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Birefringence-induced interference effects in thin-film magnetic-circular-dichroism spectra
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Hartmut Höchst, Dai Zhao, and David L. Huber
Synchrotron Radiation Center, University of Wisconsin-Madison, 3731 Schneider Drive, Stoughton, Wisconsin 53589-309

~Received 2 December 1996!

Magnetic-circular-dichroism~MCD! spectra taken at theM2,3 absorption edge of thin Fe films exhibit
pronounced thickness-dependent variations in the MCD signal and line shape which are related to birefrin-
gence effects in the ferromagnetic film. Model calculations based on the Maxwell-Fresnel formalism are used
to calculate the different interference effects occurring for left- and right-circularly polarized light reflected
from the vacuum/film/substrate interfaces. TheM2,3 MCD experiments confirm the magnitude- and thickness-
dependent periodicity predicted by the macroscopic theory. The data clearly demonstrate the importance of the
interference effects which are very pronounced for film thicknesses up to several units of the excitation
wavelengthl. While at the FeM2,3 transition the thickness corresponding to the wavelength unit is about 220
Å, the same effects are to be expected in the FeL2,3 spectra for considerably thinner films since the wavelength
is only l;17 Å. The observed interference effects are of general character and caution should be employed in
attempts to relate changes in theL2,3 MCD spectra of several-monolayer thin films solely to the formation or
reorientation of magnetic moments and to their decomposition into spin and orbital components. Because the
theory employed here considers the total power dissipated in the reflection and absorption processes rather than
amplitudes of reflected waves, interference effects are not restricted to reflection MCD measurements, but
should also be present in a slightly modified form in the more commonly used total-electron-yield-type
absorption MCD experiment.@S0163-1829~97!05426-X#
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INTRODUCTION

X-ray magnetic circular dichroism is a relatively ne
magneto-optical experimental technique1–3 designed to
probe the local magnetic structure of ferromagnetically
dered materials using circularly polarized x rays. As sci
tists seek to tailor magnetic properties at the atomic leve
growing thin-film multilayer structures and compound ferr
magnetic materials, they are increasingly turning to magn
circular dichroism~MCD! to characterize these samples.4 Di-
chroism spectra from absorption edges, most often theL2,3
andM2,3 edges, give MCD the chemical specificity that
necessary to evaluate the new complex multicomponent
terials. Among the properties probed by this technique
the magnitude and orientation of magnetic moments,5 their
degree of localization or itineracy,3,6 and differences betwee
surface and bulk magnetizations.7 A number of advances in
theoretical approach8–10have increased the utility of the sum
rules that relate features of experimental MCD spectra
microscopic magnetic properties of the magnetic mome
although some controversy still exists over th
implementation.11–14

While MCD theories quickly advanced to incorpora
many-electron effects, surprisingly little attention was pa
to the optical part of the process, e.g., partial phase shift
material interfaces and different polarization dependence
the refracted light wave in ferromagnetic films. In addition
the well-known dependence of MCD on the relative orien
tion between the helicity of the incident light and the ma
netization vectorM , calculations made using a classical, d
electric model of thin-film interference show that film
560163-1829/97/56~2!/753~6!/$10.00
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thickness plays an important role in the measured MCD s
nal. Using the relatively simple Maxwell-Fresnel approac
we show that interference effects which arise from differe
contributions for left- and right-circularly polarized light re
flected from the vacuum-film and the film-substrate int
faces~see Fig. 1! result in thickness-dependent modulatio

FIG. 1. Schematic of a MCD experiment in the longitudin
geometry in which the magnetizationM of the sample lies in the
plane of the film surface and in the plane of incidence defined
the light ray and the surface normal. Governed by the off-diago
elementsexy of the dielectric tensor, LCP and RCP rays are
fracted differently within the film, leading to interference patter
that depend on the helicity of the light in addition to the film thic
ness~reported in dimensionless units normalized to the incid
wavelengtht5d/l).
753 © 1997 The American Physical Society
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of MCD spectra. These processes contribute to the exp
mental signal and, if ignored, cause difficulties in extract
meaningful material properties from MCD spectra.

We have used reflection MCD to specifically study the
effects. To decouple the issues of varying magnetic prop
ties at interfaces and films of several monolayer thickn
from the optical contributions such as differences in the
terference effects of left- and right-circularly polarized rad
tion, we chose to study theM2,3 edge of Fe rather than th
better understoodL2,3 transition. The reasoning for this de
cision is straightforward. Since the thickness dependenc
the interference effects scale with the excitation wavelen
the effects at the FeM2,3 transition at;54 eV occur at
approximately 13 times the thickness compared to the s
experiment studied at theL2,3 transition at;720 eV. This
increase in wavelength allows us to study the effects of
terest in considerably thicker films~hundreds of Å! where
the magnetic properties have reached bulklike beha
which is in contrast to pursuing the same experiment at
L2,3 edge where unknown material and interface propertie
the monolayer regime~tens of Å! can influence the results.

It must be noted, however, that the film-thickness- a
angle-dependent interference effects are not restricted
spectra collected in the reflected light mode—the theoret
calculations utilize a total-power calculation that impli
MCD spectra obtained from absorbed light will also exhi
thickness-dependent interference effects. We present he
outline of the theoretical model and our experimental con
mation of the predicted interference effects in the MC
spectrum of ferromagnetically ordered Fe films.

EXPERIMENT

MCD spectra were collected at the University of Wisco
sin’s Synchrotron Radiation Center using monochroma
circularly polarized x rays supplied by a quadruple reflect
polarizer15 ~QRP! attached to the exit mirror box of th
Amoco 6-m toroidal grating monochromator.16 The QRP
converts the linearly polarized light passed by the beam
optics to circularly polarized light by inducing phase shi
betweens- andp-polarized components of the light. Verifi
cation of the proper operation of the QRP and its utility
MCD measurements can be found elsewhere.17,18

Thin Fe films were grown under ultrahigh-vacuum con
tions and at room temperature on Si~100! substrates using a
electron-beam evaporator, and film thickness was monito
with a quartz microbalance. To prevent reaction and inter
fusion between the Fe films and Si substrates, a 200-Å la
of Cu was first deposited. The Cu-Fe interface is known
be more abrupt than the Fe-Si interface,19–21and we noted a
marked increase in signal quality over films grown on b
Si~100! substrates. Even though the Fe films were grown
molecular-beam-epitaxy~MBE! techniques on a single
crystal substrate, it is not assumed that this would lead to
ordered overlayer growth of Fe of several hundred Å thi
ness. The issue of interest here is to grow a reason
smooth film on a nonreactive substrate rather than an ep
ial overlayer. The Fe films were permanently magnetized
the plane of the sample by rare-earth magnets integrated
the sample holder that produce a magnetic field at the sam
surface of'3 kG. Here MCD spectra were taken in th
ri-
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longitudinal geometry where the magnetizationM is parallel
to the reflecting surface and parallel to the plane of incide
defined by the incident light ray and the surface normal
shown in Fig. 1. The sample and detector assemblies ca
rotated so that angles of incidence range fromu i515°to 80°
with respect to the sample normal.

MCD measurements at theM2,3 edge of Fe were madein
situ using a Si diode to measure consecutive reflected in
sities for right- ~RCP! and left-circularly polarized~LCP!
light. Reflected intensities for LCP and RCP light differ ne
core absorption edges due to polarization-dependent tra
tion probabilities.22 It is convenient to quantify the MCD
effect by normalizing the differences in intensities to the a
erage reflected intensity:

MCD5
I L2I R

1
2 ~ I L1I R!

, ~1!

whereI L andI R are the reflected intensities of LCP and RC
light. The monochromator was stepped incrementa
through a photon energy range about the Fe absorption e
and the QRP was positioned at angles6a with respect to the
horizontal plane of the incoming linearly polarized lig
beam to supply LCP and RCP photons sequentially at e
photon energy. The QRP was operated in a mode where
degree of circular polarization in the transmitted light w
maximized. Over the photon energy range of interest,
keptPcirc;0.98.Since the time interval between the intens
measurement for each helicity is only a few seconds, norm
ization to the instantaneous stored beam current appeare
be unnecessary. When calculated in this manner, the M
effect is independent of experimental conditions that cha
with time such as the absolute photon flux.

RESULTS AND DISCUSSION

In previous work, MCD spectra taken in the longitudin
geometry from macroscopically thick films at varying angl
of incidence have been used to extract the frequen
dependent, complex dielectric tensor elements for Fe.18 Once
determined, the dielectric tensor, which governs the respo
of the material to incident electromagnetic radiation, c
then be used to predict spectral line shapes and amplitu
for different experimental geometries.23 In addition, as we
present here, the dielectric tensor can be incorporated in
thin-film interference model to predict thickness-depend
alterations of in the MCD spectra of thin films. These ana
ses rely on a macroscopic approach based on the Maxw
Fresnel formalism, which relates the dielectric properties
measurable quantities such as the absorbed or reflected
intensity. Relative to a microscopic model calculation, o
approach does not directly allow easy access to mate
quantities such as the magnetic moment and its spin^Sz& and
orbital ^Lz& components. Despite this, the macrosco
model offers valuable insight into the angular- and thickne
dependent nature of MCD spectra which are not poss
with the more elaborate microscopic theories.

Briefly, the macroscopic algorithm involves first calcula
ing the reflection amplitudes for a vacuum-film interface f
LCP and RCP light. Left- and right-circularly polarized ligh
can be decomposed intos- andp-polarized components, al
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56 755BIREFRINGENCE-INDUCED INTERFERENCE EFFECTS . . .
lowing the use of the familiar Fresnel reflection coefficien
in calculating the reflection amplitudes. Thes andp compo-
nents are generated from the incident circularly polariz
light using the change in bias

FE'

Ei
G5F 16 i GE0 , ~2!

whereE0 is the amplitude of the circularly polarized ligh
The reflection amplitudes perpendicular and parallel to
plane of incidence are then found from

FR'

Ri
G5F r 11 r 12

r 21 r 22
G FE'

Ei
G , ~3!

where the Fresnel reflection coefficientsr i j5Fi j (u i ,n* ) de-
pend on the angle of incidenceu i and the complex index o
refractionn*5n2 ik. Here the extinction coefficientk and
index of refractionn are known from previous work24 and
are not treated as free parameters in the data reduction.

In this scheme, the reflected intensities for LCP and R
light in terms of the Fresnel coefficients are

I L,R5ur 116 ir 12u21ur 216 ir 22u2. ~4!

For the longitudinal caser 2152r 21 and, assumingPcirc
51, the reflection coefficients can be written as

r 115
cosu i2n* cosu t
cosu i1n* cosu t

, ~5!

r 225
n* cosu i2cosu t
n* cosu i1cosu t

, ~6!

r 1252r 215
cosu isinu t

cosu t~cosu i1n* cosu t!~n* cosu i1cosu t!

«xy
«xx

,

~7!

where the angle of refractionu t is given by Snell’s lawn*
5sinui /sinut . Here the« i j are the frequency-dependent com
plex elements of the dielectric tensor that governs the pro
gation of electromagnetic radiation in the medium. For
ferromagnetic material magnetized in thez direction, the di-
electric tensor can be written1

«J5F «xx «xy 0

2«xy «xx 0

0 0 «zz
G . ~8!

The diagonal elements«xx and «zz account for the norma
isotropic response of the medium to electromagnetic ra
tion. The nonzero off-diagonal elements, introduced by
magnetic nature of the medium, can be written as«xy5«xy

1

1 i«xy
2 , and their frequency dependence can be found b

least-squares fit of the complete angular-dependent ex
mental MCD data set to the reflection equations, Eqs.~4!–
~7!. Previous experimental work has accomplished this
macroscopically thick Fe films.18 No account of the thin-film
interference effects, as outlined below, need be taken in
thick-film case because absorption within the film preve
interference between differently propagating rays of light
d
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The experimentally determined frequency-dependent
electric tensor can then be used to predict the dependen
the longitudinal MCD effect as a function of film thicknes
in a classic thin-film interference model. Figure 1 shows
schematic of the interference process that occurs betw
light reflected from the vacuum-film interface and light r
flected from the film-substrate interface~and additional mul-
tiple reflections!. The substrate, which is nonmagnetic, ente
the calculation simply via its complex index of refractio
which determines the fraction of incident flux reflected at t
film-substrate interface. The presence of the substrate d
not influence the essential results reported here—similar
fects would be noted for a freestanding film with vacuu
interfaces at both surfaces. Note that due to the presenc
the additional film-substrate interface, four different elect
magnetic fields appear in the film—two propagating do
into the substrate and two upward through the film. The
four fields must satisfy the boundary conditions~the continu-
ous variation of the tangential components of the electric
magnetic fields! at both interfaces. To consider the tot
power involved in the process, one must take into acco
the incident, reflected, and transmitted fields. This leads
set of eight complex equations that need to be solved sim
taneously in order to compute the thickness-dependent
flectance R or the absorbanceA for both s- and
p-polarization directions. Details of these calculations can
found in Ref. 25.

For a nonmagnetic film, the path differences between
multiple rays reflected towards the detector cause inter
ence that would result in oscillatory intensity measureme
as a function of film thickness. Most importantly, the
variations in reflected light intensity would be identical f
LCP and RCP light, and no change in MCD signal stren
would be observed because the changes in LCP and
intensity would be in phase and of the same amplitude. Ho
ever, the ferromagnetic Fe film is birefringent and therefo
induces path differences for the multiple reflected rays t
are different for light of opposite helicities. As a result, th
classic thin-film interference phase difference is both thi
ness and polarization dependent. Therefore, because o
relationship expressed in Eq.~1!, a modulation of the MCD
effect is expected as the ferromagnetic film is grown.
course, the MCD spectra also depend on the angle of i
dence, which determines the path difference between
rays. It is essential to note, however, that for a fixed angle
incidence the model predicts changes in the MCD spe
without requiring a change in the magnetic properties of
film.

Interestingly, because of the frequency dependence of
dielectric tensor«~v!, the characteristics of the modulate
MCD effect depend on the photon energy. Figure 2 sho
three graphs of the MCD effect which were calculated
slightly different photon energies as a function of film thic
ness. The calculations were performed for Fe films suppo
by a Cu substrate with an angle of incidenceu i545°. The
film thickness is reported in normalized unitst5d/l, where
l is the wavelength of the excitation energy. The curves
52-, 53-, and 54-eV photons show damped, periodic osc
tions as the film thickness increases. The oscillations a
direct result of the different response of the Fe film to t
LCP and RCP light. As Fig. 2 shows, the magnitude of the
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756 56RIOUX, ALLEN, HÖCHST, ZHAO, AND HUBER
oscillations can easily exceed a 100% deviation from
steady-state MCD effect achieved for very thick films~i.e.,
where the reflection intensity from the buried film-substr
interface becomes insignificant due to absorption in the fil!.
Significantly, for these curves the oscillations are out
phase and have different attenuation rates with increa
film thickness. Their characteristics result in a complex
pendence of the MCD spectral line shape for a given fi
thickness and angle of incidence. It should be noted that
scale in Fig. 2 is a direct result of the calculations describ
above. There is no scaling to bulk films involved; the perc
MCD effects reported are absolute.

By calculating a complete family of curves such as tho
in Fig. 2 over a photon energy range of 45–63 eV, we c
generate theoretical MCD spectra at theM2,3 edge for differ-
ent film thicknesses. This is accomplished by inverting
specific-photon-energy versus film thickness matrix into
specific-thickness versus photon energy matrix. This pro
dure is equivalent to drawing a vertical line in Fig. 2 for th
desired film thickness and recording the MCD effect at e
photon energy, thereby generating a standard MCD sp
trum. Several such theoretical MCD spectra foru i545° are
shown in Fig. 3 where the film thickness is again reported
the normalized thicknesst5d/l.

FIG. 2. Theoretical MCD effect as a function of film thickne
in normalized units forhn552, 53, and 54 eV. These curves a
calculated using the macroscopic Maxwell-Fresnel model and
perimentally determined complex dielectric tensor elements of
around theM2,3 region. The model incorporates interference effe
between light reflected from the vacuum-film and film-substrate
terfaces~Fig. 1!. The phase differences between these rays are
ferent for LCP and RCP light, giving rise to oscillations in th
MCD effect which is calculated as MCD52* (I L2I R)/(I L1I R).
e
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Figure 3 demonstrates that even though the angle of i
dence and the magneto-optical characteristics are fixed,
stantial variations in line shape occur as the film thickn
increases. Some of the changes occur over very short th
ness ranges; for example, a sharp leading edge feature
pears and subsides neart50.85 and again att51.55. A
broad cycle of changes is observed to repeat as the
difference between rays reaches integral wavelength
approximately every 225 Å for absorption at theM2,3 edge
of Fe. The primary periodic property is the change from
mostly negative line shape~at t'0.085 and again a
t'1.30! to a more typical classic MCD line shape with bo
positive and negative peaks~at t'1.00 and again at
t'2.00!. As expected, the line shape reaches a steady s
for thicker films (t53.10! where the differences in the LCP
and RCP interference effects are negligible. Line sha
changes such as the ones calculated and shown in Fig.
not expected from a simple MCD theory, and if they a
experimentally verified, it would necessitate a significa
modification in the standard implementation of MCD expe
ments aimed towards investigations of the thickne
dependent magnetic properties of ultra thin films.

x-
e
s
-
if-

FIG. 3. Theoretical MCD spectra at different normalized thic
nesses for Fe films supported by a Cu substrate. Families
thickness-dependent MCD effect curves such as those in Fig. 2
‘‘inverted’’ to yield energy-dependent line shapes at particu
thicknesses. Significant variations in spectral line shape occur a
film thickness increases.
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56 757BIREFRINGENCE-INDUCED INTERFERENCE EFFECTS . . .
The general features and trends present in the theore
curves of Fig. 3 are reproduced in experimental MCD spe
as shown in Fig. 4, which displays several theoretical MC
spectra along with their experimentally measured coun
parts. In general, the agreement between predicted and
sured MCD curves is good. Distinctive features such as
sharp maximum and doubled negative structure
t50.810 are reasonably reproduced in the experiment. In
dition to line shape similarities, agreement between the
oretical and measured MCD effect magnitudes is also clo
A factor of 0.85 was necessary to normalize the curves. T
value is constant as a function of film thickness, indicat
that a consistent source of error is present. Currently,
believe that this is not an artifact of the calculations, b

FIG. 4. Comparison between measured and predicted M
spectra for Fe at normalized thicknesses oft50.085, 0.810, and
1.710. The MCD spectra were measured using the reflected
mode at an angle of incidence of 45°. General spectral featu
which show significant thickness dependence, are reproduced i
experimental curves, confirming the utility of the macrosco
model calculation.
cal
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rather related to the different surface properties of the
films of this investigation and the bulklike films grown ea
lier for the analysis of the dielectric tensor properties.18

Again, the emphasis here is on the variability in the p
dicted and measured MCD spectra. A striking progression
changes in line shape occurs as the film thickness incre
which are not predicted by the basic MCD theory. Becau
they can be accounted for by the macroscopic theory tha
have applied, we conclude that the variations in line sh
are due to the geometric factors considered in the inter
ence analysis—namely, film thickness and angle
incidence—rather than changes in the magnetic propertie
the films.

As mentioned previously, the MCD spectrum from a fe
romagnetic material can be related to the local magnetic
vironment through appropriate sum rules. Two of the ch
acteristics of MCD spectra that can be considered in such
analysis are the peak-to-peak MCD difference of the sp
trum and the integrated absolute area under the MCD en
spectrum. By virtue of the modulations in the MCD effect
a particular photon energy noted in Fig. 2, these import
measures will also show variations with film thickness.

Figure 5 shows a comparison between the theoretical
measured integrated absolute MCD effect as a function
film thickness up to a thickness oft'1.20. Again, we find
that basic features predicted by our model calculations
verified by the experiments. Starting from very thin films, t
integrated MCD effect increases and then comes to a m
mum around a thickness equivalent to aboutl/2 of the exci-

D

ht
s,
the

FIG. 5. Theoretical and measured integrated MCD effects
thin Fe films in the longitudinal geometry at 45° incidence. Var
tions in the thickness-dependent MCD effect are accounted fo
the macroscopic theory described in the text, which demonstr
that they arise from thin-film interference effects rather than fr
varying magnetic moments.



t
i-

f a

lm
e
pi
fil
el
k-
an
th
to
in

th
si
e
n
te

iate
g-
s.
s-
ag-
lv-

cts
ate-
e-
trib-
ults
lso
x-

yn-
n-
o.
ot-
the

758 56RIOUX, ALLEN, HÖCHST, ZHAO, AND HUBER
tation wavelength. Less pronounced features such as
weaker minimum att;0.8 are also mirrored in the exper
ments. The slightly more pronounced discrepancies seen
the extreme thin films might be related to the formation o
thin contamination layer at the surface whose influence
gradually reduced with increasing thickness of the Fe fi
Another source for the observed discrepancies for extrem
thin films is related to the shortcomings of the macrosco
theory which ignores any surface effects and models the
with bulklike dielectric properties. Despite these mod
limited shortcomings for films of a few monolayers thic
ness, the good overall agreement over a wide thickness r
with various features of the experimental data indicates
general applicability of the simple macroscopic model
demonstrate the importance of interference effects in th
film MCD experiments.

CONCLUSIONS

MCD experiments at theM2,3 transition of thin Fe films
show characteristic thickness-dependent variations of
MCD effect. The observed phenomena can be modeled u
a simple macroscopic approach based upon the Maxw
Fresnel formalism. The measurements show that interfere
effects can be very pronounced and if not properly accoun
.
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for could compromise any quantitative attempt to assoc
variations in the MCD effect solely to changes in the ma
netic structure and moment distribution in ultrathin film
The problem of mixed contributions from simple thicknes
dependent interference effects with real changes in the m
netic film properties is most severe for experiments invo
ing the L2,3 transitions. For the ferromagnetic 3d metals,
these edges are at a wavelength region ranging froml;17
to 14 Å, which overlaps the strongest interference effe
with the thickness-dependent changes in the magnetic m
rial properties of films of several monolayer thickness. B
cause the model calculations consider the total power dis
uted into the reflected and absorbed light beam, the res
presented here are not limited to reflection MCD, but are a
applicable to total-electron-yield-absorption-type MCD e
periments.
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