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Directional magnetization effects in magnetic circular dichroism spectra of Fe
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Magnetic circular dichroism~MCD! spectra exhibit distinctively different spectral and angular variations
that depend strongly on the interacting geometry defined by the propagation vector of the radiation, the
direction of magnetizationM , and the angle of incidenceu i . Two extreme cases for MCD measurements
around the FeM2,3 region, where the magnetization is either parallel~longitudinal geometry! or perpendicular
~polar geometry! to the surface, are presented and compared with theoretical predictions based upon the
classical Fresnel formalism for reflections. The magnetic properties of Fe were modeled by a frequency-
dependent, complex dielectric tensore(v). Agreement between the model predictions and the reflection MCD
measurements performed in both polar and longitudinal geometries demonstrates the validity of this approach.
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I. INTRODUCTION

The orientation of magnetization relative to the surface
a film or its crystalline lattice is an important material p
rameter which modern magnetism tries to tailor by means
artificially made thin-film structures. For example, in tec
nologies such as magneto-optical drives, the magnetic
ments are aligned perpendicular to the surface in orde
take advantage of the polar magneto-optical Kerr effe
Other systems that rely on a specific magnetization geom
include spin valves, compound ferromagnetic and ferrim
netic substances that are often composed of elemental
lattices with distinct magnetic orientations, and magne
multilayer structures that depend on orientation-depend
ferromagnetic coupling.1

The magnetization orientation is determined by the m
netocrystalline anisotropy energy~MAE!. In thin films and
multilayers the MAE frequently changes direction from
preferential in- plane orientation to a perpendicular directi
The magnetic anisotropy is proportional to the expectat
value of the orbital magnetic moment, which depen
strongly on the character of states close to the Fermi leve2 A
variety of tools exist that enable materials scientists to de
mine the spatial magnetic texture in these types of mater
including spin-polarized secondary electron emission sp
troscopy, neutron diffraction, and magnetic circular dich
ism ~MCD!.3–7 Among the various optical techniques th
magneto-optical Kerr effect gained popularity after so
pioneering experiments explained on the basis of fi
principle band-structure calculations.8

While the MAE is a ground-state property of the cryst
the magneto-optical anisotropy is a result of electronic ex
tations, and is related to spin and orbital polarizations of
initial and final states. Magnetic dichroism is a conseque
of the dependence of the optical conductivity tensors(v) on
the magnetic states, and manifests itself in the x-ray reg
in the corresponding scalar absorption coefficientm(v)
which in effect is the absorption cross section from a spec
core state. The absorption coefficient is a direct measur
0163-1829/2002/65~6!/064439~6!/$20.00 65 0644
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the integrated final-state partial-density of states~DOS! into
which dipole-allowed transitions are selected from a spec
core edge. Erskine and Stern were the first to predict M
effects in theM2,3 edge of Ni.9 Because of thep→d dipole
selection rule the near-edge excitation will yield informati
on the emptyd-like DOS. However, since the MCD effec
depends strongly on the spin-orbit coupling in the initial st
and to a lesser degree on the exchange splitting of the
state, experimenters frequently choseL2,3 edges whose large
spin-orbit interaction significantly simplifies the gener
MCD spectra.

During the last few years, x-ray MCD experiments utili
ing synchrotron radiation sources quickly evolved into
widely used, element-specific technique to investigate
formation of magnetic moments in ferromagnetic, ferrima
netic, and antiferrromagnetic systems. Indeed, with
growing interest in this technique, theoretical advances h
led to sum-rule models that conveniently decompose the
chroism signal into orbit ^Lz& and spin ^Sz&
contributions10–15 in addition to advances in experiment
techniques.16,17While these models appear to be fairly acc
rate in describing many body aspects of the MCD proces
L2,3 transitions, there seems to be less understanding of
other factors, such as the choice of a particular interac
geometry, influence MCD spectra and alter the quantita
moment analysis.18–20In order for magnetic circular dischro
ism to be a unique tool for determining the orientation ofM ,
as well as the magnitude of magnetic moments in these
terials, a connection between experimentally observed
tures of MCD spectra and magnetic geometry of the sam
must be made.

The present paper discusses the differences between
basic MCD geometries defined by the relative orientation
the magnetization vectorM with respect to the plane of in
cidence and the plane of the sample surface. In the long
dinal geometry shown in Fig. 1~a!, M is parallel to the plane
of incidence and parallel to the reflecting surface. For
polar geometry the magnetization vector is also paralle
the plane of incidence, but in this case the magnetic mom
©2002 The American Physical Society39-1
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are perpendicular to the sample surface as indicated in
1~b!. These geometries give rise to distinct energy- a
angle-dependent dichroism signals, and might be usefu
future studies investigating the element-specific orientati
and magnetic moments in sublattices of compound ferrim
nets and antiferromagnets.

Due to the lack of suitable calculations modeling t
frequency-dependent soft-x-ray-absorption coefficient
evant for theM2,3 MCD effect, we chose to analyze ou
results based on the classical Fresnel formalism for refl
tion. This approach allows one to use simple reflected-li
intensity measurements to infer the frequency dependenc
the off-diagonal elementsexy(v) of the dielectric tensor tha
governs the response of the ferromagnetic medium to e
tromagnetic radiation. These results, which came from
longitudinal experimental geometry in this study, are th
used to predict the magnitude of the MCD effect for t
polar geometry. The predictions are verified by measu
ments, confirming the self-consistent nature of the form
ism.

II. EXPERIMENT

MCD spectra were collected at the University of Wisco
sin Synchrotron Radiation Center using monochromatic,
cularly polarized x rays supplied by a quadruple reflect
polarizer~QRP! ~Ref. 21! attached to the exit mirror box o
the Amoco 6m toroidal grating monochromator.22 The QRP
supplies left~LCP! and right circularly polarized~RCP! light
by inducing phase shifts betweens- andp-polarized compo-
nents of monochromatic, linearly polarized light reflect
from four successive gold-coated mirrors. The optimum
larization performance is obtained in the energy rangehn

FIG. 1. Geometries for studying magneto-optical effects. L
~LCP! and right circularly polarized~RCP! light is incident at an
angle u i with respect to the surface normal, defining a plane
incidence.~a! In the longitudinal geometry the magnetization vec
M of the sample lies in the plane of incidence and parallel to
sample surface.~b! In the polar geometry the magnetization vect
M lies in the plane of incidence and perpendicular to the sam
surface.
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55–100 eV. The QRP was operated in a mode that ma
mized the degree of circular polarizationPc . For these ex-
perimentsPc'0.98 over a range of photon energies abo
the FeM2,3 absorption edge. Further details about the des
and optical performance of the QRP are repor
elsewhere.23,24

Thin Fe films were deposited in vacuum on a nonma
netic substrate using a molecular-beam-epitaxy effusion c
The films were magnetized in longitudinal or polar orien
tions by rare-earth permanent magnets mounted on
sample holder. The magnetic field at the film was'3 kG.
MCD spectra at theM2,3 absorption edge were obtained b
measuring the reflected light intensities for LCP and R
light using a Si diode. The sample and detector assemb
could be rotated around a common axis with respect to
sample normal.

The lateral resolution of the QRP is directly related to t
refocused spot size of the synchrotron light and the angle
incidence with respect to the sample surface. For the cur
study the light source had horizontal widths of'0.5 and 0.1
mm vertically. The illuminated vertical width at the samp
varies with the angle of incidence by 1/cos(ui). The vertical
beam size can be reduced to'20 mm once the QRP is
installed at its design location at the undulator beam line
port No. 071 at the Synchrotron Radiation Center.

III. OUTLINE OF MAXWELL-FRESNEL THEORY

The intensities of LCP and RCP light reflected from fe
romagnetic films differ near core absorption edges due to
polarization-dependent complex index of refraction, resu
ing in a dichroism. MCD spectra taken at an absorption e
will depend not only on the angular orientation of the ma
netization vectorM with respect to the sample surface, b
also on the reflected intensiesI R and I L which vary as a
function of the angle of incidenceu i . These contributions
can be modeled within the established framework of the c
sical Fresnel-Maxwell equations.25 Using this approach al-
lows the development of a set of equations that directly
late the angular and helicity dependencies of the reflec
light intensity to the dielectric properties of the reflectin
film. The drawback of this approach is that the extraction
magnetic properties in terms of magnetic moments is
straightforward since the material properties are folded i
the dielectric response function of the magnetized solid.

Assuming a semi-infinite solid with a complex refractiv
index given by

N5n2 ik, ~1!

wheren is the index of refraction andk the extinction coef-
ficient, and defining the complex refraction anglex by

sin~x!5
sin~u i !

N
, ~2!

allows one to solve equations for the reflection coefficie
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which satisfy the boundary and phase conditions at
sample-vacuum interface. Incorporating circularly polariz
light into the analysis is achieved by separating left and ri
circularly polarized radiation intos- andp-polarized compo-
nents ~based on the plane of incidence defined in Fig.!
using a change in basis
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Ap
G5F 1

6 i GAo , ~3!

where6 refers to RCP and LCP light of real amplitudeAo .
For the longitudinal experimental geometry, the reflecti
coefficients can be shown to be given by the relations25
Rp5
N cos~u i !2cos~x!

N cos~u i !1cos~x!
Ap2

exycos~902a1x!cos~u i !

N cos~x!@N cos~u i !1cos~x!#@N cos~x!1cos~u i !#
As ~4!

Rs5
N cos~u i !2cos~x!

N cos~u i !1cos~x!
As2

exycos~902a2x!cos~u i !

N cos~x!@N cos~u i !1cos~x!#@N cos~x!1cos~u i !#
Ap , ~5!
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wherea is the angle between the magnetization vector a
the sample surface. In Eqs.~4! and~5!, exy are the frequency-
dependent off-diagonal elements of the dielectric tensor,
account for the magnetic properties of the material. Fo
cubic ferromagnet magnetized in thez direction, the dielec-
tric tensor can be written as

e5F exx exy 0

2exy eyy 0

0 0 ezz

G , ~6!

neglecting terms of orderM2 and higher.9 The diagonal ele-
ments account for the normal, isotropic response of the
dium to electromagnetic radiation, andexx may be equivalent
to ezz if there are no magnetostrictive or other distortions
the lattice. In general,exy(v) is unknown. However, record
ing a MCD spectrum experimentally determines Rs and
so that the frequency dependence ofexy(v) can be obtained
from a least squares fit of the experimental MCD data to
reflection equations@Eqs.~4! and ~5!#.

Since extension of the Fresnel-Maxwell model to oth
interaction geometries is trivial, reflection coefficient equ
tions can be constructed and used in a predictive capa
Onceexy(v) has been determined, the reflected light inte
sities can be calculated from the complex reflection coe
cients for different experimental geometries.25

IV. RESULTS AND DISCUSSION

The measured reflected-light intensities at each pho
energy are converted here to an asymmetry ratio called
MCD effect, using the normalized value given by

M5
2~ I L2I R!

I L1I R
~7!

where I L and I R are the reflected-light intensities for LC
and RCP light. WhenI L andI R are measured within second
at each photon energy, as in our experiments, the MCD ef
is independent of experimental conditions such as pho
flux, that typically change from scan to scan.
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Figure 2 presents plots of experimental MCD effe
curves at theM2,3 absorption edge from Fe films magnetize
in the longitudinal and polar geometries. Approximately
individual spectra each from the longitudinal and polar g
ometries are plotted together to demonstrate the dram
variation in the MCD effect as a function of geometry, ang
of incidence, and photon energy. Both interaction geomet
exhibit regions of positive and negative MCD effect acro
different angle and energy ranges.

Figure 3 shows two representative MCD effect curv
taken from the complete sets of data presented in Fig. 2.
top curve was taken in the longitudinal geometry using lig
from the monochromator-polarizer system to cover the
width of the absorption region around theM2,3 transition
over an energy range ofhn546–62 eV. The angle of inci-
dence was kept atu i562.5°. Approaching the edge from
lower energies results in a negative MCD effect (I L,I R) and
above the edge the MCD effect is positive (I L.I R). The
bottom curve in Fig. 2 shows the MCD effect from a film
magnetized along the sample normal in the polar geome
In this case, the MCD effect is negative (I L,I R) on both
sides of the absorption edge.

Although the line shapes in Fig. 3 differ significantly from
one another, there is nothing definitive in the shape of eit
curve that would allow us to conclude that the experimen
geometry was polar or longitudinal or something in betwe
In other words, from a single MCD spectrum it is not po
sible to determine the orientation of the magnetic mome
relative to the sample surface. However, the integrated a
beneath these curves, in combination with the angle of in
dence of the circularly polarized light, uniquely determin
the orientation. The following discussion motivates this a
sertion.

A collection of MCD spectra like those in Fig. 2, encom
passing the full parameter space defined by the angle o
cidence and the photon energy in the longitudinal geome
was analyzed using the macroscopic approach outli
above in order to determineexy(v).24 The diagonal elements
exx(v)5ezz(v) were taken from the literature.26 This ex-
perimentally determined dielectric tensor was then used
predict the dependence of the polar MCD effect on the p
9-3
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HÖCHST, RIOUX, ZHAO, AND HUBER PHYSICAL REVIEW B65 064439
ton energy and angle of incidence. By inserting the exp
mentally determined dielectric tensor back into the reflect
coefficient equations, theoretical MCD spectra for other
ometries can be generated. Rather than concentrating o
detailed line shape, however, the MCD effect for the en
M2,3 absorption edge at a given angle of incidence can
collapsed into a single number by integrating the abso
area under the MCD spectrum, i.e., calculating the integra
uMu over the absorption edge, whereM is defined in Eq. 7.

Figure 4 shows the predicted integrated area for Fe
both the polar and the longitudinal geometries, as calcula
from the reflection coefficient equations using the dielec
model. Inspection of Fig. 4 reveals that for the two intera

FIG. 2. MCD spectra taken from thick Fe films at theM2,3

absorption edge as a function of angle of incidence and pho
energy for the~a! longitudinal and~b! polar geometries. The re
ported MCD signal is a normalized asymmetry ratioM52
3(I LI R)/(I L1I R) whereI L andI R are reflected intensities for LCP
and RCP light.
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tion geometries the angular dependences of the integr
MCD effects are substantially different. While the pol
MCD spectrum is close to its maximum value foru i50°, the
longitudinal MCD spectrum maximizes aroundu i558°.

As a check on the self-consistency of our theoreti
model, MCD experiments were performed in both polar a
longitudinal geometries. Figure 5 shows a comparison of
measured and theoretically predicted integrated MCD val
for both geometries~the theoretical and experimental valu
for the polar geometry have been scaled up by a factor o
for clarity!. The angular range belowu i,45° was not uti-
lized in the analysis for the polar geometry, because the
solute reflected intensitiesI R and I L drop off rapidly for
those angles in the photon energy range of interest. Ne
theless, the observed agreement between the polar and
gitudinal MCD experiments and their respective theoreti
predictions establishes the validity of the classical dielec
model, and its utility in analyzing the angular dependence
reflection MCD spectra.

As noted earlier, the reflectivities in the longitudinal an
polar geometries are direct functions of the diagonal and
diagonal components of the frequency-dependent dielec
tensor. In recent years significant progress has been ma
ab initio calculations to compute the frequency depende
of the optical conductivity tensor in layered crystalline fe
romagnetic films as well as random alloy systems.27,28Using
the same framework based on the Kubo-Greenwood lin

n

FIG. 3. Selected spectra from Fig. 2 showing details in variat
of the MCD effect with photon energy and geometry.~a! MCD
spectrum taken in the longitudinal geometry atu i562.5°.~b! MCD
spectrum taken in the polar geometry atu i555.0°.
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DIRECTIONAL MAGNETIZATION EFFECTS IN . . . PHYSICAL REVIEW B65 064439
response formalism, it should be possible to extend theor
order to calculate the frequency-dependent soft-x-ray c
ductivities or, equivalently, the complex dielectric tens
e(v).

V. CONCLUSIONS

MCD spectra of Fe films magnetized either in the fi
plane or perpendicular to the film surface exhibit charac
istic differences with respect to the angle of incidence of
excitation radiation. The angular variations can be satis
torily modeled within the Maxwell-Fresnel formalism. Fo
magnetization directions that are between the longitud
and polar cases, as in the sublattices of rare-earth interm
lic compounds29 or for systems where the magnetization d
rection varies from in plane to perpendicular to the surface
function of superstructure film thickness,30 the integrated
MCD effect exhibits characteristic angular variations. The
changes can be used to experimentally determine the a
of magnetizationa with respect to the sample surface. How

FIG. 4. Theoretical integrated MCD signals generated using
fitted dielectric constant based on a classical analysis of the lo
tudinal reflection MCD data. The absolute area beneath the M
line shape at each angle of incidence is reported. Substantial d
ences between the polar and longitudinal geometries exist
much of the range ofu i .
ra
-
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ever, due to the lack of theoretical calculations of the diel
tric tensor elements, a complete data set of MCD spe
must be measured at the absorption edge of each consti
element in order to determine the frequency dependenc
the off-diagonal elements of the dielectric tensor otherw
needed in determining the magnetization anglea.
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