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Abstract. Fully relativistic investigations on the magnetic circular dichroism in emission
have been performed for Rh in the three alloy systemg76R®h 25, Cay 75— Rho2sNiy, and
Cop.75Rho 25 Pd,. The results obtained using the spin-polarized relativistic Korringa—Kohn—
Rostoker method of band-structure calculations together with the coherent-potential approximation
(SPR-KKR-CPA) allow one to make a detailed interpretation of corresponding experimental data.
The changes in the magnetic moments of Co and Rh in the binary allpRl¢o, caused by
substitution of Pd for Rh and Ni for Co, respectively, are discussed in comparison with experimental
data and a generalized Slater—Pauling curve.

1. Introduction

During the last decade magnetic circular dichroism in x-ray absorption (MCD-XA) has been
established as a new tool for investigating magnetic properties of multi-component systems
in an element-specific way. Although XA probes unoccupied states above the Fermi energy,
the MCD sum rules [1-4] allow one to estimate the spin and orbital magnetic moments of the
absorbing atom. Among the many investigations done using MCD-XA, several studies have
been performed also on 4d-transition-metal elements in binary alloys [5, 6] and multi-layer
systems [7, 8] during the last few years.

In contrast to XA, the corresponding x-ray emission (XE) experiment probes directly the
occupied states of a system. Unfortunately, corresponding MCD-XE experiments are much
more demanding than in the case of MCD-XA. For this reason, only very little experimental
work has been done in this field. In particular, the element-selective nature of MCD-XE has
been exploited only recently by Galketal [9] who performed investigations on Rh in Co—Rh-
based ternary alloys. In this case, resonant excitation energy just above theaRbdrption
edge was used, leading to a MCD-XE spectrum that reflects the magnetization of the Rh atoms
induced by the neighbouring magnetic atoms.

For Co-rich binary CeNi;_, alloys the average magnetic moment decreases nearly
linearly with increasing Ni concentration, in line with the generalized Slater—Pauling con-
struction for two strong ferromagnets [9, 10]. Accordingly, one would expect a decrease in the
average moment of G&h,_, alloys upon substitution of Ni for Co. However, corresponding
MCD-XE investigations for Rh in the alloys GgRhg 25 and (C@.gsNig.15)0.75Rho.25 did not
reflect this expected change [9]. This finding was attributed to a hybridization of Ni and Rh
states near the Fermi level [9]. For a substitution of Pd atoms for Rh an increase of the average
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moment may be expected because of the higher spin susceptibility of Pd compared to Rh.
This expectation was indeed confirmed by MCD-XE experiments for Rh §y4Rby 25 and
Coy.75(Rho.8sPth.15)0.25 [9].

The experimental work of Galledt al [9] on Co—Rh-based alloys was accompanied by
band-structure calculations for orderedsRb. This allowed these authors to demonstrate
a qualitative correlation of the MCD-XE spectra and the difference in the theoretical spin-
resolved density of occupied states [9]. To permit a more detailed discussion of the properties
of Co—Rh-based alloys, corresponding band-structure calculations have been performed using
the spin-polarized relativistic Korringa—Kohn—Rostoker method of band-structure calculations
together with the coherent-potential approximation (SPR-KKR-CPA) which in particular
accounts for the disordered state of these systems. To deal with the MCD-XE the band-structure
calculations have been done in a fully relativistic way. To derive from these the corresponding
spectra the absorption-followed-by-emission model of Strange and co-workers [11] has been
adopted.

In the following section some technical details of our work will be sketched. The major
part of this contribution will be devoted to the presentation and discussion of our results.

2. Theoretical framework

The Green’s function formalism supplies an appropriate framework for dealing with the
electronic structure of disordered alloys. Using multiple-scattering theory, the single-electron
Green’s function can be written as [12, 13]

G* () Fus E) = Y Za (o EVOUN(E)ZY, (s E) = Y Za (e E)JS (Fos E)Su. 1)
AN A

Working in a spin-polarized relativistic mode, the functidhsandJ, are the regular and
irregular, respectively, solutions to the single-site Dirac equation for a spin-dependent potential.
TheindexA = («, ) is shorthand notation for the relativistic spin—orbit and magnetic quantum
numbers [14]. The quantity,’;, in equation (1) is the so-called scattering path operator [12]
that represents all multiple-scattering processes in the solid. For disordered alloys the wave
functions in equation (1) refer to a specific componerdand the scattering path operatgt;,
has to be defined and determined accordingly [12]. Using the CPA to account for disorder,
the latter is done by solving iteratively the so-called CPA equations giving, in particular, the
site-diagonal scattering path operatdf,” for the componen&. With the Green’s function
available, self-consistent calculations can be done in a more or less straightforward way, within
the framework of relativistic spin-density functional theory (SDFT).

Multiple-scattering theory is also used as a standard basis to deal with x-ray absorption.
A corresponding expression for the absorption coeffigightis given by [15]

W) ocim Y3 [Z M (EYO (EYME (E) = Y 10 (E):| @)
i unocc| A,A’ A

where the sum runs over the core stat@s/olved and the radiation field is specified by the

wave vectorg, the energyw, and the polarization. With the electron—photon interaction

operator defined a&;, = —ea - K(;A [15], the matrix eIemenMi’}f in equation (2) is given

by

Mf/]\);\:x = /d3r ZAaX(?v E)Xt})u(?)qu, (71 E.) (3)

wherea is the vector of the standard Dirac matrices [lﬁh is the vector potential of the
radiation field, andp,, (7, E.) is the core wave function for core statet energyE.. A
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corresponding expression can be given for the atomic matrix elerﬁ?gﬁtthat is connected
with the irregular solution/, to the Dirac equation (see equation (1)). As indicated by
the superscripty, equation (2) can straightforwardly be applied to disordered alloys with
all quantities evaluated for each component individually.

Experiments on the MCD-XE are usually performed using circularly polarized light for
excitation and detecting the following fluorescence radiation [16]. To allow for a theoretical
and experimental description for this quite complex situation, Stratge[11] suggested
treating the absorption and emission processes completely independently and omitting the
polarization analysis for the emitted radiation. This leads to the rather simple expression for
the emission intensity

1 .
I)\(a)in: wout) X EW))EA (win) Z W)}EE (wout) (4)
W

that depends on the frequengy, and polarization. of the exciting radiation and the frequency

woy: Of the outgoing fluorescence radiation. Because no polarization analysis is done for the
latter, one has to sum over the various polarization stgteEhe spectral functio} , (w;,)

in equation (4) is the cross section for the absorption step as given by equation (2), while
W)A{E(wom) is that for the emission process, which can also be dealt with using the expression
in equation (2).

Using the x-ray emission intensity defined by equation (4) one can derive the corresponding

circular dichroism signal from the definition
g
Alycp-xe = % (5)
that depends on the frequencies of the incoming and outgoing radiatiprand w,,;,
respectively.

To allow a direct comparison of results based on equations (2) and (4), respectively,
one has to account for different broadening mechanisms, as indicated by the falctoin1
equation (4). For the x-ray absorption this has been described in detail by for exarifge M
etal[15,17]. For the x-ray emission spectra we followed the procedure suggested by Durham
et al [18]. This means in particular that a Lorentzian linewidthE) has been used that
depends quadratically on the energy differefce Er, with Er being the Fermi energy, and
that is meant to represent relaxation of the valence band hole states due to Auger processes.

3. Results and discussion

3.1. Band-structure calculations

The properties of normally non-magnetic transition metals dissolved substitutionally in a
ferromagnetic host like Fe, Co, or Ni have been studied extensively in the past [19-22].
In particular, a rather simple explanation could be given for the orientation of the induced
spin magnetic moment with respect to the host magnetization. For the late transition metals
one finds a parallel alignment. Within a tight-binding model this is explained by the fact that
for the dominating d electrons the atomic energy parameteos the impurity and the host
element are rather close to one another for the majority-spin system. For the minority-spin
system, these are further apart, leading to a stronger binding for the majority-spin system.
This situation still holds for concentrated alloys and accordingly one finds for feRKgo, a
positive spin magnetic moment for Rh that—starting witf}" = 0.486 5 for x approaching

unity [23]—decreases monotonically with increasing Rh concentration.
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For the ternary alloy systems studied here, the situation scarcely changes. This can
be seen in figure 1, where the spin-resolved partial density of states (DOS) is given for
(Can.gsNip.15)0.75RMy 25 and C@ 75(Rhy.gsPh.15)0.25. All these systems are dominated by the
component Co, and show accordingly partial DOS curves that are very similar to those of
pure fcc Co. Rh, on the other hand, has a broad d-band complex that is rather featureless.
Only in the vicinity of the Fermi level one notes a reminiscence of the virtual bound state
peak that occurs for Rh impurities in Co. As can be seen in figures 1 and 2, the induced spin
polarization, i.e. the differenagl, (E) —n %, (E) of the DOS for spin up and down, respectively,
is most pronounced around the Fermi level. This is primarily because the bandwidth of the
magnetic 3d-transition-metal alloy partner is quite small compared to that of Rh. For Pd in
Cap.75(Rho.gsPh.15)0.25 the situation is quite similar to that for Rh. The differences that can
be seen in figure 1 occur primarily because the Pd concentration is lower and the Pd d band
is nearly filled. Finally, for Ni in (CggsNig.15)0.75Rho 25 the DOS is dominated by a narrow
d-band complex that shows an appreciable exchange splitting.
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Figure 1. Component- and spin-resolved density-of-states curves for (lefg)géBbo.15)0.75RNo.25

and (right) Ca 75(RhossPth.15)0.25 alloys. The upper and lower panels give the results for
the majority- and minority-spin systems, respectively. The component-resolved egives)

(¢ = Co, Rh, Ni, Pd;m; = 4, ]) are weighted by the corresponding concentrations. For
comparison the total density of state&) is given in all panels multiplied by a factor of

The spin magnetic moments for the various systems studied are given in table 1. For the
binary alloy system CdRh;_, the spin magnetic momept?™" of Co increases monotonically
with decreasing Co concentratian[23]. This increase, that can be seen in table 1 for the
specific concentratiom = 0.75, is compensated by the much smaller moment of Rh leading
to a decrease of the average momgf#it" compared to that for pure fcc Co. As was predicted
before on the basis of the Slater—Pauling curve [24], partial substitution for Co)iiRim 25
with Ni leads indeed to a reduction @f?’”. While the moment:*?"" of Co is hardly affected
by this,«*?" for Rhis reduced by 15%. Nevertheless, the reduction of the total spin magnetic
momenti*?i" stems primarily from the spin magnetic moment of Ni, which is much smaller

thanug’;”. Here one should note thaf\ﬁ"” for Ni in (Cog.gsNig.15)0.75Rhg 25 is increased by
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Figure 2. The differences of the spin-up and spin-down D&¥$E) — n' (E) for Cap75Rhg 25-
based alloys. In each part, the full line gives the average for the alloy system while the dashed line
gives the results for Rh.

Table 1. The spin(x*?") and orbital(;.*"%) magnetic moments in Co—Rh-based alloysy(is).

spin orb

W W

Can.75Rho 25 Co 1.684 0.081
Rh 0.434 0.012
Total 1.384 0.066

(Con.gsNig.15)o.75Rho25s  Co 1.690 0.085
Rh 0.369 0.012
Ni 0.689 0.048
Total 1.247 0.063

Cap.75(RhogsPth.15)o2s  Co 1.801 0.105
Rh 0.498 0.026
Pd 0.244 0.021
Total 1.465 0.085

about 15% compared to that for pure fcc Ni. This means that as regards Co and Ni the findings
for (Cay.gsNio.15)0.75Rho.25 are completely in line with the properties of the binary alloy system
Co, Ni]__x.

Partly substituting for Rh in GgsRhg o5 with Pd has quite complex consequences. First
of all, one notes thatl." increased more compared to that for pure fcc Co than in the case
of Cay7sRhg25. This is in line with the results for the binary alloy system,@d,_, [23].
For Pd, the induced spin magnetic moment iny &Ry ssPh.15)0.25 is smaller than for Rh.
This could be expected from the properties of these two 4d transition metals. When Pd is
dissolved substitutionally in fcc Cqupy" is found to be 0.23§:5, while for Rh one has
wan' = 0.4865 [23]. These theoretical results obtained using the single-site approximation
are in reasonable agreement with results obtained by Stepahgljid 9] (0.29 w5 for Pd and

0.5 for Rh) who accounted in addition for the distortion of the neighbouring Co-host atoms.
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Finally, one notes in table 1 an increase by nearly 20%(4@” in Coy.75(Rho.gsPth.15)0.25

compared to Cg;sRhy 25. Presumably this is caused by the increas;ei@"f“.

Because our calculations have been performed on a fully relativistic level they give directly
access to the spin—orbit-induced orbital magnetic mome&ift The corresponding results
have been included in table 1. As one can see, these supply contributions up to 10% to the
various partial magnetic moments. Here one should note that our calculations have been done
in the framework of plain spin-density functional theory (SDFT) which often gives an orbital
magnetic moment that is too small. For pure Co for example the deviation from experiment
amounts to about 46% while for pure Ni it can be neglected [25]. For the 4d elements only the
minor corrections fop.*"? given in table 1 are to be expected, when one is going beyond the
SDFT level, for example by including Brooks'’s orbital polarization (OP) scheme [26].

Starting from a spin-polarized band-structure calculation and treating spin—orbit coupling
as a perturbation represented by the simplified opefdtei- = £I,0,, a rather simple exp-
ression can be given for the spin—orbit-induced orbital magnetic moment. In particular, one
finds that for transition metajs is given essentially by the spin polarization of the d electrons
at the Fermi energyndt (Er) — nd¥(Er) [21]. For 3d- and 4d-transition-metal impurities at
the (001) surface of Fe a semi-quantitative agreement could be found for results obtained from
this simple model and the properly calculated momeujté.

3.2. Magnetic circular dichroism in x-ray emission

As mentioned above, the MCD-XA can be used to derive, on the basis of the sum rules, from
experimental x-ray absorption spectra an estimate of the spin and orbital magnetic moments
of the absorbing atom. Corresponding work on Rh in binaryRw_, alloys has been done

by Harpet al [5, 27] who made measurements at thgd\lbsorption edges. For GeRho 23

these authors deduced for Rh a total magnetic moment of;6 7 his is in reasonably good
agreement with the data given in table 1.

Furthermore, the MCD-XA spectra recorded by Hatjal [5,27], could be reproduced in
a very satisfying way by making use of the scheme outlined in section 2 [28]. For this reason,
one may also expect it to supply a sound and reliable basis for dealing with the MCD-XE
spectra of ternary Co—Rh-based alloys.

From equation (4) it is quite obvious that the excitation step plays a crucial role for
the MCD-XE spectra. To demonstrate this in some detail, theoretical spectra—broadened
by Lorentzian and Gaussian profiles with widths ob @&nd 015 eV, respectively—for
(CapgsNig.15)0.75Rho 25 are given in figure 3 for various photon energigés = hw;, of the
excitation radiation. The top panel shows the polarization-averaged emission gpeetra)
that obviously depend only moderately on the excitation energy. In particular, their structure
hardly changes ovef;,,. Comparing these curves with figure 1 (top panel) one notes that they—
as is to be expected—reflect the partial DOS of Rh rather directly. In contrasttd —, the
dichroic signal(/* — I™) varies rapidly in amplitude as well as in signuif, changes over a
rather narrow range. On the other hand, if the excitation is done using radiation spread over
a certain energy rang&E;,, the changes fof* — I~ are far less dramatic. As is shown in
the lower part of figure 3 the shape of the MCD signal depends only slighty B and is
shifted to higher values i\ E;, is increased from 1 to 10 eV.

Accounting for the various broadening mechanisms in a realistic way, the theoretical
spectra in figure 3 can be directly compared to corresponding experimental data. Within the
experimental work on (GgsNig.15)0.75Rho.25 and C@ 75(Rhy gsPth 15)0.25 mentioned above,
white lightover a range of about 140 eV has been used [9]. To account for this at least partly, the
theoretical spectra that are compared in figure 4 with their experimental counterparts have been
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Figure 3. Theoretical XE (top) and MCD-XE (middle),* + I~ andI* — I, respectively, for
(Coo.g5Nin.15)0.75Rho 25 for a specific photon energy for the excitation step, i.e. a specific initial-
state energye; for the emission process. The panel at the bottom gives the relative MCD-XE
spectraI* +17)/(I* — I™) for excitation with photon energies spread over a rangg, ; i.e. the
initial-state energie’; lie betweenEr andEr + AE;.

obtained forA E;,, = 10 eV. For this comparison the theoretical spectra have been scaled down
by a factor of about 10. There are several reasons for the experimental dichroic signal being
much weaker than expected from theory. One is presumably the use of a rather wide range for
the excitation energy. Even more important seems to be the fact that the measurements were
done in an external field that was much too small to make the magnetization saturated [9].
The first set of theoretical spectra shown in figure 4 (dashed lines—broadening I) has
been obtained using energy-independent broadening parameters. Comparing these with the
corresponding spin-polarization curves in figure 2, one notes that the various curves go reason-
ably well in parallel with these. This finding is in accordance with the interpretation of the
MCD-XE spectra already given by Strangeal [11] in the case of pure Fe. In figure 4 the
experimental spectra reported by Gaktal [9] have been added. When comparing with
the above-mentioned theoretical spectra (labelled broadening 1), one notes that the various
features at higher binding energies are much more pronounced for the theoretical than for the
experimental spectra. Using broadening parameters that increase quadratically with binding
energy (broadening Il in figure 4) a much better agreement with experiment is achieved. This
clearly demonstrates that Auger relaxation processes within the valence band play a crucial
role as regards the shape of the MCD-XE spectra, as was found before for conventional XES
spectra [18].

4. Summary

Spin-polarized relativistic band-structure calculations have been performed for a number of
Co—-Rh-based disordered ternary alloys. Investigations of MCD-XE spectra of Rh revealed a
strong dependency of these spectra on the excitation energy. This was found to be strongly
reduced if a certain range of photon energies for the excitation step is assumed. Simulating the
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Figure 4. Theoretical and experimental MCD-XE spectra of §@Nig 15)0.75Rho.25 and
Cop.75(Rho.s5Pth 15)0.25. The experimental data stem from reference [9]. The theoretical spectra
have been scaled down by a factor of about 10 (see the text). For the spectra labelled broadening |
an energy-independent linewidth has been used. For spectra labelled broadening Il it was assumed
that the linewidth increases quadratically with binding energy.

experimental conditions accordingly, very satisfying agreement with recent experimental work
could be achieved. As pointed out before by other authors, it was found that the interpretation
of the MCD-XE spectra in terms of the corresponding spin polarization is quite well justified.
However, there is no simple one-to-one relationship because the MCD-XE spectra are strongly
influenced by energy-dependent broadening mechanisms.
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