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High precision, L,;-edge photoabsorption and magnetic circular dichroism spectra of iron and
cobalt were measured in transmission with in situ grown thin films, eliminating experimental artifacts

encountered by the indirect methods used in all previous measurements.

The magnetic moments

determined from the integrals of these spectra are found to be in excellent agreement (within 3%)
for the orbital to spin moment ratios, and in good agreement (within 7%) for the individual moments,
with those obtained from Einstein—de Haas gyromagnetic ratio measurements, demonstrating decisively
the applicability of the individual orbital and spin sum rules.

PACS numbers: 78.70.Dm, 75.25.+z, 75.50.Bb, 75.50.Cc

Orbital and spin magnetic moments are invaluable fun-
damental quantities for understanding the macroscopic
magnetic properties of matter. Although techniques have
been successfully utilized to measure these values, their
determination with element specificity remains a very dif-
ficult, but important, task. The decomposition of the to-
tal magnetic moment of a multicomponent, heteromagnetic
system into the orbital and spin moment contributions of
each element would be a tremendous advance in under-
standing the mechanisms underlying technologically im-
portant aspects of multilayer and alloy magnetic materials.

Concurrent with the x-ray magnetic circular dichroism
experimental developments [1], two important magneto-
optical sum rules have been derived, proposing a new
procedure to deduce element-specific orbital and spin
magnetic moments from x-ray absorption spectroscopy
(XAS) and its associated magnetic circular dichroism
(MCD) data [2,3]. Because of the significant implications
of the sum rules, numerous experimental and theoretical
studies, aimed at investigating their validity for itinerant
magnetic systems, have been reported, but with widely
different conclusions. The claimed adequacy of the sum
rules varies from very good (within 5% agreement) to
very poor (up to 50% discrepancy ) [2—11].

This lack of a consensus can be attributed to the ex-
perimental artifacts inherent in the indirect x-ray absorp-
tion methods used in all previous works [4-9], and to
the differences or incompleteness of theoretical treatments
[2,3,10,11]. On the experimental side, the indirect x-ray
absorption techniques, i.e., the total electron and fluores-
cence yield methods, are known to suffer from saturation
and self-absorption effects that are very difficult to correct
for [7,12]. The total electron yield method can be sen-
sitive to the varying applied magnetic field, changing the
electron detecting efficiency, or, equivalently, the sample
photocurrent. The fluorescence yield method is insensi-
tive to the applied field, but the yield is intrinsically not
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proportional to the absorption cross section, because the
radiative to nonradiative relative core-hole decay proba-
bility depends strongly on the symmetry and spin polari-
zation of the XAS final states. On the theoretical side,
it has been demonstrated by circularly polarized 2p res-
onant photoemission measurements of Ni that both the
band structure effects and electron-electron correlations
are needed to satisfactorily account for the observed MCD
spectra [13]. However, it is extremely difficult to include
both of them in a single theoretical framework.

To verify decisively the applicability of the individual
orbital and spin sum rules to itinerant magnetic systems
and to provide a stringent test for all first principle x-ray
MCD calculations, we have measured high precision, L, 3-
edge XAS and MCD spectra of Fe and Co by the trans-
mission method with in situ grown thin films. Because it
eliminates all the experimental artifacts mentioned above,
the transmission method is the most reliable technique for
testing the sum rules. The experiments were performed at
the AT&T Bell Laboratories Dragon beam line at the Na-
tional Synchrotron Light Source [14].

Soft-x-ray absorption spectra were obtained by measur-
ing the photon flux transmitted through magnetic thin films
using a soft-x-ray sensitive photodiode mounted 0.5 m be-
hind the sample. Fe and Co thin films were grown under
UHV conditions by e-beam evaporation onto 1 um thick
semitransparent parylene, (CgHg),, substrates. The film
thickness (50-70 A) was chosen to keep the absorption
dips of the L3 peak in the range of (20—30)%, optimizing
the signal to background ratio while preventing the loss of
spectral fidelity in converting the transmission spectra into
absorption cross sections. For these measurements, the
photon incident angle, energy resolution, and circular po-
larization degree were set at 45°, 0.5 eV, and 76%, respec-
tively. The applied magnetic field direction was along the
intersection of the incidence plane and the sample surface
plane. The MCD data were taken by alternating between
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two opposite directions of a saturation electromagnetic
field (held at =500 Oe) at each photon energy. Square
hysteresis loops with low coercivities (<100 Oe) were ob-
served by in situ element-specific magnetic hysteresis mea-
surements [15]. Together with our extended x-ray absorp-
tion fine structure, reflection high-energy electron diffrac-
tion, and conventional magnetometry measurements, we
found that these Fe and Co thin films are of a high magnetic
quality, and their structure and total magnetic moments are
nearly identical to those of bulk materials.

Figure 1(a) shows the incident-photon-flux-normalized
transmission XAS spectra of Fe/parylene thin films taken
with the projection of the spin of incident photons paral-
lel (I, solid curve) and antiparallel (/-, dashed curve)
to the spin of the Fe 3d majority electrons. Magneti-
zation independent spectra of parylene substrates were
also measured (I, dotted curve) in order to calculate
the relative absorption cross sections from these trans-
mission spectra using the well-known equation, u.(w) o
—In[/+(w)/I;(w)]. After taking into account the photon
incident angle and the circular polarization degree, i.e.,
multiplying u+ (@) — pu—(w) by [1/c0s(45°)]/0.76, while
keeping u+(w) + p—(w) the same, Figs. 1(b), 1(c), and
1(d) show, respectively, the resulting p+(w), p+(w) —
pu—(w) (the MCD spectra), and p4(w) + u—(w) (the
XAS spectra). The corresponding spectra for cobalt are
shown in Fig. 2. Unlike all previous works taken with
indirect x-ray absorption methods, no additional data ma-
nipulations are needed for these transmission spectra.

According to the x-ray MCD sum rules, the orbital [2]
and spin [3] magnetic moments can be determined from
the XAS and MCD spectra by the following equations:

4 fL3+L2(M+ — p-)do

= — (10 —
3 fL3+L2(,U'+ + p-)do

6 i, (ur —p)do =4[, (uy —p)do
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X (10 — n3d)<1 + %%) )

where mq, and mgpi, are the orbital and spin magnetic
moments in units of wp/atom, respectively, and n3, is
the 3, electron occupation number of the specific tran-
sition metal atom. The L3 and L, denote the integra-
tion range. (T) is the expectation value of the magnetic
dipole operator and (S_) is equal to half of mpi, in Hartree
atomic units. In these equations, we have replaced the
linear polarized spectra, wo(w), by [p+(w) + u—(w)]/2.
In order to verify the individual orbit and spin sum rules,
a 3d electron occupation number and a function for re-
moving the L, 3 absorption edge jumps are needed. How-
ever, for testing the orbital to spin relative sum rule, i.e.,
Eq. (1) divided by Eq. (2), this additional information is
not needed and only the MCD spectra alone are required.

To assist in the evaluation of the required MCD
integrals, Figs. 1(c) and 2(c) also show the integrations
of the MCD spectra, starting from 20 eV below the
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FIG. 1. L,3-edge XAS and MCD spectra of iron: (a) transmis-

sion spectra of Fe/parylene thin films, and of the parylene sub-
strates alone, taken at two opposite saturation magnetizations;
(b) the XAS absorption spectra calculated from the transmis-
sion data shown in (a); (c) and (d) are the MCD and summed
XAS spectra and their integrations calculated from the spectra
shown in (b). The dotted line shown in (d) is the two-step-like
function for edge-jump removal before the integration. The p
and ¢ shown in (c) and the r shown in (d) are the three inte-
grals needed in the sum-rule analysis.

L3 white line to 40 eV above the L, white line. The
saturation behavior near the end of the integrated spectra
clearly illustrates that there is no significant MCD signal
at photon energies 40 eV above the L, white line. The
integral for the whole range, L3 + L,, can be precisely
determined from the integrated spectrum, i.e., the g value
shown in the figures. There is a minor uncertainty,
however, for integrating the L; edge alone, because some
of its signal may overlap with that of the L, edge. By
choosing a cutoff at the onset of the L, white line, one can
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Fig. 2. Lys-edge XAS and MCD spectra of cobalt. The

descriptions for figures (a)—(d) are the same as those of Fig. 1.

determine the integral for the L; edge, i.e., the p value
shown in the figures. Since the p is much larger than
q, a slight uncertainty in p will not change significantly
the mo, tO mgpin ratios. First-principle band structure
calculations give (T,)/{S,) values of —0.38% for bcc Fe,
and —0.26% for hcp Co [11]. By neglecting the (T,)/(S,)
term in the spin sum rule, the mg, to mgpiy ratios can then
be calculated as 2qg/(9p — 6q).

The mop, tO mgpin ratios thus determined from MCD
data, those obtained by gyromagnetic ratio measurements,
and the results of various theoretical calculations are listed
in Table I. The MCD results are found to be in excellent
agreement with those of gyromagnetic ratio measurements
[16]. Of the theoretical calculations, the OP-LSDA (or-
bital polarization local spin density approximation) [17]
are in very good agreement with the MCD and gyromag-
netic ratio measurements. If the orbital polarization effect
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is turned off, the result of the OP-LSDA calculation [17]
is close to those of the SPR-LMTO (spin polarized rel-
ativistic linear muffin tin orbital) [10] and the FLAPW
(full potential linear augmented plane wave) [11] calcula-
tions which did not include the orbital polarization effect.
Our work clearly supports the theoretical notion that the
inclusion of the orbital-orbital interaction is essential to
completely account for the orbital magnetic moment [17].

In order to verify the applicability of the individual
orbital and spin sum rules, we have adopted a simple
no-free-parameter two-step-like function for removing the
L3 and L, edge jumps. The thresholds for the two-step-
like function are set to the peak positions of the L3 and
L, white lines. The height of the L3 (L,) step was set
to 2/3 (1/3) of the average intensity of the last 15 eV
of the spectra, according to its quantum degeneracy,
2j + 1. Each step function was then convoluted with
a Voigt function to simulate the intrinsic linewidth and
experimental resolution. The two-step-like functions and
the integrations of the XAS spectra, after edge-jump
removal, of Fe and Co are shown in Figs. 1(d) and 2(d),
respectively. The r values labeled in the figures are the
XAS integrals needed in the individual sum rules, which
were found to be quite insensitive to the details of the
two-step-like function and the photon energy resolution
[18]. For n3,;, we used the values of 6.61 for Fe, and
7.51 for Co, as averaged from those values reported in
recent theoretical calculations [10,11]. Together with the
p and g values from the MCD integration, the individual
mory and mgpin can be calculated as —4¢(10 — naq)/3r
and —(6p — 4q) (10 — n34)/r, respectively. The values
so determined, together with those from other works,
are listed in Table I and show good agreement with
those obtained by gyromagnetic ratio measurements. The
experimental errors bars of the MCD results are estimated
to be 2% for mer, /mspin and 4% for my, and mpiy .

The excellent agreement in mgm/mepin between the
MCD and gyromagnetic results is unexpected, consider-
ing that, unlike the gyromagnetic ratio measurements, the
L,3 MCD of transition metals are only sensitive to the 3d
component of magnetic moments, and that the (T,)/(S.)
term has been omitted in the above analysis. It was found
from theoretical calculations that these omitted terms are
very small (few %) and in opposite signs [11,17]. Us-
ing the calculated 4s/4p to 3d spin moment ratios [17]
and the (T,)/(S,) values mentioned above [11], the MCD-
determined spin moments need to be corrected by only
—1.9% for Fe, and —3.6% for Co; no correction is neces-
sary for the orbital moments. After including these minor
corrections and using the measured ionization thresholds
for the step functions [18], the corrected morp,/mspin and
mgpin are listed on the last line of Table I, showing ex-
cellent agreement to the gyromagnetic ratio results (within
3% for mor, / mspin and 7% for mer, and mgpin). The slightly
larger disagreement among the individual moments can be
attributed to the discrepancies in the calculated ns, [10,11],
possible variations in the two-step-like function [18], or
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TABLE 1.  Orbital and spin magnetic moments of bcc Fe and hep Co in units of up/atom.
Fe (bcc) Co (hcp)

morb/mspin Morb Mspin Morb /mspin Morb Mspin
MCD and sum rules 0.043 0.085 1.98 0.095 0.154 1.62
Gyromagnetic ratio [16] 0.044 0.092 2.08 0.097 0.147 1.52
OP-LSDA [17] 0.042 0.091 2.19 0.089 0.140 1.57
OP-LSDA (with OP off) [17] 0.027 0.059 2.19 0.057 0.090 1.57
SPR-LMTO [10] 0.020 0.043 2.20 0.054 0.087 1.60
FLAPW [11] 0.023 0.050 2.16 0.045 0.071 1.58
MCD and sum rules (corrected) 0.043 0.086 1.98 0.099 0.153 1.55

the uncertainties (a few %) in the circular polarization
degree of the incident photons. Although the derivation
of the sum rules was based on an atomic picture, it is
conceivable that the core-excitonic nature of the 2p — 3d
transition reduces the band structure effects, making them
applicable to itinerant magnetic systems. We emphasize,
however, that the universal applicability of the x-ray
MCD sum rules, particularly for low symmetry systems,
and of the two-step-like function adopted in this work still
remain to be verified, and that high precision XAS and
MCD spectra, free of any experimental artifacts, as well
as reliable (T,) and n3, are absolutely necessary for testing
and utilizing the sum rules.
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