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My PhD research does/will likely use...
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My PhD research does/will likely regard...
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Mostly structural
studies
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Spectroscopy and Advanced imaging Still figuring it out None of these
electronic structure




Spectroscopy in a nutshell



The Electromagnetic Field

* Photons are bosons, independent, luminal

+ Described by Maxwell’s equations at low energy, QEDB
at high energy

* Fully understood, quantized, modes are described as

lv) = |ng, ...nxk...)

Vector potential:

AED=Y Y (P00 () + 8% (k1) )

k p=-—1,1




Spectroscopy, general remarks

- Sample can exchange energy with EM field

[1hg) @ |v) = |the) @ |0")

(sample) (vacuum)

One photon
Optical spectroscopy
X-ray absorption

ng, ..-Nk--.) — |ng,..nx — 1...) Neutron

Related spectroscopies:

Two photon
Raman
Inelastic X-ray Scattering

ARPES

ng, ...Ni--.) —> |no,...nk — L. + 1...)




Photon spectroscopies

One-photon Two-photon

. Qan measure from refleclztlon or transmission in . IXS and RIXS (also REXS, Raman)
time or frequency domain

* Probes electronic excitations in a

- Use Fresnel’s equations to determine 70 + Zk, momentum-resolved way

.01 — 109,€1 + 1€9 and relate to
fundamental behavior

 Technical advances making rapid
progress

+ X-ray absorption collected differently, through
total electron or total fluorescence yield

E{ Er .
~ VK, Reflection Synchrotron

Bt B, X-ray source
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Two-photon scattering
examples



Raman=inelastic light scattering

Sample molecules

Raman scattered light . -
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Al e L Kung, et al Science 347, 1339 (2015)

Modern Raman scatterina

Chirality density wave of the “hidden |
order” phase in URu,Si,

H.-H. Kung,'* R. E. Baumbach,?{ E. D. Bauer,” V. K. Thorsmelle,'t W.-L. Zhang,’
K. Haule,' J, A, Mydosh,? G. Blumberg"**

300K
2k L
'~5.3 meV
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Wavenumb 1

Wavelen¢

e Laser source=high resolution

L@ T (a.u.)

e Lattice excitations easy to see

* Electronic and magnetic excitations g
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High Energy Resolution Inelastic X-ray Scattering

Sector 30, Advanced Photon Source, Argonne National Lab e g‘l' m“" f

23,724 €V incident energy

S ES 7’“

'
<1 meV incident bandwidth

Resolving power E/AEi= 2x107

9 analyzers sample, 9 momenta transfers simultaneously,
9m arm

1.5 meV energy resolution
20pm x 5um spot size

Measures energy and momentum distribution of lattice
vibrations S(q,w)




| XS from phonons oa2f T i
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What is this?

The emission A flat rainbow snake A fashionable belt Balmer series of There is more than

spectrum of a emission by hydrogen  one correct answer
star at z=0 redshift



What is this?

AREelD

The absorption A flat rainbow snake A fashionable belt Balmer series of There is more than

spectrum of a absorption by hydrogen one correct answer
star at z=0 redshift



Balmer series

e Describes transitions between quantized energy levels in hydrogen (one proton, one electron)

1 1 1
— R —_ n=2
ik €, g

oW h®

Schrodinger equation for 1/r potential: lh 73—— = - 2—— VZ\II + V \I-’
[ m

2\ m=1-1) _  (2r\ 27\
Hydrogen wavefunctions: 1I’nlmz\/(na) 2n[(n+l)!]3e / (n_a) 31_-'_11_1(%)),1 (9,4’)

m 2 \°] 1 2
Energy levels: En - — [2h2 (4%60) n_i Bohrradius: g = 47[6071 = 0.529 x 10_10 m

me?



Quantum numbers: n, |, m

Generalize for nuclear charge +Ze:

7?Ry nao
Ez n — —7 AZn — 5

Z

0.2
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Distance » from nucleus/atomic units




How does Balmer series change
multi-electron atoms like C?

1s

2s

2p

/

2p sees only
unscreened +(Z-4)e

1s sees full nuclear
charge +Ze

Inner “core” electrons are
much smaller than outer
and can effectively screen
nucleus for other electrons

Core electrons much more
tightly bound than outer ones

Lyman (1->n) series for multi-electro
atoms form “K” X-ray edges
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Atomic transitions in solids

Multi-electron

Hydrogen atom

3s,3p,8d —
28, —

1s

. Light absorptic

D

=

3d

3p
3s

2p
2s

1s

atom in solid

E=0
EF

Lok
-O-1
Vi’

INTERNATIONAL
YEAR OF LIGHT



X-ray transition lines

Continuum X —ray Absorption Edges
YN YYY o Y ADROTPTOn B
34y, \ /h—d
3d,, S 10 K—edge L—edges/ o
3p3, 2 5
K/ g 10
354, [f]
10° soft
20,2 10'00 20 30 40 50 60 70 80 90
2Py Atomic Number Z
284,
K http://xdb.Ibl.gov
15, + Absorptive transitions of higher Z

Absorption atoms lie in X-ray region



X-ray absorption spectroscopy (XAS)

Synchrotron
X-ray source

[ J
X-ray
Detector @ )

Drain
current
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Intensity

X-ray absorption spectroscopy, uses to determine valence state

|

Yb Lo
PFY-XAS

YbCu,Si,

Yb, MnSb, ,

| 1 | L |

8.94 8.95 8.96
Incident energy (keV)

Example: Yb
Has two stable valence states
Yb+2, has f14 full shell - nonmagnetic ion
Yb+3 has f13 one hole in f shell - long j=7/2 mag moment
Real materials can have things in between, depends on interactions

Yb14MnSb11 - no magnetic moment coming from Yb

YbAI3 - long moment paramagnet from Yb+3 in 13 state



X-ray edge absorption... and RIXS

e-h pair
excitations

=
o

Count Rate (cts/sec)

N A O ©

8985 8990 8995 9000 9005
Energy (eV)

X-ray absorption
process

o <«

—eoo—— s °

Copper K (example)



Resonant Inelastic X-ray Scattering (RIXS)

Resonant Raman spectroscopy, with resonance at
an X-ray edge

Described by Kramers-Heisenberg formula
Large momentum transfer

Atomic-species and valence-specific information

Lots of control (polarization, angle, Q, Ej)

Undulator
X-R
” Aw = w; — wy
¢ Ak = k; — k;
\ High Heat Load
] Main Mono

High Resolution

K-B Focussing Secondary Mono

Mirrors

ONIRONONE I
':,'::':,’4.
\\ Q Defining Slit
N Sample Intensity Monitor
Ion Chamber

: ) : Strip Detector
Diced Spherical Analizer

(fITT|n)}{n|T|7)
E; — En. + h’wk - I%

] d? Wy 5 )
Kramers o _ _A Z Z 0(E; — B¢ + hwy — huwy)

Heisenberg: dQ.d(hw,)  w =

ny



Diamond, UK
LCLS, Stanford
Soleil, Paris
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Energy dispersion in RIXS

1s

Intensity (arb. units)

150} Fluorescent
- Dispersion

1000 |

o7
S

&

8980 8990 9000
Scattered Photon Energy (eV)

Emission line

* Fluorescent-type energy dispersions
are independent of E;

9010



Energy dispersion
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Scattered Photon Energy (eV)

+ Features following E; represent Raman
.‘ (RIXS) processes, connected to lower
1s energy (valence) physics




Practical difference: Soft vs Hard RIXS
GR(@) http://henke.Ibl.gov/optical_constants/

THE CENTER FOR X-RAY OPTICS

w1 Density=2.33, Angle=90.deg Nz Pressure=1000. Path=1. cm
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Practical ditfference: Soft vs Hard RIXS

7. 1000 A 100 A 10A i 1A 0.1 A

E:10eVv 100 eV 1 keV 10 keV 100 keV

— e

mimissioning now ‘,_"@};;MERIX at’APS, 29:1-D-B (worl

__SIX instrument at NSLS-1l (co




Technical difference: Soft vs Hard RIXS

) 1000 A 100A 10A 1A 0.1A
How to disperse the X-rays?
Soft X-ray Hard X-ray
Prism?
E:10ev 100 eV 1 keV 10 keV 100 keV

Grating?

Normal
. Order -1

/prder 1
V/ " Order 2

/ Order 3

Index of Refraction = (1-delta)-i(beta)

delta (dash) 3
beta {solid) -

If feature sizes can
be on order wavelength

Feature size (atoms) of
order X-ray wavelength

Inefficient

i ft X-ray ~ 1
Index changes too small to be effective So ray nm Hard X-ray << 1nm



Technical difference: Soft vs Hard RIXS

rotation of 100° without breaking vacuum
Refocusing mirror 2 ¥ . =
(ellipsoid) " \ \
Sam RIXS = - = b
Refocusing mirror | r—’— ple ( ) = e 3

X
Y =

Slits
Focusing mirror
(cylinder)
Grating 9
/ 19860
Apertures . S
Front-end Pro-mitroe
Collimating
mirror (toroid)

Source <
—_—

X movement 2 m, 10 ym resolution

~2250

-17750 0

ADRESS beamline at PSI (no spectrometer)

A station B station

MERIX spectrometer, sector 27-ID-B, APS

medium-resolution



/.. 1000 A

Scientific difference: Soft vs Hard RIXS

Energy (eV)

10° -

10*]

10

20

E:10eVv

X~—ray Absorption Edges

‘' R

30 40 50 60 70 80 90

Atomic Number Z

soft

100 A 208 :

100 eV 1 keV } 10 keV 100 keV

- 3d transition metal K edges
3d transition metal L edges Rare-earth/4f L edges

Rare-earth/4f M edges 5d transition metal L edges

Edge and energy are determined by
elements present and scientific question



N-particle spectroscopy

— Loosely bound
itinerant states

~

—_— Opﬁcal=A= States incltned (| 3d
e I }e\\/&k in Hef‘f
nverse \}‘/
—— ARPES photoemission - A
— %/
N-1 N N+1

Tightly bound
core electrons —00—— 2P1/2

“Direct” RIXS at transition metal L edges



N-particle spectroscopy

Loosely bound 4
itinerant states PY P
A
E— States included ; BH—=
—- nHe Kﬁﬁ\% e
Indirect _ e \629\%
RIXS Direct ,y <
Optical A >/
——T
Inverse
ARPES photoemission
] y 4
N-1 N N+1
Tightly bound Ui
electrons

“Indirect” RIXS at transition metal K edges



High-Tc cuprate superconductors

1/2-filled
CuOq planes
(LaoCuQa)

- Strong repulsion favors
antiferromagnetic state

» Hubbard model describes AFM

Hole-doped
CuOz2 planes
(|_8.2—XS I’xCUO4)

Strange /
Metal |
/

/

1 1.16

Hole doping a 2D Mott insulator induces
high-temperature superconductivity

N
H=-t ) (CE,ch,a + h.c.) + UZ ni i)

<i,j>,0 i=1



Mott gap dispersion in high-Tc superconductors (Cu K edge)
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Incident energy and temperature dependence

Intensity (cts/sec)

Incident Energy (eV)

¢ 130 meV
o 400 meV

8993

8992

Lu, JNH, et al. PRL 95, 217003 (2005)

8991

T L) 2
—~15
1 )
8992 eV | P
(7]
| -
2
£ o5
8991 eV
8990.5 eV, 00
8 9

o
)

Intensity (s™")
o
[¢)]

0.4} 7
0 z e T=27K
& 0.2i o T=300K
5 6 7 9: . ‘ .
5 2 2.5 3 3.5 4

Energy Transfer (eV)

Lu, JNH, et al. PRB 74, 224509 (2006)

Energy (eV)
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Experimental realization of 0-D HTSC

Og4

« Low-Z nonresonant species
T

« Tractable electronic structure

- |deal system for exploring RIXS phenomenology

Hancock et al. PRB 80, 092509 (2009)
Hancock et al. NJP 12, 033001 (2010)

Propagation vector k (r.l.u.)

Temperature (K)
B. Roessli et al, PRL 86, 1885 (2001)



One hole,
one plaquette

® Many wavefunctions of varied angular

»MO

symmetry

® Ground and molecular orbital states
are the only ones of x2-y2 symmetry

® Simple RIXS selection rule (for indirect,
K edge transitions): symmetry=constant

“Molecular Orbital”

“Ground state” — =

e




Without core hole = With core hole

= PS

“Poorly-screened”




| plaquette RIXS calculation
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A simple cuprate, CuB204

CuOz2 planes CuOg4 plaquette

(LazCuQa) | (CuB204)

-

W
(=

—_
o

(=)

RIXS signal (photons/s)
8

Energy Transfer (eV)

Hancock et al. PRB 80, 092509 (2009)
Hancock et al. NJP 12, 033001 (2010)

2
S

Incident Energy (eV)
z g
8 o

89851

8980

+ Cluster modeling gave good, but imperfect

agreement

RIXS signal (photons/s)

o {8980t

Multi-orbital,

multi-plaquette model

024 6 8101214)
Energy Transfer (eV)
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Energy Transfer (eV)
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Elusive properties of MO excitation

N W A O
o O o O

Corrected Intensity (cps)
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Energy Transfer (eV)
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Gaussian f|t_
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20¢
10t

Corrected Intensity (cps)

3 4 5 6 7 8 9 10
Energy Transfer (eV)

« Gaussian lineshape

- Shifting resonance behavior

Hancock et al. PRB 80, 092509 (2009)
Hancock et al. NJP 12, 033001 (2010)
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Electron-phonon coupling at the MO excitation

\%, T Ol ; “' T T q 9010 ygﬂ‘ws =:: -
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« Simple Franck-Condon model explains remaining features of the spectra

- Gives an estimate of the electron-phonon coupling parameter

it Energy (eV)
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Theory of RIXS in the cuprates

Kramers-Heisenberg Formula

(f|IT|n)(n|T|g)
; hw — B, + 2%

2
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« Calculations model RIXS cross section to understand electronic structure of

high-T. superconductors
Chen, ... Hancock, ... et al. PRL 105, 177401 (2010)



SRS AA\Y IRREEERERE
AR T Jat il istal biilitel

A = paramagnetic B = ferromagnetic

it NN
IEARARARARAR:

C = antiferromagnetic D = ferrimagnetic

totitititits

TR T

Magnetic interactions between magnetic
lons can lead to ordered states

Disturbance in order forms “spin waves”
or “magnons”

Like sound, magnons carry momentum
and energy

Dispersion relation is important



Magnetic excitations via RIXS

« 2008 Cu K edge RIXS showed Te
. . 09 é LaoCuO4
bi-magnon feature, consistent os} 3 -
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. . nergy Loss (e
showed a shoulder of elastic line Hill, Blumberg, et al, PRL 100 097001 (2008)
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excitation
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Braicovich, Ghiringhelli, et al, PRL 102 167401 (2009)



Extended interactions in a Mott insulator SroCuQO»>Cl»

RIXS Intensity

Guarise, ..JNH,... et al. PRL 12, 033001 (2010)

Excitation energy

| XAS
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lron pnictide superconductors and Correlated 5d systems

BaFeoAso
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Other RIXS highlights
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Soft X-ray RIXS work
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Future technigque directions with RIXS

* Time-resolved RIXS - XFEL
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« Tender X-ray RIXS - new edges and opportunities
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Energy scales in correlated electron systems

Polarization analysis of scattered photon
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Summary/outlook

« RIXS is a 21st century technique, deep probe of exotic excitations

+ Many opportunities on horizon for new generation of synchrotron scientists

« APS and NSLS-II have world-leading opportunities in hard and soft RIXS science

* New opportunities for science of correlated electron materials
+ Mixed-valent/Kondo lattice physics
+ High-temperature superconductivity

 Search for exotic phases for quantum information science



Thank you!
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