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In tro duction

feffit will �t the calculations from feff to XAFS � ( k ) data, giving a metho d of determining

the lo cal structure around an atom. As with all XAFS analysis programs, feffit can determine

in teratomic distances, co ordination n um b ers and atomic sp ecies of neigh b oring atoms. Finer details

of atomic con�gurations, including detailed descriptions of t w o-b o dy distribution functions and

certain asp ects of three-b o dy correlations, are also measurable with feffit . Exp erience has sho wn

that the feff calculations are go o d enough to b e used e�ectiv ely to �t real XAFS data from a

wide range of exp erimen tal systems. It should b e k ept in mind, ho w ev er, that feffit compares

exp erimen tal XAFS to theoretical calculations. This requires some considerations that can b e

neglected when comparing exp erimen tal data to exp erimen tal standards.

feffit uses the feffnnnn.dat �les output from feff as the basis calculations with whic h to

�t the XAFS data. In this w a y , feffit is highly dep enden t on feff , so that a go o d understanding

of the feff calculation is imp ortan t in b eing able to use feffit w ell. Eac h of the feffnnnn.dat

�les represen ts the � ( k ) for a scattering path, created b y feff (v ersion 5 or higher) when the

\Con trol Card" MFEFF is set to 1. There is no distinction b et w een single- or m ultiple-scattering

paths in feff or feffit . Those unfamiliar with feff or the path expansion should refer to the

feff do cumen tation and standard XAFS references.

The XAFS con tribution of eac h scattering path (read from eac h feffnnnn.dat �le) is adjusted

b y applying standard XAFS parameters suc h as co ordination n um b er, c hange in distance, Deb y e-

W aller F actor, and shift in energy origin) un til the b est-�t to the data is found. Standard n umerical

tec hniques are used to �nd the set of v ariables that minimizes the sum of squares of the di�erence

b et w een mo del and data � and to estimate the uncertain ties in the v ariables. Fitting can b e done

in either R -space or bac k-transformed k -space, with F ourier T ransforms done b y feffit on b oth

the XAFS data and the calculated mo del during the �tting pro cess. Real and imaginary parts of

the F ourier T ransformed � are used in the �t with equal w eigh t. The mo del � ( k ) used to compare

to data is ev aluated as a sum o v er paths

�

mo del

( k ) =

X

P aths

�

path

( k ; Amp ( k ) ; Phase ( k ) ; P ath P arameters) :

�

path

is the the XAFS con tribution for eac h path, and dep ends on the scattering amplitude and

phase-shift from feff (from feffnnnn.dat ) and on standard XAFS P ath P arameters. These P ath

P arameters are the ph ysical quan tities used to alter the �

path

, suc h as re�nemen ts of the XAFS

due to c hanges in the atomic distribution. feffit allo ws the XAFS for eac h path to b e adjusted

b y the follo wing P ath P arameters:

e0 shift of energy origin : k !

q

k

2

� e0 (2 m

e

= �h

2

)

ei imaginary energy shift (to giv e additional broadening)

S02 constan t amplitude factor

delR c hange in distance (1st cum ulan t)

sigma2 mean-square-displacemen t (2nd cum ulan t), or Deb y e-W aller F actor

third 3rd cum ulan t (from anharmonicit y in the atomic distribution)

fourth 4th cum ulan t (from anharmonicit y in the atomic distribution)

Up to 100 scattering paths ma y b e com bined to �t the data. Since eac h path gets its o wn

set of P ath P arameters, there could b e up to 700 p oten tial v ariables in the �t. But XAFS data
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con tains m uc h less information than this ab out the lo cal atomic structure around the cen tral atom

(t ypically 10 to 20 v ariables can b e determined in a �t) so constrain ts will need to b e placed on

some of the P ath P arameters. There is no general w a y to decide what should b e v aried or what the

b est constrain ts are for a giv en system. With feffit , the user c ho oses the v ariables in the �t, and

writes mathematical expressions for the P ath P arameters in terms of these user-c hosen v ariables.

This conceptual distinction b et w een v ariables and XAFS P ath P arameters giv es a p o w erful abilit y

to put constrain ts on system studied and to use more ph ysically meaningful v ariables in the �t.

1.1 Ho w to use this do cumen t

feffit is a fairly complex XAFS �tting program with lots of b ells and whistles, and a few

concepts that ma y b e new ev en to exp erienced XAFS analysts. This do cumen t is in tended b oth

as a reference man ual for the exp erienced user and as a tutorial for those who are kno wledgeable

ab out XAFS but are new to feffit . A new user should probably skim all the c hapters, and then go

through the w ork ed examples in app endix A. It's a fairly simple XAFS problem, but it will get y ou

started. After the examples ha v e b een examined, a more careful reading of c hapter 4 and app endix

B should giv e y ou ideas ab out ho w to apply feffit to y our o wn XAFS problems, and c hapter 5

should help y ou in terpret the �t results. The remaining c hapters are mostly written for reference.

Chapter 2 discusses data �le formats. Chapter 3 giv es the complete list of feffit options and ho w

to implemen t them. Chapter 6 giv es the feffit v ersion of the XAFS equation and an o v erview of

the mathematical algorithms of the program.

1.2 Considerations When Using Theoretical Standards

feffit compares exp erimen tal XAFS data to a theoretical standard, whic h has b ecome the

preferred analysis metho d in the XAFS comm unit y . While theoretical standards are con v enien t

and often more reliable than exp erimen tal standards, they do require some sp ecial considerations.

These are discussed in greater detail in the XAFS literature, but will b e outlined here.

The exp erimen tal � ( k ) should b e as free as p ossible from an y systematic errors (suc h as detector

saturation or glitc hes). The appropriate corrections (esp ecially for data tak en in 
uorescence) to

the data should b e made b efore trusting the results from feffit . Suc h systematic errors and

corrections are more imp ortan t when using theoretical standards rather than exp erimen tal ones,

b ecause they will tend to cancel out (at least to �rst order) when using exp erimen tal standards.

The uwxafs3.0 program a toms (written b y Bruce Ra v el) will calculate most of these corrections,

as w ell mak e a go o d �rst draft of a feff.inp �le for crystalline materials. The corrections giv en

b y a toms will b e in the form of additional amplitude corrections whic h can b e used in feffit to

giv e the feff calculation the same amplitude reduction as is exp ected for the data. See app endix

B and the a toms do cumen tation for more details.

The second consideration is that the feff calculations are not p erfect, and mak e assumptions in

the calculations (most notably the m u�n-tin appro ximation of the atomic p oten tials) that migh t b e

inadequate for some systems. While feff and feffit has b een demonstrated to giv e go o d results on

man y \standard" comp ounds, it is still a go o d idea to measure a suitable exp erimen tal \standard"

comp ound and to �t it with a feff calculation b efore trusting the results for a completely unkno wn

structure. Suc h �ts to exp erimen tal \standards" generally pro v e in v aluable in p oin ting out the the

b est w a ys to mo dify the feff calculations, and therefore ho w to get the b est information out of

the system b eing studied.
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Input and Output Files

2.1 Input Files

feffit uses the input �le feffit.inp to con trol the running of the program. If this �le

cannot b e found, feffit will stop and complain. The form and con ten ts of feffit.inp will b e

further discussed in c hapter 3. In addition, feffit needs a set of feffnnnn.dat �les (suc h as

feff0001.dat ) to use as the mo del paths for building the mo del � ( k ). Finally , a �le con taining

the � ( k ) data to b e �t ma y b e sp eci�ed. (If no data �le is giv en, feffit will simply com bine the

feffnnnn.dat according to the inputs, without an y �tting, whic h mak es a con v enien t and 
exible

alternativ e to ff2chi , the �nal mo dule of feff ). Note that the data con tains � ( k ), not � ( E ),

not � ( k ) that is k -w eigh ted, and not ~� ( R ). The data is exp ected to b e giv en on an ev enly spaced

k -grid of 0.05

�

A, and will b e in terp olated on to this grid if it is not. The names of the feffnnnn.dat

and input data �les can b e an y �le name (including sub directory paths) allo w ed b y the op erating

system up to 70 c haracters long. In summary , there are three inputs:

1. feffit.inp , the input �le for the program.

2. A set of feffnnnn.dat �les to sum to mak e the total � ( k ).

3. A data �le con taining � ( k ) for the data to b e �t.

2.2 Running feffit , Output Messages, W arnings, and Errors

Y ou should b e able to run feffit b y using the command feffit from an y directory with a �le

named feffit.inp . As feffit runs, messages will b e sen t to the screen telling what the program

is doing, and ma y include w arning or error messages. If feffit do es something y ou didn't exp ect

or do esn't run to completion, these output messages will pro vide the b est diagnostic clues ab out

what happ ened. feffit should nev er break without giving messages that will tell the user ho w to

�x the problem. But if it do es, please send me the input �le and output messages along with y our

bitter complain ts.

2.3 Output Files

As so on as the �t is done, feffit will write feffit.log , giving a summary of the inputs (suc h

as F ourier T ransform parameters) and the �t results for the v ariables, P ath P arameters, and so on.

This �le is the only place where the �tting information suc h as uncertain ties in the �t v ariables

will b e giv en. Output data �les for the input data, full �nal �t, and the �t con tribution from eac h

path will b e written in k -space, R -space, and bac ktransformed k -space. The names and con ten ts

of the output data �les will dep end on the �le format used as discussed in the next section. The

do cumen tation in the output data �les for the individual paths will include the P ath P arameters

used for that path. Again, the outputs are:

1. Run time messages written to standard output.

2. feffit.log , giving all imp ortan t n umerical results.

3. � ( k ), ~� ( R ), and ~� ( k ) for the data.

4. � ( k ), ~� ( R ), and ~� ( k ) for the full mo del �t.

5. � ( k ), ~� ( R ), and ~� ( k ) for the �t con tribution from eac h path.
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2.4 Data File F ormats

As for all uwxafs3.0 data analysis programs, there are t w o options for the format of the data

�les. The data ma y b e in either a sp ecially formatted binary �le kno wn as a UWXAFS �le (also

called an RDF �le), or in a sp ecially formatted ASCI I column �le. More information on these �le

formats, including the format sp eci�cations and a discussion of the relativ e merits of the t w o �le

formats can b e found in the uwxafs3.0 do cumen t files.doc . The t w o �le handling formats can

b e mixed in feffit , so that the input data can b e in the UWXAFS format and the output data

can b e in the ASCI I format, or vice v ersa.

If the input data is in UWXAFS format, it m ust b e in a �le with �le t yp e `CHI' (suc h as is

output from a utobk ). Both the �le name and record k ey (either nk ey or sk ey) m ust b e sp eci�ed

for the input. Outputs �les in the UWXAFS format will b e written to �les the data, full �t, and

con tribution from eac h path in sequen tial records. If the user sp eci�es the output �le name b y

out = Test , the output �les will b e Test.chi (with �le t yp e 'CHI') for all � ( k ), Test.rsp (with

�le t yp e 'RSP') for all ~� ( R ), and Test.env (with �le t yp e 'ENV') for all ~� ( k ).

If the input data is in ASCI I format, it m ust b e in a �le with one or more do cumen t lines,

follo w ed b y a r e quir e d line of min us signs (`-'), follo w ed b y an ignored line (for column lab els) , and

then columns of n umerical data for k , and � ( k ). Note that eac h k v alue m ust b e giv en, that the

second column is not k -w eigh ted � ( k ) or separated magnitude and phase of � ( k ), and that only

one data pair can b e giv en p er line. Data past the second column will b e ignored. The data will

b e linearly in terp olated on to an ev en k -grid of 0 : 05

�

A

� 1

b efore b eing used.

Output �les in the ASCI I format will eac h con tain only one set of data, and will b e named

according to the requested �le name, the con ten ts of data, and the space in whic h the data is

written. If the user sp eci�es the output �le name b y out = Test , the output �les will b e Testk.dat ,

Testr.dat , and Testq.dat for the data � ( k ), ~� ( R ), and ~� ( k ), Testk.fit and Testr.fit for the

full �t � ( k ), ~� ( R ), and ~� ( k ), and Testk.nnn and Testr.nnn for the � ( k ), ~� ( R ), and ~� ( k )from

path nnn . Files for the complex data of ~� ( R ) and ~� ( k ) will ha v e �v e columns. The �rst column

will con tain the abscissa (either R or k ), follo w ed b y columns of real, imaginary , amplitude, and

phase of the complex data.
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Keyw ords and Con trols for FEFFIT.INP

3.1 General F ormat of FEFFIT.INP

Input commands to feffit will b e read from the �le feffit.inp . These inputs will name the

data �les and the feffnnnn.dat �les to use for eac h path, describ e what to v ary in the �t, and ho w

the v ariables will alter these XAFS con tribution from eac h path. feffit uses k eyw ords to describ e

and assign v alues to all program parameters. The use of k eyw ords allo ws the input �le to b e

easily read and the v alues of the program parameters to b e easily mo di�ed. The k eyw ords usually

ha v e fairly transparen t meanings. Most program parameters are assigned v alues with k eyw ord

\sen tences" whic h ha v e syn tax:

keyword h delimiter i value .

The keyword m ust b e one of the v alid k eyw ords listed b elo w. The h delimiter i is an equal sign or

white space (a blank or T AB) surrounded b y an y n um b er of white spaces. The value is pro vided

b y the user and will b e in terpreted as a n um b er, a logical 
ag, or a c haracter string, dep ending on

the nature of the k eyw ord | the list b elo w will indicate what kind of v alue eac h k eyw ord tak es.

Logical 
ags all ha v e v alues true or false ( t and f will w ork, to o). If a k eyw ord's value is a

n um b er or logical 
ag (but not a c haracter string), the assigning k eyw ord sen tence can b e put on

the same line as other n umerical and logical k eyw ord sen tences. Keyw ords that tak e c haracter

strings as their v alue m ust o ccur on their o wn line.

feffit do es not distinguish k eyw ords, v ariable names or c haracter strings con taining Math

Expressions b y case. T o accommo date man y op erating systems, it do es distinguish the names of

external �les b y case. Keyw ord sen tences are allo w ed to o ccur in an y order in the �le. In ternal

commen ts can b e written an ywhere in feffit.inp , including end-of-line commen ts. Inputs to

feffit can b e read from �les other than feffit.inp b y using a k eyw ord sen tence of the form

\ include myfile.inp " inside feffit.inp . This allo ws commonly used assignmen ts (suc h as for

P ath P arameters) to b e k ept in myfile.inp and to b e used for man y di�eren t �ts.

A feffit.inp �le has quite a bit of structure to it, and the listing of P ath P arameters mak es

it lo ok a bit lik e a spreadsheet or programming language. Because of this built-in structure, a to ol

can b e dev elop ed to help write the feffit.inp �les. One suc h to ol exists in the form of sp ecial

macros (called feffit.el , written b y Bruce Ra v el, and part of the uwxafs3.0 distribution) for the

Emacs text editor. It's quite useful, and if y ou use Emacs, I highly recommend trying it. I hesitate

to sa y that y ou should learn Emacs just to use these macros, but it's a v ery go o d editor an yw a y .

There is some syn tax c hec king in feffit , and if it gets confused b y an y inputs, it will rep ort

this as a run-time message, telling whic h line of the input �le caused the confusion, and trying

to describ e whic h w ords it did not understand. There is also some syn tax c hec king of the math

expressions used and the v ariables de�ned. The syn tax c hec king isn't fo olpro of, but it do es catc h

the most simple mistak es.

3.2 Summary of Keyw ords

Here is a brief list of all the k eyw ords for all the program con trols and parameters in feffit

with a brief description of the meaning of their v alues. The form of the v alues tak en b y these

k eyw ords are indicated b y c, n, or l for c haracter strings, n um b ers, and logical 
ags, resp ectiv ely .

Where appropriate, v alid options for the v alues are giv en in paren theses and default v alues are

giv en in brac k ets. The follo wing sections giv e more detailed explanations for eac h k eyw ord.



feffit Keyw ords and Con trols for FEFFIT.INP 6

General/Miscellaneous:

% / ! - End-of-Line Commen t: ignore ev erything on the line after % or !

# - Commen t Line: ignore line if # is in 1st column

End - End-of-File: ignore rest of input �le, start �tting

Include c name of �le to read more input commands from [none]

Data Input and Output:

Title c Title line to write to output �les [none]

Formin c File F ormat of input data �le (u w/ascii) [found from input data]

Formout c File F ormat of output data �le (u w/ascii) [same as input format]

Format c File F ormat of b oth input and output data �le (u w/ascii) [none]

Data c Name of input data �le (con taining � ( k )) [none]

Out c Name of output data �le [same as input]

Allout l Flag for writing outputs for all individual paths (T/F) [T]

Kspout l Flag for writing � ( k ) output �les (T/F) [T]

Rspout l Flag for writing ~� ( R ) output �les (T/F) [T]

Qspout l Flag for writing ~� ( k ) output �les (T/F) [T]

Rlast l Maxim um R -v alue for ~� ( R ) output �le [10.0]

Fitting Con trol Flags:

Rspfit l Flag for �tting in R -space (T/F)[T]

Qspfit l Flag for �tting in bac ktransformed k -space (T/F)[F]

Nodegen l Flag for not using the P ath Degeneracies from feff . (T/F)[F]

Noout l Flag for not writing an y output data �les (T/F)[F]

Nofit l Flag for not �tting, use initial guesses as �nal v alues (T/F)[F]

Norun l Flag for not �tting and not writing output �les (T/F)[F]

F ourier T ransform P arameters and Fitting Ranges:

Rmin n R

min

for R -space �t and R ! k FT [0.0]

Rmax n R

max

for R -space �t and R ! k FT [0.0]

Kmin n k

min

for k -space �t and k ! R FT [�rst data p oin t]

Kmax n k

max

for k -space �t and k ! R FT [last data p oin t]

Kweight n k -w eigh t for k ! R FT [1.0]

Dk1 n Lo w- k Windo w P arameter for k ! R FT [0.0]

Dk2 n High- k Windo w P arameter for k ! R FT [0.0]

Dk n Both Dk1 and Dk2 [0.0]

Dr1 n Lo w- R Windo w P arameter for R ! k FT [0.0]

Dr2 n High- R Windo w P arameter for R ! k FT [0.0]

Dr n Both Dr1 and Dr2 [0.0]

Ikwindo n In teger to select Windo w F unction for k ! R FT [0, Hanning]

Irwindo n In teger to select Windo w F unction for R ! k FT [0, Hanning]

Iwindo n Both Ikwindo and Irwindo [0, Hanning]

Mftwrt n Num b er of arra y p oin ts in FFT for writing out data [2048]

Mftfit n Num b er of arra y p oin ts in FFT for �t [512 or 1024]

Error Analysis:

Epsdat n Measuremen t uncertain t y in � ( k ) [found from high- R ]

Epsr n Measuremen t uncertain t y in ~� ( R ) [found from high- R ]

Cormin n Smallest correlation to rep ort in feffit.log . [0.50]
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V ariables and User De�ned F unctions:

Eac h v ariable and User De�ned F unction m ust b e on its o wn line

Guess n Initial guess for a v ariable [0.0]

Set c Math Expression F or a User De�ned F unction [none]

P ath P arameters:

Eac h P ath P arameter m ust b e on its o wn line with syn tax

Path Parameter h delimiter i Path Index h delimiter i Character String

where Path Index indicates whic h path eac h parameter is assigned to

Path c Name of feffnnnn.dat �le for this path [none]

Id c User Iden ti�cation Lab el for this path [none]

S02 c Constan t amplitude factor [1.0]

E0 c E

0

shift [0.0]

Ei c Imaginary energy shift (broadening) [0.0]

Delr c � R , or 1st cum ulan t [0.0]

Sigma2 c mean-square displacemen t of path distance, �

2

[0.0]

Third c Third Cum ulan t [0.0]

Fourth c F ourth Cum ulan t [0.0]

3.3 General and Miscellaneous Keyw ords

% or ! indicates a commen t an ywhere in feffit.inp , including end-of-line commen ts.

* or # indicates a commen t line in feffit.inp if it is the �rst c haracter on the line.

End stop reading inputs, and ignore ev erything in feffit.inp after this line.

Include read more inputs from another �le. The syn tax is include myfile.inp , and

can b e used in feffit.inp for standard de�nitions, or to break up long input

�les. If y ou're �tting lots of similar data sets, y ou ma y �nd this useful.

3.4 Data Input and Output Keyw ords

Title user-c hosen title line whic h will b e written to the output �les. 10 title lines can

b e used, eac h of up to 70 c haracters. Ev erything on a line after the k eyw ord

title will b e included in the title, ev en if it con tains other k eyw ords.

Formin �le format to use for the input data �les. The c hoices are UWXAFS and ASCI I.

See c hapter 2 and the uwxafs3.0 do cumen t on data �les for more details. The

default is for feffit to �nd the input format itself, from the input data. This

do es not need to b e on its o wn line.

Formout �le format to use for the output data �les. The c hoices are the same as for

Formin , and the default is to use the format used as the input format. This

do es not need to b e on its o wn line.

Format sets b oth Formin and Formout .
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Data input data �le name. F or UWXAFS format �les, either the nk ey or sk ey m ust

also b e giv en, so that the syn tax m ust b e something lik e:

Data = cu.chi, 1 or Chi = cu.chi , TROUT .

F or ASCI I input data format, only the input �le name is needed. This should

b e on its o wn line.

Out pre�x for the output �le name. See c hapter 2 for more details, and an explanation

of the �le name su�xes. This do es not need to b e on its o wn line.

Allout logical 
ag for writing output data for the individual paths to all output data

�les. The default is T rue.

Kspout logical 
ag for writing output data � ( k ), the XAFS in un�ltered k -space. The

default is T rue.

Rspout logical 
ag for writing output data ~� ( R ), the XAFS in R -space. The default is

T rue.

Qspout logical 
ag for writing output data ~ � ( k ), the XAFS in bac ktransformed or �ltered

k -space. The default is T rue.

Rlast last R v alue for whic h output data ~� ( R ) will b e written. The default is 10 : 0

�

A.

Output k -space data will b e written o v er the input data k -range.

3.5 Fitting Con trol Flags

Rspfit logical 
ag for �tting in R -space. The default is T rue.

Qspfit logical 
ag for �tting in bac ktransformed k -space. The default is F alse.

Nodegen logical 
ag for ignoring the path degeneracies in all the feffnnnn.dat �les, e�ec-

tiv ely setting all degeneracies to 1. The default is F alse, so that the degeneracies

in the feffnnnn.dat �les are used.

Nofit logical 
ag for skipping the �t, so that the initial guesses of v ariables are used

as �nal v alues. The log �le and data outputs are written. This is useful for y our

o wn error c hec king, and e�ectiv ely c hanges all guess es to set . The default is

F alse, so that �tting is done.

Noout logical 
ag for not writing an y data �le outputs. The default is F alse, so that

outputs are written.

Norun logical 
ag for b oth skip �tting and not writing an y data �le outputs. This has

the same e�ect as setting b oth Nofit and Noout .

3.6 F ourier T ransform P arameters and Fitting Ranges

Rmin lo w- R v alue of the R -space range for either R -space �t or for R ! k F ourier

T ransform. The default is 0.

Rmax high- R v alue of the R -space range for either R -space �t or for R ! k F ourier

T ransform. The default is 0.

Kmin lo w- k v alue of the k -space range for b oth k -space �t (for �ts to un�ltered or

�ltered data) and for k ! R F ourier T ransform. The default is the �rst k -v alue

of the data.
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Kmax high- k v alue of the k -space range for b oth k -space �t (for �ts to un�ltered or

�ltered data) and for k ! R F ourier T ransform. The default is the last k -v alue

of the data.

Kweight k -w eigh ting for the k ! R F ourier T ransform. The default is 1.

Dk1 lo w- k F ourier T ransform Windo w P arameter (windo w \sill") for the k ! R

F ourier T ransform. The default is 0.0.

Dk2 high- k F ourier T ransform Windo w P arameter (windo w \sill") for the k ! R

F ourier T ransform. The default is 0.0.

Dk sets b oth Dk1 and Dk2 to the same v alue. The default is 0.0.

Dr1 lo w- R F ourier T ransform Windo w P arameter (windo w \sill") for the R ! k

F ourier T ransform. The default is 0.0.

Dr2 high- R F ourier T ransform Windo w P arameter (windo w \sill") for the R ! k

F ourier T ransform. The default is 0.0.

Dr sets b oth Dr1 and Dr2 to the same v alue. The default is 0.0.

Ikwindo in teger index to sp ecify whic h of the p ossible Windo w T yp es to use for the

k ! R F ourier T ransform. The default is 0, indicating Hanning Windo ws. See

c hapter 6 for details, and a complete list of p ossible Windo w T yp es.

Irwindo in teger index to sp ecify whic h of the p ossible Windo w T yp es to use for the

R ! k F ourier T ransform. The default is 0, indicating Hanning Windo ws. See

c hapter 6 for details, and a complete list of p ossible Windo w T yp es.

Iwindo sets b oth Ikwindo and Irwindo . The default is 0.

Mftfit n um b er of p oin ts to use in the FFT when doing the FFT for the actual �t. This

a�ects the R -spacing b et w een data p oin ts � R = 10 � = MFTFIT . The default is

the smallest p o w er of 2 suc h that there are not less than N

idp

p oin ts in the �t

R -range. MFTFIT will b e reset to a p o w er of 2. This will a�ect the sp eed of the

calculation, but shouldn't substan tially c hange the �t results.

Mftwrt the n um b er of p oin ts to use in the F ourier T ransform when doing the �nal FFT

for writing the output �les. This a�ects the R -spacing b et w een data p oin ts,

giv en b y � R = 10 � = MFTWRT . The default is 2048, and the n um b er will b e set

to a p o w er of 2.

3.7 Error Analysis Keyw ords

Epsdat �

k

, the uncertain t y in the measuremen t of � ( k ), used to scale �

2

in the �t and

estimate of the v ariables. By default, it is found from the rms v alue of ~� ( R )

b et w een 15 and 25

�

A, as describ ed in c hapter 5.

Epsr �

R

, the uncertain t y in the measuremen t of ~� ( R ), used to scale �

2

in the �t and

estimate of the v ariables. By default, it is found from the rms v alue of ~� ( R )

b et w een 15 and 25

�

A, as describ ed in c hapter 5.

Cormin smallest absolute v alue of correlation b et w een an y t w o v ariables to rep ort in

feffit.log . The default is 0.50.



feffit Keyw ords and Con trols for FEFFIT.INP 10

3.8 V ariable and User De�ned F unction Keyw ords

All v ariables and User De�ned F unctions m ust b e on their o wn line in feffit.inp . More informa-

tion on Math Expressions, v ariables and User De�ned F unctions is in c hapter 4.

Guess Initial guess for a v ariable. This statemen t de�nes the v ariable, and so is required

for ev ery v ariable. The syn tax is:

Guess h delimiter i Variable Name h delimiter i Number

where the Number will b e used as the initial guess.

Set Math Expression to b e used as a User De�ned F unction. The syn tax is:

Set h delimiter i Function h delimiter i Expression

3.9 P ath P arameter Keyw ords

All P ath P arameters m ust b e on their o wn line in feffit.inp , with the syn tax

Path Parameter h delimiter i Path Index h delimiter i Character String

where Path Index is an in teger. F or a mathematical description of the e�ect of eac h of these

parameters on � ( k ), see c hapter 6.

Path P ath File Name, the name of the feffnnnn.dat �le to use for the path. This

is required for a path to b e used. There is no default.

Id User Lab el for the path, used only for ease of iden ti�cation. This is optional,

but v ery con v enien t. The default Lab el will include the P ath Name, Half P ath

Length, and Degeneracy .

S02 Math Expression for a constan t m ultiplicativ e factor for � ( k ).

E0 Math Expression for the E

0

shift of the path.

Ei Math Expression for the imaginary energy shift of the path, whic h will mostly

broaden � ( k ). The mean-free-path, � � 1 =

p

E

i

.

Delr Math Expression for a correction to R

e�

, the half the path length. Note that

this mostly a�ects the Phase, but that the Amplitude is also a�ected.

Sigma2 Math Expression for the mean-square displacemen t, or second cum ulan t (or

Deb y e-W aller F actor).

Third Math Expression for the third cum ulan t.

Fourth Math Expression for the fourth cum ulan t.
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V ariables and P arameters in Fitting

In order to allo w general and 
exible constrain ts of the ph ysically in teresting quan tities in the

�t, feffit uses three separate kinds of n umerical v alues in its calculations. This formalism exists

to mak e the ph ysical structure of the system under study easier to mo del. I hop e that this rather

arcane formalism is useful enough to mak e learning it w orth while. App endix A and app endix

B ha v e a few examples and suggestions for ho w to use this asp ect of feffit to put ph ysically

meaningful constrain ts on the �t of XAFS data.

First, w e ha v e the P ath P arameters. These are n um b ers that ha v e a pre-de�ned name and

e�ect on the XAFS function for a path. The P ath P arameters represen t the ph ysical quan tities in

the XAFS equation usually asso ciated with XAFS measuremen ts of lo cal structure, suc h as � R

and �

2

. Chapter 6 has feffit 's v ersion of the XAFS equation, giving the n umerical e�ect of eac h

of the P ath P arameters. Eac h path used in the sum o v er m ultiple-scattering paths gets a set of its

o wn P ath P arameters, so that eac h path can ha v e a di�eren t v alue of � R , etc.

Second, there are the v ariables. These are the quan tities that are actually v aried to get the

b est �t. They are c hosen and named b y the user, and ho w they alter an y of the P ath P arameters

is also c hosen b y the user. The P ath P arameters are not v aried directly in feffit , but are instead

written in terms of the v ariables. This allo ws t w o con v enien t things to happ en. First, a single

v ariable can b e used in di�eren t P ath P arameters, making constrain ts of di�eren t P ath P arameters

easy . Second, it mak es it easy to c hange what is v aried and what is held constan t in the �t.

T o mak e the separation of P ath P arameters and v ariables ev en easier, there is a third kind

of n umerical v alues whic h I'll call User De�ned F unctions (less formally , y ou can think of the

v ariables as \guessed" quan tities and these user de�ned functions as \set" quan tities). These are

in termediate quan tities that are neither true v ariables nor P ath P arameters. Lik e v ariables, they

are c hosen and named b y the user, and can represen t something similar to or v ery di�eren t from

the usual XAFS P ath P arameters. In general, they are written in terms of the v ariables, and other

User De�ned F unctions, and they can b e as simple or complex as y ou c ho ose to mak e them. User

De�ned F unctions are v ery con v enien t for b oth constraining P ath P arameters and c hanging what

is v aried in the �t.

4.1 P ath P arameters and P ath Indices

There are nine P ath P arameters asso ciated with eac h path: The P ath File Name, a User Lab el,

and sev en Numerical P ath P arameters. All statemen ts for the P ath P arameters in feffit.inp tak e

t w o argumen ts, with syn tax:

Path Parameter h delimiter i Path Index h delimiter i Character String .

where the P ath Index is an in teger b et w een 1 and 999, and ties the di�eren t P ath P arameters

together. The P ath Indices ma y b e ordered according to an y con v en tion, and need not b e related

to the feff path index The feff P ath Indices are a con v enien t c hoice for man y simple applications,

but cannot alw a ys b e used (if, for example, there are more than t w o cen tral atom sites in the system

b eing studied). The P ath Index is the index that feffit uses in the sum o v er paths to mak e the

total � ( k ), and the index used to order and write the output data for the individual paths.

The P ath P arameter is one of the follo wing:

Path name of feffnnnn.dat �le to use as theoretical calculation for this path

Id optional user-supplied path iden ti�cation

e0 shift of energy origin : k !

q

k

2

� e0 � 2 m

e

= �h

2
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ei imaginary energy shift (to giv e additional broadening)

S02 constan t amplitude factor

delR c hange in half path length (1st cum ulan t, added to R

e�

)

sigma2 mean-square-displacemen t (2nd cum ulan t), or Deb y e-W aller F actor

third Third cum ulan t

fourth F ourth cum ulan t

The c haracter string for a path �le name is the �le name for the feffnnnn.dat for that P ath

Index. The �le name can b e up to 70 c haracters long. Sub directory paths can b e included in the �le

name, and for case-sensitiv e systems, case con v en tions m ust b e follo w ed when naming �les. If one

of these �les cannot b e found, feffit will tell y ou whic h �les are missing b efore it stops. The User

path iden ti�cation lab el is a v ailable for the user's con v enience | it will b e written to the outputs,

but has no in ternal function. The c haracter strings for the rest of the P ath P arameters ( all those

except Path and Id ) are in terpreted as Math Expressions used to ev aluate the P ath P arameter,

and are written in terms of the v ariables, user de�ned functions, in trinsic functions, and n umerical

constan ts. Math Expressions will b e describ ed in more detail in section 4.5. Here are some t ypical

P ath P arameter statemen ts (see also app endix A):

Path 1 = feff0001.dat % 1st output path from feff

Id 1 = Path #1: Single Scattering - first neighbor

e0 1 = e0shift

delr 1 = delr_1

sigma2 1 = sig_1

%

Path 2 = feff0002.dat % 2nd output path from feff

Id 2 = Path #2: Single Scattering - second neighbor

e0 2 = e0shift

delr 2 = delr_1 * sqrt(2)

sigma2 2 = sig_2

4.2 Defaults for the P ath P arameters, and the 0th P ath

Ev ery P ath P arameter m ust b e sp eci�ed for ev ery path in the �t. This is often incon v enien t

for P ath P arameters that are same for all paths, as will often happ en for the P ath P arameters S02 ,

e0 , and ei . And since there is already plen t y of opp ortunities for t yping mistak es in feffit.inp ,

an ything to a v oid useless rep etition is w orth while. So, y ou can assign default v alues for eac h of the

Numerical P ath P arameters, using the 0th P ath ( i.e. the path with P ath Index 0). The Numerical

P ath P arameters for the 0th P ath are in terpreted as Math Expressions, as for an y other path. If an y

Numerical P ath P arameter is not explicitly written in feffit.inp , the v alue for that P arameter

will b e tak en from the v alue for 0th P ath. F or example, writing

S02 0 amplitude ,

and then simply not men tioning S02 for an y other paths assigns S02 the v alue of amplitude for all

paths. It is imp ortan t to remem b er that the 0th path giv es the default v alue, not an over al l v alue.

If a Numerical P ath P arameter is explicitly men tioned for an y path, the default v alue will not b e

used for that path. The defaults for the 0th P ath P arameters are 0.0 for all P ath P arameters except

S02 , whic h has default 1.0. This means that if y ou don't men tion a Numerical P ath P arameter for

an y path, includin g the 0th P ath, then that P arameter will b e set to zero (or one in the case of

S02 ) in the �t. The P ath P arameter Id has a default whic h is a lab el made from the path's �le
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name and the half-path-length ( R

e�

), n um b er of equiv alen t paths, and n um b er of scattering legs

in the path. The P ath P arameters Path do es not ha v e a default.

4.3 V ariables

The v ariables in the �tting problem are c hosen b y the user and are conceptually separate from

the P ath P arameters. This formalism lets the v ariables b e the ph ysically in teresting quan tities for

the system, and also allo ws constrain ts to b e easily placed on the di�eren t P ath P arameters in

the problem. All v ariables m ust b e de�ned in feffit.inp , or the program will complain that it

do esn't kno w what y ou w an t it to do. T o de�ne a v ariable, the k eyw ord guess is used with the

follo wing syn tax:

guess h delimiter i Variable Name h delimiter i Initial Guess

where the Initial Guess is the real n um b er that will b e used as the starting v alue for this v ariable

in the �t. The �nal results should not dep end strongly on the v alue of the initial guess for most

ph ysically reasonable v ariables. The initial guess can a�ect the computation sp eed. V ariable names

are c haracter strings up to 40 c haracters long that meet these t w o requiremen ts

1. con tain no white spaces (blanks and/or T ABs), or +, -, *, /, ^, (, ), !, or %.

2. The �rst c haracter is not a n umeral.

V ariables are c hec k ed b efore the �t b egins to mak e sure that they are de�ned and that they

are used in the �t. If an y named v alue has not b een sp eci�cally de�ned as a v ariable or User

De�ned V ariable (that is, if it hasn't b een guess ed or set ), feffit will stop and complain that

some v ariable w as unde�ned. V ariables that are de�ned but not used b y an y P ath P arameters or

User-De�ned F unctions will cause a w arning, but feffit will not stop. V ariables that are de�ned

and used but end up ha ving no e�ect on the �t are not in v estigated b efore the �t is done. An y

suc h \n ull v ariables" will prev en t uncertain ties from b eing estimated for all v ariables.

4.4 User De�ned F unctions

User De�ned F unctions are lik e v ariables, only they are \set" so that their v alue is not directly

adjusted in the �t. Y ou can use up to 200 of them. Lik e v ariables, they are c hosen b y the user, not

b y feffit . Lik e the P ath P arameters, they are written as Math Expressions of the v ariables, real

n um b ers, and other User De�ned F unctions. This means that their v alues migh t c hange during the

�t (if they dep end on an y of the c hanging v ariables), but they don't coun t as separate v ariables.

The names of the User De�ned F unctions follo w the same rules as the names of the v ariables. The

syn tax for de�ning a User De�ned F unction is:

set h delimiter i User Defined Function h delimiter i Math Expression .

Some examples of User De�ned F unctions are:

set hbar_c = 1973. % set to a constant

set golden_mean = (1.0 + sqrt(5)) / 2 % calculate a constant number

set halfpi = pi/2

set sinxpi = sin(x*halfpi) ** 2 % these depend on other named

set b2_&_c2 = b**2 + c**2 % values which could be variables

set max_x_y = max(x, y) % or other user-defined functions

User De�ned F unctions can b e used to name constan ts (lik e halfpi ) or to break up form ulas.

They use other named v alues in their de�nitions, and that the status of the named v alue as a

v ariables or User De�ned F unction do es not matter to the de�nition. In the ab o v e de�nition of

sinxpi , b2 & c2 and max x y do not care whether x , b , c , or y are v ariables or other User De�ned

F unctions. Only the n umerical v alues matters.
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One of the b est uses of the User De�ned F unctions is to mak e a 
exible w a y of constraining

v ariables. As an example, a User De�ned F unction can b e assigned to eac h P ath P arameter that

is to b e c hanged in the problem. Some of these can b e true v ariables in the �t, and some can b e

dep enden t on the true v ariables. Here is part of a feffit.inp to help illustrate this:

sigma2 1 = sig1 % these are all path parameter

sigma2 2 = sig2 % statements for the sigma2

sigma2 3 = sig3 % parameters of paths 1, 2, 3, and 4

sigma2 4 = sig4 %

%

guess sig1 = 0.00000 % a variable

set sig2 = sqrt(3) * sig1 % a user-defined function

%

guess sig3 = 0.00000

set sig4 = sqrt( sig3^2 + 2*sig2^2 )

There are t w o v ariables for the four Deb y e-W aller factors. But it is easy to c hange set to guess

to c hange the n um b er of v ariables. The p oin t is that the e�ect of the quan tities ( sig1,...,sig4 )

on the XAFS P ath P arameter do esn't c hange, only their status as v ariables.

In general, b oth User De�ned F unctions and P ath P arameters ha v e v alues that will c hange as

v ariables in the �t c hange, ev en though they are not directly v aried in the �t. Ho w they dep end on

the set of v ariables is left en tirely up to y ou. Y ou c ho ose what gets v aried, and ho w the ph ysically

imp ortan t part of the system (presumably what y ou're trying to measure), will alter the XAFS

signal in terms of the b oring P ath P arameters. Please try to come up with a set of v ariables

b etter than Deb y e-W aller F actors and neigh b or distances, so that feffit can help y ou measure the

ph ysical parameters y ou're in terested in, and that p eople who'v e nev er done XAFS can understand.

Finally , a w arning should b e giv en ab out recursiv e de�nitions of the User De�ned F unctions

(that is some User De�ned F unction referring to itself, ev en if through in termediate steps). These

are di�cult to c hec k for | so b e careful. I'v e only see this problem once (and that w as a t yp o of

m y o wn), but b ew are of doing something lik e this:

set a = b + 1

set b = a

b ecause a and b will div erge as the User De�ned F unctions are rep eatedly ev aluated!

4.5 Math Expressions

The c haracter strings for the Numerical P ath P arameters and User De�ned F unctions are

in terpreted as Math Expressions. These are made up of simple algebraic expressions, using n um b ers,

named v alues (no distinction is made whether a named v alue w as guess ed or set ), simple math

op erations, and in trinsic functions. F OR TRAN syn tax is follo w ed, and the case of the strings is

ignored. The supp orted math op erations are *, /, +, -, **, and ^ . Exp onen tiation can b e done

with ** or ^ . Supp orted in trinsic functions are abs, exp, log, sqrt, sin, cos, tan, asin,

acos, atan, sinh, cosh, and tanh . All trigonometric functions use radians. The v alue of � can

b e accessed with the named constan t pi . The t w o-comp onen t in trinsic functions min and max are

supp orted, and return the minim um and maxim um v alue of t w o argumen ts, separated b y a comma,

as in min(x,y) . All math is done in single precision.

Standard math precedence (quan tities inside paren theses �rst, from inner to outer paren the-

ses, then ** and ^ , follo w ed b y * and / , and then �nally + and - ) is follo w ed, but paren theses

are encouraged to a v oid confusion. If an ything do es confuse these routines (unde�ned v ariables,
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argumen ts out-of-range, or nonsense math op erations), they will return an error message and a

v alue of zero. F urther questions or suggestions ab out this part of feffit are w elcome.

Besides the standard math in trinsic functions, there are a few additional in trinsic functions

that are useful for XAFS analysis. The �rst of these is the constan t reff , whic h giv es the v alue

of the half-path-length, R

e�

, for the \curren t path". (The curren t path is the one that feffit is

considering as it sums o v er paths.) The utilit y of reff is easily demonstrated with the 0th path.

F or example, sa ying

delr 0 = reff * expansion parameter

giv es a con v enien t (and fo ol-pro of !) metho d for mo deling a lattice expansion without ha ving to

man ually en ter all the di�eren t path lengths. It migh t get confusing to use reff in User De�ned

F unctions ( set statemen ts). It's alw a ys OK to use reff in an y P ath P arameter statemen t, including

those for the 0th path.

The second XAFS in trinsic function will calculate a v alue for �

2

for a path giv en a v alue for

the temp erature and Deb y e T emp erature using the correlated Deb y e Mo del implemen ted b y Rehr,

et al. in feff . The function is called debye , and has the syn tax

debye( temp, theta)

where temp and theta represen t the temp erature and Deb y e T emp erature, resp ectiv ely (b oth in

Kelvin). The comma b et w een the temp erature and the Deb y e T emp erature is required. The tem-

p erature and Deb y e T emp erature are actually Math Expressions themselv es, and can b e n um b ers

or named quan tities that ha v e a set or v ariable v alue. This p oin ts to real utilit y of this function |

the Deb y e T emp erature can b e a �tting v ariable. It should b e noted that the Deb y e-W aller F actor

dep ends not only on the temp erature and Deb y e T emp erature, but also on the ph ysical details of

the path (where the atoms are, and what their masses are), so that someho w these path details

need to b e used. This information is in fact giv en in the feffnnnn.dat �les, and feffit simply

uses the v alues from the \curren t" path. This means that, lik e reff , it is probably clearer to use

the debye function in a P ath P arameter line. Using it for the 0th path is alw a ys OK.

The third (and last | but w e're taking suggestions) XAFS in trinsic function will also calculate

�

2

for a path, and is v ery similar in use to the Deb y e function ab o v e, but uses the somewhat simpler

Einstein mo del. This mo del could actually b e done b y hand as,

�

2

=

(� hc )

2

2 k

B

coth( � = 2 T )

M

R

�

(4 : 1)

where M

R

is the reduced mass, � is the Einstein temp erature, and T is the temp erature. The built

in function is easier, b ecause it gets the units righ t the �rst time and it �gures out the reduced

mass for the curren t path. The syn tax is

eins( temp, theta).

F or m ultiple scattering paths, the reduced mass of the whole path is used (that is, b y adding the

recipro cals of the masses). Lik e for the debye function, temp and theta are Math Expressions,

and can b e n um b ers, \set" v alues, or v ariables. The Einstein mo del seems to w ork b etter than

the Deb y e mo del for single scattering paths with small disorders, but y our mileage ma y v ary . A t

this p oin t w e recommend trying b oth the Einstein and Deb y e mo del, and seeing whic h giv es b etter

results.
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Go o dness of Fit and Uncertain ties in V ariables

This c hapter deals with statistics and error analysis, a �eld that is b y its nature uncertain.

The pro cedures used b y feffit are as close to the \standard tec hniques of data �tting and error

analysis" as p ossible. See Data Reduction and Error Analysis for the Ph ysical Sciences b y Philip

R. Bevington and Numerical Recip es b y Press, et al. for go o d in tro ductions to these topics. If y ou

think that an y issues of �tting or error analysis are b eing o v erlo ok ed or could b e impro v ed, please

let us kno w. The topics in this c hapter are extremely imp ortan t to XAFS data analysis and w e

w elcome an y discussion of them.

5.1 �

2

as a measure of the Go o dness of Fit

The b est set of v ariables in feffit will minimize the sum of the squares of the di�erence of

mo del and data XAFS. The statistic called c hi-square, written �

2

, is a scaled measure of the sum

of squares of a function, is generally considered the b est �gure of merit to judge the qualit y of the

�t. The standard de�nition of �

2

,

�

2

=

N

X

i =1

�

f

i

�

i

�

2

; (5 : 1)

requires 3 quan tities: (1) f

i

, the function to minimize; (2) N , the n um b er of function ev aluations;

and (3) �

i

, the uncertain ties in the function to minimize. feffit allo ws the �t to b e done in R - or

k -space, but there is no conceptual di�erence in the w a y the �t is done. In either case, the function

to minimize consists of the real and imaginary parts of the di�erence b et w een data and full mo del

XAFS (either ~� ( R ) or ~� ( k )) o v er the �t range. T o b e sp eci�c, when �tting in R -space the function

to minimize is

f ( R

i

) = ~�

data

( R

i

) � ~�

mo del

( R

i

) ; R

min

� R

i

� R

max

; (5 : 2)

and when �tting in k -space, the function to minimize is

f ( k

i

) = ~�

data

( k

i

) � ~�

mo del

( k

i

) ; k

min

� k

i

� k

max

: (5 : 3)

F or the rest of this c hapter, I'll use f

i

as the elemen ts of the function to minimize, without sp ecifying

whic h of the t w o options is used. Note that these elemen ts are squared in Eq. (5.1), so that the

sign of f

i

is unimp ortan t.

Since there is one real and one imaginary ev aluation for eac h data p oin t, the n um b er of

ev aluations is N = 2( R

max

� R

min

) =� R when �tting in R -space and N = 2( k

max

� k

min

) =� k when

�tting in k -space. Here � R and � k are the grid spacing in R - and k -space ( � k is set to 0 : 05

�

A

� 1

).

R

min

and R

max

(or k

min

and k

max

) are the b ounds of the �tting range. Since � R and � k are c hosen

arbitrarily , N has no ph ysical signi�cance and is not the righ t n um b er to use if the scale of �

2

is to

b e meaningful. The b est n um b er to use is the n um b er of relev an t indep enden t measuremen ts, giv en

b y the amoun t of information in the data concerning the atomic distribution around the cen tral

atom. Note that although the p oin ts of � ( E ) are all indep enden t measuremen ts of absorption,

they are not indep enden t measuremen ts of the atomic distribution function, whic h is what w e're

in terested in when analyzing data. F rom basic information theory , the n um b er of indep enden t

measuremen ts in a sp ectrum is giv en b y

N

idp

=

2( k

max

� k

min

)( R

max

� R

min

)

�

+ 2 : (5 : 4)
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The qualitativ e argumen ts for this are (1) that the conjugate F ourier v ariables are k and 2 R ; (2)

that since w e're measuring real and imaginary parts of ~� ( R ), the information m ust b e an ev en

n um b er of p oin ts; and (3) w e m ust ha v e at least one pair of p oin ts, ev en for an in�nitesimally small

R -range. �

2

is then

�

2

=

N

idp

X

i =1

�

f

i

�

i

�

2

=

N

idp

N

N

X

i =1

�

f

i

�

i

�

2

: (5 : 5)

W e are still left with �

i

, the uncertain t y in the measuremen t, whic h w e'll return to in the section

5.2. T o simplify matters (and b ecause w e don't kno w an ything b etter to do) feffit uses a single

v alue � for all v alues of �

i

. If the uncertain ties are dominated b y random 
uctuations in the data,

then a single v alue for � is the b est that can b e done an yw a y . Assuming for the momen t that w e

ha v e a reasonable estimate for � , �

2

is then giv en b y

�

2

=

N

idp

N �

2

N

X

i =1

�

�

Re

�

f

i

��

2

+

�

Im

�

f

i

��

2

�

: (5 : 6)

This is the de�nition of �

2

used b y feffit , and is the primary �gure-of-merit to c haracterize the

go o dness of the �t. There is a related �gure-of-merit, called reduced c hi-square, denoted �

2

�

. This

is equal to �

2

=� , where � = N

idp

� N

v arys

is the n um b er of degrees of freedom in the �t, (where

N

v arys

is the n um b er of v ariables in the �t).

�

2

and �

2

�

are useful for comparing the qualit y of di�eren t �ts. The basic rule is that the �t

with the lo w est �

2

�

is the b est. This comparison w orks ev en if t w o �ts ha v e di�eren t n um b er of

v ariables. The criterion for assessing if a particular v ariable is useful in the �t is that �

2

�

will b e

lo w ered for useful v ariables. If adding a v ariable causes �

2

to decrease but �

2

�

to increase, the �t is

not impro v ed.

If the errors are dominated b y random 
uctuations in the data, a go o d �t should ha v e �

2

�

� 1.

If y ou w an t to get pic ky , the exp ected deviation of �

2

�

is roughly

p

2 =� , so that an y �

2

�

> 1 + 2

p

2 =�

w ould clearly indicate a p o or �t. Our exp erience is that �

2

�

is rarely this close to 1 for concen trated

samples, ev en for �ts that lo ok excellen t b y ey e. W e usually �nd �

2

�

to b e more lik e 10 or 100! This

means that the di�erence b et w een the data and �t is m uc h bigger than the estimated uncertain t y

in the data (again, the p esky � ). The most lik ely reasons for a �

2

�

v ery di�eren t from 1, are: (1) the

feff mo del is not a go o d represen tation of the data, (2) � is a p o or estimate of the measuremen t

uncertain t y of the data, or (3) the �t R -range do es not re
ect the paths sp eci�ed in the �t. Our

curren t thinking is that, sorry to sa y , feff is p o or enough that it will not matc h the data of

concen trated samples to within the measuremen t uncertain t y . (In the example in app endix A, a �t

to the �rst shell of Cu metal giv es �

2

�

� 20.)

A p o orly scaled �

2

is not a big deal if it is used only to compare the go o dness of �t b et w een

di�eren t mo dels. And w e're mostly willing to sa y that, ev en though feff do esn't matc h our data

to within the measuremen t uncertain ties, w e can still rely on the structural parameters that a �t

to a feff mo del will giv e. But w e do run in to a serious problem when trying to in terpret the

meaning of a �

2

�

� 1. Sp eci�cally , it is not clear from the v alue of �

2

�

alone if hard-to-estimate

systematic errors are dro wning out the random measuremen t errors or if the �t is truly bad. T o help

distinguish these t w o v ery di�eren t conclusions, it is con v enien t to in tro duce an R -factor, whic h is



feffit Go o dness of Fit and Uncertain ties in V ariables 18

scaled to the magnitude of the data itself,

R =

N

X

i =1

�

�

Re

�

f

i

��

2

+

�

Im

�

f

i

��

2

�

N

X

i =1

�

�

Re

�

~�

data

i

��

2

+

�

Im

�

~�

data

i

��

2

�

; (5 : 7)

This n um b er is directly prop ortional to �

2

, and giv es a sum-of-squares measure of the fractional

mis�t. (W e should men tion that most of the other XAFS analysis programs use a n um b er more

lik e this R for their de�nition of �

2

.) Since R do es not dep end on N , N

idp

, or � , it has a di�eren t

in terpretation than �

2

. As long as the measuremen t uncertain t y isn't a signi�can t fraction of the

measuremen t itself (so that the signal-to-noise ratio is m uc h less than 1) w e can b e con�den t that

an y �t with an R -factor bigger than a few p ercen t is not a v ery go o d �t. F or go o d �ts to carefully

measured data on concen trated samples, R

�

<

0 : 02 and �

2

�

> 10 are common. Suc h �ts are clearly

quite go o d, as the theory and data agree within a p ercen t. But since the mis�t is m uc h larger than

the random 
uctuations in the measured data, w e're left with the conclusion that systematic errors

dominate suc h �ts.

5.2 The measuremen t uncertain t y problem

Estimating � , the measuremen t uncertain t y in the data o v er the �t range, is the main di�cult y

in the error analysis in feffit . � con tains b oth random 
uctuations and systematic errors in the

data. The random 
uctuations of the data in R -space can b e estimated b y ev aluating the rms v alue

of the ~� ( R ) b et w een 15 and 25

�

A. This assumes that the 
uctuations are white noise, and that they

are m uc h bigger than the signal past 15

�

A.

Systematic errors in the data are m uc h more di�cult to estimate. (If y ou could accurately

estimate their size y ou could probably eliminate them). Some things that ma y dominate the

systematic errors of ~� ( R ) are (1) leak age of an imp erfect bac kground in to the �rst few shells,

and (2) systematic errors in measuremen ts of � ( E ). Y ou ma y b e able to estimate the size of these

systematic errors b y trying di�eren t \reasonable" bac kground remo v als, whic h, though tedious, will

giv e an estimate of the �rst systematic error. Analyzing di�eren t data scans (tak en under di�eren t

exp erimen tal conditions) ma y help giv e an estimate of the second kind of systematic error. Though

strictly not a systematic error in the data, a third source of systematic errors in the �t comes from

the feff calculation itself. Suc h errors are imp ortan t b ecause they do con tribute to the small

amoun t of mis�t exp ected in a go o d �t.

The scale of � dep ends on the F ourier T ransform parameters used (suc h as k -w eigh t, ranges, and

windo w functions), whic h mak es � di�cult to in terpret, and not a v ery in tuitiv e quan tit y . Assuming

that the noise is dominated b y random 
uctuations �

R

is linearly related to �

k

(the 
uctuations in

the un�ltered data � ( k )), the measuremen t uncertain t y in the k -space data, according to

�

k

= �

R

s

� (2 w + 1)

� k ( k

2 w +1

max

� k

2 w +1

min

)

; (5 : 8)

where w is the k -w eigh ting, and � k is the spacing b et w een p oin ts in k -space. �

q

, the random


uctuations in �ltered k -space, are found using the same kind of linear relation b et w een �

q

and �

R

.

If, for an y reason, y ou ha v e an impro v ed estimate of � , (either �

R

or �

k

), y ou should de�nitely

put it in to feffit.inp with either the k eyw ord epsdat or epsr . Note that all con tributions to �

should b e added in quadrature, and that the v alue used b y default is only the random 
uctuation

comp onen t. If y ou sp ecify �

k

, Eq. (5.8) will b e used to con v ert this to �

R

.
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5.3 Error estimation for the v ariables
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Figure 5.1 A con tour map of �

2

as a function of t w o v ariables, x and y .

The uncertain ties in the v ariables (� x and � y , resp ectiv ely) are c hosen so as

to require that �

2

is increased b y 1 from its b est v alue, �

2

0

. The correlation

b et w een the v ariables is giv en b y cos( �

c

).

feffit will estimate the uncertain ties in the v ariables immediately after the b est-�t v alues of

the v ariables are found. Occasionally the error estimation will fail, whic h means that at least one

of the v ariables do es not signi�can tly c hange the mo del XAFS. Suc h \n ull v ariables" m ust b e tak en

out of the �t for the uncertain ties in the rest of the v ariables to b e calculated. feffit will try to

tell y ou whic h v ariables are causing the problem if this happ ens.

The uncertain ties in the v ariables are estimated using a standard tec hnique of error analysis.

This is w ell-explained in the standard references, but I'll summarize it here. The goal of the �t

is to minimize �

2

in eac h of its N

v arys

dimensions (where N

v arys

is the n um b er of v ariables in the

�t). Algorithms suc h as the Lev en b erg-Marquardt metho d are able to �nd a minim um for m ulti-

dimensional �

2

without to o m uc h di�cult y . In order to do this, the �rst and second deriv ativ es

of �

2

are found with resp ect to eac h of the v ariables (second deriv ativ es are found for eac h pair of

v ariables). These deriv ativ es are used for �nding the next estimate of the b est v ariables, and turn

out to b e useful for estimating the uncertain ties in the v ariables after the b est �t has b een found.

A t the b est-�t solution, �

2

will b e roughly parab olic in eac h of its N

v arys

dimensions. The

( N

v arys

� N

v arys

) matrix of second deriv ativ es of �

2

around the solution giv es the curv ature of the

�

2

surface. Figure 5.1 sho ws a crude rendition of a con tour plot of the �

2

surface for a t w o-v ariable

problem. A t the solution, the v ariables x and y ha v e v alues x

0

and y

0

, and �

2

= �

2

0

. As x or y

mo v e a w a y from their b est-�t solution, �

2

increases. F or \normally distributed" uncertain ties, the

con tours of constan t �

2

will b e ellipses for t w o dimensions (and higher order ellipsoids for more

than t w o dimensions). The uncertain t y in the v alue of a v ariable is the amoun t b y whic h it can b e
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increased and still ha v e �

2

b elo w some limit. F or randomly distributed errors, �

2

0

+ 1 is a common

criterion, and is the one used in feffit . F rom Fig. 5.1, the uncertain ties in x and y are � x and

� y , and are those v alues whic h ensure that �

2

is increased b y 1 from its b est v alue.

Note that when ev aluating the uncertain t y in a v ariable, all the other v ariables are allo w ed

to v ary , so that the correlations b et w een v ariables can b e tak en in to accoun t. The correlation is

a measure of ho w m uc h the b est-�t v alue of one of the v ariables c hanges in resp onse to c hanging

another v ariable a w a y from its b est-�t v alue. In Fig. 5.1, the correlation of the v ariables x and y is

something lik e cos( �

c

), the \pro jection" of � x on � y . If the v ariables w ere completely uncorrelated,

the ellipse in Fig. 5.1 w ould ha v e its ma jor and minor axes parallel to the x and y axes. The p oin t

of this discussion is that if the correlations w ere ignored, and y w ere held constan t, the uncertain t y

in x w ould b e estimated to b e � x

0

. This is considerably smaller than � x , and is a w orse estimate

of the uncertain t y in x b ecause a �t with x set to x

0

+ � x will giv e a �

2

= �

2

0

+ 1.

Algebraically , the uncertain ties in the v ariables are giv en b y the in v erse of the curv ature matrix

(the matrix of the second deriv ativ es), called the correlation matrix. The uncertain ties in the

v ariables are the square ro ots of the diagonal terms, and the correlations b et w een pairs of v ariables

are giv en b y the o�-diagonal terms of this matrix. This is v ery easy and useful to do, and giv es

a go o d estimate of the uncertain ties, as long as the curv ature matrix can b e in v erted. (Matrix

in v ersion will fail if a v ariable do es not a�ect the �t b ecause the second deriv ativ e of �

2

will b e zero,

and the curv ature matrix will b e singular.) Although it ma y not b e ob vious, the matrix in v ersion

tec hnique giv es v alues for the uncertain ties that will increase �

2

b y 1, as sho wn in Figure 5.1 (the

k ey is that matrix in v ersion is division b y 1).

Since �

2

increases b y 1 to giv e the uncertain ties in the v ariables, the scale of �

2

is v ery

imp ortan t. The scale of � is therefore critical in getting go o d estimates of the uncertain ties, and

w e're bac k where w e w ere at the b eginning of the c hapter. Unless � is correctly estimated, �

2

will

b e wrong, and then the estimates for the uncertain ties will b e wrong. But there is a w a y around

this problem if w e are con vinced that a �t is go o d (based on a small R ) ev en if �

2

�

is m uc h larger

than 1.0, so that w e assert that � that is to o small (b ecause w e did not include systematic errors).

The tric k is that the v alue of � can b e rescaled b y a factor of (

p

�

2

�

) so that �

2

�

will b e forced to

b e 1. But w e don't need to redo the �t or matrix in v ersion, w e can just m ultiply the uncertain ties

themselv es b y

p

�

2

�

. The n um b ers rep orted b y feffit for all the uncertain ties in feffit.log are

rescaled in this w a y b y

p

�

2

�

. It is imp ortan t to remem b er that this tric k giv es reasonable estimates

for the uncertain ties at the exp ense of using �

2

�

for measuring the go o dness of �t. It assumes that

the �t is go o d (b y forcing �

2

�

to 1), and that signi�can t systematic con tributions to � w ere ignored.

Uncertain ties are calculated only for the v ariables in the �t, not for the User-De�ned F unctions.

Because the User-De�ned F unctions can dep end on the v ariables in fairly complicated w a ys, the

uncertain ties in them are to o hard to w ork out in general. Y ou'll need to use the standard tec hniques

of partial deriv ativ es (see, Bevington's b o ok, for example) to w ork out the propagation of errors in

the errors to errors in functions of the errors.

All of the error analysis parameters discussed in this c hapter will b e written to feffit.log .

The v alues for N

idp

, N

v arys

, � , � , �

2

, and �

2

�

and R will all b e written to this �le. The uncertain ties

(already rescaled b y

p

�

2

�

) are listed with the b est-�t v alues. Correlations b et w een v ariables are

sorted so that the most highly correlated are listed �rst. One w arning ab out correlation of t w o

v ariables should b e men tioned. If t w o v ariables are completely correlated ( i.e. , the correlation is

greater than 0.999 or less than -0.999), then these t w o v ariables are not really di�eren t, and one of

them can b e eliminated.
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The XAFS Equation and FEFFIT Algorithms

In this c hapter I'll giv e the details the n umerical pro cedures and algorithms used in feffit in as

m uc h detail as p ossible. This c hapter is designed to tell y ou \what feffit really do es" in some part

of the co de. I'll try to b e coheren t and concise, so an y further questions ab out the algorithms are

w elcome. Suggestions for impro ving an y part of feffit will b e greatly appreciated. I'll start with

the XAFS equation feffit uses to determine the mo del XAFS function in terms of the v ariables.

Then I'll go through the larger structure of the program. Finally , I'll discuss some the imp ortan t

algorithms feffit uses including F ourier T ransforms and in terp olation.

6.1 The XAFS equation

The mo del calculation for � ( k ) in feffit is giv en b y

�

mo del

( k ) =

X

P aths

�

path

( k ; Amp ( k ) ; Phase ( k ) ; P athP aram eters) :

�

mo del

( k ) is the sum o v er paths of �

path

( k ), whic h is a function of the Phase and Amplitude from

the feffnnnn.dat �le for the path (whic h are functions of k ), and the Numerical P ath P arameters,

whic h are the ph ysical quan tities that feffit will use to v ary �

path

( k ). As describ ed in c hapter

4, the P ath P arameters are the ph ysical quan tities whic h alter the XAFS of a scattering and are

written in terms of v ariables and User De�ned F unctions. The feffit mo del uses the v alues of the

P ath P arameters S02 , e0 , ei , delR , sigma2 , third , and fourth to write �

path

( k ) as:

�

path

( k ) = Im

(

Amp( k ) � N

degen

� S02

k ( R

e�

+ delR )

2

exp

�

� 2 p

00

R

e�

� 2 p

2

sigma2 +

2

3

p

4

fourth

�

� exp

�

i

�

2 k R

e�

+ Phase( k ) + 2 p ( delR � 2

sigma2

R

e�

) �

4

3

p

3

third

�

�

)
: (6 : 1)

p

0

and p

00

are the real and imaginary comp onen ts of the the complex momen tum with resp ect to

E

0

( the b ottom of the conduction band), and are ev aluated as

p = p

0

� ip

00

=

s

�

Re(p)( k ) �

i

� ( k )

�

2

� i ei

�

2 m

e

�h

2

�

: (6 : 2)

k is the real momen tum resp ect to E

F ermi

), ev aluated as

k =

r

k

2

FEFF

� e0

�

2 m

e

�h

2

�

: (6 : 3)

The quan tities Amp, Phase, Re(p), and � in the ab o v e equations are all functions of k

FEFF

, and

are tak en from the feffnnnn.dat �le for that path (as is k

FEFF

itself. N

degen

, and R

e�

are also

tak en from this �le. The v alue of N

degen

will b e tak en from feff for all paths unless the Nodegen


ag is set, in whic h case all v alues of N

degen

will b e set to 1.

The fact that b oth the purely real k and the complex p are used for this calculation of �

path

( k )

needs some explanation. p is the preferred momen tum since it is more lik e the Hermitian conjugate

to r , the p osition op erator of the photo-electron. The di�erence b et w een the t w o is fairly small for
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momen tums ab o v e a few

�

A

� 1

and it could probably b e argued that using a constan t energy origin

is a more serious problem than whic h origin to use. W e use p consisten t with feff . This is sho wn

explicitly ev erywhere that an ything from feff is c hanged. But w e use k ev erywhere where the the

feff calculation is b eing reconstructed. feff actually calculates ~� ( p ) as a complex function of the

complex momen tum and then breaks this in to amplitude and phase terms as a functions of k when

writing its outputs. So all the o ccurrences of k in Eq. (6.1) are to carefully reconstruct the feff

calculation b efore altering it with the P ath P arameters.

The phase term � 4 p sigma2 =R

e�

in Eq. (6.1) comes ab out b ecause the usual cum ulan t expan-

sion ignores the 1 =R

2

dep endence of the XAFS signal. This term is the �rst-order correction to

ignoring this term. It is usually quite small, but can b e imp ortan t for systems with large disor-

ders. F or more on this, see the article b y Rehr, Ingalls, and Crozier in X-Ra y Absorption, v.92 of

Chemical Analysis , edited b y Koningsb erger and Prins.

6.2 The FEFFIT Pro cedure

feffit is a simple program in that it reads an input �le, reads some other �les, and then

do es a single calculation. It alw a ys pro ceeds exactly the same w a y through the calculation, and

only skips steps if explicitly told to do so. It do es not run in teractiv ely , and there is no w a y to

stop in the middle or go half w a y bac k to c hange something. Here are the steps feffit tak es from

b eginning to end:

1. feffit reads feffit.inp . All the input 
ags and commands describ ed in c hapter

3 are set. Math Expressions for User De�ned F unctions and P ath P arameters are

translated in to quic kly deco dable form as they are read. The Math Expressions are

c hec k ed for syn tax errors and to ensure that all v ariables are de�ned and used.

2. The Exp erimen tal data �le is read. If needed, the data are in terp olated to uniform

k -spacing with �

k

= 0 : 05

�

A

� 1

. V alues for the �t and F ourier T ransform ranges ma y

b e adjusted sligh tly to re
ect these data ranges.

3. The feffnnnn.dat �les are read.

4. The b est-�t v alues for the v ariables are found.

5. The uncertain ties in the v ariables and correlations b et w een v ariables are estimated

b y in v erting the curv ature matrix, as discussed in c hapter 5.

6. feffit.log is written. This will con tain b est-�t v alues for the v ariables, their

uncertain ties and correlations, and go o dness-of-�t statistics. User De�ned F unctions

and the P ath P arameters for eac h path will also b e written.

7. Output data �les are written. These will con tain data, full �t, and the con tribution

to the �t from eac h path. The outputs will b e written in k � , R � , and bac ktrans-

formed k � space.

Step 4 is the hard part (deciding ho w to impro v e the v alues of the v ariables, and when these v alues

are go o d enough to quit) is done b y standard non-linear least squares routines (from minp a ck ), so

w e don't ha v e to w orry to o m uc h ab out it.

But w e do need to pro vide the function to b e minimized for a set of v ariables so that the

least-squares blac k-b o x can ev aluate this function for an y set of v ariables. Let me represen t the

set of v ariables b e the v ector x (there ma y b e more than one). The function to b e minimized , f

(whic h is a v ector b ecause it is a complex function of either R or k ), is found for a giv en x in the

follo wing w a y:
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1. �

mo del

( k ) is formed b y summing the con tribution from eac h path o v er the P ath

Index. F or eac h path:

a. The User De�ned F unctions are determined in terms of x . Note that this is

done for eac h path, so that path dep enden t quan tities lik e reff can b e used

in the User De�ned F unctions.

b. The P ath P arameters, ( S02 , delR , etc.) are determined in terms of x and the

User-De�ned F unctions.

c. �

path

( k ) for this path is found using Eq. (6.1).

d. This �

path

( k ) is added to the total �

mo del

( k ).

2. The total �

mo del

( k ) is F ourier T ransformed in to R -space (and then in to k -space if

�tting in k -space), giving the real and imaginary parts of ~�

mo del

.

3 The �tting function, f is determined b y subtracting ~�

mo del

from the ~�

data

(whic h

w as already formed from the data �

data

( k ) b efore the �t w as started) o v er the

�tting range. This is a complex function of R or k , found using either Eq. (5.2) or

Eq. (5.3) .

This function f is used b y the least-squares algorithm to select an impro v ed set of v ariables, x , and

these steps are rep eated un til the sum of squares of the elemen ts of f is minimized. If y ou're up to

reading F OR TRAN, the steps ab o v e o ccur in the subroutines fitfun and chipth .

6.3 F ourier T ransforms

F ourier T ransforms are prett y common in XAFS analysis, but they need to b e discussed here

for completeness. Most XAFS analysis ( feffit included) uses

~� ( R ) =

1

p

2 �

1

Z

0

k

w

� ( k ) W( k ) e

i 2 k R

dk : (6 : 4)

and

~� ( k ) =

1

p

2 �

1

Z

0

� ( R ) W( R ) e

� i 2 k R

dR: (6 : 5)

Of course, discrete forms of these are really used so that the F ast F ourier T ransform can b e exploited.

The k -space grid is � k = 0 : 05

�

A

� 1

, and arra y sizes for � ( k ) and ~� ( R ) are N

�t

= 512, 1024, or

2048. The arra y for � ( k ) is \padded" with zeros past the range of measured data. This \zero

padding" has the e�ect of smo othly �lling in data p oin ts in R -space. It also giv es an R -space grid

of � R = � = N

�t

� k , and w e write k

n

= n� k and R

m

= m � R . The discrete F ourier T ransforms used

are

~� ( R

m

) =

i� k

p

� N

�t

N

fft

X

n =1

� ( k

n

) W( k

n

) k

w

n

e

2 � inm= N

fft

; (6 : 6)

and

~� ( k

n

) =

2 i� R

p

� N

�t

N

fft

X

m =1

~� ( R

m

) W( R

m

) e

� 2 � inm= N

fft

; (6 : 7)

These normalizations preserv e the symmetry prop erties of the F ourier T ransforms with conjugate

v ariables k and 2 R .
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While the �tting is b eing done, the arra y size N

�t

(whic h is the n um b er of p oin ts b et w een

0 and 10 �

�

A in R -space) is set to MFTFIT , whic h is usually 512 or 1024. This k eeps the spacing

b et w een data p oin ts not m uc h smaller than the spacing b et w een indep enden t p oin ts so that N is

not to o m uc h bigger than N

idp

(though it is guaran teed to b e bigger), and sp eeds up the co de.

Changing the v alue of MFTFIT should not signi�can tly a�ect the �t results. If y ou ha v e a small

n um b er of indep enden t p oin ts in the �t range (few er than 10), and y ou �nd a truly a wful �t b y

ey e giv es a small �

2

, it migh t b e that MFTFIT is to o small, and that the �tting got stuc k in a \false

minim um". This should b e a v ery rare o ccurrence, but if it happ ens, y ou should increase MFTFIT .

When writing the output R -space data �les, the v alue of N

�t

is set to MFTWRT , whic h will normally

b e 2048. Both MFTWRT and MFTFIT can b e set b y the user to b e 512, 1024, or 2048.

T o transform from � ( k ) to ~� ( R ), � ( k ) ma y b e w eigh ted b y k

w

. F or b oth transforms, a F ourier

T ransform Windo w is used to select a �nite data range. This Windo w is used to smo oth out the

data while main taining some p eak separation. The functional form of the Windo w dep ends on

Ikwindo ) (whic h giv es the the functional form of the windo w), Kmin , Kmax , Dk1 , and Dk2 , for the

forw ard transform ( k ! R ), and on Irwindo , Rmin , Rmax , Dr1 , and Dr2 , for the bac k transform

( R ! k ). There and curren tly 8 options for the functional form of the Windo w. An ything said in

fa v or of one of the Windo w t yp es is little more than folklore, with the exception of the Loren tzian

Windo w (3), whic h is probably not w orth using for XAFS analysis. If using di�eren t Windo ws

giv es di�eren t n um b ers for y our �t, there is probably something wrong.

Here are the functional forms of the a v ailable F ourier T ransform Windo ws in feffit . F or

simplicit y , all are written as functions of k (The R -space windo ws are exactly analogous to these

with Ikwindo , kmin , kmax , Dk1 , and Dk2 replaced b y Irwindo , Rmin , Rmax , Dr1 , and Dr2 ):

Ikwindo Windo w T yp e and functional form

0 Hanning Windo w Sills: The Default Windo w T yp e.

W( k ) =

8

>

>

>

>

<

>

>

>

>

:

sin

2

�

� ( k � Kmin + Dk1 = 2 )

2 Dk1

�

; Kmin � Dk1 = 2 � k < Kmin + Dk1 = 2

1 : 0 ; Kmin + Dk1 = 2 � k � Kmax � Dk2 = 2

cos

2

�

� ( k � Kmax + Dk2 = 2 )

2 Dk2

�

; Kmax � Dk2 = 2 < k � Kmax + Dk2 = 2

1 Hanning Windo w F raction: Dk1 is the fraction of the windo w range that is not

held at 1.00. In the form ula b elo w, 
 = Dk1 ( Kmax � Kmin ) = 2

W( k ) =

8

>

>

>

<

>

>

>

:

sin

2

�

� ( k � Kmin + Dk1 = 2 )

2 Dk1

�

; Kmin � k < Kmin + 


1 : 0 Kmin + 
 � k � Kmax � 


cos

2

�

� ( k � Kmax + Dk1 = 2 )

2 Dk1

�

; Kmax � 
 < k � Kmax

2 Gaussian Windo w: Note that W( k ) nev er go es to zero. Iwindo = 7 giv es an

alternate form for the Gaussian windo w.

W( k ) = exp

�

� Dk1

�

2 k � Kmax � Kmin

Kmax + Kmin

	

2

�
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3 Loren tzian Windo w: Note that W( k ) nev er go es to zero.

W( k ) =

�

1 : 0 + Dk1

�

2 k � Kmax � Kmin

Kmax + Kmin

	

2

�

� 1

4 P arzen Windo w: This windo w has linear \sills".

W( k ) =

8

>

>

>

<

>

>

>

:

k � Kmin + Dk1 = 2

Dk1

; Kmin � Dk1 = 2 � k < Kmin + Dk1 = 2

1 : 0 Kmin + Dk1 = 2 � k � Kmax � Dk2 = 2

1 : 0 �

k � Kmax + Dk2 = 2

Dk2

; Kmax � Dk2 = 2 < k � Kmax + Dk2 = 2

5 W elc h Windo w: This windo w has quadratic \sills".

W( k ) =

8

>

>

>

<

>

>

>

:

�

k � Kmin + Dk1 = 2

Dk1

	

2

; Kmin � Dk1 = 2 � k < Kmin + Dk1 = 2

1 : 0 Kmin + Dk1 = 2 � k � Kmax � Dk2 = 2

1 : 0 �

�

k � Kmax + Dk2 = 2

Dk2

	

2

; Kmax � Dk2 = 2 < k � Kmax + Dk2 = 2

6 Sine Windo w: This giv es a half-p erio d o v er the windo w range.

W( k ) = sin

�

� ( Kmax + Dk2 � k )

Kmax + Dk2 � Kmin + Dk1

�

7 Gaussian Windo w: An alternate v ersion of the Gaussian windo w.

W( k ) = exp

�

� Dk1

�

k � Dk2

�

2

�

6.4 Public Domain Soft w are and F urther Reading

The F ast F ourier T ransform and nonlinear last-squares routines used in feffit are public

domain soft w are. The FFT routines used are part of fftp a ck , written b y P aul N. Sw arztraub er

at the National Cen ter for A tmospheric Researc h. I c hanged some of the dimension statemen ts

in these routines to more closely re
ect the ANSI standard. The least-squares routines used are

part of minp a ck , written b y B. S. Garb o w, K. E. Hillstrom, and J. J. More. at Argonne National

Lab in 1980. I c hanged some of the mac hine-dep endent parameters. Both of these pac k ages w ere

tak en electronically from NETLIB, at A T&T Bell Labs in Murra y Hill, NJ whic h has a large

selection of public domain n umerical soft w are that can b e tak en for free b y e-mail, ftp, or o v er

the W eb. Send the e-mail message send index to netlib@research.att.com , or giv e Mosaic the

URL ftp://netlib.att.com/home.h tml to get more information.
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Examples

This is the most imp ortan t part of this do cumen t. I'll go through a simple example of pure

Cu metal in detail, whic h should get y ou started on using feffit for an y real XAFS problem. The

rest of the do cumen t should b ecome m uc h clearer after y ou start using the program. App endix B

giv es some suggestions for using feffit to solv e t ypical XAFS problems as w ell as sho wing some

of the more sophisticated things that feffit can b e used for.

All �les men tioned in this c hapter should ha v e b een included in y our distribution of feffit .

If y ou don't ha v e these �les, con tact us and w e'll get them to y ou. All examples use the ASCI I �le

t yp e, and ha v e b een renamed to prev en t feff or feffit from easily o v erwriting them. Since feffit

requires its input �le to b e named feffit.inp , y ou'll ha v e to cop y eac h of the �les fit*.inp to

feffit.inp to do these example �ts.

The distributed �les include atoms-cu.inp whic h, if copied to atoms.inp , can b e run through

a toms . This will write a feff.inp , whic h can b e run though feff . The t w elv e distributed

feffcu*.dat �les should b e equiv alen t to the feffnnnn.dat that feff generates. Running a toms

and feff and examining the outputs for this simple example is recommended.

A.1 Pure Cu example #1: FEFFIT without �tting

Belo w is fit1.inp , whic h is ab out as simple as feffit gets. This is not really a �t at all,

and just uses feffit to add up three feffnnnn.dat �les and write the results to k -, R -, and

bac ktransformed k -space, applying some Deb y e-W aller F actors, and using an o v erall S

2

0

. Still, it

sho ws what a real feffit.inp �le lo oks lik e, and ho w feffit runs. Although feffit is a �tting

program, using it to add up feff �les without doing an y �tting is useful, and is a go o d w a y to

start an y analysis. It is more p o w erful than using feff itself for adding up feffnnnn.dat �les to

get a theoretical XAFS signal, and can do F ourier T ransforms to o.

title = Example #1: Cu at 10K & the 1st 3 paths from feff !! NO FIT !!

title = Setting S02 = 0.90 , Using correlated Debye Model

%

data = cutest.dat % input data file name

out = cu1.dat % output file name

% fit R-range and FFT parameters:

rmin = 1.75 rmax = 3.25

kmin = 2.0 kmax = 19.0 dk = 2 kweight = 1

%------------- ---- ---- ----- ---- ---- ---- ---- ----- ---- ---- ---- ----- ----

set e0 = 0.0 % e0 offset

set s02 = 0.9 % constant amplitude factor, S02

set temp = 10. % temperature

set Debye_Temp = 315. % Debye temperature for Cu

set sigm_mcm = 0.00052 % McMaster correction from feff.inp

%------------- ---- ---- ----- ---- ---- ---- ---- ----- ---- ---- ---- ----- ----
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% begin path parameter lists: Parameter, Path Index , character string

Path 1 feffcu01.dat

Id 1 single scattering, R = 2.552, Degen= 12

e0 1 e0

S02 1 s02

sigma2 1 debye(temp, Debye_temp) + sigm_mcm

%

Path 2 feffcu02.dat

Id 2 single scattering, R = 3.609, Degen= 6

e0 2 e0

S02 2 s02

sigma2 2 debye(temp, Debye_temp) + sigm_mcm

%

Path 3 feffcu03.dat

Id 3 double scattering, R = 3.828, Degen= 48

e0 3 e0

S02 3 s02

sigma2 3 debye(temp, Debye_temp) + sigm_mcm

%%%%%%%%%%%%%% %%%% %%%% %%%% end of FIT1.INP %%%%%%%%%%%%%% %%%%% %%%% %%%

Three paths from feff are added together in this \n ull" �t, with eac h path b eing mo di�ed

b y the P ath P arameters S02 and sigma2 . V alues of sigma2 are found for eac h path b y using the

Correlated Deb y e Mo del (see c hapter 4) and the \McMaster correction" as calculated b y a toms .

A t the b ottom of the feffit.log �le generated b y feffit ( fit1.log in the distribution), y ou'll

�nd that the n umerical v alues for sigma2 are di�eren t for the di�eren t paths ev en though the

same Math Expression is used. The Deb y e function uses the p ositions and masses of the atoms in

the path as w ell as the temp erature and Deb y e temp erature to giv e �

2

. The v alue used for the

McMaster correction here is tak en directly from the top of the feff.inp written b y a toms . As

further discussed in b oth the a toms and a utobk do cumen ts, this addition to sigma2 accoun ts for

the exp ected deca y of the bac kground absorption co e�cien t �

0

( E ) that w as not included in the

a utobk bac kground remo v al. Since a utobk normalizes � ( k ) b y a single n um b er, not b y a function

that decreases sligh tly with energy (as �

0

( E ) do es), the resulting � ( k ) for the data decreases sligh tly

more rapidly than it should, and so the theoretical � ( k ) should also b e made to decrease.

There are �v e User-De�ned F unctions ( e0 , S02 , temp , Debye temp , and sigm mcm ) though

in this simple example, they are all set to constan ts. It do es not matter that there are User-

De�ned functions ( e0 and S02 ) whic h are also names of P ath P arameters. The syn tax of the P ath

P arameter statemen ts means that they will nev er b e confused. The third thing to notice is that

all paths ha v e the same Math Expression for P ath P arameters e0 , S02 and sigma2 , making them

excellen t candidates for the \0th" path. The p ortion of fit1.inp describing the P ath P arameters

could ha v e b een written as

e0 0 e0

S02 0 s02

sigma2 0 debye(temp, Debye_temp) + sigm_mcm

%

Path 1 feffcu01.dat

Path 2 feffcu02.dat

Path 3 feffcu03.dat



feffit Examples 28

whic h is a more economical and fo ol-pro of w a y of writing the same information.

A.2 Pure Cu example revisited: FEFFIT with �tting

No w let's add some v ariables to the Cu example and do a real �t. The �le fit2.inp is prett y

similar to fit1.inp . The imp ortan t di�erences are the inclusion of sev eral more paths (12 no w,

not just 3) and that some of the User-De�ned F unctions ha v e b een c hanged to v ariables (simply

b y c hanging set to guess !), so that fit2.inp will do a �t. There's also an additional v ariable to

giv e a c hange in near-neigh b or distance. Here is most of fit2.inp :

%%%%%%%%%%%%%% %%%% %%%% %%%% Start of FIT2.INP %%%%%%%%%%%%%% %%%%% %%%% %%%

title = Example #2: Cu at 10K & the 1st 3 paths from FEFF5

title = Fitting energy0, S02, deltaR_1, and Debye Temperature

title = set temp =10 Kelvin, using correlated Debye Model

%

data = cutest.dat % input data file name

out = cu2.dat % output file name

% fit R-range and FFT parameters:

rmin = 1.75 rmax = 3.25

kmin = 2.0 kmax = 19.0 dk = 2 kweight = 1

%------------- ---- ---- ----- ---- ---- ---- ---- ----- ---- ---- ---- ----- ----

guess e0 = 0.0 % e0 offset

guess deltaR_1 = 0.0 % change in near-neighbor distance

set R_nn1 = 2.5478 % 1st neighbor distance

guess s02 = 0.9 % constant amplitude factor, S02

set Temp = 10. % temperature

guess Debye_Temp = 315. % Debye temperature for Cu

set sigm_mcm = 0.00052 % McMaster correction from feff.inp

%------------- ---- ---- ----- ---- ---- ---- ---- ----- ---- ---- ---- ----- ---- --

% begin path parameter lists: Parameter, Path Index , character string

e0 0 e0

delR 0 deltaR_1 * ( reff / R_nn1 )

S02 0 s02

sigma2 0 debye(temp, Debye_temp) + sigm_mcm

%

Path 1 feffcu01.dat

%

Path 2 feffcu02.dat

%

Path 3 feffcu03.dat

%

Path 4 feffcu04.dat

%

% It goes on like this up to path 12

%%%%%%%%%%%%%% %%%% %%%% %%%% end of FIT2.INP %%%%%%%%%%%%%% %%%%% %%%% %%%

This is a reasonably go o d template to b egin an y XAFS analysis. The imp ortan t things to notice

ab out the mo deling for XAFS data are the use of the \0th" path, reff , and the Correlated Deb y e

Mo del. F urther suggestions for mo deling XAFS data are discussed in app endix B. I also suggest

assigning ev ery n um b er with \ set " rather than just writing the n um b ers in wherev er they're needed,
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Figure A.1 j ~� ( R ) j of data (dashed) and b est-�t (solid) for pure Cu at

10 K. Fitting w as done using fit2.inp , o v er an R -range of [1 : 75 ; 3 : 2 5]

�

A.

The results of this �t are further discussed in the text.

and not using an y n um b ers in the P ath P arameter section. F or example, R nn1 and temp here

are set as n um b ers here ev en though they're only used once. This mak es it easier to c hange the

n um b ers. And ma yb e later on y ou'll w an t to v ary something that y ou originally though t had a

constan t v alue.

The results of the �t from fit2.inp is sho wn in Fig. A.1, whic h sho ws an excellen t agreemen t

b et w een theory and data o v er the �t range, R = [1 : 75 ; 3 : 25 ]

�

A, and ev en reasonable agreemen t for

R past 3 : 25

�

A, ev en though the high- R part of the sp ectrum is not b eing �t. If y ou're using ASCI I

�les, this plot is of the fourth columns of cu2r.dat and cu2r.fit . F or UWXAFS �les, this data

is held in records with nk ey=1 and 2, resp ectiv ely , of cu2.rsp . Please mak e sure that y ou can

generate a picture similar to Fig. A.1 | y ou really can't do data analysis without lo oking at the �t

results. Y ou are also strongly encouraged to lo ok at the con tributions from the t w elv e individual

paths that mak e up this �t, and esp ecially where in R -space the di�eren t paths sho w up. The �t

results in original and bac ktransformed k -space should also b e lo ok at.

Go o dness-of-�t parameters for this �t and the b est-�t v alues and estimated uncertain ties in

the v ariables can all b e b e found in feffit.log . F rom this �le, w e read that the N

idp

= 16, and

N

v arys

= 4, so that � = 12. W e also see R � 0 : 0022, whic h means the data and theory agree

to 2 parts in a thousand o v er the �t range, indicating a v ery go o d �t. The v alues for �

2

and �

2

�

are � 312 and � 26, resp ectiv ely . F ollo wing the discussion in c hapter 5 ab out the need to include

systematic errors when scaling �

2

(and the assertion that they w ere not included in the estimate

of the measuremen t uncertain t y � ), the uncertain ties estimated are c hosen to increase �

2

b y �

2

�

.
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The v alues found for the four v ariables and the uncertain ties found (ha ving already b een rescaled

b y feffit ) are then e0 � � 0 : 10 � 0 : 26 eV , deltar 1 � 0 : 0097 � 0 : 0016

�

A , s02 � 0 : 943 � 0 : 026,

and debye temp � 314 : 1 pm 15 : 2 K. The v ariables e0 and deltar 1 are found to b e signi�can tly

correlated ( C � 0 : 83), while s02 and debye temp are an ti-correlated ( C � � 0 : 87).

After v erifying that y ou can get these v alues and lo ok at the �t results (there's alw a ys a hard

part), y ou should b e able to edit and pla y with fit2.inp , and b ecome an exp ert at �tting Cu

XAFS. Then y ou'll b e ready to analyze y our o wn data, doing sophisticated m ultiple-scattering �ts

with ingenious constrain ts. But �rst, ere are some suggestions for ho w to pla y with the Cu data to

get a b etter feel for what feffit can do. These aren't required, only suggested, and they're not

listed in an y particular order:

1 Change the k -range, dk , k -w eigh ting, and ev en the F ourier T ransform Windo w t yp e (using

iwindo ). If the results c hange what do es that mean? Is kno wing ho w a v ariable dep ends on

k -w eigh ting imp ortan t? (It is.) Notice that Kmax and Kmin determine N

idp

, but ha v e sligh tly

di�eren t meanings in some of the F ourier T ransform Windo ws.

2 Increase the R -range, so that the �t is done o v er all t w elv e paths. First try this with the

Correlated Deb y e Mo del. Notice that all the linear paths at t wice the near-neigh b or distance

ha v e the same Deb y e-W aller F actors, and that this is t wice that of the near-neigh b or. This is

a general result of this mo del, and a v ery useful w a y to constrain Deb y e-W aller F actors.

3 T ry �tting without the Deb y e Mo del, �tting the individual Deb y e-W aller F actors separately .

Then try the Einstein Mo del.

4 Fit in k -space, trying some of the di�eren t w a ys to calculate the Deb y e-W aller F actors.

5 Go all the w a y bac k to the a utobk example, and remo v e the bac kground and then analyze

the 50K and 150K Cu data. This is almost lik e starting o v er, and should get y ou completely

ready for y our o wn analysis.

The basic ideas here are probably useful for general data analysis | start small, with the �rst

neigh b or distance, and w ork y our w a y out in R -space un til y ou can't get an ything else from the

data. Dep ending on ho w complicated y our system is, y ou ma y need to start with more than just

one or t w o paths, and y ou ma y not b e able to �t the �rst shell without m ultiple scattering. But

y ou can still start small, and w ork y our w a y up.
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Suggestions for Building Ph ysical Mo dels with FEFFIT

The examples in app endix A are in tended as tutorial in tro ductions to feffit . Y ou are no

doubt trying to �t something more in teresting and di�cult than Cu. And although the tutorial

examples sho w man y asp ects of using feffit to mo del XAFS data, there are some subtleties and

tric ks that y ou ma y w an t to use to get the most out of y our data. The hardest part of using feffit

is �guring out ho w to cut do wn the n um b er of v ariables, and ho w to mak e a reasonable set of

constrain ts of the P ath P arameters so that some ph ysics is put in the problem. In this app endix I

will try to explain some of the mo deling ideas and ph ysical insigh t w e'v e come up with for feffit .

W e hop e that this app endix will pro vide the kinds of suggestions that can inspire y ou to �nd a

creativ e solution to y our mo deling needs. And if y ou come up with some creativ e solutions to

XAFS problem using feffit , w e'd lo v e to hear ab out it.

The examples in app endix A did, in fact, use a few mo deling tric ks. The use of the Deb y e

function and reff in the Cu example allo w ed man y P ath P arameters to b e reduced to t w o v ariables

(the Deb y e T emp erature and � R

1

, with a linear expansion mo del). Though simple, these are the

t yp es of tric ks that will b e discussed in this App endix. All the tric ks will b e illustrated with parts

of input �les, and are included in the �le suggest.inp .

B.1 Simple Numerical Constrain ts

Often times y ou kno w ahead of time that some v ariable or P ath P arameter has a range of v alues

that is \reasonable" and a range that is \unreasonable". A t ypical example w ould b e the assertion

that no n um b er for �

2

should b e negativ e. Non-linear least-squares �tting do es not usually allo w y ou

put an y constrain ts on the v ariables in the �t ( i.e. , the things that are guess ed are unconstrained),

so that it is not p ossible to tell the program to allo w sigma2 to v ary , but to mak e sure that it is

not negativ e. But the User-De�ned F unctions can b e constrained, so that y ou can write a function

of the v ariable sigma2 that is constrained and use that constrained User-De�ned F unction for the

P ath P arameter. There are a few w a ys to write a function that is guaran teed to b e non-negativ e.

Here's one solution:

% ----------------- ---- ----- --

guess ss2 = 0.0 % ss2 will vary without constraint

set sigma2_1 = abs(ss2) % while sigma2_1 will be non-negative

%

sigma2 1 sigma2_1

% ----------------- ---- ----- --

This is a particularly simple case. What if y ou w an t sigma2 1 to b e bigger than some v alue, x ?

Just use set sigma2 1 = abs(ss2 + x) . But no w what if y ou w an t to place b oth upp er and lo w er

constrain ts on some v alue? Sa y , for example, that y ou think S02 should not b e smaller than 0.5,

but y ou also w an t to prev en t it from b eing larger than 1.0? Again, there a few w a ys to do this.

The solution I prefer uses b oth the max and min functions:

% ----------------- ---- ----- --

guess amp = 0.70 % amp will vary freely

set lower = 0.50 % lower bound for s02

set upper = 1.00 % upper bound for s02

%

s02 0 max(lower, min(upper, amp)) % constrained path parameter

% ----------------- ---- ----- --
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This allo ws the upp er and lo w er limits to b e c hanged easily . Be careful when doing this. Mixing

up min and max or setting lower to b e greater than upper will not allo w s02 to v ary at all, and

will probably mak e amp a n ull v ariable that kills the error analysis. Finally , after telling y ou ho w

to do these things, I'll ask wh y y ou need them? If y ou really need the constrain t, the b est �t m ust

w an t to giv e v alues for the v ariables that y ou consider to b e ph ysically unreasonable. This should

disturb y ou and inspire y ou to think more carefully ab out the mo del y ou're using.

B.2 Using More Than One E0 Shifts

This is easy to put in feffit.inp . Y ou simply put use di�eren t e0 s for di�eren t paths. The

question is: Wh y w ould y ou ev er need more than one e0 ? feff mak es v arious appro ximations

whic h can b e roughly corrected b y shifts of e0 , including incomplete core-hole shielding, a lac k of

angular v ariations of the v alence c harge distribution, and a lac k of c harge transfer b et w een atoms

in p olar materials. Suc h appro ximations are w orst for insulating materials with co v alen t or ionic

b onds. In suc h cases it is probably imp ortan t to use one e0 for the near-neigh b or, and another

for the rest of the neigh b ors, whic h will comp ensate for the incomplete shielding of the core-hole.

Y ou migh t ev en migh t try more than t w o e0 s for some materials. W e'v e found that using t w o e0

impro v es the �t quite a bit for a v ariet y of ionic and insulating materials, with the t ypical result

that the t w o are a few V olts apart and w ell outside their estimated uncertain ties. In BaZR O

3

(see

Hask el et al. , in press), as man y as four e0 s w ere found to eac h signi�can tly impro v e the �t. These

ha v e b een in terpreted as accoun ting for angular v ariations of the v alence c harge densit y as w ell as

incomplete shielding of the core-hole at the �rst neigh b or.

B.3 Measuring the Num b er of Near Neigh b ors

This is a particularly imp ortan t and common problem in XAFS analysis. But there are a

few complications in getting the co ordination n um b er from XAFS data. The �rst is that b oth

the n um b er of near neigh b ors and the passiv e electron amplitude reduction factor ( N

degen

and S

2

0

in equation Eq. 6.1) con tribute to the XAFS for a giv en path in exactly the same w a y , meaning

that they are almost completely correlated quan tities. This is wh y there are not separate S02 and

N degen P ath P arameters in feffit . The upshot of this is that the n um b er of near neigh b ors cannot

b e precisely and accurately determined without an equally precise and accurate measuremen t of

S

2

0

. The most lik ely p ossibilit y for o v ercoming this problem is to get S

2

0

b y some other means. T o

a go o d appro ximation, S

2

0

is transferable b et w een di�eren t systems with the same cen tral atom. In

principle, y ou ough t to b e able to measure S

2

0

for eac h elemen t once (as on a sample for whic h the

co ordination n um b er is not in doubt), and set that n um b er in all other �ts to get go o d measuremen ts

of the co ordination n um b er. Ho w ev er, suc h measuremen ts m ust b e done carefully to minimize

exp erimen tal distortions in the XAFS amplitude.

But what if y ou don't ha v e an y idea what S

2

0

is, and y ou still w an t to measure the co ordination

n um b er? One p ossibilit y is to assert that S

2

0

is the same for all paths in the solid. This remo v es at

least some of the in terdep endence b et w een S

2

0

and the co ordination n um b er, so that y ou can �t S

2

0

for a few di�eren t paths and the co ordination n um b er for just one (sa y the shortest path), but this

still isn't p erfect. A b etter w a y to get a go o d v alue for S

2

0

is to use the temp erature-dep endence of

the XAFS (o v er some range for whic h N

degen

is also constan t). S

2

0

will not dep end on temp erature,

and the temp erature dep endence of the �

2

for the �rst neigh b or (or the neigh b ors with the strongest

bac kscattering) should b e fairly simple. Most b onds are w ell-appro ximated b y an Einstein oscillator

so that �

2

is giv en b y Eq. (4.1). As a last resort, or a zeroth order appro ximation, the v alue of S

2

0

can b e set to 0.9, whic h is exp ected to b e correct to ab out 10% for all systems.

The second complication is a pro cedural artifact of the w a y feffit sums o v er feff paths.

feffit uses the v alue of N

degen

from the feffnnnn.dat �le, whic h are going to b e totally inap-
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propriate if y ou're trying to �t this n um b er. There are t w o c hoices: either to k eep trac k of what

w as in the feffnnnn.dat �le for N

degen

and �gure it out later or use the nodegen 
ag whic h will

set N

degen

to 1 in Eq. (6.1) for all paths, I prefer the second option.

Here is part of a feffit.inp �le that will �t N assuming that S

2

0

has b een giv en to us:

% ----------------- ---- ----- --

nodegen = true % set all values of n_degen = 1.0

set s02 = 0.9 % s02 from divine providence

guess n1 = 9.0 % fitting the coordination number

%

path 1 feff0001.dat %

s02 1 s02 * n1

% ----------------- ---- ----- --

The k ey p oin t here is that the constan t amplitude for the near neigh b or is the pro duct of S

2

0

and

the co ordination n um b er. No w, here's part of a feffit.inp �le that will �t b oth S

2

0

and N for

the �rst shell, assuming that N for the second shell is kno wn.

% ----------------- ---- ----- --

nodegen = true % set all values of n_degen = 1.0

guess s02 = 0.9 % fitting s02

guess n1 = 6.0 % fitting 1st shell coordination number

set n2 = 12.0 % setting 2nd shell coordination number

%

path 1 feff0001.dat %

id 1 a few (6?) near neighbors

s02 1 s02 * n1

%

path 2 feff0002.dat %

id 2 twelve second neighbors, no doubt about it

s02 2 s02 * n2

-------------- ---- ---- ----- -

B.4 Com bining Tw o T yp es of Near Neigh b ors

This is also a common problem in XAFS analysis. The solution is prett y similar to the ab o v e

problem, but let's do this one to o. As an example, let's sa y w e ha v e a Au-Ag allo y , with data on

the Au edge, and a mixture of Au and Ag near-neigh b ors, at roughly the same distance (so that

feff calculations are roughly transferable) in an F CC crystal. The problem is: Ho w man y Au-Ag

near neigh b ors are there, and ho w man y Au-Au neigh b ors are there? Since Au and Ag form a

substitutional allo y at all concen trations, I'm going to assert that there are 12 total near-neigh b ors.

This problem de�nitely needs the nodegen 
ag. It could b e solv ed without this 
ag, but it's

m uc h to o painful. feff will giv e y ou t w o di�eren t feffnnnn.dat �les at the �rst neigh b or distance,

whic h I'll call feffAuAu.dat and feffAuAg.dat . Dep ending on ho w y ou do the feff calculation,

these t w o �les could ha v e nearly an y path degeneracy , so it's b est just to turn o� this confusion, and

con trol it all within feffit . Here's the imp ortan t part of feffit.inp for this problem, ignoring

an ything else lik e distances c hanges:
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%

nodegen = true % set all values of n_degen = 1.0

set s02 = 0.9 % from pure Au measurements (?)

guess n_au = 2.0 % fit the number of Au near-neighbors

set n_total = 12.0 % set the number of total neighbors

set n_ag = n_total - n_au % the number of Ag near-neighbors

%

path 1 feffAuAu.dat

id 1 Au-Au single scattering,

s02 1 s02 * n_au

%

path 2 feffAuAg.dat

id 2 Au-Ag single scattering, degen = 1.0

s02 2 s02 * n_ag

%

B.5 Linear In terp olation

The ab o v e tec hnique actually has some imp ortan t asp ects that should b e further discussed.

Note that t w o feff calculations (and they migh t b e from di�eren t feff runs, to o) are used in

feffit as t w o paths that are com bined to giv e a single ph ysical shell. feffit is an extension of

feff , and can com bine paths from di�eren t runs. Also note that this tec hnique is an example of

a linear com bination of paths, and that the \linear co e�cien ts" n au and na ag ha v e the ph ysical

meaning of the relativ e w eigh ts for the t w o di�eren t neigh b or atoms.

This is a particularly simple case of linear in terp olation b ecause the n um b ers n au and n ag

directly a�ect the amplitude of the XAFS signal, so that using n au and n ag seems natural to

asso ciate with the P ath P arameter s02 . But linear in terp olation only adjusts relativ e w eigh ts of t w o

di�eren t feffit paths, and they don't necessarily ha v e to b e in terpreted as an amplitude factor.

F or instance, the linear in terp olation tec hnique c ould b e used to measure a distance c hange, b y

doing t w o feff calculations with sligh tly di�eren t distances, and linearly com bining them. The

input �le w ould lo ok something lik e this:

%

nodegen = true % set all values of n_degen = 1.0

set s02 = 0.9 % set s02

guess n_R1 = 2.0 % fit the number of neighbors with R1

set n_total = 12.0 % set the number of total neighbors

set n_R2 = n_total - n_R1 % the number of neighbors with R2

%

path 1 feff00R1.dat

id 1 atoms at R1

s02 1 s02 * n_R1

%

path 2 feff00R2.dat

id 2 atoms at R2

s02 2 s02 * n_R2

%

set R_fitted = ( n_R1 * R1 + n_R2 * R2 ) /n_total

%
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Note that the v alues of delr don't c hange in this example, but that w e're still, in some sense,

measuring a distance c hange. The v alue of R fitted will giv e the resulting v alue of near neigh b or

distance and will b e written to feffit.log ev en though it's not actually used in the �t. Although

I don't recommend this as a general w a y to measure distance (the P ath P arameter delr is easier

and more accurate ), this do es illustrate the general tec hnique of linear in terp olation b et w een t w o

feffnnnn.dat �les, that has sho wn itself to b e fairly useful in lots of disordered systems. Tw o

di�eren t \kno wn" feff calculations are done, and are linearly com bined b y adjusting the relativ e

w eigh ts, whic h go in the s02 parameter, and whic h can b e giv en some ph ysical signi�cance.

B.6 Quadratic In terp olation

What if, for some reason, y ou don't trust the linear com bination tec hnique to giv e y ou a go o d

enough answ er? If this seems far-fetc hed, let me sa y that there is at least one imp ortan t case

where it is kno wn to b e unreliable on ph ysical grounds. The example case in v olv es fo cused m ultiple

scattering paths where the photo-electron scatters at angle near 180

�

. The analysis c hallenge is

to measure the \buc kling" angle, whic h is ho w far from collinearit y the three atoms are. The

complication is that the scattering amplitude for suc h nearly-collinear scattering is kno wn to v ary

quadratically with � . The linear in terp olation tric k discussed ab o v e is liable to giv e p o or results,

unless w e start with t w o feff calculations with � 's v ery close to the righ t v alue, whic h isn't v ery

useful. The solution w e came up with (the problem w e used this on w as mixtures of alaki-halide

comp ounds and is discussed b y F renk el, et al. in Ph ys. Rev. B 49 , p. 11662, 1994 w as to extend the

linear com bination of t w o feff paths to the quadratic in terp olation of three feff paths. Quadratic

in terp olation is a prett y standard math metho d. But y ou ma y ha v e to blo w the dust o� of some

old math handb o ok to �nd it, so I'll just sp ell it out for y ou.

T o do this, w e �rst need to mak e a set of feffnnnn.dat basis functions for sligh tly di�eren t

scattering angles. The easiest w a y to do this is to edit the �le paths.dat output b y feff , whic h

has the complete path geometry for eac h path. Finding the righ t path in this �le isn't to o hard,

and then y ou can edit the list of paths to mak e up an y paths y ou w an t. So y ou simply pic k some

go o d \basis" angles for � and �gure out where the atoms are. W e �gured that the buc kling angle �

w ould b e around 5-10

�

, and certainly less than 20

�

, so I used basis angles of 0, 4, and 16

�

. Here's

the imp ortan t part of the do ctored paths.dat �le:

-------------- ---- ---- ----- ---- ---- ---- ---- ----- ---- ---- ---- ----- ---

100 3 24.000 index, nleg, degeneracy, r= 5.1053

x y z ipot label

5.105311 .000000 .000000 1 'Br '

2.552655 .000000 .000000 2 'Rb '

.000000 .000000 .000000 0 'Br '

104 3 24.000 index, nleg, degeneracy, r= 5.1053

x y z ipot label

5.105311 .000000 .000000 1 'Br '

2.552655 .089141 .000000 2 'Rb '

.000000 .000000 .000000 0 'Br '

116 3 24.000 index, nleg, degeneracy, r= 5.1053

x y z ipot label

5.105311 .000000 .000000 1 'Br '

2.552655 .358752 .000000 2 'Rb '

.000000 .000000 .000000 0 'Br '

-------------- ---- ---- ----- ---- ---- ---- ---- ----- ---- ---- ---- ----- ---
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Running the third mo dule of feff will then create the �les feff0100.dat , feff0104.dat , and

feff0116.dat for the angles 0, 4, and 16

�

. I c hanged the path indices here so that feff w ouldn't

o v erwrite an y other �les, and so the angle could b e seen in the �le name. This pro cedure needs to

b e done for all m ultiple scattering paths at this length, not just this 3-leg paths, but I'll skip o v er

the rest of the paths for the sak e of brevit y . No w w e're ready for the quadratic in terp olation inside

feffit.inp to measure the angle. Here it is:

%

set s02 = 0.9 % set the value of s02

guess theta = 5

%

set theta1 = 0

set theta2 = 4

set theta3 = 16

%

set t21 = theta2 - theta1

set t31 = theta3 - theta1

set t23 = theta2 - theta3

%

path 100 feff0100.dat

id 100 theta = 0 feff calculation

amp 100 s02 * (theta - theta2)*(theta - theta3) / ( t21*t31 )

%

path 104 feff0104.dat

id 104 theta = 4 feff calculation

amp 104 s02 * (theta - theta1)*(theta - theta3) / ( t21*t23 )

%

path 116 feff0116.dat

id 116 theta = 16 feff calculation

amp 116 s02 * (theta - theta1)*(theta - theta2) / (-t23*t31 )

%

This sort of in terp olation w ould, of course need to b e done for all fo cused m ultiple scattering paths

at this distance that are a�ected b y the c hange in buc kling angle.

As a c hec k of this pro cedure (and of course, an ything this complicated should b e c hec k ed),

y ou could mak e paths at angles ranging from 0 to 20

�

, and generate mo c k � ( k ) data �les for eac h

of these kno wn distortions (b y running the feffnnnn.dat �le y ou generate for eac h angle through

feffit once and using the k -space output as � ( k )). Eac h of these \data �les" can then b e �t using

the feffit.inp ab o v e, where � is a �tting v ariable. When I did this, feffit got the righ t v alue

for � to within 1

�

for all angles b elo w 16

�

.
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Program Notes

This app endix is in tended for those who w an t or need to deal with the source co de of feffit ,

probably to c hange some of it b ecause it do esn't w ork on their mac hine, or b ecause they'v e though t

of some w a y to mak e the co de b etter �t their needs. If y ou are setting out to c hange the source

co de, this app endix will probably not b e nearly enough guidance, so feel free to con tact me.

C.1 Co de P ortabilit y and Co de Compilation

The 1977 ANSI Standard for F OR TRAN has b een follo w ed closely , so that feffit should

easily compile on an y mac hine and run without an y problems. The only signi�can t departures

from F OR TRAN 77 are the assumption of the ASCI I c haracter set and the use of INTEGER*2

v ariables for the UWXAFS binary �le handling routines.

There are, unfortunately , asp ects of F OR TRAN whic h are mac hine- and compiler-dep endent

b y design. One suc h asp ect o ccurs in feffit in the form of a compiler-dep enden t dimension for

the \w ord-length" of the data in the UWXAFS binary �les. The co de cannot easily b e made truly

standard without signi�can t c hanges to the UWXAFS binary �le handling routines. The distributed

co de will, ho w ev er, w ork on most mac hines, with the notable exception of a V ax. Changing the

�rst executable statemen t of feffit from vaxflg = .false. to vaxflg = .true. will mak e the

co de w ork on a V ax.

The UWXAFS binary �le handling routines also use c haracter strings whic h are 2048 c haracters

long. Though standard, some compilers need to b e told to accept c haracter strings this long. The

notable example of suc h a compiler is xlf (for AIX, IBM's Unix 
a v or), whic h needs the compiler

switc h \-qc harlen=2048". While compiling on an y mac hine, w e recommend including some form of

arra y b ounds c hec king. And if y ou ha v e an y problems with the compilation, it ma y b e w orth while

to turn o� compiler optimization 
ags. There ma y b e some p ersisten t, b enign compiler w arnings

when y ou compile feffit . There ma y b e an \inconsisten t v ariable t yp e" w arning in the routines

from fftp a ck (routines with names lik e p assf3 and cffti ). There ma y also b e \comparison is

alw a ys false" w arnings when using f2c. These can b oth b e safely ignored.

As shipp ed, feffit requires ab out 2 Mb of available RAM. Th us, it ma y b e necessary to c hange

some of the default dimensions when putting feffit on mac hines with a small ab out memory suc h

as PC's. Dimensions of all arra ys are set in parameter statemen ts, so c hanging them means c hanging

sev eral iden tical lines of co de, (once for eac h of the principle subroutines of feffit ).

C.2 Adding More Data T yp es to FEFFIT

If the t w o data �le formats (UWXAFS, ASCI I) are not acceptable or con v enien t to y our needs

(that is, if y ou prefer using some other format), other c hoices could b e added with a minimal amoun t

of co ding. The input and output of data �les is fairly w ell-isolated, with subroutine inpd a t and

outd a t con trolling whic h data format to use. If y ou'd lik e another �le format either con tact us

ab out it or follo w the example of the routines inpcol and outcol , whic h read and write �les in

the ASCI I column data format.
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Sim ultaneous Fits of Multiple Data Sets

D.1 Wh y read this app endix?, or I'm Sic k of This Do cumen t

First of all, do not read this app endix un til y ou'v e written and used y our o wn feffit.inp �les

for at least 3 systems. I don't mean this to b e condescending, but this stu� is going to get uglier

than the examples in Chapter 6. F urthermore, this is the �rst release of these feffit features, so

if y ou'v e read this far, y ou're a b eta tester! This app endix explains ho w to use the new features,

and the problems I'v e run in to already .

The basic idea of this app endix is to �t more than one data set at the same time, presumably

constraining ph ysical parameters to b e related for the di�eren t data sets. Although lots of p ossi-

bilities come to mind (scans on the same sample at di�eren t p olarizations, or of di�eren t edges in

the same material, etc.) I'm going to restrict the discussion here to the temp erature dep endence of

a single sample. This should b e a fairly ob vious and familiar use of m ultiple data sets. Y ou should

ha v e the example Cu data at 10K, 50K, and 150K, and the example feffit.inp discussed later

in this app endix. If y ou don't, con tact me and I'll get them to y ou.

Once w e start to think ab out �tting more than one data set at a time, the ph ysical mo del

w e w an t to �t the data with will almost certainly c hange. F or the di�eren t temp eratures of the

Cu data, w e should use the same v alue of S

2

0

. W e ma y w an t to use the same v alue of R , or w e

ma y w an t to use a simple mo del for thermal expansion. The Deb y e-W aller F actors will, of course,

b e di�eren t for the di�eren t temp eratures, but w e ma y w an t to use just one Deb y e T emp erature

to parameterize them all instead of using three indep enden t Deb y e-W aller F actors. Di�eren t E

0

v alues migh t b e used, but the data ma y b e aligned w ell enough that this is not necessary . The

imp ortan t p oin t of this is that, with m ultiple data sets w e can reduce the total n um b er of v ariables

used in the �t all the data sets, and therefore mak e b etter measuremen ts of them. But in order to

reduce the n um b er of v ariables, it is imp ortan t to rethink the mo del used to �t the XAFS.

D.2 The feffit.inp �le, or Think Lo cally , Fit Globally

OK, once w e w an t to �t m ultiple data sets, ho w do w e do it? The simplest thing w ould b e to

just app end the feffit.inp �les for the di�eren t data sets together. I'v e tried to mak e the input

�le as close to this as p ossible but there are some imp ortan t di�erences. While it migh t b e useful

to concatenate the di�eren t feffit.inp �les and then edit the result, it migh t b e just as easy to

start o v er with a go o d editor ( i.e. , one with cut and paste). Since it's alw a ys imp ortan t to kno w

what the input �le is going to mak e the program do, I recommend against concatenation of �les,

for the simple reason that it's to o easy to mak e mistak es that are hard to �nd. I'm telling y ou this

from exp erience.

The �rst di�erence is that y ou need to tell feffit when to stop thinking ab out one data set

and to start thinking ab out the next set. The w a y y ou do this is to put the line

next data set

b et w een the information for eac h data set. This m ust o ccur on its o wn line This line breaks

the completely free format of the single data set feffit.inp , but I think that it's not to o big of

a hardship. It just means y ou ha v e to group the �le according to eac h data set, whic h y ou w ould

almost certainly do an yw a y .

The second di�erence is that y ou ha v e to no w consider whic h k eyw ord parameters a�ect the

en tire �t (a glob al parameter), and whic h a�ect only one data set (a lo c al parameter). F rankly ,

some of this is just arbitrary , and y ou're just going to need to remem b er whic h are lo cal and whic h
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are global. There is a complete list at the end of this section, but �rst let me giv e a few general

rules:

1 . V ariables and User-De�ned F unctions (guesses and sets) are global.

2 . P ath Indices and P ath P arameters are lo cal.

3 . F ourier T ransform P arameters are lo cal.

It is imp ortan t to remem b er that lo cal parameters are di�eren t for eac h data set. The default for

eac h of them are the same as giv en in c hapter 3, the default v alue is NOT the v alue from the

previous data set.

Y ou m ust mak e sure that the v ariables and user-de�ned are w ell-de�ned for all the data sets.

Remem b er that the input �le is read all at once, so that if a v alue is guessed or set more than one

time in the �le, the last de�nition is used for the en tire �t. F or example, if y ou w an t to set the

temp erature to 10K for one data set, 50K for another, and 150K for another, y ou will w an t to sa y

something lik e

set t010 = 10

set t050 = 50

set t150 = 150

and y ou most certainly do not w an t to sa y set temp = 10 for the 10K data, then set temp =

50 for the 50K data, then set temp = 150 for the 150K data. This will set the v alue of temp to

150 for the whole �tting. So b ew are.

The fact that the P ath Indices and P arameters are lo cal parameters requires some commen t.

Ev en though y ou ma y w an t to use the same set of feffnnnn.dat �les for eac h data set in the �t,

y ou must explicitly state all the paths that are used for eac h data set. Y ou do not need to w orry

ab out reusing P ath Indices, as these are lo cal. So P ath 1 for Data set 1 can b e the same as P ath 1

for data set 2, but it do es not ha v e to b e.

The rest of the k eyw ords are not so w ell de�ned, so here's a complete list (b eta testers - an y

preferences whic h of these are lo cal?) :

Global Keyw ords

guess set end next data set

format formin formout all

rlast mft�t mft wrt degen/no degen

Lo cal Keyw ords

data title out w eigh t

ksp out rsp out ksp�t rsp�t

kmin kmax kw eigh t dk/dk1/dk2

rmin rmax iwindo sigdat/sigr

path id s02 e0

delr sigma2 3rd 4th

ei sinqr cosqr dafs

Besides the k eyw ord phrase next data set to separate the successiv e data sets, there is only one

new k eyw ord for use with the m ultiple data sets. This is the k eyw ord weight whic h giv es the

relativ e w eigh t to giv e to eac h data set. The default v alue is 1.0 for eac h data set. If, for example,

y ou w an ted to giv e the 10K Cu data t wice as m uc h w eigh t as the 50K data, then y ou w ould just
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sa y weight = 2 for the 10K data. The mathematical e�ect of weight on the �t will b e discussed

in the next section.

D.3 Matt ran ts ab out Information Theory , or It's Only Noise

Ev en though �tting m ultiple data sets at a single time is a v ery desirable thing to do, it turns

out that there's sort of a serious problem that I ha v en't y et resolv ed, and I'm not sure a go o d

solution ev en exists. The problem is: Ho w do y ou coun t the information for more than one data

set? F or a single data scan the n um b er of indep enden t p oin ts is prett y clearly giv en as in Chapter 5.

This ma y seem lik e a tec hnicalit y that's not critical to getting a go o d �t, and it actually should

not e�ect the �t results. But b ecause w e don't ha v e a go o d estimate of the measuremen t uncer-

tain ties, (and often end up rescaling the rep orted uncertain ties b y

p

�

2

�

) it do es end up a�ecting

the uncertain ties in the �t results, and so it ends up b eing quite imp ortan t to kno w ho w man y

measuremen ts ha v e b een made. Mostly b ecause it's easy to do, feffit simply adds the n um b er of

indep enden t p oin ts from eac h data set.

No w I'll talk ab out wh y simply adding the indep enden t data p oin ts from eac h data set is

probably not correct, and wh y I don't kno w of a b etter w a y to do it. Y our job as a b eta tester

includes reading this (read: su�ering through m y ran t) and scratc hing y our head at least for a

while ab out the b est w a y to estimate the n um b er of measuremen ts is, and just what exactly the

di�eren t measuremen ts are measuring. I'm op en to an y and all suggestions.

First of all, it's easy to tric k feffit b y �tting the same data set t wice. Almost ev ery one w ould

sa y that the n um b er of indep enden t p oin ts is NOT doubled. But what if y ou used the same data set

t wice and used di�eren t k -w eigh ting or di�eren t �tting regions? Those seem lik e sligh tly di�eren t

�ts, but certainly not completely di�eren t. F rom a practical p oin t of view, there is a problem with

feffit �guring out whether t w o data sets are equiv alen t - y ou could simply remo v e one data p oin t.

No w let's sa y y ou ha v e t w o successiv e data scans. Are these really di�eren t measuremen ts of

the same information? Thinking of the n um b er of indep enden t p oin ts as the n um b er of parameters

y ou can �t, it seems ridiculous to sa y that y ou can �t t wice as man y parameters as y ou can with

just one data scan. But thinking ab out ho w w ell the parameters are measured, it do es seem that

y ou'v e made b etter measuremen ts of the parameters. A single scan with 2 second in tegration time

should probably measure the parameters as w ell as t w o scans with 1 second in tegration times eac h.

And y ou should also get the same uncertain ties (ignoring systematic errors). But ho w can feffit

p ossibly distinguish t w o successiv e scans from t w o v ery di�eren t scans?

Next, let's sa y y ou ha v e t w o scans at t w o di�eren t temp eratures. Clearly the lo cal atomic

structure has c hanged, so some of the information ab out the lo cal structure is probably c hanged,

but they're still not completely di�eren t for the t w o di�eren t scans. If y ou w ere to c haracterize the

temp erature dep endence b y only a single Deb y e T emp erature, then it could b e argued that using 6

scans at di�eren t temp eratures only impro v es the measuremen t of �

D

compared to using 5 scans,

but do es not add an y new information.

Finally , if y ou measure the edges of t w o di�eren t elemen ts in one material then y ou'v e certainly

added new information, but y ou'd need to constrain at least some of the structural parameters, so

the information is probably not doubled. An yw a y , y ou get the p oin t that it's not easy to tell ho w

m uc h information there should b e in t w o data sets. And ev en if it w ere it w ould b e easy to fo ol the

program.

With the imp ortan t w arning that the amoun t of information has a large uncertain t y , here's ho w

feffit ev aluates the information and ho w the �tting function is form ulated when using m ultiple

data sets. Refer to Chapter 5 for bac kground information. With the subscript j referring to a
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single data set, the n um b er of indep enden t p oin ts that feffit uses is giv en b y

N

idp

=

N

data

X

j =1

N

idp j

=

N

data

X

j =1

�

2( k

max j

� k

min j

)( R

max j

� R

min j

)

�

+ 2

�

;

and the �tting function is an arra y with real and imaginary parts of the di�erence b et w een data

and mo del o v er the �tting range for eac h data set,

f

ij

= f

j

( R

i

) = ~�

data j

( R

i

) � ~�

mo del j

( R

i

) ; R

min j

� R

i

� R

max j

:

That is, f ( R ) can b e though t of as a matrix con taining the di�erence of mo del and data for the

di�eren t data sets. (The ro ws of this matrix w ould corresp ond to the di�eren t data sets, and

the columns to the di�eren t R -v alues, and the elemen ts of the matrix w ould b e complex n um b ers

represen ting the di�erence b et w een mo del and data.) The �

2

function that is actually minimized

and used as a measure of the go o dness of �t and for estimating uncertain ties in the �t parameters

is then giv en b y

�

2

=

N

data

X

j =1

0

@

w eigh t

j

N

idp j

N

j

�

2

j

N

j

X

i =1

�

f

2

ij

�

1

A

:

The use of weight should no w b e sligh tly clearer. Again, the problem of ho w man y indep enden t

measuremen ts there are in the set of scans do es not seem w ell-de�ned. If w e rescale the rep orted

errors b y

p

�

2

�

this will certainly come bac k to haun t us. One option w ould b e to get b etter

estimates of the measuremen t uncertain ties (or impro v e feff !) so that the v alue of �

2

w ere more

reliable. (Though, of course, to kno w ho w go o d the �t is w e w ould compare �

2

to the n um b er of

degrees of freedom in the �t, so w e're bac k where w e started.) But let's forget ab out all that for

no w and lo ok at an example.

D.4 An example, or Copp er Again?

OK, at this p oin t an example will almost certainly help. Because I ha v en't gone through man y

examples m yself, here's an example of the Cu data at 10K, 50K and 150K. The mo del I'm using is

that:

1 . S

2

0

is the same for all temp eratures

2 . The lattice expansion has no temp erature dep endence.

3 . One v alue of E

0

for all the data sets is go o d enough.

4 . The Deb y e-W aller F actors can all b e �t with a single Deb y e T emp erature.

I will discuss the reliabilit y of this mo del, including ho w to test whether or not to include an

e0 for eac h data set, and whether ignoring the temp erature dep endence of the lattice spacing is

appropriate. But �rst, here's the example feffit.inp �le to �t all three Cu data sets.
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!

!!!!!!!!!!!!!! !!!! !!!! !!! Start of FEFFIT.INP !!!!!!!!!!!!! !!!!! !!!! !

!

! global parameters:

format = ascii ! format for all files in problem

all = no ! don't write all outputs

!

! variables:

guess s02 = 0.8

guess thetad = 200 ! Debye Temperature

guess e0_1 = 0.

set e0_2 = e0_1

set e0_3 = e0_1

guess alpha_0 = 0.001 ! constant lattice expansion

guess alpha_temp = 0.000 ! thermal expansion

! set parameters

set t010 = 10

set t050 = 50

set t150 = 150

!------------- ---- ---- ----- ---- ---- ---- ---- ----- ---- ---- ---- ----- --

!

! data set #1

!

title = 3 data-set fit 10K Cu data

!

data = cu10k.dat ! input data file name

out = 10k.dat ! output file name

rmin = 1.75 rmax = 3.25 ! fit R-range

kmin = 2.0 kmax = 19.0 ! FFT parameters

dk = 2 kweight = 2 ! FFT parameters

! - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

! Use the 0th path for the constant amplitude factor and e0.

s02 0 s02

e0 0 e0_1

delr 0 reff * (alpha_0 + t010 * alpha_temp / 1000)

sigma2 0 debye(t010, thetad)

!

path 1 feffcu01.dat

id 1 single scattering, R = 2.552, Degen = 12

!

!



feffit Sim ultaneous Fits of Multiple Data Sets 43

!

path 2 feffcu02.dat

id 2 single scattering, R = 3.609, Degen = 6

!

path 5 feffcu03.dat

id 5 double scattering, R = 3.828, Degen = 48

!

!------------- ---- ---- ----- ---- ---- ---- ---- ----- ---- ---- ---- ----- --

!

next data set

!

!------------- ---- ---- ----- ---- ---- ---- ---- ----- ---- ---- ---- ----- --

!

! data set #2

!

title = 3 data-set fit 50K Cu data

data = cu50k.dat ! input data file name

out = 50k.dat ! output file name

rmin = 1.75 rmax = 3.25 ! fit R-range

kmin = 2.0 kmax = 19.0 ! FFT parameters

dk = 2 kweight = 2 ! FFT parameters

! - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

! Use the 0th path for the constant amplitude factor and e0.

s02 0 s02

e0 0 e0_2

delr 0 reff * (alpha_0 + t050 * alpha_temp / 1000)

sigma2 0 debye(t050, thetad)

!

path 1 feffcu01.dat

id 1 single scattering, R = 2.552, Degen = 12

!

path 2 feffcu02.dat

id 2 single scattering, R = 3.609, Degen = 6

!

path 5 feffcu03.dat

id 5 double scattering, R = 3.828, Degen = 48

!

!------------- ---- ---- ----- ---- ---- ---- ---- ----- ---- ---- ---- ----- --

next data set

!------------- ---- ---- ----- ---- ---- ---- ---- ----- ---- ---- ---- ----- --

!

! data set #3

!

title = 3 data-set fit 150K Cu data

data = cu150k.dat ! input data file name

out = 150k.dat ! output file name

rmin = 1.75 rmax = 3.25 ! fit R-range

kmin = 2.0 kmax = 19.0 ! FFT parameters

dk = 2 kweight = 2 ! FFT parameters

! - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

!
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! Use the 0th path for the constant amplitude factor and e0.

s02 0 s02

e0 0 e0_3

delr 0 reff * (alpha_0 + t150 * alpha_temp / 1000.)

sigma2 0 debye(t150, thetad)

!

path 1 feffcu01.dat

id 1 single scattering, R = 2.552, Degen = 12

!

path 2 feffcu02.dat

id 2 single scattering, R = 3.609, Degen = 6

!

path 5 feffcu03.dat

id 5 double scattering, R = 3.828, Degen = 48

!!!!!!!!!!!!!! !!!! !!!! !!!! End of FEFFIT.INP !!!!!!!!!!!!!! !!!!! !!!! !

!

All the set and guess statemen ts are put together, at the top of the �le. This is mostly to

k eep things easier to decipher, but it also mak es it easier to c hange the details of the mo del later

on. Also notice that I'v e used di�eren t v ariables for eac h data set's E

0

, but I'v e used set to mak e

them all b e the same n um b er. This will mak e it easier to allo w them eac h to 
oat indep enden tl y .

I'v e used reff to allo w a simple lattice expansion b y using the 0th path. I'v e also included

the p ossibilit y of a temp erature dep enden t � R , but that I'v e set the thermal expansion co e�cien t

to zero, at least for no w. I'm also �tting the Deb y e T emp erature.

If y ou run this feffit.inp �le as giv en, feffit.log should include these lines for the go o dness

of �t, b est-�t v alues, and estimated uncertain ties in the b est-�t v alues:

-------------- ---- ---- ----- ---- ---- ---- ---- ----- ---- ---- ---- ----- ---- -

fit results, goodness of fit, and error analysis:

number of data sets = 3

independent points in data = 48

number of variables in fit = 5

degrees of freedom in fit = 43

chi-square = 1899.47558594

reduced chi-square = 44.17385101

feffit found the following values for the variables:

variable best fit value uncertainty initial guess

s02 = .91485572 .00145800 .80000001

thetad = 317.85824585 .47187614 200.00000000

e0_1 = .84959078 .01968322 .00000000

alpha_0 = -.00205574 .00003628 .00100000

alpha_temp = .00108976 .00032104 .00000000

As men tioned ab o v e, the v alue of the n um b er of indep enden t p oin ts in the data is somewhat

susp ect, and therefore so is the n um b er of degrees of freedom in the �t. Both are almost certainly

to o high, but it's not clear ho w m uc h to o high. This mak es a n umerical assessmen t of the �t a bit

troubling. (It also means that �

2

�

= 44 is a lo w er b ound.) But w e can compare t w o di�eren t mo dels
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with a fair amoun t of con�dence b y sa ying that an y mo del that lo w ers �

2

�

is an impro v emen t o v er

the other. This is true if w e c hange what the v ariables are, or ev en if w e c hange the n um b er of

v ariables. Because �

2

�

is not quite correct, mo dels whic h c hange �

2

�

b y a only small amoun t (sa y , a

few p ercen t) are not clearly impro v emen ts (w e could at this p oin t lapse in to a w onderful discussion

of con�dence in terv als and F -tests, but I'll spare y ou that nigh tmare).

So let's just pretend for the momen t that �

2

�

is correct, and then use the

p

�

2

�

tric k from

Chapter 5 to rescale the uncertain ties in the v ariables. This will giv e

S

2

0

= 0.915 � 0.010 ,

�

D

= 318 � 3 ,

E

0

= 0.85 � 0.13 ,

�

0

= -0.0021 � 0.0002 ,

�

temp

= 0.0011 � 0.0021

F rom this w e can conclude that �

temp

is consisten t with zero, and that w e could probably

impro v e �

2

�

b y remo ving it from the �t. Another thing to notice is that the �tted Deb y e T emp erature

is fairly w ell estimated, and that it agrees with the v alue giv en in standard textb o oks (�

D

is

t ypically rep orted as 315K). While I fully ac kno wledge the criticism that Cu is an easy case, I w an t

to suggest that the concept for a Deb y e T emp erature for a single b ond ma y b e useful in man y

materials, not just monatomic metals. In fact the debye function could b e used to giv e di�eren t

Deb y e T emp eratures to di�eren t b onds in the same material. Using this tec hnique ma y greatly

impro v e the understanding of the temp erature dep endence of man y complex systems.

Here are some suggestions for other things to try with the Cu data. First, try �tting with

three di�eren t E

0

's. This should not impro v e �

2

�

, but see for y ourself. Y ou can also remo v e �

temp

from the �t, setting it to either 0.0 or 0.0011.

Second, if y ou examine the feffit.log �le in some detail, y ou'll notice that the measuremen t

uncertain t y is rep orted as b eing smal ler for the 150K data than for the 10K and 50K data. This

is a p eculiar artifact of the fact that the measuremen t uncertain t y is estimated from the high- R

region, (15

�

A to 25

�

A), and that the lo w temp erature Cu data is so go o d, and the Deb y e-W aller

F actors so small, that the signal is considerably larger than the noise in the high- R region. Happily

(or unhappily dep ending on y our p oin t of view), this will almost nev er happ en for an y real data.

Y ou could set all the v alues of sigdat to b e equal. This will giv e truly equal w eigh t to eac h of

the temp eratures. Using sigdat = 0.002 (as the measuremen t uncertain t y in � ( k ) ) seems lik e a

reasonable v alue. This will actually increase �

2

�

, but the �t results don't c hange v ery m uc h.

As a �nal suggestion, include the rest of the 12 paths, including the m ultiple scattering ones,

and �t out to the fourth \shell". This will b e a little bit of w ork, but will probably mak e y ou quite

familiar with all the details of �tting m ultiple data sets, and mak e y ou quite sic k of Cu XAFS.

The FEFFIT document is finished.

Have a nice day.


