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Light and matter

C Wavelength of Typical
A= v Synchrotron Light
Radiation Type Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray
Wavelength (m) 1072 107° 0.5x10°° 107° 107° 1012

10°
Approximate Scale U",
of Wavelength ﬁ

Buildings Humans  Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

104 108 102 10'° 10'° 108 10%°
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Light -matter interaction

Visible regime (I ~0.5mM, E~1eV) X-rays regime (0.5 nm, 1 keV)
Phenomena: ~ _
A Absorption A Absorption Particle-
A Refraction ‘ A Scattering ~ Wave
A Reflection i dualism
A(Diffusi _ -
Energy point of view:
A Elastic A Elastic
(Rayleigh, ¢€) ( XRD, diffusion, &)
A Inelastic A Inelastic 52
(Brillouin, Raman, e) (Compt on, |X§ﬁ“ é )
B‘ " '\J\\
f\i\/\/\éj\—— -
Polarization: 2 i A Excitation
A Faraday rotation v (thermal, ionization,

A photoemi ssion, &)

;M
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Light -matter interaction - regimes

o

n=c/v

Refractive index, n

Ultraviolet

Infrared Visible

|
[V

o

Y

1Y,
Ultraviolet

FIGURE 3.1. A sketch of refractive index showing the strong variations near IR, UV, and x-ray
resonances (ws), and the general tendency toward unity for very short wavelengths where the
frequencies are higher than all atomic resonances. Only the real part of the refractive index is
shown here.

Wavelength light give different n regimes
nin X-ray is below 1!
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Light -matter interaction - regimes

n=c/v Ls-subshell

K-shell

FIGURE 3.1. A sketch of refractive index showing the strong variations near IR, UV, and x-ray
resonances (ws), and the general tendency toward unity for very short wavelengths where the
frequencies are higher than all atomic resonances. Only the real part of the refractive index is 0
shown here.
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Wavelength light give different n regimes
nin X-ray is below 1!
Not confined to refractive index but decay processes also (photon or electrons)
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Light -matter interaction - regimes

Photon-in
Electron-out

1.0
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i

FIGURE 3.1. A sketch of refractive index showing the strong variations near IR, UV, and x-ray

resonances (ws), and the general tendency toward unity for very short wavelengths where the 0.1
. . . .. . |
f;lequenlfles are higher than all atomic resonances. Only the real part of the refractive index is 0 0 20 50 30 100
Sown hete. Atomic number
Photon-in
Photon out

Wavelength light give different n regimes
nin X-ray is below 1!
Not confined to refractive index but decay processes also (photon or electrons)
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The basic X -ray experiment: absorption

1. Qe

I = ]
‘@® 0.8 ]
)[ 3 0.65 1 “Photons

Transmission

e ho = 0.
f,,,—r‘ 804 ! lost”
wamEe 760 780 800 820

Energy [eV]

sampling
depth
2-5nm

Electron Yield

“Electrons
generated”
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Absorption In steps P
i
Resonance Effect E. k e =
@ -Electron
@ -Proton "
O Nesron o, IR

Energy

AEis tuned teaelgeda epetriBnsi fii on, pro
the outer shell / valance band A this process is called X-ray Absorption
A The absorption edges are usually sharp in Energy A E; needs to be
tunable and monochromatic
A The x-rav attenuation lenath is < 100 nm A small sample volume Kedge ... .
X-ray Absorption
v

Spectroscopy

n Fe L, ;-edges Example:
Fe L; edge (2p5» A 3d transition) Resonance
— in Iron metal corresponds to ~708 guarantees site and
1 L eV chemical selectivity

TR  FE B! P L
700 710 720 730
Photon Energy (eV)




X-ray absorption edges

Element Kls L;2s Ly 2pym L3 2psyps M, 3s M3 3pya M; 3pys M, 3dy, Mg 3dg,y Ny ds N, dpyn Nydpas

23V 5465 626.7% 5198t Szl 663 37.2% 372

24 Cr 5989 696.0% 5838t 57413 4.1 42.2% 4224

25 Mn 6539 769.1% 64997 63877 B2.31 472% 47.2%

wre (LD s st =7 =3 The strongest, not the only ones..

27 Co 7709 925.1% 79328 781 10107 58.9% 59.9¢ :

28 Ni 8333 1008.67 870,01 852.7% 110.8% 68.01 6621 (not even in the energy range shown)

29 Cu 8979 10967 9523t 9327 122.5¢ 7734 75.1%

30 Zn 96359 11962*  10449* 10218 1398 914 B8.6* 10.2* 10.1*

31 Ga 10367 1290%  11432F 111647 15957 103.57 100.07 18.7% 18.7%

32 Ge 11103 14146%  1248.1°b  12170%6  180.1* 124.9* 120.8* 298 292

33 As 11867 15270%  1359.0°b  13236°b  2047* 146.2* 141.2* 417 417

34 Se 12658 16520*b  14743°b  14339%b  229.6* 166.5* 160.7* 55.5¢ 54.6°

35 Br 13474 1782* 1596* 1550* 257¢ 189* 182* 70° 69

36 Kr 14326 1921 1730.9%  16784*  202.8* 22224 2144 95.0* 93.8 275+ 14.1% 14.1%

37 Rb 15200 2065 1864 1804 326.7* 248.7* 239.1% 113.00 112# 30.5¢ 163 153+

38 Sr 16105 2216 2007 1940 358.7¢ 280.3¢ 270.0% 136.07 1342 38.9¢ 213 20.14

39 Y 17038 2373 2156 2080 39206 310.6° 298.8* 157.7% 155 8¢ 43.8° 24.4% 231

40 Zr 17998 2532 2307 2223 43031 3435+ 329.8% 18117 178.8¢ 50,6 28.5% 2714

41 Nb 18986 2698 2465 2371 466.61 376.1% 360.61 205,07 2023% 564+ 32.61 30.81

42 Mo 20000 2866 2625 2520 506.31 41161 394.01 23115 227.9% 63.2% 37.61 35.5%

43 T 21044 3043 2793 2677 5440 4476 4177 2576 253.9¢ 695 423% 39.9+

44 Ru 22117 3224 2967 2838 586.1* 483.5% 461.41 2842 280.0¢ 75.0% 463+ 43.2%

45 Rh 23220 3412 3146 3004 628.1% 52134 496.5% 311.9% 307.2% BL.4*D 50.5% 473+

46 Pd 24350 3604 3330 3173 671.61 559.9% 53234 34054 335.2% 87.1°D 55.77a 509+

47 Ag 25514 3806 3524 3351 719.0% 603.8% 573.0% 374.0% 368.3 97.0% 63.7¢ 58.3 it
https://xdb.Ibl.gov

(https://xdb.lbl.gov/Sectionl/Table_1-1a.htm)
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X-ray refraction index
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X-ray refraction index

107
108

10°¢

Absorption and Scattering Cross Sections (barn/atom)

100 1000 10,000

?LZ

n=1-0+if = 1—

Ny~ 1),

Atomic scattering factors

Macro T micro
-scopic link
(optical theorem, KK)

Photon Energy (eV)
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X-ray refraction index

Dispersion / scattering  absorption

107§
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10°¢

Atomic scattering factors
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X-ray refraction index

Dispersion / scattering  absorption

107
108
: Photon
105 hungry
Atomic scattering factors high brilliance
1o needed

108

Macro T micro-scopic
link
(optical theorem, KK)

3

102;

3

Absorption and Scattering Cross Sections (barn/atom)

100 1000 10,000

Cross section (bams/atom)

Photon Energy (eV) 102
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Elasticx-r ay scatteri)ng (n

From various e in one atom.. € to several atoms togethe
Incident Photon @ 7
— —dp 9 fl% i iy
| ™/ oo @0
1= T T T T ] I O O O O

Atomic form factor

scattered

L? Brookhave..
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Di ffracti on, Braggos

Laue notation Braggobs | aw
o z A-n=2-d,, -sin@
m - Z”: f(Q) ::r::'::r:ave
L f Wi '2-;1 sin @
Space Fourier transform  <— “I_. . o ’k .
dsin 6
Thomson scattering e o o o o o
Scattering Volume L L] L] e L o

<>
Eout

scattered, COSZ 27 Jones notation

\ -
Observer v Detector

L? Brookhave

National Laboratory
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Direct and reciprocal lattice

L L L . L — o &
L 5> —8 L ] 4
d 2 Zm“a:|'
T _ 2 Q- Ry R . ) *—o +
=02 f(Q) 11
b PN Py :l Py ® b [ .-
Direct space structural L» ot " - Reciprocal lattice
. . a attice
information

from Q dependence
in the RL (where diffraction
naturally lives) D ]

Structural lattice : a

Conventions (science, engineering,

chemistry/crystallography -> FT). 5
k =2p/l (or 1/ ) wave vector
L -

diffraction £ T

Direct space

L? Brookhaven cell

National Laboratory 18




Spectroscopy + scattering = RXS

Photon in i photon out process, Second order perturbation theory

site coherent (scattering) (Kramers i Heisenberg)

intersite coherent (diffraction)

ob e | o(deEipa® > |« o (0Qi aHed0 )R o 47l0),
° . ' - Q0

O O 9 ()
Atomic scattering factor \ R -
(resonant, tensorial) kw, K Gy

& g - :

Targeting specific electrons,
but all contributions mixed:
A elastic + inelastic

A symmetry of process

i = Fe

Absorptioﬂ

108

105;—

of
107
: ] o o o

Absorption and Scattering Cross Sections (barn/atom)

& .
' 2K . , 3
“)3;‘ [rs_‘ir_ Elastic if: DLy = 1 _ : é
wzg/fj = QRE QG Wiy = Woy 1-DOS dh
107 mili (diffraction via Bragg; ‘ -
i new reflection cond. & intensity ) —\ | hvog-hvi,
1‘IOO 1000 10,000 E|OSS 1 0

Ph E vV
L? Brookhaven oton Eneray (&V)

National Laboratory
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KE

What does it mean all of this for us Condensed Matter Physicists?

é)
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RXS: absorption + scattering (elastic and inelastic)

A Electromagnetic field (photons) as a probe for e- states of the matter (A ,agaion® E» B atomic charges)

A Chemical selectivity (absorption- site selective) 1.0,
A 3D e-distributions (due to atomic scattering factor, in 0.8
A diffraction condition, site contrast due to structure
A factor) m >l Inelastic
A Bosonic excitations & E T Excitations
- spin, charge, orbital (absorption relaxes selection rules = o4
- dispersion relations (exchange of E and Q) : B
A Scattering + Spectroscopy + Diffraction e
O-OI Elastic
z f 5 = e = Orders
to ful fil]l Br &g gvos | aw: e Mér;,;,(nf,ff) o o

| ~ atomic spacing « keV (hard regime: K 3d, L 4f, M 5f; soft regime: L, 3 3d)

S. Di Matteo et al., Phys. Rev. B 72 (2005) 144406
C. Detlefs et al., Eur. Phys. J. ST 208 (2012) 359
L? Brookhaven L. J. P. Ament et al., Rev. Mod. Phys. 83 (2011) 705

National Labaratory 01 Kim et al, Phys. Rev. Lett. 108, 177003 (2012)




RXS: absorption + scattering (elastic and inelastic)

A Electromagnetic field (photons) as a probe for e- states of the matter (A ,agaion® E» B atomic charges)

1.0

a

A Chemical selectivity (absorption- site selective)

A 3D e-distributions (due to atomic scattering factor, in
A diffraction condition, site contrast due to structure
A factor)
A Bosonic excitations
- spin, charge, orbital (absorption relaxes selection rules =
- dispersion relations (exchange of E and Q)
A Scattering + Spectroscopy + Diffraction
—’ 0.0] Elastic
.

: A (w22 o) (mmwzm2) 00 moy ~ Orders
to ful fi1 1l Br I

« vy J S a w. Momentum q
| ~ atomic spacing « keV (hard regime: K 3d, L 4f, M 5f; soft regime: L, 3 3d)

0.8

0.6 .
Inelastic

Excitations

a) ABieug

0.4

Brag@ peé:ik

0.2

S. Di Matteo et al., Phys. Rev. B 72 (2005) 144406
C. Detlefs et al., Eur. Phys. J. ST 208 (2012) 359
L? Brookhaven L. J. P. Ament et al., Rev. Mod. Phys. 83 (2011) 705

National Labaratory - Kim et al, Phys. Rev. Lett. 108, 177003 (2012)
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X-ray technology: the early days

W.C. Rontgen
1895

A
N
A
ﬁ
2
= K »
- 5
Bremsstrahlung
4 v
> K
Encrgy
COpPRED varunm glass
3 X-rays % tungeten filamenrt Vs
\
»
T % £ ot AT
""" i )
|
_f'i_f_ electrons ﬁ
— : - a—a 7 —

cooling wate

= o transfornwer

Vacuu\‘ = = g—/,—m‘l
2 5 s____/;-—ﬁ,/j/

L)
= P

beryllium window = X-rays metul fovusing eap

L? Brookhaven
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The advent of synchrotrons

L?

Brookhaven

National Laboratory

1947
First observation of synchrotron radiation
at General Electric (USA)

Energy tuning

Brilliance

Polarization

Stability

Coherence

Intrinsic time structure (pulsed source)

Too Joo T T To Do

25

EVOLUTION
. . 1930
First particle
accelerators
First
1947 observation of
synchrotron
more
energetic
particles ,
Bigger and - 1998
bigger Construction
machines of the first Prediction and
dedicated construction
machines ‘ of FELs
Particle Synchrotron Free Electron
physics radiation Laser radiation
Number Wavelength (A)
of phOtonS 10000 1000 100 10 1 0.1
104
103 _~— 1\
)y \
102 D i
/ | b .nolng\
1011
R ( magnet
o X-ray
ol /I PUN tuhds
/[ I

10

leVv 10eVv 100eV 1keV 10keV 100 keV

Energy



Synchrotrons - sources
\% Bending Magnet:

3ehBy*
Undulator \@ e~ ho, = ezmy .7
Bremsstrahlung radiation

rr’jj Photons

EAVAVAVAS
o
* Many straight

Wiggler:

% é( 3ehBy?
ho, =
% 2m

3K (14 K?
n, = — —_
% 4 2
20 12nm 1.2nm 0.12nm P = mweK2*y2IN
10 1 | | | | T = T 3600,

sections containing X-ray ol 68GeV | Undulator:
periodic magnetic g 1 5 oy \~Undulators N
c = e
structures £ ol eV \ | =t (1 + o +y292) (528)
UV « Tightly controlled s _ Bobu (5.18)
electron beam g 107 ] amme
o 1
% 1016 |- Wigglers . Ocen = v /N (5.15)
] AL 1
;ff < 00 Bending| Al N .14)
\ magnets 2 2
1o 10|eV 100 eV 1 keV 10 IkeV 10I0 keV Pen = ”e?;ul 1 : 2 (&) G4
Electrons in storage ring and insertion devices Photon energy (1+%)
Straight sections e G
- undulators NSLS-II, BNL .
- wigglers Aerial view Attwood & Sakdinawat, N Srayfs t

L:.\Brunkhaven and extreme UV26rad
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Free Electron Lasers (FEL)

Different kind of experiment

g - Pulsed source with very short pulses (at-fs)
Flectronbeam Time resolved pump and probe schemes
High peak power

Schematic design of the Free Electron Laser
with different components

1) Electrongun
2) Injector

3) Accelerator
4) Undulator

Undulator
The X-ray source

Linear-accelerator

Laser 7
,’ : bunch compressor

Injector-accelerator

Electrongun

https://www.psi.ch/en/swissfel/lhow-it-works

New type of source

Pulsed vs ocontinQ \JF" —
Linear vs circular w _‘ Poes -

< Brookhaven | /
¢) ol L
k National Laboratary LCLS-Il, Stanford, Aerial view
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Spin Orbital Charge

Elementary excitations in solids

N C 1-100eV: Exciton in carbon nanotube N
Plagmon RS E(@)
EXxciton _gizé"??“ ?\‘ ?‘. t? ????”? S

Charge (e~ - h") . ' ' Ad 2 E \[MODE
excitations | e .
? . Peoe ® collective
a
C 0.1-2eV: — modes of

orbital waves
Orbital excitations G@Q)/@/O\@

Orbiton (collective)

C0-03eV vavvvvvvvv Measuring the dispersion relation E(q)

of elementary excitations provides

ACOUSTIC
MODE

1
1

1

I

1

1

. -
19
=

Energy

ala f-=-==--

Magnon Wavelength information about the relevant
0000 . electronic interaction s at play in the
° ¢ Collective modes svstem
s Of lattice y
C 071 0.1eV: X I a
@
Phonon °! !
e Electronic Properties
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http://upload.wikimedia.org/wikipedia/commons/2/27/Lattice_wave.svg

RIXS: X-ray Scattering + Inelastic + Resonant

>
>4 2p A 3d
0 Cul, XAS
m
O
930 932 934

I.Ef- _______ DE Energy (eV)
o

hn.. k g

7ns Kin,s €n Nouts Kouts But

%

13t STEP:
X-RAY ABSORPTION |.o—@—

u
o
>

£
b
o)
o

A. Kotani and S. Shin, Rev. Mod. Phys. 73, 203 (2001)
L.J.P. Ament et al., Rev. Mod. Phys. 83,705 (2011)
P.M. Platzman, E.D. Isaac, PRB 57,11107 (1997)

P

2d step:
X-RAY EMISSION

Intensity

o

Schematic of a RIXS Spectrum

4 Charge Transfer
Phonons orbital

®i) d-d

Magnons

Energy

50 meV 500 meV 1.5eV 2¢eV

RIXS sensitive to all electron degrees of freedom

Lattice Spin Orbital Charge

Ideal to study electronic properties!

Energ; [eV]



Overview:

A List of Techniques sensitive to Excitations:

Momentum | Bulk
resolution

Energy
resolution

Spatial
resolution

Sample Mass
Requirement

Sensitivity to e -
degrees of
freedom

Resonant Inelastic
X-ray Scattering
(RIXS)

Light Scattering

(Raman, IR,

Brillouin) EXCELLENT
Inelastic Neutron GOOD
Scattering (INS)

Electron Energy MEDIOERE
Loss Spectroscopy POOR

(EELS)

Scanning Tunneling
Microscopy (STM)

~ NMR, n5R, ESR

S




RIXS response or cross -section

Ki DW d2s n # of scattered photons n¢ per solid angle
Ki — S DW. per energy bandwidth of scattered
> A dWwdw ji D WB  particle DE, normalized by the incoming
flux J;
15t term 2" term

Kramers -Heisenberg : |n>=intermediate, excited
Equation E -E +ho+i [f>=final (excited or not)

RIXS cross -section = ? i>=initial, ground state
i N |H. | |H._ i - ’
: <f/| l> + E <f int n)(n int l> —: . .
. J. App. Phys. 57, 3615 (1985)
H. . = Dipole operator e

Under resonance conditions:
ow, ~ E;1 E, A 2" term >> 1stterm (non-resonant)

A enhancement of the cross-section
A enables coupling to forbidden non-dipolar excitations (intra-band d-d orbital excitations, magnetic excitations)




RIXS In steps

X-ray Scattering X-ray photon:
A Energy E =hn A Soft X-rays 0.27 2 keV
E, k. § E:, ks & Hard X-ray 2'i 20 keV
A Wavevector k = 2pl/l
A Polarization e

To study crystals, | HaH3 A is needed
C Photon Energy E (keV) ~12.4/1 (A) i.e. X-rays!

Scattering Triangle

Photon in T Photon out technique
If OE <<E; A4 |ki| ~ kil

E;=E Elastic Scattering ( LE=0)

Momentum Transfer:
E. ZE Inelastic Scattering Q =k - k;
[F =E;-E, Energy loss = 2x [ki| x sin(2y2)

= (4 p/l ) x sin(29/2)




RIXS T NSLS-Il and BNL

Electron storage ring

s / ‘ W / E 555 :
(2) West Point Pt =BT TY, Hamden > \ I\ Westerly Charlesto
@ : - New London Stonington
3 ‘ : New Haven = 7 sl
27 Peekskill Ridgefield RS o) =
Harriman - 0o
State Park &3 ’Mulford '{-ao‘\ a
! (i) Bridgeport lock'®
e OR - 95} .---asﬁ“ﬁd" Greenport
Mahwah A@ J 4 ..»-"\'—6"‘6\#“ 4
f TP . Stamford
(@) - WhitePlains. P Montauk
/ ) @ Y/ Py, Sag Harbor
; = rookhaven
o | East Hampt
7] N z National: @) e
= [ / INew/Rochelle Brookhaven RBiverhead
_d & NDNLE 4 Huntington National Lab:™ % Hampton Bays
istown @ A X # ; P 1 £ Longisland | f')_/
s b 5827 > | 135 | ¢ o y
NEW ’.ork <87 Acarden City), | Bay'Shore N
NEW oy
(Y J V_alley B Massapequa Great south ®
2 W Long Beach =
ataway, ; ; ~
Edison 1/ r BrDDkI Iaven
@ ol Bridge Middletown NatIDI‘Ia| LabDI‘atD ry
‘ownship

Manhattan

Our endstation / lab
Google map

NSLS-Il, BNL, Upton, NY
(O Ersgibaven Aerial view
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RIXS: Instrument concept for Soft X -rays

Requirements

1) resonance A monochromatic and tunable & Special X -ray Source !
E;

2) RIXS cross section intrinsically low A high
photon flux for E;

Synchrotron: bright, high photon
flux X-ray source

Beamline: monochromatic X-rays E;
with tunable energy in the 0.2-2 keV

range Mono .
Exit Slit 5‘2 M1
- . ' Gratings
E, -
Sample /
A

L:.\ Brookhaven

National Laboratory




RIXS: Instrument concept for Soft X -rays

Requirements
C Special -design for RIXS Spectrometer !

high-throughput

Instrument
3) distinguish overlapping excitations A high
resolving power R = 1/LE to resolve E;

with high precision gt

Coll ective Optics to increase

a n g DWA increase spectrometer throughput

Grating : dispersive optical element for Soft X-rays
A separates in energy the scattered X-rays

Smaller grating line separationd A increase R® 1/d

Longer Spectrometer Arm LA increase R® L 1YDE© L

C Long Spectrometer Arm design enables RIXS with high resolving power!
L? Brookhaven

National Laboratory




RIXS In a nutshell

Summary

r

A Inelastic: create excitations sensitive to all
electron degrees of freedom A ideal for
studying electronic properties in novel
materials

A Momentum Transfer Q A measure E(q)
dispersion relation

A Resonant A cross-section enhancement,

site and chemical selectivity, small sample

volume needed

4 Charge Transfer
Phonons N
(Bi-)
Magnons
| 1 7— = »
50 meV 500 meV 15eV 2eV Energy

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

Requirements

1)
2)

3)

resonance A monochromatic and tunable E;
RIXS cross section intrinsically low A high
photon flux for E; and high-throughput
Instrument

distinguish overlapping excitations A high
resolving power R = 1/LE to resolve E; with
high precision

Limitations Brillouin Zone

(P.p)

1) Intrinsic limitation in Q

2) Poor energy resolution
LE compared to INS

3) complicated cross-
section

*
»
*
*
e
- O
R4 (I:’ )
0
0
*

a=b=3.8 A
E=930eV 2g=150*



Spin excitations

RIXS & excitations N P B ——

; . (0.5, 0.5)
I I r [0.0.L] 120" ¢ Neutrons- Mook et al. + E
- W X-rays-Fe 54 u.c.
Vemeic  FAN1ON COMplete list _ 1 Ly R o0 o:o
i = 1001 * ¢
phonon E i
‘ § 80 'Y
0 & T .
c @ ol
plasmon magnon 2 & eof ¢
I ¢
S ZRS ¢ -
.2 | charge transfer 407 ¢ q,=(h k) (rlu)
= I ¢ . . . H. Lu et al. Science. 373, 213 (2021).
ahy,- 0 0.15  0.20 0.25 030
En;rgy Energy Loss [meV] [0,0,L] [r.Lu.]
J. Pelliciari et al. Nat. Mater. 20, 188 J. Li etal. Phys. Rev. X. 13, 011012
2021). i ’ ' T ’
Phonons (2021) (2023).
Cayy5¢Y2.5xCUsO10| Spinon - orbiton Crystal -field excitations Charge order Plasmon
MEE @t'r)  #1 4#0 (b) 4 - a e
"E x=0 A Ml Orbital excitati Ndq 775570 22sNIO, 100 Bi2201 6.0 366 ("'“')1'50 S5
3 3 0.6
g o 3 h=002s Plasmo
o %‘ o N (0,0,1) (1,0,1)
% 5 © 50
= 3, 2 S
@ % 2 = S 0.4
c = Sy O
2 £ I (a.u) < @
£ ) 100 e 2
0 o W o &
= w 1 - g 0.2-
o SN 10 ]
3
2 0
Trr P e 0.1 0.2 0.3 0.4 0.5
04 02 T 853 854 851 852 853 854 Hichu) 0.0
Enerav Loss (eV ) ’ ’ Incident energy (eV) Incident energy (eV) 0.25
; g: ( c)) MBI teansfer eme) . Rossi et al., Phys. Rev. B 104, 1220505 J. Li etal., PNAS 117, 16219 (2020). | ek (
W.S. Lee et al., PRL 110, . “ . . ; Hepting et al., Nature 563, 374 (201
265502 (2013): S. Johnston et ‘(]éosfzh)'appa etal,, Nature 485, 82 (2021).

al., Nat. Comm. 10563 (2016).




Outline:

L? Brookhaven

National Laboratory

A Some view of light matter interaction
A X-ray Sources
A Specifics of Resonant Inelastic X-Ray Scattering

A Examples of RIXS studies

- Novel superconductors i Fan et al, Phys. Rev. Lett. 133, 206501
- Experiments on thin magnets 1 Pelliciari et al, Nat. Mat. 20, 188
- Excitons T Occhialini et al, Phys. Rev. X 14, 031007

39



Nickelates -- Intro

Perovskite phase

2 8 & B A:S B S e
cUeCE06080B0BLBOBO R
$XX2558 0
scsododoloho¥oXosos
2 088 *ﬁyﬁ 118
O UHEE S -

u"ﬁ Brookhaven

National Laboratory

Infinite-layer phase

CaH,

reduction €
EEm——————— o
G
© Nd/Sr E
o Ni RN g
© Sr " :‘YVY-- '%
oTi sof oy oy w

e O 8 : f 5

A Developed from RNiO; by CaH, Reduction
A Superconducting at 20% hole/ Sr doping
A Tc~15K

A An STO capping layer can be added

0 =] L l 1 l A l

0 100 200 300
Temperature (K)

D. Li et al. Nature. 572, 2019.
D. Li et al. Phys. Rev. Lett. 125, 2020.
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Nickelates -- Intro

300

: Cuprates

Strange Metal

200}

100k

Fermi Liquid

Temperature (K)

Nickelates
10
8 n
i cY - : =
20+
9.0 8.9 8.8 8.7

d electron count

A Layered structure

A d?° electronic configuration

A Likely unconventional SC with typical dome shaped phase diagram
A Only thin films are superconducting

A

; D. Li et al. Nature. 572, 2019.
STO capping Iayer can be added D. Li et al. Phys. Rev. Lett. 125, 2020.

~ Kh J. Mitchell, Frontiers in Physics
Lr Brookhaven https://doi.org/10.3389/fphy.2021,813483
National Laboratory
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Samples & Experimental conditions

‘\QQ No
QQ
O’b
Yes
V)
< Nickelates
=
2 10k
© © n < )
Q w1 I 1} [} 1]
g_ c (! c c c
20+
& 1 1
9.0 8.9 8.8 8.7
d electron count

A Thickness ~10nm
A Temperature 30 K

A 2theta = 150deg, grazing incidence geometry
A Resolution 35 meV

J. Mitchell, Frontiers in Physics https://doi.org/10.3389/fphy.2021.813483
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Nickelates T XAS response

[100]

[001] l

: = 15 deg

I L? Brookhaven
National Laboratory

Solid lines: o
Dashed lines: =

NdNIO, - cap

40 K

850 852 854 856
Energy (eV)

Strong linear dichroism indicate a Ni  -d® electronic configuration
Ground state -> hole with x 2-y2 symmetry
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Nickelates T RIXS response

©

Solid lines: o
Dashed lines: =

I . NdNiO, - cap

40K

850 852 854 856

Energy (eV)

Broad perspective of the spin/charge/orbital elementary excitations

Brookhaven

National Laboratory

Photons/s (rixs)

| phonons

dd
excitations

Spin
excitations/

Ni-O Charge
transfer

\
% Nd - Ni

Charge transfer

—500

0

500 1000 1500 2000 2500 3000
Energy loss (meV)
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Nickelates T Low Energy excitations 0,2) (L,1)

Elastic _

a : NdNiO,

NdNiO, - cap @ Exp. data

40 K q Elastic —_

Ph
" Magnon 200 0.0) (L,0)
—— Fitting
@ £0.33.0.33) 150 Spin Excitations
[=
) Phonon <
o 2 u
< £ o ~ Spin exc. E 100
= Ny, (-0.27,-0.27) 3
7 %%, z
D hasan c Phonon
= w50
8, (-0.19,-0.19)
100 100 200 300 (-040) (-0200 (00 (-0.2;0.2)
Energy loss (meV) Qy (rlu.)
A Presence of phonons and spin excitations in NdNiO,
A Dispersive spin excitations
L:> Brookhaven
National Laboratory 45




Capping effect i Low Energy excitations 0.1) w1

NdNiO,-cap

J,=64.9 + 3 meV _
J,=-10.9 + 2 meV (0,0) (1,0)

200

—

o)

o
|

H =le&3> SG +Jz<é_;_'1>3 G,
1) i

Energy (meV)

100

(-o.'4,0)' (-o.'2,0)' (010) '(-o.2|,-o.2')
Q (r.l.u)

Dispersion of spin excitations fit with J  ;-J, Heisenberg model

L}\ Brookhaven
National Laboratory 46




Doping effect T Low Energy excitations

(0,1) (1,1)
200 | NleOz-cap
- Ndly gSroNiO,-cap
(0,0) (1,0)
g g Nickelates
(D |
Capped (NNO) = 150 ! § @
J.= 64.9 meV; = _ | 5 B
J, =-10.9 meV o £ ool
0 Z
i 100 o 9.0
. d electron count
o0 l . 1 . L . | .
(-0.4,0) (-0.2,0) (0,0) (-0.2,-0.2)
Q (r.l.u)
A Doping consistently softens the spin excitations
A Magnetic dilution effect explain the doping dependence
() Broskhaven .
dational Laporatory




Conclusions

Intrinsic effects
A Spin excitations are intrinsic of 112 nickelates (regardless of capping)
A No CDW in parent infinite layer nickelates

A Doping effect of spin excitations

Interfacial effects
A STO Capping slightly affects spin excitations and Nd/Ni charge transfer
A DFT calculations show STO capping ( apolar interface) affects the Nd/Ni hybridization

A Consequence of this is an increase of magnetism (more calculations underway)

More at Fan et al, Phys. Rev. Lett. 133, 206501

L? Brookhaven

National Lahoratory




Conclusions in general

X-rays
A Elastic and Inelastic scattering fundamental to study materials
A Sensitivity to electronic orders

A Sensitivity to excitations

Large scale facilities
A New instrumentation leads to better understanding

A Collaboration using multiple techniques to deeply understand the physics

More at Fan et al, Phys. Rev. Lett. 133, 206501

L? Brookhaven

National Lahoratory
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A Some view of light matter interaction
A X-ray Sources
A Specifics of Resonant Inelastic X-Ray Scattering

A Examples of RIXS studies

- Novel superconductors i Fan et al, Phys. Rev. Lett. 133, 206501
- Experiments on thin magnets 1 Pelliciari et al, Nat. Mat. 20, 188
- Excitons T Occhialini et al, Phys. Rev. X 14, 031007
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Spin-waves in Fe

120 -
/ A Fe metal is one of the simplest, known ferromagnet
#f

o l_: Iron Metal:

/
7

3 | Fe crystal©
= ©
2 Tw
I S e P /A ,
3 Lo A Spin-wave in Fe metal were measured ~ 50 years ago i
§ . ; / | in single crystal by INS (inelastic neutron scattering)
T AR '
jé 00
20|t i 1
| / | | A Spin-wave dispersion relation E(q) reveals the typical
/_ | behaviour for ferromagnet at small q: .
D L—.i_ OIZ . 0.3 Olj 0:5 0.6 H b.‘? 08 E (q) - D CF q
g(A7"

i“é?nu% fver)

National Laboratory




Spin-waves In Fe studied with RIXS

A Fe thin films grown by Molecular Beam Epitaxy (Yale University) on MgO

substrate
, 2.87 A
A Film thicknesses: 105 unit cell (u. c.), 54 u.c., 29 u.c., 17 u.c., 6 u.c. and 3 ~0.3nm

u.c.

| O
‘ @ently 30 nm, 16 nm, 9 nm, 5 nm, 2 nm, 1 nnfO
‘ High -sensitivity of RIXS at Fe L ; edge + O
few tens of nm penetration depth +high Fo crysal

Up to 37 million times
thinner than the
sample used in INS
study!!

resolving power to investigate the low -
energy spin -waves in ultrathin samples

—e— RIXS resolution

Gaussian Fit
FWHM=19.8meV

Intensity [arb. un.]

L? Brookhaven

T T T T T T T
National Laboratory -60 —40 E—zo Lo [ Z(i/] 40 60
nergy Loss [me’



Spin-waves In Fe studied with RIXS

[010] 15t step: RIXS on Fe thick films 105 u.c. A check sensitivity
and feasibility of the proposed approach

Fe unit cell
ﬁ”t . Fel, X-ray Absorption Spectrum:
(001] | XAS identify the resonance and
i 105 u.c. energy range for E;,
7050 7075 7100 7125
Photon Energy [eV]
RIXS across the Fe L ; edge Single RIXS Spectrum @ E ,,=708 eV

_ Fe 105 u.c.
=} elastic Eipy = 708 eV
| spin excitation ?7?

2] fluorescence

o 8 & &

1 2 3 4 00 05 10 15
Energy Loss [EV] Energy Loss [EV] Nat. Mat. 20, 188 (2021

Intensity [arb. un.]
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Spin -waves In Fe studied with RIXS

e | Fe-54uc. () i E = Dg?2 (b)
[0.0,L] 120 ¢ Neutrons- Mook et al.
i | W Xerays-Fe 54 uc
(0,0,0.32) .
100[ * ¢
g |
= 6
2 80 &
= 4
> L
o
2 of "
L - A B
¢
40 ¢
K
[0,0,0.32] Ly v o by v o by oy v 0 by
0.15 0.20 0.25 0.30
Kout = Energy Loss [meV] [0,0,L] [r.Lul]
- Fal Mook et al., PRB 7, 336 (1973)
R A g - momentum dependence study to evaluate E(q)
2 - A E(g) compatible with INS and & 2

L? Brookhaven
National Laboratory e

Energy loss (meV)




Spin-waves in Fe studied with RIXS: versus thickness

momentum q // out -of-plane [001]

94 y

3uc

momentum g // in -plane [100]

[H, 0,0%]

(d)

(0.2&%,08]13)

Y
PRENIRTOR 120 O VSIS IT Ws] e vy e e

001, I
-0100] ooy
[100]

[0,0,L]
[001] q q (C) q
_ [001] [001 [00
— (0,0,0.23) (0,0,0.30) 0,0,032)
105 u.c. 105 u.c.
Y 54 u.c.
54 u.c. 54 u.c.
= s
= L
£ 29 u.c. 29 u.c.
I-rg‘ _/‘ . -
= ! 17 u.c.
< 17 u.c. 17 u.c. %
2% oo || | R AN Y
= ‘
f 6 uc.
160

300
Nat. Mat. 20, 188 (2021)

200 -100 0 100 20
Energy Loss [meV]

A Spin excitations in films thinner < 10nm (29 u.c.) are different from the bulk
A Softening of the spin excitations along the [001] direction

A No change along the [100] direction
L? Brookhaven

National Laboratory

ras | dbd i il
-100 0 100

A Anisotropic evolution between [001] and [100]




Tuning spin excitations in magnetic films by confinement

Out -i -plane mode at Zone Boundary A Heisenberg model with an effective J; interaction to
o account for itinerant electron behaviour

Pttt tINt 155 )
WL 2 8 2 H == JySi- S, with Jz‘j_Jo( a ) p=8

LGP AR SRS s A M 3= ; By
LUNALLLLLLLIEI L [ S 82 , _ . | .

SRR RRRRRRRRRRRRRI 11 | A Consider a finite number of layer N to simulate the confinement
‘ in -plane (Infinite) ' A 2ﬁ?§£tropic evolution of E(g) vs N between out-of-plane and

In -plane mode at Zone Boundary in-plane [001] & out of plane 1100] 3 in plane

tit l;._lTlTlTlTlTlTlTlTl = sop fESNeEP® :

HENT NN (S 85 ool 7T e g .

T AVttt (s 8 E < sl 1US e i &

HUTHHHNN T (SE2 2 o B l :_ e
v 2 5o <N -
‘ in -plane (Infinite) ' 50:- ‘\‘\,\.‘?}} - "
L;\Bm”"”a"e” R T T I Y
National Laboratory

[0,0.] [r.Lu] [H,0,0] [r.Lul]




Tuning spin excitations in magnetic films by confinement

140

Energy [meV]
= =
B =3 o o b
o o o o o

h
o

- ¥ 3uc C
_ W 17 u.e,

. & I9uc

15

v Heis. Mad,, p=8 d

| & S4uc nomn
| A 105w ' |
zl |

e

LETE &
== 6 UL .
10 u.c.
""" 17 e Pl
----- 9 u.c.
54 u.c e
105 ue.

0.15 0.20 0.25 0.30 0.35
[0,0,L] [r.Lu]

0.15 0.20 0.25 0.30 0.35

[H,0,0%] [r.l.u]

A The geometrical confinement causes the softening of the
spin spin excitations // [001] while leaves them unchanged //
[100]

A Tunability of E(q) vs film thickness N can be used to gain
control of spin excitations energy in magnetic films for future
devices.

xl_.y 1“OHext

600 nm

N\ Spin waves

Kness of magnetic
medium can be optimized
to match the
frequency/energy
ansmitted by the ange




Summary

A RIXS results from thick (~ 30 nm) film are consistent with INS
data measured on bulky single crystal (~40 mm)

A Thanks to high resolving power and high sensitivity of RIXS,
spin-excitations could be detected in 1nm thin sample for the
first time

A In Fe films with thickness N < 10nm, the spin-excitations
present clear changes w.r.t. the bulk

A Anisotropic evolution of the spin dispersion E(g) between
[001] and [100]: softening along [001] for < N and invariance
along [100]

A This result is understood as the effect of geometrical
confinement due to the reduction of Fe-layers

A Film thickness can be used as a knob to manipulate E(qg) and Nat. Mat. 20, 188 (2021)
optimize magnetic materials for future devices




