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Application of relativistic scattering theory of x rays
to diffraction anomalous fine structure in Cu

E. Arola® and P. Strange
Physics Department, Keele University, Keele, Staffordshire ST5 5BG, United Kingdom

(Received 8 January 1998

We apply our recent first-principles formalism of magnetic scattering of circularly polarized x rays to a
single Cu crystal. We demonstrate the ability of our formalism to interpret the crystalline environment related
near-edge fine structure features in the resonant x-ray scattering spectra atkhab€arption edge. We find
good agreement between the computed and measured diffraction anomalous fine structure features of the x-ray
scattering spectrdS0163-182¢08)03836-3

[. INTRODUCTION onstrated that DAFS can accurately provide the same struc-
tural information as the more traditionally used x-ray-
Since the observation of a large enhancement of x-rapbsorption fine-structuréXAFS) technique.
magnetic scattering at the,, absorption edge of the spiral We have recently developed a first-principles formalism
antiferromagnet holmium by Giblet al.! there has been an of magnetic scattering of x rays in the framework of the fully
enormous increase in the use of synchrotron radiatiomelativistic spin-polarized Korringa-Kohn-RostokéKKR)
sources in the study of structural and magnetic properties dfype multiple-scattering theory},which treats spin-orbit in-
materials. teraction and spin-polarization effects on an equal footing.
X-ray resonant magnetic scatteri®gRMS) has been ap- However, the most remarkable feature of our method, which
plied to study the nature of magnetic coupling between Niwe want to demonstrate, is that it includes the contribution of
layers in a Ag/Ni multilaye?, to observe antiferromagneti- the crystalline environment to the scattering amplitude via
cally and long-range ordered Nd moments in an electronthe Green’s function expression of the multiple scattering
carrier highT¢ superconductor precursor peLO,.2 More  theory in one-particle local-density approximatidrDA ),
recently, Chakariaet al* have applied the XRMS technique which allows an accurate implementation of the theory.
in a specular reflection geometry to a FeCo/Mn/FeCoTherefore, we should be able to see the characteristically
multilayer and demonstrated its sensitivity to the chemicaloscillating DAFS features accurately in our calculated x-ray
magnetic, and layered structures.dbelette-Barbar&t al®>  scattering spectra, without having to introduce a concept of
have applied XRMS in specular reflection and diffractionan “oscillatory” function x(fw) and its approximate form
geometries to understand the relationship between magnet{see Ref. 8to describe the local structural contribution to the
and structural phase transitions, and coherence properties xaray scattering amplitudt?.
FeMn;_,/1r(001) superlattices.
One of the unique_advaljtages_o_f th_e XRMS techni_q_ue Il. OUTLINE OF THE THEORY
over other x-ray techniques is that it is highly atom specific.
In contrast, the more conventional x-ray-nonresonant mag- We briefly describe the part of our relativistic x-ray scat-
netic scatteringdXNRMS) is in general several orders of tering theory that is relevant for the DAFS studies at khe
magnitude weaker than char@@ resonantscattering and is absorption edge of Cu, and then compare our computed real
not species selective. Nevertheless, using a polarizatiopart of the “atomic form factor” with the one measured by
analysis of the measured beam intensity in suitable geonfStangimeieet al!* As we showed in Ref. 11 the relativistic
etries, in connection with the XNRMS theory by Blume and Bragg scattering amplitudédue to positive-energy excita-
Gibbs® Langridgeet al.” were able to estimate the orbital to tions only’®) for an ordered crystal within the KKR-type
spin(local) moment ratio in the type-IA° antiferromagnetic ~multiple-scattering theory can be written €I system of
UAs crystal. units used throughoyt
It should be noted that in the above-mentioned studies the
emphasis has been in observing charge/magnetic scattering f(POS)(w):[fg(POS?(w)Jrf6<P°9(w)]Natom§séK, (1a
intensity at the absorption edges of interest, but no attention
was paid to exploiting the fine-structure features of the specyhereQ=q’ —q, K is a reciprocal lattice vector of the crys-
tra present in the close vicinity of the absorption edge.  tal, 55 is a Kronecker delta function, subscript 0 is a lattice-

Recently, a completely new type of a x-ray-scatteringgjte index, and the resonaht; P°(w)] and nonresonant
probe, diffraction anomalous fine-structuf®AFS), has [fa(pos)(w)] parts of the amplitude are given by

been suggested by Stragieral.? and applied by Pickering
et al® to several polycrystalline samples and by Renevier

et al’®to an Fe/It100) superlattice in order to provide local fPO9 () =SV §F(MOS () (1b)
atomic structural information. In DAFS studies the main fo- ° Ko MoiamanE

cus is on the oscillatory, “photoelectron backscattering” fea- .

tures of the spectra, appearing close to the absorption edge whereA(\') and q(q’) represent the polarization and the
a given constituent atom. Stragiet al® have clearly dem- wave vector of the incidenbutgoing photon, respectively.
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The A y-core-state contribution to the resonant amplitude is
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and theA y-core-state contribution to the nonresonant amplitude is

-~ 00 "=k 3y 1
(pos 2 % de mﬁo (g\;e)lm TAA,(e)mﬁo *(q'\j€)
for e (w)=— — 2
Agiah;a/\ (@) vy J T eAO—e—ﬁw (2b)

€F

In Egs.(28) and(2b) T', the only adjustable parameter in quadrupole 11+ E2) contributions toXg,(r). According
the theory, represents the natural width of the intermediatgy our initial computations, in the case of resonant scattering
states, Im/(€) is the imaginary part of the\A’ [A  attheK edge of Cu, theN1+E2) contribution to the scat-
=(«xm;)] element of the path operator matrif° at energy  tering amplitude is at least two orders of magnitude smaller
€, ande,  is a core-state eigenvalue of the Dirac equation forthan theE1 contribution. Therefore, we ignore it and use
a muffin-tin potential at sité, . only theEl approximation in our calculations. .
X Aty . The electronic structure part of the calculation has been
The matrix eIementnAO (gA;e) of Eq. (2a), responsible carried out using a Cu muffin-tin potential derived from an
for the resonant scattering, is defined by all-electron charge self-consistent Korringa-Kohn-Rostoker
code by Kaprzyk and Bansil for the Cu fcc lattice &
NN £t - - 5 =6.76 a.u.) and,,,=3.
My, (q)\,e)=Ja o U, (Fo)X g, (ro)Z,(ro,€)d"ro, The relationship between the x-ray scattering amplitude
fo=™o f(w) defined as the left-hand side of E§a) of Ref. 11 and
(33 , . )
the x-ray scattering form factoks { w) will be briefly de-
and the matrix elemenhﬁo’(d))\;e) of Eqg. (2b), responsible  fived in the following. Including only those intermediate

for the nonresonant scattering. is defined b states|l) with excitations from the positive-energy single-
9 y particle core or conduction-band states, $0) we get for

the relativistic scattering amplitutfe
i @e= [ ul o)X Za(To. 0%,

roe»Qo

fIH D Hi i
(3b) f(POQ(w):l E . ( | |t5|>_<E|I t| >’
JEAS i

4

In Egs. (3@ and(3b) uAO(FO) is a core-state solution of the

. . . = N >, _ 2
magnetic 1/[)2|[ac£(}\?(qig$tlon at sit®y, qu(r)=—.e[ﬁc / whereli), |f), and|l) are the initial, final, and intermediate
(2Vegwg) ] a- Ve [Eq. (9b) of Ref. 11 defines the  giates of the electron-photon system, respectively Earshd
relativistic photon-electron interaction verté€™ is a unit, E, are the corresponding energies of the initial and interme-
complex polarization vector of the photon with the polariza-diate states. By expressing the time-independent part of the
tion state\), ZA(FO,e) is the regular scattering solution of relativistic photon-electron interaction operattf, in terms
the spin-polarized Kohn-Sham-Dirac equation, ang=r  of the radiation field operatok(r) and the quantized Dirac
—R, is the vector inside the unit cefd, at the origin. As field operatorsy(r) and ¢'(r) [cf. Egs.(3) and (4) of Ref.
shown in Ref. 11 numerically tractable expressions and setl] it is a straightforward matter to show that the positive-
lection rules can easily be derived to these matrix elementsnergy part of the elastic scattering amplitude can be written
due the electric dipoleE1) or magnetic dipole and electric as

(bo8 e’c’h 1
P (w)= 2Veqw mc
Y (iBla-e0 e @ TIANIY - eMe il (i8la- eMed I WIY @ eX eI i)
X +
m AA' eA—eA,—i—ﬁw EA_GAr_ﬁw

=fT(PO( )+ f~(POI( ), )
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where the resonant[f*(P*(w)] and nonresonant As can be seen from Fig. 1 the smoothly decreasing part
[f~(PoSY w)] amplitudes have been defined in terms of theof the computed’(w) towards the cusp at tH€ absorption
one-electron initial core/band statig) (occupied and in-  edge(about 8980 eV according to the present experimisnt

termediate band stat¢|%‘|'> (empty, and the corresponding in qualitative agreement with the experimentally determined
) , S
eigenenergies, ande, . of the crystal Hamiltonian’ f’ values. But the most remarkable observation is that our

L first-principles calculation of x-ray scattering from copper
The expression inside the square brackets of(Bgcan . .
be identifi%d as a relativistic g—ray scattering fo?rq] factor CryStal is able to reproduce DAFS related fine-structure fea-
fs.f(w) (cf. the relativistic atomic form factor expression of tures observed in the measuredw) in .the photon energy
Cromer and Libermdfi for an isolated atorfiEq. (2) of Ref. interval [8982 eV, 8992 eY. Even the dip featur® of Fig.

; . 1 at photon energy of about 8989 eV is well reproduced by
18]). Therefore f..{«) for the solid can be written as the calculation. We also notice that the sharply rising tail

fd@)=K'[fPOS(y)+ = (POS ' 6 abovefiw=8992 eV is also apparent in our computéd

s) Lo ™ @)+ 1o ™ (w)] © spectra. Nevertheless, as can be seen from Fig. 1, the com-
whereK'=2¢e,mVw/(e?h). The radiation field normaliza- puted real part of the form factor is not in perfect quantitative
tion volumeV and angular-frequenay dependence of factor agreement with the experimentally determined form factor.
K’ will be canceled by the-1/(Vw)Y? dependence of the Obvious sources for this disagreement are listed in the fol-
photon-electron interaction vertek;, (r) in the matrix ele-  1owing. (i) According to Stangimeieet al. the main factor
ments of Eqs(2a) and (2b). limiting the accuracy of their measurement is the error in

To make contact with the experimental atomic form factordétermining the angle of incidendgrazing angle with re-

measurement for Cf, we have to make a few things clear. SPeCt t0 the surfage They have estimated error limits of
First, in the relativistic scattering amplitude expressigg. = 0-3 (electrong aroundf’(w) for a photon energy range of
(18] there are two terms: a resonant and nonresonant ongé;6 to 13 keV.(ii) Our forward scattering form factor calcu-

both of which depend on photon energy, while in the non-ation is strictly valid for bulk Cu only. On the other hand,
relativistic theory the scattering amplitudd(w)=f° the measurements in Ref. 14 have been done in the range of

+f*(w)+f (0) contains three terms: the frequency- ftotal reflection. Ther_efore, the DAFS c_)scil_lations measured
independent chargéThomson term f°, and frequency- N f'(w) _spectra are likely to h_ave contr_lbutlons from surface
dependent resonaft " (»)] and nonresonaritf ~(w)] am- electronic s.tructure. Also the|r approxmately 1000—A-th|ck
plitudes. Second, Stanglmeier al*# have done small-angle CU Sample is covered by a thin 35-A oxide layer. This may
x-ray reflectivity measurements from several metal- andvell chang_e the nat'ure of the electron state; above the Fermi
metal-oxide surfaces. Combining the nonrelativistic atomicene_rg)’(Cf- intermediate states of the scattering progesth

form factor (cf. scattering amplitudeexpression, the com- @ direct effect onto the x-ray scattering spectra close to the
plex index of refraction dependence on the forward-absorpt"?” edge(iii) Some of the tiny DAFS-like features
scattering amplitude, and the classical electromagnetic rd2résent in our calculateff (w) spectra have probably been
flectivity from a flat surface of a single- or multilayer system, Washed out in the experimental spectra due to the monochro-
they were able to extract the real part of the frequency/hator energy pass band width of 1.5 eV at 10 Réiv)
dependent dispersive correction to the atomic form factoflthough the oversimplified way of dealing with many-body
[denoted a$’ (w) in their papefin Cu. Therefore, it is clear
that in order to make comparison between the experimentally
determined* dispersive correction to the atomic form factor
and our relativistically computed form factor, we have to
subtract a constant value from the computed result. Further-
more, this constant is not directly related to the measured @ /-0
Thomson-scattering part of the amplitudé’), because we
have computed only th& absorption edge contribution to
the scattering amplitude. However, the constant shift of our
computed scattering amplitude is justified as all electrons of
the atoms in the unit cell have a frequency-independent con-
tribution to the Thomson amplitude. We want to emphasize
that the near-edg€DAFS) features in the x-ray scattering
spectra are due to excitatiorigitermediate state¢swhere -9.0 : : ' : '
ol?ﬂy one particular atomic core level is involved, and higher 8965 8975 8985 8995
core- and filled valence Bloch states give a smooth and Photon energy (eV)
nonoscillatory behavior to the spectra.

-6.0

f (electrons

FIG. 1. Real parff’'(w)] of the calculated relativistic anoma-

lous scattering form factor in electric dipol&1) approximation at
I1l. RESULTS AND DISCUSSION the CuK edge, shifted by a constant amount in the vertical direction
. . . _ (solid ling) (see discussion in the texfThe incoming and scattered

In Fig. 1 we show the real part of the dispersive correctionynetons propagate in the same direction. The measured dispersive
[f'(w)] to the atomic form factor at CK absorption edge, correction(open circley to the atomic form factor from the x-ray
based on the small-angle reflectivity measurerfféngether  reflection measurement has been reproduced from Fig. 18 of
with our computed “atomic form factor,” which has been Stangimeieret al. (Ref. 14. The arrow locates the position of the
shifted by a constant value of about6. experimentaK edge.
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Many spectroscopic features of the cross section can be
qualitatively explained by looking numerically at the nu-
merator part of Eq(2a) above the Fermi levéf In case of
the resonant scattering at theedge of Cu, there are three
major channeldcf. the numerator part of Eq2a)], which
contribute to build up the featurés-D of Fig. 2. A detailed
study shows that these three major channels, which contrib-
ute to those features with nearly equal relative weights, con-
tain transitions: $;,,,+1/2)—(p3,, +3/2) (strongest
(s12,—1/12)—(p1s2, + 1/2) (next strongest and @y,
—1/2)—(p3p, +1/2) (weakest contribution All matrix ele-
ments with these transitions are linked with diagonal path
operator matrix elements}’, in Eq. (2a. We notice further-
more that the “shoulder” featurB of Fig. 2 can directly be
linked to the “dip” featureD in the f’(w) spectra of Fig. 1
FIG. 2. Calculated anomalous scattering cross section at thevhen combined with the imaginary part(w) (not shown

copperK absorption edge ifE1l approximation(solid ling). The  of the complex form factor at the same energy.
relativistic p-projected density of states has been Lorentz-
convolved {"=1eV), squared, and normalized according to the
maximum value of pealC (dashed ling The arrow locates the
position of the compute& absorption edge.

4.0x10°

3.0x10®

2.0x10°

1.0x10®

O 1 1 1 ]
8820 8825 8830 8835 8840
Photon energy {(eV)

Anomalous scattering cross section (a.u.)

IV. CONCLUSIONS

effects via the core-hole lifetime broadening paramEtgf. In conclusion, we have demonstrated that it is possible to

Eq. (28] is in common use, going beyond this would cer- interpret diffraction anomalous fine structu(@AFS) fea-

tainly improve further the quality of the computed scattering!Urés by using a x-ray scattering calculation based &rse
spectra. prmqples LDA electron structure theor'y.' We base our ex-
We briefly turn to discuss the computed anomalous Scatpertlse_on our repengly de_veloped relativistic x-ray mggnetlc
tering cross sectioda/dQ =|f(w)|2V2w? (274 c?)? in the scattering formalism! As it appears, our computed disper-
electric dipole E1) approximation at the coppés absorp- ~ Sion correction spectrigf ' (w) ] for Cu crystal around th&
tion edge in Fig. 2. To demonstrate crystal environment efedge agrees well with the measured one, and especially the
fects on the scattering cross section, we display in Fig. 2 alsBPAFS related features of the measured spectra can be repro-
the Lorentz-convolvedI{=1 eV) and squareg-projected duced, at least, qualitatively.
density of state$DOS). The near-edge behavior of the scat- In spite of the inherently fundamental restrictions in our
tering cross section in favorable conditions can be qualitamethod (like LDA approach describing the intermediate
tively described by a squared value of the partial DOS abov@loch states in the x-ray scattering progestss obvious that
the Fermi level! And indeed, we found a lot of similarities a higher resolution synchrotron reflectivity measurement
between these two curves at irénedge. But interestingly, used in connection with a more accurate way of determining
we notice from Fig. 2 that in the case of elastic, resonant’(w) (like x-ray interferometry techniquewould improve
scattering of x rays at the G edge, there is an even more the agreement between experimentally and computationally
striking similarity between the cross section and the Lorentzdeterminedf’ (w) further.
convolved and squared Qudensity of states. We have implemented our general x-ray scattering ampli-
The connection between the cross section and a partialide expressiofEq. (11) of Ref. 11] in the simplest possible
density of states can be delineated in terms of the following:nvironment, which is a perfect, infinite crystal. As we have
facts™ (i) The matrix elements of Eq2a) are in general shown?° x-ray magnetic scattering, including DAFS features
smooth functions of band energy According to the selec- for a completely random magnetic alloy, can easily be imple-
tion rules of the relativistic x-ray scattering theory Bl ~ mented using the coherent-potential-approximat©RA) in
approximatiort! the only matrix elements that contribute to context of Eq.(11) of Ref. 11.
scattering at theK absorption edge are those with the We hope that the results presented in this paper for the Cu
transitions®  (Sy,—1/2)— (P12, +1/2), (512,—1/2) K edge will stimulate further development of DAFS as an
—(P3p, +1/2), and 61, +1/2)—(psp,+3/2) in the experimental tool for probing the electronic structure of
(x,m;) representation. Therefore, as a good approximationmore complex materials. A very interesting development of
only the p-state-related Im°(e) elements are responsible our theory would be to implement it for short-range order
for building the scattering amplitude of EqRa). (i) The and complicated magnetic structure studies. A feasible and
numerator part of Eq(2a will be then approximately pro- accurate way of doing this would be to use recently devel-
portional to thep-projected density of statés iii) Provided  oped electronic structure methods with ordescaling prop-
the lifetime parametel” of Eq. (28 is small enough com- erties like the locally self-consistent multiple scattering
pared to the width of the density of states features above (LSMS) method by Wanget al,? or the locally self-
Fermi energy, and the conditioig—(ii) are satisfied, then consistent Green’s functioh SGP approach by Abrikosov
the computed x-ray scattering cross sectibn’d() should et al?? These first-principles methods can describe accu-
closely follow the shape of the Lorentz-convolved andrately electronic structures of large crystalline random or or-
squaredp-projected density of states. dered systems, or systems with short-range order.
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