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I. Basic Concepts and Definitions
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X-ray Absorption Spectroscopy (XAS): Basic Concepts ...

source detector

e W

[ (how)

[(hw) =1 (hw)e ™
sample

p(hew)ocIn(1,/1)

1

x-ray absorption coefficient

XAS of a polyimide polymer

e | h"'“*-—_H,______llrl'-_«___
Fl‘\' | |
250 350 450 550 650

Photon Energy (eV)

750

Figure reproduced from the site
http://ssrl.slac.stanford.edu/stohr/nexafs.htm
presenting the book
“J. Stohr. NEXAFS spectroscopy. Springer, 1996




...and Basic Definitions

Near Edge X-ray Absorption Fine Structure
— NEXAFS

X-ray Absorption Near Edge Structure
—XANES

Extended X-ray Absorption Fine Structure
— EXAFS

Surface Extended X-ray Absorption Fine
Structure — SEXAFS

X-ray Absorption Fine Structure
— XAFS

XAS of HOPG

p (o)

NEXAFS (XANES)
| A(ho) ~30:40 eV

—— EXAFS —— -~ |
A(hw) ~ 50+1000 eV |

Carbon K-edge

E, — Carbon K -edge (CK -edge)
E, =285 eV
E, — Divide between NEXAFS and EXAFS
E  ~320 eV



Important Details of X-ray Absorption Process

X-ray Absorption AR Auger Effect X-ray Fluorescence

VB

core-hole

Ty, T, T, - total and partials

E - energy of absorption K-edge core-hole lifetimes

if Z<8 then 7,~10" s> 7,~10"s = Vo, =z, +1z,=1/z,~10" s



II. Theoretical Background and
a Little of History

207k*  -2R; | Ak)
Nj'f]-(k)'e e

2=

J

kR

J

sin(2kR, +35,(k))




¥

X-ray Absorption Cross-Section

u(ha)=o (ho)-n,

. . 2
O, — x-ray absorption cross-section [cm~],

n, —atomic density [atoms-cm ]

number of absorbed photons [s™']

Ox [nmz] =

photon flux [nm™ -s™']

Fermi's GoldenRule = o, (hw)x ZK‘PJ, ‘(r.E)“PI.>
f

—1nitial wave function

localized state with

radius ~ a, /Z

b4 £ final wave funtion

2
S(E, —E, — ho)

(r-E) - dipole transition operator

delocalized state with
wave number k

and wave length A
2z 2

A

k Jho - E,

E — electric field vector

for K -edges of C,O,N,F
the only possible transition 1s — 2p



The Roots of Difference between NEXAFS and EXAFS

NEXAFS > EXAFS
( multiple strong scattering regime ) (k) K‘P £|-B)|Y;) ( single weak scattering regime )
SR SRk S SN S T SPE L T
------------- O
: o
: 0. o 1YAOQ o
~..l
= \, 2 1k, 0)- A
1 elastic ‘R\*-
. ®
® 3+ O scattering
amplitude °
small & — large f(k) large k£ — small f (k)
M(E) oc p(I, E) p(k)~ f(k)-sin(2kR)
NEXAFS - reflection of [/ - projected EXAFS - reflection of interference pattern

density of unoccupied states p(/, £) traced along photoelectron wave number scale



NEXAFS Dependence on X-Ray Polarization

CK-edge XAS of HOPG

I T I I I 1

u(E) 0=60°
0=50°

in-plane o*- orbitals

‘<c*‘r-E‘s>‘2 ~cos’ 0

E(1 =
p- DOS ( S) T )
out-of-plane 7*- orbitals o ° In
2 .2 275 285 295 305 315 325 335 345
(r-E) ‘<n*‘r-E‘s>‘ ~sin” 0 E (V)
\L the figure reproduced from

. 2 ) R.A. Rosenberg et al..
H(E) — (0, E) H(O,E) ~ pr(E)-sin” 0+ ps(E)-cos” 0 Phys. Rev. B 33, 4034 (1986).




Main features of CK-edge NEXAFS

1. n* - resonances (exciton-like) : Ep <E . <Ey
E, =Ep+ep
for HOPG: E, =E;+4.7¢eV

2. ij - core hole (Frenkel) excitons:

E,+1eV<E, <E,+3¢eV
for HOPG: E_, = 291.65 eV

3.6% - resonances : E, +3 eV <E_. <Egxups
Exaps- lower boundary of EXAFS regime

for HOPG: Eggaps = Ep +30eV

NEXAFS reflects: x-ray polarization dependent,

core hole-perturbed partial density of unoccupied
states (p-DOS) localized within a few atomic sites
from the excited atom (R ~ 5 angstrems) [*].

[*]J. Schiessling et al.. J. Phys.: Condens. Matter 15, 6563 (2003).

CK-edge XAS of HOPG

< ¥~ resonances

~ *

-_ \ :
;_ T

[ HOPG
&) _
S| ]

| N

‘ 5 o*- resonances .

B E,

285 290 295 300 305 310

E (V)



Isolation of the Fine-Structure Oscillations y (k)

XAFS p (E) for FeO [*]

Isolated XAFS (k) for FeO [*]

T | T T T T 0.6
20 XANES -

15
10
=1

0.5

0.0

| | | | | |

1 | I | I I
-0.2
7000 7100 7200 7300 7400 7500 7600 7700 0

E(eV)

Z(E)=ﬂ(E)A_;O(E) ) - \/2m(i2_E°)

U (E) - absorption 1n the absence of neighboring
scatterers (atomic-like background )

[*] M. Newville. Fundamentals of XAFS.
University of Chicago, 2004.

k(A1)

_ k)~ 1, (B)
—) 205

k., —lower EXAFS boundary

| (k< k)| > |2 (k> ki)




EXAFS as a Quantum Interference Phenomenon

2R,

—p(0) (1)
\Pf—LPf +LPf

PO _out oing wave, WD _ packscattered wave
f & f

ikr i(kr+25(k))
PP WP Sk

r r

f(k,m)— backscattering amplitude
o(k) — phase shift

2(k) o KLPA(r-E)\\Pi}

#(K) Ho (K)

2\ r

2

(PP|r-B)w,)

Single Scattering Model

4

IAOEDY Nfl;]{g(k) sin (2R, +6,(k))
J J

where Nj, RJ. are coordination number

and avarege distance to atoms in shall

k_. :2%— lower EXAFS boundary

min

if R=142 A then k, =45 A’



A(k) (A)

Taking into Account Many-body Effects

Cls

XPS of HOPG
ho =700 (eV)

mt-plasmon

intensity (a.u.)

(m+06) - plasmon

360 380 400 420

Ey, (€V)

40

30

20

10

0 | | |

k(A1)

The figure reproduced from M. Newville.
Fundamentals of XAFS. University of Chicago, 2004.

Intrinsic Losses — S

h ( shake-up and shake-off processes )

S? —amplitude reduction factor;

. —202k2
Structural and Temperature Disorder — e =/

—20%k?
e =" —Debye-Waller factor

2 : :
o; —mean square displasment of shall j atoms

o 2R, /A(k)
Extrinsic Losses — e

A(k)— photoelectron mean free path determined

(=

by inelastic scatterings and finite core-hole lifetime

1

—207k* 2R, /A(k)
N, fi(k)-e 7" 2o
y)=82- L2 Py sin(2kR, +5,(k))
J J



Extraction of Structural Parameters from vy (k) - function

Radial structure function F(R) can be obtained
using Fourier transformation of k£ y(k) [*]:

k max

F(R) = j dk (ky (k)) - sin(2kR)
k

min

k_. and k. are determined, respectively,
by lower EXAFS boundary and
by acceptable value of signal/noise ratio

for carbon materials:
k. =4 A" and k_ =11+12 A™

FEFFx (FEFF6 —> FEFFS)

[*]- D. E. Sayers,, E. A. Stern, and F. W. Lytle,
Phys. Rev. Lett. 27, 1204 (1971).

k(A

kx(k)

F(R) (arb. units)

R (A)

The figures reproduced from P. Castrucci et al.
Phys. Rev. B 75, 035420 (2007).



The Key Points of NEXAFS/EXAFS History

Discovery of X-Rays - Rontgen (1895)
First measurements of absorption edge — Maurice de Brogelie (1913)
The first observation of the fine structure — Fricke (K-edges) (1920), Hertz (L-edges) (1920)
The first theory of NEXAFS (“Kossel structure”) and EXAFS (“Kronig Structure™) —

Kossel (1920), R. Kronig (1931)

Improvement of theoretical models and experimental facilities (1930s — 1960s)

Creation of valid shot-range-order theory of EXAFS — D. Sayers, E. Stern, F. Lytle (1968-1971)
Appearance of the name EXAFS - F. Lytle, J. Prins (1968)
The dawn of “Synchrotron Era” — (1970s)
Appearance of the names XANES/NEXAFS - A. Bianconi (1980)/J. Stohr(1982)

Development of highly quantitative multiple-scattering theories of XAFS — (1980s - present time)




III. Some Aspects of Modern XAFS Experiments
and XAFS Data Processing Technique

Diople bending magnet

1
f

Storage Ring

hv «

Multiple Undulator or Wiggler



Storage Ring as a X-ray Source

Storage Ring Scheme

Experimental
station

HK-ray
beam line

, Electron beam " %

Eleccran beam
1
1

Linear ¥
accelerator i Booster ring

Electron gun

The figure taken from site:
http://www.odec.ca/projects/2005/shar5a0/
public_html/images /model_animated.gif

Synchrotron’s Characteristics:

Electron beam energy: £, [GeV]
Current: i, [mA]
Circumference: L [m]
Pulse duration (FWHM): 7 (ps)
Bending Magnet Field: B [T]
Critical Photon Energy : £E. [keV]

Total Photon Flux: F [photons/s]

L=27R
E.=hw,.=0.665-E*-B
F=1310"-i -E

e



Main Characteristic of Synchroton Radiation

Advanced Light Source (ALS).
Berkeley. USA

Ee=1.9 GeV
1014 ALS 1 =400 mAe
B=127T
g hwe = 3.00 keV
:iz 10‘13 | wa
S 107 \ /f
o ) /)
& \ 50%
y A6 = 1mrad 3\//
10 Ao/o=0.1% \ AE
k\\\\ \\\\1\ 28

001 0.1 1 10 100
Photon energy (keV)

The figure taken from prof. D. Attwood lecture

" Intro to Synchrotron Radiation" EE290F, 16 Jan 2007.

Berkeley. USA.

Dipole Synchrotron Radiation (SR)

E

bending A6 \

magnet

AO=mc*|E,
AO ~1 mrad

E - electric field vector

1. linear polarization of E (in the plane of e orbit)

2. extrimely high brightness (~10" brighter than

the most powerful laboratory source)



Photon Flux (s")

1E13.:u| T | T T
BESSY 1II
1E12} -
i E =1.7GeV
1E11E €
1E10 ul Lol 11 | 111 | |

Monochromatization of Synchrotron Radiation

bending
c . magnet

Storage Ring

100 1000 10000
Photon Energy (eV)

focusing
mirror

1E13

o
m
[E
N

1E11

Photon Flux (s)

plane grating

1E10 ™

:-_”I T T

FE, = 1.7GeV =7 s

T llllll T llllllll T T TTTTT
BESSY II

’ \

" AE~005eV N

1111 1 1 lllllll 1 lllllll 1 1 lllllll 1
10 100 1000 10000
Photon Energy (eV)

monochromator ~ focusing
(PGM) mirror /
exit slit D)
R=E/AE ~10*
sample

Energy resolution R
is determined by PGM design
and exit slit width

high vacuum
analytical chamber



Typical Parameters of Third Generation Synchrotrons

Facility ALS BESSY II ESRF SPring-8
Country USA Germany France Japan
Electron energy 1.90 GeV 1.70 GeV 6.04 GeV 8.00 GeV
Current (mA) 400 200 300 100
Circumference (m) 197 240 884 1440

RF frequency (MHz) 500 500 352 509
Pulse duration (FWHM) (ps) 35-70 20-50 70 120
Bending magnet field (T) 1.27 1.30 0.806 0.679
Critical photon energy (keV)  3.05 2.50 19.6 28.9
Bending magnet sources 24 32 32 23

The Table taken from prof. D. Attwood lecture " Intro to Synchrotron Radiation"

EE290F, 16 Jan 2007. Berkeley. USA.



Recording of the XAS in the Reflection Mode

hoton detect
electron analyzer pho 0\1; clector [, (ho)xY,(ho) o Yf(ha))
r(ho)
Y, (ho,E,)
Y, (h@)—fluorecence yeild (FY)
L, (hw) Y,(hw) —electron yeild
B ’ . yeild (EY)
\on_ e/ o
electron De < Df ~ l/y(ha)’)
escape .
if Z2<16 Y, (ho)< Y (hw
photon dept}i D, Ytot ( h(()) f( ) e( )
penetration | \__ _ _ _ _ _/ _______Y___
depth sin&/u
l o <— Y, (o)=Y, (hw, 0<E, <hw-ep)
I=1¢e*" T :
TEY - Total Electron Yield

uD,[snf<]l = [, =1-1 ocpu-l .
abs TFY - Total Fluorecence Yield



intensity (a.u.)

se, pe,ae— secondary, photo and auger electrons.

Peculiarities of Different Electron Yield Techniques

_l<— Total Electron Yield (TEY) ———| |

5 1 Partial Electron
B Yield (PEY) ~

' Auger ElectrorL)| ‘
e

ae

" Yield (PEY)

100 200 300
E.. (V)

Yior = Yge T Yge + Ype > Yo + Ype

e escape depth D, = XAS information depth

(0)

. TEY: who)<Y,, (hw)/l, —  D,=50 A

e

2.PEY: s(hw)ecY,, (ho)/I, — 10 A<D, <50 A

3.AEY: w(ho)cY, (ho)/l, —  D,~10 A

1

Choice of XAS recording mode
determines its information depth

TEY - Surface + Bulk
TFY - Bulk



Normalization and Background Correction of the XAS

BESSY II, Russian-German Beam Line Measured elect.ron yeild Ye (h o) mu.st be corrected
— for beam line transmission function T(Zw)

2 012
%
e
: . 1
2 0.08} = Uhw,Au) =T(hw)-Y,(hw, Au)
S =
c: g T(ho) = H(ho, Au)
2 0.04¢ N Y,(ho, Au)
= <
2 OK-edge |E
< CK-edge for CK-edge NEXAFS
0000 800 1200 1600 p#(hw, Au) = const
Photon Energy (eV)
: B
* Y (o, X)
,
[ (hw) # const # who,X) =—¢

Y, (how, Au)



Normalization and Background Correction of the XAS

Normalization requires reference monitor

clean Au reference clean Au reference
grid monitor sample
N B /

[ (how)

>
Y, (hw) - i Yo (M0)

ref
samp

(hw)—more simple and controllable

ref

Y,y (i) —accounts for photon flux instabilities

BESSY II, Russian-German Beam Line (RGBL)

Normalized C,, TEY

TEY (arb.un.)

Au reference -
sample

280 290 300 310 320
Photon Energy (eV)

T

Normalization TEY of C,, film
using clean Au reference sample




Analysis and Interpretation of NEXAFS Spectra

v loho" o o Complicated Way hydrogenation.
ISR i RSN TSSES . decomposition into set -—
i / (N = CAD | of steps and peaks, ~[ CK-edge XAS-
\- theoretical modeling, =1 " i
B L etc... [*] ,g - o ———> ;
:l O ] =
3 ol
§,}|':':W.::: H+H :k} E
> sa-C (450¢ C) S
A4 \ I S|
E L // Simplified Way g
i / L _ direct comparison with §« SWNT
P ><\ properly normalized é .
u....l..gnr..%.:rrl...TT.I..... reference spectra <[ SWNTHH,
280 290 300 310 '_J- ]

285 200 295 300 305 310

E(eV)
The figure reproduced from J. Diaz, S. Anders,
X. Zhou et al. Phys. Rev. B 64, 125204 (2001). % (SWNT +H )
2

Photon Energy (eV)

=0.72+0.07

7*(SWNT)

[* ] For details see references [1-4] from Main Sources.



that can be obtained by

101

format
NEXAS/EXAFS Spectroscopy

Some Nanocarbons Related Examples
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NEXAFS of Fullerites and Fullerides

XAS of C,, and C,, films [*] XAS of crystalline K,C,, [**]

Cls C 1s XAS
Absorption

= LUMO
LUMO+1
LUMO+2

kel LITTITT
e T

%
A
C il 'T |1 -w- Cgg
& k 0 H R v
e T oe—— GF —> ’ [t JB
Graphite Ay ¢
¥

<

Intensity (arb. units)

w

narrow 7* and o* resonaces 282 284 286 288 290 292
show that solid C,, and C,, Photon energy (eV)
are the molecular crystals

Absorption (via secondary electron yeild)

. ; ; 1. half-filled LUMO (a) in K,C,,.
280 290 300 310 320 2. large general shift (~0.35eV)
Photon Energy (eV) of K,C,, LUMOs

[*] L.J. Termenello et al. Chem. Phys. Letters, 182, 491 (1991). [**] T. Kaambre et al. Phys. Rev. B 75, €195432 (2007).



Experimental and Theoretical study NEXAFS of C, F5, [*]

a E F G
. A C N—"
The structure of C, F;. 1isomers D / ST
' C
S~— 1
| / ST }C F isomers
. J f J
Theory
£ b g 0.65T+0.3C, +0.05C,
= fluorenated
=
E %/ﬂ\x‘”ﬁ_——*——_&/ carbon atoms
]
=
o [ RS X KA R X KR
Voo S
c | F
A G
J Experiment
[*] L.G. Bulusheva, A.V. Okotrub, V.V. Shnitov, V. V. Bryzgalov et al. T 285 260 2% 300 305 310

J. Chem. Phys. 130, 014704 (2009). Photon energy (eV)



Absorption (Total Electron Yield)

NEXAFS of fluorinated MWCNT [*]

C 1s absorption spectra

T L T I I T

T T T T T T r T
285 200 295 300 305 310 315

Photon Energy (eV)

Fluorination dramatically
changes MWNT CK-edge, but
does not affect their FK-edge

Fluorination "kills"
*- resonances

\J

sp> — sp°

F 1s absorption spectra

*c*

D, D;

Absorption (Total Electron Yield)

680 685 690 695 700 705 710
Photon Energy (eV)

[*] M. M. Brzhezinskaya et al. Phys. Rev. B 79, 155439 (2009).



Study of metallicity-sorted SWCNT [*]

TU*

Normalized Intensity

;hé,J
1S
280 285 290 295 300
Energy (eV)

XAS of metallic (M) and
semiconducting (S) SWCNTs

Normalized Intensity

Metallic SWNTs Semiconducting SWNTs

a)

Normalized Intensity

1 8- , 1 4

1 a1 o M7 1 Qs sSs,

1 0 12 3| - 0o 1 2 3

4 Energy (eV) i Energy (eV)

""" 284 285 286 287 284 285 286 287
Energy (eV) Energy (eV)

High-resolution XAS Cls absorption edges together
with the results of a line shape analysis (thin lines) and

TB DOS broadened by the experimental resolution.

[*] P. Ayalaetal. Phys. Rev. B 80, 205427 (2009).



Electron Yield

CK-edge NEXAFS of Few Layer Graphene (FGL) [*]

II|IIII'|IIII|IIII|1III'|IIII|I'II'I|'IIII|III'I|II'II|IIII'|II

N FLG -

1.6 -
above 5 Layers
1.4+ =
3 Lavers
2 Layers

1.2 ’

1 Layer

280 290 300 310 320
Photon Energy (eV)

2L
=
% 0.0
% 1.0
- | 41
3 | B }Y
¢ ;
2 0.0
m 0.0 5.0
Energy (eV)
1.2 -
. ﬂ*
NEXAFS makes possible above 5 Layers
to distinguish between graphenes |3 payers
with different number of layers
2 Layers
1 Layer IFermi level
1.0 o AN 1 FEE ER T RO R FWR:
280 281 282 283 284 285 286 287
Photon Energy (eV)

[*] D. Pacile etal., Phys. Rev. Lett. 101, 066806 (2008) .



NEXAFS study of FLG Grown on 6H-S1C(0001) [*]

CK-edge NEXAFS spectra measured

Intensity (arb. units)

at different incident angles

% Cls—x

(A0 ﬁ

g

C )

E-vector (d)
I 9,

™
n i,

r . . 1 . . . =7 1i 2*
9 ‘Fi normal incidence
i
glazing incidence a=14+20
o (b)

- q

280 1285 290 295 300 305 310 315
Photon Energy (eV)

(=

4th annealing at T=1400°C
(formation of thick graphene layer )

3rd annealing at T=1180°C
(growth of single phase graphene layers )

2nd annealing at T=1080°C
(formation of mixed phase (buffer) layer)

Ist annealing at T=900°C
(for substrate outgasing).

[*]. Kijeong Kim. J. Phys.: Condens. Matter 20, 225017 (2008).



EXAFS study of I-doped SWNTs [*]

EXAFS experiment at the ESRF (France)

MWNT

k. (k)

.IT.I-lII.I;I.l_ll.].l.l.l-lxlll.l-ll

2 3 4 5 686 7 8 9 10 11 12 13 14 15 168 17 18 18 20

k (A"

Measurements made:

in the transmission mode
at the 1odine K -edge (E,=33.169 keV)
at low temperature (T=10 K)

[*] T. Michel et al. Phys. Rev. B 73, 195419 (2006).

FIK>X(K)]

I-doped SWNT
{ 2 3 4 5 6
R(A)
FEFF calculation
3

TABLE 1. Structural parameters deduced from the least square
fit of the first shells of the I-doped SWNTs samples

lodine shell Carbon shell
N 0.8 2.2
o 0.0016 0.02
AE 12.11 2.8
R 2.74 3.02




V. CONCLUSIONS

1. Modern NEXAFS spectroscopy proved to be one of the most powerful
experimental techniques widely used for investigation of nanocarbon
materials. It makes possible to probe not only their local electronic structure,
but also a chemical composition and even atomic structure.

2. Application of EXAFS spectroscopy in this area of research 1s much more
restricted. As a rule, this technique 1s used for probing a local atomic structure
of composite materials, which along with the carbon atoms contain also the
atoms of higher Z elements (such Fe, Ru, I) characterizing by much higher
values of absorption edge energy and backscattering amplitude.
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Interior view of Synchrotron BESSY II

a4 s 1 :‘mﬂT




Experimental Station of Russian-German Beam Line
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