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The theory of valence band X-ray emission spectroscopy {XES) is dis-
cussed in terms of spin-polarized fully relativistic multiple scattering. In
comparison to the non spin-polarized case new theoretical features are
presented with particular emphasis on the dependence of the intensity
on the polarization of the emitted photon. Applications to the L3 XES
of a Co monolayer on Cu(100) substrate as capped by a monolayer of
various 3d, 4d, and 5d transition metals are shown since such overlayer
systems display systematic variations of the magnetic moment in the
Co layer as well as in the cap layer. These changes are clearly mapped
in the calculated XES and discussed in terms of transition cross sec-
tions and local densities of states. © 1998 Elsevier Science Ltd. All

rights reserved
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Recent development in synchrotron radiation
sources and instrumentation, the high brightness of
third generation sources, has created a growing in-
terest in the use of soft X-ray emission spectroscopy
(SXES). Because of site (element) selectivity new
research areas in SXES comprise quite diversive phe-
nomena such as atomic and molecular adsorbates
on surfaces [1, 2], high temperature superconduc-
tors [3, 4], and the study of buried (thin) layers or
interfaces [5-7].

As first suggested theoretically by Strange et al [§]
measurements of the magnetic circular dichroism
in X-ray emission (XE-MCD) for different pure
transition metals [9-11] demonstrated that the total
non-polarization-resolved emission shows different
intensities for opposite relative orientations of the
incident photon helicity and the sample magnetiza-
tion. It should be mentioned that also a method to
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distinguish emitted photons with different helicity is
reported [12].

A relativistic spin-polarized one-particle theory of
X-ray emission spectroscopy is presented in terms of
a multiple scattering formalism which in turn conve-
niently describes the electronic states for an ensem-
ble of scattering potentials. For the present purpose
it is important to emphasize that for each different
cell (site) the following Kohn-Sham-Dirac Hamilto-
nian J{ has to be considered [13,14],

H =co-p+ (B=I)me + L) + 2,81 (1)

where ¢ is the velocity of light, m the mass of the
electron, I, a n-dimensional unit matrix,

«-(05).5-(55) o
o; 0
Zz=(00.z): (3)
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and o is a vector comprising the usual Pauli-matrices
0;, I = X, y z. In Eq. (1) spherical symmetry for the ef-
fective potential V"I and the effective field BT is sup-
posed and the local z axis is chosen as axis of quantiza-
tion. As discussed originally by Feder and Rosicky [15]
as well as by Strange ez al. [16], the eigenfunctions of
3 are generally of the following form

[ gz0 xg®
‘aUQ(l') = % (ifQ’Q(r) Xa(?)> ,

4)
where xo(7) denote spin spherical harmonics [17] with
Q = (k,u) and Q = (—«, u). It should be noted that
core wavefunctions can be labeled by a well-defined
angular momentum index Q, although, according to
(4) they are in fact a combination of angular momen-
tum eigenfunctions.

The probability of emission of a photon of energy
Aw, momentum q, and a polarization vector a, due
to an electronic transition from an initial state y; with
energy &; to a final state @, with energy &, is given by
first order time-dependent perturbation theory as [18]
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state. Thus, one obtains for the transition intensity
Iq (€) (see also Ref. [19])

5 ~ (e - £g,) ” Lrd’ yh (r) (« - af)

X ImG(r,x'; &) (- ax) @, (r'). )
By expressing within multiple scattering theory [20,21]
the imaginary part of the one-electron Green’s func-
tion as

IG(r,1';8) = ) Zp (t; ©)IMTY o, ()20, (r}; £)*(10)
0.0z
n=r—R,, r,=r-R,,

where n labels the site R, of a particular core-state,
Zp(rn; €) is a properly normalized regular scattering
solution, and the T35, (¢) denote matrix elements of
the scattering path operator, Eq. (9) can be rewritten
as a sum over all relevant sites,

Z q/\n (1 1)

2
A € .
Pl (w) = o ¥ 6(g — &7 — hw) I(ai< 'in(Q))l (5 In the case of a simple threedimensional lattlce

where in a relativistic formalism the electronic current
density matrix element is defined by

(6)

and e is the charge of the electron. It should be recalled
that for a given momentum q the polarization vectors
of the two circularly polarized modes, say a. (left) and
a_ (right), satisfy the following relations

(a*a_) =1,
(a--q) =0 Q)

which in turn imply that with respect to q=¢(0,0, 1)

the vectors a. = —=(1, £, 0) have to be rotated into

the actual direction of the emitted photon. Note also

that for photon wavelengths much larger than typical

atomic distances the electric dipole approximation, i.e.,
e=Her) = |, can be used in Eq. (6).

In a typical X-ray emission process the final state
is a well-defined core-state o, (r), while all the occu-
pied valences states serve as possible initial states to
be summed over,

jri(q) = cequ}L(r) & wi(r) e~ @n) g3y

(af -a,) = (a¥-a) =0,

(as - q) =

Eq. (11) reduces to

INGES A OIVacE (12)
where Ié’:o(e) denotes the contribution to the total
intensity per unit cell. In the case of a system char-
acterized by a simple twodimensional lattice, see e.g.

Ref. [22], Eq. (11) can be written as

e = Y IED @), (13)
i=1

where Ié’c\(’m (¢) refers to the contribution from the unit
cell in layer i and N is the total number of layers to
be considered. The factor | 7| in Egs. (12) and (13)
corresponds to the respective order of the translation
group. Clearly enough by considering only unit-cell-
like contributions, the factor | T can be omitted. It
should be noted that because of the large escape length
A of photons for XES no exponential escape factor of
the form exp(—d;/A), where d; measures the distance
of the i-th layer from the surface, has to be considered.

Using Eqgs. (9)~(11) the transition intensity at a given
site n is defined as

PP (w) = ZP (w) = Jd85(£—£QC Rw)IE (8),8) I8 ~ (s - £0,)

where ¢, is the valence-band bottom, &7 is the Fermi .

level, and &g, denotes the energy of a particular core-

X > MENO*ImTY o, (MY (e)
01,0

(14)
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M) = [ @nZhin " (- a) wo.) . (19

The matrix elements M‘g”(s) can easily be evaluated
using the method described by Ebert [23]. In order to
link the local partial densities of states (LDOS) njp(¢),

() = __71; %R@Q(s)lmrgg, (16)

(17)

to the calculated intensities, throughout this work the
following approximation is used

IZ(e) ~ (e - £0,) > 08" (E)ng(e) ,
0

Ry (e) = Jd3rnZ”Q(rn;e)+Z'@ (ta; €)

(18)

where the so-called transition cross-sections O'g(é') are
given by

oV (&) = MG (&) Riyg(e). (19)

In several cases we checked numerically that Eq. (18)
is indeed a very good approximation to the more exact
form in Eq. (14).

Obviously, in non-magnetic materials the /cp and
rcp emission intensities are identical. For magnetic ma-
terials, however, the /cp- and rep spectra are differ-
ent due to the combined action of spin-polarization
and spin-orbit coupling: if the direction of the emit-
ted photon is parallel to the orientation of the mag-
netization dichroism reaches a maximum, while for a
perpendicular arrangement it vanishes. Thus, in prin-
ciple, by monitoring the emission intensity in various

directions it is possible to determine locally the orien- .

tation of the magnetization.

I. RESULTS

In the following we show results for the L;-XES in-
tensities of a Co monolayer on a Cu(100) substrate
as capped by different 3d, 4d, and 54 transition met-
als. Details of the electronic and magnetic structure
of these materials can be found in Ref. [24]. All cal-
culated spectra are broadened with a Gaussian (finite
spectrometer resolution) and a Lorentzian (lifetime ef-
fects) function. Here, we used a core-state broadening
of 0.3 eV, a valence-band lifetime broadening of 0.3 eV
and a spectrometer resolution of 0.5 eV.

In Fig. 1 the local densities of states (LDOS) of the
Co monolayer capped by a monolayer of Co, Au, Ru,
Ir, or Os are shown. In addition to the total LDOS,
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Fig. 1. Local densities of states of a Co monolayer
on Cu(100) for different cap layers. In addition to the
total DOS (solid curves) also the majority-spin part
(dashed lines) and the minority-spin part (dotted lines)
are shown. It should be noted that a Co monolayer
capped by Os is paramagnetic.

Table 1. Energies and spin characters of the 2p core levels of Co
capped by Au

Ke  He &g, (€V)  Sp,

2 32 757262 -0.50
2 -2 -757491 021
2 +12 -757.728 012
2 432 757972 0.50
1 +12 -772297 -0.12
1 -2 2772527 021

also spin-resolved contributions (s= %: majority spins,
5= —%: minority spins) are plotted, subduced from
a transformation of the (ku) representation of the
LDOS to a (/ms) representation (see Ref. [20]). Since
for valence states of predominantly Co character the
spin—orbit coupling is rather small, such a represen-
tation is quite adequate in tracing changes in these
states whith respect to different caps. Evidently, for a
decreasing magnetic moment of Co (see Table 2) one
finds a transfer of minority-spin states from above the
Fermi level to occupied states and vice versa for the
majority-spin DOS. This kind of changes in the spin-
polarized DOS are discussed below in terms of /cp and
rcp XES.

Not shown in here, but quite obviously, the largest
cross-sections are for d-like electrons (/ = 2). It is in-
teresting to note that the selection rule y.=m+ s+ 1



346

Table 2. Magnetic moments of the Co atoms for different cap
materials as determined from electronic structure calculations [24]
and from the dichroism spectra as normalized to CoCo/Cu(100)

cap mgxr (U3) Mmyrs (Up)
Co 1.74 1,74
Au 1.55 1.48

Ru 1.1 1.22

Ir 0.65 0.64

Os 0 0

(see Ref. [23]) generally allows a coupling of the core-
states to valence states of different spin. The core level
energies £p, and the spin character Sg,,
So.=3 | wh 0 B wowar, @0
of the 2p3/» Co core states are shown in Table 1. Since
the core states for y, = £1/2 are of mixed spin charac-
ter, the cross sections for transitions from majority and
from minority valence states have comparable magni-
tudes. In terms of the photon helicity the dominat-
ing cross sections for u, = —3/2 refer to /cp emission,
while for p, = +3/2 they are related to rep like pho-
tons. Considering the different shapes of the majority
and minority LDOS’s, this particular cross-section ef-
fect apparently gives rise to dichroism in the calculated
XES intensity. Since especially the cross-sections for
M. =3/2 are fairly insensitive to changes of the spin-
polarization of the Co layer with respect to different
cap materials, the changes in the spectra due to differ-
ent cap materials can be explained predominantly by
differences in the LDOS’s shown in Fig. 1.

As shown in Figs 2(a and b) the polarization-
resolved X-ray emission spectra of each of the Zeeman
split (u-resolved) 2ps, core levels of Co in the system
AuCo/Cu(100) directly map the LDOS’s via the cross-
sections discussed above. The dominating u, = 3/2
and p,=1/2 rcp spectra are governed by majority va-
lence states with a corresponding maximum at about
—1 eV, while the minority valence states contribute
mostly to the p, = —3/2 and p, = —1/2 lep spectra
with a maximum near the Fermi level. The relative
height of the individual spectra corresponds to the
strength of the angular momentum part of the matrix
elements as discussed also in the context of X-ray
absorption [25,26]. Since the minority states above &5
do not contribute to the spectra, the rcp intensity is
more pronounced than the /cp intensity. This is appar-
ent also from the total lcp and rep L3 spectra shown
in Figs 2(c and d). Here, the sums over the four y-
resolved Lj spectra (dashed lines) are compared with
the emitted intensities (solid curves) including the
effect of Zeeman splitting of the core states (see Ta-
ble 1). It should be noted that the maximum splitting
(0.71 eV) is between the y,=-3/2 and the p.=+3/2
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core-states, namely the ones with the largest cross-
sections and emission intensities. In particular, in the
emission spectrum the contributions corresponding
to core levels with higher energies (1, = —-3/2, —1/2,
and +1/2) are shifted with respect to the lowest level
(4. =+3/2). As can be seen from Fig. 2 this leads to
a dominate shift of the lcp intensity I (&), while the
largest peak in the rep intensity I~ () remains nearly
unchanged. Thus, the large minority LDOS at the
Fermi energy is not seen directly in the L3 X-ray emis-
sion spectrum, even by analyzing photons of different
polarization. Consequently, for magnetic systems the
traditional statement that the spectral intensity maps
the DOS of the occupied states has to be applied very
cautiously: the Zeeman splitting for the Co 2pj3; core
levels is already of the same order of magnitude as
the present spectrometer resolution.

The L3 emission spectra of Co for systems with a
Co, Au, Ru, or Ir cap layer are shown in Fig. 3. When
comparing the cases of a Ru, Ir, and Au cap with that
of a Co cap (see also Fig. 1) the hybridization of the Co
states with the cap states can be seen as a broadening
of the spectra. The change of spin polarization in the
Co layer, however, clearly shows up in variations of the
Iep and rep spectra. Both the difference of the maxima
and the energetical shift of I* () and I~ (&) decrease
with a decreasing Co moment. It is interesting to note
that these changes are only very weakly reflected in
the total spectra.

Finally, by assuming that the /cp and the rcp spectra
mainly comprise contributions of spin-up and spin-
down valence states, respectively, an attempt can be
made to correlate the dichroism to the magnetic (spin-
only) moment of Co by means of the following integral

&F

MyES = J[I"(f) ~-TIt(&8)] de.

£y

@

This procedure can be related to the use of sum rules in
MCD from X-ray absorption [23]. Indeed, neglecting
the so-called orbital moment of Co the spin moment
becomes proportional to the integrated Ls dichroism
spectrum. As a reference we normalized these values
to the magnetic moment of a Co layer with a cap of
an additional Co layer. In Table 2 these ‘spectroscop-
ically’ determined magnetic moments mygs are com-
pared with those obtained from selfconsistent elec-
tronic structure calculations [24]. As can be seen, cor-
responding values differ within about 10 %. These
deviations directly show the influence of the energy-
dependent transition matrix elements and the spin-
channel mixing as follows from a relativistic treatment
of X-ray emission.
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Fig. 2. X-ray emission rcp and lep L spectra of a Co
monolayer in the AuCo/Cu(100) system. In (a) and
(b) the individual contributions with respect to the
Zeeman split 2p3,, core states are shown. In (c) and (d)
the full lines refer to their sums, whereas the dashed
lines refer to a sum with respect to a common (k = -2,
u = +3/2) energy reference level.

We have shown the changes in the L3 X-ray emis-
sion spectra of a buried Co layer capped by several
transition metals. According to the variations in the
Co magnetization with respect to the cap material the
main peak in the total XE spectra is shifted. Further-

dichroism reaches only 4% [27] reflecting the consider-
ably weaker ‘spin-orbit coupling’ in the 34 band. Fur-
thermore, the influence of the Zeeman split core states
was clearly demonstrated. The present paper proves
that XES can be a very valuable tool in describing the
electronic structure of magnetic

multilayers, in particular, with buried interfaces.
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