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Abstract. Magnetic circular dichroism (MCD) in X-ray absorption has been measured at the Lz 3 edges of
Fe in ezx-situ grown Fe and Fep 50Co0.48Vo.02 films by means of the transmission method. A new approach is
developed for fitting the observed transmittance, which describes the resonance lineshapes as (generalized)
Fano profiles. Analytical integration of each single resonance allows a more reliable determination of the
orbital and spin magnetic moments based on the MCD sum rules. The results are consistent with an
increase of the Fe spin and orbital magnetic moment in Fe-Co alloys as obtained by other experiments and

band structure calculations.

PACS. 78.70.Dm X-ray absorption spectra — 87.64.Ni Optical absorption, magnetic circular dichroism,

fluorescence spectroscopy

1 Introduction

X-ray magnetic circular dichroism (MCD) in X-ray ab-
sorption spectra (XAS) has become a powerful tool to
study magnetism on the atomic scale. To obtain the val-
ues of magnetic moments one must integrate the absorp-
tion lines separately [1,2]. This task is difficult as the line
profiles are complex and partly overlapping, and the back-
ground is also structured. Furthermore, experimental dis-
tortions (saturation [3,4], leakage [5]) are to be taken into
account to achieve an acceptable precision.

This contribution presents a new method for quanti-
tative data analysis of XAS and MCD. The experimental
absorption profiles have been analytically approximated,
including background and experimental distortions. This
allowed to integrate analytically and separately each res-
onance, with automatic background subtraction. Making
use of the angular dependence of XAS, we determine a)
— the absolute degree of circular polarization of the in-
coming radiation, b) — the absolute absorption cross sec-
tions of relatively thick films', ¢) — the orbital my, and
spin mg components of the magnetic moment applying
the magneto-optic sum rules [1,2].

This procedure has been tested on Feg 50Cog.48Vo.02
and Fe films. The obtained magnetic moments confirm

a
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! Fz-situ grown transmission samples with several dozens nm
thickness.

the theoretical predictions on enhancement of the Fe spin
component in Fe-Co alloys.

2 Experimental details

The 20 nm Fe and 30 nm Feg 50Cop 48 Vo.02 films? were
deposited on 500 nm thick SigNg; membranes by dc
magnetron sputtering. The films are polycrystalline with
the in-plane grain size of 10-20 nm. X-ray absorption
spectra were measured in transmission at the Fe Lj 3
edges at the elliptically polarizing undulator beamline
UE56/1 PGM [6] at BESSY II using the soft X-ray po-
larimeter [7]. The energy resolution was set to E/AE =~
1600, the degree of circular polarization to 0.85. The spec-
tra were taken flipping between the two opposite direc-
tions of a saturation magnetic field (£500 Oe) applied
parallel to the film surface. The transmitted light was de-
tected by measuring the total current of a GaAsP photo-
diode. The direct beam intensity Iy was measured sepa-
rately with the same detector. All measured spectra were
normalized to Iy and to the electron current in the storage
ring.

Data were acquired for several incidence angles in the
range 45° < 6 < 90°. The transmittances measured at 8 =
50° are shown in figure 1 together with the corresponding
asymmetry A, = (Tt —T7) /(T +T").

2 Small amounts of V increase homogeneity of the film.
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Fig. 1. Measured transmittances at the Fe L2 edges (# = 50°) and corresponding asymmetry A,, for the Fe (a, ¢) and

Feo.50C00.48Vo.02 (b, d) films. Inset: experimental setup.

3 Model description
3.1 Transmittance of a magnetic film

Coherent synchrotron radiation can be considered as a
coherent superposition of two circularly polarized parts
having opposite handedness (helicity). Its total intensity
Ip is the sum of the left-(I,) and right-(Ig) handed
circularly polarized intensities:

Ip =1, + Ig. (1)
When elliptically polarized light passes through a film
with a net macroscopic magnetization, different absorp-
tion of the two components results in MCD asymmetries.
The two fractions of the transmitted intensity are related
to the fractions of the incoming light:

I4 =1 exp(L) + Ig exp(R) (2)

with £ and R:
wr  Apr
= (£ 4
£ (Sin9 tan9> ®)
ur  Apr
= 4
R (sin9¢tan9> )

where + denotes parallel or antiparallel coupling of the
film magnetization M and the photon helicity. The quan-
tities p and Ap are the atomic absorption coefficient and

its dichroic contribution, 7 is the film thickness, 6 the an-
gle of incidence relative to the film surface (Fig. 1 inset).

In real experimental conditions equations (1, 2) are not
strictly fulfilled. The possible distortions are [5]: scattering
from the sample, higher harmonics, stray and unpolarized
light, thickness effects and radiation leakage. We found
that the most important distortion is radiation leakage
due to nonuniformity of the sample (e.g. microholes). Its
magnitude (possibly large) cannot be estimated a priori,
so it needs to be analyzed. The transmitted intensity (I' 1)
is then split into the leaking (not attenuated) part X1y and
the attenuated part (1 — X)I,:

Iy =XIp+ (1 - X)Lt (5)
where X is the ‘leaking fraction’, or the effective fractional
area of the holes in the sample3. The transmittance T is
then written as

Ty =X+ (1—-X)Prexp(L) +Prexp(R)) (6)
where P, = I, /Iy and Pg = Ig/I are the intensity frac-
tions of the left- and right- handed circularly polarized
light in the incoming beam. If the radiation is coherent,
P, + Pgr = 1 and the normalized Stokes parameter Ss [8]
of the incoming beam is

S3=(Pr—PL)/(Pr+Pp) .

3 Empirically we found that X =~ ksin(6), where k can be
as large as 0.3. This angular dependence allows us to decouple
and correct also severe leakages, as verified with several data
sets.



O. Zaharko et al.: MCD: quantitative analysis

Finally, we can define the average transmittance

_ T +T_ —ur Apr
=— = X+(1-X)exp <m) cosh <tan9
(7)

Apr
tanf )

(8)

Ta

and the differential transmittance

Ty -T_ —
Tp = +T =S55(1 — X)exp (ﬁ) sinh

In Section 3.2 we will give an effective analytical expres-
sion of the energy dependence of ur(E) and Aur(E).
Equations (7, 8) will be used in Section 4 to fit the ex-
perimental transmittances.

3.2 Parametrization and integration of ur and Apur

The attenuations ur(E) and Aur(FE) represent the pho-
toabsorption (XAS) and its associated dichroism (MCD)
and contain the element-specific and component-resolved
information on the magnetic moments in the studied films.

The spin and orbital magnetic moments can be de-
termined from the line integrals of pur and Aur applying
the magneto-optical sum rules [1,2]. Assuming only
dipole transitions and neglecting the contribution of the
magnetic dipole operators, the sum rules yield

4 Jp,AwrdE + [ AprdE
3" fL2 urdE + ng urdE
fL3 AprdE — 2 fL2 AprdE

—en fL2 urdE + ng urdEB

mip, =

ms = (10)

The accuracy of the absolute moment determination is
very sensitive to errors in the integration and to the num-
ber n of 3d band holes per atom.

The integration of both the Aur(E) (MCD) and ur(E)
(XAS) spectra is commonly performed according to the
semi-empirical recipe given in [9]. There the line integrals
are evaluated graphically. The XAS lines corresponding
to the Ly and L3 transitions from the 2p to the 3d bands
are approximated by d-peaks; the background is assumed
to consist of a linear part and a double step function,
which models the transitions into the s conduction contin-
uum. Intrinsic (Lorentzian) and instrumental (Gaussian)
broadening are assumed. For the graphical integration of
the single lines, it is necessary to evaluate very precisely
background level, slope and height of the double-step. Fur-
thermore, the Lo and Lg lines overlap significantly, making
it awkward to choose a cutoff point. In addition, evident
asymmetries in the peak shapes cannot be reproduced by
this simple model.

We evolved this approach in two ways: a) the line pro-
files Aur(E), ur(FE) and background are represented by a
simple analytical function of E, with all its free parameters
evaluated by data fitting; b) asymmetric Fano lineshapes
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are used. Our choice of profiles is based on criteria of sim-
plicity and functionality. We do not automatically assume
the corresponding physical effect.

In the simplest case (isolated resonance interacting
with a single continuum) the Fano lineshape is usually
written in the form [10,11]

() = olg+* /(1+) (1)

with ¢ — intrinsic background, ¢ — asymmetry parameter,
€ = (Ef EO) Jw, E° — line center, w — intrinsic line
width. Neglecting a constant term, this can be rewritten
as a linear combination of a Lorentzian profile with an
odd-parity asymmetry term

%4 AVe

S(E) = (1 + €2) + (1 + €2) .

(12)

The independent parameters are now (V, A, w, E°) in-
stead of (o, q, w, E°)*. A is the relative weight of the
asymmetry term. The latter integrates to zero, so that
vV = fjoooo S(E)dE. This form is unchanged for partly
overlapping multiple profiles as the Ls, L3 lines, except
for a linear background term [13]. The ur(E) and Aur(E)
spectra can be written as a sum of two profiles §;(E). In-
strumental broadening is taken into account by convolu-
tion with a normalized Gaussian function &(FE)%, whose
width is also a free parameter. Background is represented
by a linear term incorporating several contributions plus
a smoothed double-step representing the density of un-
occupied s states. Smoothing of each step is achieved by
convolution with the Lorentzian part of the corresponding
line and with the same Gaussian &. The branching ratio
2:1 between the step heights is kept fixed.

The advantages of the described approach are straight-
forward. The functions pr(E) and Apr(E) are simply
parametrized, and the line integrals are determined di-
rectly as profile parameters. This makes it possible to
develop a self-calibrating automatized procedure, which
based on the averaged and differential transmittances re-
fines the parameters of interest and, finally, calculates the
magnetic moments my, and mg. Further details of the re-
finement procedure are given in the Appendix.

4 Results and discussion
4.1 Results of refinement

The T4 and Tp values (¢f. Egs. (7,8)) obtained from
the measured data for the Fe and Feq 50Cog.4sV.02 films
were fitted by the described approach. The quality of
the fits is very good both from visual inspection (Fig. 2)
and from the statistical parameters (final goodness-of-fit
GoF = 9.0 x 107 for the Fe film and GoF = 8.9 x 1076
for the Feg 50C00.48Vo.02 film). The final parameters are
listed in Table 1.

* This is essentially the ‘Shore parametrization’ [12].
5 This does not affect the values of the line integrals.
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Table 1. Results of refinement of the Fe L3 2 absorption spectra in the Fe and Feg 50Co0.48Vo.02 films. The symbols denote:
EE,- — line centers [eV], wy, — intrinsic linewidths [eV], AL, — asymmetry parameters, V1, — edge integrals, S3 — degree of
circular polarization, s — height of the step above the resonances.

Fe film Feo.50C00.48 Vo.02 film
ur Apr ur Apr

EE3 707.850+0.004 708.2010.03 707.721£0.004 708.0440.03
WL, 1.14140.004 0.56+0.02 1.06740.004 0.56+0.02
Avg 0.54010.003 —0.04+0.03 0.58840.004 0.01+0.02
Vi, 3.347£0.009 —0.69+0.09 2.753£0.008 —0.724+0.07
E82 720.689+0.008 721.331+0.05 720.635+0.009 721.16+0.05
WL, 1.35 +0.01 1.39+0.08 1.29 +0.01 1.43+0.07
A, 0.4344-0.006 0.0940.02 0.447+0.007 0.1040.02
Vi, 1.26040.009 0.4240.06 0.987+0.008 0.4440.05
s 0.048+0.002 0.045+0.002

Ss 0.8440.10 0.78+0.06
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Fig. 2. Measured (symbols) and calculated (solid lines)
transmittances at the Fe Lgso edges in the Fe (a) and
Feo.50C00.48Vo.02 (b) films.

The refined pr(E) and Apr(E) dependencies are plot-
ted in Figure 3. The p+ Ap and p— Ap values, extracted
from these plots, are the absolute photoabsorption cross-
sections. The resulting spin and orbital magnetic moments
of Fe are mg = 2.2+ 0.2 ug and my, = 0.26 + 0.09 pugp for
the Fe film and mg =3.44+0.2 ug and mg, =0.3+£0.1 up
for the Fe()‘5()CO()‘48V0‘02 film.

The values of the Stokes parameter S3=0.84 £ 0.10 for
the Fe and 0.78 £ 0.08 for the Feg 50Cog.48Vg.02 films are
comparable to the value 0.85 obtained during commission-
ing of this beamline [6].

As a result of the fit no significant radiation leakage
was detected. In other cases, we could detect and quantify
large leakages, and the results were confirmed by atomic
force microscopy. The Gaussian broadening is found to be
negligible.

To compare the results the analytical and graphical
methods (Fig. 4), we performed also the graphical inte-
gration of transmittances at § = 50°, following the es-
tablished recipe of reference [9]. However, we found its
application in practice, problematic. Firstly, we note that
the data used for the graphical integration are complex to
scale. Secondly, the MCD graphical integral (Figs. 4c, d)
does not saturate at the high energy region of the mea-
sured spectra, while the analytical integration is per-
formed over the entire absorption edge. Finally, both the
spin and orbital magnetic moments obtained by the graph-
ical procedure are systematically too low (see Tab. 2).
Given the discussion of Section 3.2, we find the analyt-
ical integration more reliable for the present set of data.
It is worth noting that the accuracy of the magnetic
moments determination by the analytical procedure can
still be increased collecting the data at additional angles
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Fig. 3. ur and Apur at the Fe L3 2 edges refined using Fano profiles for the Fe (a, ¢) and Feo.50Co00.48Vo.02 (b, d) films.
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Fig. 4. XAS and MCD at the Fe L3 2 edges obtained from transmittances at @ = 50° and their graphical integration (dashed
lines) in the Fe (a, ¢) and Fep.50C00.48Vo.02 (b, d) films by the semi-empirical recipe [9].

of incidence and measuring Iy simultaneously with the
transmittances.
4.2 Magnetic information on the Feg 50Cog.45 V.02 film

The information about the component resolved magnetic
moment in the Feg 50Cog.4sVo.02 film is of fundamental

interest. It is known that bulk ordered and disordered bcc
Fe-Co alloys show an anomalous increase of the Fe mag-
netic moment when the concentration of Co is increased
above 25% [14—-17]. This happens in the absence of a signif-
icant charge transfer from Fe to Co, and the Co magnetic
moment remains almost constant. The band structure cal-
culations within the local spin-density [17] as well as the
spin and orbital polarized relativistic multiple scattering
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Table 2. Orbital mr,, spin mg magnetic moments (in pp/atom) of bee Fe and their ratio my, /ms in the Fe and Feg.50Co0.48Vo.02

films obtained by the analytical integration. The values reported
presented. In this work we adopt the value ng. = 3.39 [9].

in literature and obtained by the graphical integration are also

Structure/substrate mr,/ms mL ms
Experimental
Fe/SigN4* 0.12 £ 0.05 0.26 = 0.09 22+0.2
Fe/SisN4" 0.033 0.058 1.74
Feo.50C00.48 Vo.02/SisNa® 0.12 £ 0.03 0.3£+0.1 3.4+0.2
Feo.50C00.48 Vo.02/SizN4® 0.033 0.077 2.32
Fe/(CsHg),® 0.043 0.085 1.98
Feg.5Coo.5" 3.0
Theoretical

Fe LSDA® 0.018 0.04 2.22

Fe OP-LSDA® 0.027 0.06 2.21

Feo.5Cog.5 LSDA' 0.024 0.065 2.69

Feo.5Coo.5 OP-LSDAf 0.034 0.092 2.69

Fep.5Coo.5 SPR-KKR-CPA#® 0.020 0.05 2.5

Fep.5Coo.5 SOPR-KKR-CPA® 0.032 0.08 2.5

& The present work, analytical integration.

® The present work, graphical integration.
¢ Values from reference [9].

4 Values from reference [14].

f Values from reference [17].

¢ Values from reference [18]. LSDA and OP-LSDA stand for local spin density approx-
imation without and with the orbital polarization term.

& Values from reference [16]. SPR-KKR-~-CPA and SOPR-KKR-CPA stand for spin and
orbital polarized relativistic multiple scattering theory without and with the orbital

polarization term.

(KKP-CPA) [16] theories predict that this is due to an
enhancement of the Fe spin moments (mg = 2.5up/Fe).
Within the itinerant electron theory of magnetism this can
be understood in terms of the increase of the exchange en-
ergy between the two spin sub-bands due to the mixing of
Fe and Co atoms within the bce structure, which leads to
a filling of the majority band. The calculations [17] pre-
dict also an increase of the Fe orbital moment in FeCo
compared to pure Fe due to band-filling effects.

Our results confirm the enhancement of the spin and
orbital magnetic moments of Fe in the Fey 50Cog.48Vo.02
film compared to Fe film. The total magnetic moments
are in rather good agreement with results obtained by
neutrons [14] (3.0 pg/Fe for FeCo) and other MCD mea-
surements [9] (1.98 pp/Fe for Fe). The spin components
of the magnetic moments are close to the values obtained
by component resolved band structure calculations (see
Tab. 2). However, there is a discrepancy between the or-
bital moments obtained by the analytical integration and
the theory. Such a discrepancy may have two reasons.
Firstly, the theoretical values may be underestimated.
They are performed for “perfect” Fe and FeCo bulk ma-

terials which do not account for the presence of 2% of
V atoms, disorder, surface and grain interface relaxation
(grains are of order 10-20 nm in our samples). These ef-
fects will enhance the orbital moment due, among others,
to a lifting of the crystal field quenching as was observed
before in the case of surfaces (see for example [21]). On
the other hand, our model does not account for weak fea-
tures present in the Aur spectra. For example, a small
positive intensity shoulder at the high-energy side of the
Ls-edge (Fig. 2¢, d) is not taken into account in our model
function. It may be caused by spin polarization in the va-
lence band [22]. As the integral fL3+L2 Apr is obtained
by subtracting the almost equal Lo and Lg integrals, this
small feature may give up to 15% increase in the orbital
moment.

We conclude that the values obtained by the analytical
integration are realistic. Finally we note that up to now
there is no other measurement of the orbital moment on
these or similar samples. Only few MCD spectra on FeCo
films were measured [19,20], but the spin and orbital mag-
netic moments were not determined. Therefore, the ques-
tion of an increase of the orbital moment as compared to
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theory should be addressed in the future by further mea-
surements and more realistic calculations.

5 Conclusions

We have demonstrated a new quantitative approach to
MCD X-ray absorption spectra based on the analytical
integration of MCD and XAS spectra. The developed fit-
ting procedure allowed us to determine the absolute de-
gree of circular polarization, the absolute absorption cross
sections and the component resolved magnetic moments
of the Feg 50Cog.48 V.02 and Fe films as an example. This
procedure may be easily adapted to other MCD and XAS
experimental techniques.

We thank A. Gaupp for valuable discussions. This work is fi-
nancially supported by the Swiss Federal Office for Education
and Science and the European Community (contracts No BBW
97.0392 and FMGE-CT98-0105).

Appendix

Data have been collected at several values of energy E,,
n = 1...Ng, magnetization verse +1, and for different
incidence angles 05, j =1...N,.

As experimental standard deviations were not avail-
able, we performed a full-matrix non-linear unweighted®
least-squares refinement for all spectra. This means mini-
mizing the function

2
¢ =23 ([m, - [19],,)
nj
2
+2 Z ([TODbS} nj B [T(BIC] nj)
nj

In the expressions of the calculated transmittances ’]I‘%‘IC,
T (¢f. Egs. (7,8)) pur and Aur are substituted by

MUT = ﬁl(En) "‘Zgz(En)
i=1
4

Aur = Po(Ey) + gi(En)
1=3

with the Fano profiles §;(F) introduced in Section 3.2 (cf.
Eq. (12)), B1, B2 contain all background terms.

In order to determine the refined parameters reliably,
their number should be significantly smaller than the num-
ber of observations and the correlations should be as small

6 This corresponds to assuming for all the observed trans-
mittances normally distributed errors with constant standard
deviations. The normal distribution of errors was verified by
repeated measurement of the transmitted intensity in the ex-
perimental energy range.
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as possible. For the Fe film Nobs : Nparam = 50 : 1, for the
Feg.50C00.48Vo.02 film Nops : Nparam ~ 54 : 1.

The program is a Fortran90 code by the authors. Dif-
ferent minimization algorithms are employed in succes-
sion. They all employ explicit evaluations of the func-
tion x? and its gradient Vx? with respect to the free
parameters. Second derivatives were approximated by fi-
nite differences. At the end of the minimization we calcu-
lated the parameters’ standard deviations by estimating

the variance-covariance matrix V as V = GoF [JJT}_l,
where J is the explicitly calculated Jacobian matrix of the
calculated transmittances with respect to the parameters
(JT its transpose) and GoF = x?/(Nobs — Nparam) is the
goodness-of-fit. The variance-covariance matrix V = v;; is
defined as v;; = 5;5;C;;, where S;, S; are the standard
deviations of the i- and j—th fitted parameter and C;; the
relevant correlation coefficient (Cj; = 1 by definition). The
final correlation coefficients turned out to be acceptably
small. The standard deviations of the refined parameters
can be obtained from the diagonal elements v;; = Sf.
For the -calculation of the magnetic moments
(Egs. (9, 10)) and relevant standard deviations, we also
used the full V matrix. The standard deviation Sy of a
function f(p) of the fitted parameters p = (p1,...,pN)

can be evaluated as Sy = [V, f - Vfo]l/Q.
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