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Elastic exchange scattering amplitude studied using magnetic EXAFS
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Magnetic or spin-dependent extended x-ray-absorption fine-stru@#FS) studies have been performed
at theK edges of pure Co and Ni and at the, ; edges of Gd metal. Using a two-step model for the absorption
process and introducing an additive-exchange contribution to the complex Coulomb scattering amplitude and
the electron mean free path, an ansatz for the description of the magnetic EXAFS is derived. A parametrization
of these quantities is proposed for an extraction of the spin-dependent values from the experimental data. The
results for the elastic exchange scattering cross section in the energy range of 100-600 eV are in excellent
agreement with theoretical predictions from a Born-Ockhur approximation. The inelastic exchange scattering
effects are found to be negligiblES0163-1828)01906-7

[. INTRODUCTION very difficult to access more complex magnetic systems and
the magnetic quantities of interest. A special case iskhe
Since the last decade the study of x-ray magnetic circulaand L, absorption, where, despite the absence of spin-orbit
dichroism (XMCD) in near-edge core-level absorption hassplitting in the initial s state, significant dichroic contribu-
become a powerful tool to get element-specific insight intotions occur.
the ferrdi)magnetism of solids on an atomic or microscopic A successful ansatz to outline the physical origin of the
scale. As already observed in the pioneering XMCD meaSPEXAFS was based on a simple picture using a two-step
surements, even in the extended x-ray-absorption finemodel similar to the phenomenological attempt to describe
structure(EXAFS) range the existence of a magnetic contri- of the near-edge XMCB1%!!First, the absorption of circu-
bution is found to be a universal phenomeridieanwhile  lar polarized radiation in an unpolarized core state yields an
this spectroscopic method is expected to provide new attracutgoing photoelectron wave with a finite projectian,) of
tive possibilities to study the magnetic short-range order ints spin in the direction of the photok vectorz. This so-
ferro(i)magnetic material%:* One of the most important as- called Fano effect results from the interplay of the spin-orbit
pects concerning the structural information is the possibilityinteraction in the initial and/or final state and the conserva-
of distinguishing the electronic and magnetic neighborhoodion of angular momenturt?. The spin polarization depends
of the absorbing atom by comparison of the EXAFS andon the initial state: (o,),=0.25, (o) .,=—0.50,
spin-depender(SP EXAFS2® From a variety of systematic 73 D)
<O-Z>(Ll)~ —0.15, (o) k)~ *+0.03. For initial p3;, and py,

studies the relative amplitude of the dichroic contribution is' . i h | .
found to be directly proportional to the average number ofSPin-orbit split states the value ¢t,) can be determined

spin-polarized electrons of the first coordination shell, thuglirectly by vector cguplmg coefficients taking into account
allowing a quantitative determination of the next-neighborth€ constraindm,=_,1 for the transfer of the photoelec-
spin moment. tron into ad-like final state after absorption of a rigtieft)
More recently a variety of attempts to formulate a com-Circular polarized photon. Fdf or L, edges this procedure
plete description of the experimental data have beefiesults in a valug¢o,)=0. But a small spin-orbit splitting of
performed’~® These theories are based on the multiple—the finalp states can, in principle, result in a nonvanishing
scattering expansion formalism commonly applied to normaphotoelectron polarization even fs, initial states. In order
EXAFS. The atomic potentials in the EXAFS case are gento calculate(o,) for s states one needs accurate dipole ma-
erally assumed to be independent of the spin and sphericalljix elements for spin-up and spin-down transitions taking
symmetric, i.e., independent of the magnetic quantum numinto account spin-orbit coupling in the final state, which is
ber m, . This simplification is not justified in case of ferro- difficult to address? Therefore the given approximate values
magnetica”y ordered Systems_ The aim of the theory is theréjeduced from the difference of the transition strength are still
fore to calculate accurate spin-dependent potentials and 6€ subject of discussions. In the second step the photoelec-
include the scattering from asymmetric potentials in thetron wave then travels through the crystal and is scattered by
multiple-scattering expansion. In case of the Ggs; edge  the potentials of the neighboring atoms. If the sample is mag-
theoretical calculations of spin-dependent EXAFS were pubbétized along the photon propagation direction, i.e., if the
lished recently by Ankudinov and Rehtere the half-filled ~ SPin of its majoritylike electrons is aligned along the quanti-
shell of Gd ensures that the spherical symmetry of the scatzation axisz, an exchange contribution in addition to the
tering potential is retained. For tHe=1 initial states it is Coulomb scattering potential is acting on the backscattered,
suggested that the spin-orbit interaction only for the corespin-polarized photoelectron wave. This interaction depends
electrons has to be taken into account, whereas it is neglectenh the relative orientation of the magnetization to the spin of
for the photoelectron. This procedure, however, makes ithe photoelectron, which is determined by the helicity of the
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photon and the initial state as described above. Thus bysed. For the comparison of the amplitudes in the FT spectra,
forming the difference of the signal at opposite magneticdentical intervals were chosen, which for Gd is determined
fields or at inverse photon helicities the SPEXAFS are obby the energy difference between the andL; edge, i.e.,

tained. 446 eV.
The aim of this paper is to develop the corresponding
phenomenological equations for the SPEXAFS based on an IIl. THEORETICAL ASPECTS

additive exchange scattering term to the Coulomb scattering

amplitude and to apply this formalism to data sets of the Co, The conventional or spin-averaged EXAFS are described
Ni K edges, and the GH edges. New, highly precise di- in terms of the Coulomb backscattering amplitigewhich
chroic spectra allow an accurate separation of the nextdepends on the scattering angdeand the energy or wave
neighbor shell contributions in order to perform a parameterectork of the photoelectron. In a ferromagnet the outgoing
extraction for scattering at the next neighbors. As demonspin-polarized photoelectron emitted after the absorption of
strated in this paper high precision is essential to correct theircularly polarized light experiences in addition an ex-
data for magnetic multielectron excitatio®MEE’s) in the  change interaction with the spin-polarized electrons carrying
absorption channéf:* which result in strong nonoscillatory the atomic magnetic moment of the neighbors. Similar to the
contributions to the SPEXAFS in all three metals studieddescription of the magnetic Compton scattering for polarized
These need to be subtracted prior to Fourier transformatiorphotons by the Klein-Nishima formufawe introduce an ad-
Since the excitations especially for tkeedges occur at low ditional exchange scattering contributidp to the overall

k values covering a long energy range with a complex unscattering amplitude for parallét-) and antiparalle(—) ori-
known structure, the correct reconstruction of the SPEXAFSntation of the majoritylike spins to the photon-helicity. For
contributions is difficult and possesses more uncertaintieg Single electron-scattering process the amplitude becomes
compared to thé edges. This hampers especially the analy-

sis of the corresponding irok-SPEXAFS where the stron- _ +

gest MMEE with very complex energy variations are ob- (B K=To(B k)= oot k), @
served. Thus the Fe results, which have been obtained witihe two possible values for the spin of the photoelectron in

high accuracyare not included in this presentation. the photon-beam directicfnbeingaz: 1 ando,= — 1. Since
the absorption experiment averages over many scattering
Il. EXPERIMENTAL DETAILS processes with a particular ratio of spin-up and spin-down

_ . electrons one actually observes a mean spin polarization of

The experimental spectra have been recorded at tMoRO the photoelectrons. We include this in our ansatz by replac-
Il bending n_1agnet at the Hamburggr _Synchrotronstrahl-mg o, by its mean value at the respective edge) as given
ungslabor using the two beam transmission mBdEhe €S-}y 'the Fano factor. As the scattering angiés = for single

tir_nated intensity of the phot;)ngbeam monochromf’:ltized by $ackscattering we will omit in the following the explicit
Si(111) double crystal was 10° photons/sec eV with a de- angle dependence for simplicity and obtain:

gree of circular polarization of 60—70%. The spectra were

recorded alternating the direction of the external magnetic

field of the solenoid, in which the metallic cold-rolled foils f(k)=fo(k) £ (o) fc(K). 2
with thicknesses of about 2.5 mg/éwere mounted, every
second at each energy. Several spectra with energy stepselastic scattering cross section. miaht also displ d i
from 7 eV in the pre-edge region, 1 eV in the near-edge, ang, "9 » Mg .aso Ispiay a depen
: . dence on the spin of the photoelectron:

increasingly up to 5.6 eV far from the edge were summed to
improve statistics. Co and Ni were measured at room tem-

perature, Gd was cooled down to 120 K. The experiment MK =No(K) = {o)Nc(K). (3
determines the spin-averaged absorption coefficient

wo(E)=1/2-[n"(E)+u (E)] and the corresponding di- All structural values, such as the coordination nunidethe
chroic signal uc(E)=1/2-[u*(E)—x(E)] for parallel shell radius r, the Debye-Waller factor
(+) and anti-parallel—) orientation of the photon “spin”  D;(k)=exp(-20°k%), representing the damping by lattice vi-
with respect to the spin of the majoritylike electrons in thebrations, are considered to be spin independent in this model.
sample. The spin-averaged EXAFS spectral he amplitude reductions fact&(k) is also assumed to be
xo(K) =[ 0(K) = taiondK) )/ arondk) Were deduced as a independent of spin, since its treatment is still a problem in
function of photoelectron wave numblein the conventional the conventional EXAFS theory as well.

way from the absorption profile by subtracting the free-atom  Using the conventional EXAFS formdia

absorptionu ;,om- The SPEXAFS spectra are denoted as the

The electron mean free pat which is the inverse of the

difference x(k) =[ uc(K)/ pawordK)1/[Pe-M.]. They are N

rescaled for full circular polarizatio®.=1 and complete X(k)=—2_ k—'zSi(k)Dj(k)e‘Zri’ho(k)
alignment of the sample magnetization in the photon beam ! "

directionM, =1 taking into account the tilt angle of 30° with x Im[ e +125f( g k)], (4

respect to the photon beam direction. For the Fourier trans-

formation (FT) all spectra were weighted witk and folded one can construcy® and y~ using Egs.(2) and (3). The
with a Kaiser-Bessel window. To extract the contribution ofterm §; describes the phase shift experienced by the photo-
the next-neighbor shell the longest possiklénterval was electron while leaving and returning to the absorbing atom.
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Neglecting second-order terms the spin-averaged EXAFS
are given by

1
Xo(k)= 5 [x " (K)+x~ ()]

2 4 6 810 2 4 6 810 2 4 6 8 1012
kA KA klA

N:
=3 S0, (e i

J PTL3 FT L,

X Foj(k)sin(2kr+26;(k) + ®g;(k)). 5

This corresponds to the well-known conventional EXAFS
formula in which the complex scattering amplitude was re- Ry MWL - | 4 B 5N | T
placed by its amplitudeF,;(k) and phasedg;(k) with 0 2 4/3.6 8 0 2 4A6 8 0 "
fo;(K) =Fo;(K)expli o (K)). h " "
The corresponding equation for the SPEXAFS can be F|G. 1. The spin-averageg,(k) (dots and spin-dependent
written as (solid) x.(k) spectra at thd_; , 3 edges of Gd metal. The corre-
sponding Fourier transforms after subtraction of the magnetic back-

FT(xq (k)
E01d (01

1 ground [solid line in the y.(k) spectrd are shown in the lower
xc(kK)= E[)(*(k)—)(’(k)] panel. The arrows mark the location of multielectron transitions.
N; —2ri I\
==2 1 2SKD;(Ke 21M(a) A
: i Fe (k)= (73

1+(1/B%)(k—C)?’

x| Fe j(K)sin(2kr+23,(k) + @ ;(K))
q)c,j(k):p3k3+ pok?+pik+po, (7b)
2ri\¢(k)

+ —— 7 Fo,(K)sin(2kr +26;(k) + ®g;(k)) {,

Ao(k) Ae(K)=§-k. (70)

(6)  Note that in Eq.(7a A represents the amplitude, the factor

the complex scattering amplitudes again replaced by theiP” corresponds to the full width at half maximufAWHM),
amplitude and phase. If the absorbing atom carries a spi"dC gives the location of the maximum amplitude. Using
moment as well, the outgoing photoelectron will be influ- Eqgs.(6) and_(?) it is possm_le to extract thie d|str|but|ons.of
enced by the exchange interaction also upon leaving thi'® magnetic backscattering amplitude and phase shift from
atom adding a magnetic contributidh; to 5,(k). Since the the experimental data. This is accomplished in three steps:
numerical procedure does not allow the separation of a madl) the valuesFo,(k), o (k), 5i(k), Ao(k) are calculated
netic contribution tos;(k) from @ ;(k), the entire spin de- USing thererF code of Reh? (2) the factorsD; and S
pendence of the photoelectron’s phase has been included §@gether with the energy referenkg (i.e., the difference of
the value ofb ;(k) = 8+ ¢ - Itis interesting to note that the kinetic energy origin of the photoelectron between the
the SPEXAFS function includes a term proportional totheoretical calculation and the inflection point of the absorp-
Nc(K)-Foj(k). This enables one to make an estimation Oft!on profile) are determined by_ fitting thgy(K) _spectra; a_nd
the spin-dependent mean free path simply by identifyingf'”a”y (3) with the magnetic backscattering amplitude

contributions in the SPEXAFS spectrum which scale withFc,ij(k) and phaseb (k) as well ask (k) the remaining
Foj - free parameters are deduced from th€k) profiles. The

For simplicity a few phenomenological clues about theSecond step is useful to reduce the number of free parameters

shape and character of the spin-dependent quantities are it the overall fitting procedure.

troduced. Evidently the effective exchange interaction results

from those electrons that are carrying the magnetic moment, IV. RESULTS AND DISCUSSION
i.e., the 3 electrons in transition metal§M’s) and the 4
electrons in the rare earfRE). Hence the shape of the scat-
tering potential should be comparable to that of a single elec- The experimental results of the spin-average@(k)]
tronic shell. As pointed out by Tébthe Coulomb scattering and spin-dependent EXAHS(k)] measurements at the
amplitude for simple potentialsZ&35) can by approxi- edges of Gd and the Co and Mi edge and their Fourier
mated by a Lorentzian and the phase by a polynomial. In thtransforms are shown in Figs. 1 and 2. In general the ob-
same manner the electron mean free path can be substituteerved frequencies in the EXAFS and SPEXAFS signals are
as\o(k)=k"/ » wheren=1 or 2. Since the number of mag- very similar as expected for pure systems where the mag-
netic electrons is small we adopt this view and use a Lorentnetic and electronic neighborhood are identical. While the
zian for the spin-dependent backscattering amplitude and SPEXAFS oscillate around zero at tkeedges of Co and Ni
polynomial of degree 3 for the phase shift. For the spin-and the Gd_; edge, a strong magnetic background occurs at
dependent mean free paths we used a straight line thelL, andL; edge of Gd, as indicated by the solid line in

A. General overview
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0.15 —r—r 0.6 TABLE I. Parameters of the spin-dependent backscattering am-
0.10 Nifcc 1 g4 plitude and phase for the Ad edges following Eq(7). The error
T resulting from the fitting procedure and the uncertainty of the data
g 005 02 < is given in brackets as change in the last digit.
=
2 0.00 W 0.0 %
=~ Parameter L L
005 02 b 2 :
010k 04 A 1.70(1)x1072  4.83(1)X107°2  2.43(1)x 102
B? 10.65) 10.65) 11.76)
C 5.51) 4.1(1) 4.51)
N Po 4.51) 5.6(1) 9.1(1)
_ FTNi {12 Py —2.8(1) ~3.6(1) ~3.8(1)
80 Tos o 0.291) 0.41(1) 0.431)
5 T8 Ps 7.5(1)x10°3 1.5(1)x 102 1.5(1)x 10?2
104 £ ¢ 0.002) 0.001) 0.002)
1 i A 0.0

rIAl rlAl edge the second electron can be excited fromsaoB4p

FIG. 2. The spin-averagegq(k) (dot§ and spin-dependent state, so that the MMEE prOﬁle reflects a linear combination
x<(K) spectra(solid) of the Co and NiK edge(top). The locations  Of the s-p or -d spin/orbital density of states &;. The
of multielectron transitions is marked by the arrows. The corre-presence of these additional excitation lines influences the
sponding Fourier transforms are shown below with contributions ofanalysis by introducing unphysical structures at lowalues
multiple path lines in Co pointed by the arrows. and modifying the line intensities of the Fourier transfdm.

The correction of these features is still an open problem,

especially for thék-edge SPEXAFS where these oscillations
Fig. 1, which displays the same ratio ef2 in amplitude occur close to the absorption edge with a very detailed broad
between the two edges as the magnetic EXAFS and the costructure. Therefore the rather large difference in shape at
responding near-edge XMCD. The occurrence of a similaabou 3 A in the FT spectra of Co, which strongly depends
smooth background in the normal EXAFS was discussed bpn the estimated MMEE contribution subtracted from the
Rehr et al!® The observed dichroic contribution here, in- data, might indicate that the approximated polynomial taken
creasing approaching the origin of the energy scale, can bep to now to describe the MMEE is still too simple. The line
viewed as a very low-frequency oscillation, originating from shape for the MMEE at the Gld edges is much simpler and
the scattering from the spin density of polarizédtates at is well represented by a polynomial. A thorough discussion
the fringes of the absorbing atom carrying a magnetic moof the magnetic multielectron effects will be subject to a
ment in case of Gd of about Q5 .%° For the further analysis forthcoming publication. In the following section we dis-
this background as indicated was subtracted from the dieuss the data analysis results separately for the ferromagnetic
chroic spectra. systems applying the method described above.

All SPEXAFS are also superimposed by additional high-
frequency contributions resulting in a significantly sharper B. Gd metal
fine structure of the dichroic part. We attribute this observa- '
tion to a contribution of strongly enhanced magnetic Applying Egs.(5) and(6) to the Gd-SPEXAFS presented
multiple-scattering paths in the case of a spin-polarized phoin Fig. 1 and using the parametrization Ed) we were able
toelectron traveling through the ferromagnet. The effect cato deduce the spin-dependent scattering amplitudes and
be confirmed in the Fourier transform of the SPEXAFS, wellphases for the first-neighbor contributions at thelGelddges.
seen for Co, where lines in FlTy.(k)], as marked by the The numeric results are given in Table | and the graphs plot-
arrows in the lower part of Fig. 2, at twice and more timested in Fig. 3. The Coulomb scattering amplitude presented in
the distance of the first shell are clearly larger in amplitudeFig. 3 by the dashed line for Gd shows three prominent
compared to multiple-path lines in the corresponding spinpeaks at about 1.5, 6, and 13 Awhich are caused by the
averaged EXAFS FT. more complex electron configuration in the heavier atoms as

A second significant difference is found at characteristicthe rare earth. They are normally referred to as Ramsauer-
energies where the regular oscillations in the SPEXAFS ardownsend resonancésThe enhanced first peak o (K)
superimposed by an additional structure as pointed out by that 1.5 A~! at theL, edge is caused by the different angular
arrows in they. spectra. These features are attributed tosymmetry of the electron wave. This is of only minor impor-
strong magnetic multi-electron excitatioIMEE), where  tance for the EXAFS analysis since the intervals of evidence
the surplus of the photon energy is used to excite a secorfor the Fourier transform have a minimuknvalue of about
electront* Since these excitations display a the strong mag2.5 A~1. The best agreement between the measured and fit-
netic character the second electron must be transfered intotad SPEXAFS, was achieved by using only one Lorentzian
valence state which is strongly spin and/or orbitally polar-for the magnetic-scattering amplitude. With the maximum of
ized. Possible transitions for they; edge are p4d— (5d)>  F (k) located at 5.5 A* (L), 41 A" (L,), and 4.5 A™*
and 204d—6p4f, for theL, edge 34d—6p5d. At the K (L) itis positioned close to the second peakgfi(k), the
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FIG. 3. The spin-average(ots and spin-dependenisolid)

scattering amplitudes and phases of Gd hcp metal dt #émiges for FIG. 4. Backscattering amplitudg, ;(k) for the first-neighbor

the first-neighbor shell. The vertical lines represent the actual datahell of selected RE metals. Besides the shift of the maximum of

interval used in the fitting procedure. the right peak towards higher energies with increasihgthe
change in the middle peak is clearly related to the filling of tlfie 4

FWHM is about 11 A'! within statistical accuracy. The shell.

magnetic phase shifts at the Gdedges are quite similar in

their shape. They are about a factor 5 smaller, but resemble . L
approximately the form of the spin-averaged vaibig; (k). g1agnet|f(_:tt{t electronds. Thd(ﬂdlsttrm:jgtlor:l Oft';‘?vtj(,:;) fOl:]nd. |
There is a shift ofr between the.,, L, compared to thé 5 y our Titting procedure retiects directly that the physica

edge. A magnetic contribution to the electron mean free patRL'g:]n of ;Pe tm?gtr;]etm Egt(Ar;S c?r;hbe Lelf‘teld ttc; tnhe tetxh-

was not found for Gd within the statistical uncertainties of C'and€ €flect of the scattering ot the photoelectron at the

about 1% iny.(k) polarized 4 electrons. The smaller width in tHedistribu-
(k).

A comparison of the amplitude of the first maximum in tion explains directly the fact that only the seven distin-

theL, ,5 SPEXAFS FT and thé (k) values indicates that guished 4 electrons are invo_lved in the magnetic_ scattering.
the dichroic contribution scales definitely withr,). The In analogy to the conventional EXAFES analysis, we have

. . . o used our extracted backscattering amplitude and phase to re-
Fano effect predicts a factor of2 in the spin polarizations construct the measured spectrum using single scatterin
of the L, andL3 edge. This is exactly the result of the pa- P 9 9 9

rameter extraction, which yields a factor of 2 between thepathS only._The resulélls predsentedhm Fr']g' ﬁ Tdhe_ QveLaII_
magnetic-scattering amplitudés j(k). The sign can be de- agreement is reasonably good. On the other hand, it is obvi-
termined from the phase® ;(k) at thelL, and L; edge
which are exactly separated by a constant offsehus giv-
ing a minus sign to the relation of the spin polarization. 2r
Using the opposite procedure we are able to estimate the I
value and the sign of the spin polarizati¢a,) at thel, <
edge. From the relation of the amplitude maxima atlthe =
andL, edge scaled byo,) , one obtains a value of 17%. R ;

Since the amount of phase shift is about that ofltheedge, E
we get a negative polarization ()frz>(,_l)= —17% in exact 2F
agreement with an estimative theoretical calculations of the E
2S1/,— P1p @and X,,,— Payp transition matrix elements and :
XMCD studies at the Gd., near-edge region. Al
To get a hint what kind of electrons contribute to the
backscattering potential in the range of 3—10.5 A? the

-~ 1
Coulomb backscattering amplitudes for the dlements La, f’g 0 i
Pr, Gd, Ho, Tm are calculated as shown in Fig. 4. Ascending o y
through the rare-earth series the broad maximum at about 12 = -1 H
A is shifted towards higher energies as result of the lan- ;
thanide contraction, while the amplitude of the peak remains 2
almost constant. The dominant quantitative changeijtk) t

occurs in thek region between 2.5 and 7& where the
amplitude is strongly decreasing with increasihgSince the
4f shell is filled while ascending through the rare-earth se-
ries this middle peak must be related to the part of the Cou- F|G. 5. Reconstruction of the measured IGEEXAFS (top) and
lomb potential formed predominantly by thef 4hell. The  SpPEXAFS(bottom signal using the extracted spin-dependent back-

magnetic-scattering amplitude has its maximum exactly irscattering amplitude and phase. Four shells were used for the mod-
thek range where the photoelectron interacts mostly with theeling.




57 ELASTIC EXCHANGE SCATTERING AMPLITULE . .. 3471

TABLE 1l. Corresponding parameters of the spin-dependent ' ' '
backscattering amplitude and phase of Co and Ni. The error is given 2
in brackets as change in the last digit.

Parameter Co fcc Ni fcc

A 1.77(3)x 1073 0.78(3)x 10 3 :_vé,
B 4.44) 5.24)

Cc 5.2(1) 4.91)

Po 2.51) 2.51)

Py —-0.52(1) —-0.58(1)

P, 1.5(1)x 1072 2.3(1)x10°?

P3 1.6(1)x10°3 1.2(1)x10°3

& 0.001) 0.001)

FIG. 7. Backscattering amplitudg, ,(k) for the first-neighbor
shell of selected transition metals. The scattering amplitude shifts
_towards higher energies with increasidgwvhile its peak value de-
greases.

ous that also in the SPEXAFS multiple-scattering contribu
tions need to be considered in order to fully reproduce th
data.

netic contribution to the electron mean free path was found
for Co and Ni to be smaller than 1%.

The magnetic backscattering amplitudes and phases for While the spin-dependent-scattering amplitude for Gd
Co and Ni as calculated from the extracted parameters givepeaked at the second maximum of the Coulomb scattering
in Table Il are presented in Fig. 6. The Coulomb backscatteramplitude with a rather broad distribution, the maximum of
ing amplitude exhibits a very brodddistribution and peaks FCJ(k) for Co and Ni occurs at Considerab|y lowlevalues
for Co at about 6 A*. As found at theL edges of Gd its  than for the Coulomb scattering and a narrower distribution.
magnetic counterpart has a much narrower distributiok in gjnce the magnetic moment of Co and Ni is established by
space. The maximum Iocatedsat lowenvalues at 5.2 '&i the exchange splitting of the electrons in the outdrssate,
with an amplitude of 1.810"° and a width of 44K this behavior can be well understood. It reflects directly the
(FWHM). For Ni the maximum oF o, (k) is slightly smaller - qre gelocalized character of the electronic states which

and shifted towards higher energies, a consequence of tr?:%rry the magnetic moment of thal 3ransition elements. A

strqnger Cqulomb potgntlal correlated to a smaller atom!%omparison of thé=q;(k) function for several @ elements
radius. Again the amplitude of the magnetic counterpart is :

: 10, ) as shown in Fig. 7 proves that indeed theegion, where the
z?'g%gomérgz:]%wﬁzmzlyseihf :égmi nV:rtrhdjvgi:mgﬂtt?odne spin-dependent backscattering part contributes the dominate
(52A"") as Co. The spin-dependent phase shifts are Verghgl%geergsgrtf%ﬁ)h:sn;przlwuejtda?é Igz:r? lfanedt.:ompared with a the-
similar for Co and Ni. They are smaller, but follow approxi-

oretical approach to calculate exchange phenomena in the
mately the shape obo,(k). As for the GdL edges a mag- electron-atom scattering process based on the Born-Ockhur

approximation given by Matthef?. In this model the ex-

C. Co and Ni metal

. N.i /;\\‘ ',,_':0@' 16 _change contributi(_)n to the conven_tional Born appr_oximation
/ NP R is related to the simple Born amplitude via a Fourier expan-

g / AN 112 A sion. The calculation is done for forward scattering, but it is
ol ] / S 108 % estimated that the results for backscattering should be some-

e -,ﬁ.\'f’/\ o4 B what smaller in itk distribution, but exhibit a similar energy

A T 0.0 dependence. In the high-energy region it is shown that the
| ST e L7 spin-dependent scattering amplitude scales approximately

LA NG 1, with k=2 for energies above 150 eV. The results of the cal-
% i \\ ’ o; culation of the exchange scattering amplitude are shown as
s NN 1o ° dots in Fig. 6. The agreement between the two results is

~— T i excellent, the scattering amplitude possesses the same shape
ROV NOUUOPTUDTOUUT SrvweeS | SO0 NUOORIOOIUU Mvor= B! and amplitude. Furthermore a ratio of Yobetween the in-

0246 81012140 2 4 6 8101214 elastic and elastic contributions to the exchange scattering

kA kA amoli : - i thi i ot
plitude is predicted in this theoretical approximation re-

FIG. 6. The spin-averagetots and spin-dependertsolid) sulltin.g .in negligible in_elastic exchange scattering effects.
scattering amplitudes and phases of Co fcc and Ni fec metal kom This is in agreement with the results found from our simple
edge absorption for the first-neighbor shell. The vertical lines repModel, indicating that the spin-dependent part to the mean
resent the actual data interval used in the fitting procedure. Théfee path is by 2 orders of magnitude smaller compared to
points show a calculation of Ref. 25 for polarized electron exchangéhe elastic exchange effect. A reconstruction of the full spec-
scattering from oriented atoms in the Born-Ockhur approximation.trum with the extracted amplitudes and phases taking into
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0.15 7 T tering amplitudes are significantly different for spin-up and
' ] spin-down electrons, the fraction of the majoritylike photo-
0.10 CoK 1 electron increases with each scattering process, while that of
Eo E ] ] the minoritylike photoelectron decreases, thus enhancing the
005 ¢ ] . - o .
= Lo 1 R overall spin polarization along the scattering path and there-
:g: 0.00 F . fore the contribution of this path to the dichroic signal. Be-
] fore returning to the absorbing atom an electron is scattered
-0.05 | exp. ] n times with a scattering amplitude
----------- sim. ] Fll~F{[1=n(F./Fo)]. Since for Co, as an example
-0.10 L e Fo/Fo=2.4% 1.6~4%, the spin polarization is increased

by a factor approximately(3) in the first(second scattering
process giving rise to an increasing magnetic-scattering ef-
fect related to the fine structure in the SPEXAFS as seen in
Figs. 5 and 8. A detailed discussion of this phenomenon is
the subject of a forthcoming publication.

10% %

V. CONCLUSION

In summary, we have presented a phenomenological
R e, model of the SPEXAFS which is based on the assumption

2 4 6 8 10 12 14 that the exchange effects can be described as an additive
k[A'l] contribution to thg Coulomb scattering amplitude. From a

parameter extraction procedure magnetic backscattering am-

FIG. 8. Reconstruction of the measured ICEXAFS (top) and  Plitudes as a function of photon energy at the Co an&Ni
SPEXAFS(botton) signal using the extracted spin-dependent back-€dge and the Gd edges have been derived. Although, in
scattering amplitude and phase. Four shells were used for the mo@inciple, the picture is oversimplified to describe the com-
eling. plex phenomenon of the magnetic EXAFS in detail the sys-

tematics observed in the experimental results indicate that on
account the first four coordination shells is shown in Fig. 8.this level their physical origin and the observed systematics
As in Gd a good agreement between experiment and simigan be well understood. It explains straightforwardly that the
lation is observed. SPEXAFS are proportional to the spin polarization of the
As shown in earlier systematic studies the SPEXAFS sigphotoelectron and that the relative strength of the SPEXAFS
nal is found to be correlated to the magnetic spin momenscales with the magnetic moment of the neighboring atoms.
usp Of the scattering neighbor times the photoelectronThek distribution ofF ;(k) reflecting the radial distribution
polanza'uon24 This is most easily seen by comparing the of the magnetic electrons is found exactly in the region,
maxima of the Fourier transform for which this relation canwhere the magnetic shell contributes predominantly to the

be written as scattering potential as seen from a comparison of the back-
scattering amplitudes for variousd3and 4f atoms. It is in
1 ma{FT(x.(k))] excellent agreement with theoretical values predicted by the

(o) Ma FTla(k)] +2.42)%pud pgl. (8)  Born-Ockhur approximation. _ _ _
The presented results promise that highly accurate studies
Thus one expects that the ratio of the extracted exchange amdl magnetic EXAFS provide—beside the element-specific
Coulomb backscattering amplitudes rescaled by the photadetermination of the magnetic short-range order—a new pos-
electron polarization shows the same dependence of thgbility to determine electron-atom exchange scattering cross
magnetic spin moment. sections inside the solid, free of spin orbit and surface ef-
Forming the relation between the maxima of thefects, creating an important basis to test the theory of spin
magnetic-scattering amplitudes of Co and Ni one receivescattering. We expect that by further improvement of the
the number 2.3. The ratio of the atomic spin momentsaccuracy of the data and with a better insight into the strong
Msp(CO)/,U«sp(Nl) 2.5 is somewhat larger. That the value MMEE and enhanced multiple-scattering contributions, the
Fe.madC0)/F ¢ maxNi) tends to be by 10% lower can well be exchange scattering cross section even for much lower elec-
explained by two arguments. First the spin polarization at théron energies can be addressed by this spectroscopic method.
Ni K edge is expected to be about 10% higher than at the Co
K r—zldgé3 since the largeZ yields a higher relativistic spin- ACKNOWLEDGMENTS
orbit effect from which the spin polarization originates. Sec-
ond, due to the loweZ value Co has a somewhat enhanced We would like to thank J. J. Rehr, A. Ankudinov, H.
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