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A strong magnetic circular dichroisiMCD) in the L3M; sM, 3 Auger-electron emission spectra was mea-
sured on Fe and Co metal in the off-resonance energy region with the light helicity vector perpendicular to the
magnetization direction, despite the fact that this emission is expected to be symmetry forbidden in this
geometry. The experimental results are explained quantitatively by taking into account the exchange interaction
of the spin-orbit split core states with the spin-polarized valence band. It is shown that the local valence-band
magnetic moment is strongly suppressed in the presence pffel2 in the intermediate state. As a result the
MCD signal decreases going from Fe to Co metal, while for Ni the MCD is no longer observable. This
behavior is completely different for the measurements at resonance—i.e. Lat élhsorption edge, where the
MCD signal is strong £ 9%) for Fe, Co, and Ni due to the large spin polarization of thec@re hole which
is caused by unoccupied3states with predominantly minority spin in the vicinity of the Fermi level.
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[. INTRODUCTION nals have been observed ip Zore-level photoemissiolf,
especially for a chiral geometfy:1*

Since the early 1990s the phenomenon of magnetic circu- Since MCD in photoemission originates from the com-
lar dichroism(MCD)—i.e., the dependence of the spectralbined presence of spin-orbit coupling and exchange splitting
intensity on the relative orientation of the magnetization andn the core level due to the exchange field of the magneti-
photon helicity—has been widely used in x-ray spec-cally ordered 8 electrons, a quantitative theoretical descrip-
troscopies for the element-specific analysis of magnetiéion can be accomplished in the framework of a relativistic,
systems: [MCD is usually understood as the change in ab-SPin-polarized band theofy:'>"°A reliable interpretation of
sorption when the photon helicity is reversed in a magnetide expgrlmental'reﬂjglts is also possible using general pho-
material. In the case of x-ray absorption spectrosdofsS) toemission theoné_%_ where the values of the spin-orbit
one could call this “MCD in XAS,” although the term x-ray and exchange splitting can be inserted as free parameters

magnetic circular dichroism{XMCD) is also widely ac- which can be either est_|mated fror_n fully yta_lat|V|st|c
cepted. MCD in photoemission can then be understood as th%ectrpnlc—structure calculations or obtained by fitting to the
: experimental spectra.

change in photoemission when the photon helicity is re- Dichroic effects have also been observed in Auger-

versed. MCD in Auger spectroscopy s t_he change 'n_theelectron emission where the photoexcited core-hole state de-
Auger spectra when the photon helicity is reversed. Slnc%ayS nonradiatively due to Coulomb interactf8#* The Au-

this paper specifically deals with Auger Spectroscopy, W&er process is a coherent second-order process, where the
have in cases where this should not lead to any confusiofhteraction in the two-hole final statéin the case of a core-
shortened “MCD in Auger” to “MCD.” From this nomen-  ¢ore-core transitioncan give rise to a multiplet structure that
clature it is obvious that if the MCD in XAS is Zero, it does disp|ays a different MCD Signa| for each mu|t|p|et compo-
not follow that the MCD in Auger spectroscopy would be nent. Auger spectra can be measured either in the on-
zero] MCD was observed in x-ray absorption at tie resonance regiokwith the photon energy at the core-level
threshold of Fe metdl It has gained huge popularity due to excitation threshold—i.e., with x-ray absorption as the exci-
the discovery of the sum rufésvhich can be applied to tation step or off-resonance regiofwith a primary photo-
obtain the ground-state orbital and spin magnetic momentslectron excited into a high-energy continuum state—i.e.,
Thel, ; absorption edges of thed3ransition-metal systems with x-ray photoemission as the excitation stephese two
show large MCD asymmetrid$ypically ~30% (Ref. 4—7]  excitation conditions result in different intermediate core-
that can be used to determine, e.g., the magnetocrystallirele states, consequently leading to a different MCD.
anisotropy energyMCD is also present in x-ray photoemis- Only a few papers have been devoted to MCD phenom-
sion, where it was observed in th@ 2ore-level spectrum of ena in Auger-electron spectta.2® A general theory of elec-

Fe metal In the case of photoemission the electron is ex-tron emission taking into account the second-order autoion-
cited into a continuum state far above threshold that ha&ation process was given in Ref. 27. This paper also
negligible spin dependence, contrary to the spin-polarizegredicted the MCD and spin-polarized spectra at resonance
final states just above the Fermi level in the case of x-rayn perpendicular geometry for NigM, M, 3, LsMMys,
absorption. Consequently, forp2photoemission the MCD  L3M, M5, andL3gM4sM 5. So far, only one theoretical
effects are often relatively small; however, large MCD sig-calculation has been perfornfédvith the aim to describe
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guantitatively the MCD in the experimentally measured Au-was generated by a helical undulator. The energy resolution
ger spectra of 8 metals. In Ref. 26, the MCD in the of the beamline was set to 700 meV. Reproducibility of the
L3M, 3M,, 3 spectrum of ferromagnetic Ni has been calcu-photon energy was better than 10 meV. Photoelectrons were
lated using the configuration-interaction model for excitationcollected using a hemispherical analyzer with multichannel
at theL; resonance and the satellite above the edge. Thdetection and an acceptance angle=d?0° at an emission
measured Auger spectrafifor Ni shows an MCD signal of angle of 60° from the surface normal. This large acceptance
~9% in the geometry where the photon helicity vector isangle ensures an averaging over diffraction effects which
perpendicular to the magnetization direction. It should beotherwise would give variations on a scale of a few degrees.
noted that for thigperpendicular geometrthe MCD in x-ray Ultrathin 10 ML (monolayey Fe films were prepared by
absorption is forbidden and also the angle-integrated photevaporation onto a Gu10 surface under ultrahigh-vacuum
emission has no MCD. The observed MCD in Auger isconditions at pressures of<110 2° torr as described in de-
caused by the resonant character of the electron excitatidiil in Ref. 31. Co films of 5 ML thickness were deposited
(from the 2 core level to the polarized unoccupiedi 3 onto a C@100 surface following Ref. 32. All depositions
state$. This results in a spinfand orbital) polarized core- and subsequent measurements were done at room tempera-
hole state that decays in the Auger transittdonConse- ture. C and O contamination was monitored with core-level
guently, one might be expecting that the MCD signal van-photoemission and new films were prepared when the con-
ishes in the off-resonance region. Indeed, no detectabl@amination level reached more than 10% of a ML. The cov-
dichroism could be found in the Ni Auger spectra at highererages were calibrated with a quartz microbalance. The films
excitation energie$> However, more recently a strong MCD were remanently magnetized using a high-current pulse
(~6%) in the off-resonant F&3M, 3M, 3 Auger has been through a coil near the sample. For both systems the easy
observed in perpendicular geomettgymmetry-forbidden”  direction of magnetization is in the surface plahé?For all
MCD),?* which was ascribed to spin-dependent screening ophotoemission spectra presented in this work the x-ray inci-
the intermediate core hole state; however, no quantitativeence direction was perpendicular to the surface. Measure-
description of this phenomenon has been given so far. ments of thel ;M ;M 5 resonant photoemission were done

The aim of this paper is to study the formation processesit the photon-energy position corresponding to the maximum
of the core-core-core Auger spectra from magnetic materialef the MCD in the Fe and Cd ; absorption edges. Off-
in more detail and to analyze the factors that contribute to theesonance Auger spectra were measured at a photon energy
observed strong MCD, especially in perpendicular geometryof 900 eV. Prior to taking the photoemission data in perpen-
Our theoretical considerations are based on the model thadicular geometry, it was verified that the MCD in x-ray ab-
has been successfully applied to describe spin-resolved Aworption was completely zero, as it should be.
ger emissiorf®=3%In order to explain quantitatively the ob-
served experimental results, the spin-orbit splitting of core
levels and the exchange interaction of the core levels with
the polarized valence ban@B) as well as the Coulomb  The basic theoretical model used for the description of the
interaction between the two final-state holes have to be takeRuger process has been briefly described in Refs. 28 and 29
into account. The calculations of thgM, ;M s spectra and  and applied® to the Fe L3M, 4M, 5 spectrum in order to
MCD for ferromagnetic Fe, Co, and Ni have been performednterpret the spin-resolved Auger measurements performed at
and compared with experimental data. We present MCDQhe Fe 25, excitation thresholdon-resonangeand at much
measurements for Co metal that provide a “bridge” betweerhigher excitation energigsff-resonancg In the current pre-
Fe and Ni meta(the measured MCD of Fe and Ni has beensentation of the general expressions for the calculation of the
published beforé**). A discussion of the experimental and Auger emission intensities, we put the emphasis on the
theoretical results for thedtransition-metal series provides modifications of the theoretical model that are required to
an opportunity to look for general trends in observed MCDcalculate the MCD.
in relation to the features in the electronic structure of these
metals.

This paper is organized as follows. Section Il is devoted
to the description of the experimental setup and the measure- We discuss the spectra of the Auger electrons emitted
ments. The theoretical model is presented and discussed from the crystal with a kinetic energy, and spino, in the
Sec. lll. The details of electronic structure calculations andiirection defined by the vectdr. The process is described as
choice of the model parameters are described in Sec. IV. Thiae excitation from the ground state of the syst@with en-
results obtained for the Auger spectra and MCD are disergy Eg) by photon absorption to an excited intermediate
cussed In Sec. V. Conclusions are drawn in Sec. VI. state with energyE;=E(c)+&,, whereE(c) is the energy
of the system with a core-hole stateand e, is the kinetic
energy of the photoelectron. The intermediate state decays by
an Auger transition to a final state with energy=E(B)

Measurements were performed at beamline ID12&-  +e,+ea, WhereE(p) is the energy of the system with the
rently ID08) of the European Synchrotron Radiation Facility two-hole state. The expression for the spin-resolved Auger
(ESRB at Grenoble. Circularly polarized radiation with a intensityl,, (where the subscript denotes the polarization of
degree of circular polarization of 85%6 % of either helicity  the primary photorf ) can be written in the form

Ill. THEORETICAL MODEL

A. Auger emission

Il. EXPERIMENTAL PROCEDURE

214402-2



MAGNETIC CIRCULAR DICHROISM INLzM, M5 5. .. PHYSICAL REVIEW B 68, 214402 (2003

|u<hw,sA,aA,k)=§ (M2(fiw,e0,00,K)) g8(ho+E4—Ey). Wii= 2 B, (K)(BIVILaoaC), (4)

@ containing the expectation value of the Coulomb interaction
We restrict our considerations to the ranges@f(defined by  V and the scattering path operator
a set of final state&;) well separated from the rest of the
spectrum, especially from the electrons escaped as a result of B »(k)=(—1)'Y, (k) +{scattering contributions (5)
a direct photoexcitation, so that there is no interference be-
tween photoelectron and Auger-electron waves. This is valid,. . _ . . .
for L3M, M, 3 Auger transitions, but not for core-core- diffraction.’"° The spin dependence @\, in magnetic

valence or core-valence-valence Auger processes in the ca§amples appears due to the spin-dependent scattering phase

of resonant excitation where both direct and indirect chanSMifts & - For simplicity, we did not take into account in the

nels need to be considered. The Auger transition probabilitieB"€Sent paper the magnetic scattering effects of the outgoing
<M2>,8 can be expressedzés Auger electrons; therefore, only direct-wave contributions
u

were retained foB, (k) in Eq.(5). The MCD effects caused

hich is widely used to describe photoelectron

Wor T 2 by the scattering processes will be discussed in our forth-
2 _ E fi ig ’ 2 coming work.
(M)s=|2 — 1 (2) . . .
T ho+Eg E.+IF.| The amplitude of the photoelectron wave in the direction

kp due to absorption of a photdiw with polarizationu (i.e.,
whereTj, andWy; are the matrix elementE’s) for pho-  the probability amplitude for creation of the core-hole state
toexcitation and Auger decay, respectively, dhctharacter-  |c)) can be written as
izes the lifetime broadening of the intermediate statéthe
energy separation of the intermediate statissless thar’; u
=T, we can integrate Eq2) over this energy region and Tig:?f Bvap(kp)<C|u'r|Lp‘7p>- (6)
obtain .
In Auger spectroscopyin contrast to Auger-photoelectron

2 coincidence spectroscot*y only the emitted Auger elec-

' (3 trons are measured. Therefore, the final expressions for the
electron emission intensity should be averaged over all pho-

which is valid if the photoelectron, has no interaction with toelectron final states. The energy of the photoeleciiprs

the core-hole states and is a pure spectator in the Auger dg€fined by the energy of the incident photon and it will be
cay. In the presence of core-VB interactiofespecially for ~Important to evalugte the radial partin the dlpple ME; cf. Eq.
resonant excitationEq. (3) is an approximation that may (16).. After integration over all directionk, the mte.rference
nevertheless be acceptable if the energy splitting in the cor&f different photoelectron waves does not contribute to the
hole state caused by the interaction with the VB does nof\uger-electron intensitydue to the orthogonality of the
exceed the lifetime broadening and cannot be resolved exti,m,(Kp) functiong and we only need to sum the intensity
perimentally. In that case the intermediate state of the systeterms overL, ando, .

can be denoted by quantum numbers that characterize the Using the basis vectdts

o
<M5>ﬁ:f‘2i Wi Tig

core hole.
In reality, the removal of the core electron alters the ef- 1 _ 1 .
fective potential seen by the remaining electrons which read- e—lzﬁ(ex_ley)y €=6€, €.1=— E(eﬁ ie),

just to the new potential. In solids this relaxation process )
involves also the electrons from the surrounding atoms

which will screen the core-hole potential. The exact solutionye can write the photon polarization in terms of its spherical
for this time-dependent many-body response is extremel¢omponents

complicated, and several approaches have been suggested to

describe these processes theoretically? In our simple u=u"le ;+ule+utle,;. ®)
model the core-hole intermediate state is considered as fully

relaxed(cf. Sec. IV}, whereas all possible many-body exci- The angular part of the dipole operator can be expressed in
tations (electron-hole pairs, etcaccompanying the electron spherical harmonics &%

emission process are taken into account by the Doniach-

Sunijic profile of the spectral line shape. AT 0 1
Let us now consider the transiton ME’s given by the U €=\ 37 |U Y1-2(@FUYa€)+U Y1 4(E)],
shorthand notationgi“g and W;; in Egs. (2) and (3). The 9)

emitted Auger electron with energy, and spinog, is de- i

scribed by a sum over spherical waves characterized b§nd the dipole ME reads

quantum numberk, (=14,m,). The amplitude of the out-

going electron wave created by the Auger decay of the core- clu-rlL = u¥clrY.(elL 10
hole statgc) into the final statég) is given by {elu-ritpory) % (elrYiq(@)|Lpor), (10
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with q=—1, 0,+1 and e=r/r. Finally, Eq. (3) can be Hi=A\l-s+¢&s,, (17)

brought into the form . . . -
with a spin-orbit splittingA ;.= (21 +1)A/2 and an exchange

splitting A= &. This approach is similar to that applied in
Refs. 16,18,19, and 44 to the photoemission process and was
recently used in Ref. 30 to describe spin-resolved Auger
where the amplitude§ , correspond to the components of spectra. A reasonable choice for the eigenfunctions is the

<M§)ﬁ:L2 lu"F_ +uFo+u™tF, 42 (1))

p7p

the polarization vector, which can be written as spin-orbit part of the Hamiltonian with basis functions
T j
Fo=p 2 2 B, (K(BIVILagaic)(elrY1q(e)|Lyoy). =3 1 |Imo). (18)
c La mo IMz0
(12)

For the 2 and 3o core levels the exchange interaction leads

In the case of the four one-electron stdi@so) we have  to a mixing of thej =2 and} states that have the same value
of u (which is still a good quantum number

(ijIVIAC)= 2, (= 1)*Ry(ciijA) 3 1

: |¢V<m>=ci;’<§>’§,1,u>+ciﬁ’<§>’§,1,u>. (19

(21 +1)(21;+ 1)

By substituting Eq(18) into (19) the functions ¢,) can be
21+ 1)(214+1 : v) C
(2le+D2lat1) expressed in terms dfmao); however, the coefficients of
Iom 10 ~lam 120 i i inati
% lemic,x—,LC|ico,xoclfmjA,qul,-Ao,xo‘sffcoi 5UAUJ_ , this linear combination,
3 1
(13 mo_ ~(+) 21 (-) 2m
AT=C, (O)C 1 16, (9C 1 (20

where the radial integrals take the form
9 have lost the symmetry properties of the Clebsch-Gordan

son [ o ) coefficients, in particulafm,o}—{—m,—o}.
Ra(cisjA)=2e 'Af rldrlf radr; The two-hole final statg3) can be expressed by a Slater
determinant, so that the Auger ME contains the Coulomb
> integral and the corresponding exchange integral that differs
X R|A(8A,r1)R|c(r2)m Ri(r2)Ry (ra), from Eqgs.(13) and(14) by an interchangée— j. Further, the
= correlated two-hole final stat@) displays a multiplet struc-
(14)  ture with the individualLS terms separated in energy. The
and the products of Clebsch-Gordan coefficié?n@,'im two-particle states can be described|hys;JM;) functions

. ) . m; constructed by angular momentum summation and transfor-
arise from integrations over the angular part of the ME. Theyation relation®4>46as

dipole ME describing the excitation of the core state
[Icm.o.) due to absorption of a photon with polarization

r)\

vectoru= e, has the form lj1j23J MJ)Z;EZ Clel\ffl,jzﬂzU1|1M1>|J'2|2M2>, (21)
(c[rY1q(8)|Lpop) =R(c;p) i:iic:gn’?glqc:gg,ma%, =
i (15 ?
with radial part |LS;JMJ>:J-§2 ¢ [P % P [1212:IMy),
R(c;p)zei‘su?f r3drR|p(sp,r)R,C(r). (16) L S J

. . . =[(2L+1)(2S+1)(2j,+1)(2j,+ 112 (22
The actual wave functions used in the calculations can be &=l A UCERICE _)] _ (22
expressed as linear combinations of fmao) functions(cf. ~ The L3M M5 5 process leads to ap3 configuration(two
Sec. lll B) and, consequently, the actual ME’s are expressedinal-state holes in the8shel) with threeL S components:
in terms of Eqgs.(13) and (15) according to the required two singlet statgsS, 'D) and one triplet stateP). Their
representations of the wave functions. energies are given ihS coupling by the relations
o _ _ E(1S)=F©+10F®),
B. Spin-orbit and exchange interaction
In order to calculate the dipole and Auger transition ME’s E('D)=F©O+F®),
we first determine the one-particle wave functi_d)m@) that E(3P)=FO_ 5@ 23
include both spin-orbit and exchange interaction due to an '
effective spin field. These contributions to the one-particlewhere the values of(®) and F(? relate to the Coulomb
Hamiltonian are given by integrals for the § core shell®
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After the spin-orbit interaction and the exchange interac-Auger-electron emission directipof the MCD effect. First,
tion with the VB electrons, Eq(17), are included for both we assume that the radial parts of ME’s are independent of
electrons, the two-particle Hamiltonian is diagonalized. De-the spin and that the polarized VB states do not influence the
tails of this procedure will be described elsewh&® The  excitation and emission processes.
most important result are the eigenfunctions expressed as Taking into account the transformation of a spinor with
linear combinations of purf.S;JM;) states. The spin-orbit respect to the reflection and rotation operatithse find the
interaction leads to a mixing of the states with the salne following symmetry properties for the Auger emission inten-
M; values; namely, the'S, component is coupled with sity I,(o4.k) in Eq. (1) (the directionk is defined by polar
the’P,, while the D, components are coupled with the cor- anglesd, ¢ with respect taz).

respondingM ; components of théP,. The exchange inter- (i) For reflection through thay plane,
action couples the components with the sdm& M ; val-
ues, but differentJ, so that the correspondingV, l(oa, 9,0) =l (op, 7= T,0); (27)

components of al®P; states are mixed. Consequently, in- (i) for 180° rotation around the axis
cluding both spin-orbit and exchange interaction couplés '
|LS;IM;) states and will result in redistribution of the spec- lW(on, 0, @)=ly(—op,7—0,— @), (29

tral weight. )
where the subscript* denotes the reversal of the photon

helicity from right to left circular polarization or vice versa.
After Egs.(27) and(28) have been applied to E¢L1), we
First, we define the coordinate system with respect to th@an deduce the symmetry properties of the amplitueles

surface normal direCtiOl(K:hOSGn as the axis), so that the Takmg advantage of the symmetry properties of Clebsch-

sample surface coincides with tlye plane. The magnetiza- Gordan coefficienfé in the angular parts of the ME's, Egs.

tion vector is parallel to the quantization axisThe direction  (13) and (15) as well as Eq(18), we have for arbitrank
of the incoming photon is considered to be in theplane  direction

and defined by the anglé with respect toz. Then, the po-

C. Magnetic circular dichroism

larization vector for right(left) circularly polarized photons Follp,my,0p,08)=7Fo(lp,—my,— 0, —0a),
is given as
\/E Ft1(|p,mp,0'p,a'A)= _TFIl(Ip,_mp,_O'p,_O'A)izg)
Ur(L)=5"(cosfe+ig,+sinde,) (29
2 with 7=1 and —1 for triplet and singlet two-hole final
or, in the spherical basis of E7) states, respectively. These symmetry relations are similar to

those for photoelectron emission which can be deduced from
1 2 1 the general expressions presented in Ref. 43. In the case of
uR=§(1+ cosf)e_;+ 7sin 0%+§(1— cosb)e, ¢, Auger emission the spin symmetry of the two-hole final state
[the interchangé~ | in Eq.(13)] should be in addition taken
1 V2 1 into account. Perfor.ming the §umma_tion O.\k.%r’ap in Eq.
U =— =(1—cosh)e_,+ —sinde,— = (1+cosh)e, ;. (26) and then summing the emission intensities avgr one
2 2 2 can see that all terms cancel each other due to the symmetry
(25) in Eq.(29). Thus in perpendicular geometry there is no MCD

Substitution of the coordinates of the polarization vector intdh SPin-integrated Auger-electron emission for all emission
Eq. (11) and taking the difference in the emission intensitiesdiréctions.

for right- and left-circularly polarized photons yields In order to observe an MCD signal in perpendicular ge-
ometry, the symmetry conditions have to be broken. Equa-
A'B(k):<Mé>ﬁ_<ME>B tion (29) is no longer valid if we take into account that the

values of the radial ME’s vary slightly for different spin
B ) ) N N states. However, as shown by the calculations below, the
—LEU (|F_1|*=[F11|%)coso+ (FX Fo+F% 1 Fg influence on the MCD signal due to the spin dependence in
PP the radial ME’s is very small.
2 The individual contributions to the MCD signal do not
+F_1Fg +F1F5)—sing). (26)  cancel in the spin-resolved Auger-electron detectjtime
symmetry of Eq(29) is broken due to a preferras, valug),
Thus, when the photon direction is parallel or antiparallel toin which case MCD might be present. It should also be noted
the magnetization vecto®& 0° or 180°) the MCD signal is  that the spin polarization of the emitted Auger wave reverses
determined only by the diagonal terrﬁéq|2, while in per-  sign when the emission direction traverses xtiiglane. For
pendicular geometryf=90°) the MCD signal appears due a particular partial wavé, the spin polarization must vanish
to interference of the waves, whereas the diagonal terms in the xy plane, whereas for the total intensity the plane of
vanish?® zero polarization is rotated around tkeaxis due to the in-
In the following we will restrict our considerations to the terference of the partial Auger wavgsf. the sum ovet , in
perpendicular geometry and study thelependencé.e., the  the amplitude of Eq(12)] and does not coincide with they
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plane. The direction of this rotation is opposite for right- andsymmetry forbidden only for emission directioksthat are
left-circularly polarized photons. For normal emissiatong  perpendicular to the magnetization direction.
x) the Auger-electron intensity is not spin polarized.

The symmetry in Eq(29) is also broken in the case of v ELECTRONIC STRUCTURE OF THE MAGNETIC 3 d
additional restricting requirements to the photoelectron spin TRANSITION METALS
states o,. If the photoelectron is excited into a spin- )
polarized state, as realized at resonance in magndting- A. Energy-band structure and local magnetic moments

als, the amplitudes for, and — o, are different and, conse-  The energy-band structure of ferromagnetic bcc Fe, hcp
quently, a strong MCD signal can be observed. Co, and fcc Ni metal was calculated using the self-consistent

Now let us take into account the exchange interaction ofinear muffin-tin orbitals(LMTO) method in the atomic-
core states with the spin-polarized VB states. As discussed isphere approximatiof?:>° The calculations were performed
Sec. llI B, this leads to a modification of amplitudes causedyithin the scalar-relativistic formalism for the VB states
by the mixing of theps/, andp,, states. In more detail, using whereas fully relativistic solutions were used for the core
Egs. (19 and (20) we obtain for the mixed states derived levels. The exchange and correlation effects were taken into
from the|2,1,= %) functions account using the local-density approximatirDA) with

the parametrization for the exchange-correlation potential

1 1 2 given in Ref. 51.
—=)=|cl) (&)\/5— el I\ 5|1 Y1-1x+ In the theoretical model described in Sec. Il it is assumed
32l T 5 3/2,-1/2 3 “8l2-12 3| T1-1X ) - ! !
that in the intermediate state the system is fully relaxed. In
> order to estimate the actual parameter values of the Auger
+| i) = decay we have also performed calculations for an atom with
32~ 1/2 3

a 2p core hole embedded in the crystal the following this
1 atom is called the emittgrThese self-consistent calculations
+¢57 1 8) §}Y10x_, for a 2p hole screened by VB electrons were performed
within a supercell approach. A supercell containing 16, 24,
> and 32 atoms was chosen for Fe, Co, and Ni, respectively,

2 _ 1 ensuring a good convergence of the local electronic structure
el 12 €) \/;_ c82s 12 €) \[5} Yiox+

L
2

at the emitter.

Uapo

The calculated density of statéBOS) for the majority
(+) \/E and minority spins is shown in Fig. 1. The partial occupation
C3r2:+ 1/ ) 3 numbers as well as the local magnetic moments are listed in
Table I. The screening process leads to an increase in the
el A E) \ﬁ v (30) local valenc_e charge and to a redistribution of the VB DOS.
sl2+1/2 3| N In the considered @ metals the core-hole screening s
character. Moreover, the screening process leads to a reduc-
and the transformatiofm,o}—{—m,— o} can be compen- tion in the number o§ andp electrons in Fe and Co, whereas
sated by changingu——pu only for c¢{/)=1 and in Nithis number slightly increases. It should also be noted
c(v;)=0—i.e., for the purdjl u) without exchange mixing. that in Fe and Co the increased number of valence electrons
Otherwise, the symmetry in the emission intensities with redeads even to a negative charging @.08) of the atomic
spect to the spin inversion is broken, and, e.g.,(2§.is not  sphere of the emitter at the cost of the surrounding atoms.
valid. The screening electrons occupy mainly the minority-spin 3
Due to the amplitude redistribution by the exchange mix-states and the local magnetic moment of the emitter site is
ing in the 2 sublevels, the MCD signal in thegM, M, strongly reduced. It is interesting to note that the local mag-
spectrum must b&ormally) compensated by an MCD signal netic moment of the emitter is very close to that of a ground-
of opposite sign in thé& ,M, M, 5 spectrum. The exchange state atom with incremented atomic numkes predicted by
mixing between the B sublevels cannot lead to an MCD in a simpleZ+ 1 approximatioin Thus the screened emitter in
the integral intensitiegcalculated as a sum over all possible Ni has a negligibly small magnetic moment, like in Cu.
two-hole final statesbut causes changes in the weights of However, a similar statement cannot be made for the DOS.
the individual multiplet components that depend on the pho- Another important property required for the MCD calcu-
ton helicity. As a result, the different multiplet componentslations is the spin polarization of the unoccupied States
will have MCD signals with different signs, which should above the Fermi levet (which are the final states that will
cancel in the MCD spectrum integrated over the whole specbe occupied by the excited electron in the case of on-
trum. resonant excitation It is not appropriate to use the values
Note that when the exchange interaction is included, thelefined by the DOS directly &g (e.g., for Fe the majority-
symmetry relation of Eq(27) still holds and, consequently, spin states are still dominant Bt ; see Table)l Taking into
for Auger emission directionk in the xy plane @¥=90°)  account the energy distribution of the incident photons as
there is no MCD. Thus in perpendicular geometry for allwell as various energy broadenings due to the excitation pro-
cases(on- and off-resonance excitation, spin-resolved andesses, we have chosen an energy region covering 1 eV
spin-integrated detection of Auger electrpriie MCD is  aboveEr that accepts the electrons excited at lthethresh-

+
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old. The minority-to-majority ratio of the unoccupiedd3 localization of the wave functions in the core-hole potential,
states in this energy range is 2.34, 9.63, and 5.74 for Fe, Cayhereas the exchange splitting decreases due to a strongly
and Ni, respectively. Note that while Ni has the highestreduced local magnetic moment.

minority-spin DOS atEr, Co has the maximum minority- The calculated values of and ¢ for ground-state atoms

to-majority ratio as estimated from the integrated DOS.  in Fe and Ni agree well with those calculated in Ref. 16.
However, the calculated value fdg, appears to be rather

high. In order to reproduce the MCD and spin polarization in

the experimental photoemission spectra of Fe, the authors of
The main parameters in the theoretical model are the spirRef. 16 used scaled values pf=0.87 eV andé=1.17 eV

orbit parametei and the exchange parametgrwhich de-  for the 3p level instead of the calculated=1.04 eV andé

fine the mixing of thejl u) states and, in the final analysis, =2.44 eV. The corresponding parameters for Ni were also

the value of the MCD signal. Their values were estimatedscaled by a factor of 0.95 and 0.37, respectively. The data for

from the calculated energy splitting in th@2ind 3 levels  the spin-orbit and exchange splittit§4*°>>%extracted from

in atoms with the given local magnetic momefgse Table the experimental core-level photoemission spectra of Fe sup-

I1). In comparison to the ground state, the spin-orbit splittingport the statement that in the ground state of Fe atoms the

is slightly increased in the presence of @ Bole due to &/ ratio for the 3 level is between 1.0 and 1(8espite the

B. Parameters of the calculation

TABLE I. Calculated density of unoccupiedi3tates aEr and betweele: and Eg+ 1.0 eV), the VB occupation fas, p, andd states,
and the local spin momenttotal values and those produced bg 8lectrons.

Fe Co Ni
Majority Minority Majority Minority Majority Minority
spin spin spin spin spin spin

Ground state

. States 0.903 0.201 0.122 0.696 0.142 1.509
3d DOS atEg (in oV atonr
3d DOS integrated from

. states 0.173 0.405 0.100 0.960 0.107 0.614

Er to (Eg+1.0 eV) (in aton‘?
VB occupation
Ng 0.314 0.328 0.318 0.333 0.325 0.330
ny 0.358 0.417 0.351 0.415 0.364 0.390
Ny 4.462 2.120 4.621 2.962 4.608 3.983
Miotal (Mg) (in ug) 2.2702.342 1.580(1.659 0.595(0.625
Excited statg2p hole)
VB occupation
ng 0.304 0.325 0.306 0.327 0.326 0.334
n, 0.347 0.417 0.340 0.410 0.371 0.399
Ny 4.714 2.980 4.694 4.007 4.797 4.763
Miotat (Mg) (in g) 1.6431.739 0.595(0.687 -0.002(0.035
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TABLE Il. Calculated spin-orbit and exchange splittifig eV) 18
for the 2p and 3 levels. The values in the parentheses give the 18l ]
estimates for an excited atom with @ hole. on-res. Fe
14} 1
Atom A= 3\ A= 12t 7 _
2 3 2 3 ®
i i i i =10 % off-res. ]
Fe 12.45(12.95 1.49(1.6) 0.84(0.77 2.16(1.649 O 8 % C 1
Co 14.79(15.34 1.81(1.94 0.64(0.349 1.55(0.70 = ol % ]
Ni 17.44(18.08 2.17(2.32 0.26(0.02 0.60(0.04 4 %
- / B -
—— - 2 A ]
11spread in the individual values dfand¢ given in those o —

paper$. Taking into account these observations, we have re-

duced the calculated values &f, for all considered cases by FIG. 2. Comparison of the different contributions to the calcu-

a factor of 0.5 and have used these scaled values in the MCBted MCD of the 3P component in the Fé& M, 3M, 5 spectra.

calculations. On-resonance case: MCD obtained without exchange interaction is
The mixing coefficientsc|,) were estimated by solving shown by shaded area. Off-resonance casespin-dependent ra-

the eigenvalue problem for the interaction Hamiltontap, ~ dial ME, B=A+exchange mixing in the (2 level, and C=B

in Eq. (17). In order to appreciate the effect of the exchange™ €xchange mixing in the 3 level.

interaction on the wave functiong u) we list here the val-

ues of the mixing coefficients for the Fe g, level, V. RESULTS AND DISCUSSION
0(372?, 1,=0.99962, 0(3/72)‘7 1= 0.027486, First, we illustrate in our calculations the role of the vari-
ous contributions to the MCD signal, where we take the Fe
c(3,+2)1,2= 0.99959, c(3]2)1,2: 0.02856, as an exam.ple. As discussed in Sec. 1, withput the infl_uence
’ ‘ of the polarized VB states there is no MCD in perpendicular
and for the Fe B;), level, geometry for off-resonance excitation. In this case, thg2
intermediate state has no spin polarization.
C(3/+2),— 1/,=0.98107, C(ax_z),— 12=0.19365, If we take into account that excited electrons with major-
ity and minority spins are moving in different potentials and,
c$i1/7=0.96577, c§y)y,=0.25939. therefore, include the spin dependence of the radial ME’s in

the calculations, we obtain a tiny MCD sign@ig. 2, case
A). In this case the spin polarization of theg hole is
equal toP,,= —0.3%. If the exchange interaction for the 2
shell is switched or{caseB), the MCD signal increases to

allow outgoing electron waves @f andf symmetry. Calcu- 1%, WhiCh_ is still quite small. The _spin polarizatio_n of the
lation of the partial Auger intensities shows that the outgoing?P3/2 h0l€ is now about-3%, which is the value defined by
p wave is the dominant decay channel. Only for the final-t& €xchange interaction for thepg, level. In caseC the
state componerttD, thef wave contributes up to 10% of the Calculation includes the exchange interaction of the core
intensity. states with the VB electrons for botlpzand 3 shells. It can
Adherent to the experimental geometry for the measurebe seen from Fig. 2 that just this modification of the wave
ments described in Sec. Il, the calculations were performeéunctions of the § states determines the final value of MCD.
with the incidence photon direction perpendicular to the sur- The on-resonance excitation gives a strong MCD signal
face and an emission angle of 60° from the surface normabvhich is mainly due to the strong spin polarization of the
For comparison with the experimental data, the calculate@ps, hole. The photoelectron is excited into spin-polarized
intensity of each multiplet component was broadened using enoccupied 8 states, which results iR,= —24.3%. If we
Doniach-Sunjic profil& with an asymmetry parameter of 0.3 neglect the exchange interaction and mgkgand &3, both
and lifetime parameter equal to 1.5 and 2.5 eV for the tripleequal to zero, the spin polarization of the core hole reduces
and singlet final states, respectivéfgr the LS-term depen- to P,=—-21.7% and the MCD signal remains still strong
dence of the lifetime, see, e.g., Ref.)5An integral back- (i.e., reduced to-70%; see Fig. 2
ground was introduced in the calculated spectra in order to Let us now consider the calculateégM, ;M 3 spectra in
reproduce the background intensity observed in the experieomparison with the experimental data. As seen from Figs. 3
ment. and 4, the shape of the Auger spectra is mainly determined
Note that in the following discussion we will use th& by the !D and 3P states. ThtS state has relatively a low
notation for the multiplet components of the Auger spectrajntensity, resulting only in a small shoulder. The triplet and
although they represent mixed states. This is justified besinglet states give MCD signals of opposite signs. The MCD
cause for each multiplet component the admixture of thespectrum has a positi¥e-derived peak at the high-energy
other components amounts only to a few percent. side and an extended negative structure at the low-energy

As expected, the influence of the VB spin field is much
stronger for the P level than for the p. Note that the mix-
ing coefficients are different fot- u and — u.

The selection rules for thezM; 3M, 3 Auger transition
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FIG. 3. Off-resonance Fe and AgM, M, ; spectra for both
helicities and resulting MCD: calculatésolid line) and experimen-
tal (dotg results(both X 10).

side with the separate features dued and 'S clearly
distinguishable.
The individual J contributions in the3P state are not

PHYSICAL REVIEW B 68, 214402 (2003

tive MCD. If the exchange interaction is included, both the
3p, and 3P, states contribute to the positive MCD, but the
3p, state has still a small negative intensity difference.

For off-resonance excitatiofFig. 3) the calculated and
measured results are in very good agreement. In the Fe Au-
ger spectra a strong MCD is observed whereas in the Co
spectra the MCD signal is significantly reduced due to the
reduced local magnetic moment. As mentioned above, the
local magnetic moment in the excited Ni atom practically
disappears and no MCD signal is detected experimentally.

For on-resonance excitatidfrig. 4) the calculated MCD
signal in Co is stronger than in Fe, which is due to the strong
polarization of the unoccupiedd3states above the Fermi
level that leads to a spin polarization of th@ 2ore hole
equal to—44.9% (compared toP,= —24.3% in Fe¢. The
MCD signals measured in Fe and in Co are very close to
each other. However, the calculated results overestimate the
MCD signal and in order to achieve an agreement with the
experimental data the calculated intensity has to be scaled
down by a factor of 2.22. It should be noted that also the
MCD calculation$® performed for Ni metal using the
configuration-interaction method overestimated the experi-
mental MCD signal by a factor of 2.7. More fundamental is
probably the fact that also the sum ri#e& ?’give an MCD

resolved in the experiment. The calculations show, howevekignal that is too large by a similar factor. This, however,
that the 3Py, %p,, and ®P, states have quite different behav- means that the results of all calculations agree well with
ior upon a change in the exchange interaction. The moshose obtained by the sum rules.

sensitive is thépl state with a drastic increase in the MCD Because the theoretical model reproduces the MCD for
signal if the exchange interaction is included. This increaseff-resonance excitation, it seems probable that only the in-

occurs to a large extent at the cost of thie, state which
even reveals a negative intensity differefagth an absolute
value of almost half of that of tH@;) for off-resonance

excitation. The3P, state shows a weak positive MCD sig-

nal. On the other hand, thie; state is not sensitive to the

teractions characteristic for on-resonance excitation are re-
sponsible for the discrepancy between the calculated and ex-
perimental results. The overestimated on-resonance MCD
signal is related to an overestimation Bf, in the calcula-

tions. This means that either the theoretical description of the

spin polarization caused by the on-resonance excitatiorpolarized photoelectron final statesioccupied 8 states is

When the exchange interaction is neglected, Rg state
shows practically no MCD whereas th#®, state shows a
strong positive MCD signal and the, state shows a nega-

Intensity (arb.units)

calc. x4.5
exp. x 10

calc. x4.5

570 580 590 600 610620 630 640 650 660
Kinetic energy (eV)

560

FIG. 4. On-resonance Fe and €CgM, M, ; spectra for both
helicities and resulting MCD: calculated<@.5) (solid lines and
experimental K 10) (dot9 results.

not accurate enough or there are relaxation processes that
suppress the core-hole polarization in the intermediate state.
The calculated results for Fe can be brought in agreement
with experiment by narrowing the energy regiorkatthat is
accessible for threshold photoexcitation, but for Ni the same
“correction” would increase the discrepancy with the experi-
mental data. In our opinion, the effect of relaxation processes
in the intermediate state is more likely. However, this ques-
tion remains open and requires further consideration.

Additional verification of the theoretical model could
come from spin-resolved photoemission measurements. Our
calculations predict a difference in the spin polarization of
the Auger spectra for different helicities of the incident pho-
tons. For example, for off-resonance excitation in Fe the spin
polarization is—7.2% (—10.7%) for the®P and +10.7%
(—0.7%) for the!D with right- (left-) circularly polarized
light. A very high spin polarization is inherent for thts
state—i.e.,+58% (+34%). However, due to the low inten-
sity and a higher background, this cannot easily be detected
experimentally with sufficient accuracy.

In this work we will not compare the shape of the MCD
for Ni with the experiment because of the strong correlation
effects and resulting satellite structure that have not been
taken into account in our theoretical model. In this respect
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14 . . . MCD observed in the spin-integrated emission for off-
resonance excitation. However, an MCD signal can be de-
121 ] tected in the spin-resolved Auger-electron spectra or for on-
10l ] resonance excitation even for negligible exchange
- interaction. The MCD is strictly symmetry forbidden for Au-
2 sl ) ger emission directions perpendicular to the magnetization
~ vector.
8 6l _ The calculated MCD in the Auger-electron spectra is in
s good quantitative agreement with the experiment for off-
41 . resonance excitation. However, for on-resonance excitation
the calculated MCD values overestimate the experimental
2r ] ones by a factor of 2.2-2.5, in agreement with the reported
0 calculations for Ni metal as well as with the sum rules.

The theoretical model used in the present work does not
include certain effects that could modify the energy distribu-

FIG. 5. Comparison of calculate@pen symbolsand experi- tion of the Auger electrons and affect the MCD signal. They
mental(solid symboly MCD (%) of the 3P component in the Au- are (i) magnetic scattering of the emitted electrons, due to
ger LsM, M, 3 spectra of the magneticd3transition metals for ~ different scattering phase shifts for electrons with majority
on-resonancériangles and off-resonancéeircles excitation. The  and minority spins(ii) surface effects, where the local elec-
cross indicates the calculated result from Ref. 26. All calculatedronic structure as well as the magnetic moments of the at-
on-resonance results have been reduced by a factor of 2.22. oms in the surface layer are different from those in the bulk;

(iii) different symmetries for the occupied and unoccupied

we refer to the calculations that include the configuration3d valence statege.g., orbital momentthat can play a role
interaction’® Nevertheless, we have estimated for Ni thein the orientation dependence of the observed MQOD)
MCD intensity at the*P. All calculated MCD values for Fe, Coster-Kronig transitions, such as thgLsM,s, that can
Co, and Ni are collected in Fig. 5 and compared with thechange the intermediatepg,, core hole state intof2y,. Fur-
experimental data. For off-resonance excitation a stronghermore, a thorough study of the relaxation effects in the
MCD signal is observed in Fe that decreases going to Cdntermediate state of the system is required.
while in Ni the MCD signal is so tiny that it was not observ-  Going from Fe to Ni, the MCD displays quite a different
able experimentally. In the on-resonance Auger spectra thgehavior for on- and off-resonance excitation. In the off-
MCD signal is quite strong {9%) for all 3d transition  resonance case the MCD signal decreases due to the reduced

metals considered in the present work. local magnetic moment, while for Ni it has practically dis-
appeared. In the on-resonance case the calculations predict
VI. CONCLUSIONS the variations of the MCD according to the spin polarization

_ ) of the unoccupied @ states at the Fermi level; however,

We have studied the MCD in the;M; M, sAuger spec-  these variations are not observed experimentally. The ob-
tra of Fe, Co, and Ni for on-resonan(@ee., at thel 3 absorp-  tained on-resonance MCD signals are very close in Fe, Co,
tion threshold and off-resonance excitatiofi.e., with pri-  and Ni: the differences between them are within the accuracy
mary excitation to a continuum staté he theoretical model of the measurement.
takes into account the spin-dependent Auger transition ma- As mentioned, the ratio of the exchange to spin-orbit
trix elements for excitation with circularly polarized photons gpjitting for the 3 level is an important parameter in the
and the partial electron-state configuration in the valenceneoretical model. However, there is little, if any, consensus
band. In order to describe the MCD effects, the Coulombgp, the values of these two quantitiege, e.g., Ref. 44The
interaction between the two holes in the core shell, the Coresensitivity of the MCD in Auger spectroscopy to the magni-
hole spin-orbit interaction, and the exchange interaction ofyde of the exchange interaction in combination with accu-
core states with the spin-polarized VB have been considereghte experimental measurements could in principle be very
on equal footing. useful to estimate the parameters of the electron-electron and

It was shown that the spin fiel@exchange interaction  spin-spin interactions in ferromagnetic solids.
acting on the core levels due to the spin-polarized VB is the

most important factor for the presence of the observed MCD
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