS requirements

precise knowledge of m;, and o, :
monochromator and spectrometer with
high resolving power

brilliant sources of polarized x-rays in a
small spot size

Soft x-rays : diffraction gratings, ultra-high vacuum
Hard x-rays : Bragg optics, better if vacuum
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hard (N)IXS — XRS instrumentation

a)
72 analysersat 1 m i) vl
0.4 - 1,8 ev energy reSOIUtion analyzer crystal

lightweight
carbon-fiber

Energy Si(111) +

Reflection (keV) Si(311) Calc. Si(111) Calc.
2z =75 mm

Si(4,4.0) 6.46 0.32 £ 0.01 0.42 0.89 = 0.01 0.79
Si(6.6.,0) 9.69 0.65 £ 0.02 0.69 1.39 £ 0.02 1.21
Si(8.8.0) 12.92 1.15 £ 0.02 1.18 2.03 £ 0.01 1.77
Si(10,10,0) 16.15 1.72 £ 0.08 1.78 2.62 £ 0.02 243
2z = 140 mm

Si(4,4.0) 6.46 042 £0.02 0.51 0.90 = 0.02 0.84
Si(6,6.0) 9.69 0.73 £ 0.03 0.84 1.49 £ 0.05 1.30
Si(8,8.0) 12.92 1.24 = 0.03 1.31 2.08 = 0.01 1.86
Si(10,10,0) 16.15 1.77 = 0.10 1.92 270 £ 0.04 2.53

S. Huotari et al., J. Synchrotron Rad. (2017). 24, 521-530 POLITECNICO MILANO 1863
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hard RIXS instrumentation

La Pr Pm Eu Tb Ho Tm Lu Ta Re Ir Au

5 analysers at 1 or2 m Wl LT T i fe
20—100meVenergyresqution;7553";.” Lol Lol 11d
%:gngedge 7 .....:'8°0..0.::§:2
=T T S P SRR 1
g 125F o 125
S 100 o o 4100
%75?— o’ :' .:0. oo. . -§75
:2§L3edge ! .......’.¥. :-:E

ot 0
Ce Nd Sm Gd Dy Er Yb Hf W Os Pt Hg

2D

M. Moretti Sala et al., J. Synchrotron Rad. (2018). 25, 580-591 POLITECNICO MILANO 1863
M. Moretti Sala et al., Journal of Electron Spectroscopy and Related Phenomena 188 (2013) 150-154






high-resolution IXS instrumentation

5analysersat7or 12 m
0.5 -5 meV energy resolution

d(T) =dy(1 + apAT + BI12AT?)

Energy oE
[keV] [meV]

Si(7,7,7) 13.840 5.30
Si(8,8,8) 15.817 4.40
Si(9,9,9) 17.794 2.20
Si(11,11,11) 21747 0.83
Si(12,12,12)  23.725 0.73
Si(13,13,13) 25.704 0.50 10° |

Reflection

Intensity ( counts / 70 s )

T T T T T ! T T
0 100 200 300 400
E(meV)

R. Verbeni et al., Rev. Sci. Instrum. 79, 083902 (2008) POLITECNICO MILANO 1863




soft RIXS instrumentation
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soft RIXS instrumentation

~10 m arm spectrometer

10 — 100 meV energy resolution
500 750 1000 1250 1500

-l"ll"!'l 10[ T T T T T T T T T T T T T T
60000 L. ' s '
g 40000 L D W . 0.8
4 20000 | E 2
= - = 0.6
0L —88.0°, 1400 mm <
- ---- 87.9°, 2500 mm” =
75 e '%:‘ 0.4
~ 60} d .
i3 ”
" £ SF - i
< ; : ;
0-'- rpe =t e 0'0\ | | ] ] | 1 | | 1 1 | | | |
500 750 1000 1250 1300 2100 -50 0 50 100 -100 50 0 50 100 -100 -50 O 50 100

E L \Y%
En ergy (9 V) Energy Loss (meV) Energy Loss (meV) nergy Loss (meV)

N. B. Brookes et al., Nuclear Inst. and Methods in Physics Research, A 903 (2018) POLUITECNICO MILANO 1863




Why inelastic x-ray scattering?

Complex behavior of materials
due to interactions between
multiple degrees of freedom
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Why inelastic x-ray scattering?

Complex behavior of materials
due to interactions between
multiple degrees of freedom

(R)IXS can probe them all with
* energy resolution
e linear (and angular)

momentum resolution
 (element and valence selectivity)
* bulk sensitivity
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IXS in a nutshell

Excited states reflect ground state properties.

elastic||  crystal-field L,
s absorption
excitations
=) _ . edges
g guasi-elastic magnetic
S, excitations Compton peak
> anti-Stokes
‘0 Stokes ph
% phonons okes phonons olasmons
£ /\ \
-0.1  -0.01 -0.001 0.001 0.01 0.1 1 10 100 1000 10000

W, - w [eV]

Inelastic x-ray scattering is an energy and momentum
resolved probe of excited states of materials.
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