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Relativistic theoretical description for spin-resolvedCVV Auger electron spectroscopy
with application to Pd and Fe
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A theoretical description of spin-resolvé&lVV (core-valence-valengé\uger electron spectroscopy is pre-
sented. The approach is derived on the basis of a fully relativistic description of the electronic structure of
magnetic materials. As a consequence, spontaneous exchange splitting as well as spin-orbit coupling—two
possible and important sources for a spin-polarization of Auger electrons—are accounted for on the same level.
This is demonstrated by application to paramagnetic fcc Pd and ferromagnetic bcc Fe. In both cases spin-
resolvedCVV Auger electron spectra are presented and discussed emphasizing the role of the spin-orbit
coupling. Comparison is made with available experimental data as far as possible.

[. INTRODUCTION effects and put more effort in the treatment of the electronic
band structurél'2 Adopting the latter approach one is im-

Spectroscopies involving tightly bound core states, as fomediately led to the standard interpretation ©¥V AES
example x-ray absorption and emission, Auger-electrorspectra in terms of a self-convolution of the density of states
spectroscopy, or resonant photoemission, are nowadays staiDOS) for the states below the Fermi levélThis point of
dard tools to probe the electronic structure of transition-view proved to be astonishingly successful in the past even
metal systems in an element-specific way. Recently, manfor the spin-resolved case as it was demonstrated, for ex-
experiments focused on the local magnetic properties of ferample, by Sinkoviet al. who studied the., 3VV spectra of
romagnets, antiferromagnets, and so on by exploiting th& for the systent(2x 2)S/Fe(001)*%° This experience is
magnetic circular dichroism and/or spin analysis for outgo-also in line with the recent experimental and theoretical work
ing electrons:? By investigating the core-valence-valence on spin-resolved appearance potential spectros¢éi®o)
(CVV) Auger-electron spectroscofES) of Fe in pure Fe  that can be seen as an inveiG¥'V AES experiment®!’
and other magnetic materials Landolt and co-workers could’hese investigations in particular demonstrated the impor-
demonstrate that for magnetically ordered solids the spin paance of the Coulomb matrix elements that EgrVV spec-
larization of the Auger electrons is a direct consequence ofra transition-metal systems strongly favor transitions involv-
the spin polarization of the valence-band electrohdhe ing thed electrons of the valence band.
experiments of these authors were performed by using unpo- The occurrence of spin-polarized Auger electrons for
larized electrons for the excitation step. Using circularly po-paramagnetic solids when circularly polarized radiation is
larized radiation instead leads to spin-polari£&dV Auger  used for the exitation step can be traced back to the presence
electrons even for paramagnetic solids as shown by Stopf spin-orbit coupling. For magnetically ordered systems this
mannset al., for example, for K2 Here the spin polarization leads to a rather complex situation. For that reason it seems
of the Auger electrons has to be ascribed to a preferentiab be appropriate to start from a single-particle picture, i.e.,
depopulation of the core levels in ti\, ; shell during the to adopt the second theoretical approach and to add many-
excitation step that differ in their magnetic quantum numberhody corrections later if necessary. This route has been fol-
. Recently, linearly and circularly polarized radiation hasjowed here by generalizing the relativistic theoretical de-
been used also for spin-resolv€d/V AES investigations on scription of CVV AES worked out by Szunyoght al** to
magnetically ordered systeri.Of course this leads to a gliow application to spin-polarized systems as well. The for-
more complex situation because now spin polarization of thenalism is presented in short in the next section. A number of
Auger electrons may be caused simultaneously by the twgpplications will be presented in the following sections to-

aforementioned mechanisms. _ _gether with a detailed discussion.
In the following a theoretical approach is presented that is

meant to supply a rather general description @rV AES

and allows in particular a discussion of the various experi-
ments mentioned above. Concerning the theoretical descrip-
tion of AES for transition-metal systems two main streams
can be identified. On the one hand many approaches are As mentioned above, our theoretical approach to deal
primarily meant to account properly for correlation, i.e., with the CVV AES of magnetic solids is essentially a gen-
many-body effect§~1° For that reason the underlying elec- eralization of the scheme developed by Szunyeghl* to
tronic band structure of the investigated system is in generaleal with paramagnetic solids. For that reason only the most
represented in a simplified way using appropriate models. Oimportant steps are given here.

the other hand, one may more or less ignore many-body Starting point is the standard expression for the Auger

Il. THEORETICAL APPROACH AND TECHNICAL
DETAILS
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the system in a self-consistent w&yFinally, the outgoing
Auger electron is described by a time-reversed low-energy

electron diffraction(LEED) state:¢f|z”rf'=T¢':ElefDm , which
s ’ S

is characterized by its wave vecthrand spin charactang

HereD andE are the so-called direct and exchange Coulomhwith the time-reversal operatdr= —i ayK.25 For the spin-

matrix elements for the various involved single-particle
statesy; . These states have enerBy and are labeled by
appropriate quantum numbess. For theCVV AES case,
Vg and he, are initially occupied valence-band states,
while Yo, is an initially unoccupied core state. Finallz);fuD
is the state representing the outgoing Auger electron.

To evaluate the matrix elements occurring in Eb. the
Coulomb interaction operator is represented by the followin
expansion:

4 A

L .y v LOYE(G)
7 2N+ 1 a1 e T i2h

=15

)

polarized case one Ha&

S
E'FC2 * A
S AM -m
v 2E+c2; ARG

x3 ekRn> M (E)Z7 (70 ,E), (7)
A/

LEED, >
¢|2va (rn,E)=4m

(‘:{Nhere the summation runs over the lattice sitest posi-

tionsR,,.

Insertion of these ingredients into Eq) leads after some
simple transformations to the following general expression
for the intensity of the spin- and angular-resolved Auger-

Adopting a relativistic formulation, the core states wave€l€ctron current,

function i, is given by

i gara,(HLE)xa (1)
U (TE)=2 (3)

A\ (FE)x—ar(T)

and is obtained as a solution of the Dirac equatibbBealing
with the magnetically ordered state of a solid within the
framework of SDFT (spin density-functional theoyythis
equation contains a spin-dependent potential f€ris a
consequence, the functiong, will in general have no
unique spin-angular charactér,= («,u) (k and u are the
relativistic spin-orbit and magnetic quantum numB8rbut
one has a superposition of contributions with charadtér
Replacing [D—E|? in Eqg. (1) by (D—E)(D—E)* the
valence-band stateg, and Pa always occur in the form

> Ye(NYL(r') S(E—Eg). (4)
ac

For a periodic bulk system one could represent the function

e by Bloch-type wave functions. A more general formalism
is achieved replacing the expression given above by

1 ey —(r v’
m[G (r,r" JE)=G (r,r',E)], (5)

whereG*(r,r’,E) andG(r,r’,E) are the retarded and ad-

vanced Green’s functions, respectively. Using spin-polarized

relativistic multiple-scattering theory they can be written for
most situations &82°
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for the Coulomb matrix elements that are given explicitly in
Refs. 11 and 16.

The expression given above allows one to deal with spin-
and angle-resolve@VV AES and accounts for all multiple-
scattering events for the final-sta#&uger electrons. A cor-
responding nonrelativistic formalism has been presented be-

X 5(/"A7 MB) T (:U«D - Mc)

ergy E to the Dirac equation for a spin-dependent potential ag e by several autho€-2°As it has been demonstrated by

lattice siten. As for the core states, the functiod§ will in
general have no unique spin-angular character. The quanti

Idzerda and Ramak&rthis enables one to describe and dis-
Blss low-energythis means low kinetic energy of the Auger

T?\r;\, used in the above expression is the so-called scatteringlectrong angle-resolved Auger spectra in a very satisfying
path operator that describes all multiple-scattering events iway. Although angle-resolved AES can also be used to study
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magnetic propertié$?8it has so far primarily been exploited Szunyoghet al!! A simple way to improve this approach is
to obtain structural informations. In the following the main to account for the presence of the core hole explicitly when
concern is with magnetic properties and the role of spin-orbitalculating the initial state for the Auger relaxation precess.
coupling. For this reason the fully relativistic approach pre-This means that the electronic structure of the system has to
sented above is most appropriate. In addition, the case stu@de calculated self-consistently with a core state of the excited
ied below corresponds to the high-energy AES situation. A&itom being unoccupied. This situation corresponds to an im-
a consequence, scattering for the final state can be ignoregurity in an otherwise perfect host and can be dealt with
The corresponding single scatterer approximation impliegither by the supercell technigiteor by using the Green’s-
that the summations over sites, andm, in Eq. (8) can be  function formalisnt?

dropped and that the scattering path operaf/@‘, can be The formalism outlined above has been implemented by
replaced by the single-sitematrix t} , , . If the Auger ex- Making use of the spin-polarized version of the
periment is done in addition in an angle-integrated mode, thorriga-Kohn-Rostokef (SPR-KKR method making use

L . = of the atomic sphere approximation for the shape of the po-
expression in Eq(8) has to be averaged with respect tokits tential, the cha?ge deng?ty and the wave funct?ons All gx-
dependence leading to ’ ! :

change and correlation effects have been treated within the
framework of local spin density-functional theof$DFT).%°

2

[ Msoc Eotc” deBf dEc > 370 (Ee) Using the SPR-KKR gives direct access to the electronic
2Ep+c? AA AN Green'’s function of the system. This has been exploited here

A"A" to account for the presence of a core hole by performing

S ememy L corresponding impurity-type calculations for the underlying

XJ0 L (E c,sC.st,,, (Ep)t,,, (E electronic structure. In principle it is also possible to account

ward B)AlAZ A A, AlAl( °) AZAZ( °) for surface effects, when using the SPR-KRRThese can

A1A; safely be ignored here because of the high kinetic energy of

, " , " the emitted Auger electroriabout 330 eV in the case of the

XIM(Aa AL A AT =M(AR AL AL AT M, sVV spectra and about 700 eV for thg /V spectra of

X[M(Ap, A5 A" A" =M(Ap, A A" A)]*. Fe; see beloy In addition only pure elements will be dealt
with in the following.

(10) To allow for a direct comparison of the resulting theoret-

If one is dealing with a paramagnetic system the radial parical spectra with experiment one has to account for various
of the Coulomb integral in Ec(9) does not depend on the intrinsic and apparative broadening mechanisms in a proper
magnetic quantum numbegs . Ignoring or averaging the way. To represent |n_tr|n5|(_: lifetime effects Lorentzian broad_—
dependence of the scattering path operator one can in thling has been applied with an energy-dependent broadening
case further simplify the above expression by evaluating th@arameterl’, (AE) (full width at half maximum that in-
sums over the magnetic quantum numbers analytically, agreases quadratically with the energy difference=(Er
has been done by Szunyoghall Identifying the imagi- —Es) and Er—Ec), respectively, withEg the Fermi en-
nary part of the scattering path operator with the normalize®rdy. The finite apparative resolution has been represented
«-like density of states,(E) these authors could in particu- by Gaussian broadening with the parameiégsgiven below
lar demonstrate that th€VV AES intensity can be ex- standing for the full width at half maximum.
pressed by a cross-section-weighted self-convolution of the
density of states for the occupied valence-band stéftes
further details see Ref. 11 Ill. RESULTS AND DISCUSSION
Because for magnetic solids the radial part of the various
involved wave functionsy, Z, , and ¢sina in Egs.(8) and
(10), respectively, depends also on the magnetic quantum The expressions given in Eq$8) and(10) are quite gen-
number, the above-mentioned simplification for the para€ral and can be applied straightforwardly to paramagnetic
magnetic case cannot be exploited. As a consequence, telids. In Fig. 1 the calculatet¥,sVV AES spectrum of
expressions in Eqs8) and (10) have to be used for the paramagnetic fcc Pd is showfor the calculations for Pd the
angle-resolved and angle-integrated case, respectively. Neinitial core hole in the 8 shell has been ignored—see Sec. Il
ertheless, as will be shown below, one can still interpre@and the discussion belowWithin the formalism presented
CVV AES spectra to represent essentially a self-convolutiorabove this spectrum emerges from a plain superposition of
of density-of-states curves below the Fermi level. the partialM,VV andM;VV spectra that are shifted against
Finally, it should be emphasized that an approach asne another by the spin-orbit splitting of thel Eore states
sketched here presents a rather extreme point of view. Firg5.5 eV). Weighting the partial spectra withand ¢, respec-
of all it assumes that the Augérelaxatior) step can be de- tively, according to the number of individual core states
coupled from the preparatidiexcitation step. In addition it  within the 3d3, and 35/, shells and ignoring their spin-orbit
describes the Auger spectra on the basis of the electrongplitting does not lead to full coincidence of the partial
structure of the ground state alone. This implies, in particuM ,VV andMsVV spectra. In particular, one finds thMgVV
lar, that the wave functiong,Z, , and ¢s;,4 Occuring in  to have a lower maximum amplitude and full width at half
Egs.(3), (6), and(7), respectively, are determined within a maximum and to be more asymmetric than MgVV spec-
ground-state calculation. The limitations and problems ofrum. This is a clear consequence of the inclusion of the
this point of view have been discussed among others bgpin-orbit coupling for the valence-band states.

A. Application to paramagnetic solids
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FIG. 1. Spin- and angle-integratéd ,sVV AES spectrum of (@)
paramagnetic Pd. The experimental spectrum has been recorded by  , . : ' |
Weightman and Andrew$Ref. 4Q. The second theoretical spec- —_— +50C
trum stems from Szunyogh and co-workéRef. 11). oo -soc ) \
0.3 |
To allow the comparison with experiment, the partial E
M,VV andMsVV spectra have been broadened in an appro- g 0zl |
priate way usingl' (A E)=(0.4+0.0A E?) eV and I'g <

_Il

=1.65 eV. To compare the theoretical and experimental 1,
spectra both have been scaled to agree with respect to their o1 L
maximum. In addition, one has to mention that the energy
zero in Fig. 1 corresponds to the threshold of the theoretical
M,VV spectrum. This energy scale is connected to the ki- 0.055 =T ’ =T ' 25
netic energy recorded in experiment via the corresponding (b)
binding energy of the core electrons. Because binding ener-
gies calculated within SDFT deviate normally some few per- |G, 2. Spin-resolved5VV AES spectra for paramagnetic Pd
cent from experimental values, the experimental Auger speccalculated assuming excitation using right circularly polarized light.
trum has been aligned with the theoretical one forThe curves marked- SOC and—SOC have been obtained by in-
comparison. As can be seen in Fig. 1, a rather satisfyingluding and suppressing, respectively, the spin-orbit coupling for
agreement is achieved with experiment this way. This meante valence-band and time-reversed LEED states. Bottom: corre-
that the straightforward superposition of the partidVV sponding difference spectril =1'(=SOC)— | }(+S0OC).

and M;VV spectra is well justified. As a consequence, one

can conclude that there are no strong Coster-Kronig Auge
processes that affect the ratio of these partial spdsiea

I

binding energy (eV)

fn contrast to this approach, the present formalism includes
. . . the spin-orbit coupling for all initial as well as final states.
below). Comparing the Heoretical spectrum with that Ob'To investigate the importance of this extension the spin-

tained by Szunyogret al!! one finds some slight differ- )
ences. T)rllese m);ygbe ascribed to the approxim%tion with r esolvedMsVV Auger spectra of Pd have been calculated in

spect to thew, dependence OfRnA used by these authors to wo different ways. The first set of calculations has been

simplify the expression given in E¢L0). On the basis of the done by applying the fully relativistic formalism as it has

. : . Peen outlined above. For the second set of calculations the
results given below, however, it seems to be more likely tha

the differences are due to details in the potential constructioﬁpm'qrb't coupling has been suppressed for th_e valence pand
d time-reversed LEED states when solving the Dirac

and/or the broadening applied. It should be added here th&d ! 36 :
an alternative approach to deal with thig V'V spectrum of equatiorr” In both cases it has been assumed that the prepa-

Pd based on intermediate-coupling theory has been used Bgion Step Is done by exciting onls core electrons to
Cini and Verdozzf® states just above the Fermi level using right circularly polar-
The experimental spectrum shown in Fig. 1 has been obi__zed radiation. _The corresponding theor_etical X-ray at_)s_or_p-
tained using unpolarized x-rays from a Cu anode for thdiOn cross section has been calculated in a fully relativistic
initial excitation step, i.e., for the creation of the electronWay as described in Ref. 37. As can be seen in the top panel
hole in theM, s shell. Using circularly polarized radiation of Fig. 2, both sets of calculations lead to a substantial spin-
instead would lead to a preferential occupation of the variougolarization for the Auger electrons. In addition, one notes
sublevels of theM, andM 5 shells that differ with respect to some deviations of corresponding spin-projected Auger
the magnetic quantum numbgr As could be demonstrated spectra from one another, which leads for the difference
by Stoppmannst al® for various alkali metals, this leads to spectraAl=1"(+SOC)—1!(+SOC) (see lower panel of
a spin-polarized Auger-electron current even for paramagFig. 2) to rather different line shapes. While there is a clear
netic solids. A corresponding theoretical description of thisand prominent peak for the difference spectrun=1"
type of experiment has been given by Ywetral2 However, (—SOC)—I'(—SOC) if spin-orbit coupling is suppressed
these authors accounted in their calculations only for th€ —SOC),Al has a rather flat top if the spin-orbit coupling is
spin-orbit coupling with respect to the involved core levels.included (+ SOC).
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FIG. 3. Spin- and angle-integratdc, VvV AES of ferromag- : . : , :
netic Fe calculated using the expression in Eff). The corre-
sponding experimental data stem from Saretal. (Ref. 38. Re- 20 — relativistic i
sults of scalar relativistic calculations have been added and aligned _ 777 sealar relativistie
with the partialL3;VV spectrum. E s |
3
B. Application to ferromagnetic solids S o
In Fig. 3 the results of calculations of ths, 3VV spin- -~ |
and angle-integrated Auger spectrum of ferromagnetic bcc 45 i
Fe is shown. As for the case of Pd, the spectra shown here . ]
have been obtained by ignoring the initial core hole in tpe 2 ;.y/\
shell(see below Again, an appropriate broadening has been binding ene;g ) 0
applied usingl’| (AE)=(0.4+0.01AE?) eV andI'=1.88 (b)
eV to allow one a direct comparison with experiment. Con- - spi vetl, WV AES 110 of f )
cerning the shape and width of the partigh/V andL;VV FIG. 4. Top: Spin-resolved , 3 of ferromagnetic

spectra a rather good agreement with the experimental speRSC Fé calculated using the expression n Bx). Bottom: The
trum recorded by Sarmet al® is achieved. Also the spin- corresponding difference spectruid € 1'). Results of scalar rela-

orbit splitting of the 2 levels (12.5 eV} is in satisfying tivistic calculations have been added and aligned with the partia

. ! . . LsVV spectrum.
agreement with experiment. Because of this relatively large P

splitting the partialL,VV andL3VV spectra hardly overlap. ambiguity of the absolute value within a factor of1.33°
Concerning the intensity of the experimental partial spectrayhile Landolt and co-workers used unpolarized electrons for
one notes that their ratio is far from the ideal ratio 4:2 that isthe excitation step, Sinkoviet al. used linearly polarized
expected from the number of sublevels in t@2and 20, x-ray€ with the photon energy adjusted to thg-absorption
shells. This behavior is ascribed to a strong Coster-Kronigdge ¢w=707 eV, on-resonaptand far above it fw
L,L3sM,5 decay channel that is in competition with the =820 eV, off-resonant For the off-resonant situation one
L,VV transitions’®*® According to this, it is well justified to  can ignore the exchange splitting for the final states of the
scale down the intensity of the theoretical partigV/V spec-  excitation process. As a consequence one has only a slight
trum to agree with the experimental one with respect to itreferential depopulation of the various sublevels of the
maximum amplitude. 2p3p, shell due to the use of linearly polarized radiation and
Theoretical spin-resolveld, 3VV Auger spectra for ferro-  the small exchange splitting of the initial states. According to
magnetic bcc Fe are shown in Fig. 4. The paitigl'V spec-  this one may expect that the resulting spin-resolved Auger
trum has been normalized using the same scaling factor apectrum primarily reflects the exchange splitting in the va-
used above. For the calculation of the theoretical spectra exence band. This could be demonstrated by Sinketial®
citation with unpolarized radiation has been assumed. As By comparing the self-convoluted density-of-states curves
consequence, the spin polarization of the Auger electrons i@©Q0S) for the majority and minority spin electrons, respec-
primarily due to the intrinsic exchange splitting. As one cantively, to their experimental spectra. While this approach led
see in Fig. 4, the partial majority-spin spectrumis about  for the off-resonant situation to a rather reasonable agree-
0.3 eV broader than the minority-spin spectrum and  ment of the convoluted DOS curves with the spin-resolved
shifted by about 0.5 eV towards lower energy. The resultingAuger spectra, it was found for the on-resonant situation that
difference spectruml(—1') has its maximum at about 1.2 the amplitude of the experimental minority partial spectrum
eV lower energy than the total spectruii €1'). The rela- is reduced in an appreciable way. This finding was ascribed
tive spin polarizatiorP=(1"—1)/(1"+1") depends slightly to the nonzero spin polarizatioR.,,. of the initial hole to-
on the broadening applied. Nevertheless, its maximum valugether with a difference in the spin-dependent Auger matrix
(=~30%) agrees very well with that given by Landolt and elementsM (=M ) andM; (=M ;). The model based
Mauri® and Landol£® Unfortunately, a more detailed com- on these parameters led to results in rather good agreement
parison with the experimental work of these authors is notvith experiment for the rati®1, /M, ~2/3 (for further de-
possible because they give only the relative spin polarizatiotails see Ref.  Calculating the energy- and polarization-
P, for which the choice of the background introduces somg\) dependent x-ray absorption coefficient(% w),*’ as it is
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‘ ' ‘ ' culation has been done for the central atom that undergoes
- the Auger transition. The resulting spin-resolved 3vVV
spectra differ only slightly from the results given in Figs. 3
and 4. The most prominent consequence of the inclusion of
4 the core hole is that the maximum spin polarizatiens
reduced to about 0.27.

Because of the quite complex nature of the wave func-
tions in Egs.(3) and(7) a simple analysis of the theoretical
spectra in Figs. 3 and 4 is not possible. However, to allow
one a more detailed discussion, an additional scalar relativ-
istic calculation of the spin-resolved;VV Auger spectrum
of bcc Fe has been performed, neglecting the spin-orbit cou-
pling for all involved electronic states. Within this frame-

; . , work the corresponding spin-dependent AES intensity

- IT—Theory

0.6F— —- IL—Theory

|&--A IT—Experiment

—0 Il—Experiment
0.4

Intensity (arb. units)

. L . .
I i IMs(E) is given by a weighted self-convolution of the DOS
T T Tt Theory below the Fermi level
= |&--& IT—Experiment
E o—o Il—Experiment
2 04 E
E} F
z I Ms(E)= f dE’
- E+Ey,—EF
g
E o2
X X D M (EN o (B Wi e (E' ),
- o 11'mg s s
0.0 === s s Tt dg
- -1 (11)

binding energy (eV)
(b)
FIG. 5. Top: Spin-resolved. ;VV AES spectra for ferromag- whereE is the.energy of the outgomg eIectrdEA.A Is the
netic bee Fe using off-resonant exitation with linear polarized light.energy of the involved core levekr is the Fermi energy,
Bottom: as in the top expect using on-resonant excitation. Experiand the restrictiote—E'=E"—E, applies due to the en-

mental spectra have been recorded by Sinketial. (Ref. 6. ergy conservation. Furthermorequ(E) is the angular-

done here, the spin polarizatidP of the core states is momentum- and spin-resolved DOS whiln_ i (E,E’)
automatically accounted for. The description of the Augeris an effective cross section combining the various angular
process presented above, in particular the matrix elementsatrix elements as well as the radial Coulomb matrix ele-
given in Eqg.(9), account for all spin-dependent processesments (for further details see Ref. 16The corresponding
represented by the effective matrix elemelits; andM | . spin-integrated spectrum has been added in Fig. 3. For this
This is demonstrated in Fig. 5 where corresponding spectraurpose, it has been scaled to agree with the maximum of the
are compared with the experimental data of Sinkatial.  partial L;VV spectrum and shifted in energy to have the
As done in the case of thd 4 5V'V spectra of Pd the experi- same threshold at 15.7 eV binding energy. As can be seen,
mental spectra have been scaled and shifted in energy tbese two spectra differ slightly in shape. Most important, the
allow comparison with theory. However, it has to be emphawidth of the scalar relativistic spectrum measured at half
sized that the same energy shift and scaling has been applistiaximum is about 1 eV smaller than that of its fully relativ-
In particular the ratio of the majority and minority spectra istic counterpart. This has to be ascribed to the influence of
were not changed. In agreement with experiment, it is foundhe spin-orbit coupling of the @ electrons(about 0.2 eV in
that the majority-spin spectra for the on- and off-resonanc@veraggon the valence-band states. An additional source for
situations are somewhat broader and shifted by 0.5 eV tthe difference is the exchange splitting of the core levels that
lower energies with respect to the corresponding minority-has been neglected for the scalar relativistic calculations. For
spin spectra. In the energy range from abet@ eV to the 2pg, shell of bcc Fe the various sublevels labeled with
—14 eV shown in Fig. 5 the experimental spectra have somtéhe magnetic quantum numbgrare spread over a range of
photoemission contributions stemming from the valenced eV. In Fig. 4(top) one can see that the spin-resolved scalar
band stateS.Taking this into account there is a rather good relativistic spectra for the majority and minority spin charac-
agreement of theory and experiment with respect to théer have a slightly different energy shift and change in am-
shape and width of the various spectra. Most important, howplitude with respect to their fully relativistic counterparts. As
ever, is that the calculations properly account for the increasa consequence, the maxima of tHeand 1! spectra calcu-
of the spin polarization at the maximum when going fromlated in a scalar relativistic way nearly coincide. The relativ-
the off-resonant P=0.21) to the on-resonantP0.37)  istic spectra, on the other hand, are shifted apart by about 0.5
situation without use of any adjustable parameters. eV as is found in experimerisee above As a consequence

In addition to the calculations that ignored the initial core of the various differences to be noted in Fig. 4 the position of
hole a second set of calculations were done taking into adhe maximum in the experimental polarization curieis
count the core hole for the initial stateee Sec. )lin the  also better reproduced by the relativistic calculations than by
potential construction. This means that an impurity-type calthe scalar relativistic ones.
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. i . I- — FIG. 7. Selected spin- and angular-momentum-resolved cross
-25.0 -20.0 -15.0 section&N,msJ/m;(E,E’) [see Eq(11)] for bcc Fe corresponding to

Fig. 6, i.e., fol=d, I’ =s, p, d, andmg=m{=1. The upper energy

bmdmg energy (eV) limit 0.745 Ry forE andE’ corresponds to the Fermi energy.

FIG. 6. Spin- and angular-momentum-resolvedvV AES
spectrum calculated in a scalar relativistic way using the expressioare shown in Fig. 7. These functions depend only slightly on
given in Eq.(11). the spin quantum numbersg andm, . For that reason only

data formg=m{=1, i.e., the majority spin direction, are

In spite of the pronounced influence of the spin-orbit cou-shown. In line with the decomposition made in Fig. 6, one
pling in the case of Fe and the better agreement with experirotices that thed-d cross sections are about an order of
ment found for the relativistic than for the scalar relativistic magnitude larger than the other ones. In addition, one can
calculations, the latter ones are nevertheless very helpful fosee that there is a rather pronounced energy dependence for
a more detailed analysis of the rather comp&XV Auger W.mS,|,mé(E,E’) which is strongest for transitions that in-
spectra. In particular, it is straightforward to decompose thglve states in the vicinity of the Fermi energy.
spin-resolved spectra according to the angular-momentum
character of the valence-band states involved within the sca-
lar relativistic approac_lﬁsee Eq.(11)]. From Fig. 6, WhICh V. SUMMARY
shows the corresponding curves for bcc Fe, it is obvious that
the d-d contributions are by far dominating. All other con- A fully relativistic description for the spin-resolvedVV
tributions are at least by a factor of 50 smaller. This behavioAES has been presented that is applicable to paramagnetic as
is very similar to that found for the SR-APS spectrum of bccwell as to ferromagnetic solids. The most prominent feature
Fel® Of course this has to be ascribed to some extent to thef this approach is that it treats all possible sources for the
high d-like density of states. More important, however, is thespin polarization of Auger electrons on the same level. This
weighting introduced by the Coulomb matrix elements thatalso applies to the treatment of the initial preparation step if
strongly favor the 8 electrons because these have an overthis is done by using polarized x-ray radiation. The wide
lap with the Zp-core wave functions higher than the more applicability of our approach has been demonstrated by the
spreadout 4 and 4p electrons. For some of the dominaht results of calculations of thil 4 V'V AES spectra of Pd and
contributions the effective cross sectio\ﬂﬁms,,,mé(E,E’) the L, 3VV AES spectra of Fe. In both cases, the importance
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of the spin-orbit coupling not only for the core states but also ACKNOWLEDGMENTS
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