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Birefringence-induced interference effects in thin-film magnetic-circular-dichroism spectra
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Magnetic-circular-dichroism(MCD) spectra taken at th#&, ; 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. TWeg ; 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
wavelengthh. While at the FeM, 3 transition the thickness corresponding to the wavelength unit is about 220
A, the same effects are to be expected in thé f-gspectra for considerably thinner films since the wavelength
is only A\~17 A. The observed interference effects are of general character and caution should be employed in
attempts to relate changes in the; 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 experimenfS0163-18287)05426-X]

INTRODUCTION thickness plays an important role in the measured MCD sig-
nal. Using the relatively simple Maxwell-Fresnel approach,
X-ray magnetic circular dichroism is a relatively new we show that interference effects which arise from different
magneto-optical experimental technidu% designed to contributions for left- and right-circularly polarized light re-
probe the local magnetic structure of ferromagnetically orflected from the vacuum-film and the film-substrate inter-
dered materials using circularly polarized x rays. As scienfaces(see Fig. 1 result in thickness-dependent modulation
tists seek to tailor magnetic properties at the atomic level by

growing thin-film multilayer structures and compound ferro- incident light to detector
magnetic materials, they are increasingly turning to magnetic A, I, I
circular dichroism(MCD) to characterize these sampfeBi- @ :

chroism spectra from absorption edges, most oftenLtg

and M, ; edges, give MCD the chemical specificity that is
necessary to evaluate the new complex multicomponent ma-
terials. Among the properties probed by this technique are

vacuum
n=1

ferromagnetic film

the magnitude and orientation of magnetic momeérttsgir Exxr Exy ;od
degree of localization or itineracyf and differences between : A,
surface and bulk magnetizatioh#s number of advances in - ; _+_

theoretical approaéh'®have increased the utility of the sum e
rules that relate features of experimental MCD spectra to [ nonmagetic substrate
microscopic magnetic properties of the magnetic moment, : Exxr Exp=0
although some controversy still exists over their
implementatiorf!~ B
While MCD  theories qu'c,:k,ly adyanced to' Incorporatg FIG. 1. Schematic of a MCD experiment in the longitudinal
many-ele(_:tron effects, surprisingly little att_em'on was Pa'dgeometry in which the magnetizatioi of the sample lies in the
to the optical part of the process, e.g., partial phase shifts @ane of the film surface and in the plane of incidence defined by
material interfaces and different polarization dependences Gfe Jight ray and the surface normal. Governed by the off-diagonal
the refracted ||ght wave in ferromagnetic fllmS In addition to e|ementsfxy of the dielectric tensor, LCP and RCP rays are re-
the well-known dependence of MCD on the relative orienta+fracted differently within the film, leading to interference patterns
tion between the helicity of the incident light and the mag-that depend on the helicity of the light in addition to the film thick-
netization vectoM, calculations made using a classical, di- ness(reported in dimensionless units normalized to the incident
electric model of thin-film interference show that film wavelengtht=d/)\).
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of MCD spectra. These processes contribute to the experiongitudinal geometry where the magnetizatidnis parallel

mental signal and, if ignored, cause difficulties in extractingto the reflecting surface and parallel to the plane of incidence

meaningful material properties from MCD spectra. defined by the incident light ray and the surface normal as
We have used reflection MCD to specifically study theseshown in Fig. 1. The sample and detector assemblies can be

effects. To decouple the issues of varying magnetic properrotated so that angles of incidence range frér 15°to 80°
ties at interfaces and films of several monolayer thicknesgith respect to the sample normal.

from the optical contributions such as differences in the in-  MCD measurements at thé, ; edge of Fe were mada
terference effects of left- and right-circularly polarized radia-situ using a Si diode to measure consecutive reflected inten-
tion, we chose to study thil, ; edge of Fe rather than the sities for right- (RCP and left-circularly polarizedLCP)
better understoodl , ; transition. The reasoning for this de- |ight. Reflected intensities for LCP and RCP light differ near
cision is straightforward. Since the thickness dependence @fore absorption edges due to polarization-dependent transi-
the interference effects scale with the excitation wavelengthion probabnitieg%z It is convenient to quantify the MCD
the effects at the Fév,; transition at~54 eV occur at effect by normalizing the differences in intensities to the av-
approximately 13 times the thickness compared to the samgrage reflected intensity:

experiment studied at thie, ; transition at~720 eV. This

increase in wavelength allows us to study the effects of in- I.—Ig
terest in considerably thicker filmgwundreds of A where MCD= T (1)
the magnetic properties have reached bulklike behavior 2(lctlR)

which is in contrast to pursumg_the same experiment "’_‘t th9\/herel L andl are the reflected intensities of LCP and RCP
L5 3edge where unknown material ar_ld interface properties a}tht. The monochromator was stepped incrementally
theltmonotlat))/er retgl(rjn(a;]ens of A cr?n n;}flu?rlme ;hek results. hrough a photon energy range about the Fe absorption edge,
| mdus %ncf[e. X fowever, tﬁat the film-thickness- "’c‘jn nd the QRP was positioned at angtes with respect to the
angle-dependent interference effects are not restricted @, plane of the incoming linearly polarized light
spectra collected in the reflected light mode—the theoretic eam to supply LCP and RCP photons sequentially at each

calculations utilize a total-power calculation that implies :
. X . .~ photon energy. The QRP was operated in a mode where the
MCD spectra obtained from absorbed light will also eXh'b'tdegree of circular polarization in the transmitted light was

thickness-dependent interference effects. We present here il i mi-ed. Over the photon energy range of interest, we

outli_ne of the theore_tical m_odel and our experimental Confir'keptPcim~0.98.Since the time interval between the intensity
mation of the pred|cted_ interference effe<_:ts in the MCD neasurement for each helicity is only a few seconds, normal-
spectrum of ferromagnetically ordered Fe films. ization to the instantaneous stored beam current appeared to
be unnecessary. When calculated in this manner, the MCD
EXPERIMENT effect is independent of experimental conditions that change
with time such as the absolute photon flux.
MCD spectra were collected at the University of Wiscon-
sin’s Synchrotron Radiation C(_anter using monochroma_tic, RESULTS AND DISCUSSION
circularly polarized x rays supplied by a quadruple reflection
polarizet® (QRP attached to the exit mirror box of the In previous work, MCD spectra taken in the longitudinal
Amoco 6-m toroidal grating monochromatfrThe QRP  geometry from macroscopically thick films at varying angles
converts the linearly polarized light passed by the beam lin®f incidence have been used to extract the frequency-
optics to circularly polarized light by inducing phase shifts dependent, complex dielectric tensor elements fol’f@nce
betweens- and p-polarized components of the light. Verifi- determined, the dielectric tensor, which governs the response
cation of the proper operation of the QRP and its utility inof the material to incident electromagnetic radiation, can
MCD measurements can be found elsewHéré. then be used to predict spectral line shapes and amplitudes
Thin Fe films were grown under ultrahigh-vacuum condi-for different experimental geometriésIn addition, as we
tions and at room temperature o110 substrates using an present here, the dielectric tensor can be incorporated into a
electron-beam evaporator, and film thickness was monitorethin-film interference model to predict thickness-dependent
with a quartz microbalance. To prevent reaction and interdifalterations of in the MCD spectra of thin films. These analy-
fusion between the Fe films and Si substrates, a 200-A layeges rely on a macroscopic approach based on the Maxwell-
of Cu was first deposited. The Cu-Fe interface is known td~resnel formalism, which relates the dielectric properties to
be more abrupt than the Fe-Si interfd@e?*and we noted a measurable quantities such as the absorbed or reflected light
marked increase in signal quality over films grown on barentensity. Relative to a microscopic model calculation, our
Si(100 substrates. Even though the Fe films were grown byapproach does not directly allow easy access to material
molecular-beam-epitaxy(MBE) techniques on a single- quantities such as the magnetic moment and its &pinand
crystal substrate, it is not assumed that this would lead to aarbital (L,) components. Despite this, the macroscopic
ordered overlayer growth of Fe of several hundred A thick-model offers valuable insight into the angular- and thickness-
ness. The issue of interest here is to grow a reasonablgependent nature of MCD spectra which are not possible
smooth film on a nonreactive substrate rather than an epitaxwith the more elaborate microscopic theories.
ial overlayer. The Fe films were permanently magnetized in Briefly, the macroscopic algorithm involves first calculat-
the plane of the sample by rare-earth magnets integrated iniog the reflection amplitudes for a vacuum-film interface for
the sample holder that produce a magnetic field at the sampleCP and RCP light. Left- and right-circularly polarized light
surface of~3 kG. Here MCD spectra were taken in the can be decomposed ing andp-polarized components, al-
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lowing the use of the familiar Fresnel reflection coefficients The experimentally determined frequency-dependent di-
in calculating the reflection amplitudes. Te@andp compo-  electric tensor can then be used to predict the dependence of
nents are generated from the incident circularly polarizedhe longitudinal MCD effect as a function of film thickness

light using the change in bias in a classic thin-film interference model. Figure 1 shows a
schematic of the interference process that occurs between
E, _ 1.}E 2) light reflected from the vacuum-film interface and light re-
Ey *ioo flected from the film-substrate interfat@nd additional mul-

whereE, is the amplitude of the circularly polarized light. {iPIe reflections. The substrate, which is nonmagnetic, enters
The reflection amplitudes perpendicular and parallel to thdn® calculation simply via its complex index of refraction
plane of incidence are then found from vyhlch determlnes the fraction of incident flux reflected at the
film-substrate interface. The presence of the substrate does
not influence the essential results reported here—similar ef-
, 3 fects would be noted for a freestanding film with vacuum
interfaces at both surfaces. Note that due to the presence of
where the Fresnel reflection coefficients=F;; (6;,n*) de- the additional film-substrate interface, four different electro-
pend on the angle of incidende and the complex index of Magnetic fields appear in the film—two propagating down
refractionn® =n—ik. Here the extinction coefficierk and  INto the substrate and two upward through the film. These
index of refractionn are known from previous wof and ~ four fields must satisfy the boundary conditidiise continu-
are not treated as free parameters in the data reduction. ©US variation of the tange_nnal components of f[he electric and
In this scheme, the reflected intensities for LCP and RCpnagnetic fields at both interfaces. To consider the total

R,
R

ra ri|E;

EH

F1 o2

light in terms of the Fresnel coefficients are power involved in the process, one must take into account
the incident, reflected, and transmitted fields. This leads to a
I R=|F1aEir 124 | pyFir 502 (4)  setof eight complex equations that need to be solved simul-

taneously in order to compute the thickness-dependent re-
For the longitudinal case,;=—r,; and, assumingP;. flectance R or the absorbanceA for both s- and

=1, the reflection coefficients can be written as p-polarization directions. Details of these calculations can be
found in Ref. 25.

_0099i—n* cos, For a nonmagnetic film, the path differences between the
1= cost; + n* coss;’ 5 multiple rays reflected towards the detector cause interfer-

ence that would result in oscillatory intensity measurements

n* cosp; — cosh, as a function of film thickness. Most importantly, these

rzzzm, (6) variations in ref_lected light intensity _vvould be_ldent|cal for

: t LCP and RCP light, and no change in MCD signal strength
. would be observed because the changes in LCP and RCP

cos;sinb, Exy

= Xy intensity would be in phase and of the same amplitude. How-
COSH;(COS; + N* COH;) (N* COSH; +COSH,) &4 ever, the ferromagnetic Fe film is birefringent and therefore
(7 induces path differences for the multiple reflected rays that
are different for light of opposite helicities. As a result, the
o : B 3 _classic thin-film interference phase difference is both thick-
sing/sing. Here thes ; are the frequency-dependent com Jiess and polarization dependent. Therefore, because of the

plex elements of the dielectric tensor that governs the prop . . : .
gation of electromagnetic radiation in the medium. For arelatlonshlp expressed in E(l), a modulation of the MCD

ferromagnetic material magnetized in thelirection, the di- effect is expected as the ferromagnetic film is grown._Of_
electric tensor can be writtén course, the MCD spectra also depend on the angle of inci-

dence, which determines the path difference between the
rays. It is essential to note, however, that for a fixed angle of
_ incidence the model predicts changes in the MCD spectra

e=| —&xy &xx 0 |. (8)  without requiring a change in the magnetic properties of the

0 0 &, film.
Interestingly, because of the frequency dependence of the

The diagonal elements,, and e,, account for the normal dielectric tensore(w), the characteristics of the modulated
isotropic response of the medium to electromagnetic radiaMCD effect depend on the photon energy. Figure 2 shows
tion. The nonzero off-diagonal elements, introduced by thehree graphs of the MCD effect which were calculated for
magnetic nature of the medium, can be writtenegs= s)l(y slightly different photon energies as a function of film thick-
+is§y, and their frequency dependence can be found by aess. The calculations were performed for Fe films supported
least-squares fit of the complete angular-dependent expetdy a Cu substrate with an angle of incidenge=45°. The
mental MCD data set to the reflection equations, E4s-  film thickness is reported in normalized units d/\, where
(7). Previous experimental work has accomplished this foln is the wavelength of the excitation energy. The curves for
macroscopically thick Fe film¥ No account of the thin-film  52-, 53-, and 54-eV photons show damped, periodic oscilla-
interference effects, as outlined below, need be taken in thons as the film thickness increases. The oscillations are a
thick-film case because absorption within the film preventdirect result of the different response of the Fe film to the
interference between differently propagating rays of light. LCP and RCP light. As Fig. 2 shows, the magnitude of these

M=~

where the angle of refractios, is given by Snell’'s lawn*
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FIG. 2. Theoretical MCD effect as a function of film thickness AT PRI PR T 1 FTRTRETY T

in normalized units fohvr=>52, 53, and 54 eV. These curves are 48 52 56 60
calculated using the macroscopic Maxwell-Fresnel model and ex-
perimentally determined complex dielectric tensor elements of Fe
around theM , s region. The model incorporates interference effects
between light reflected from the vacuum-film and film-substrate in-  FIG. 3. Theoretical MCD spectra at different normalized thick-
terfaces(Fig. 1). The phase differences between these rays are difiesses for Fe films supported by a Cu substrate. Families of
ferent for LCP and RCP light, giving rise to oscillations in the thickness-dependent MCD effect curves such as those in Fig. 2 are
MCD effect which is calculated as MGB2* (1, — 1)/ (I +1R). “inverted” to yield energy-dependent line shapes at particular
thicknesses. Significant variations in spectral line shape occur as the
oscillations can easily exceed a 100% deviation from thdilm thickness increases.
steady-state MCD effect achieved for very thick filifie.,
where the reflection intensity from the buried film-substrate Figure 3 demonstrates that even though the angle of inci-
interface becomes insignificant due to absorption in the) film dence and the magneto-optical characteristics are fixed, sub-
Significantly, for these curves the oscillations are out ofstantial variations in line shape occur as the film thickness
phase and have different attenuation rates with increasinigicreases. Some of the changes occur over very short thick-
film thickness. Their characteristics result in a complex deness ranges; for example, a sharp leading edge feature ap-
pendence of the MCD spectral line shape for a given filmpears and subsides net#0.85 and again at=1.55. A
thickness and angle of incidence. It should be noted that thbroad cycle of changes is observed to repeat as the path
scale in Fig. 2 is a direct result of the calculations describedlifference between rays reaches integral wavelengths—
above. There is no scaling to bulk films involved; the percen@approximately every 225 A for absorption at thb, 5 edge
MCD effects reported are absolute. of Fe. The primary periodic property is the change from a
By calculating a complete family of curves such as thosemostly negative line shapdat t~0.085 and again at
in Fig. 2 over a photon energy range of 45-63 eV, we cart~1.30 to a more typical classic MCD line shape with both
generate theoretical MCD spectra at Mg ; edge for differ-  positive and negative peak&at t~1.00 and again at
ent film thicknesses. This is accomplished by inverting the~2.00. As expected, the line shape reaches a steady state
specific-photon-energy versus film thickness matrix into &or thicker films ¢=3.10 where the differences in the LCP
specific-thickness versus photon energy matrix. This proceand RCP interference effects are negligible. Line shape
dure is equivalent to drawing a vertical line in Fig. 2 for the changes such as the ones calculated and shown in Fig. 3 are
desired film thickness and recording the MCD effect at eacmot expected from a simple MCD theory, and if they are
photon energy, thereby generating a standard MCD spe@xperimentally verified, it would necessitate a significant
trum. Several such theoretical MCD spectra fp=45° are  modification in the standard implementation of MCD experi-
shown in Fig. 3 where the film thickness is again reported asnents aimed towards investigations of the thickness-
the normalized thicknests=d/\. dependent magnetic properties of ultra thin films.

Photon Energy (eV)
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FIG. 5. Theoretical and measured integrated MCD effects for
~ thin Fe films in the longitudinal geometry at 45° incidence. Varia-
I3 tions in the thickness-dependent MCD effect are accounted for by
‘3’ the macroscopic theory described in the text, which demonstrates
q‘g that they arise from thin-film interference effects rather than from
82} varying magnetic moments.

a
LE) rather related to the different surface properties of the Fe
films of this investigation and the bulklike films grown ear-
lier for the analysis of the dielectric tensor properties.
1 ! P PR Again, the emphasis here is on the variability in the pre-

48 52 56 60 dicted and measured MCD spectra. A striking progression of
Photon Energy (eV) changes in line shape occurs as the film thickness increases
which are not predicted by the basic MCD theory. Because

FIG. 4. Comparison between measured and predicted McBheY can be accounted for by the macroscopic theory that we
spectra for Fe at normalized thicknessest.085, 0.810, and have applied, we conclude that the variations in line shape
1.710. The MCD spectra were measured using the reflected ligitré due to the geometric factors considered in the interfer-
mode at an angle of incidence of 45°. General spectral featuregnce analysis—namely, film thickness and angle of
which show significant thickness dependence, are reproduced in tiecidence—rather than changes in the magnetic properties of
experimental curves, confirming the utility of the macroscopicthe films.
model calculation. As mentioned previously, the MCD spectrum from a fer-

romagnetic material can be related to the local magnetic en-

The general features and trends present in the theoreticgironment through appropriate sum rules. Two of the char-
curves of Fig. 3 are reproduced in experimental MCD spectracteristics of MCD spectra that can be considered in such an
as shown in Fig. 4, which displays several theoretical MCDanalysis are the peak-to-peak MCD difference of the spec-
spectra along with their experimentally measured countertrum and the integrated absolute area under the MCD energy
parts. In general, the agreement between predicted and megpectrum. By virtue of the modulations in the MCD effect at
sured MCD curves is good. Distinctive features such as tha particular photon energy noted in Fig. 2, these important
sharp maximum and doubled negative structure fomeasures will also show variations with film thickness.
t=0.810 are reasonably reproduced in the experiment. In ad- Figure 5 shows a comparison between the theoretical and
dition to line shape similarities, agreement between the themeasured integrated absolute MCD effect as a function of
oretical and measured MCD effect magnitudes is also closdilm thickness up to a thickness ©£1.20. Again, we find
A factor of 0.85 was necessary to normalize the curves. Thithat basic features predicted by our model calculations are
value is constant as a function of film thickness, indicatingverified by the experiments. Starting from very thin films, the
that a consistent source of error is present. Currently, wéntegrated MCD effect increases and then comes to a mini-
believe that this is not an artifact of the calculations, butmum around a thickness equivalent to abei2 of the exci-
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tation wavelength. Less pronounced features such as tHer could compromise any quantitative attempt to associate
weaker minimum at~0.8 are also mirrored in the experi- variations in the MCD effect solely to changes in the mag-
ments. The slightly more pronounced discrepancies seen faretic structure and moment distribution in ultrathin films.
the extreme thin films might be related to the formation of aThe problem of mixed contributions from simple thickness-
thin contamination layer at the surface whose influence islependent interference effects with real changes in the mag-
gradually reduced with increasing thickness of the Fe filmnetic film properties is most severe for experiments involv-
Another source for the observed discrepancies for extremeling the L, 3 transitions. For the ferromagneticd3metals,

thin films is related to the shortcomings of the macroscopidhese edges are at a wavelength region ranging fteri7
theory which ignores any surface effects and models the filmio 14 A, which overlaps the strongest interference effects
with bulklike dielectric properties. Despite these model-with the thickness-dependent changes in the magnetic mate-
limited shortcomings for films of a few monolayers thick- rial properties of films of several monolayer thickness. Be-
ness, the good overall agreement over a wide thickness rangause the model calculations consider the total power distrib-
with various features of the experimental data indicates th&ted into the reflected and absorbed light beam, the results
general applicability of the simple macroscopic model topresented here are not limited to reflection MCD, but are also
demonstrate the importance of interference effects in thinapplicable to total-electron-yield-absorption-type MCD ex-

film MCD experiments. periments.
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