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The iterative Kramers-Kronig (IKK) dispersion integral algo- 
rithm has been described in detail elsewhere (Cross, 1996). In this 
short article we present the results of computer studies using simu- 
lated and experimentally measured DAFS data to test the reliabil- 
ity of structural parameters determined using standard XAFS anal- 
ysis methods on the f "  returned by the IKK method. Overall, we 
find excellent agreement between structural parameters determined 
from XAFS # and from the IKK f ' .  The largest disagreement be- 
tween analysis of XAFS and IKK-resolved DAFS is that the amp- 
litude factor So 2 is systematically larger for the DAFS than for the 
XAFS. This appears to be due to the difference between the step 
height determined by the spline-based AUTOB K background fitting, 
and the step height in the theoretical background functions used in 
the IKK algorithm. 

The iterative Kramers-Kronig (IKK) dispersion integral algorithm is 
commonly used to isolate the complex resonant scattering amplitude 
A f  = f '  + i f "  from measured diffraction anomalous fine struc- 
ture (DAFS) intensity data, where the imaginary part f "  is then an- 
alyzed in the same manner as the absorption coefficient #. We have 
performed studies using simulated and experimental DAFS data to 
evaluate the reliability of structural parameters determined from f "  
resolved by the IKK algorithm. The results of a few of these exper- 
iments are presented here. 
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1. Introduction 

Diffraction anomalous fine structure (DAFS) is the oscillatory fea- 
ture observed in Bragg peak intensities as a function of energy 
near core electron resonances. The goal of DAFS spectroscopy is 
to obtain XAFS-Iike information about the local environment and 
chemical state of subsets of the resonant atoms selected using the 
diffraction condition, based on their long-range order. This is ac- 
complished by isolating the real or imaginary part of the complex 
fine-structure X = X' + iX" from the energy dependence of one 
or more Bragg peak intensities, and analyzing and interpreting the 
spectral content similar to XAFS. 

Spline-based methods for removing the DC background from 
DAFS, similar to those used for XAFS background removal, can 
give satisfactory results (Ar~on et al., 1987; Stragier et al., 1992), 
however, DAFS is an intensity measurement, and therefore the re- 
suiting fine-structure function is a mix of X' and X". This has the 
effect of introducing additional energy-dependent phase shifts into 
the individual path contributions. Although these phase shifts can 
be calculated based on the average structure factor, or can be argued 
as negligible in some cases, they can also be avoided entirely by an 
alternative method of background removal. 

When the symmetry of the crystal is such that the part of the 
structure due to the resonant atoms satisfies either ~ exp(q.r)  = 

cos(q.r)  or i ~ sin(q.r) ,  the equation for the Bragg peak inten- 
sity in the kinematic approximation reduces to a simple quadratic 
in the anomalous scattering amplitudes. In this situation, since f '  
and f "  are related causally by dispersion integrals, an iterative al- 
gorithm can be used to resolve a self-consistent analytic amplitude 
A f  = f '  + f "  from the experimentally measured DAFS inten- 
sity (Pickering et al., 1993). Since the imaginary part of the reso- 
nant scattering amplitude is directly proportional to the total absorp- 
tion cross-section for synchrotron vertical plane scattering (a-a), 
the analysis of X obtained from f "  is straightforward. 
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2. Experiment 

The DAFS from a 2000,~ single crystal film of Cu metal, electro- 
chemically deposited on a mica substrate was collected at NSLS 
beamline X23A-2, using a Si(31 I) fixed-exit monochromator and 
Bragg peak tracking. The diffractometer angles were recalculated 
at each energy to maintain the Bragg condition. The mosaic width 
of the crystal was 0.25 °, determined from the 0 rocking curves, and 
the variation in the ratio of/peak tO f I (O)dO,  measured at 100 eV 
intervals, was found to be less than 0.8% over the 1200eV en- 
ergy range of the scan. The energy dependence of the detectors was 
measured by scanning the monochromator through the range of the 
DAFS with no sample in place. The background fluorescence sig- 
nal was measured by detuning O by 5 ° in a 8-20 scan. Fluorescence 
XAFS was measured simultaneously with the DAFS using a gas 
ionization chamber placed normal to the vertical scattering plane at 
the sample position. Bragg diffraction glitches into the fluorescence 
chamber were removed individually by hand, and the effect was 
minimized by collecting data at several values of the goniometer 
angle ¢. Self-absorption was neglected in the XAFS since the film 
thickness was less than 5% of the absorption length. The diffrac- 
tion data were collected in the vertical scattering plane in order to 
maintain a-a  polarization in the DAFS. 

3. Computer Simulation 

Simulated Cu DAFS spectra were generated using a kinematic 
structure factor 

Fq,E = ~ (fo,j "t- A f j )  eiq'r~ (1) 

J 

where the sum j is over all of the atoms at positions r j  in the unit 
cell, fo is the Thomson scattering amplitude, A f  is the resonant 
scattering amplitude and q is the photon wavevector transfer. The- 
oretical A f ,  including fine-structure, were calculated using FEFF 7 
and a difference KK transform (Cross et al., 1998) using bare-atom 
atomic background functions Af~ from tables (Sasaki, 1989). Be- 
cause the DAFS from each of the Bragg peaks was analyzed sepa- 
rately, the diffraction Debye-Waller factor e x p ( -  ½ Bj  QZ) was ne- 
glected, however, an XAFS Debye-Waller factor ~r~ was included 
in the calculation using a correlated Debye model with (gO = 
315K.  

4. Analysis 
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4.1. Iterative Kramers-Kronig Algorithm 
The intensity was first modeled using a parameterization of the 

kinematic structure factor, omitting the fine structure by substitut- 
ing the bare-atom A f,, for A f .  It is useful to rewrite the structure 
factor Eq. (1) in terms of smooth and resonant parts as In the kine- 
matic (weak) scattering approximation, the intensity is proportional 
to the squared magnitude of the structure factor 

tq.E = E (fo + Afa) je iq'r. + E f o j  'eiq'r'' 
j j '  

-t- E (A fa,y -t- fo:,,X,,) e iq'rY 
j, 

= Igole ~¢° + ~ F  (2) 

where the sum j is over the off-resonance atoms and j '  over the 
resonant atoms, fo is the Thomson scattering amplitude, Aft, is the 
resonant scattering amplitude, and f~' is the resonant scattering due 
to solely to the core electrons. 

The Bragg intensity, in terms of Eq. (2), was then rewritten in a 
form convenient for computer modeling 

I oc IFole[(cosffPo+flf~)'+(sin#Po+13f~) 2] (3) 

where fl = ~ exp(iq.rj)/lFo[, and 

A f w = )-~d' A faj'eiq'r~' (4) 

E jt eiq'rjl 

In order to use Eq. (3) as a computer model, the non-resonant 
phase &o and the magnitude of the non-resonant scattering [Fol 
were treated as energy independent over the range or the data. A 
small additive fitting parameter Iofr was included in the model to 
allow for a slope correction 

/model-- lo [(COS(bo+flf:)a+ (sin(bo+l~f:')2] x 

Aq,ELq,E + Ioff (5) 

where A is the self-absorption coefficient, accounting for attenua- 
tion of the diffracted beam as it passes in and out of the sample, 
L is the energy dependent Lorentz-Polarization correction for a-a 
scattering 1 / ( E  3 sin 20), and Io replaces Ig~l, since the intensity 
is known only to an overall scale factor. The model in Eq. (5) has 
a limited number of adjustable fitting parameters, listed in Table 1, 
that allowed it change the position and scale of the smooth theoret- 
ical structure factor, without affecting the fine-structure. 

Table 1 
Adjustable fitting parameters used in the IKK method. With the excep- 
tion of Iofr, these are energy-independent. 

Io The overall amplitude is proportional to the squared mag- 
nitude of the non-resonant structure factor [Fo [ 2; 

• o The overall phase of the non-resonant scattering amplitude 
from Fo = [Folei¢°; 
~ ~_ a / l E  O [2 is the ratio of amplitude of the resonant scat- 
terers to the squared magnitude of the non-resonant struc- 
ture factor; 

5Eo The difference in the position of the step between f~'heorU 
and f~. 

/off An offset correction that allows the fit to correct for any 
background in the data not removed by the instrument cor- 
rections;/off is of the form al + azE. For IKK on Cu 
metal, a2 was set to zero making/oft energy independent. 

Once the intensity background was fit using the bare-atom amp- 
litudes, Eq. (5) was iteratively solved as a quadratic in f '  and KK 
transformed to obtain f " .  

4.2. IKK DAFS Background Removal 
The DAFS background was removed using the real and imagi- 

nary parts of the bare-atom resonant scattering amplitudes 

_ - , ,  Y " - f Z  X' f '  f" or X = ~  (6) 

where the step-height normalization f6' is due solely to the excited 
core electrons. Since XAFS and DAFS functions are normalized to 
the step height in # or A f  at Eo, not to the background line shape, 
and f "  differs from # by a factor of 1/E, Eq. (6) were multiplied 
by a factor of E 0 / E .  

4.3. Spline Background Removal 
For evaluation of the DAFS spline background removal, the 

structure factor was separated into a smooth part Fs, which included 
the bare-atom contribution Afa  from the resonant atoms, and a 
fine-structure part. The intensity was defined 

I oc [ f o + f ' +  jajjeiq'rje-MJ+ 

s 'E, Ix' +,x"],. ,qr,-M,-I 
= I t ,  + f,;'o, xwl ' ,  (7> 

Analogous to spline background removal in XAFS, we defined a 
fine structure function 

X = 
1 -  IF~I 2 (8) 
21g~lYg 

Sg i~ (cos dgsRe[aXw] + sin O,Im[aXw]) + ~ laX,,,. 

where cos ~s = Re[Fs]/lFsl and sin ~s = Im[Fs]/IF~I. A spline 
fit to DAFS data closely approximates the function IF, I. To avoid a 
factor of zr phase shifts in the Fourier analysis, the sign of ~ was 
multiplied by - 1  since the cusp in Cu DAFS points downward. 
DAFS with an upward pointing cusp does not require this correc- 
tion. 

4.4. Fine Structure Analysis 
Following the procedure described in (Newville, 1995), the first 

shell signal of )~(R) was fit using path files from FEFF, calculated 
based on the fcc Cu structure with a lattice parameter of 2.565 A. 
The first twelve significant backscattering paths were used in a fit 
with total four variable parameters: (1) overall amplitude So2; (2) 
Debye temperature Oo;  (3) energy shift Eo; and (4) linear expan- 
sion coefficient a ,  where the change in effective path length is given 
by A R  = a/~ff .  

5. Results 

Table 2 shows the structural parameters determined by Fourier anal- 
ysis of IKK-isolated X' and X" using FEFFIT on the simulated 
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DAFS data. Within the uncertainties estimated for the fit, struc- 
tural information is preserved by the IKK algorithm. Table 3 com- 
pares structural parameters determined by analysis of the fluores- 
cence XAFS and the IKK and spline isolated DAFS from the Cu 
( 111 ) film described above. The amplitude factor the amplitude fac- 
tor So 2 is systematically larger for the DAFS than for the XAFS, 
due to differences between the step height determined by spline- 
based background fitting, and the step height in the theoretical back- 
ground functions used in the IKK algorithm. The error bars de- 
termined by FEFFIT for the DAFS data are systematicall3; larger 
due to the presence of a large low-R background in the IKK X".  
This occurs because the theoretical functions used as background 
in the IKK algorithm lack the flexibility of the spline used by AU- 
TOBK (Stem, 1996) and many other XAFS background removal al- 
gorithms. 
Table 2 
Comparison between initial values and model fitting parameters for the 
fits to mocked-up Cu X'. The first row shows the initial values used to 
generate the mocked-up data. The second row is the result of a self-test 
using FEFF1T tO fit tO the raw FEFFIT-generated X. The third and fourth 
columns are the results of fitting the analytic X' and X" after core-hole 
broadening and application of the difference KK transform. Four ad- 
justable parameters were used: amplitude S g, Debye temperature OD, 
edge shift AEo, and linear expansion coefficient a. The last column 
shows the first neighbor path length based on the best fit value of a. Note 
that So 2 for the test functions is systematically low due to convolution 
with a 2 eV Lorentzian. Uncertainties were determined by FEFFIT. 

So 2 OD (K) AEo (eV) do (,~) 
Input parameters used to generate test functions 
X" 0.8904-0.00 3154-0 0.00 4-0.00 2.565 4-0.000 

FEFFIT self-test (uncertainties could not be estimated) 
X" 0.8904-x.x 315+x 0.00 4-x.x 2.56504-x.x 

Fits to analytic test functions 
X' 0.836+0.013 313+2 -0.002+0.15 2.565 +0.001 
X" 0.8384-0.010 3134-2 -0.020+0.12 2.564 4-0.001 

Fits to IKK x "  from mocked-up Cu (111) and (222) DAFS 
" 0.819+0.013 3104-2 0.2684-0.15 2.564 +0.001 Xll l  

X" 0.8384-0.013 309-t-2 -0.3924-0.14 2.564 4-0.001 222 

Table 3 
FEFFIT results for Cu XAFS, IKK DAFS X' and X" and spline DAFS. 

Four parameters were used in the Levenberg-Marquardt minimization: 
amplitude S~; Debye temperature OD; edge shift AEo; and linear ex- 
pansion coefficient a. The last column gives the value of the distance 
of closest approach, which can be compared to the nominal value of 
2.557/~. 

S~ eD (K) Eo (eV) do (/~) 
XAFS 0.911+0.08 311+17 2.7 +0.8 2.576+0.005 

X' 1.1394-0.21 2704-21 -0.474-1.9 2.5504-0.013 
X" 1.128+0.22 2714-23 -0.164-1.9 2.5524-0.013 

1.3094-0.07 2844-7 3.3 4-0.5 2.559+0.010 

6. Conclusion 
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Overall, we find excellent agreement between structural parameters 
determined from XAFS/z and from the IKK f " ,  however there is 
an inherent difficulty with the IKK algorithm that the conjugate pair 
f '  and f "  that best fits the measured DAFS is not unique, but de- 
pends on the the quality of the data and on the theoretical functions 
used for Afa .  If the fit to the smooth part of the DAFS intensity 
background is good, then the iterative part of the algorithm gen- 
erally produces very accurate results. For this reason, it is recom- 
mended to use the average structure factor to guess the phase CI, o, 
even though the IKK can nominally be performed with no a priori 
knowledge of the unit cell. 
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