PHYSICAL REVIEW B, VOLUME 65, 064439

Directional magnetization effects in magnetic circular dichroism spectra of Fe
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Magnetic circular dichroisnfMCD) 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 magnetizatioM, and the angle of incidencé, . Two extreme cases for MCD measurements
around the FéM, ; region, where the magnetization is either paraliehgitudinal geometryor 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 tensdiw). 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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[. INTRODUCTION the integrated final-state partial-density of stae®9) into
which dipole-allowed transitions are selected from a specific
The orientation of magnetization relative to the surface ofcore edge. Erskine and Stern were the first to predict MCD
a film or its crystalline lattice is an important material pa- effects in theM, ; edge of Ni? Because of theg—d dipole
rameter which modern magnetism tries to tailor by means o$election rule the near-edge excitation will yield information
artificially made thin-film structures. For example, in tech-on the emptyd-like DOS. However, since the MCD effect
nologies such as magneto-optical drives, the magnetic madepends strongly on the spin-orbit coupling in the initial state
ments are aligned perpendicular to the surface in order tand to a lesser degree on the exchange splitting of the final
take advantage of the polar magneto-optical Kerr effectstate, experimenters frequently chasg edges whose larger
Other systems that rely on a specific magnetization geometrgpin-orbit interaction significantly simplifies the general
include spin valves, compound ferromagnetic and ferrimagMCD spectra.
netic substances that are often composed of elemental sub- During the last few years, x-ray MCD experiments utiliz-
lattices with distinct magnetic orientations, and magnetidng synchrotron radiation sources quickly evolved into a
multilayer structures that depend on orientation-dependerwidely used, element-specific technique to investigate the
ferromagnetic coupling. formation of magnetic moments in ferromagnetic, ferrimag-
The magnetization orientation is determined by the magnetic, and antiferrromagnetic systems. Indeed, with the
netocrystalline anisotropy enerdWAE). In thin films and  growing interest in this technique, theoretical advances have
multilayers the MAE frequently changes direction from aled to sum-rule models that conveniently decompose the di-
preferential in- plane orientation to a perpendicular directionchroism signal into orbit (L,) and spin (S,
The magnetic anisotropy is proportional to the expectatiorcontributions®® in addition to advances in experimental
value of the orbital magnetic moment, which dependstechniques®’While these models appear to be fairly accu-
strongly on the character of states close to the Fermi fetel. rate in describing many body aspects of the MCD process in
variety of tools exist that enable materials scientists to detetk , 3 transitions, there seems to be less understanding of how
mine the spatial magnetic texture in these types of materialgther factors, such as the choice of a particular interaction
including spin-polarized secondary electron emission speageometry, influence MCD spectra and alter the quantitative
troscopy, neutron diffraction, and magnetic circular dichro-moment analysit®~?°In order for magnetic circular dischro-
ism (MCD).3~" Among the various optical techniques the ism to be a unique tool for determining the orientatiorbf
magneto-optical Kerr effect gained popularity after someas well as the magnitude of magnetic moments in these ma-
pioneering experiments explained on the basis of firstterials, a connection between experimentally observed fea-
principle band-structure calculatiofis. tures of MCD spectra and magnetic geometry of the sample
While the MAE is a ground-state property of the crystal, must be made.
the magneto-optical anisotropy is a result of electronic exci- The present paper discusses the differences between two
tations, and is related to spin and orbital polarizations of théasic MCD geometries defined by the relative orientation of
initial and final states. Magnetic dichroism is a consequencéhe magnetization vectdvl with respect to the plane of in-
of the dependence of the optical conductivity tenspw) on  cidence and the plane of the sample surface. In the longitu-
the magnetic states, and manifests itself in the x-ray regimdinal geometry shown in Fig.(&), M is parallel to the plane
in the corresponding scalar absorption coefficigntw) of incidence and parallel to the reflecting surface. For the
which in effect is the absorption cross section from a specifipolar geometry the magnetization vector is also parallel to
core state. The absorption coefficient is a direct measure dhe plane of incidence, but in this case the magnetic moments
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(a) Longitudinal Geometry =5-100 eV. The QRP was operated in a mode that maxi-
mized the degree of circular polarizatiét, . For these ex-
perimentsP.~0.98 over a range of photon energies about
the FeM , 3 absorption edge. Further details about the design
and optical performance of the QRP are reported
elsewheré32*

Thin Fe films were deposited in vacuum on a nonmag-
netic substrate using a molecular-beam-epitaxy effusion cell.
The films were magnetized in longitudinal or polar orienta-
tions by rare-earth permanent magnets mounted on the
sample holder. The magnetic field at the film wa8 kG.
MCD spectra at thév, ;3 absorption edge were obtained by
measuring the reflected light intensities for LCP and RCP
light using a Si diode. The sample and detector assemblies
could be rotated around a common axis with respect to the
sample normal.

The lateral resolution of the QRP is directly related to the
. . . refocused spot size of the synchrotron light and the angle of

FIG. 1. Geometries for studying magneto-optical effects. Leftjncigence with respect to the sample surface. For the current
e o s . o140 e gt soutce i horzontal widleD.5 and 0.
incidenlce.(a) In the longitudinal geometry the ’magnetization vector mm Vertl.ca"y' The |Ilum|_r1a'§ed vertical width at the sgmple

varies with the angle of incidence by 1/c83( The vertical

M of the sample lies in the plane of incidence and parallel to th . .
sample surfacgb) In the polar geometry the magnetization vectore.beam size can be reduced t020 um once the QRP is

M lies in the plane of incidence and perpendicular to the sampléns‘ta"e‘j at its design location at the gnQuIator beam line on
surface. port No. 071 at the Synchrotron Radiation Center.

are perpendicular to the sample surface as indicated in Fig. |, oUTLINE OF MAXWELL-FRESNEL THEORY
1(b). These geometries give rise to distinct energy- and
angle-dependent dichroism signals, and might be useful for The intensities of LCP and RCP light reflected from fer-
future studies investigating the element-specific orientationsomagnetic films differ near core absorption edges due to the
and magnetic moments in sublattices of compound ferrimagpolarization-dependent complex index of refraction, result-
nets and antiferromagnets. ing in a dichroism. MCD spectra taken at an absorption edge

Due to the lack of suitable calculations modeling thewill depend not only on the angular orientation of the mag-
frequency-dependent soft-x-ray-absorption coefficient relnetization vectoM with respect to the sample surface, but
evant for theM,3; MCD effect, we chose to analyze our also on the reflected intensiég and |, which vary as a
results based on the classical Fresnel formalism for refledunction of the angle of incidencé;. These contributions
tion. This approach allows one to use simple reflected-lightan be modeled within the established framework of the clas-
intensity measurements to infer the frequency dependence sfcal Fresnel-Maxwell equatiors.Using this approach al-
the off-diagonal elements, () of the dielectric tensor that lows the development of a set of equations that directly re-
governs the response of the ferromagnetic medium to eledate the angular and helicity dependencies of the reflected
tromagnetic radiation. These results, which came from thdight intensity to the dielectric properties of the reflecting
longitudinal experimental geometry in this study, are therfilm. The drawback of this approach is that the extraction of
used to predict the magnitude of the MCD effect for themagnetic properties in terms of magnetic moments is not
polar geometry. The predictions are verified by measurestraightforward since the material properties are folded into
ments, confirming the self-consistent nature of the formalthe dielectric response function of the magnetized solid.
ism. Assuming a semi-infinite solid with a complex refractive

index given by
Il. EXPERIMENT

MCD spectra were collected at the University of Wiscon- N=n—ik, @

sin Synchrotron Radiation Center using monochromatic, cir-

cularly polarized x rays supplied by a quadruple reflectionwheren is the index of refraction ankl the extinction coef-
polarizer(QRP (Ref. 21 attached to the exit mirror box of ficient, and defining the complex refraction angldoy

the Amoco 6m toroidal grating monochromatbiThe QRP

supplies leftLCP) and right circularly polarizedRCP) light sin(6,)

by inducing phase shifts betwesnandp-polarized compo- sin(x) = aa 2)
nents of monochromatic, linearly polarized light reflected N

from four successive gold-coated mirrors. The optimum po-

larization performance is obtained in the energy rahge allows one to solve equations for the reflection coefficients
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which satisfy the boundary and phase conditions at the Ag
sample-vacuum interface. Incorporating circularly polarized { A
light into the analysis is achieved by separating left and right
circularly polarized radiation ints- andp-polarized compo- where= refers to RCP and LCP light of real amplitudsg .

nents (based on the plane of incidence defined in Fig. 1 For the longitudinal experimental geometry, the reflection

1
P :[ii}Ao' ®

using a change in basis coefficients can be shown to be given by the relafidns
|
_ Ncog6)—cog) €,,C0g 90— a + x)cog 6;) A 4
P" Ncogg)+cogx) P Ncogx)[Ncog 6)+cos x)][Ncod x)+cog 6)] " @
_ Ncog 6;)—cog x) €x,C0 90— ar— x)cog 6;) ©

S"Ncog6)+cogx) ° Ncogx)[Ncog 6,)+cod x)][N cog x) +cog 6,)] A

where « is the angle between the magnetization vector and Figure 2 presents plots of experimental MCD effect
the sample surface. In Eqgl) and(5), €,y are the frequency- curves at theMl, 3 absorption edge from Fe films magnetized
dependent off-diagonal elements of the dielectric tensor, angh the longitudinal and polar geometries. Approximately 30
account for the magnetic properties of the material. For andividual spectra each from the longitudinal and polar ge-
cubic ferromagnet magnetized in thelirection, the dielec- ometries are plotted together to demonstrate the dramatic

tric tensor can be written as variation in the MCD effect as a function of geometry, angle
of incidence, and photon energy. Both interaction geometries
€xx €y O exhibit regions of positive and negative MCD effect across
e=| —€&y €y 0], (6) different angle and energy ranges.
0 0 e, Figure 3 shows two representative MCD effect curves

taken from the complete sets of data presented in Fig. 2. The

neglecting terms of ordevl? and higher. The diagonal ele- top curve was taken in the longitudinal geometry using light
ments account for the normal, isotropic response of the meffom the monochromator-polarizer system to cover the full
dium to electromagnetic radiation, aeg, may be equivalent width of the absorption region around tié, ;5 transition
to €,, if there are no magnetostrictive or other distortions ofover an energy range &fv=46-62 eV. The angle of inci-
the lattice. In generaky,(w) is unknown. However, record- dence was kept a#;=62.5°. Approaching the edge from
ing a MCD spectrum experimentally determines Rs and Rplower energies results in a negative MCD effelgt<1g) and
so that the frequency dependencesgf(w) can be obtained above the edge the MCD effect is positiv t1g). The
from a least squares fit of the experimental MCD data to thdottom curve in Fig. 2 shows the MCD effect from a film
reflection equationgEgs.(4) and(5)]. magnetized along the sample normal in the polar geometry.

Since extension of the Fresnel-Maxwell model to otherln this case, the MCD effect is negative €1g) on both
interaction geometries is trivial, reflection coefficient equa-sides of the absorption edge.
tions can be constructed and used in a predictive capacity. Although the line shapes in Fig. 3 differ significantly from
Oncee, () has been determined, the reflected light inten-one another, there is nothing definitive in the shape of either
sities can be calculated from the complex reflection coefficurve that would allow us to conclude that the experimental
cients for different experimental geometrfés. geometry was polar or longitudinal or something in between.
In other words, from a single MCD spectrum it is not pos-
sible to determine the orientation of the magnetic moments
relative to the sample surface. However, the integrated area

The measured reflected-light intensities at each photobeneath these curves, in combination with the angle of inci-
energy are converted here to an asymmetry ratio called théence of the circularly polarized light, uniquely determines

IV. RESULTS AND DISCUSSION

MCD effect, using the normalized value given by the orientation. The following discussion motivates this as-
sertion.
2(1 —1g) A collection of MCD spectra like those in Fig. 2, encom-
= I+ g () passing the full parameter space defined by the angle of in-

cidence and the photon energy in the longitudinal geometry,
wherel, and |y are the reflected-light intensities for LCP was analyzed using the macroscopic approach outlined
and RCP light. Whem,_ andl g are measured within seconds above in order to determing,(w) 24The diagonal elements
at each photon energy, as in our experiments, the MCD effeat,,(w) = €,{w) were taken from the literatur&. This ex-
is independent of experimental conditions such as photoperimentally determined dielectric tensor was then used to
flux, that typically change from scan to scan. predict the dependence of the polar MCD effect on the pho-
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0.000 FIG. 3. Selected spectra from Fig. 2 showing details in variation
of the MCD effect with photon energy and geomet(s MCD
-0.020 E spectrum taken in the longitudinal geometrydat 62.5°.(b) MCD
Lé: spectrum taken in the polar geometryéat 55.0°.
-0.040 =

tion geometries the angular dependences of the integrated
-0.060 MCD effects are substantially different. While the polar
MCD spectrum is close to its maximum value #=0°, the
longitudinal MCD spectrum maximizes aroug=58°.

As a check on the self-consistency of our theoretical
model, MCD experiments were performed in both polar and
longitudinal geometries. Figure 5 shows a comparison of the

FIG. 2. MCD spectra taken from thick Fe films at thé, measured and theoretically predicted integrated MCD values
absorption edge as a function of angle of incidence and photofor both geometriegthe theoretical and experimental values
energy for the(a) longitudinal and(b) polar geometries. The re- for the polar geometry have been scaled up by a factor of 2
ported MCD signal is a normalized asymmetry ratiot=2  for clarity). The angular range belo®<45° was not uti-

X (I Ir)/(1_+1g) wherel,_ andly are reflected intensities for LCP lized in the analysis for the polar geometry, because the ab-
and RCP light. solute reflected intensitieky and I, drop off rapidly for
those angles in the photon energy range of interest. Never-
ton energy and angle of incidence. By inserting the experitheless, the observed agreement between the polar and lon-
mentally determined dielectric tensor back into the reflectiorgitudinal MCD experiments and their respective theoretical
coefficient equations, theoretical MCD spectra for other gepredictions establishes the validity of the classical dielectric
ometries can be generated. Rather than concentrating on theodel, and its utility in analyzing the angular dependence of
detailed line shape, however, the MCD effect for the entirereflection MCD spectra.
M, ; absorption edge at a given angle of incidence can be As noted earlier, the reflectivities in the longitudinal and
collapsed into a single number by integrating the absolutgolar geometries are direct functions of the diagonal and off-
area under the MCD spectrum, i.e., calculating the integral ofliagonal components of the frequency-dependent dielectric
| M| over the absorption edge, whektd is defined in Eq. 7. tensor. In recent years significant progress has been made in

Figure 4 shows the predicted integrated area for Fe imb initio calculations to compute the frequency dependence
both the polar and the longitudinal geometries, as calculatedf the optical conductivity tensor in layered crystalline fer-
from the reflection coefficient equations using the dielectriccomagnetic films as well as random alloy syste€ Using
model. Inspection of Fig. 4 reveals that for the two interac-the same framework based on the Kubo-Greenwood linear-

Angle of

Incidence

6i 90.0 520 ppoton Energy (eV)
47.0
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FIG. 4. Theoretical integrated MCD signals generated using the Angle of Tncidence 0. (degrees)
fitted dielectric constant based on a classical analysis of the longi- '
tudinal reflection MCD data. The absolute area beneath the MCD FIG. 5. Comparison between experimental and theoretical val-
line shape at each angle of incidence is reported. Substantial diffefres for the energy integrated MCD effect from the polar and longi-
ences between the polar and longitudinal geometries exist ovafdinal geometries over the experimentally accessible angular
much of the range ob) . range. The theoretical and experimental values for the polar geom-
etry have been scaled up by a factor of 2 for clarity. The observed
response formalism, it should be possible to extend theory iagreement establishes the validity of the classical Fresnel-Maxwell
order to calculate the frequency-dependent soft-x-ray conapproach used here and demonstrates the utility of MCD in distin-
ductivities or, equivalently, the complex dielectric tensorguishing magnetic moments aligned in the polar geometry from
e(w). those in the longitudinal geometry.

ever, due to the lack of theoretical calculations of the dielec-

V. CONCLUSIONS tric tensor elements, a complete data set of MCD spectra
) . . . . must be measured at the absorption edge of each constituent
o e o s i S lmentn ofGer o etermine he equency dependence
istic differences with respect to the angle of incidence of thethe off-d_lagonal e_Ie_ments of the d_|ele_ctr|c tensor otherwise

o o o .. nheeded in determining the magnetization angle
excitation radiation. The angular variations can be satisfac-
torily modeled within the Maxwell-Fresnel formalism. For
magnetization directions that are between the longitudinal
and polar cases, as in the sublattices of rare-earth intermetal- This work was based upon research conducted at the Syn-
lic compound®’ or for systems where the magnetization di- chrotron Radiation Center, University of Wisconsin-
rection varies from in plane to perpendicular to the surface aMadison, which is supported by the NSF under Award No.
function of superstructure film thickne¥bthe integrated DMR-0084402. This work was supported in part by a grant
MCD effect exhibits characteristic angular variations. Thesdrom Research Corporation under Award No. CC4139, and
changes can be used to experimentally determine the angly the University of Wisconsin-Oshkosh Faculty Develop-
of magnetizationr with respect to the sample surface. How- ment Program.
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