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ABSTRACT

We propose to develop a quantitative theory of of x-ray spectroscopies in

the near edge region, within about 100 eV of threshold. These spectroscopies

include XAFS (X-ray absorption fine structure), photoelectron diffraction (PD),

and diffraction ranOmalous fine structure (DAFS), all of which are important tools

for structural studies using synchrotron radiation x-ray sources. Of primary im-

portance in these studies are many-body effects, such as the photoelectron self-

energy, and inelastic losses. A better understanding of these quantities is needed

to obtain theories without adjustable parameters. We propose both analytical

and numerical calculations, the latter based on our x-ray spectroscopy codes

"FEFF."

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views

and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



I. PROJECT DESCRIPTION: Near-edge X-ray Spectroscopy Theory

A. Overview

One of our long term goals is to attain a quantitative theory of deep core x-ray

spectroscopies, including for example, x-ray absorption fine structure (XAFS), 1

photoelectron diffraction 2 (PD), and a new spectroscopy we have helped develop,

diffraction anomalous fine structure (DAFS). 3 Since they share in common the

same excited state electronic structure, all of these x-ray spectroscopies have sim-

ilar theoretical underpinings, and are described in terms of a many-body curved

wave multiple scattering (MS) problem. These spectroscopies are valuable probes

of local atomic structure, especially in non-crystalline materials, where conven-

tional diffraction techniques are inapplicable. However their interpretation gen-

erally requires very accurate theoretical models or experimental standards. Now

with the development of our fast x-ray spectroscopy codes FEFF, 4-6 we have

taken a giant step toward that goal. This project is important to the DOE mis-

sion because of scientific interest in the theory itself; the increasing use advanced

synchrotron radiation facilities by physicists chemists and other scientists; and

the significant technology transfer provided by our work. Our project had an

overall rating of outstanding (9.0) by the DOE Assessment Office in 1993, which

is within the highest priority category for continued funding.

There has been considerable progress in recent years in the development of

quantitative theories of x-ray spectroscopies such as EXAFS, 7-1° XANES, 11-16

(x-ray absorption near edge structure) and many other x-ray spectroscopies.

However, these theories all have limitations that usually restrict their use to one

or the other regimes. There has also been progress in understanding the complex

many-body processes that affect these spectroscopies, 17 but such effects are han-

dled rather crudely in most codes. One of the aims of our project is to overcome

such limitations, and unify EXAFS and XANES (we have introduced the term

XAFS to cover both regimeslS). Our approach has been to develop, in parallel
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with analytical theory, 19 fast state-of-the-art codes that test the importance of

various approximations, and provide high precision comparisons of theory with

experiment. With the development of the ab ini_io codes FEFF 4-6 during our

previous DOE grant, we feel that the problem of EXAFS (i.e., extended XAFS)

is largely solved. The name FEFF refers to the effective scattering amplitude

in the fast Rehr-Albers MS theory. 19 For example, our MS codes converge to

the results of full-MS band-structure codes, 2° and the EXAFS spectra calculated

with FEFF agrees with experiment to high accuracy. 21-24

B. Current Research in Near Edge Theory

In our renewal proposal, we proposed to attempt for near edge region, i.e.,

the first 50 eV or so above threshold, what we accomplished successfully for

EXAFS. In the near edge region the agreement with current theoretical simu-

lations is often only fair, and an improved understanding is needed to better

interpret spectroscopies like XANES, NEXAFS (near edge XAFS) and DAFS.

Our proposed work addresses several questions which are crucial in the near-edge

region: A) Electron self energy - Several many-body effects have an energy depen-

dence in the near edge region which is poorly understood. There is now strong

evidence, for example, that the Hedin-Lundqvist electron self-energy model, 24

which works well for EXAFS, is inadequate at low energies. B) Intrinsic losses

and interference- to obtain agreement with experiment, the theoretical XAFS

spectra must be multiplied by an overall amplitude factor 5'o2. This factor is due

to many-body relaxation effects, 23 and remains the main adjustable parameter

in the FEFF codes (the only other poorly known parameter is the Debye-Waller

factor which can be estimated using the correlated Debye model). There remain

other fundamental questions such as the interference between intrinsic and ex-

trinsic losses which are far from settled. C) Our proposed work also included

applications of our research in EXAFS, NEXAFS, and DAFS. Indeed, only by

comparing theory and experiment can one be confident of the adequacy of the
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l_rge number of approximations used. In particular, we proposed to incorpo-

rate our new theoretical tools into the FEFF codes and carry out simulations of

various materials in the above spectroscopies.

We have made steady progress in all topics during the first year of our re-

newal grant, as described in detail in Sec. II. Moreover, our work has led to

several importa_nt findings which improve our understanding of the the XANES

region. These include 1) the observation that the atomic background, which

has usually been assumed to be structureless, generally exhibits an oscillatory

structure referred to as "atomic XAFS" (AXAFS); and 2) improved understand-

ing of multiple-scattering contributions in XANES based FEFF simulations of

several complex systems. These findings suggest a somewhat altered emphasis

of topics in our continuation proposal, with more stress on specific applications

which probe the background absorption, MS contributions in XANES, and the

scattering potentials at low energies.
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II. RESULTS OF CURRENT BUDGET PERIOD (Sept 15, 1993- Nov 14, 1994)

In this section we briefly review what we proposed and summarize our ac-

complishments. One graduate student, Alexey Ankudinov, has been partially

supported by our grant during this period.

A. Photoelectron Self-energy

We proposed to carry out a theoretical program to improve the electron-

self energy for near edge calculations. As noted above, we 4-6 and others 9 have

found that the the Hedin-Lundqvist (HL) self-energy, 2s'26 yields a very good

approximation for observed extrinsic losses (i.e., losses in the propagation of a

photoelectron) in EXAFS but not near the edge. One of the problems with the

HL self-energy is the sharp onset of inelastic losses at the plasmon excitation

energy. This is due to the plasmon-pole approximation in the model in which

plasmon-darnping is neglected. As a first step toward improving the model, we

have introduced a broadened plasmon-pole approximation, which takes plasmon

damping into account via a simple Lorentzian broadening function. The self-

energy is then calculated using a generalization of the Lundqvist equations which

include this extra broadening. The results are encouraging. With typical values

for the damping corresponding to experiment, the unphysical sharp structure in

the self-energy is removed. A publication describing our work is being planned

and further work is one of the main topics of our proposed research.

B. Intrinsic Losses and Interference Effects

One of our primary goals was to understand the XAFS amplitude factor

S2o(E) relating the amplitude calculated by FEFF and experiment. This am-

plitude factor is given by the many-body overlap integral ](_t(N-1)]_(N-1))I2

between the passive electrons in the initial and final states with and without

the core-hole. As a first step, we have calculated the atomic approximation to

S2 based on Slater determinant wavefunctions for the initial and final (N - 1)-

electron states from our modified Desclaux-Dirac atom code. Surprisingly this
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zeroth order approximation was found to be within experimental uncertainty of

fitted values of this amplitude factor from experiment in metals, as shown in

Table I.

I-
element -theory experiment

Cu .84 .......91", .85 b
Ti 18} .72"

Pt .96 .... .84", .89 b "................

Ref. 5' b Ref. 27

Continued work on this topic is one of our main research goals and one of the

topics of our student's thesis research.

C. Applications to EXAFS, NEXAFS and DAFS

1. EXAFS and NEXAFS

Due to the developments made possible by the FEFF codes, this phase of our

work has been extremely productive and suggests that tbat applications should

have more stress in future work. Our previous grant culminated in the devlop-

ment of the FEFF6 XAFS code, including multiple-scattering, x-ray polarization,

NEXAFS and XANES. This work is a great breakthrough for the XAFS field,

since it makes accurate calculations of these spectra accessible to all scientists

for the first time. This work constitutes much of the dissertation research of

our former graduate student Dr. S. Zabinsky; our new student A. Ankudinov

assisted with modifications needed to treat polarization. Two papers are now in

preparation describing this work and will be submitted to Physical Review B:

High-order Multiple-Scattering Approach to X-ray Absorption Fine Structure

S. I. Zabinsky, J. J. Rehr, and R.C. Albers

High-order Multiple-Scattering Theory of X-ray Absorption Near Edge Structure

S. I. Zabinsky, A. Ankudinov, J. J. Rehr, and R.C. Albers



One of our principal discoveries of the current grant period is the finding

that the atomic background absorption #0(E) contributes significantly to the

near edge structure. Our paper 28 will shortly be published [Physical Review B

Rapid Communications, in press (1994)]:

X-ray Absorption Fine Structure in Embedded Atoms

J. J. Rehr, C. H. Booth, F. Bridges and S. I. Zabinsky

Oscillatory structure is found in the atomic background absorption in x-ray-

absorption fine structure (XAFS). This atomic-XAFS or AXAFS arises from scat-

tering within an embedded atom, and is analogous to the Ramsauer-Townsend
effect. Calculations and measurements confirm the existence of AXAFS and show

that it can dominate contributions such as multi-electron excitations. The struc-

ture is sensitive to chemical effects and thus provides a new probe of bonding and

exchange effects on the scatteringpotential.

We have alsoshown 27thatthewhitelinesatthe absorptionedgeofmetalsaxe

largelydue toa sharppeak structureinthe atomicbackground and thepresenceof

the fullyrelaxedcore-holepotential.Thus an understandingof XANES requires

a more accurate calculation of the background than previously thought.

We have collaborated with a number of groups to apply the FEFF codes

developed during our previous DOE grant to a number of important cases, espe-

cially in the near edge region. For example, work on the near edge structure of

amorphous-As2S3 in collaboration with G. Pfeiffer (Max Planck Institut FKF)

and D. Sayers (NCSU) indicates _hat the continuum structure is well described

by the MS expansion used by FEFF, but the quasi-bound state resonances below

the edge are not.

XAFS Near Edge STructure of a-As2S3

G. Pfeiffer, J. J. Rehr, and D.E. Sayers

The experimental As K-edge x-ray absorption fine structure (XAFS) of a-

As2S3 is resolved into two components, one representing a bound exited state
resonance and the second due to transitions to the continuum. The bound state

resonance is located 6.1 eV below the continuum threshold and is fitted by a

Lorentzian. The continuum structure is constructed using theoretically calcu-

lated X and absorption cross section data together with an arc tangent function
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simulating the rise in absorption at the edge. For the theoretical calculation, the
ab initio multiple-scattering (MS) FEFF code was applied to an atomic cluster
representing the amorphous solid. The results show that MS effects give rise only
to small contributions in the region of the continuum threshold and are negligible
for higher energies.

We have collaborated with a research team at Stanford U. (Dr. P. O'Day

and Prof. Gordon Brown) to apply the multiple-scattering FEFF codes to the

analysis of complex crystalline solids and minerals, 29 [J. Am. Chem. Soc. in

press (1994)] and found them to be successful in almost all cases.

Extended X-ray Absorption Fine Structure (EXAFS) Analysis of Disorder
and Multiple-scattering in Complex Crystalline Solids

P. A. O'Day, J. J. Rehr, S. I. Zabinsky, and G.E. Brown, Jr.

We have collaborated with a research team at LURE to carry out the first

polarization studies of a surface system using a modification of the FEFF code,

work submitted to Surface Science, Dec. 1993. Subsequently these experimental

results were used to test our new code FEFF 6.

Crystallographic Structure of Cobalt Films on Cu (001):
Elastic Deformation to a Tetragonal Structure

O. Heckmann, H. Magnan, P. LeFevre, D. Chandesris, and J.J. Rehr

2. DAFS and NEDAFS

A final topic in our proposal deals with Diffraction Anomalous Fine Structure

(DAFS). DAFS refers to fine structure observed in the Bragg x-ray scattering

peaks just above threshold, _ and is an important new spectroscopy that combines

the techniques of XAFS and x-ray diffraction. Progress in this topic is described

in a new paper which will appear in the ICASS 1993 Proceedings:



Diffraction Anomalous Fine Structure: Unifying X-ray
Diffraction and X-ray Absorption with DAFS

L. B. Sorensen, J. O. Cross, M. Newville, B. Ravel,
J. J. Rehr, H. Stragier, C. E. Bouldin and J. C. Woicik

Copies of these preprints have been submitted to DOE together with our

annual progress report (i.e., this section of this proposal).
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