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Resonant magneto-optical properties of Fe are considered acrogsdtae levels. General equivalence of
the classical magneto-optical formalisfdielectric 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 theresonance. Magnetic linear dichroigivioigt 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 p optical properties of the @transition metals.

[. INTRODUCTION interest because of their ability to penetrate more deeply than
electrons and compatibility with strong and varying applied
Following the prediction that optical transitions from fields to study dynamics. As these techniques develop, it is
spin-orbit split core levels to spin-polarized final statesimportant to consider more fully the range of resonant MO
should result in large resonant magneto-optical effeas, effects and precisely what it is that they measure. For ex-
decade or more passed before naturally polarized synchremple, following early soft x-ray MCD measurements, cir-
tron radiation began to be exploited at VUV and x-ray wave-cular polarization and intensity measurements in photon-
lengths in measurements of magnetic lifdarand based reflection and scattering experiments are common,
circula>® dichroism and resonant magnetic scattefing. While magneto-optical rotation measurements using linear
Resonant x-ray magneto-opticlVlO) effects continue to Polarization common in near-visible spectral regions are also

grow in interest. This is because of their ability to provide POSSible in the soft x-ray range. It is important to understand
fundamental information regarding electronic structure, in-"oW the MO signals in these different measurements relate to

cluding spin and orbital magnetic moments in a host of maS@Mpleé magnetization and its changes. Also important are
asuring and understanding the fundamental magneto-

terials, and because of the increasingly apparent prospects tical properties of samples in the vicinity of strong absorp-
applying them to resolve the response of heterogeneous ma, P prop P Y 9 P

netic materials into that of individual constituent eleméhts. - lines at core levels and how these properties influence
. : . " penetration depth, interference behavior in thin-film samples,
Such techniques enable, for example, studies of how intera

: b diff q h ind other measurable quantities. While formalisms exist to
tions between different magnetiand nonmagneticphases  .nsider these questions, they have not been routinely ap-

affect the individual phases and also the aggregate properti%?ied to soft x-ray magneto-optical measurements. The
of the material, with the spatial resolution set by the Waveimagneto-optical properties of Fe in the region of ifs [2v-
length. Resonant MO effects are strongest in the hard angis are more fully considered here, and standard formalisms
soft x-ray range near dipole-allowed transitions couplingappjied to consider how the fundamental properties influence
sharp core levels to spin-polarized final states and manifegfiterent measurements of current interest. The results gen-
themselves in a variety of ways. eralize to some extent to resonant MO properties of otler 3

_Here we focus on the2levels of 3 transition elements 4nsjtion elements that exhibit similarly strong 2bsorp-
in the 500-1000 eV range because they yield the largesfon features.

resonant MO effects for these important magnetic elements. Thig paper is organized as follows. Section Il reviews and

The first MO measurements in this range were predoMize|ates two different theoretical formalisms that can describe
nantly magnetic circular dichroisfiMCD) measurements e MO properties of interest. Section Il discusses some

. . . ’9 . . X . ” i
using electron yield techniqués;® which are powerful i igficulties in the measurement of the fundamental MO con-
conjunction with sum rules to resolve spin and orbital MO-giants near strong white lines and presents results for Fe.

ments, but limited by their near-surface sensitivity in thegection v uses these measured optical constants in calcula-
scope of problems they can study. Photon-based techniquggng o simulate a variety of magneto-optical properties of

also exhibit resonant MO effects in specular reflectioit?  interest in recent and current measurements. These results
transmissiort*~*8and scattering®?**"and are of increasing show that careful attention to the details of strong resonant
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MO effects is important in planning and interpreting soft —5,,_+iB,,_=\e*ie,,. The two other cases are for lin-
x-ray resonant MO experiments because of the rich varietgar polarization witkk L M. One has electric vectdlM and
of MO effects that manifest themselves in many differentindex n,=1—6,+i8,=e,, The other hasELM and

ways. nL=1—5L+iBL:\/(sX2X+ sxzy)/sxx. The complex Faraday
responsegr=(n, —n_)wt/\=ag—iep contains both the
Il. THEORETICAL DESCRIPTION induced ellipticity angless and the rotation anglers de-

Magneto-optical effects are changes in polarization and/ofCPing polarization changes to the incident linear polariza-
intensity of transmittedFaraday effectsor reflected(Kerr ~ tion (& coherent superposition af and — helicity circular
effecty beams on reversal or change of magnetizakibin componentson propagation through the film of thickness

the sample. At least two formalisms are available to describéﬂagnetic circular dichroism and birefringence are first order

resonant soft x-ray MO properties. One uses the classicdl M (0r &x,) and are given by3, —_and5, —45_, re-
dielectric tensof223 Another uses the resonant atomic SPectively, the later representing the magneto-optical rotation

scattering factor including charge and magnetic,(MOR) of the plane of polarization. Magnetic linear dichro-

contributions?2 The equivalence of these two descriptionsSM (MLD) and birefringencen, —n; (also known as the
(within the dipole approximationis demonstrated below, Y0igt effect are quadratic iM. The Voigt effect is present

and some useful strengths of each approach are discussed” Poth ferromagnets and antiferromagnets, while the first-

The dielectric tensog(w) is typically used at near visible Order MO effects in the forward scattered beam are absent
and longer wavelengths to give the classical, macroscopi®ith the net magnetization in antiferromagnets, except pos-
response of the meditfhand can also describe resonant Sibly at interfaces and other defects at which spins are not

magneto-optical effects in the x-ray rarfgen general, the ~compensated. . .

rank and symmetry of is determined by the symmetry of  The atomic scattering factof(w,q)=f(q) +f'(w,q)

the single-crystal sample. The polycrystalline Fe films stud-T if"(«,d) provides a microscopic description of the inter-
ied here havé110) texture with random in-plane orientation action of x-ray photons with magnetic ions. Here we con-
leading to significant averaging of crystallographic axes insider only nonresonant pure charge scattering and resonant

the film plane, which contains the magnetizatMn Thus we ~ charge and magnetic terms, aél of which are much larger than
take the isotropic form of (with M along ) to describe nonresonant magnetic terrffs’® For the small values of the

these samples: scattering vectoq=|q|= 4 sin g/\ available near the Fe®
levels, the nonresonant charge tefftq) =Z, whereZ is the
Exx Exy O number of electrons per Fe atom. Considering only electric
N 0 dipole transitions yields three resonant terms with distinct
e(w)= Exy  Exx ' dependences on incident and scattered photon polarization
0 0 e, (& and e, respectively. Together with the nonresonant

. T . charge term, the scattering factor becomes
This description is appropriate for homogeneous, macro-

scopic (i.e., bulk MO properties, but neglects effects that
may result from the reduced symmetry imposed, e.g., by the
interfaces of films only nanometers thick. These effects
could incltéde the very general concept of éMls surface 3
anisotropy® in _whlch simply fche broke_n symmetry is ex- + —)\{i(e?xeo)'m[Fl,l—FiH(e}*~m)(e0om)
pected to modify the magnetic properties. Alternatively, in- 8w
creasingly common observatioffs?® and theory® suggest
that changes in local interatomic structure and bonding can
influence magnetic and hence magneto-optical properties at ) . ) .
interfaces and of ultrathin films. Even in somewhat thickerHerere is the electron radius and is a unit vector along the
films, noncubic distortions can significantly modify struc- Magnetization of the ion. The polarization dependence of the
tural and magnetic anisotropy and hence the effective synf€sonant terms results from the interaction ofllnC|dent x-ray
metry of the dielectric tensor. Thus caution is needed in agpolarization with the vector spherical harmonics describing
Suming that bulk homogeneous descriptions adequateﬁhe transitions fronp to d states. The dlffererﬁkﬂ terms are
describe real systems. Nonetheless, this description providé€pole matrix elements from initial to final states resolved
a starting point in the discussion of MO properties. into different spherical harmonics and thus represent the
A complete description of MO effects in this formalism is Spectral dependence of transitions into entpfinal states of
given by the four nonzero elements of the dielectric tensofpecific symmetry, specific linear combinations of which are
or, equiva|ent|y, by the Comp|ex refractive mde)(w) associated with distinct polarization dependences. Terms
=/e(w)=1— 8(w)+ipB(w) for several normal modes cor- With € -& polarization dependence are the non-
responding to the propagation of pure polarization state§esonant and resonant charge scattering. Terms involving
along specific directions in the sample. Radiation with othe(€f X &)-m are first order inVl and yield MCD and MOR.
polarization or incident along different directions generally Terms involving €f - m)(ey-m) are second order iM and
experiences polarization changes on propagation. The solyield MLD. While the expression above was developed ex-
tion of Maxwell's equations yields these normal modes, plicitly for localized atomic or ionic final states, these basic
one of which is for circular components of opposite/—)  terms are also found in theoretical descriptions of atomic
helicity with wave vectorkiM having indicesn,, =1 scattering factors in itinerant metallic systems.

_(a* i 1 1 q9_
f=(€f &) Sw)\[Fl_'—Ffl] reZ

X[2F§—F1-F1,1}.
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The general equivalence of these two formalisms is seeKramers-Kronig transformationKKT), measurement of
by noting the one-to-one correspondence of terms describingnly one yields the complex indéf.Soft x-ray scattering
the same polarization dependence for the same normand reflection experiments measure signals containing both
modes and is aided by comparing the refractive indices foPsorptive and refractive contributions, in which case knowl-
these modes. Refractive indices are obtained from the sca®d9€ of these terms separately is essential for quantitative
tering factors from % n(w)=3;N;r A2f;(w,q=0)/2, analysis of these results. The dielectric tensor and associated

here the atomic scattering factor is. evaluated for forwa CLormalisms developed for near-visible MO analy$i¥ are
w L ap IC S ring ris eval " TOTWarq,seful for calculating intensity and polarization changes on
scattering®? N; is the atom number density of species is

) ) specular reflection and transmission in magnetic structures
the wavelength, and the sum allows for different atomic speyith arbitrary incident polarization and angle, and variable
cies, only some of which need the magnetic. For circulainagnetization with depth. The long wavelengths near the Fe
polarization propagating along, the charge and first-order 2p resonances limig to less than roughly 1 AL, precluding
terms contribute to scattering, yielding the indices_=1  measurement of scattering from nearest-neighbor interatomic
+Nreh2(4mrZ—3NFL ,)/872. Only terms first order in interference. Scattering from features having 1 nm character-
M change sign with helicity, yielding n,—n_ istic dimension is still possible, however. The scattering fac-
=3Nre)\3[|:i— Fl_l]/8772 as the absolute helicity difference tor description is readily extended to describe both specular
in first-order MO effects. For the two linear polarization and diffuse scattering measurements. Atomic scattering fac-

cases in the Voigt geometry, the charge terms contributéors can explicitly account for changes in resonant MO prop-

to each case and the second-order term contributes only fjties that might accompany structural and chemical gradi-
the case whenEIIM, yielding n,=1—-Nra\%(47r.z  ©€Nts at interfaces and in other inhomogeneous systems,

+3FIN)/872 and n, = 1— NroA2(87roZ+ 3[F1+FL )/ inhcludingth(;zar;gfs rinbth(gz_ Iotpal che(zjn}i_ﬁgl enviorlorr:ment ttr?at
167? with the Voigt effect n, —n,=3Nr\32F—Fi  Cchange ned-state nybridization and Ufing and hence the

: ; 9
—F!,]/1672. Distinct expressions for the indices exist in resonant terms in the scattering factor:

both formalisms for the specific normal modes that propa- In all descriptions both pure charge and pure magnetic
rthe sp . - ProPacq htributions can be distinguished. Generally, the amplitudes
gate as pure polarization states. The three dielectric tens

I ¢ th lated to th thlre}g rix el i & pure charge and magnetic contributions are summed in
elements are thus related to the tn maltrix €lements  psih first- and second-order MO effects considered above,
that contain spin-resolved electronic structure information

Both f i Iso d ibe MO i . ¢ foretelling interest in separating these contributions in mea-
ot Iormzlsmhs aiso bgtscrl € id t|nte|ra<;t|otr_15 0 .'?jon'tsured intensities. The quantity, —n_ describes the only
hormal modes having arbitrary incident polarization InCldent, .o magnetic contribution first order i, and Faraday

at arbitrary directions with respect ¥. The general equiva- rotation is the most direct measure of this quantity, as seen

lence of the dielectric tensor and scattering factor descripbelow Measuring signals containing both charge and mag-

tions holds only in the case considering dipole transitions, o scattering contributions through a hysteresis loop can
contributing tof. Higher-order multipole terms have different aid in distinguishing between charge and magnetic contribu-

polarization dependencé Such higher-order magnetic terms tions to scattering. Below it is seen that the large size of

have been %bfert\)/ed in the hard X'{;é’ rafigad typllt(r:]ally , resonant optical effects provides a natural means to suppress
areé assumed o be moré commonasecreases, altnougn cparge relative to magnetic scattering.

their presence near thg2devels of Fe and other®transi-
tion elements cannot be ruled out. IIl. MEASUREMENT OF MO PROPERTIES

These expressions reveal how the spin-dependent filling
of d states leads directly to different magneto-optical effects. Very strong absorption at the, 3 lines makes determina-
First-order effects result from a net uniaxial asymmetry oftion of both real and imaginary components of the r2so-
spin (and orbital states along and so are probed by mea- hant MO properties nontrivial, especially if one is interested
surements in which the wave vectohas a large component in obtaining values representative of the bulk. While numer-
alongM. Second-order effects result from a biaxial asymme-0us MCD experiments have been performed and results ana-
try of the charge distribution associated with (and any lyzed with sum rules for spin and orbital moments, most
applied field. The Zeeman effect in atoms and molecules ishave used secondary or total electron yi€l&Y) as a mea-
an example of second-order effects, in which an applied fielgure of absorption. This technique is inherently near surface
H lifts degeneracy of valence states, yielding different ab-sensitive, with electron escape depths of the order of 2—4 nm
sorption spectra withEIlH and EL H. In magnetic solids8 in metals and typically suffers from saturation effects result-
=M+ uoH acts on electronic states in competition with ing from the interplay between short electron escape depths
crystal field (and other effects which generally reduce the and the rapidly varying photon penetration depth near the
size of MLD, especially in cubic systems by quenching or-L23 lines?%* Relatively few determinations ofcBtransition
bital moments. Nonetheless, large FeRILD has been ob- metal MO constants have been made using photons
served in antiferromagnetic oxides ;B (Ref. 34 and  only,"**>***in part because of the difficulty in obtaining
LaFeQ,.%® Only one report of resonant2MLD for metallic reliable signals that separately measure either the refractive
Fe is apparent in the literature, revealing a much smallePr absorptive MO response using photons. Of these, even
effect than in oxides® fewer have measured Fe layers thicker than several nm.

Each MO description is useful in considering soft x-ray
experiments measuring resonant MO effects. The absorptive
and sometimes the refractive partsncdre directly and sepa- Samples studied here were grown by magnetron sputter-
rably measured. Sincé(w) and B(w) are related by the ing onto smooth, low-stress, 160-nm-thick Siembranes

A. Experimental details
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for transmission measurements with Fe layers ranging from
20 to 60 nm in thickness and were capped with 2—4 nm of
amorphous SiC(Ref. 43 to prevent oxidation. Ancillary
transmission x-ray microscopy measurements show no evi-
dence of significant thickness variation or pinholes in
samples grown on these membranes. Numerous measure- -
ments of MO properties were made at four different beam 0.25 !
lines at the Advanced Light Sourd¢bending magnet beam [T 44mm
lines 6.3.2 and 9.3.2, and undulator beam lines 7.0 and 8.0 L 60nm
over the coarse of several years, and what are believed to be 0.00
the most accurate resultexcept as notedare presented DR '
here. Each beam line is equipped with a high-resolution grat-
ing monochromator. While most recent x-ray MO measure-
ments typically have used elliptical polarization as close as
possible to circular, linear polarization was used to measure
all MO properties reported here, since it contains a coherent
superposition of equal amounts of opposite-helicity circular
components. Linear polarization was obtained at bending
magnet beam lines by selecting radiation on the orbit plane

o
[
=)

Transmission

Apparent ut

with slits upstream of the monochromator and measured to 690 700 710 720 730

have degree of linear polarizatioR, =0.95 (except as hv(eV)

noted. At planar undulator beam lines radiation from the

central cone was measured to h&®&e=0.98. In all measure- FIG. 1. (8) shows measured transmissibihy through three Fe

mentsM was saturated along known directions using permafilms having different thickness deposited onto Sifdembranes

nent magnets or varied with an applied field having a knowrimade on a bending magnet beam line with no absorption filters to

direction. surpress harmonic content in the beam(bpare apparent absorp-
tion coefficients obtained fronut= —In(l/ly) and the data ina).
Severe thickness effects are apparent atLthandL, white lines

B. Thickness effects in transmission absorption measurements (707 and 720 eV, respectivglyresulting primarily from spectral

. . . . . contamination of the incident beam.
Thickness effects can distort transmitted intensities near

strongL; and L, white lines, thereby precluding accurate spectral edge filters to suppress harmonics likewise yields
absorption determination. Figure 1 illustrates thickness efsignificant improvement, but again small discrepancies re-
fects in the Fe transmission spectrum for films with20,  main between samples. Spectral impurities are thus not sim-
44, and 60 nm and grazing incidence angle 8rd#5° mea-  ply the result of harmonics well separated from the funda-
sured using off-orbit elliptical polarization havigc=0.6.  mental, but contain energies closer to the fundamental that
Each film hasM oriented such that thi; line is enhanced are not removed by absorption filters. Measurements at dif-
relative to thel, line by MCD. Thickness effects of increas- ferent beam lines and using different gratings on the same
ing severity witht are present in all spectra in Fig. 1. Calcu- beam line are consistent with spectral contamination linked
lation of the absorption coefficient using T=1/I,=e * strongly to the specific grating used and signal that in prac-
yields the apparent values in Figlbl, normalized from 0 to tice thickness effects must always be suspected in transmis-
1 in the pre- and post-edge regions to isolate the absorptiogion absorption measurement at white lines. Absorption from
just from the 2 resonances. Absorption values at bath  thinner samples is distorted less by thickness effects. Thus
andLj lines clearly exhibit increasing systematic errord as quantifying the MCD spectrum in transmission at 8ans-
increases. mission metal p edges for all but the thinnest samples is
Such thickness effects are known to complicate transmisdifficult, as recognized in Ref. 15.
sion x-ray absorption measurements, especially near strong Utilizing a multilayer interference structure acting simul-
white lines?**>“precisely where resonant MCD effects are taneously as a linear polarizer and a bandpass'fillerthe
largest. For the results in Fig. 1, possible problems of theéransmitted beam helps avoid thickness effects in several
detector linear dynamic range are overshadowed by probways. One is by enabling measurement of Faraday rotation
lems imposed by the effects of spectral impurities in therather than transmitted intensity. This is demonstrated in Fig.
incident beam as confirmed by the saturationldf well 2, which shows Faraday hysteresis loops measured using lin-
above zero. Harmonics from the grating are one possiblear polarization through the same 20-, 44-, and 60-nm Fe
source of spectral contamination. Another is diffuse scatterfilms at §=45°. The linear polarizer was aligned and cali-
ing from the grating, whose energy distribution is broadbrated by rotating it azimuthally to obtain a symmetric sinu-
compared to the sharply peaked harmonics. Pinholes isoidal curve and then set at 45° azimuth with respect to the
samples exacerbate thickness effects and are not observedigident linear polarization to record intensity changes result-
films studied here as mentioned above. Efforts to correcing from MOR as a longitudinal field is varied. Loops nor-
measured data by assuming some amount of second-orderalized to rotation angle are in Fig(a2 and, to specific
contamination with known, smooth absorption across the Feotation (rotation/thickness are in Fig. 2Zb). No thickness
2p region yield significant improvement in the shapes of theeffects are evident in these data in part because this measure-
white lines, but small discrepancies witliemain. Inserting ment was made several eV below thg line where the
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FIG. 3. Faraday rotation spectra measured through a 32-nm Fe
film at 30° grazing incidence is shown i@). Absolute rotation

FIG. 2. Hysteresis loops measured by Faraday rotation througﬁ_Cale is at left, and at right are data normgllzgcﬁw o Sphd
Fe films of three thickness as noted withi~2.5 eV below the Fe Circles are measured data points, and the line is a smooth fit to these

L, line. (&) shows data normalized to the absolute rotation, whileiata'_ Tthe “?CD ‘?Pecrr??:*_ i,toptattlrr:ed TZT E(hl:)l KArlamc_ers-
(b) shows data normalized to specific rotation. ronig transtormation ot these data Is the solid fin soin
(b) is an MCD spectrung, — 8_ measured directly in transmission

. ) . . through a 6—7-nm Fe film from Ref. 15. The two spectra are nor-
thickness effects in absorption are less severe. Sincethe malized at the.; peak.

spectrum passes through zero atlthdine peak(see below,
it is generally desensitized to thickness effects compared tapproaches reveals that the second approach more reliably
transmission absorption measurements. Moreover, thdetermines thg3, —B_ spectrum for these data. Transmis-
multilayer polarizer acts as a dispersive bandpass filter witlsion absorption measureg3(+ £_)/2 from which (6.
bandwidthAN/A=0.01-0.02 and is thus a more effective + §_)/2 is obtained via KKT, yielding the polarization aver-
wavelength filter than absorption edge filters for removingaged index i, +n_)/2 describing the pure charge scatter-
both harmonics and broadband scattered light. This furtheing.
desensitizesrr measurements to scattered light and also can The real part of the Faraday rotation spectrum through a
be used in transmitted intensity measurements as perhaps tB2-nm-thick Fe film at#=30° is in Fig. 3a). The direction
most effective way to minimize thickness effects at strongof M maximizesk-M at this 6. Rotating analyzer scans of
white lines in the soft x-ray range. the tunable polarizer were made with sample in and out at
These considerations of thickness effects influenced ougnergies indicated by data points, yielding absolute measured
approach to determining resonant MO properties for Fe filmsotation that peaks at-/—15.5° on either side of thég
to minimize the number of direct measures of transmittedesonance. Normalizing measured rotation by the path length
intensity that is most prone to suffer from thickness effectsjn the film and byg=cosé (g is the direction cosine between
in favor of measuring therg spectrum that is less prone to k andM) to project the result along the magnetization direc-
thickness effects. The one required direct transmission meaion yields the 5, — §_ scale in the figure. The absolute
surement is made at normal incidence, thereby minimizingalue of these rotations, as well as the specific rotation which
sensitivity to thickness effects for a givémnd avoiding the peaks at 2.% 10° deg/cm, are roughly an order of magnitude
most difficult case when MCD maximizes the absorption oflarger than observed at wavelengths in the IR-UV ranges.
the strongerl; peak as in Fig. 1. The relative absence ofValues for specific rotation for Fe in these regions are
thickness effects in the measured data below is gauged by tl&5x 10° deg/cm at 564 nniRef. 22 and 5.1x 10° deg/cm at
height of thelL 5 line compared to the jump in the continuum 1000 nm?’ Such large rotations result from the selective
absorption. nature of the resonant transitions at the [2vels, coupling
sharp, spin-orbit split initial states to the empty fidadtates
primarily responsible for magnetism. This is just as Erskine
and Stern had predictédalthough the P core resonances

H (kOe)

C. Determination of first-order MO properties

This approach uses linear polarization to obtain—n_  are found to exhibit larger MO effects than the Bevels
from the complex Faraday rotation spectryfp containing they considered because smaller spin-orbit splitting in the
the ellipticity angleeg as well as the rotation angler . initial state tends to cancel effects from thp;3 and 3p3,

While e and hence MCD can be determined directly fromedges. Even smaller initial-state spin-orbit splitting exists in
polarimetry datd® doing so accurately requires careful mea-the UV-IR region, where also a broader range of initial and
surement of absolute intensities, rather than the more easifjhal states contributes to observed MO effects.

measured phase shifttntensity differences needed for a In taking the KKT of 8, — 6_ to obtaing, — 3_,*® MO
rotation determination of, —&_ . Alternatively, 8, —8_ contributions from other spectral ranges can be safely ig-
can be obtained from KKT o, — §_. Comparison of both nored since sharply resonanp 210 effects are larger than,
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FIG. 4. First-order MO constants of Fe are plotted on two dif- 5,rement. Small variations in the integration range do not
ferent scales corresponding to refractive index and atomic scatteringiar the resultings, spectrum. Finally, n..

. ) ; +=n,+=(n,
factor. Linear € L M) or isotropic values are also plotted._ Data are —n_)/2 yields the individual indices giving the first-order
accurately plotted on thé and 3 scales, but the conversion {6

and f” results in a slight distortion of those scales by as much asMO effects, whose real and imaginary parts are plotted along

several percent at the extremes of the energy range. with the polarlgatlon—averaged, or pure charge, values in Fig.
4. The pure first-order magnetic scattering as measured by

6,—6_ andB, — B_ is roughly 50% ofé, andg, , under-

and well separated from, resonances in other regions. Thecoring again the large size of the core resonant MO effects
integration range in the transformation need only extend ovefor 3d transition metals.
the region where MOR is nonzero. Numerical simulation re- Comparison of first-order MO properties of Fe obtained
veals that the center position of the integration range withere with published results for Fe reveals generally similar
respect to the @3, and 21/, resonances is more important features with systematic differences. The height of the
than the width of the rang®. polarization-averagetl ; line in Fig. 4b) is 5.8 times the

The MCD spectrum in Fig. ®) results from KKT of the  jump height from pre- to post-edge, consistent with the rela-
MOR spectrum in Fig. @). The integration range was 80 eV tive lack of thickness effects and larger than any other re-
wide and centered midway between the;2 and 20, lev-  ported Fel ; line height obtained by either transmissior?
els. The difference of the back transformation of this MCDTEY ,*0% or scattering? Possible reasons for the talles
spectrum(same rangeand the original MOR spectrum is peak observed here include different energy resolution,
significantly less than 1° over the entire range, with the largthickness effects in other transmission measurements, or
est discrepancy approaching 1° on the high-energy side afaturation effects in electron-yield measurements. It is also
the L, resonance before the signal decays to zero. Superinpossible that different samples studied have a different aver-
posed in Fig. B) is a transmission MCD spectrum measuredage Fe @ state population resulting from microstructural
through a 6-nm Fe film ap=45° from Ref. 15. The two differences. Few data exist that directly measures the refrac-
MCD results are scaled to tHe; peak and show generally tive MO responses, — 5_ ,*4*?1®from which it is apparent
good agreement. Thie;:L, intensity ratio is larger for the that Faraday rotation provides a more accurate measure than
transformed result, which by sum rule analysis would indi-scattering.
cate a relatively larger orbital to spin moment ratio for the
transformed result than for the direct MCD result. This dif-
ference between the two spectra is not a result of distortion
from the KKT, since it persists as the integration range and Transmission MLD was measured &t 90° from several
center are widely varied. The difference could result fromsamples on different beam lines by rotating the sample with
real differences in relative orbital to spin moments betweersaturated in-plan® to be parallel and perpendicular Eoof
the 32- and 6-nm-thick samples, whose microstructures arthe incident linear polarization. The individual normalized
likely to be different. Alternatively, the differences could re- absorption spectra and resulting MLD signal for the same
sult from thickness effects in the transmission MCD result,=32 nm sampldabove are shown in Fig. 5. A Cu absorp-
which would manifest as a reduction in thg:L, ratio. tion filter and new holographic grating were used to obtain

The polarization averaged index, =(n,+n_)/2 was these data, whose strohg line [stronger than in Fig. @)]
obtained from the transmission spectrum through the samsuggests minimal thickness effects. The maximum dichroism
sample oriented witlEL M and #=90°. The resultingut of 2% is sharply peaked at the; line with broader features
spectrum was scaled to tabulated absorption valumsay extending to higher energy and at the line. The bipolar
from the edge where near-edge effects are insignificant, witcharacter of the dichroism signal suggests that it may result
the result plotted in Fig. @ aspB, . The KKT of this quan-  simply from small energy shifts between scans. This can be
tity then yieldss, in Fig. 4(b). In this KKT the kernel does ruled out both by repeated measuremefgame day and
not vanish far from the @ resonances, and an integration months apajtand by numerical simulations of the difference

D. Measurement of the Voigt linear dichroism
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sured MO constants are resolved into refractig#) (and absorptive cwwl&?. he sh fth i . litativel
(B?) contributions and their sum i@), (b), and(c) for linear (iso- lle the shapes of the total intensity are qualitatively

tropic), plus-, and minus-helicity circular components, res.pectively.Similar to the absorption spectrum, with large peaks atthe

The data in(a) are plotted on a logarithmic scale to reveal weak @ndL, white lines, it is important to realize that they contain
features. both refractive and absorptive contributions. The imaginary

contribution follows the absorption spectrum, while the re-
of a given measured absorption curve with itself after Smalfractlve contribution is significant below tiig line, where it

: : . can be several orders of magnitude larger than the absorptive
ner hifts, which show that the m red MLD is n L ) .
energy Shifts, ch show that the measured S not ontribution. At and above the; line, the absorptive com-

consistent with a simple energy shift. The sharply peake& . . I
structure is similar in shape to that in Ref. 36 and resultONeNt is dominant. Unlikg®, 5~ shows several sharp spec-

rather from a small magnetization-induced redistribution oft.ral featureg, ”?OS‘ evident in Fig(& where |n.tensmes for
Fed states. linear polarization are plotted on a logarithmic scale. These

four sharp minima correspond to energies whérpasses

through O(or f' through—Z); these conditions result simply
IV. APPLICATIONS from the extremely large, sharp white lines representing the

) ) ) ) ) large number of empty@holes. Minima occur at each white
_ W_h|le o_f fundamental mter(_ast since they provide, in CON-line position, and each has a corresponding minimum below
junction with sum rule analysis, direct measures of the spife ine where the refractive amplitude passes through 0 in
and orbital moments, the MO properties of Fe are also diyhe other direction. The energies of these points below the
rectly relevant in planning and interpreting a wide range ofyite lines vary with polarization as the size of the resonance

experimental studies involving resonant MO effects. Theygries. Thus, at 694.7 eV, whetvanishes for linear polar-
large size of the first-order MO effects of fand other 8 j7ation, the real part of the charge scattering is zero, while

transition elemenjgproduce surprisingly large optical effects he real part of the magnetic scattering can still have appre-

that can both enable and complicate experimental studies, agp|e amplitude. Tuning t6,,_ =0 for either circular com-

demonstrated below. For metallic Fe the second-order MQyonent causes the real part of the charge plus magnetic scat-

effects are an order of magnitude smaller than first-ordefging to be zero for that helicity. These zero crossings have

effects and are ignored in this discussion. important implications for measurable optical and MO prop-
erties, some of which are seen below.

A. Scattered intensity spectra

The scattering amplitudes for different polarization states B. Penetration depth

expressed in Fig. 4 as atomic scattering factors or as 1 The penetration depth for the electric field intensity at
=5+ipB (the difference from 1 representing the scatteringnormal incidence)r/4w 3, is polarization dependent and a
difference from vacuumunderlie all intensity and phase ef- strong function othv across the g spectrum as in Fig. 7.
fects measured in experiments. The scattered intensity speBelow thel ; edge radiation penetrates hundreds of nm into
tra obtained as §+iB)(5—ipB) or, equivalently, from the an Fe sample. Strongi; absorption significantly reduces
scattering factor exhibit large resonances atlthg levels  penetration to 13 and 24 nm for the two circular components
that contain separate contributions from the real and imagiat the peak(assumingg=1). As grazing incidence is ap-
nary parts of the amplitude for the different normal modesproached, these skin depths scale agsintil near the criti-
These individual contributions and their sum are plotted Figcal angle for total reflection. Thus, @=15°, commonly
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strong functions of polarization and so can produce striking
MO effects in experiments operating near this angular range.

5 1 T T T 17 ' T T T T
: linear '
o + helicity
3 | === - helicity

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

Just as the Faraddyransmissiojn MO formalism is seen
above to extend into the x-ray range, so do Keeflection
MO effects and formalisms. Typically discussed in terms of
longitudinal, transverse, or polar limiting cases depending on
directions ofk andM, MO Kerr effects produce polarization
and/or intensity changes in the reflected beam as the sample
magnetization changé$. While refractive and absorptive
contributions remain separate in the complex Faraday MO
responsepr, they are not separate in the complex Kerr MO
FIG._8. The critical angle for total extgrnal refle_ctiqﬂc responseg, , which contains terms involving products of
=125, is strongly energy dependent for a given polarization andrefractive and absorptive contributions. Thus direct measure-
shows strong differences with polarlzatlo_n in the_se c_alt?ulatlonsment of MO properties is facilitated by the transmission ge-
bagedl on measuted MO constants. Wh?elrs. negatl\{e, incident ometry, although may be possible by fitting and analyzing
r_adlatlon refracts into the sample and exhl_blts total internal reflec;[he spectral dependence ¢f. .
tion. Wheng=0 the real part of the scattering goes to zero. General formalisms exist to calculate MO Kerr effects for
o , radiation of arbitrary polarization and incidence angle onto
used to study samples with in-plaig, the penetration depth gy ctures having arbitrary distributions bf with depth®”
is only 3 and 6 nm for the circular components. These valueg;ch formalisms typically consider only first-order MO ef-

are comparable to typical electron escape depths, signaling.ts in which case takes the form
the need to correct for saturation effects in total electron

6. (degrees)

yield measurements of absorption, as discussed in Refs. 40 1 iQ o
and 41. The helicity dependence of the x-ray penetration ool 1 0
depth leads to helicity-dependent saturation effects, with the &=Mo Q '
more strongly absorbed helicity suffering stronger effects. 0 0 1

This asymmetry in saturation effects is not explicitly consid-
ered in these references and, if done so, leads to slightl
larger correction factors.

In contrast to the limited penetration when the MCD sig-

nal 5, —p_ is strong, the MOR signab, —4_ remains components are now.. =ny(1+gQ), wheren, gives the

large at least several eV b‘?'OW the I_me._ Reflection geom- pure charge forward scattering. Formalisms using this ap-
etry measurements sensitive to this signal can thus obtain

strong MO sensitivity and significant penetratid®0 nm at proach are directly transferable to the x-ray range, wingre

0=10°) simultaneously. This can be important in studyingand. Q=(n.—n_)/n, are dgtern_nned from dat.a abov_e.
. . While resonant MO scattering is very large, it remains
the reversal process of relatively thick soft Fe layers ex-

change coupled at deeply buried interfaces to layers havinimaller Lhan pure pharge S(_:atter.mg,hgnhd with o~ 1, Q.
very different anisotropy, as in recently developed exchange- 1, so that approxmaﬂons 'gnoring ig er-order teerln
spring systemal of most MO fo_rmallsms remain valid. Several egalcu_latlons
using the matrix method developed by Zakal,>* which
easily accounts for layered magnetic structures, are given
C. Critical angle for total external reflection below. This formalism uses a matrix approach to calculate

Large optical effects occur at small grazing incidencel"® Ke'r matrix of reflected amplitudes ferand p compo-
{Ss .°P), in which off-diagonal terms yield polariza-
ps " pp

whereny=(n, +n_)/2=n, represents the isotropic or pure
(Yharge scattering and the Voigt const@neie, /e, gives

the magnetization dependent part of the first-order MO re-
sponse of the medium witM|lz. The indices for circular

angles in the region where the total external reflection idents,
typical in the x-ray region. The critical angle for the total tion changes on reflection. The complex Kerr rotation is
external reflection is given by.= 25 and is plotted for ok ,s=Tps/Tss for incidents polarization, with a similar ex-
+/— helicity (magnetic plus chargend linear(charge only  pression for incidenp polarization. For each caseéy = ax
scattering in Fig. 8. The dispersive resonances associatetliey, where rotation and induced ellipticity are given by
with the L; andL, lines are strong enough théf vanishes the real and imaginary parts, respectively. The Kerr intensity
whenf’<—Z electrons and Rae]>1, in which case incident is the total field intensity reflected for an incident field hav-
radiation refracts into the sample rather than toward theng arbitrary polarization.

sample surface. In the transition from total external to total Longitudinal MO effects for Fe calculated using mea-
internal reflection, the optical properties pass through theured optical constants are shown in Fig. 9. The top panel
zero-refraction condition whe# passes through 0. Not only shows the Kerr intensity for lineas-componentand +/—

are the resonant dispersive effects quite large, but their pdaelicity circular components incident on a semi-infinite Fe
larization dependence is likewise large, as seen by the disample at#=15°. The specular scattering shows large reso-
tinct differences in thej, curves for the different polariza- nant enhancements at thg andL, lines. The resonant en-
tions. Both the reflected intensity and phase change ohancements for+/— helicity and their difference appear
reflection(which varies bysr from 6=0 to = 6.) are now similar to the respectivgg and MCD spectra, but are not
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ERL: directions for transvershl.
207 ticity is right at theL 3 line, as expected due to MCD. Ellip-
11 1 L 1

'680' “ '700' " '720' - '740' ticity remains large over _the entire region in which resonant
MO effects are large, which can be understood to result from
significantly different values for reflectance #f and — he-

FIG. 9. Calculated longitudinal Kerr MO effects calculated for liCity circular components in this range and suggests possible
6=15° using measured MO properties for a semi-infinite Feapplication as a Kerr elliptical polarizer in this range.
sample. Kerr intensities for different polarizations as noted are in In the transverse geometry the predominant Kerr MO ef-
(a), and Kerr rotation and ellipticity for incidesstpolarization are in ~ fect is an intensity change on reversal of transveviséor
(b). Vertical lines at 694.7, 706.5, 709.0, and 717.5 eV are at localncident linearp polarization. Calculations for this effect for
maxima in rotation as discussed in the text. semi-infinite Fe at#=15° are shown in Fig. 10. Again, the

difference spectrum oM reversal(not shown is qualita-
quantitative measures of these quantities. The reflected intetively similar to the MCD spectrum, but is not a quantitative
sities contain refractive as well as absorptive contributiongneasure of MCD. Lineas and circular incident radiation
like the scattered intensities in Fig. 6. Kerr intensities forexhibit no MO effects oM reversal in the transverse geom-
opposite helicity thus are not symmetric about their polarizaetry, so that Kerr intensity using incideptradiation is an
tion average, as i@. This has important implications for effective means of sensing changes in net transverse magne-
hysteresis measurements using the Kerr intensity as disization. Even so, the values of reflected intensity for incident
cussed more below. Fatin the range ofé., Kerr intensity s and circular radiation are quite different from that for inci-
spectra have very different appearance, lacking prominerdent p radiation. The calculated asymmetry ratioy,(
peaks at the absorption lines and showing features more cor1,,_)/(ly++1y-) is 6% atd=15° and increases to 15%

hv(eV)

related with those in refraction spectra. at 6=30°, in rough agreement with measured transverse
Calculated Kerr rotation and ellipticity spectra for linear Kerr effect from a thin Fe film by Kaet al°
(s-componentpolarization are shown in Fig.(8). The rota- The assumption of a semi-infinite sample illustrates how

tion goes through zero at thie; peak where the specific certain optical effects contribute to the shape of resonant
rotation is zero, yet does not show extrema at the same res&err MO spectra, but ignores interference effects in layered
nant positions as the Faraday rotation in Fige)3Several or thin-film structures that constitute a large fraction of
different resonant optical effects explain the shape of th&amples of current interest. These effects become significant
rotation spectrum. The maximum rotation at 694.7 eV coinfor an Fe layer on a substrate as its thickness decreases be-
cides with the energy at which the real part of the purelow roughly 0.5—1um in the grazing incidence regime con-
charge scatteringd,) passes through zero and, hence, thesidered here. Figure 11 illustrates these effects calculated for
position where the purely magnetic contribution is maximumlongitudinal Kerr intensity and rotation of incidestpolar-
relative to charge scattering. The MO&. — J_ is never ization for a range of thickness of Fe from 5 to 500 nm.
zero through this region, although its size relativesjode-  Interference in both intensity and rotation is most prevalent
creases on either side of the peak rotation, causing the rota@elow thel ; edge where penetration is greatest. Interference
tion to decrease away from this peak. The maximum at 717.8scillations increase in frequency with thickness and corre-
eV corresponds to another condition where the pure charglate in the intensity and rotation spectra. The effects are quite
scattering goes to zero. The relatively small rotation valuesarge and can either enhance or diminish both the Kerr in-
on either side of thé ; peak compared to the larger values attensity and rotation. Interference effects can cause the sense
694.7 and 717.5 eV result from limited penetration into theof the rotation to reverse. Thus care must be taken when
sample. The local minima and maxima at 706.5 and 709.@sing either the Kerr intensity or rotation as a measure of
eV correspond closely to those observed in the Faraday rdiysteresis, since apparent magnetization reversal and large
tation spectra in Fig. @). Kerr ellipticity features are the changes in magnitude between samples with different layer
KKT of the rotation featuressk exhibits a bipolar resonance thickness, or the same sample at differéntan result sim-

at the points whererx peaks whens,=0. The largest ellip- ply from interference effects. Alternatively, these interfer-
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né FIG. 12. The calculated effect of longitudinal magnetization re-
& versal on different Kerr signals is shown for the cases of linear and
circular polarization incident af=15° onto semi-infinite Fe and

[(@ and (c)] and onto a 10-nm Fe film on $i{b) and (d)] at a
variety of energies as noted. Kerr rotationsgfolarization is in(a)
and (b). Kerr intensity using circular polarization is i¢) and(d).
FIG. 11. Calculated interference effects in longitudinal Kerr MO Assumptions about magnetization reversal are in the text.

effects calculated for incidemstpolarization onto an Fe filmona Si . | lized by thei lue =0 si h
substrate with thickness as noted. The Kerr intensity i&jrand S'gnabs ars norr?a 1€ it é’ felrd\.?? ue t — Y since Fi ey
Kerr rotation in(b). Vertical lines at the same energies as those in/ary by Orders ol magnitude for ditreren energlese Figs.

Fig. 9 can be used to compare how interference influences Ker§ and 9. - - .
effects. From calculated results in Fig. 12, it is evident that x-ray

Kerr effects do not provide a unique measure of magnetiza-

tion through its reversdlas they also do not in the visible
ence effects measured either as a function of energycan  Considering first the semi-infinite Fe sample, the Kerr inten-
be analyzed to yield information about the depth variation ofsity signal is generally not linear iN: nor is it symmetric
magnetization in layered structures. about M=0. Both of these effects are expected from the

There is growing interest in using resonant Kerr and Farasymmetry about the pure charge scattering of the intensities

aday effects to measure the field-dependent behavior of lay2f charge plus magnetic scattering for the circular compo-
lyzed semiquantitatively to infer specific details about theconclusions about the magnetization reversal behavior based
magnetization of different layers and their reversal. Just a§°|e|3|/| onl r}](e" r:ntens:ty data. The Kerr r_otatllon signal is
optical effects can strongly influence the spectral dependenéésua_ y(?)t ou% dv?ﬁtoa waydsh_near_ll_rrl]!\/l _and IS a\(/jvays sym-
of Kerr effects, they can also influence the shape of hystermetrIC about theM =0 condition. This increased symmetry
esis loops measured ad is varied through a hysteresis of rotation over intensity results because each helicity is

L ; . resent in the incident lineds) polarization assumed in the
cycle. Thus it is important to consider how measured signal . . .
. rotation measurement. However, rotation signals are not con-
relate to changes iM.

o . . stant in magnitude with energy and can change sign more

Magnetization reversal measured using Kerr rotatios of o iy with energy than intensity signals, since rotation is
polarization and Kerr intensity changes of circular polariza-,,e “sensitive to the relative phase differences of circular
tion on longitudinalM reversal are simulated here. Such components than is intensity. As interference effects are in-
simulations require specific assumptions about the nature Q,fluded[Figs. 12b) and 12d)], these general trends are main-
the magnetization reversal. Here reversal is assumed to oCCifined. Interference effects generally increase Kerr intensity
with no net transverséd component(such as would be sjgnals and also their asymmetry abddt=0. Interference
present during a coherent rotation progemsd, hence, to be effects can cause rotation signals to change sign and vary
representative of reversal dominated by nucleation angvidely in magnitude depending on specific conditions.
growth or domain wall motion. In this case the magnitude of Together, these results imply that it is not generally pos-
M, or equivalentlyQ, reverses linearly, passing through zerosible to infer absolute magnetization information from reso-
in the process, ignoring coercivity mechanisms and effectsnant Kerr MO signals even from saturated samples and that
Resulting hysteresis loops of the Kerr signalsMshen do  inferring details about the reversal behavior from subtle dif-
not resemble loops from real ferromagnetic materials, but déerences in shapes must be done with care. The Kerr rotation
show features revealing the correlation between the Kerr sigshould provide more accurate shapes than the Kerr intensity,
nals andM. Figure 12 shows such calculated loops for thealthough it will also show a broader variability of intensities
Kerr signals from semi-infinite Fe and a 10-nm Fe layer on(including sign changes Faraday effectsin transmissioh
Siat§=15°. Each signal was calculated at seven energies gsrovide a much more robust quantitative measur#adur-
noted. Kerr rotation signals are plotted in degrees of rotationing reversal, with the rotation less prone to artifacts than the
to which measured data are easily normalized. Kerr intensitjntensity as discussed above.

hv(eV)
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E. Diffuse off-specular scattering

0.15 —r——————————————
The Faraday and Kerr MO effects considered above result :
from magnetization spatially averaged over the coherence
volume of the illuminating radiation, with possible allow-
ance for interference effects from depth-graded or layered
structures. MO effects in diffuse scattering result from mag- :
netization heterogeneity in the plane of thin-film samples -0.05 ¢
within this illuminated volume. Diffuse scattering is thus an 2010 E
extension of the interference effects considered above, but :

0.10 F
0.05 [ 7
000 £ X

(4, - 1yS(a)

now resulting from the interference of scattering from lateral oS : S
inhomogeneity. Diffuse scattering thus necessarily reduces TR T ;82 g{,’ L 708 oV i
the intensity of the forward-scattered or specular beam. The 015 P> ——-707ev. —— 709 eV///'-
q dependence of the diffuse scattering can be related to the 010 By TR 075 eV T 710y
spatial distribution of the heterogeneous scattering object, NN = g E

-+

whose Fourier transform gives the structure fagy). The 005 N o R ITTTAR
goal of diffuse scattering measurements is generally to deter- 0.00 £ /\/. I
mine S(q) from this intensity distribution. LT N N

The hypothesis that magnetic and chemical surface rough- 005 3 S - ]
ness may be different has recently been investigated by o0~
diffuse scattering studies in the reflection geomé&tsf:>>°¢ -0.01 0.00 0.01
Some studies assume that magnetic roughness is given by the q, A"

difference (,—1_) and chemical roughness by the sum
(I.+1_) of diffuse intensity measurements using circular FIG. 13. Calculated optical function&lescribed in the text
polarization with reversed helicity dvl. Experimental mea- needed in the analysis of diffuse scattering in the distorted-wave
surements of diffuse scattering in nonspecular, reflection geBorn approximation from a semi-infinite Fe sample simulating a
ometry rocking scans observe that, (-1_) and (,+1_) rocking scan at 2= 15° for the energies notega) shows the he-
both exhibit broad diffuse peaks centeredjat 0.1°?° The licity difference of these optical functions, atio) shows the helic-
width of the (. —1_) scattering is narrower than that for the ity difference over the helicity sum.
(I +1_) scattering, leading to the conclusion that magnetic
roughness has a longer in-plane correlation length or chara&ion and their dependence ¢i andk,. Assuming that this
teristic length scale than chemical roughness. InterpretatiofXpression gives the scattered intensity for circular compo-
of these results is complicated by considerations of the intef2ents of opposite helicity as accounted for m and
ference between charge and magnetic contribufiors. |T(ky2)|? the simplest case is perfect correlation between
Studies to date have assumed the Born approximation, whidfagnetic and chemical roughness, so that both are described
ignores strong scattering effects such as those near the crily the same, arbitrar$(q), and that the magnetization is
cal angle for total external reflection that lead to multiplesaturated in the film plane and in the scattering plane. In this
scattering. A simple way to include these strong scatteringase the scattering intensity for opposite helicity circular
effects is to use the distorted-wave Born approximatian,  Components is given by
which they are included in a modified incident wave field, 2 2
the distorted-wave field, that then scatters from the sample. Lo T (k) 9T (k) |*S(@)

Here it is shown that the resonant MO properties of aand the difference with helicity dvl reversal by
rough Fe surface yield very different distorted-wave fields
for opposite helicity oM direction that significantly affect | —1_o[|T, (k)|?| T4 (kp)|2—|T_(k)|?T_(ky)|?1S(q).
the shapes of individual sets of scattering data. The differen- ) ) L
tial scattering cross section in the distorted-wave Born ap?* Similar expression exists for the polarization average

proximation for the off-specular scattering geometry for a® ! - Detérmination of the structural functicﬁ(g) in this
semi-infinite medium is given by approach requires knowledge of the MQ(km)[ factors.
Calculation of the|T.(k;)|? factors is straightforward

do (LyLy) , using their definitions in Ref. 58, standard MO formalisms,
O Eg—|k0(1—n2)|2|T(k1)|2|T(k2)|ZS(q), and the optical constants for opposite helicity circular com-

ponents for an Fe medium. Figure 13 contains results of
wherekg is the magnitude of the wave vector incident from calculations at a series of energies spanningLtheeak for
vacuum andk,; andk, are the(possibly complexwave vec- fixed scattering angle @=15° with ¢ varying from 0 to 15°.
tor magnitudes of the incident and scattered field in the meResults are plotted vs in-plane scattering vecfowith he-
dium comprising the surface having complex ind®and licity difference of|T(k;)|2|T(ky)|? in the top panel and the
surface roughness described 8§q).%® Here (LyLy) is the — asymmetry ratio I, —1_)/(1,+1_) in the bottom panel.
illuminated surface area. The factdf'dk1,2)|2 represent the Both sets of curves predict a significaptiependent shape of
intensity of the electric field at the surface of the scatteringthese diffuse scattering quantities for a given photon energy
medium and are strong functions of the indexf the me- and strong variation of this shape withv based solely on
dium and its intrinsic optical propertigseflectivity, absorp- the magneto-optical properties of the average surface.
tion, transmission, phase change on reflection and transmi$¥ (k,)|?|T(k,)|? for each helicity and energgnot shown
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are symmetric aboutj;=0, with shapes determined by the ered Fe here for completeness, the general trends in resonant
complex dependence of the Kerr intensity on angle and enMO properties for Fe are also present for othdrtBansition

ergy in the vicinity of strong resonances. The difference andnetals exhibiting strong white line8/—Ni). The possible

sum of this quantity will each likewise haver-dependent variation of MO properties near interfaces and in heteroge-
shapes symmetric abogt= 0, as will the ratio of these two neous systems presents additional problems in measuring
qguantities. The range of shapes of both the polarization difMO constants.

ference and the asymmetry ratio with energy shows that the Standard formalisms from visible magneto-optics and
optical effects included in the distorted-wave Born approxi-scattering approaches were used to calculate a variety of MO
mation are large enough to have a significant bearing on theffects based on measured MO constants. Such analyses
shapes of measured curves and thus must be corrected forltave not generally accompanied early experimental MO
obtain a reliable determination &(q). Indeed, the overall studies in the soft x-ray range and are shown here to be
curvature of these functions can change whith, thereby valuable in planning and interpreting a wide range of MO
possibly reversing conclusions about the relative coherencexperiments. In general, intensity effects using circular po-
lengths of charge and magnetic roughness. While these simigarization, while easily measured, are not symmetric with
lations do not specifically address the data and conclusion®gard to helicity oM reversal and so can lead to a misin-

of the studies in Refs. 19 and 20, they suggest that the analyerpretation of results if not applied with care. MO rotation
sis should be reconsidered including distorted-wave effectsignals measured using linear polarization, while somewhat
as well as interference effects that are another source dfarder to measure, are generally symmetricMbrreversal

modification to the distorted-wave field at the surface. and hence less prone to misinterpretation. These consider-
ations are especially important sinkereversal is an impor-
V. SUMMARY tant means of separating magnetic from pure charge contri-

butions to measured signals. The large size of resonant
In the dipole approximation the resonant atomic scatteringnagneto-optical effects for Fe results in conditions where
factor and the classical dielectric tensor prOVide equivalenéharge Scattering is natura”y Suppressed relative to magnetic
descriptions of the intensity and polarizatigghasg effects  scattering and may provide an alternative means of separat-
of specific normal modes of the forward and specular scating magnetic from charge scattering in intensity measure-
tered beams in the Faraday and Kerr magneto-optical effectfents. Like in other spectral regions, direct measurement of
While not surprising, this equivalence has implications thayolarization rotation resulting from MO effects may provide
are not clearly generally appreciated. For example, in thgne pest method of separating magnetic from charge scatter-
analysis of resonant magnetic scattering experiments thg in the soft x-ray range. In general, the experimental and
change in polarization of incident and scattered beams due fnalytical tools exist to treat both intensity and phase effects,

their propagation through the magnetic sample does not agghich together will provide maximum information regarding
pear to be generally taken into account. Such effects arguestions of interest.

routinely considered in generalized magneto-optical analy-
ses.

Measurement of MO constants near strongs white
lines for the 3 transition elements is generally nontrivial for
many reasons. With care, thickness and saturation effects can This work and the ALS were supported by the Director,
be minimized. A multilayer linear polarizer in the transmit- Office of Science, Office of Basic Energy Sciences, Materi-
ted beam minimizes stray light in both Faraday rotation andhls Sciences Division, of the U.S. Department of Energy un-
transmitted intensity measurements. While we have considder Contract No. DE-AC03-76SF00098.
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