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X-ray Absorption Spectroscopy (XAS)
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X-ray Absorption Spectroscopy (XAS)

= Soft x-rays have short penetration
lengths in materials

= 525-550 eV photons (O 1s initial O K-edge: LiCoO,
states) 3.5 x x ‘ |
" penetration length only a few c 307}
hundred nm in LiCoO, 8 25}
@)
©
© 15|
Resonant radiation is used — a bit § 1.0 | oy
restrictive Z ol i
0.0 : x x :
525 530 535 540 545 550

Energy (eV)

Incompatible or challenging to use with
additional experimental apparatus, such as —
s*Electrochemical cells
s*Diamond anvil cells



High Pressure Studies

Synchrotron hard X-rays

Kr K-edge - ~ 14326 eV

couple well with high i "~ ~———180 GPa
pressure science 5 N___ g-g gg:
0 ————— 1.15 GPa
The penetrating ability of = 0.75 GPa
hard x-rays is crucial = ———— 0.60 GPa
5 ————0.35 GPa
e ~———1 0.1 GPa
E" gas
(.
[
L
=1,

Hard x-rays ideal for extreme | |
environments, but can we 14325 14350 14375 14400
somehow access low energy E (eV)

excitation ?

Di Cicco et al. Phys. Rev. B 54, 9086 (1996)
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Nonresonant Inelastic X-ray Scattering (NIXS)

Obtain information on low energy excitations

" E,~8keV;ho <1keV
- q - k: B kl NIXS allows all excitations
q E: — h(i): 0= ")1 _ (0: (meV- keV) to be monitored

Incident energy: 6-30 keV

= Measure intensity of scattered x-rays as a function of
energy loss (h®) and momentum transfer (q)



Energy Loss Scale

5(Q.B)

Core-electron excitation: aka, X-ray Raman
XRS: Element Specific

Diffraction,
A elastic scattering
Core-electron
excitatic:rn (XRS) Compton recoil
Phonons Plasmon ".I [scattering

-0.1 0 01 ] 10 100 1,000

Energy transfer (eV)
Huotari et al., Nat. Mater. 10(7), 489 (2011).
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NIXS at APS — some specific types

= NIXS performed at many other
sectors as well — 3,9, 13, 16,

Phonon dispersion, phonon density of states and 33

Valence electron excitations — quasiparticles in
strongly correlated systems
Core or semi-core electron excitations, plasmons

=  Specifically, high pressure XRS
studies performed at sectors 13
and 16

MERIX (APS, 30ID)

AE ~ 100-200 meV

LERIX (APS, 20-ID)
HERIX (APS, 30ID)

AE~0.4eV-1.4eV
AE~1-2 meV
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X-ray Raman Scattering: NIXS of Core Shell Electrons

S@ o) =Y (]
J

2
l>‘ S(E,—E —hw) Energy loss ('f?(o).plays the
J ’ same role as incident energy

in soft XAS

Small momentum transfer: €' : ig.r

i iti ] = +
Dipole transitions only, I.e. Al =+1 Truly bulk-sensitive alternative

Large momentum transfer, q: to soft XAS

eiqr - = 1 + ig.r + (ig.r)° 4 . Both probe and signal hard x-
_ 1! 2! ray photons!!

Non-dipole terms may be

allowed!

i . -Small q: s - p transitions (dipole)
Problem: Scattering cross section for

i - Large q: new s = s transitions
process of interest very low geq K4

or new s = d transitions

W. Schulke, (Oxford University Press, Oxford,
2007).

a 8



XRS Early History
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Fig. 2. Analysis of the “undisplaced” scattered radiation from carbon.
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Davis and Mitchell, Phys. Rev. 32 (3),
331 (1928)

Compton scattering from graphite
and assigned a spectral feature to
the location of C 1s initial states

Followed by experiments
from 1s and 2p initial states
of Be and C

The C K line corresponds to an energy loss of 279 volts. This is in good
agreement with K energy level of carbon. |

Results interpreted by Compton as potentially the x-ray analogue of “Raman
lines” in the visible light regime.

Compton, Reviews of Modern Physics 1, 74

(1929).



XRS Development ( 60’s-70’s)
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XRS conclusively demonstrated by Suzuki et al.
Theory by Mizuno and Ohmura — showed equivalence of XRS to XAS

Suzuki, J. Phys. Soc. Japan 21, 2087 (1966).
Suzuki and Nagasawa, J. Phys. Soc. Japan 39, 1579 (1975).
Mizuno and Ohmura, , J. Phys. Soc. Japan 22, 445 (1967).
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XRS Development (cont.)

Significant developments of XRS - detailed experiments began in the late 1980’s
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Tohji and Udagawa, Phys. Rev. B, 36 (17),

9410, 1987

FIG. 4. (a) Extended oscillation and (b) associated Fourier
transform (radial structure function) of graphite.
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XRS Development (contd.)
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Sc,0; : Sc M-edges and Sc L-edge—>3d transition metal oxide

Wolfgang Caliebe : June 1995 data from NSLS, USA

Caliebe Ph.D. thesis, University of Kiel (1997)
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XRS Development (contd.) X-ray Data Booklet: http://xdb.lbl.gov/
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Photoelectric, coherent, and incoherent cross-sections Vs photon energy

XRS — Depends on incoherent crossection, note the extremely small crossection at ~ 10 KeV
XRS often present on top of large Compton background

» Need high incident flux, large detection solid angle, and excellent
stray background rejection
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XRS Development (contd.)

Further improvements move XRS from a scientific curiosity to a well
developed experimental tool

O 3r generation synchrotron sources/optimized beamlines

0 Anodically-bonded Si or Ge crystals for spherically-bent crystal
analyzer, SBCA

0 Dedicated multielement spectrometers
O SBCA used as an imaging optic in combination with 2D detectors!!)
0 Several independent theories for XAS and g-dependent XRS

(1) Huotari et al., Nat. Mater. 10(7), 489 (2011)
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How to measure XRS efficiently?

o

Sokaras et al., Rev. Sci. Inst 83,043112 (2012)  Verbeni et al., J. Sync Radiat. 16, 469 (2009)
SPring-8 (15) APS LERIX (19)

f * 1l

Cai et al., AIP Conf. Proc. 705, 340 (2004) Fister et al., Rev. Sci. Inst. 77, 063901 (2006)
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L
LERIX =Sector 20, APS

(Fister, Seidler et al., Rev. Sci. Inst. 2006)
=ty

&/ 1. u] : ;\

A %, » ‘
7 'l.:- 24
o e

| -q dependent XRS with 0.4 eV-1.5 eV resolution

*19 Spherically-bent Si 111 wafers or diced analyzers, with
each SBCA coupled to its own detector

eTotal solid angle for 19 SBCA is ~1.2% of 47 sr

a A



Measuring q-dependent XRS efficiently

et VA o)),

3

L =
1 s _—-_
3 - L I — O
” —

Scan energy loss by changing E1 with mono and fixing E2 with analyzers
Each analyzer coupled with a detector to measure 19 g’s simultaneously

17



Measuring g-dependent XRS with LERIX: example
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Plasmons ...etc. Anatase-TiO
2

qg=1.6
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\ K -edge
| and Ti L,-
h * edge
\
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Energy loss (eV)

B Broad Compton scattering background shifts to higher energy as g increases
B Wide scan taken at coarse steps showing the richness of the excitation spectra
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XRS Applications: Graphite

|
v o
A

oy
§
g |/ 2.4 GPa
i ..J 7.6 GPa
K] 10.8 GPa
E 14.2 GPa
= 16.7 GPa
= 20.5 GPa
vertical | 23-2 GPa
- 23.2 GPa
horizontal
280 290 300 310 320

Energy loss (eV)
Mao et al. Science, 302, 425 (2003)

Diamond anvils

Incident beam

NN . .
“PAC top-view DAC side view

Diamond Anvil Cells (DAC’s) with x-ray
transparent Be gaskets

Pressure changes bonding in graphite
XRS reveals the evolution of bonding and transformation
of graphite to a new superhard phase

Approximately half of the sp? converted to sp3

19



XRS Applications: Water- Sub and supércritical conditions
O K XRS of water at different

1TPay ”
viii viI
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1G = v Vi i  SCregime
i »
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Temperature [°C]

I
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T=150 °C

T=163°C

T=160°C
Interpret OK-XRS spectral changes with
structural models obtained with DFT-MD
simulations

The average number of hydrogen bonds
per molecule decreases to =0.6 at 600 °C

and p = 134 MPa

temperatures and pressures along
the liquid-gas coexistence curve.

S(q,0) [arb. units]

S(qg,w) [arb. units]

integrated post-edge [arb. units]

_B'

200°C, 1.6 MPa —
370°C, 21 MPa —
400°C, 48MPa —
} 600‘(‘,'[ 134 I\M’a,I =

0.99 g/icm®
0.86 glem®
0.45 glem”
0.54 glem®
0.45 g.*crn3

p=

H,O molecule - -

lB } _DI

22°C, 0.1 MPa —
400°C, 48MPa —
400°C, 371 MPa —

p=

0.99 glem®
0.54 g/lcm”
0.86 g/cm®

0.5
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: ¢
v 7 .
. ¥
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06 0.8 1 06 0.8 1

density [gfcm3]

Sahle CJ et al. PNAS, 110, 6301, 2013

pre-edge position [eV]
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Some high-pressure studies in diamond anvil cells:

YV V V V VY

Superhard graphite: Mao et al., Science 302, 425 (2003)
Compressed BN: Meng et al., Nat. Mat. 3, 111 (2004)

B,O, glasses :Lee et al., Nat. Mat. 4, 851 (2005)

High-pressure O,-H, alloy: Mao et al., Science 314, 636 (2006)

SiO, glass: Lin et al., Phys. Rev. B 75, 012201 (2007)

Silicon clathrates: Sternemann et al., Phys. Rev. B 75, 245102 (2007)

Some studies of liquid water and ice:

Bergmann et al., Phys. Rev. B 66, 092107 (2002)
Wernet et al., J. Chem. Phys. 123, 154503 (2005)

Cai et al., Phys. Rev Lett. 94, 025502 (2005)

Fukui et al., J. Chem. Phys. 127, 134502 (2007)
Bergmann et al., ) Chem Phys 127(17):174504 (2007)
Tse et al., Phys Rev. Lett. 100, 095502 (2008)

Fister et al., Phys. Rev. B 79, 174117 (2009)
Pylkkanen et al., J. Phys. Chem. B 114, 3804 (2010)
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g-dependent XRS : some examples

Caliebe Ph.D. thesis, University of Kiel (1997)
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B 30F T e IeTT I .JTL'““I[ Loy -
- A EITTE AY S
pr7s T 1o R
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0 AW s-type exciton - A
f \ I \ 1 , C' I | I | I | 1 | I
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nergy loss [eV]
Energy Transfer (eV)

K. Hdmalainen et al., Phys. Rev. B 65, 155111 (2002)
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g-dependent XRS : examples (contd.)

Nagle et al. Phys. Rev. B, 80 045105 (2009).

A more complete picture of the DOS

Intensity (arb. units)

Intensity (arb. units)

—
(a)
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— — 38
----- 57
----- 7.6

-----
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3.8

5 NaF
7.6

Na K-edge

BSE Theory

1072

1074

1076 1078
Energy loss (V)

Intensity (arb. units)

I} 4;;t'al

: 50-72
= 8.4-9.0
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Intensity (arb. units)
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g-dependent XRS : 3d TM Oxides

Anatase-TiO q=1.6
2 ——qg=4.6
—~ —qg=06.5
g Ti:3p M, q= 2]§.050
qg=10.
=V RNRELY
g ———w-r/\__,\,_/—"’_ﬁ"‘—\,
Ry e | N
20 40 60 80
Energy loss (eV)

Low-q dominated by dipole term:
Strong local field and band structure
effects

TD-DFT calculations
Gurtubay et al. PRB 70 201201 (R)
(2004)

At high-q atomic part takes over and
non-dipole transitions have strong
contributions

Balasubramanian, Nagle, Seidler et al., Unpublished
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Multipole transitions from semicore initial states: f-
electron systems; lanthanides

= Cerium N, .-edges: 4d - 4f transitions (Al = 1, 3, and 5)

S(g,m) (arb. units)

éﬁﬁw

CeO,

Qexpl,
10.1A

9.8A-

9.3A
8.6A1

7.7A
6.6A1
5.3A

3.9A1

2.4A
1.6A"

100

120
Energy Loss (eV)

140

Gordon et al,,

Scalc(q’w)

| 1A1
100 120
Energy Loss (eV)

Europhysics Lett. 81, 26004 (2008)
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|
Multipole transitions: extended to actinides

= Actinide O, ; edges: 5d -> 5f transitions (Al = 1, 3, and 5)

90 95 100 105 110 115 85 90 95 100
I I o] I I ] l. | I

_a) .

NIXS Intensity (arb. units)

I

.!..e“-\ Ilowq

e | [ el PE el |
I

+

U4 Theory
Th 4 Theory  NIXS Intensity (arb. units)

Bradley et al. Phys. Rev. B 81, 193104 (2010)
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Total reflection XRS:

surface sensitivity
= Sample: 10 nm-thick

La, (Sr, ,C00; (LSCO) on

Inelastic signal (arb. units)

1 T T T T 1 T T T T 1 T T T T 1 T T T T 1 T T T T 1 T T T T || T
P S ae,

o —6— LSCO (@ =0.2) 7]
Ry, g, —o- STO(2=5)

Total IXS signal

SrTiO; (STO)
" a,=0.28° at 10 keV
Probe:
— LSCO fora < a,

— STOfora > a.,

Core shell IXS signal

Residual signal (arb. units)

| T T T SR B | TR A | Y NS NS T ol N L I et 0 I S T T 1

=8 LSCO fo=10.27
—— STO(a¢=5")

O K—edge (arb. int.)

1 1 1 1 1

530 540 550
Energy Loss (eV)

Fister et al. Phys. Rev. Lett., 106, 037401, 2011

a

0 100 200 300 400 500 600
Energy Loss (eV)

= (Clear differences in O K-edge at
surface and in bulk

= Strong suppression of substrate XRS
when operating below critical angle

Strong expected g-dependence in La
N, s-edge (not shown)
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Carbon speciation in bulk soils
Mishra, Kemner et al.; unpublished

Studies related to management of greenhouse gases
Improving soil carbon sequestration : important as a mitigation strategy
Determine in situ ( without chemical extraction procedures) carbon speciation in bulk soils

Large penetration depth enables studying Accurate speciation

» Soil aggregates. » No effect of sample inhomogeneity.
» Organics in soils and/or minerals. » No need for vacuum conditions.
» Hydrated samples under ambient » True bulk sensitivity

or high/low-temperatures.

l Brandes et al., 2010; JSR
Using Soft X-ray

CaCo,

280 285 200 295 300 205 310 315 320 ‘

280 285 290 205 300 305 310 315 320




SRR R SRR SRR XRS of standards

............... o= =0 : .
NGNS \—= Mishra, Kemner et al.; unpublished

p Benzoquinonef \:f::\os::: i
ED)LOH Standard Peak energy | Peak energy
this study published

p-Benzoquinone 283.8 284.52

285.08

286.2 286.22

288.21

289.8 289.82

Benzoic Acid 285.0 285.01

288.3 288.35

289.42

Citric Acid 288.7 288.72

Thymine 285.1 285.13

286.0 286.02

286.84

288.1 288.01

289.6 289.47

¢ T 07 Alanine 288.7 288.72
280 284 288 292 Phenylalanine 285.3 285.29
En ergy (eV) 288.8 288.75
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Normalized XANES

=
o
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O
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0.0

XRS comparison with 3C NMR analysis Alaska Soil

Mishra, Kemner et al.; unpublished

FWHM of Gaussians
= 0.5+ 0.05

® Alaska Soil

e |t
Quinone —

—— Aromatic J Aryl-C
1 ——Phenolic
—— Alkyl-C
—— Carboxyl
—— Carbonyl
----- Arctangent

moieties
XRS NMR®
Alkyl-C 18% 21%
Aryl-C 17% 15%
O-Alkyl-C 9%
Phenolic-C  11%
Y (Carboxylic-C 51% 55%
+
Carbonyl-C)

288 200 292

286
Energy (in eV)

282 284

294

* NMR data courtesy Chao Liang
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How Does the Battery Store and Generate Electricity

During discharge each electrode
scharge 1, 2% Charge undergoes a half cell reaction

AAMNMNHIDIDIDIMNN

— V00—

At the anode the reaction is:

Anode Cathode [/
5T é LiC, = 6C + Li* + e
B:% Chw — /At the cathode it is:
St SN LigsCo(lll)ysCo(IV), 0, + 0.5Li* + 0.5¢ >
52 THDS ccrope Z LiCo(lll)O,
LiCs Liy_CoO,

The driving force for the external
current is the difference in electrode
potentials of the half cell reactions. This
yields an operating voltage of ~3.9V

31



Need to study O K-edge and TM L/M-
edges to probe oxygen participation in
charge compensation and TM d-dos

For Li toF:1s

For Mg to Zn: L and/or M edges
(2p/3p initial states): access to d-DOS
Can be performed using sub-keV-XAS
(soft-XAS) or EELS

Problem: The interesting redox
chemistry involves light elements
(Li, O, C) and TM 3d orbitals, but
sample environment (an
operating battery) is not quite
compatible with soft x-rays

XAS or EELS intensity [a.u.]

B3 C3

E3

Li
NEXAFS
TEY

S/
/

/]

/
v

LijN .
\ NEXAFS ]
—— 1

Li
IXSS

Li i
NEXAFS |

50

35 6

0 65
Energy [a.u.]

70 75

Braun et al. J. Power Sources, 170, 173 (2007)
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Proof of Principle: XRS Experiments

Some LiC; data: Li K-edge

HBoth chemically (lithium intercalated HOPG)
and electrochemically prepared samples
studied

B Penetration depth of 10 KeV x-rays in LIG
well over 2mm=> true bulk information
obtained

BGood quality data obtained for both C 1s
and Li 1s IXS

BSmall amounts of residual electrolyte do not
pose any problem

MLi 1s position shifts to higher energy relative
to Li metal

Li 1s XRS

.

s

Ca

7
Z

Eg w =m  qflc-axis

g’

£

¥~

“ea,,.,  theory

NRIXS Intensity (arb. units)

s+ q-basal

w"\ﬁ"ﬁ wa

L]
: theory

electrochem
o LA
I o e

"l'
.J .
——

55 60 65 70 75
Energy Loss (eV)

Balasubramanian et al. Appl. Phys. Lett. 91, 031904 (2007).
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LiC, data .... : CK-edge

Low qg: sample oriented with q ~

||I|I|[|||I|I|[]I|II Illlllllllllllllll‘ll araIIeItOC_aXiS
HOPG I LIC6 p

Probes bonding along c-axis (7-
feature enhanced)

High g: sample oriented with g ~ in
basal plane.

&

Probes bonding in basal plane (o -
feature enhanced)

[XS Intensity (a.u.)

NIXS g-dependence ( in dipole
limit) similar to polarization-
dependence in soft XAS for non-
cubic systems

288 292 296
Energy Loss (eV)

Sensitive to anisotropic bonding in oriented non-cubic systems
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\ |
XRS->Coordination sensitivity of Li,0,
Li 1s XRS

Bethe-Salpeter (BSE) treatment: accurately
accounts for electron—core hole interactions

Non-resonant

m:l:i:::n? o BSE theory :
Eric Shirley (NIST)
DFT with
- hybrid
= Y Structure . functional |
of Li,0, &
O 1s XRS

(b)
NIXS data

2 structures with distinct
0-0 bond distance

Li K-edge intensity (arbitrary units)

- BSE (Foeppl) -
— BSE (Feher)

O K-edge intensity
(arbitrary units)

Féher’s : 1.28 A

Foppl's : 1.55 A = o s s
Energy loss (eV)

Energy loss (eV)
Chan, Karan et al. J. Phys. Chem. Lett., 2011, 2 (19), 24832486
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\ |
Ti 2p XRS o
LiTi O TiL -edge Ti O TiL, -edge

T I I

T I I

—*16-40A"

48-68 A"

—*—ag4-80 X
—94-105A"

XRS intensity (arb. units)
XRS intensity (arb. units)

Ti 4+ Tiz+
:.",‘ *16-40A"
%_ & | 4as-684"
] Y il W’ —=—74-89A"

L, L, == g4 105 K
450 455 460 465 470 PV A 400 (ev)465 470
Energy loss (eV) gy
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Chemical lithiation of Li,, Ti:O,,

Elastic energy :~ 9889.5 eV
Use Si (555) reflection in LERIX

Energy resolution: ~ 1.3 eV
In the dipole limit, Ti 2p XRS dominated

I | |
L by transitions from spin-orbit split Ti 2p
. [ ¢ ] levels to unoccupied Ti 3d levels; direct
2 . o
. | g | R . ! probe of projected unoccupied d-dos
2 AN A
5 o S "
= 25_. SN . Exact shape and position of peaks can
% 0 ¢ Y be well understood by atomic multiplet
2| x=0 = W O, ™= calculations
-EE x=15 ..."i-‘ll \T-E;CCC_):I I_rrji#_ o |
X, mmmm— ﬁﬁﬁg n Ti 2p XRS clearly shows the partial
Z o zsﬁr A % 77 reduction of Ti* to Ti** on lithiation of
| | |
455 460 465 470

Energy loss (eV)
Gog et al. Synchrotron Radiation News, 22,12 (2009)



In situ capabilities of XRS: LiCoO,

= See clear evidence for hole formation at t,,
orbitals during charge (i.e. Co** formation) in O
K- and Co M,-edges
In addition with Co M, ;, L, ;, and Co K-edge
XAS a detailed set of electronic excitation

spectra obtained

NIXS ntensity (arb. units)

Electrochemical

®]
& |
=]

Li
1-x
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Bulk sensitive core
shell XRS of light
elements (Li, O,C : 1s)
as well transition
metal (TM: 2p, 3p and
3s) can be performed

Ken Nagle , Swati Pol, Balasubramanian, Seidler, (unpublished)
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\
Instrument Developments

6 movable chambers:12 analyzers each LERIX : proposed upgrade

K-B mirrors: focus ~8x16 um (VxH) tied to APS upgrade

20x20 um beam

0.3- 0.5 eV resolution
Improved detectors
Improved SBCA reflectivity
100 + ...analyzers

ESRF 1D20 (UPBLS6)
(G. Monaco, S. Huotari, R. Verbeni, L.
Simonelli, K. Martel, C. Henriquet, et

al.)
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XRS can be used to study most elements in the periodic table

With newer generation instruments, XRS is poised to become a
technique of choice to study the fundamental electronic
excitations in a variety of materials — under real world and/or
extreme conditions

Theory to generate the excited state spectra has progressively
improved and promises to provide key insights on details of
electronic structure
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