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Resonant magneto-optical properties of Fe near its 2p levels: Measurement and applications
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~Received 25 May 2000!

Resonant magneto-optical properties of Fe are considered across its 2p core levels. General equivalence of
the classical magneto-optical formalism~dielectric tensor! and the resonant atomic scattering factor in the
electric dipole approximation is shown in describing pure charge contributions as well as first- and second-
order magnetic contributions. Thickness effects in transmission absorption measurements are considered and
shown to be minimized in Faraday magneto-optical rotation measurements. Transmission absorption and
Faraday rotation spectra obtained using linear polarization are normalized to the complex refractive index and
atomic scattering factor for pure circular modes and their polarization average, showing that the pure magnetic
part is roughly 50% of the pure charge part at theL3 resonance. Magnetic linear dichroism~Voigt effect!
measured in transmission is only 2% of the pure charge scattering at resonance. These magneto-optical con-
stants are used to calculate important polarization-dependent experimental quantities including penetration
depths, critical angles for total external reflection, Kerr rotation and intensity spectra, and interference and
distorted-wave effects that modulate scattering intensities. The results reveal the importance of knowledge of
these properties and use of full magneto-optical formalisms in planning and interpreting experiments involving
resonant 2p optical properties of the 3d transition metals.
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I. INTRODUCTION

Following the prediction that optical transitions fro
spin-orbit split core levels to spin-polarized final stat
should result in large resonant magneto-optical effects1 a
decade or more passed before naturally polarized sync
tron radiation began to be exploited at VUV and x-ray wav
lengths in measurements of magnetic linear2,3 and
circular4,5,6 dichroism and resonant magnetic scatterin7

Resonant x-ray magneto-optical~MO! effects continue to
grow in interest. This is because of their ability to provi
fundamental information regarding electronic structure,
cluding spin and orbital magnetic moments in a host of m
terials, and because of the increasingly apparent prospec
applying them to resolve the response of heterogeneous m
netic materials into that of individual constituent element8

Such techniques enable, for example, studies of how inte
tions between different magnetic~and nonmagnetic! phases
affect the individual phases and also the aggregate prope
of the material, with the spatial resolution set by the wa
length. Resonant MO effects are strongest in the hard
soft x-ray range near dipole-allowed transitions coupl
sharp core levels to spin-polarized final states and man
themselves in a variety of ways.

Here we focus on the 2p levels of 3d transition elements
in the 500–1000 eV range because they yield the larg
resonant MO effects for these important magnetic eleme
The first MO measurements in this range were predo
nantly magnetic circular dichroism~MCD! measurements
using electron yield techniques,5,6,9 which are powerful in
conjunction with sum rules to resolve spin and orbital m
ments, but limited by their near-surface sensitivity in t
scope of problems they can study. Photon-based techni
also exhibit resonant MO effects in specular reflection,10–13

transmission,14–18and scattering,19–21,17and are of increasing
PRB 620163-1829/2000/62~18!/12216~13!/$15.00
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interest because of their ability to penetrate more deeply t
electrons and compatibility with strong and varying appli
fields to study dynamics. As these techniques develop,
important to consider more fully the range of resonant M
effects and precisely what it is that they measure. For
ample, following early soft x-ray MCD measurements, c
cular polarization and intensity measurements in phot
based reflection and scattering experiments are comm
while magneto-optical rotation measurements using lin
polarization common in near-visible spectral regions are a
possible in the soft x-ray range. It is important to understa
how the MO signals in these different measurements relat
sample magnetization and its changes. Also important
measuring and understanding the fundamental magn
optical properties of samples in the vicinity of strong abso
tion lines at core levels and how these properties influe
penetration depth, interference behavior in thin-film samp
and other measurable quantities. While formalisms exis
consider these questions, they have not been routinely
plied to soft x-ray magneto-optical measurements. T
magneto-optical properties of Fe in the region of its 2p lev-
els are more fully considered here, and standard formali
applied to consider how the fundamental properties influe
different measurements of current interest. The results g
eralize to some extent to resonant MO properties of otherd
transition elements that exhibit similarly strong 2p absorp-
tion features.

This paper is organized as follows. Section II reviews a
relates two different theoretical formalisms that can descr
the MO properties of interest. Section III discusses so
difficulties in the measurement of the fundamental MO co
stants near strong white lines and presents results for
Section IV uses these measured optical constants in calc
tions to simulate a variety of magneto-optical properties
interest in recent and current measurements. These re
show that careful attention to the details of strong reson
12 216 ©2000 The American Physical Society
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MO effects is important in planning and interpreting so
x-ray resonant MO experiments because of the rich var
of MO effects that manifest themselves in many differe
ways.

II. THEORETICAL DESCRIPTION

Magneto-optical effects are changes in polarization and
intensity of transmitted~Faraday effects! or reflected~Kerr
effects! beams on reversal or change of magnetizationM in
the sample. At least two formalisms are available to desc
resonant soft x-ray MO properties. One uses the class
dielectric tensor.22,23 Another uses the resonant atom
scattering factor including charge and magne
contributions.24,25 The equivalence of these two descriptio
~within the dipole approximation! is demonstrated below
and some useful strengths of each approach are discuss

The dielectric tensor«~v! is typically used at near visible
and longer wavelengths to give the classical, macrosco
response of the medium22 and can also describe resona
magneto-optical effects in the x-ray range.23 In general, the
rank and symmetry of« is determined by the symmetry o
the single-crystal sample. The polycrystalline Fe films st
ied here have~110! texture with random in-plane orientatio
leading to significant averaging of crystallographic axes
the film plane, which contains the magnetizationM . Thus we
take the isotropic form of« ~with M along z! to describe
these samples:

«~v!5S «xx «xy 0

2«xy «xx 0

0 0 «zz

D .

This description is appropriate for homogeneous, mac
scopic ~i.e., bulk! MO properties, but neglects effects th
may result from the reduced symmetry imposed, e.g., by
interfaces of films only nanometers thick. These effe
could include the very general concept of Ne´el’s surface
anisotropy26 in which simply the broken symmetry is ex
pected to modify the magnetic properties. Alternatively,
creasingly common observations,27–29 and theory30 suggest
that changes in local interatomic structure and bonding
influence magnetic and hence magneto-optical propertie
interfaces and of ultrathin films. Even in somewhat thick
films, noncubic distortions can significantly modify stru
tural and magnetic anisotropy and hence the effective s
metry of the dielectric tensor. Thus caution is needed in
suming that bulk homogeneous descriptions adequa
describe real systems. Nonetheless, this description prov
a starting point in the discussion of MO properties.

A complete description of MO effects in this formalism
given by the four nonzero elements of the dielectric ten
or, equivalently, by the complex refractive indexn(v)
[A«(v)512d(v)1 ib(v) for several normal modes cor
responding to the propagation of pure polarization sta
along specific directions in the sample. Radiation with ot
polarization or incident along different directions genera
experiences polarization changes on propagation. The s
tion of Maxwell’s equations yields these normal modes22

one of which is for circular components of opposite~1/2!
helicity with wave vectorkiM having indicesn1/251
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2d1/21ib1/25A«xx6 i«xy. The two other cases are for lin
ear polarization withk'M . One has electric vectorEiM and
index ni512d i1 ib i5A«zz. The other hasE'M and

n'512d'1 ib'5A(«xx
2 1«xy

2 )/«xx. The complex Faraday
responsefF5(n12n2)pt/l5aF2 i«F contains both the
induced ellipticity angle«F and the rotation angleaF de-
scribing polarization changes to the incident linear polari
tion ~a coherent superposition of1 and 2 helicity circular
components! on propagation through the film of thicknesst.
Magnetic circular dichroism and birefringence are first ord
in M ~or «xy) and are given byb12b2 and d12d2 , re-
spectively, the later representing the magneto-optical rota
~MOR! of the plane of polarization. Magnetic linear dichro
ism ~MLD ! and birefringencen'2ni ~also known as the
Voigt effect! are quadratic inM . The Voigt effect is presen
in both ferromagnets and antiferromagnets, while the fi
order MO effects in the forward scattered beam are abs
with the net magnetization in antiferromagnets, except p
sibly at interfaces and other defects at which spins are
compensated.

The atomic scattering factorf (v,q)5 f 0(q)1 f 8(v,q)
1 i f 9(v,q) provides a microscopic description of the inte
action of x-ray photons with magnetic ions. Here we co
sider only nonresonant pure charge scattering and reso
charge and magnetic terms, all of which are much larger t
nonresonant magnetic terms.24,25 For the small values of the
scattering vectorq5uqu54p sinu/l available near the Fe 2p
levels, the nonresonant charge termf 0(q)>Z, whereZ is the
number of electrons per Fe atom. Considering only elec
dipole transitions yields three resonant terms with disti
dependences on incident and scattered photon polariza
(e0 and ef , respectively!. Together with the nonresonan
charge term, the scattering factor becomes

f 5~ef* •eu!H 3

8p
l@F1

11F21
1 #2r eZJ

1
3

8p
l$ i ~ef* 3e0!•m@F21

1 2F1
1#1~ef* •m!~e0•m!

3@2F0
12F1

12F21
1 #%.

Herer e is the electron radius andm is a unit vector along the
magnetization of the ion. The polarization dependence of
resonant terms results from the interaction of incident x-
polarization with the vector spherical harmonics describ
the transitions fromp to d states. The differentFM

L terms are
dipole matrix elements from initial to final states resolv
into different spherical harmonics and thus represent
spectral dependence of transitions into emptyd final states of
specific symmetry, specific linear combinations of which a
associated with distinct polarization dependences. Te
with ef* •e0 polarization dependence are the no
resonant and resonant charge scattering. Terms invol
(ef* 3e0)•m are first order inM and yield MCD and MOR.
Terms involving (ef* •m)(e0•m) are second order inM and
yield MLD. While the expression above was developed e
plicitly for localized atomic or ionic final states, these bas
terms are also found in theoretical descriptions of atom
scattering factors in itinerant metallic systems.31
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The general equivalence of these two formalisms is s
by noting the one-to-one correspondence of terms descri
the same polarization dependence for the same no
modes and is aided by comparing the refractive indices
these modes. Refractive indices are obtained from the s
tering factors from 12n(v)5( iNi r el

2f i(v,q50)/2p,
where the atomic scattering factor is evaluated for forw
scattering,32 Ni is the atom number density of speciesi, l is
the wavelength, and the sum allows for different atomic s
cies, only some of which need the magnetic. For circu
polarization propagating alongM , the charge and first-orde
terms contribute to scattering, yielding the indicesn1/251
1Nrel

2(4pr eZ23lF21/1
1 )/8p2. Only terms first order in

M change sign with helicity, yielding n12n2

53Nrel
3@F1

12F21
1 #/8p2 as the absolute helicity differenc

in first-order MO effects. For the two linear polarizatio
cases in the Voigt geometry, the charge terms contrib
to each case and the second-order term contributes on
the case when EiM , yielding ni512Nrel

2(4pr eZ
13F0

1l)/8p2 and n'512Nrel
2(8pr eZ13@F1

11F21
1 #l)/

16p2 with the Voigt effect n'2ni53Nrel
3@2F0

12F1
1

2F21
1 #/16p2. Distinct expressions for the indices exist

both formalisms for the specific normal modes that pro
gate as pure polarization states. The three dielectric te
elements are thus related to the threeFM

L matrix elements
that contain spin-resolved electronic structure informati
Both formalisms also describe MO interactions of no
normal modes having arbitrary incident polarization incide
at arbitrary directions with respect toM . The general equiva
lence of the dielectric tensor and scattering factor desc
tions holds only in the case considering dipole transitio
contributing tof. Higher-order multipole terms have differen
polarization dependence.24 Such higher-order magnetic term
have been observed in the hard x-ray range33 and typically
are assumed to be more common asl decreases, althoug
their presence near the 2p levels of Fe and other 3d transi-
tion elements cannot be ruled out.

These expressions reveal how the spin-dependent fi
of d states leads directly to different magneto-optical effec
First-order effects result from a net uniaxial asymmetry
spin ~and orbital! states alongM and so are probed by mea
surements in which the wave vectork has a large componen
alongM . Second-order effects result from a biaxial asymm
try of the charge distribution associated withM ~and any
applied field!. The Zeeman effect in atoms and molecules
an example of second-order effects, in which an applied fi
H lifts degeneracy of valence states, yielding different a
sorption spectra withEiH and E'H. In magnetic solidsB
5M1m0H acts on electronic states in competition wi
crystal field ~and other! effects which generally reduce th
size of MLD, especially in cubic systems by quenching
bital moments. Nonetheless, large Fe 2p MLD has been ob-
served in antiferromagnetic oxides Fe2O3 ~Ref. 34! and
LaFeO3.

35 Only one report of resonant 2p MLD for metallic
Fe is apparent in the literature, revealing a much sma
effect than in oxides.36

Each MO description is useful in considering soft x-r
experiments measuring resonant MO effects. The absorp
and sometimes the refractive parts ofn are directly and sepa
rably measured. Sinced~v! and b~v! are related by the
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Kramers-Kronig transformation~KKT !, measurement of
only one yields the complex index.14 Soft x-ray scattering
and reflection experiments measure signals containing b
absorptive and refractive contributions, in which case kno
edge of these terms separately is essential for quantita
analysis of these results. The dielectric tensor and assoc
formalisms developed for near-visible MO analysis22,37 are
useful for calculating intensity and polarization changes
specular reflection and transmission in magnetic structu
with arbitrary incident polarization and angle, and variab
magnetization with depth. The long wavelengths near the
2p resonances limitq to less than roughly 1 Å21, precluding
measurement of scattering from nearest-neighbor interato
interference. Scattering from features having 1 nm charac
istic dimension is still possible, however. The scattering f
tor description is readily extended to describe both spec
and diffuse scattering measurements. Atomic scattering
tors can explicitly account for changes in resonant MO pr
erties that might accompany structural and chemical gra
ents at interfaces and in other inhomogeneous syste
including changes in the local chemical environment t
change thed-state hybridization and filling and hence th
resonant terms in the scattering factor.38,39

In all descriptions both pure charge and pure magn
contributions can be distinguished. Generally, the amplitu
for pure charge and magnetic contributions are summe
both first- and second-order MO effects considered abo
foretelling interest in separating these contributions in m
sured intensities. The quantityn12n2 describes the only
pure magnetic contribution first order inM , and Faraday
rotation is the most direct measure of this quantity, as s
below. Measuring signals containing both charge and m
netic scattering contributions through a hysteresis loop
aid in distinguishing between charge and magnetic contri
tions to scattering. Below it is seen that the large size
resonant optical effects provides a natural means to supp
charge relative to magnetic scattering.

III. MEASUREMENT OF MO PROPERTIES

Very strong absorption at theL2,3 lines makes determina
tion of both real and imaginary components of the 2p reso-
nant MO properties nontrivial, especially if one is interest
in obtaining values representative of the bulk. While num
ous MCD experiments have been performed and results
lyzed with sum rules for spin and orbital moments, mo
have used secondary or total electron yield~TEY! as a mea-
sure of absorption. This technique is inherently near surf
sensitive, with electron escape depths of the order of 2–4
in metals and typically suffers from saturation effects resu
ing from the interplay between short electron escape de
and the rapidly varying photon penetration depth near
L2,3 lines.40,41Relatively few determinations of 3d transition
metal MO constants have been made using phot
only,14,15,16,42in part because of the difficulty in obtainin
reliable signals that separately measure either the refrac
or absorptive MO response using photons. Of these, e
fewer have measured Fe layers thicker than several nm.

A. Experimental details

Samples studied here were grown by magnetron spu
ing onto smooth, low-stress, 160-nm-thick SiNx membranes
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for transmission measurements with Fe layers ranging f
20 to 60 nm in thickness and were capped with 2–4 nm
amorphous SiC~Ref. 43! to prevent oxidation. Ancillary
transmission x-ray microscopy measurements show no
dence of significant thickness variation or pinholes
samples grown on these membranes. Numerous mea
ments of MO properties were made at four different be
lines at the Advanced Light Source~bending magnet beam
lines 6.3.2 and 9.3.2, and undulator beam lines 7.0 and!
over the coarse of several years, and what are believed t
the most accurate results~except as noted! are presented
here. Each beam line is equipped with a high-resolution g
ing monochromator. While most recent x-ray MO measu
ments typically have used elliptical polarization as close
possible to circular, linear polarization was used to meas
all MO properties reported here, since it contains a cohe
superposition of equal amounts of opposite-helicity circu
components. Linear polarization was obtained at bend
magnet beam lines by selecting radiation on the orbit pl
with slits upstream of the monochromator and measure
have degree of linear polarizationPL>0.95 ~except as
noted!. At planar undulator beam lines radiation from th
central cone was measured to havePL>0.98. In all measure-
mentsM was saturated along known directions using perm
nent magnets or varied with an applied field having a kno
direction.

B. Thickness effects in transmission absorption measurements

Thickness effects can distort transmitted intensities n
strong L3 and L2 white lines, thereby precluding accura
absorption determination. Figure 1 illustrates thickness
fects in the Fe transmission spectrum for films witht520,
44, and 60 nm and grazing incidence angle andu545° mea-
sured using off-orbit elliptical polarization havingPC50.6.
Each film hasM oriented such that theL3 line is enhanced
relative to theL2 line by MCD. Thickness effects of increas
ing severity witht are present in all spectra in Fig. 1. Calc
lation of the absorption coefficientm using T5I /I 05e2mt

yields the apparent values in Fig. 1~b!, normalized from 0 to
1 in the pre- and post-edge regions to isolate the absorp
just from the 2p resonances. Absorption values at bothL2
andL3 lines clearly exhibit increasing systematic errors at
increases.

Such thickness effects are known to complicate transm
sion x-ray absorption measurements, especially near st
white lines,44,45,46precisely where resonant MCD effects a
largest. For the results in Fig. 1, possible problems of
detector linear dynamic range are overshadowed by p
lems imposed by the effects of spectral impurities in
incident beam as confirmed by the saturation ofI /I 0 well
above zero. Harmonics from the grating are one poss
source of spectral contamination. Another is diffuse scat
ing from the grating, whose energy distribution is bro
compared to the sharply peaked harmonics. Pinholes
samples exacerbate thickness effects and are not observ
films studied here as mentioned above. Efforts to corr
measured data by assuming some amount of second-o
contamination with known, smooth absorption across the
2p region yield significant improvement in the shapes of
white lines, but small discrepancies witht remain. Inserting
m
f

i-

re-

0
be

t-
-
s
re
nt
r
g
e
to

-
n

ar

f-

on

s-
ng

e
b-
e

le
r-

in
d in
ct
der
e

e

spectral edge filters to suppress harmonics likewise yie
significant improvement, but again small discrepancies
main between samples. Spectral impurities are thus not s
ply the result of harmonics well separated from the fund
mental, but contain energies closer to the fundamental
are not removed by absorption filters. Measurements at
ferent beam lines and using different gratings on the sa
beam line are consistent with spectral contamination link
strongly to the specific grating used and signal that in pr
tice thickness effects must always be suspected in trans
sion absorption measurement at white lines. Absorption fr
thinner samples is distorted less by thickness effects. T
quantifying the MCD spectrum in transmission at 3d trans-
mission metal 2p edges for all but the thinnest samples
difficult, as recognized in Ref. 15.

Utilizing a multilayer interference structure acting simu
taneously as a linear polarizer and a bandpass filter13 in the
transmitted beam helps avoid thickness effects in sev
ways. One is by enabling measurement of Faraday rota
rather than transmitted intensity. This is demonstrated in F
2, which shows Faraday hysteresis loops measured using
ear polarization through the same 20-, 44-, and 60-nm
films at u545°. The linear polarizer was aligned and ca
brated by rotating it azimuthally to obtain a symmetric sin
soidal curve and then set at 45° azimuth with respect to
incident linear polarization to record intensity changes res
ing from MOR as a longitudinal field is varied. Loops no
malized to rotation angle are in Fig. 2~a! and, to specific
rotation ~rotation/thickness!, are in Fig. 2~b!. No thickness
effects are evident in these data in part because this mea
ment was made several eV below theL3 line where the

FIG. 1. ~a! shows measured transmissionI /I 0 through three Fe
films having different thickness deposited onto SiNx membranes
made on a bending magnet beam line with no absorption filter
surpress harmonic content in the beam. In~b! are apparent absorp
tion coefficients obtained frommt52 ln(I/I0) and the data in~a!.
Severe thickness effects are apparent at theL3 andL2 white lines
~707 and 720 eV, respectively!, resulting primarily from spectral
contamination of the incident beam.
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thickness effects in absorption are less severe. Since thaF
spectrum passes through zero at theL3 line peak~see below!,
it is generally desensitized to thickness effects compare
transmission absorption measurements. Moreover,
multilayer polarizer acts as a dispersive bandpass filter w
bandwidthDl/l>0.01– 0.02 and is thus a more effectiv
wavelength filter than absorption edge filters for remov
both harmonics and broadband scattered light. This fur
desensitizesaF measurements to scattered light and also
be used in transmitted intensity measurements as perhap
most effective way to minimize thickness effects at stro
white lines in the soft x-ray range.

These considerations of thickness effects influenced
approach to determining resonant MO properties for Fe fi
to minimize the number of direct measures of transmit
intensity that is most prone to suffer from thickness effec
in favor of measuring theaF spectrum that is less prone t
thickness effects. The one required direct transmission m
surement is made at normal incidence, thereby minimiz
sensitivity to thickness effects for a givent and avoiding the
most difficult case when MCD maximizes the absorption
the strongerL3 peak as in Fig. 1. The relative absence
thickness effects in the measured data below is gauged b
height of theL3 line compared to the jump in the continuu
absorption.

C. Determination of first-order MO properties

This approach uses linear polarization to obtainn12n2

from the complex Faraday rotation spectrumfF containing
the ellipticity angle«F as well as the rotation angleaF .
While «F and hence MCD can be determined directly fro
polarimetry data,16 doing so accurately requires careful me
surement of absolute intensities, rather than the more ea
measured phase shifts~intensity differences! needed for a
rotation determination ofd12d2 . Alternatively, b12b2

can be obtained from KKT ofd12d2 . Comparison of both

FIG. 2. Hysteresis loops measured by Faraday rotation thro
Fe films of three thickness as noted withhn;2.5 eV below the Fe
L3 line. ~a! shows data normalized to the absolute rotation, wh
~b! shows data normalized to specific rotation.
to
e
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n
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approaches reveals that the second approach more rel
determines theb12b2 spectrum for these data. Transmi
sion absorption measures (b11b2)/2 from which (d1

1d2)/2 is obtained via KKT, yielding the polarization ave
aged index (n11n2)/2 describing the pure charge scatte
ing.

The real part of the Faraday rotation spectrum throug
32-nm-thick Fe film atu530° is in Fig. 3~a!. The direction
of M maximizesk•M at this u. Rotating analyzer scans o
the tunable polarizer were made with sample in and ou
energies indicated by data points, yielding absolute meas
rotation that peaks at1/215.5° on either side of theL3
resonance. Normalizing measured rotation by the path len
in the film and byg5cosu ~g is the direction cosine betwee
k andM ! to project the result along the magnetization dire
tion yields thed12d2 scale in the figure. The absolut
value of these rotations, as well as the specific rotation wh
peaks at 2.73106 deg/cm, are roughly an order of magnitud
larger than observed at wavelengths in the IR-UV rang
Values for specific rotation for Fe in these regions a
3.53105 deg/cm at 564 nm~Ref. 22! and 5.13105 deg/cm at
1000 nm.47 Such large rotations result from the selecti
nature of the resonant transitions at the 2p levels, coupling
sharp, spin-orbit split initial states to the empty finald states
primarily responsible for magnetism. This is just as Ersk
and Stern had predicted,1 although the 2p core resonances
are found to exhibit larger MO effects than the 3p levels
they considered because smaller spin-orbit splitting in
initial state tends to cancel effects from the 3p1/2 and 3p3/2
edges. Even smaller initial-state spin-orbit splitting exists
the UV-IR region, where also a broader range of initial a
final states contributes to observed MO effects.

In taking the KKT ofd12d2 to obtainb12b2 ,48 MO
contributions from other spectral ranges can be safely
nored since sharply resonant 2p MO effects are larger than

h

FIG. 3. Faraday rotation spectra measured through a 32-nm
film at 30° grazing incidence is shown in~a!. Absolute rotation
scale is at left, and at right are data normalized tod12d2 . Solid
circles are measured data points, and the line is a smooth fit to t
data. The MCD spectrumd12d2 obtained from the Kramers
Kronig transformation of these data is the solid line in~b!. Also in
~b! is an MCD spectrumb12b2 measured directly in transmissio
through a 6–7-nm Fe film from Ref. 15. The two spectra are n
malized at theL3 peak.
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and well separated from, resonances in other regions.
integration range in the transformation need only extend o
the region where MOR is nonzero. Numerical simulation
veals that the center position of the integration range w
respect to the 2p3/2 and 2p1/2 resonances is more importa
than the width of the range.49

The MCD spectrum in Fig. 3~b! results from KKT of the
MOR spectrum in Fig. 3~a!. The integration range was 80 e
wide and centered midway between the 2p3/2 and 2p1/2 lev-
els. The difference of the back transformation of this MC
spectrum~same range! and the original MOR spectrum i
significantly less than 1° over the entire range, with the la
est discrepancy approaching 1° on the high-energy sid
the L2 resonance before the signal decays to zero. Supe
posed in Fig. 3~b! is a transmission MCD spectrum measur
through a 6-nm Fe film atu545° from Ref. 15. The two
MCD results are scaled to theL3 peak and show generall
good agreement. TheL3 :L2 intensity ratio is larger for the
transformed result, which by sum rule analysis would in
cate a relatively larger orbital to spin moment ratio for t
transformed result than for the direct MCD result. This d
ference between the two spectra is not a result of distor
from the KKT, since it persists as the integration range a
center are widely varied. The difference could result fro
real differences in relative orbital to spin moments betwe
the 32- and 6-nm-thick samples, whose microstructures
likely to be different. Alternatively, the differences could r
sult from thickness effects in the transmission MCD res
which would manifest as a reduction in theL3 :L2 ratio.

The polarization averaged indexn'5(n11n2)/2 was
obtained from the transmission spectrum through the s
sample oriented withE'M and u590°. The resultingmt
spectrum was scaled to tabulated absorption values50 away
from the edge where near-edge effects are insignificant, w
the result plotted in Fig. 4~a! asb' . The KKT of this quan-
tity then yieldsd' in Fig. 4~b!. In this KKT the kernel does
not vanish far from the 2p resonances, and an integratio

FIG. 4. First-order MO constants of Fe are plotted on two d
ferent scales corresponding to refractive index and atomic scatte
factor. Linear (E'M ) or isotropic values are also plotted. Data a
accurately plotted on thed and b scales, but the conversion tof 8
and f 9 results in a slight distortion of those scales by as much
several percent at the extremes of the energy range.
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range from 30 to 10 000 eV interpolated tabulated values
polarization-averaged absorption outside the range of m
surement. Small variations in the integration range do
alter the resultingd' spectrum. Finally, n65n'6(n1

2n2)/2 yields the individual indices giving the first-orde
MO effects, whose real and imaginary parts are plotted al
with the polarization-averaged, or pure charge, values in F
4. The pure first-order magnetic scattering as measured
d12d2 andb12b2 is roughly 50% ofd' andb' , under-
scoring again the large size of the core resonant MO effe
for 3d transition metals.

Comparison of first-order MO properties of Fe obtain
here with published results for Fe reveals generally sim
features with systematic differences. The height of
polarization-averagedL3 line in Fig. 4~b! is 5.8 times the
jump height from pre- to post-edge, consistent with the re
tive lack of thickness effects and larger than any other
ported FeL3 line height obtained by either transmission,15,40

TEY,40,36 or scattering.42 Possible reasons for the tallerL3
peak observed here include different energy resoluti
thickness effects in other transmission measurements
saturation effects in electron-yield measurements. It is a
possible that different samples studied have a different a
age Fe 3d state population resulting from microstructur
differences. Few data exist that directly measures the ref
tive MO responsed12d2 ,14,42,16from which it is apparent
that Faraday rotation provides a more accurate measure
scattering.

D. Measurement of the Voigt linear dichroism

Transmission MLD was measured atu590° from several
samples on different beam lines by rotating the sample w
saturated in-planeM to be parallel and perpendicular toE of
the incident linear polarization. The individual normalize
absorption spectra and resulting MLD signal for the samt
532 nm sample~above! are shown in Fig. 5. A Cu absorp
tion filter and new holographic grating were used to obt
these data, whose strongL3 line @stronger than in Fig. 4~b!#
suggests minimal thickness effects. The maximum dichro
of 2% is sharply peaked at theL3 line with broader features
extending to higher energy and at theL2 line. The bipolar
character of the dichroism signal suggests that it may re
simply from small energy shifts between scans. This can
ruled out both by repeated measurements~same day and
months apart! and by numerical simulations of the differenc

-
ng

s

FIG. 5. Normalized transmission absorption spectra throug
32-nm Fe film at normal incidence withE'M andEiM are offset
by 1 in b' and b i , respectively.b'2b i , multiplied by 10 and
offset by 3 gives the MLD~Voigt effect!.
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of a given measured absorption curve with itself after sm
energy shifts, which show that the measured MLD is n
consistent with a simple energy shift. The sharply pea
structure is similar in shape to that in Ref. 36 and resu
rather from a small magnetization-induced redistribution
Fe d states.

IV. APPLICATIONS

While of fundamental interest since they provide, in co
junction with sum rule analysis, direct measures of the s
and orbital moments, the MO properties of Fe are also
rectly relevant in planning and interpreting a wide range
experimental studies involving resonant MO effects. T
large size of the first-order MO effects of Fe~and other 3d
transition elements! produce surprisingly large optical effec
that can both enable and complicate experimental studie
demonstrated below. For metallic Fe the second-order
effects are an order of magnitude smaller than first-or
effects and are ignored in this discussion.

A. Scattered intensity spectra

The scattering amplitudes for different polarization sta
expressed in Fig. 4 as atomic scattering factors or as 12n
5d1 ib ~the difference from 1 representing the scatter
difference from vacuum! underlie all intensity and phase e
fects measured in experiments. The scattered intensity s
tra obtained as (d1 ib)(d2 ib) or, equivalently, from the
scattering factor exhibit large resonances at theL2,3 levels
that contain separate contributions from the real and im
nary parts of the amplitude for the different normal mod
These individual contributions and their sum are plotted F

FIG. 6. Calculations of the scattered intensity based on m
sured MO constants are resolved into refractive (d2) and absorptive
(b2) contributions and their sum in~a!, ~b!, and~c! for linear ~iso-
tropic!, plus-, and minus-helicity circular components, respective
The data in~a! are plotted on a logarithmic scale to reveal we
features.
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6 for the three normal modes~linear and opposite helicity
circular!.

While the shapes of the total intensity are qualitative
similar to the absorption spectrum, with large peaks at theL3
andL2 white lines, it is important to realize that they conta
both refractive and absorptive contributions. The imagin
contribution follows the absorption spectrum, while the r
fractive contribution is significant below theL3 line, where it
can be several orders of magnitude larger than the absorp
contribution. At and above theL3 line, the absorptive com-
ponent is dominant. Unlikeb2,d2 shows several sharp spe
tral features, most evident in Fig. 6~a! where intensities for
linear polarization are plotted on a logarithmic scale. The
four sharp minima correspond to energies whered passes
through 0~or f 8 through2Z); these conditions result simpl
from the extremely large, sharp white lines representing
large number of empty 3d holes. Minima occur at each whit
line position, and each has a corresponding minimum be
the line where the refractive amplitude passes through 0
the other direction. The energies of these points below
white lines vary with polarization as the size of the resona
varies. Thus, at 694.7 eV, whered vanishes for linear polar-
ization, the real part of the charge scattering is zero, wh
the real part of the magnetic scattering can still have app
ciable amplitude. Tuning tod1/250 for either circular com-
ponent causes the real part of the charge plus magnetic
tering to be zero for that helicity. These zero crossings h
important implications for measurable optical and MO pro
erties, some of which are seen below.

B. Penetration depth

The penetration depth for the electric field intensity
normal incidence,l/4pb, is polarization dependent and
strong function ofhn across the 2p spectrum as in Fig. 7
Below theL3 edge radiation penetrates hundreds of nm i
an Fe sample. StrongL3 absorption significantly reduce
penetration to 13 and 24 nm for the two circular compone
at the peak~assumingg51). As grazing incidence is ap
proached, these skin depths scale as sinu until near the criti-
cal angle for total reflection. Thus, atu515°, commonly

a-

.

FIG. 7. The 1/e penetration depthl/4pb for normally incident
radiation vs energy is strongly polarization dependent as calcul
using measured MO constants. The values for1 and 2 helicities
are projected onto the direction ofM, while the linear~isotropic!
value is appropriate for unpolarized radiation or linearly polariz
radiation and represents the skin depth in the absence of MO
fects.
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used to study samples with in-planeM , the penetration depth
is only 3 and 6 nm for the circular components. These val
are comparable to typical electron escape depths, signa
the need to correct for saturation effects in total elect
yield measurements of absorption, as discussed in Refs
and 41. The helicity dependence of the x-ray penetra
depth leads to helicity-dependent saturation effects, with
more strongly absorbed helicity suffering stronger effec
This asymmetry in saturation effects is not explicitly cons
ered in these references and, if done so, leads to slig
larger correction factors.

In contrast to the limited penetration when the MCD s
nal b12b2 is strong, the MOR signald12d2 remains
large at least several eV below theL3 line. Reflection geom-
etry measurements sensitive to this signal can thus ob
strong MO sensitivity and significant penetration~100 nm at
u510°) simultaneously. This can be important in studyi
the reversal process of relatively thick soft Fe layers
change coupled at deeply buried interfaces to layers ha
very different anisotropy, as in recently developed exchan
spring systems.51

C. Critical angle for total external reflection

Large optical effects occur at small grazing inciden
angles in the region where the total external reflection
typical in the x-ray region. The critical angle for the tot
external reflection is given byuc5A2d and is plotted for
1/2 helicity ~magnetic plus charge! and linear~charge only!
scattering in Fig. 8. The dispersive resonances assoc
with the L3 andL2 lines are strong enough thatuc vanishes
when f 8,2Z electrons and Re@n#.1, in which case inciden
radiation refracts into the sample rather than toward
sample surface. In the transition from total external to to
internal reflection, the optical properties pass through
zero-refraction condition whend passes through 0. Not onl
are the resonant dispersive effects quite large, but their
larization dependence is likewise large, as seen by the
tinct differences in theuc curves for the different polariza
tions. Both the reflected intensity and phase change
reflection~which varies byp from u50 to u5uc) are now

FIG. 8. The critical angle for total external reflection,uc

5A2d, is strongly energy dependent for a given polarization a
shows strong differences with polarization in these calculati
based on measured MO constants. Whend is negative, incident
radiation refracts into the sample and exhibits total internal refl
tion. Whend50 the real part of the scattering goes to zero.
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strong functions of polarization and so can produce strik
MO effects in experiments operating near this angular ran

D. Specular scattering: X-ray magneto-optic Kerr effects

Just as the Faraday~transmission! MO formalism is seen
above to extend into the x-ray range, so do Kerr~reflection!
MO effects and formalisms. Typically discussed in terms
longitudinal, transverse, or polar limiting cases depending
directions ofk andM , MO Kerr effects produce polarization
and/or intensity changes in the reflected beam as the sa
magnetization changes.22 While refractive and absorptive
contributions remain separate in the complex Faraday
responsefF , they are not separate in the complex Kerr M
responsefK , which contains terms involving products o
refractive and absorptive contributions. Thus direct measu
ment of MO properties is facilitated by the transmission g
ometry, although may be possible by fitting and analyz
the spectral dependence offK .

General formalisms exist to calculate MO Kerr effects f
radiation of arbitrary polarization and incidence angle on
structures having arbitrary distributions ofM with depth.37

Such formalisms typically consider only first-order MO e
fects, in which case« takes the form

«5n0
2S 1 iQ 0

2 iQ 1 0

0 0 1
D ,

wheren0[(n11n2)/25n' represents the isotropic or pur
charge scattering and the Voigt constantQ[ i«xy /«xx gives
the magnetization dependent part of the first-order MO
sponse of the medium withM iz. The indices for circular
components are nown65n0(16gQ), wheren0 gives the
pure charge forward scattering. Formalisms using this
proach are directly transferable to the x-ray range, wheren0
and Q5(n12n2)/n0 are determined from data abov
While resonant MO scattering is very large, it remai
smaller than pure charge scattering, and withn1,2,0'1, Q
,1, so that approximations ignoring higher-order terms inQ
of most MO formalisms remain valid. Several calculatio
using the matrix method developed by Zaket al.,37 which
easily accounts for layered magnetic structures, are gi
below. This formalism uses a matrix approach to calcul
the Kerr matrix of reflected amplitudes fors and p compo-
nents, (r ps

r ss
r pp

r sp), in which off-diagonal terms yield polariza

tion changes on reflection. The complex Kerr rotation
fK,s5r ps /r ss for incident s polarization, with a similar ex-
pression for incidentp polarization. For each case,fK5aK
1 i«K , where rotation and induced ellipticity are given b
the real and imaginary parts, respectively. The Kerr inten
is the total field intensity reflected for an incident field ha
ing arbitrary polarization.

Longitudinal MO effects for Fe calculated using me
sured optical constants are shown in Fig. 9. The top pa
shows the Kerr intensity for linear~s-component! and 1/2
helicity circular components incident on a semi-infinite
sample atu515°. The specular scattering shows large re
nant enhancements at theL3 andL2 lines. The resonant en
hancements for1/2 helicity and their difference appea
similar to the respectiveb and MCD spectra, but are no
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quantitative measures of these quantities. The reflected in
sities contain refractive as well as absorptive contributio
like the scattered intensities in Fig. 6. Kerr intensities
opposite helicity thus are not symmetric about their polari
tion average, as isb. This has important implications fo
hysteresis measurements using the Kerr intensity as
cussed more below. Foru in the range ofuc , Kerr intensity
spectra have very different appearance, lacking promin
peaks at the absorption lines and showing features more
related with those in refraction spectra.

Calculated Kerr rotation and ellipticity spectra for line
~s-component! polarization are shown in Fig. 9~b!. The rota-
tion goes through zero at theL3 peak where the specifi
rotation is zero, yet does not show extrema at the same r
nant positions as the Faraday rotation in Fig. 3~a!. Several
different resonant optical effects explain the shape of
rotation spectrum. The maximum rotation at 694.7 eV co
cides with the energy at which the real part of the pu
charge scattering (d0) passes through zero and, hence,
position where the purely magnetic contribution is maximu
relative to charge scattering. The MORd12d2 is never
zero through this region, although its size relative tod0 de-
creases on either side of the peak rotation, causing the
tion to decrease away from this peak. The maximum at 71
eV corresponds to another condition where the pure cha
scattering goes to zero. The relatively small rotation val
on either side of theL3 peak compared to the larger values
694.7 and 717.5 eV result from limited penetration into t
sample. The local minima and maxima at 706.5 and 70
eV correspond closely to those observed in the Faraday
tation spectra in Fig. 3~a!. Kerr ellipticity features are the
KKT of the rotation features;«K exhibits a bipolar resonanc
at the points whereaK peaks whend050. The largest ellip-

FIG. 9. Calculated longitudinal Kerr MO effects calculated f
u515° using measured MO properties for a semi-infinite
sample. Kerr intensities for different polarizations as noted are
~a!, and Kerr rotation and ellipticity for incidents polarization are in
~b!. Vertical lines at 694.7, 706.5, 709.0, and 717.5 eV are at lo
maxima in rotation as discussed in the text.
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ticity is right at theL3 line, as expected due to MCD. Ellip
ticity remains large over the entire region in which reson
MO effects are large, which can be understood to result fr
significantly different values for reflectance of1 and2 he-
licity circular components in this range and suggests poss
application as a Kerr elliptical polarizer in this range.

In the transverse geometry the predominant Kerr MO
fect is an intensity change on reversal of transverseM for
incident linearp polarization. Calculations for this effect fo
semi-infinite Fe atu515° are shown in Fig. 10. Again, th
difference spectrum onM reversal~not shown! is qualita-
tively similar to the MCD spectrum, but is not a quantitativ
measure of MCD. Linears and circular incident radiation
exhibit no MO effects onM reversal in the transverse geom
etry, so that Kerr intensity using incidentp radiation is an
effective means of sensing changes in net transverse ma
tization. Even so, the values of reflected intensity for incid
s and circular radiation are quite different from that for inc
dent p radiation. The calculated asymmetry ratio (I M1

2I M2)/(I M11I M2) is 6% atu515° and increases to 15%
at u530°, in rough agreement with measured transve
Kerr effect from a thin Fe film by Kaoet al.10

The assumption of a semi-infinite sample illustrates h
certain optical effects contribute to the shape of reson
Kerr MO spectra, but ignores interference effects in laye
or thin-film structures that constitute a large fraction
samples of current interest. These effects become signifi
for an Fe layer on a substrate as its thickness decrease
low roughly 0.5–1mm in the grazing incidence regime con
sidered here. Figure 11 illustrates these effects calculated
longitudinal Kerr intensity and rotation of incidents polar-
ization for a range of thickness of Fe from 5 to 500 n
Interference in both intensity and rotation is most preval
below theL3 edge where penetration is greatest. Interfere
oscillations increase in frequency with thickness and co
late in the intensity and rotation spectra. The effects are q
large and can either enhance or diminish both the Kerr
tensity and rotation. Interference effects can cause the s
of the rotation to reverse. Thus care must be taken w
using either the Kerr intensity or rotation as a measure
hysteresis, since apparent magnetization reversal and l
changes in magnitude between samples with different la
thickness, or the same sample at differentu, can result sim-
ply from interference effects. Alternatively, these interfe

n

al

FIG. 10. Calculated transverse Kerr MO effect calculated
incidentp polarization atu515° using measured MO properties fo
a semi-infinite Fe sample. The two curves correspond to oppo
directions for transverseM .
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PRB 62 12 225RESONANT MAGNETO-OPTICAL PROPERTIES OF Fe . . .
ence effects measured either as a function of energy orq can
be analyzed to yield information about the depth variation
magnetization in layered structures.

There is growing interest in using resonant Kerr and F
aday effects to measure the field-dependent behavior of
ered structures,12,52–54,13,17with results in some cases an
lyzed semiquantitatively to infer specific details about t
magnetization of different layers and their reversal. Jus
optical effects can strongly influence the spectral depende
of Kerr effects, they can also influence the shape of hys
esis loops measured asM is varied through a hysteres
cycle. Thus it is important to consider how measured sign
relate to changes inM .

Magnetization reversal measured using Kerr rotation os
polarization and Kerr intensity changes of circular polariz
tion on longitudinalM reversal are simulated here. Su
simulations require specific assumptions about the natur
the magnetization reversal. Here reversal is assumed to o
with no net transverseM component~such as would be
present during a coherent rotation process! and, hence, to be
representative of reversal dominated by nucleation
growth or domain wall motion. In this case the magnitude
M , or equivalentlyQ, reverses linearly, passing through ze
in the process, ignoring coercivity mechanisms and effe
Resulting hysteresis loops of the Kerr signals vsM then do
not resemble loops from real ferromagnetic materials, bu
show features revealing the correlation between the Kerr
nals andM . Figure 12 shows such calculated loops for t
Kerr signals from semi-infinite Fe and a 10-nm Fe layer
Si atu515°. Each signal was calculated at seven energie
noted. Kerr rotation signals are plotted in degrees of rotat
to which measured data are easily normalized. Kerr inten

FIG. 11. Calculated interference effects in longitudinal Kerr M
effects calculated for incidents polarization onto an Fe film on a S
substrate with thickness as noted. The Kerr intensity is in~a! and
Kerr rotation in~b!. Vertical lines at the same energies as those
Fig. 9 can be used to compare how interference influences
effects.
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signals are normalized by their value atM50 since they
vary by orders of magnitude for different energies~see Figs.
6 and 9!.

From calculated results in Fig. 12, it is evident that x-r
Kerr effects do not provide a unique measure of magnet
tion through its reversal~as they also do not in the visible!.
Considering first the semi-infinite Fe sample, the Kerr inte
sity signal is generally not linear inM : nor is it symmetric
about M50. Both of these effects are expected from t
asymmetry about the pure charge scattering of the intens
of charge plus magnetic scattering for the circular com
nents~Figs. 6 and 9!. Thus care must be taken in drawin
conclusions about the magnetization reversal behavior ba
solely on Kerr intensity data. The Kerr rotation signal
usually~although not always! linear inM and is always sym-
metric about theM50 condition. This increased symmetr
of rotation over intensity results because each helicity
present in the incident linear~s! polarization assumed in th
rotation measurement. However, rotation signals are not c
stant in magnitude with energy and can change sign m
readily with energy than intensity signals, since rotation
more sensitive to the relative phase differences of circu
components than is intensity. As interference effects are
cluded@Figs. 12~b! and 12~d!#, these general trends are mai
tained. Interference effects generally increase Kerr inten
signals and also their asymmetry aboutM50. Interference
effects can cause rotation signals to change sign and
widely in magnitude depending on specific conditions.

Together, these results imply that it is not generally p
sible to infer absolute magnetization information from res
nant Kerr MO signals even from saturated samples and
inferring details about the reversal behavior from subtle d
ferences in shapes must be done with care. The Kerr rota
should provide more accurate shapes than the Kerr inten
although it will also show a broader variability of intensitie
~including sign changes!. Faraday effects~in transmission!
provide a much more robust quantitative measure ofM dur-
ing reversal, with the rotation less prone to artifacts than
intensity as discussed above.

n
rr

FIG. 12. The calculated effect of longitudinal magnetization
versal on different Kerr signals is shown for the cases of linear
circular polarization incident atu515° onto semi-infinite Fe and
@~a! and ~c!# and onto a 10-nm Fe film on Si@~b! and ~d!# at a
variety of energies as noted. Kerr rotation ofs polarization is in~a!
and ~b!. Kerr intensity using circular polarization is in~c! and ~d!.
Assumptions about magnetization reversal are in the text.
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E. Diffuse off-specular scattering

The Faraday and Kerr MO effects considered above re
from magnetization spatially averaged over the cohere
volume of the illuminating radiation, with possible allow
ance for interference effects from depth-graded or laye
structures. MO effects in diffuse scattering result from ma
netization heterogeneity in the plane of thin-film samp
within this illuminated volume. Diffuse scattering is thus a
extension of the interference effects considered above,
now resulting from the interference of scattering from late
inhomogeneity. Diffuse scattering thus necessarily redu
the intensity of the forward-scattered or specular beam.
q dependence of the diffuse scattering can be related to
spatial distribution of the heterogeneous scattering obj
whose Fourier transform gives the structure factorS(q). The
goal of diffuse scattering measurements is generally to de
mine S(q) from this intensity distribution.

The hypothesis that magnetic and chemical surface rou
ness may be different has recently been investigated
diffuse scattering studies in the reflection geometry.19,20,55,56

Some studies assume that magnetic roughness is given b
difference (I 12I 2) and chemical roughness by the su
(I 11I 2) of diffuse intensity measurements using circu
polarization with reversed helicity orM . Experimental mea-
surements of diffuse scattering in nonspecular, reflection
ometry rocking scans observe that (I 12I 2) and (I 11I 2)
both exhibit broad diffuse peaks centered atqx50.19,20 The
width of the (I 12I 2) scattering is narrower than that for th
(I 11I 2) scattering, leading to the conclusion that magne
roughness has a longer in-plane correlation length or cha
teristic length scale than chemical roughness. Interpreta
of these results is complicated by considerations of the in
ference between charge and magnetic contributions.55,55

Studies to date have assumed the Born approximation, w
ignores strong scattering effects such as those near the
cal angle for total external reflection that lead to multip
scattering. A simple way to include these strong scatter
effects is to use the distorted-wave Born approximation,57 in
which they are included in a modified incident wave fie
the distorted-wave field, that then scatters from the samp

Here it is shown that the resonant MO properties o
rough Fe surface yield very different distorted-wave fie
for opposite helicity orM direction that significantly affec
the shapes of individual sets of scattering data. The differ
tial scattering cross section in the distorted-wave Born
proximation for the off-specular scattering geometry for
semi-infinite medium is given by

ds

dV
5

~LXLY!

16p2 uk0
2~12n2!u2uT~k1!u2uT~k2!u2S~q!,

wherek0 is the magnitude of the wave vector incident fro
vacuum andk1 andk2 are the~possibly complex! wave vec-
tor magnitudes of the incident and scattered field in the m
dium comprising the surface having complex indexn and
surface roughness described byS(q).58 Here (LXLY) is the
illuminated surface area. The factorsuT(k1,2)u2 represent the
intensity of the electric field at the surface of the scatter
medium and are strong functions of the indexn of the me-
dium and its intrinsic optical properties~reflectivity, absorp-
tion, transmission, phase change on reflection and trans
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sion! and their dependence onk1 andk2 . Assuming that this
expression gives the scattered intensity for circular com
nents of opposite helicity as accounted for inn and
uT(k1,2)u2, the simplest case is perfect correlation betwe
magnetic and chemical roughness, so that both are desc
by the same, arbitraryS(q), and that the magnetization i
saturated in the film plane and in the scattering plane. In
case the scattering intensity for opposite helicity circu
components is given by

I 6}uT6~k1!u2uT6~k2!u2S~q!

and the difference with helicity orM reversal by

I 12I 2}@ uT1~k1!u2uT1~k2!u22uT2~k1!u2uT2~k2!u2#S~q!.

A similar expression exists for the polarization averageI 1

1I 2 . Determination of the structural functionS(q) in this
approach requires knowledge of the MOuT6(k1,2)u2 factors.

Calculation of theuT6(k1,2)u2 factors is straightforward
using their definitions in Ref. 58, standard MO formalism
and the optical constants for opposite helicity circular co
ponents for an Fe medium. Figure 13 contains results
calculations at a series of energies spanning theL3 peak for
fixed scattering angle 2u515° with u varying from 0 to 15°.
Results are plotted vs in-plane scattering vectorqi with he-
licity difference ofuT(k1)u2uT(k2)u2 in the top panel and the
asymmetry ratio (I 12I 2)/(I 11I 2) in the bottom panel.
Both sets of curves predict a significantq-dependent shape o
these diffuse scattering quantities for a given photon ene
and strong variation of this shape withhn based solely on
the magneto-optical properties of the average surfa
uT(k1)u2uT(k2)u2 for each helicity and energy~not shown!

FIG. 13. Calculated optical functions~described in the text!
needed in the analysis of diffuse scattering in the distorted-w
Born approximation from a semi-infinite Fe sample simulating
rocking scan at 2u515° for the energies noted.~a! shows the he-
licity difference of these optical functions, and~b! shows the helic-
ity difference over the helicity sum.
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are symmetric aboutqi50, with shapes determined by th
complex dependence of the Kerr intensity on angle and
ergy in the vicinity of strong resonances. The difference a
sum of this quantity will each likewise havehn-dependent
shapes symmetric aboutqi50, as will the ratio of these two
quantities. The range of shapes of both the polarization
ference and the asymmetry ratio with energy shows that
optical effects included in the distorted-wave Born appro
mation are large enough to have a significant bearing on
shapes of measured curves and thus must be corrected f
obtain a reliable determination ofS(q). Indeed, the overall
curvature of these functions can change withhn, thereby
possibly reversing conclusions about the relative cohere
lengths of charge and magnetic roughness. While these s
lations do not specifically address the data and conclus
of the studies in Refs. 19 and 20, they suggest that the an
sis should be reconsidered including distorted-wave effe
as well as interference effects that are another source
modification to the distorted-wave field at the surface.

V. SUMMARY

In the dipole approximation the resonant atomic scatter
factor and the classical dielectric tensor provide equival
descriptions of the intensity and polarization~phase! effects
of specific normal modes of the forward and specular sc
tered beams in the Faraday and Kerr magneto-optical effe
While not surprising, this equivalence has implications th
are not clearly generally appreciated. For example, in
analysis of resonant magnetic scattering experiments
change in polarization of incident and scattered beams du
their propagation through the magnetic sample does not
pear to be generally taken into account. Such effects
routinely considered in generalized magneto-optical ana
ses.

Measurement of MO constants near strongL2,3 white
lines for the 3d transition elements is generally nontrivial fo
many reasons. With care, thickness and saturation effects
be minimized. A multilayer linear polarizer in the transmi
ted beam minimizes stray light in both Faraday rotation a
transmitted intensity measurements. While we have con
sp
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ered Fe here for completeness, the general trends in reso
MO properties for Fe are also present for other 3d transition
metals exhibiting strong white lines~V–Ni!. The possible
variation of MO properties near interfaces and in hetero
neous systems presents additional problems in measu
MO constants.

Standard formalisms from visible magneto-optics a
scattering approaches were used to calculate a variety of
effects based on measured MO constants. Such ana
have not generally accompanied early experimental M
studies in the soft x-ray range and are shown here to
valuable in planning and interpreting a wide range of M
experiments. In general, intensity effects using circular
larization, while easily measured, are not symmetric w
regard to helicity orM reversal and so can lead to a misi
terpretation of results if not applied with care. MO rotatio
signals measured using linear polarization, while somew
harder to measure, are generally symmetric onM reversal
and hence less prone to misinterpretation. These cons
ations are especially important sinceM reversal is an impor-
tant means of separating magnetic from pure charge co
butions to measured signals. The large size of reson
magneto-optical effects for Fe results in conditions wh
charge scattering is naturally suppressed relative to magn
scattering and may provide an alternative means of sepa
ing magnetic from charge scattering in intensity measu
ments. Like in other spectral regions, direct measuremen
polarization rotation resulting from MO effects may provid
the best method of separating magnetic from charge sca
ing in the soft x-ray range. In general, the experimental a
analytical tools exist to treat both intensity and phase effe
which together will provide maximum information regardin
questions of interest.
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