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Improved calculations of Bragg peak intensities near atomic resonance are obtained by including the effect
of the local environment around the resonant atoms on the resonant scattering amplifud&s+if”.
Theoretical absorption cross sections calculated bythmitio x-ray-absorption codeerrare used to obtain
the imaginary parf” by extension of the optical theorem to nonforward scattering under the dipole approxi-
mation. The real part’ is obtained by a limited range Kramers-Kronig transform of the difference betieen
based orrerrFand existing theoretical calculations ©f based on an isolated-atom model. The atomic part of
Af calculated byrerr for the resonant atom embedded in the local potential is assumed to have spherical
symmetry; however, no restriction is placed on the spectral features due to multiple scattering of the
intermediate-statevirtual photoelectron. Bragg peak intensities calculated in the kinematic approximation
using thererFbasedA f are compared to intensities calculated using the isolated-Atband to experimental
data for Cu metal and YB&u;Oq g at the CuK absorption edge, and for UGt the UM ,, absorption edge.
[S0163-18298)06541-2

I. INTRODUCTION ray diffraction as a continuous function of energy has been
shown to provide additional information about the local
Resonant x-ray scattering is a rapidly expanding field enstructural, electronic, and magnetic environment of the reso-
compassing a wide range of research topi€®evelopment nant atoms that complements the information about the long-
in this area has been stimulated by the availability of syn+ange structural, electronic, and magnetic order provided by
chrotron radiation and by the recognition that scattering neaother diffraction techniques.
atomic resonances provides large, chemically specific con- With the increase in the availability of synchrotron radia-
trast in the scattering amplitudes. For example, the ability tdion, resonant x-ray-scattering experiments have become
differentiate the contribution of a subset of heavy atoms tanore practical and the need for accurate theoretical calcula-
the diffraction pattern of a macromolecular crystal usingtions of the resonant scattering amplitudes=f'+if” has
multiple-wavelength anomalous dispersi®fAD), in which  become more important. Existing calculationsf&of based
measurements are made at a few energies carefully chosen isolated-atom mod€l§ are able to reproduce the gross
with respect to the resonance, has revolutionized the field adpectral features, i.e., the cuspfihand the step irf”, and
protein crystallograph$> Recently, with the development of tables of these calculations are standard tools for the analysis
diffraction anomalous fine structuf®AFS),*~® resonant x-  of experimental data; however, the isolated-atom models do
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not take into consideration the effects of the local environ-
ment around the resonant atom and therefore fail to repro-
duce many important additional spectral features observed in
Af, such as thavhite lineat certain absorption edgésn-

\/kf
gular variation induced by crystal symmetfand the ex- g
tended fine-structure oscillations which persist for several h* e h* e
ki

hundred eV above the absorption edge.

It is well known from x-ray-absorption spectroscopy %
(XAS) that the features observed in the absorption cross sec-
tion near a core electron resonance reflect the density of final
states available to the outgoing photoelectron and depenc
strongly on the local environment in which the resonant atom
is embedded’ Extensive work has been done in the last 20
years to develop a real-space photoelectron-scattering patt (a) (b) (c)
formalism which describes XAS in terms of the local physi-
cal, chemical, and electronic environment of the resonant FIG. 1. Feynman diagrams for resonant elastic scattering and
atoms!? More recently, improved theoretical understandingabsorption(a) The dominant contribution to resonant scattering can
has allowed the development of general-purpabeinitio ~ Pe thought of as the absorption of the incident photon, creating an

calculations, such as those implemented in the computer pr@xcited intermediate state, followed by the emission of the outgoing
gram FEFF*>'* which accurately reproduce nearly all of the photon. The outgoing photon has the same energy as, and is coher-

features observed in the absorption cross sections. BecauS¥ With, the incident photorib) The smaller contribution to reso-

of the close mathematical relationship between the matriﬁant scattering, in which the final photon is emitted before the in-
elements for absorption and for resonant elastic scatterin ,'dem '.OhOt.On S absorbed, is ”eg"@,"b'e near resor_nar(c)a.

the scattering path formalism developed for calculating XA bsorption is a single-photon process; however, the final states
has immediate application to including the effects IOcalavailable to the outgoing real photoelectron created by absorption

truct in th tical calculati AfF f t are identical to the states available to the intermediateal pho-
2(:;;;{29'” eoretical calculations or resonant x-ray  yoelectron in resonant scattering.

coJ:LTEFpFatge'rrndersC'rr;beZ ?Sf’tﬁ:'cit;?: gt'ﬁ)hnz )g?yfﬁgf%r_p“orhonrelativistic formalism, although theerr code itself in-
Improving existing ulatl , Inciu cludes the dominant relativistic corrections, i.e., relativistic

|bng ttr? © lp 0Ia|r|2ﬁ'i|/?rn ndrﬁp(netndﬁl nc%é)i{i srp:etctralr f\e/?dtil#]res 'r;.dufeﬁlatrix elements and semirelativistic scattering phase shifts.
)r/'nc'elec_i,ca € Oh ¢ € .I Iat' fo hq EQ % T\fws " From the perturbation expansion of the interaction Hamil-
principles approach to calculatinf, which is useful for tonian, the resonant correctidef to the Thomson scattering

underst_anding the origin OT the speptra[ features,_thg OUtpL%Emplitudef is second order in the vector potential and may
of FEFFis easily separated into contributions from individual qe written ion the dipole approximation as
a

scattering paths that are parametrized in terms of structur

variables, such as path length, disorder, and amplitude, and ) ~e -

can be optimized in a least-squares fit to resonant x-ray- Af(ﬁw)z(i) 3 (gl v [yl € r| i)
mc/ “q

scattering data. Although we have applied this work specifi- 1

cally to modeling DAFS data, the results should be useful for Er—|Eithot E'Fn

other resonant x-ray-scattering applications as well. (1)
Il. THEORY where e is the photon polarization vector, is the dipole

operatorgis the electron charge unif is the electron mass,
c is the speed of light, and c.c. stands for the complex con-
Some examination of the relationship between absorptiojugate. In the single-particle approximation, the sum is over
and scattering is necessary for extending theoretical calculal intermediate states,, with energyE,, available to a
tions of x-ray-absorption cross sections to modeling resonantirtual photoelectron excited by the incident photon with en-
x-ray-scattering amplitudes. In particular, the extension ofrgy fiw. All of the radiation damping effects are lumped
the optical theorem to nonforward scattering requires justifiinto the intermediate-state lifetimié. For elastic scattering,
cation, and the interpretation of diffraction fine structure inthe initial and final states of the bound core electron are
terms of the x-ray-absorption fine-structur€XAFS) equal ;= ;. The photon wave vector changes direction,
photoelectron-scattering path formalism warrants special atut the photon energy is unchanged, and the scattered photon
tention. This section gives a sketch of the relationship beis coherent with the incident photon.
tween the XAFS and\f matrix elements, and between real  The dominant contribution ta f, shown in Fig. 1a), can
and virtual photoelectron-scattering fine structure in XAFSbe thought of as absorption of the incident photon, creating
and DAFS, respectively. A complete derivation of the formalan intermediate excited state, followed by emission of the
expressions for photon-atom interactions can be found imutgoing photon. The complex conjugate, shown in Fig.
most advanced treatments of quantum electrodyndrrdesl  1(b), can be thought of as emission of the outgoing photon
detailed descriptions of the model usedrmrrfor calculat-  followed by absorption of the incident photon. The complex
ing the absorption cross sections can be found in theonjugate is smaller than the dominant term by a factor of
literature!* For simplicity in this discussion, we will use a the order ofl' /4% at resonance, or around 1bfor the Cu

A. X-ray scattering and x-ray absorption
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K shell, and can be neglected in the treatment of resonamhake a distinction between the contributionAé, from the
scattering data. Note thatf depends on both of the polar- electrons in the excited core electrdri, and the contribu-

ization state® ande’ for the incident and outgoing photons, tions toAf, from off-resonance electrons in all other shells
even though it has no direct dependence on the incident arifof:
outgoing photon wave vectols and k' in the dipole ap-
proximation. Afa=Af gt Afe. 4
In comparison to the resonant scattering described by qu_

(1), the absorption amplitude is first order in the vector po-1ne steplike coefficient;=Im[Af.] of x in Eq.(3) is zero
tential. In the single-particle approximation, the incidentP€low the absorption edge and sets the scale of the fine-

photon is absorbed by a single bound atomic electron. Thatructure amplitude rela'give tq the step height, corresponding
excited atom in the final state can decay via several channel® the background functiop, in XAFS:

but the decay products are incoherent with the initial photon.

The total absorption cross section is equal to the squared m=o(1+ Xxars), ®)

magnitude of the amplitude summed over all of the f'nalwhereXXAFs=Im[X(E,Q=0)]. The coefficientst” and xq

states available to the outgoing photoelectron and may be
written, again in the dipole approximation, as In Egs(3) and (5 separate out of the sum over

photoelectron-scattering paths in the Green’s function for-

Amha malism used byEFFto calculate the matrix elements. Since
w(hw)= >, (il € v | (sl | ) the use of the imaginary part aff, as the coefficient for
@m= 77 both the reahndimaginary parts of may not be obvious, a
X 8(E;— (E;+h w)) ) brief derivation is given in the Appendix.
i .
The final states); available to the photoelectron in E(R) B. Difference Kramers-Kronig transform

are the same wave functions as the intermediate siates
available to the virtual photoelectron in Ed). Furthermore, . i ; )
becausey; = i in Eq. (1), the theoretical and computational SPonding tof¢, and both the ph:flse and amplitude xaf it
tools used for calculating the matrix elements for the absorpd0o€s not at this time calculatg, or wq from the off-
tion cross section are immediately applicable to calculating€sonance 63!190"0” shells. We use tabulated atomic
the matrix elements for resonant elastic scattering. cglculauoné' based on the method of Cromer and

Figure 1c) shows the Feynman diagram representing thd-ibermar? (C'L) as background functions; however, because
absorption amplitude for comparison with the diagrams ofAfa andAf in Eq. (3) and Eq.(4) refer to the atorembed-
Figs. Xa) and Xb) for the scattering amplitude. The diagram dedin its local environment, it is not sufficient to simply add
for the dominant resonant scattering term, Fitg)lcan be the FEFF flx to the CL Af,. For example, compare the
constructed from the diagram of Fig(cl by unfoldingit  CL-based bare atorfi; and therer~based embedded atom
about the midpoint, corresponding to the mathematical opf, in Fig. 2(a) for fcc Cu at the CWK absorption edge and in
eration of multiplying the matrix element represented by Fig.Fig. 2(b) for UO, at the UM, absorption edge. In order to
1(c) by its complex conjugate; however, we emphasize thaincorporate all of the embedded-atom feature\iiy, we

the polarization stateand its conjugate* in Eq.(2) referto  use a difference form of the Kramers-ig (KK) disper-

a single photonwhile the polarization statesande'* in Eq. SO relations to generate the real paridf. _

(1) refer totwo different photonsThe DAFS polarization ~_The imaginary part of the resonant elastic scattering am-
dependence for any particular photoelectron-scattering pathlitide in the forward directiori”(E=% ) =Im[Af(fw k

will differ from the XAFS polarization dependence for the =K')]is related to the total absorption cross seciidit w)
same path unless the polarization is unchanged by the scdty the optical theorem, and the real péi% ») is obtained
tering event. In the absence of dichroism, this condition iy the KK transform

met when the wave vector transfer is restricted to lie in the

plane normal teg, i.e., for o-o scattering, and we assume f'(ﬁw)zgpf —
this condition for the experimental examples given below. ™ Jo w o
Analogous to the standard treatment of XAFS, it is con- o o . ]
venient to writeAf as the sum of an atomic contribution WhereP indicates the Cauchy principle part of the integral in
Af,, due to the resonant atom only, and a photoelectronth® complexw plane. _ _ o
scattering contributioy, which contains all of the fine struc- ~ We use the sign convention found in the physics litera-
ture due to photoelectron scattering from the neighbor atomdure, in which the Thomson scattering amplitiidés explic-

The total anomalous scattering amplitude has the form itly negative and the real part of the resonant scattefing
which is 7 out of phase wittf, is a positive cusp. Consis-

Af=Af + 1"y, (3)  tentwith the sign conventions used byrF, the poles ofA f
are taken to lie in the lower half of the complex plane,
whereAf, is theatomicpart of the resonant scattering am- yielding the dispersion relation of E¢6) and upward step
plitude with no photoelectron-scattering ternfs, is the  for f”. The difference between the sign conventions used in
imaginary part ofA f, due solely to the excited core electron, crystallography and in gquantum mechanics has been ad-
and all of the photoelectron scattering is relegated to thelressed previously in the context of comparing x-ray- and
complex fine-structure functioy= x’+iy”. Note that we neutron-resonant-scattering amplitudébut continues to be

While Ferf calculatesu for the core electron, corre-

»do’o'f"(fo),
2 ] (6)
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FIG. 2. Comparison betweerer~ and CL-based amplitudes

f2(E) for (a) the CuK-shell resonance in Cu metal afio) the U
M, resonance in UQ The FeErrbasedembedded-atomesonant
scattering factorg(solid lineg are generally different from the
equivalentbare-atomfunctions (dashed lines calculated by the
method of Cromer and Liberman. The uraniiy, resonance is an
extreme example.
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e polarization dependence gf introduced by the local en-
vironment of the resonant atom, is calculated explicitly in the
path formalism.

The infinite range of the integral, E¢6), is impractical
for measurement and computation. Diffraction data as a con-
tinuous function of energy are seldom collected beyond
2000¢eV in a single scan, and our calculations are limited to
the range over which the data are collectegrF does not
calculatef; below thresholcEy, and the multiple-scattering
calculation begins to diverge by about 2000 eV ab&ge
Fortunately, the fine structure and other features due to solid-
state effects have a limited energy range, and the atomic
calculations are generally in good agreement with experi-
mental data except in the immediate vicinity of the absorp-
tion edges. Because the difference functloi Af, is non-
zero over a limited energy range, the linearity of the
Reimann integral allows us to write

2 [=et’(e)d
2 (=e{fi(e)+[f"(e)—fi(e)]}de
:;PJO Z_E2 (8b)
2 [f"(e)—fa(e)]d
R e (80

where we have changed the argumenEte# w, which is
more natural for synchrotron experiments. The difference
KK transform (DKK) can always be exploited to reduce the
infinite range of the integral KK transform when it is applied
to experimental dat® providedAf, is analytic andf” —f/,
vanishes outside the finite energy rane. Although the

an issue, even in more modern calculations of the matrixatomicAf calculated using the method of CL are not strictly

elements for x-ray scatteriri§.

analytic?! numerical integration in the range 5eV to

In principle, the dispersion relations are only valid for 200 keV has been used to check that the deviation from ana-
forward scattering. A more general expression for the opticalyticity is negligible over the data range for the examples

theorem in three dimensiohscan be written

k
Im[Af(ﬁw;k,k’)]zEf dQ"f* (hwiK” K f(hiwk" k'),
@)

where|k|=|k’|=k and the integral is over all directions of
the wave vectok”. Within the dipole approximation, the

angular dependence dff , on k andk’ vanishes® and the

below.

In order to calculaté\ f, the FEFF u needs to agree with
the background, far from the absorption edge. Following
standard practice in XAFS analysigFFnormalizes the step
height in« to unity. In addition, there may be a small linear
energy dependence in the background that varies with the
step size used for calculating the potentfZl8ecause of
these trivial differences, we use a simple linear parametriza-
tion

one-dimensional KK dispersion relations extend to nonfor-

ward scattering. The dipole approximation is satisfied for the
resonant scatterinf. from the core electrons, which have
highly localized electronic wave functions, and the off-

n
c,CL
morerr= (2ot &iE) ===

9

resonance scattering, which includes a contribution from théo scale theeFF output so that it agrees with the atonfi¢

outer shells, accounts for only a small parL0% off,; we
assume that th& dependence of 4 can be neglected. Al-

far from the edge. The atomii, which is zero below the
edge, is derived fromh, by modeling the pre-edge regidfy

though we neglect the complex conjugate of the leadings an Aikman polynomidf to subtract off the contributions
resonant scattering term, which is required for strict analytfrom the off-resonance shell§;(E) and ffg{E) are then
icity, we argue that because the range of the fine structure iaterpolated onto a uniform 1eV grid and the numerical
limited to within 1200 eV of resonance, and because nonlopKK transform offf--.— f7 is calculated using the MacLau-

cal effects fall off with 1/@2—w(2)), the difference KK is

rin series formulation, as suggested by Ohta and Ishida.

insensitive to differences between the background functionghe transform of the difference is then added f{do obtain

and the true analytic functions far from resonance. dhad

theFErFFbasedf’'. Figure 3 shows a graphical representation
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Af. The bottom figure shows an expanded view of the near-edge
FIG. 3. The difference Kramers-Kronig transforta) The FEFF region.

1(E) is rescaled to agree with an atomic calculationfofE) at . ) ) .
high energies, then added to the contribution from the off-resonancBared to kinematic structure factor calculations using CL-

shells fo4(E). (b) The KK transform of the differencé/cc(E) and FEFFbased resonant scattering amplitudes._ The experi-
—f"(E) is calculated using the MacLaurin series formulatigef. ~ ments were performed at the NSLS on beam lines X23A-2
23). (c) the transform of the difference is addedftgE) to obtain ~ and X22C in the vertical scattering geometry. For the theo-
the FEFFbasedf’ (E). retical calculations, we have assumeds scattering, e

=¢', and sinceFEFF uses a spherical muffin-tin potential to
of the algorithm described above. Figuréa3shows the calculateuo, we neglect any polarization dependence in the
FEFFbased(solid line) and CL-baseddashed linesf”, Fig.  embedded atomf,. The polarization dependence pffor
3(b) shows the difference functioffze— ¢, , and Fig. c)  YBa,Cu;Og g Was included explicitly in therEFF calcula-
shows the finaFerFbased’ (solid line) which is the sum of tions.
the CL-based (dashed lineand the DKK transform of the
difference functionf fgpe— £ - A. Copper metal

Figure 4 shows the experimentally measured DAFS inten-
sity for the (112) reflection of Cu metal and the theoretical
intensity calculations usingerr and CL-based\ f(E). The

To demonstrate the accuracy of the improved theoreticadpectra were collected from a 2000-A single-crystal film of
amplitudes, experimentally measured Bragg peak intensitigd.11] oriented fcc Cu grown by electrochemical deposition
vs photon energy are compared to theoretical intensities cabn a mica substrafé. The experiments were performed at
culated using a kinematic structure factor model with bothNSLS beam line X23A-2 using a fixed-exit scanning
FEFF and CL-based\f. In all of the theoretical calculations monochromatof® with Si(220) crystals. The sample was
core-hole lifetime broadening gf was introduced by con- mounted in a two-circle goniometer and custom motor con-
volution with a Lorentzian using tabulated linewidfsAn  trol software was used to track the Bragg peaind 29 as
automated computer code, based on the DKK algorithm anthe energy was scanned. The data shown in Fig. 4 are peak
using CL-based atomic calculatiofisas background func- intensity vs angle. The full width at half maximuf@WHM)
tions was written for converting theoretical and experimentabf the #-rocking curve was 0.04°, and comparison between
absorption coefficients into Af, and has been made avail- the ratios of peak intensity to integrated intensity at ten dif-
able on the interné® ferent energies showed less than 0.3% variation over the

Experimental DAFS data from three systems are com4200 eV range of the scan.

lll. RESULTS
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The FEFF u(E) was calculated for fcc Cu using a lattice

parameter ofa=3.6148 A?° and the XAFS Debye-Waller 003':: '
factors were included using a correlated Debye model with 03|
T=273K and ®,=315K.3% All photoelectron scattering 025}
paths out to 8 A and having 0.5% or more of the first shell 02}
scattering amplitude were included, amounting to 71 unique 0.15 |
paths. No adjustable parameters were used iFthecalcu- 075 L

lation. ~
The FerrbasedA f(E) were used to calculate the theoret- E 07
ical intensity based on the kinematic structure factor for Cu ~ 065
metal according to % 06|
| sHE.Q)={[fo(Q)+ " (E)]2+[f"(E)1} B sl
[N
XL(E,QA(E,Q)), o 9. ol
where Q=k—k’ is the wave vector transfet,(E,Q) is U, 0zp
the energy-dependent Lorentz-polarization correctton 8 018F
(E3sin 29)~* for o-o scattering at the Bragg angled2and g 016 |
A(E,Q,t) is the thin-film self-absorption correctiohl 0.14 -
—exp{—2u(E)t/sin ]/2u(E) for a film of thickness.%° The 012 |
theoretical intensity was scaled to the experimentally mea- 0.096 L
sured DAFS intensity amplitude using 0072 L
I(E,Q) =ailsHE,Q) +a,+asE, (12) 0.048 | :

. 8800 8900 9000 9100 9200 9300
wherea, is the overall scale, and the offss{+ asE allows

for a small energy-dependent slope in the background. The Energy (eV)
values ofa; determined for therEFFbased intensity were FIG. 5. YBaCu,Oq g K-shell DAFS. Comparison between ex-

used to recalculate the intensity using @If. Fig. 4a) cov- _ perimental datdpoints and theory for (00 K-shell DAFS from
ers the full range of the experimental DAFS data and Figyga,cu,0, , Theoretical intensities were calculated using a kine-

4(b) shows an (_axpanded view of the near-edge rggion. matic structure factor withFer~based(solid line) and CL-based
The small differences between tifeFr calculation and  (gashed lingAf.

the experimental DAFS data in Fig. 4 could be improved by
varying the XAFS path parameters in a nonlinear least=6.8 and the in-plane lattice parameters 3.824 A andb
squares fit; however, we have chosen to perform the calcu=3.879 A were estimated using the linear relationship be-
lations using only the Cu lattice parameter and Debye temtweena, b, ¢, andx.%?
perature found in the references cited above. No adjustable The Ferr u for the Cu® (chain and C¥? (plang sites
parameters, other than the overall scaling factors in(Ef), = were calculated separately, including the polarization
were used, in order to present a realistic result for a atue dependencé’ and the XAFS Debye-Waller factors were in-
initio calculation. troduced using Einstein frequencies for the Cu-O, Cu-Ba,
and Cu-Y bonds$**® SinceQ was parallel to the axis, the
polarization vector was confined to the twinredb plane for
the data shown in Fig. 5. Figure 6 shows #erF and CL-
Materials with multiple inequivalent resonant sites, suchbasedf’ andf” for the two inequivalent Cu sites, as well as
as YBaCuwO, are of special interest for DAFS experiments, a sketch of the nearest-neighbor oxygen atoms. The large
because the fine structure from the inequivalent sites cadifference between the local environments of the two sites in
often be isolated crystallographically, either by finding a re-the x-y plane causes a large difference in the fine structure,
flection where there is cancellation of the signal from all butbut no significant difference in the shape or position of the
one site or by making linear combinations the fine structurecusp and step iAf,, for the two sites. Because of this large
from several reflections. They also pose some interestingifference between(*) and y(?, reflections that would nor-
problems for MAD experiments becauad from each site mally be forbidden for the Cu sublattice can still have a
can differ dramatically, and the usual method of obtainingsignificant signal from the Cu atoms.
Af', by KK transform of XAFS data, can give incorrect  The ratio of the contributions from the two Cu sites at
results. Figure 5 shows the GGshell DAFS from four of  each reflection depends on the indic&k). Neglecting the
the (00) reflections of YBaCuOg g along with theoretical crystallographic Debye-Waller factordf for the (00) re-
intensities calculated usinger~ and CL-basedAf. The flections may be written
sample was a 3000 A film of YB&u;O, grown by pulsed

B. Inequivalent Cu sites in YBgCu3z0,

1 2
laser ablation on a 010X 0.5 mn? MgO substrate. The A :Af< '+2 cosgyAf?)
axis of the film was oriented normal to the surface, and the ! 1+2 cosg,
a-b plane was fully twinned. The lattice parameter Wy 2
=11.692 A was determined by Cu rotating anode measure- ~Af 1Y +2 cos¢ix SAf Ty, (12

ments of the (00 reflections, and the oxygen depletian 1+2 cosg,
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FIG. 7. Experimental DAFS-weighted’ resolved from the
(00Y) reflection of YBaCusOg g by an iterative KK algorithm(Ref.
36) (pointy compared to the crystallographically weightegtr cal-
culation (dashed ling XAFS-weightedf’ (solid line), and atomic
f. (dash-dotted line The ratio of the contributions from ¢t and
Cu®@ is 1:1+ 2 co$Q7] for the (00) DAFS and 1:2 for the XAFS.
This illustrates the potential problem with using XAFS data to ob-
tain near-edge resonant scattering amplitudes for multiple-site ma-
Energy (eV) terials. The effect is strongest at forbidden or near-forbidden reflec-
tions and when the local environments of the inequivalent sites are
very different.
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FIG. 6. Theoretical resonant scattering amplitu@ged’ and(b)
f” for the two inequivalent Cu sites in YB@u;Ogg The FEFF
based calculationgsolid lineg are compared with CL-based iso-
lated atom calculationgdashed lings The FEFF amplitudes were
calculated for vertical-plane scattering froma twinned sample
with the wave vector transfer parallel theaxis by averaging sepa-

rate FEFF calculations fora andb polarization. treating all of the resonant atoms as equivalent with the
anomalous scattering correctidf, . This formalism is use-
where ¢, =Q-R=2l/c for the (00) Bragg peaks. Equa- ful for interpreting the information content of the DAFS
tion (]_2) is On|y approximate’ since any site dependence m‘rom materials with multiple resonant sites in the unit cell.
Af, andf] has been ignored; however, this is a reasonabl&Y comparison, the normalized XAFH(E) is weighted ac-
approximation for estimating the overall shape I¢E,Q) cozrdlnzg to the stoichiometry of the unit cely=3x
since the gross features dff,, i.e., the cusp depth, step +5x® in this example; therefore, calculatingf by KK
height, and edge position, depend the physics of the Corgan_sform of XAFS data can give inaccurate results.
electron, and only weakly on the configuration of the neigh- Figure 7 shows the experimenttl for the weak(001)

bors. Changes in valence state have been observed to cag‘gecuoneggm YBaCuOgq resolved by an iterative KK

shifts in the positon of the edge, sometimes gquite gorithm;>=® along with theoretical calculations &f using

dramatically® however, the gross shape remains unchange he DAFS structure-factor weightingdashed ling the
We make the assumption that the DKK transform still holds AFS 1:2 weighting(solid line), and the bare-atom CL am-

in th ¢ Il ed hift bet the t i litude (dot-dashed line When the resonant atoms sit in
In he presence ot a small edge shift between the wo site equivalent crystallographic sites, reflections that are nor-

and that the difference between the shifted and unsh¥®d 1,51y forbidden due to destructive interference between the
transforms correctly to the difference iaf’, as demon- jnequivalent sites may be allowed near resonance, as seen
strated elsewher®. At fixed Q, all of the angular depen- here. Thisbeating between inequivalent resonant sites has
dence in Eq(12) is confined to the effective fine structure peen suggested as a possible tool for macromolecular
xi(E), which is the crystallographically weighted sum of phasing®’-*® If the cancellation occurs within a sublattice of
x(E) from the resonant sites. equivalent sites, however, this enhancement of the fine struc-
When all of the resonant sites have the same local enviture does not occur. In ferrite spinel &), for example,
ronment, thery, is the same for every Bragg reflection. This which has Fe atoms in tetrahedrally and octahedrally coordi-
can be seen by factoring owtf in Eq. (12) when Af() nated sites, the partial sum over the octahedral Fe sites van-
=Af®, The normalization ofy, in Eq. (12) determines the ishes for some reflections, independent of the sum over the
relative amplitude of the fine structure with respect to thetetrahedral Fe sites, and likewise for the converse. Thus,
cusp depth and step height. The functibfy is theeffective  while the fine structure may be different for the two Fe sites
anomalous scattering amplitude, normalized to the singlein Fe0,, it always diminishes in proportion to the gross
atom response. In terms dff,, the structure factor for a features ofAf and therefore is not enhanced relativeltbat
multiple-site material can be rewritten as weak reflections. In YB#u;0g g, however, due to the low

F=2 (fo;+Af)e'QR, (13
]
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DAFS (I/1)

f and f" (electron units)
]

| s 0 1 L 1 1 1 1 1 1
% (b) f  ——Experiment 3660 3680 3700 3720 3740 3760 3780 3800
2  H— FEFF
ol T erke Energy (eV)
56 L FIG. 9. Comparison between experimental datintg and the-
sl oretical intensity calculations, usingerbased(solid line) and
atomic (dashed ling scattering amplitudes, for UQ0,0,2 DAFS
40 | at the UM,y shell. The DAFS data were measured 1g3s, VS
2 energy, and corrected for secondary extinction using the integrated
24 | [ N e 0 rocking curve at several energies.
3650 3700 3750 3800 transform were obtained by numerical integratiorf bfrom
Energy (eV) tables* over the tabulated range 29—30 000 eV to obfdjn
in the vicinity of theM,, edge.
FIG. 8. Theoreticala) f'(E) and (b) f”(E) for UO, at the U It is well known that the standard tables Aff are not

M), edge. The large white line observed fiy, which is propor-  useful for materials that exhibit a large white line, and, for
tional to the absorption cross section, is accompanied by a largghis reasonf” is usually determined by measuring the fluo-
derivativelike feature irf’. TheFerFbased resonant scattering am- rescence XAFS spectrum and then taking the KK transform
plitudes(solid lineg are a significant improvement over the tabu- tg gbtainf’. When the productt is changing by an order of
lated atomic calculationgdashed lines magnitude, however, as in the M,, example given here,
fluorescence measurements provide a poor estimai¢of,

symmetry of C&Y, all of the reflections with weak Cu scat- since the effective thickness of the sample, which, for thick

tering give interference between the two different Cu sites. Samples, determines the number of absorbers, varies in-
versely with the cross section. Thikickness effecis well

. . known in XAFS and, in extreme cases, can nearly suppress
C. Uranium oxide the fine structuré! Additional x-ray-absorption data were

X-ray resonant magnetic scattering makes use of larggollected on polycrystalline UDaround the UM,y absorp-
changes i\ f around the. andM shells of the actinides and tion edge at NSLS beam lines X24C with a fixed-exit
rare-earth metals to enhance the magnetic Bragg peaks #i (1,1, monochromator. Transmission, electron-yield, and
materials with ordered momeRts*Land to increase the sur- fluorescence XAFS data were collected under vacuum from
face sensitivity of magnetic scatterifThe white line in  three polycrystalline U@ films of 3000A, 60004, and
£, Fig. 8b), and the commensurate featurefin Fig. §a), 10000 A deposited by sputtering U metal onto gufs Be
reflect the large number of unoccupied final states availabl§ubstrate in an oxygen-rich reaction atmosphere. Transmis-
to the outgoing photoelectron. With a white line on the orderSion ande-yield data from all three films were compared to
of 40 times thef” step height, theM ,-shell resonance of €nsure the absence of self—absprptlon effec_ts in the experi-
uranium oxide is a dramatic example of the inadequacies ghnentally determined cross section. Transmission through_a
atomic calculations of the anomalous scattering amplitudesbare Be substrate was measured independently to determine

Figure 9 shows the energy-dependent Bragg peak interfbe background fofuya,s. Figure 10 shows the W4, f"
sity from the(002) reflection of UQ around theM ,, absorp- from the 3000 A film collected in transmission and flupres-
tion edge, along witlFEFF and CL-based intensity calcula- C€nce modes, as well as the tab_ulated value_s. The thickness
tions. The sample was cut from a single oriented crystal tgffect causes a fgctor of 2 error in the experimental fluores-
obtain a(110) surface, and the details of the surface prepaC€nce cross section at the white line.
ration and diffraction experiment are given elsewH&réhe
DAFS was measured dgeqx Vs energy, and corrected for
secondary extinction using the integrat¢docking curve at
several energies. TheerrF u(E) was calculated for U® We have demonstrated that theoretical x-ray-absorption
using the Cal structure with a lattice parameter @&  cross sections calculated using the computer progrars
=5.47 A. The XAFS Debye-Waller factors were ignored andcan improve theoretical resonant x-ray-scattering amplitudes
instrument broadening was introduced by convolution with aby including spectral features that are not accounted for in
3 eV Lorentzian. The background functions used in the DKKexisting atomic codes. Although the discussion has been lim-

IV. CONCLUSION
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atomic calculations of of FEFF7, fo(Q) has been

~

(=}
T

2

- o Transmission reproducetf to within ~2% of values given in standard
2 ol o * Fluorescence tables?” Work is now being done to make the atomic poten-
5 o — Tabulated tials of FEFF consistent with the photoelectron scattering
e SO ol potentials*® which should give better calculations &f(Q)

g 20 : for atoms embedded in real solids.
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APPENDIX: DERIVATION OF THE DAFS
ited to o-o scattering, versions ofEFF7.02 and higher have FINE-STRUCTURE COEFFICIENT

the ability to calculate the full tensor polarization depen- The absorption cross section of E) is typically calcu-
dence of the scattering(E) by changing the photon polar- |aeq using a Green’s function formalism, which has a physi-
ization state in the termination matrix on the final leg of eachgg, interpretation as a sum over photoelectron-scattering
photoelectron-scattering path. As we have tried to emphasizg,ihs. Since the final states in Eq. (2) are identical to the
throughout this work, the polarization dependenceAdf  intermediate stateg, in Eq. (1), the same formalism and
which goes asé fl)(é’ . FN) in the path formalism, wheng interpretation also apply to the resonant scattering amplitude.
andry indicate the first and final legs of the path, is different Replacing the sum over intermediate states by the one-
from the polarization dependence of the Thomson scatteringarticle retarded Green’s function

amplitude, which goes as-€', and from the polarization

dependence of the XAFS, which goes asr¢)(e-ry). This G ri)=S |0 (Wl (A1)
suggests that it may be possible to observe small changes in ' n E—E,t+in’

the relative intensities of the Bragg peaks that are not in

agreement with structure factor calculations, but that can bwhere of all the dissipative terms, including the core-hole
interpreted in terms of the XAFS path formalism, by collect- lifetime 3T, and the lossy part of the potential, are lumped
ing resonant scattering spectra at out-of-plane reflectiontogether in a nety, Eq. (1) becomes

from materials where local environment of the resonant at-

oms has low symmetry. We are not aware of any work on e\2 A
this specific topic; however, the tensor polarization depen- Af(E)z—(—) (gile* - r'G (r,r"e-r|g), (A2)
dence ofAf from materials which exhibit quadrupole scat- me
: : ,10 . . .
tering has been found experimentally to be srfaff which, except for the polarization dependence noted above,

A larger effect, and one that we believe warrants considis closely related to the expression for the x-ray-absorption
eration for resonant scattering experiments from all materialggefficient:

with multiple inequivalent sites, is the possibility of strong

enhancement of the fine structure at reflections that are for- -
mTho

bidden, or nearly forbidden, due to cancellation between in- e RN

Y . i =— ——=1Im[(¢;|e* - r'GT(r,r")e-r|yp].
equivalent resonant sites. The effect occurs when cancella- (E) om [Cwil (r.ri)erly)]
tion in the structure factor requires mixing amplitudes from (A3)

inequivalent sites with very different local environments, a
illustrated by the example given in Fig. 7 for the we@iol)
reflection from YBaCusOg s.

SThe sum is taken over empty final states, so Baf(r,r’)
implicitly includes the Fermi-Dirac function® (E;—E).
H + AN + ’
As a final note, we would like to point out that in order to Separatings " (r,r') into c.ential er/nbedded-ato@c (rr )

calculate the x-ray-absorption cross sectioiEs uses a so- and photoelectron scatterir@ (r,r’) terms and expanding
phisticated and fast atomic potential algorithm to calculateé?Ver angular momentum statesof the outgoing photoelec-
the electron density around the embedded central atom. Witfion. the central-atom contribution can be written

the standard approximation of spherical symmetry, this elec-

tron den5|ty_ can be used to calculate th_e Thomson scattering Gc*(r,r’)=2 RL(r-)R] (r2) (A%)
fo(Q) by direct Fourier transform. Using the overlapped L
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as in the multiple-scatteringMS) theory of XAFS* R, is a Equation(A3) can then be used to write the total absorp-
solution to the radial Shdinger equatior® r- andr_ refer  tion coefficient as = por+ mo(1+x"), Where x”
to the greater and lesser of and r’, respectively, and =Im[GL+'|_,(r,r’)] is the fine-structure term due to photo-

RL(r)=R.(r)Y.(r). The remaining photoelectron scattering electron scattering from near-neighbor atoms, is the
terms can be written embedded-atom absorption coefficient due to the resonance
derived from IMiG_ (r,r’)], and uqg is the smooth absorp-
tion coefficient from the excitation of lower-energy levels.
ch(r,r’)zz RL(r)RL,(r’)G;L,(r,r’). (A5)  Since f” and n are related by the optical theorem lat
L =k’, it follows that f”=f +f{(1+ x") whereflxu, and
fogmorr- IN contrast, f'=f 4+ f +flx’, where x'
Note that since IffR, (r~)]=R(r-), both the central-atom = Re[GfL,(r,r’)] andf is the real part of the anomalous
and the scattering contributions to I@&" (r,r’')] have the scatterin'g from resonances of other core levels. The prefactor
same dependence of the radial wave functionsto y’ follows directly from both the real and imaginary parts
e, IMGL(r,r)]==,R(rR.(r') and INfG.(r,r')] of G(r,r') above depending oR (r)R..(r'), which is

=EL’L,RL(r)RL,(r’)Im[G;L,(r,r’)]. proportional to— Im[G;’(r,r’)].
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