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Topics

1. Overview

2. Theory
A. Simple “heuristic” derivation
B. A real derivation (just for show)
C. polarization: oriented vs spherically averaged

3. Experiment: Corrections and Other Problems
A. Dead time (won'’t cover)
B. Self-absorption
C. Sample issues (size effect, thickness effecttgies) (won't cover)
D. Energy resolution (won't cover)

4. Data Analysis
A. Fitting procedures (Wednesday)
B. Fourier concepts
C. Systematic errors
D. “Random” errors
E. F-tests
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X-ray absorption spectroscopy (XAS) experimental
setup

double-crystal ionization detectors

monoZromator
[\l ﬂ beam-stop  * Sample absorption is given by

g = =T I mit = logq(l¢/1,)

et I
“White” x-rays | 0 A | 1 2

from (J LHe Cryosta {eference sample * reference absorption is
synchrotron collimating sample

* NOTE: because we are always taking
relative-change ratiosletector gains
don’t matter!
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X-ray absorption spectroscopy

m(cm’)
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From McMaster Tables
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Main features aresingle-electron excitations.
Away from edges, energy dependence fits a power lampAE-3+BE
(Victoreen).
Threshold energiesE,~Z2, absorption coefficientrmZ4.

core hole
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X-ray absorption fine-structure (XAFS)

spectroscopy
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EXAES region: extended x-ray absorption

fine-structure

“edge reqgior’: x-ray absorption near-edge structure (XANES)

near-edge x-ray absorption fine-structure (NEXAFS)
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How to read an XAFS spectrum

3.06 A

2.93 A

FT of Kc(K)

c(k)p N, g(r)F(k,r)sin@2kr +7_)dr
r (A) Real parof |

the complex g isaradialpair-distributionfunction
transform

Amplitude envelope
[Re2+Im?] 12

 Peak width depends orback-scattering amplitudeF(k,r) , the Fourier transform
(FT) range, and thedistribution width of g(r), a.k.a. the Debye-Waller s.

Do NOT read this strictly as a radial-distribution function! Must do detailed
FITS!




“Heuristic” derivation

e |In quantum mechanics, absorption is given by “Fernis
Golden Rule”:

(£ )i

N

NUNT: NI
| £)=|f,)+|Df) m~|(f|ex]i)|” = [(f, + Df |&x]i)

=(oleofi) +(i[e] £,)(Df [&xf]i)

+c.C. + h.ot.

Dn Note, this is the same as saying
= this is the change in the
m & absorption per photoelectron




How Is final state wave functionmodulatec®

« Assume photoelectron reaches the €
Continuur? within dipole approximation:
Kr

- ikr +idl, (k)
central atom phase shiftd.(k)

Kr
o IkR¥id (K)
2w\ 2 -R// (k
(ex) e (k)

- ikR+id, (k)

electronic mean-free path (k)

- R/ (k)
KR kf ('0’ k)e complex backscattering probability kf(p,k)

- ikR+id, (k)

KR

- i 2kR+i 24, (k) +i d (K)

e ik(R-r)+id; (k)+id, (k)
k‘ f(p, k)‘e' RI7 (k) complex=magnitude and phase:
ki backscattering atom phase shifd,(k)

ORI . _
f (p’ k)‘e final interference modulation per point atom!

kR




Other factors

« Allow for multiple atoms N; in a shelli and a distribution function
function of bondlengths within the shell gf)

c=8 N, (@i (p ke g(r) P2 G0,
i r
1 _(r'Ri)2
r e 2° 2|
where 9(r)= V2ps argl? is an inelastic loss factor

c)» S N, (em‘ Zr,,<‘sm2kr+za (k) +a,(K

Assumed plane wave scatterlng curved Assumed both harmonic potential AND
wave has r-dependence ks<<1: problem at high k ands
solution: substitute F. full curved wave
theory




EXAFS equation derivation

This “simple” version is from the Ph.D. thesis of Goguong Li, UC Santa Cruz 1994, adapted
from Teo, adapted from Lee 1974. See also, AshlegcaDoniach 1975.

The probability of emitting an electron in the direction k is given by:

P(k) Dl >4(+ (Z ) |kr(1 cOSq)é>1’-‘ f(p k)fr(p qk) 2lkr€>¢|

The absorption is therefore:

k) :ip PRIk @7(K) + 2D Re{(; +1,) =" €]+ DI, +O()

where: D

k)=—— (&%)*ck
m(K) p(e)

= (8K)ET £ (g, k) oK
4,0

} 4— (BXK)e 'kff(p,k)fc(pr'q’k)dli

| f(g.K)[ ok




derivation continued...

e Some, er, “simplifications”

m=|

9% K@) =L (. Wna% 9

m=- |

e = (2+1(-1)' j (kr)R(cosy)

t(g.k)= T(k)R{cosq)

fll) = @10+ D - 1

1 2 . +|+1 2 o
21 +1216+1 M 21 +1 21641

Im[f (O,k)]= | f(g.k)I d/ d(cosg)

| XR()R(X)dx=




derivation continued...

 Rewrite |, |, and I,

>

= &4 :dj Ozpcosqe‘ik“:"s"f(q,k)sinqdq

l,

8|

N

21, (k)

g DD k) +1C0) a (k)]

N_&)

andnowfor thekeystep,j, (kr) ® kisin(kr- 2) forkr>>1
r

ext  2f (k) (-i)"? k- ket k-l ke
T2 2I|4(-1)(2k)ri Fxbe = -e Srle = o-e )
|
=0 ) (e + f (e ™)
Kr |
:ié><f

S LT @ Ke" + £ 0 ke ™]
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derivation continued...

cosg cosqf (- g,k)singdqg

_exdf(p,k) 1 | !

iext

i 2 +1)(2ia -1 x(- D' P(x)dx

-1

2r . 2K

—(l 2|a’°)f(p’k)eikr

Imf(Ok)



Finishing derivation, beginning polarization

mK) = 2 ; D(éf)z |

m[eZikr+2id|° f(0,K)]

n- n,
m

3 éx’; ? ikr +2i

(krz) Im[e* 2 f (p,K)]

3co¢
Kr?

c(k) =

9 ¢ (p,k)sin[2ikr + 2 +£(K)]  foraK -edge

Notice g (angle w.r.t. polarization): can eliminate certainpeaks!




L, and L; edges appear more complicated

e 2p,, Or 2p,, core hole and a mixed s and d final state

1 TR K) 131 20/ sinf2kr + d,(K)I(L- 3co€g)

c(k) = 1 .
(2l1f+ Jojpf ¥

+ @sin[Zkr +d, (K)](1+3cos g)

+ ‘<O‘1>‘2 sin[2kr + a,(K)]}
2 0




polarization vs. spherically averaged

 L,and L; mostly d final states (yeah!)

(21 . (21 Boolnt
» (1+ COSZC] ) > » 950 S

O/ Hoosa) (0]2)

c(k) =- P(COSC])‘ (’(Z )‘ sin[2kr + 7 (K)]

3cos g for K andL, edges

P(cosg) =
(c0s7) -%(1+3<:052q) for L, andL,, edges




Corrections and Concerns

* “Normal” EXAFS performed on powder samples in
transmission

— can tune the thickness

o Want <1 andnmh< 3
* We like stacking strips of scotch tape

— can make a flat sample
— diffraction off the sample not a problem
« Working with oriented materials: single crystals, flms

— usually cannotget the perfect thickness: too thick
» fluorescence mode data collection
 self-absorption can be substantial!
» dead-time of the detector




Fluorescence mode

point of absorption
and fluorescence

continuum

states

fled3d

\
core hole
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point of absorption
and fluorescence

Cexp = |

L. Troger, D. Arvanitis, K.
Baberschke, H. Michaelis, U.
Grimm, and E. Zschech, Phys.

Rev. B46, 3283 (1992).

Fluorescing photon can be absorbed on
the way out

Competing effects:

— glancing angle, sample acts very
thick, always get a photon, XAFS
damped

— normal-incidence: escaping photon
depth fixed

1.2 T T T T T T T T T T
- 10} .
e
g
o 038f 4
(%]
o] L
S|
© o6r Cu foil, Cu K edge 1
= A
E o4t ovir1.4 ]
)
2 A

02l transmission |

' fluorescence

J 1 L 1 L 1 L 1 1

0.0 :
8800 9000 9200 9400 9600 9800
E(eV)




The full correction

e With the above approximation, we can finally writethe full
correction:

¢ = {-1g@- M(Coy+D)+ b1 4

JIg- (o +D) + b1 +4dabgc, .}

* In the thick limit d®%¥ ), this treatment gives:

Booth and Bridges, Physica
ScriptaT115, 202 (2005)




L. Troger, D. Arvanitis, K.
Baberschke, H. Michaelis, U.
Grimm, and E. Zschech, Phys.

Rev. B46, 3283 (1992).



Correction applied to a 4.6mm Cu foll

exp

Correction factore/c

2.3 — 1T T T T T T T T T T T 1 — 1+ T ' T T T T T T T T 1

®  fransmission

corrected fluorescence _
uncorrected fluorescence

0 . 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
k (R) k (A)

 Data collected on BL 11-2 at SSRL In transmissiod
fluorescence using a 32-element Canberra germanium
detector, corrected for dead time.




Fitting the data to extract structural information

Fit is to the standard EXAFS equation using eitheil theoretical calculation or an
experimental measurement of E;

0=5 NGERo Rl Dg iz aB),

kr

Typically, polarization is spherically averaged, desn’t have to be
Typical fit parameters include: R;, N;, s;, DE,
Many codes are available for performing this fits:

— EXAFSPAK

— IFEFFIT
 SIXPACK
« ATHENA

— GNXAS
— RSXAP



FEFF: a curved-wave, multiple scattering EXAFS
and XANES calculator

« The FEFF Project is lead by John Rehr and is very vdely used and trusted
« Calculates the complex scattering function E(k) and the mean-free path

TITLE CaMnO3 from Poeppelmeier 1982

HOLE1 1.0 Mn Kedge ( 6.540 keV), s0"2=1.0

POTENTIALS
* jpot  z label
0 22 Mn
1 8 O
2 20 Ca
3 22 Mn
ATOMS
0.00000 0.00000 0.00000 0 Mn 0.00000
0.00000 -1.85615 0.00000 1 O(1) 1.8561 5
0.00000 1.85615 0.00000 1 O(1) 1.8561 5
-1.31250 0.00000 1.31250 1 O(2) 1.856 16
1.31250 0.00000 -1.31250 1 O(2) 1.8561 6
1.31250 0.00000 1.31250 1 O(2) 1.8561 6
-1.31250 0.00000 -1.31250 1 O(2) 1.856 16
0.00000 1.85615 -2.62500 2 Ca 3.2149 5
-2.62500 1.85615 0.00000 2 Ca 3.214 95
-2.62500 -1.85615 0.00000 2 Ca 3.214 95
0.00000 1.85615 2.62500 2 Ca 3.2149 5



Phase shift (rad)

Magnitude of FT ok’c(K)

Phase shifts: functions ok

10

Co-0O, Co K edge

20

E3.71A

e sin(2kr+f . ,(k))): linear part of

ff (K) will look like a shift in r slope
is about -2x0.35 rad A, speak in
r will be shifted by about 0.38

* Both central atom and
backscattering atom phase shifts
are important

* Can cause CONFUSION:
sometimes possible to fit the wrong
atomic species at the wrong
distance!

* Luckily, different species have
reasonably unique phase and
scattering functions (next slide)




Species identification: phase and magnitude
sighatures

60
50
sl
0k
20f
10|
N =
10k

FT ofk’c(K)

-20 L
-30 L
-40 L
50 L
-60 L

R R 1 R R
0 5 10 15 20

k(A%

 First example: same structure, first neighbor 1ol
different, distance between Re and Amp,, shifts '

« Note Ca (peak at 2.8 A) and C have nearly the
same profile

« Magnitude signatures then take over

* Rule of thumb is you can tell difference in species
within DZ~2, but maintain constant vigilance!

—— Co-Mn

’c(K)

Magnitude of FT o

r (&)



More phase stuff: r and E, are correlated

When fitting, DE, generally is allowed to float (vary)
In theory, a singleDE, is needed for a monovalent absorbing
species
Errors in DE, act like aphase shiftand correlate to errors in
R!

consider error ein E. k,,.=0.512E-(E,+@]?

for small @ k=k,-[(0.512F/(2k.)] e

eg atk=10Atand e=1 eV,Dr~0.013 A
This correlation is not a problem ifk ., IS reasonably large
Correlation between N, $? ands is a much bigger problem!




Information content in EXAFS

» Kk-space vs. r-space fitting arequivalentif done correctly!

K (k)
FT of K’c(K)
o 8 5

N
o
T 1

1 1
A
o

 r-range in k-space fits is determined by scatteringhell with highest R

» k-space direct comparisons with raw data (i.e. redual calculations) are
Incorrect: must Fourier filter data over r-range

« All knowledge from spectral theory applies! Especilly, discrete sampling
Fourier theory...




Fourier concepts

highest “frequency” r,..=p(2d)* (Nyquist frequency)
eg for sampling interval Dk=0.05 At r__ =31 A
for Ny, discrete Fourier transform hasN,,,, too! Therefore...
FT resolution isds=r . /N,...=p/(2K....), €g.k.. =15 Al d.=0.1 A

This is the ultimate limit, corresponds to when a bat is observed in two

sine waved, apart. IF YOU DON'T SEE A BEAT, DON'T RELY ON
THIS EQUATIONI!

02 1 O S S
0 1 i R r=2.0,5=0.1 |
1 I N R R 1 i S r=2.1,5=0.1
0.5 L 0.1F average
(' —
||' ) E
= A o
X i £
& 00 i G
k= i <> 00f
(2] e
v N
05¢ SR ot
TFA SRR sin(2k2) s 04l
R sin(2k2.1
1.0p ' |—— average
— RO
0 5 10 15 20 -0.2 N N T L { iy | X |




More Fourier concepts

 AssumingN,... are independent data points, and a fit range over kand r!):

data

D, =r-1 D, =k, - k

rmax = L Ndata = kmax = rmax
24, a d

N., =Ny b b, :zDr D, Fourierresult

rmax kmax p

N, = 2 D,D, +2 "Sternsrule"EXAFSresult

p

« Fit degrees of freedomm=N,_,-Nq,
« Generally should never haveNg>=N,_, (n<1)
« But what does this mean? It means that

For every fit parameter exceeding\, 4, there is another linear combination
of the sameN, parameters that produces EXACTLY the same fit functon




Systematic errors: calculationsare not perfect

Kvitky, Bridges and van
Dorssen, Phys. Rev. &,
214108 (2001).



Systematic vs. Random error

Systematic errors for nearest-neighbor shells aretmut 0.005 A in R,
5% in N, 10% ins (Li, Bridges, Booth 1995)
Systematic error sources:
— sample problems (pin holes, glitches, etc.)
— correction errors: self-absorption, dead time, etc.
— backscattering amplitudes
— overfitting (too many peaks, strong correlations batveen parameters)
Random error sources:
— some sample problems (roughly, small sample and miog beam)
— low counts (dilute samples)



Systematic vs. Random error

Statistics:

i=1 €
» U/ (degree®sf freedom)

c._*=c. *+c. .’

meas true Syst

» (/ + constar

| Cp,Ti(bipy) A [ - dad

FT of K’c(K)




Error analysis options

Use error analysis in fitting code (generally fronthe
covariance matrix)

— Always requires assumptions
e asingle error at all r or k is assumed
e systematic errors ignored
e can be useful in conjunction with other methods

Collect several scans, make individual fits to eacscan,
calculate standard deviation in parameters p

— Fewer assumptions

e random errors treated correctly as long as no neanpminima in
c?(p,) exist
 systematic errors lumped into an unaccounted shifn <p,>

Best method(?): Monte Carlo




EXAFS as a technique is not count-rate limited: lis limited
by the accuracy of the backscattering functions
This does NOT mean that you should ignore the quayi of the
fit!
DO a Chi2 test, observe whether Chi2=degrees of f/|dom
— one limit: random noise is large, and you have a
statistically sound fit
— other limit: random noise is small, and you will tren know
how large the problem with the fit is




not so Advanced Topic: F-test

» F-test, commonly used in crystallography to test amfitting model versus
another

F=(c,%/n)/(c2/ny)»ny/n;” R 2R ?
(if errors approximately cancel)
alternatively:  F=[(R ;>R ?)/(n;-ny)l/(R2/ny)
e Like c?, F-function is tabulated, is given by incomplete é&ta function
e Advantages of ac?-type test:
—don’t need to know the errors!




F-test how-to

N J—

R°= (d-d)* properdefinitionof aresidual
=1

F - (R- RS)/b:[AZ_ ]](n- m)
R:/(n- m) b

1
with A = R ,nindependendatapoints,mfit parameters

n-m 9]
2 2
wherez is theconfidencdevelandl [ y,z]isanincompletebetafunction

a=P(F>F, ..)=1- 1]




Example and limitations

consider 4 different samples with various amount ofpecies
TcS,: Are they interconnected?

—D=45-1A D=13.3-2 A, n=26.8

— model 0 has Tc neighbors andh=14 parameters,R,=0.078
to 0.096

—model 1 has only S neighbors anth=10,R,=0.088 to 0.11

—dimension of the hypothesi$=14-10=4

—each data seta between 35 and 82%, all together 99.9%

Effect of systematic error: increasef}, and R, same amount

This will decrease the % improvement, making it hader to
pass the F-test (right direction!)

Failure mode: fitting a peak due to systematic errcs in F




Finishing up

* Never report two bond lengths that break the rule

 Break Stern’s rule only with extreme caution

e Pay attention to the statistics



Further reading

Overviews:

—B. K. Teo, “EXAFS: Basic Principles and Data Analys” (Springer,
New York, 1986).

—Hayes and BoyceSolid State Physic87, 173 (192).
Historically important:

— Sayers, Stern, LytlePhys. Rev. Lett71, 1204 (1971).
History

—Lytle, J. Synch. Rad6, 123 (1999).
(http://www.exafsco.com/techpapers/index.html)

— Stumm von Bordwehr, Ann. Phys. Fr. 14, 377 (1989).
Theory papers of note:
—Lee,Phys. Rev. B3, 5261 (1976).
—Rehr and Albers, Rev. Mod. Phys72, 621 (2000).
Useful links
—xafs.org (especially see Tutorials section)
— http://www.i-x-s.org/ (International XAS society)
— http://www.csrri.iit.edu/periodic-table.html (absorp tion calculator)




Further reading

Thickness effect: Stern and Kim,Phys. Rev. B3, 3781 (1981).
Particle size effect: Lu and SternNucl. Inst. Meth.212, 475 (1983).
Glitches:

—Bridges, Wang, BoyceNucl. Instr. Meth. A307, 316 (1991); Bridges,
Li, Wang, Nucl. Instr. Meth. A320, 548 (1992);Li, Bridges, Wang,
Nucl. Instr. Meth. A340, 420 (1994).

Number of independent data points: SternPhys. Rev. B18, 9825 (1993).
Theory vs. experiment:

—Li, Bridges and Booth,Phys. Rev. B2, 6332 (1995).

—Kvitky, Bridges, van Dorssen,Phys. Rev. B4, 214108 (2001).
Polarized EXAFS:

—Heald and Stern,Phys. Rev. B6, 5549 (1977).

—Booth and Bridges,Physica Scriptal 115, 202 (2005). (Self-absorption)
Hamilton (F-)test:

—Hamilton, Acta Cryst.18, 502 (1965).

— Downward, Booth, Lukens and BridgesAIP Conf. Proc.882, 129
(2007). http://lise.lbl.gov/chbooth/papers/Hamilton XAFS13.pdf




